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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
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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,
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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.
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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.
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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:
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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.
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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-

Kh)
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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;.
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imep
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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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These equations are programmed into Prog.1.4, EXHAUST GAS ANALYSIS, and should
be useful to those who are involved in this form of measurement in connection with engine
research and development. The pollutants covered by Prog.1.4 are carbon monoxide, carbon
dioxide, hydrocarbons and oxides of nitrogen. Brake specific values for air and oxygen are
also produced. An example of the use of this calculation, an encapsulation of the computer
screen during a running of the program, is illustrated in Fig. 1.18.

enter air to fuel ratio, AF? 20

enter brake specific fuel consumption, BSFC, as kg/kwh? 315
enter oxygen concentration in the exhaust gas as & vol, 02VOL? 7.1
enter carbon monoxide emission as ® vol, COVOL? .12

enter carbon dioxide emission as & vol, CO2VOL? 6.9

enter oxides of nitrogen emission as ppm, NOX? 236

the unburned hydrocarbon emission values will have been megsured as-

either HC ppm by & NDIR system as hexane equivalent, C6H14,

or as HC ppm by & FID system as methane equivalent, CH4

type in the name of the type of measurement system, either 'NDIR' or 'FID'? NDIR

enter the HC as ppm measured by NDIR system? 356

OUTPUT DATA

The brake specific air consumption, BSAC, in kg/kWh units, is 6.3
The brake specific emission values printed are in g/kWh units

The brake specific carbon monoxide value, BSCO, is 7.7

The brake specific nitrogen oxide value, BSNOX, is 1.6

The brake specific carbon dioxide value, BSCO02, is 6£692.5

The brake specific oxygen value, BS02, is 5183
The brake specific hydrocarbon value by NDIR system, BSHC, is 7.0

The Trapping Efficiency, TE ,as &, is 645
WANT A PRINT-0UT(Y OR N7)? N

Fig. 1.18 Example of the use of Prog. 1.4, EXHAUST GAS ANALYSIS.

It should be pointed out that there are various ways of recording exhaust emissions as
values “equivalent to a reference gas.” In the measurement of hydrocarbons, either by a NDIR
(non-dispersive infrared) device or by a FID (flame ionization detector), the readings are
quoted as ppm hexane, or ppm methane, respectively. Therefore Prog.1.4 contains, in the
appropriate equations, the molecular weights for hexane, C¢H 4, or methane, CH,. Some FID
meters use a CH, g5 equivalent [1.15] and in that case, in the relevant equation in Prog.1.4,
the molecular weight for HC equivalent would have to be replaced by 13.85. The same holds
true for nitrogen oxide emission, and in Prog.l 4 it is assumed that it is to be NO and so the
molecular weight for NO, 30, is employed. Should the meter used in a particular laboratory be
different, then, as for the HC example quoted above, the correct molecular weight of the
reference gas should be employed.
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A further complication arises for the comparison of HC values recorded by NDIR and
FID instrumentation. This is discussed by Tsuchiya and Hirano [1.19] and they point cut that
the NDIR reading should be multiplied by a sensitivity factor “K" to obtain equality with that
recorded by a FID system. They illustrate this in graphical form (Fig. 1.19). In Prog.1.4, this
sensitivity factor “K” is taken as unity.
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HYDROCARBON, ppm by NDIR

Fig. 1.19 HC concentration from NDIR and FID analysis
(from Ref. [1.19]).

1.6.3 Trapping efficiency from exhaust gas analysis

In an engine where the combustion is sufficiently rich, or is balanced as in the stoichio-
metric equation, Eq. 1.5.16, it is a logical presumption that any oxygen in the exhaust gas
must come from scavenge air which has been lost to the exhaust system. Actually, a stoichio-
metric air-fuel ratio in practice would still have some residual oxygen in the exhaust gas. So,
such an experimental test would be conducted with a sufficiently rich mixture during the
combustion process as to ensure that no free oxygen remained within the cylinder after the
combustion period. Measurements and calculations of exhaust oxygen content as a function
of air-to-fuel ratio are shown in Figs. 7.3-7.5 and Figs. 7.13-7.135, respectively, which support
this presumption. If the actual combustion process were deliberately stratified, as in a diesel
engine, then that would be a very difficult condition to satisfy. However, on the assumption
that this condition can be met, and it is possible as most simple two-stroke engines are homo-
geneously charged, the trapping efficiency, TE, can be calculated from the exhaust gas analy-

sis as follows:
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1+ AFR, )n
Exhaust gas mass flow rate = ( o)t kgmol/s (1.6.17)
EX
1+ AFR JmV,
Exhaust O, mass flow rale = ( ") f_%0, kgmol /s (1.6.18)
Engine O, mass inflow rate = {],2314M“- kgmol /s (1.6.19)

Mo,

The numerical value of 0.2314 is the mass fraction of oxygen in air and 32 is the molecu-
lar weight of oxygen. The value noted as Vi, is the percentage volumetric concentration of
oxygen in the exhaust gas.

Trapping efficiency, TE, is given by:

TE = air trapped in ¢ylinder
air supplied
Hence:
TE = 1 2F lost to exhaust Fi Eg. 16.18
air supplied Eq. 1619
L0]

{1 + MG}V%OZMDE
2314 x AFR M,

(1.6.20)

Assuming simplistically that the average molecular weight of exhaust gas is 29 and that
oxygen is 32, and that atmospheric air contains 21% oxygen by volume this becomes:

| (+ AFRG Vg0,
21 x AFR,,

(1.6.21)

This equation, produced by Kee [1.20], is programmed together with the other param-
eters in Prog.1.4.

The methodology emanates from history in a paper by Watson [1.21] in 1908. Huber
[1.22] basically uses the Watson approach, but provides an analytical solution for trapping
efficiency, particularly for conditions where the combustion process yields some free oxygen.
The use of this analytical technique, to measurements taken in a two-stroke engine under
firing conditions, is described by Blair and Kenny [1.23]; they provide further data on the in-
cylinder conditions at the same time using the experimental device shown in Plate 3.3.
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1.7 Potential power output of two-stroke engines

At this stage of the book, it will be useful to be able to assess the potential power output
of two-stroke engines. From Eq. 1.6.6, the power output of an engine delivered at the crank-
shaft is seen to be:

"liﬁ} - bIﬁBPszv rps (1.7.1)

From expennmental work for various types of two-stroke engines, the potential levels of
attainment of brake mean effective pressure are well known within quite narrow limits. The
literature is full of experimental data for this parameter, and the succeeding chapters of this
book provide further direct information on the matter, often predicted directly by engine
modeling computer programs. Some typical levels of bmep for a brief selection of engine
types are given in Fig. 1.20.

Piston Bore/Stroke

Engine Type bmep, bar Speed, m/s Ratio
Single-cylinder spark-ignition engines
A untuned silenced exhaust 45 - 6.0 12-14 1.0 - 13
B tuned silenced exhaust 8.0 - 9.0 12-16 1.0 - 1.3
C tuned unsilenced exhaust 10.0 - 11.0 16 - 22 1.0 - 1.2
Multi-cylinder spark-ignition engines
D two-cylinder exhaust tuned 6.0 - 7.0 12- 14 1.0 - 1.2
E 3+ eylinders exhaust tuned 7.0 - 9.0 i2-20 10 - 1.3
Compression-ignition engines
F naturally aspirated engine 35 - 45 10-13 085 - 1.0
G supercharged engine 6.5 - 10.5 10-13 085 - 1.0
H turbocharged marine unit 8.0 - 14.0 10-13 0.5 - 0.9

Fig.1.20 Potential performance criteria for some two-stroke engines.

The engines, listed as A-H, can be related to types which are familiar as production de-
vices. For example, type A could be a chainsaw engine or a small outboard motor of less than
3 hp. The type B engine would appear in a motorcycle for both on- or off-road applications.
The type C engine would be used for competition purposes, such as motocross or road-racing.
The type D engine could also be a motorcycie, but is more likely to be an outboard motor or
a snowmobile engine. The type E engine is almost certain to be an outboard moter. The type
Fengine is possibly an electricity-generating set engine, whereas type G is a truck power unit,
and type H could be either a truck engine or a marine propulsion unit. Naturally, this table
contains only the broadest of classifications and could be expanded into many sub-sets, each
with a known band of attainment of brake mean effective pressure.

Therefore, it is possible to insert this data into Eq. 1.7.1, and for a given engine total
swept volume, Vy, at a rotation rate, rps, determine the power output, Wh. It is quite clear
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that this might produce some optimistic predictions of engine performance, say, by assuming
a bmep of 10 bar for a single-cylinder spark-ignition engine of 500 cm? capacity running at an
improbable speed of 20,000 rpm. However, if that engine had ten cylinders, each of 50 cm?
capacity, it might be mechanically possible to rotate it safely at that speed! Thus, for any
prediction of power output to be realistic, it becomes necessary to accurately assess the pos-
sible speed of rotation of an engine, based on criteria related to its physical dimensions.

1.7.1 Influence of piston speed on the engine rate of rotation

The maximum speed of rotation of an engine depends on several factors, but the principal
one, as demonstrated by any statistical analysis of known engine behavior, is the mean piston
speed, ¢p. This is not surprising as a major limiting factor in the operation of any engine is the
lubrication of the main cylinder components, the piston and the piston rings. In any given
design the oil film between those components and the cylinder liner will deteriorate at some
particular rubbing velocity, and failure by piston seizure will result. The mean piston speed,
Cp, 18 given by:

cp = 2 x Lg X rps (1.7.2)

As one can vary the bore and stroke for any design within a number of cylinders, n, to
produce a given total swept volume, the bore-stroke ratio, Cpg, is determined as follows:

Qi Ao (1.7.3)
Lst
The total swept volume of the engine can now be written as:
V,, = n-::-dﬁuLﬂ E D%CﬁﬁLil (1.7.4)
Substitution of Eqs. 1.7.2 and 1.7.4 into Eq. 1.7.1 reveals:
W, = cpb;nﬂp X (Cys X Vs, )25 {_I:_n)ﬂ‘SH (17.5)

This equation is strictly in S1 units. Perhaps a more immediately useful equation in famil-
iar working units, where the measured or brake power output is in kW, Wkw. the bmep is in
bar, bmeppar, and the total swept volume is in cm? units, Vgyee, is:

= 0333
= 5P (0 % Voo )25 % (EJ

W 200 4
Cnbmepy,, 0666 0333 (1.7.6)
=%ﬁ"x(c}hsxvﬁm Xn
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The values for bore-stroke ratio and piston speed, which are typical of the engines listed
as types A-H, are shown in Fig. 1.20. It will be observed that the values of piston speed are
normally in a common band from 12 to 14 m/s for most spark-ignition engines, and those with
values about 20 m/s are for engines for racing or competition purposes which would have a
relatively short lifespan. The values typical of diesel engines are slightly lower, reflecting not
only the heavier cylinder components required to withstand the greater cylinder pressures but
also the reducing combustion efficiency of the diesel cycle at higher engine speeds and the
longer lifespan expected of this type of power unit. It will be observed that the bore-stroke
ratios for petrol engines vary from “square” at 1.0 to “oversquare™ at 1.3. The diesel engine,
on the other hand, has bore-stroke ratios which range in the opposite direction to “undersquare,”
reflecting the necessity for suitable proportioning of the smaller combustion chamber of that
higher compression ratio power unit,

1.7.2 Influence of engine type on power ouiput
With the theory developed in Egs. 1.7.5 or 1.7.6, it becomes possible by the application of

the bmep, bore-stroke ratio and piston speed criteria to predict the potential power output of
various types of engines, This type of calculation would be the opening gambit of theoretical
consideration by a designer attempting to meet a required target. Naturally, the statistical
information available would be of a more extensive nature than the broad bands indicated in
Fig. 1.20, and would form what would be termed today as an “expert system.” As an example
of the use of such a calculation, three engines are examined by the application of this theory

and the results shown in Fig. 1.21,

Engine Type Type A Type C Type G
Input Data Chainsaw Racing Motor Truck Diesel
power, kW 52 46.2 186.0
piston speed, m/s 12 20 10
bore/stroke ratio 1.3 1 0.9
bmep, bar 45 10 7
number of cylinders 1 2 6
Output Data
bore, mm 495 54.0 106.0
stroke, mm 38.0 54.0 1180
swept volume, cm? 73.8 250.9 6300
engine speed, rpm 9440 11,080 2545

Fig. 1.21 Calculation eutput predicting potential engine performance.

The engines are very diverse in character such as a small chainsaw, a racing motorcycle
engine, and a truck diesel powerplant. The input and output data for the calculation are
declared in Fig. 1.21 and are culled from those applicable to the type of engine postulated in
Fig. 1.20. The target power output in the data table are in kW units, but in horsepower values
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are 7 bhp for the chainsaw, 62 bhp for the racing motorcycle engine, and 250 bhp for the truck
diesel engine.

The physical dimensions predicted for the three engines are seen to be very realistic, and
from a later discussion in Chapters 5 and 6, the reported behavior of engines such as the
chainsaw and the racing motorcycle engine will confirm that statement. The varied nature of
the specific power performance from these very different engines is observed from the 95
bhp/liter for the chainsaw, 247 bhp/liter for the racing motorcycle engine, and 39.7 bhp/liter
for the truck diesel power unit. The most useful part of this method of initial prediction of the
potential power performance of an engine is that some necessary pragmatism is injected into
the selection of the data for the speed of rotation of the engine.

Subscript notation for Chapter 1
a air

ar air retained

as air supplied

at atmosphere

b brake

c combustion

cg gas concentration by proportion
Cco carbon monoxide

CO, carbon dioxide

dref reference for delivery ratio

ex exhaust gas

f fuel

fl fuel calorific value

14 gas

1 indicated

0 overall

02 oxygen

og gas concentration by % volume
ppmg gas concentration by ppm

sref reference for scavenge ratio

t trapped

ta trapped air

tas trapped air supplied

tf trapped fuel

tr trapping

2efe
1.1

1.2
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Chapter 2

Gas Flow through Two-Stroke Engines

2.0 Introduction

The gas flow processes into, through, and out of an engine are all conducted in an un-
steady manner. The definition of unsteady gas flow is where the pressure, temperature and
gas particle velocity in a duct are variable with time. In the case of exhaust flow, the unsteady
gas flow behavior is produced because the cylinder pressure falls with the rapid opening of
the exhaust port by the piston. This gives an exhaust pipe pressure that changes with time. In
the case of induction flow into the crankcase through an intake port whose area changes with
time, the intake pipe pressure alters because the cylinder pressure, or crankcase pressure in a
simple two-stroke engine, is affected by the piston motion, causing volumetric change within
that space.

To illustrate the dramatic variations of pressure wave and particle motion caused by un-
steady flow in comparison to steady flow, the series of photographs taken by Coates [8.2] are
shown in Plates 2.1-2.4. These photographs were obtained using the Schlieren method [3.14],
which is an optical means of using the variation of the refractive index of a gas with its
density. Each photograph was taken with an electronic flash duration of 1.5 ps and the view
observed is around the termination of a 28-mm-diameter exhaust pipe to the atmosphere. The
exhaust pulsations occurred at a frequency of 1000 per minute. The first photograph, Plate
2.1, shows the front of an exhaust pulse about to enter the atmosphere. Note that it 15 a plane
front, and its propagation within the pipe up to the pipe termination is clearly one-dimen-
sional. The next picture, Plate 2.2, shows the propagation of the pressure wave into the atmo-
sphere in a three-dimensional fashion with a spherical front being formed. The beginning of
rotational movement of the gas particles at the pipe edges is now evident. The third picture,
Plate 2.3, shows the spherical wave front fully formed and the particles being impelled into
the atmosphere in the form of a toroidal vortex, or a spinning donut of gas particles. Some of
you may be more familiar with the term “smoke ring.” That propagating pressure wave front
arrives at the human eardrum, deflects it, and the nervous system reports it as “noise” to the
brain. The final picture of the series, Plate 2.4, shows that the propagation of the pressure
wave front has now passed beyond the frame of the photograph, but the toroidal vortex of gas
particles is proceeding downstream with considerable turbulence. Indeed, the flow through
the eye of the vortex is so violent that a new acoustic pressure wave front is forming in front
of that vortex. The noise that emanates from these pressure pulsations is composed of the
basic pressure front propagation and also from the turbulence of the fluid motion in the
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Plare 2.1 Schlieren picture of an exhaust pulse ar the termination of a pipe.

Plate 2.2 The exhaust pulse front propagates into the atmosphere.
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8

Plate 2.3 Further pulse propagation followed by the toroidal vortex of gas particles.

Plate 2.4 The toroidal vortex of gas particles proceeds into the atmosphere.
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vortex. Further discussion on the noise aspects of this flow is given in Chapter 8. I have
always found this series of photographs, obtained during research at QUB, to be particularly
illuminating. When I was a schoolboy on a farm in Co. Antrim too many years ago, the
milking machines were driven by a single-cylinder diesel engine with a long straight exhaust
pipe and, on a frosty winter's morning, it would blow a “smoke ring” from the exhaust on
start-up. That schoolboy used to wonder how it was possible; I now know.

As the resulting performance characteristics of an engine are significantly controlled by
this unsteady gas motion, it behooves the designer of engines to understand this flow mecha-
nism thoroughly. This is true for all engines, whether they are destined to be a 2 hp outboard
motor or a 150 hp Grand Prix power unit. A simple example will suffice to illustrate the
point. If one were to remove the tuned exhaust pipe from a single-cylinder racing engine
while it is running at peak power output, the pipe being an “empty” piece of fabricated sheet
metal, the engine power output would fall by at least 50% at that engine speed. The tuned
exhaust pipe harnesses the pressure wave motion of the exhaust process to retain a greater
mass of fresh charge within the cylinder. Without it, the engine will trap only about half as
much fresh air and fuel in the cylinder. To design such exhaust systems, and the engine that
will take advantage of them, it is necessary to have a good understanding of the mechanism of
unsteady gas flow. For the more serious student interested in the subject of unsteady gas
dynamics in depth, the series of lectures [2.2] given by the late Prof. FK. Bannister of the
Umiversity of Birmingham 15 an excellent introduction to the topic; so too 1§ the book by
Annand and Roe [1.8], and the books by Rudinger [2.3] and Benson [2.4]. The references
cited in this chapter will give even greater depth to that study.

Therefore, this chapter will explain the fundamental characteristics of unsteady gas flow
in the intake and exhaust ducts of reciprocating engines. Such fundamental theory is just as
applicable to four-stroke engines as it is to two-stroke engines, although the bias of the dis-
cussion will naturally be for the latter type of power unit. As with other chapters of this book,
computer programs are available for you to use for your own education and experience. In-
deed, these programs are a means of explaining the behavior of pressure waves and their
effect on the filling and emptying of engine cylinders. In the later sections of the chapter,
there will be explanations of the operation of tuned exhaust and intake systems for two-stroke
engines.

2.1 Motion of pressure waves in a pipe
2.1.1 Nomenclature for pressure waves

You are already familiar with the motion of pressure waves of small amplitude, for they
are acoustic waves, or sound. Some of our personal experience with sound waves is helpful in
understanding the fundamental nature of the flow of the much larger-amplitude waves to be
found in engine ducts. Pressure waves, and sound waves, are of two types: (1) compression
waves or (2) expansion waves, This is illustrated in Fig. 2.1. In both Fig, 2.1(a) and (b), the
undisturbed pressure and temperature in the pipe ahead of the pressure wave are pgp and Ty,
respectively.

The compression wave in the pipe is shown in Fig, 2.1(a) and the expansion wave in Fig.
2.1(b), and both waves are propagating toward the right in the diagram. At a point on the
compression wave the pressure is ps, where pe > pp, and it is being propagated at a velocity,
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Fig. 2.1 Pressure wave nomenclature,

0. It is also moving gas particles at a gas particle velocity of ¢, and in the same direction as
the wave is being propagated. At a point on the expansion wave in the pipe the pressure is p;,
where p; < pg, and it is being propagated at a velocity, . It is also moving gas particles
at a gas particle velocity of ¢, but in the opposite direction to that which the wave is
being propagated.

At this point you can draw on your personal experience of sound waves to help under-
stand the physical nature of the statements made in the preceding paragraph. Imagine stand-
ing several meters away from another person, Fred. Fred produces a sharp exhalation of
breath, for example, he says “boo" somewhat loudly. He does this by raising his lung pressure
above the atmospheric pressure due to a muscular reduction of his lung volume. The com-
pression pressure wave produced, albeit of small amplitude, leaves his mouth and is propa-
gated at the local acoustic velocity, or speed of sound, to your ear. The speed of sound in-
volved is on the order of 350 m/s. The gas particles involved with the “boo” leaving Fred's
mouth have a much lower velocity, probably on the order of 1 m/s. However, that gas particle
velocity is in the same direction as the propagation of the compression pressure wave, 1.e.,
toward your ear. Contrast this simple experiment with a second test. Imagine that Fred now
produces a sharp inhalation of breath, This he accomplishes by expanding his lung volume so
that his lung pressure falls sharply below the atmospheric pressure. The resulting “u....uh”
you hear is caused by the expansion pressure wave leaving Fred's mouth and propagating
toward your ear at the local acoustic velocity. In short, the direction of propagation is the
same as before with the compression wave “boo,” and the propagation velocity is, to all
intents and purposes, identical. However, as the gas particles manifestly entered Fred's mouth
with the creation of this expansion wave, the gas particle velocity is clearly opposite to the

direction of the expansion wave propagation.
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It is obvious that exhaust pulses resulting from cylinder blowdown come under the head-
ing of compression waves, and expansion waves are generated by the rapidly falling crank-
case pressure during induction in the case of the two-stroke engine, or cylinder pressure fora
four-stroke cycle unit. However, as in most technologies, other expressions are used in the
literature as jargon to describe compression and expansion waves. Compression waves are
variously called “exhaust pulses,” “compression pulses” or “ramming waves.” Expansion
waves are often described as “suction pulses,” “sub-atmospheric pulses” or “intake pulses.”
However, as will be seen from the following sections, expansion and compression waves do

appear in both inlet and exhaust systems.

2.1.2 Propagation velocities of acoustic pressure waves

As already pointed out, acoustic pressure waves are pressure waves where the pressure
amplitudes are small. Let dp be the pressure difference from atmospheric pressure, i.e., (pz — po)
or (pg - p;), for the compression or expansion wave, respectively. The value of dp for Fred's
“boo” would be on the order of 0.2 Pa. The pressure ratio, P, for any pressure wave is defined
as the pressure, p, at any point on the wave under consideration divided by the undisturbed
pressure, py. The undisturbed pressure is more commonly called the reference pressure. Here,
the value for Fred's “boo™ would be:

b B _ 1013252
po 101325

For the loudest of acoustic sounds, say a rifle shot at about 0.2 m away from the human
ear, dp could be 2000 Pa and the pressure ratio would be 1.02. That such very loud sounds are
still small in pressure wave terms can be gauged from the fact that a typical exhaust pulse in
an engine exhaust pipe has a pressure ratio of about 1.5.

According to Eamshaw [2.1], the velocity of a sound wave in air 1s given by ag, where:

ag = JYRT, (2.1.1)

or By == (2.1.2)

The value denoted by 1y is the ratio of specific heats for air. In the above equations, Ty is
the reference temperature and pg is the reference density, which are related to the reference
pressure, pp, by the state equation:

Po = PoRTy (2.1.3)

For sound waves in air, pp, Tp and pg are the values of the atmospheric pressure, tempera-
ture and density, respectively, and R is the gas constant for the particular gas imvolved.
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‘he head- 2.1.3 Propagation and particle velocities of finite amplitude waves
1g c=~nk- Particle velocity
ure..ora Any pressure wave with a pressure ratio greater than an acoustic wave is called a wave of
>d in the finite amplitude. Earnshaw [2.1] showed that the gas particle velocity associated with a wave
aves are of finite amplitude was given by ¢, where:
(pansion
pulses.” -1
raves do is 2 % {_P_Jﬁ _q p
Y= Po 2.1
ressure Bannister’s [2.2] derivation of this equation is explained with great clarity in Appendix
Pe = Po) A2.1. Within the equation, shorthand parameters can be employed that simplify the under-
r Fred’s standing of much of the further analysis. The symbol P is referred to as the pressure ratio of a
defined point on the wave of absolute pressure, p. The notation of X is known as the pressure ampli-
sturbed tude ratio and G represents various functions of y which is the ratio of specific heats for the
>, Here, particular gas involved. These are set down as:
ti p=L
ssure ratio
P ' Po
¥=1
hu, p | ¥ 11
1ds are pressure amplitude ratio X=|— =Pp% (2.1.5)
ulse in Po
rhere: Incorporation of the above shorthand notation within the complete equation for Eg. 2.1.4
gives:
2.1 2
t.1) c= ap(X - 1) (2.1.6)
T-1
2.1.2) If the gas in which this pressure wave is propagating has the properties of air, then these
properties are:
Tyis Gas constant R =287 J/kgK
rence ' .
Specific heats ratio y=14
e Specific heat at constant pressure P = ;__1 < /keg
Jera-
R
Specific heat at constant volume ~ Cv = T—_'l‘ =718 J/kgK
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Various functions of the ratio of specific heats, Gs, Gy, etc., which are useful as shorthand
notation in many gas-dynamic equations in this theoretical area, are given below. The logic
of the notation for G is that the value of Gs for air is 5, Gy for air is 7, etc.

_4-2y
Gz = 1 forairwherey=14 then Gs=3
3-v
Gy = 41 forair where y=1.4 then Gy =4
2
Gs _m for air where y=1.4 then Gs=5
Yy +1
Gy = Y1 for air where Y= 1.4 then Gg=6
2y
Gy = : for air where y= 1.4 then G7=7
T s !
17 = for air where y=1.4 then G5 = —
2y 7
(s TR
a5 = ¥—1 for air where Y= 1.4 then G35=3.5
¥y +1 6
Gé7 :? for air where Y= 1.4 then Gg7= —

This useful notation simplifies analysis in gas dynamics, particularly as it should be noted
that the equations are additive or subtractive by numbers, thus:

Gy =yl 2 _1=1—T+I=I—T

¥-1 y=1 Yy=1

or G3=Gs5+2 or G1=G5-2 or Gg=G3+ 3.
However, it should be noted in applications of such functions that they are generally
neither additive nor operable, thus:

GT #G4+G3 and Gj ¢"{]Eﬁ"
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Gas mixtures are commonplace within engines. Air itself is a mixture, fundamentally of
oxygen and nitrogen. Exhaust gas is principally composed of carbon monoxide, carbon diox-
ide, steam and nitrogen. Furthermore, the properties of gases are complex functions of tem-
perature. Thus a more detailed discussion on this topic is given in Sec. 2.1.6.

If the gas properties are assumed to be as for air given above, then Eq. 2.1.4 for the gas
particle velocity reduces to the following:

2
ag(X = 1) = Gsag(X — 1) = 5a¢(X - 1) (2.1.7)

Y Gyy }
where X = [1] = [i) = (LJ (2.1.8)
Po Po Po

Propagation veloeity

The propagation velocity at any point on a wave where the pressure is p and the tempera-
ture is T is like a small acoustic wave moving at the Jocal acoustic velocity at those condi-
tions, but on top of gas particles which are already moving. Therefore, the absoluie propaga-
tion velocity of any wave point is the sum of the local acoustic velecity and the local gas
particle velocity. The propagation velocity of any point on a finite amplitude wave is given by
o, where:

C =

g=a+c (2.1.9)
and a is the local acoustic velocity at the elevated pressure and temperature of the wave point,

pand T.
However, acoustic velocity, a, is given by Eamshaw [2.1] from Eq. 2.1.1 as:

a = J7RT (2.1.10)

Assuming a change of state conditions from pp and T to p and T to be isentropic, then for
such a change:

T
s [L} (2.1.11)
Ty \po
W
a2 _ | T :[J’_] - PO = x (2.1.12)
:-’.lﬂ, Tﬂ pn.
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Hence, the absolute propagation velocity, o, defined by Eq. 2.1.9, is given by the addition
of information within Eqs. 2.1.6 and 2.1.12:

2 y+1[ p ¥ 2
o = aygX + ——ap(X - 1) = ag {—) e |
o = [P 2.1.13)

In terms of the G functions already defined,
o = ag[GgX — Gs] (2.1.14)
If the properties of air are assumed for the gas, then this reduces to:
0. = ap[6X - 5] (2.1.15)

The density, p, at any point on a wave of pressure, p, is found from an extension of the
isentropic relationships in Egs. 2.1.11 and 2.1.14 as follows:

¥ -
) . [L] = X771 = x5 (2.1.16)

For air, where yis 1.4, the density p at a pressure p on the wave translates to:
p = poX3 (2.1.17)
2.1.4 Propagation and particle velocities of finite amplitude waves in air

From Eqgs. 2.1.4 and 2.1.15, the propagation velocities of finite amplitude waves in air in
a pipe are calculated by the following equations:

Propagation velocity o = ag[6X - 5] (2.1.18)
Particle velocity ¢ = 5a3(X - 1) (2.1.19)
1
)
Pressure amplitude ratio X= [—*] =P (2.1.20)
Po

The reference conditions of acoustic velocity and density are found as follows:

Reference acoustic velocity ay = /14 x287x Ty m/s (2.1.21)
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= B 3
Reference density Po = 287X T, kg/ 2 (2.1.22)

It is interesting that these equations corroborate the experiment which you conducted
with your imagination regarding Fred’s lung-generated compression and expansion waves.

Fig. 2.1 shows compression and expansion waves. Let us assume that the undisturbed
pressure and temperature in both cases are at standard atmospheric conditions. In other words,
po and Tp are 101,325 Pa and 20°C, or 293 K, respectively. The reference acoustic velocity,
a, and reference density, pq, are, from Eqs. 2.1.1 and 2.1.3 or Egs. 2.1.21 and 2.1.22;

ag = V14 x 287 x 293 = 34311 m/s

Po = 013D _ 196049 kg/m’

287 x 293

Let us assume that the pressure ratio, P, of a point on the compression wave 15 1.2 and
that of a point on the expansion wave is P; with a value of 0.8. In other words, the compres-
sion wave has a pressure differential as much above the reference pressure as the expansion
wave is below it. Let us also assume that the pipe has a diameter, d, of 25 mm.

(a) The compression wave
First, consider the compression wave of pressure, p,. This means that p is:

Pe=Pexpp=12x101325=121,590 Pa
The pressure amplitude ratio, Xg, is calculated as:

X, =127 = 102639

Therefore, the propagation and particle velocities, ¢l and ¢,, are found from:
O = 343,11 x (6 x 1.02639 - 5) = 39744 m/s
Ce=3x343.11 % (1.02639 - 1)=45.27 m/s
From this it is clear that the propagation of the compression wave is faster than the refer-
ence acoustic velocity, ap, and that the air particles move at a considerably slower rate. The
compression wave is moving rightward along the pipe at 397.4 m/s and, as it passes from

particle to particle, it propels each particle in turn in a rightward direction at 45.27 m/s, This
is deduced from the fact that the sign of the numerical values of o and c, are identical.
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The local particle Mach number, M, is defined as the ratio of the particle velocity to the
local acoustic velocity, a., where:

c Gs(X, - 1)

M = .—.E— e Koo e e S )
¥ 4 X, (2.1.23)
From Eq. 2.1.12:
8 = 20X,
Hence, a. = 343.11 x 1.02639 = 352.16 m/s
and the local particle Mach number,
M. = 2027 0.1285
35216

The mass rate of gas flow, m, caused by the passage of this point of the compression
wave in a pipe of area, A, is calculated from the thermodynamic equation of continuity with
the multiplication of density, area and particle velocity:

M, = PeAqCe
From Eq. 2.1.17:

Pe = PeX3 = 12049 x 1.02639° = 12049 % 11391 = 13725 kg/m’

The pipe area is given by:
nd® 314159 x 0.025° 5
AB = y = 2 E = 0.00049]1 m

Therefore, as the arithmetic signs of the propagation and particle velocities are both posi-
tive, the mass rate of flow is in the same direction as the wave propagation:

M. = PaAgc, = 13725 x 0.000491 x 4527 = 0.0305 kg/s

(b) The expansion wave
Second, consider the expansion wave of pressure, p;. This means that p; is given by:

pi=P; x pg =0.8 x 101,325 =81,060 Pa
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The pressure amplitude ratio, X;, is calculated as:
X; =087 = 09686
Therefore, the propagation and particle velocities, ¢ and c;, are found from:
o =343.11 x (6 x 0.9686 - 5) = 278.47 m/s

ci=5x343.11 % (0.9686 — 1) = 53.87 m/s

From this it is clear that the propagation of the expansion wave is slower than the refer-
ence acoustic velocity but the air particles move somewhat faster. The expansion wave is
moving rightward along the pipe at 278.47 m/s and, as it passes from particle to particle, 1t
propels each particle in turn in a leftward direction at 53.87 m/s. This is deduced from the fact
that the numerical values of o and c; are of ppposite sign.

The local particle Mach number, M;, is defined as the ratio of the particle velocity to the
local acoustic velocity, a;, where:

Mi - EI-
aj
From Eq. 2.1.12,
a; = apX;
Hence, a;=343.11 x 0.9686 =332.3 m/s
and the local particle Mach number is,
Moo i

' 3323

The mass rate of gas flow, m;, caused by the passage of this point of the expansion wave
in a pipe of area, A, is calculated by:

m; = piAe;
From Eq. 2.1.17:

pi = piXS = 12049 x 0.9686° = 12049 x 08525 = 1.0272 kg/m”
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It will be seen that the density is reduced in the more rarified expansion wave. The pipe
area 1§ identical as the diameter is unchanged, i.e., A; =0.000491 mZ. The mass rate of flow is
in the opposite direction 1o the wave propagation as:

h; = piAe; = 10272 x 0.000491 x (-53.87) = —0.0272  kg/s

2.1.5 Distortion of the wave profile

It is clear from the foregoing that the value of propagation velocity is a function of the
wave pressure and wave temperature at any point on that pressure wave. It should also be
evident that, as all of the points on a wave are propagating at different velocities, the wave
must change its shape in its passage along any duct. To illustrate this the calculations con-
ducted in the previous section are displayed in Fig, 2.2, In Fig, 2.2(a) it can be seen that both
the front and tail of the wave travel at the reference acoustic velocity, ag, which is 53 m/s
slower than the peak wave velocity, In their travel along the pipe, the front and the tail will
keep station with each other in both time and distance. However, at the front of the wave, all
of the pressure points between it and the peak are traveling faster and will inevitably catch up
with it. Whether that will actually happen before some other event intrudes (for instance, the
wave front could reach the end of the pipe) will depend on the length of the pipe and the time
interval between the peak and the wave front. Nevertheless, there will always be the tendency
for the wave peak to get closer to the wave front and further away from the wave tail. This is
known as “steep-fronting.” The wave peak could, in theory, try to pass the wave front, which
15 what happens to a water wave in the ocean when it “crests.” In gas flow, “cresting” is
impossible and the reality is that a shock wave would be formed. This can be analyzed theo-
retically and Bannister [2.2] gives an excellent account of the mathematical solution for the
particle velocity and the propagation velocity, O, of a shock wave of pressure ratio, Pgp,
propagating into an undisturbed gas medium at reference pressure, py, and acoustic velocity,
ap. The derivation of the equations set out below is presented in Appendix A2.2. The theoreti-
cally derived expressions for propagation velocity, O, and particle velocity, cgy, of a com-
pression shock front are:

Po

Fi =
gy = ﬂuJ TET Py + TET
(2.1.24)

= a34/Gg7Pey + Gy7

ag(Py, — 1) (2.1.25)
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?ﬂjfh The situation for the expansion wave, shown in Fig. 2.2(b), is the reverse, in that the peak
=ure:t:1:ﬁ is traveling 64.6 m/s slower than either the wave front or the wave tail. Thus, any shock
_‘mm formation taking place will be at the tail of an expansion wave, and any wave distortion will
' be where the tail of the wave attempts to overrun the peak.

In this case of shock at the tail of the expansion wave, the above equations also apply, but
the “compression” shock is now at the tail of the wave and running into gas which is at
acoustic state a; and moving at particle velocity ¢;. Thus the propagation velocity and particle
velocity of the shock front at the tail of the expansion wave, which has an undisturbed state at
po and ag behind it, are given by:

_ Po
1.24) By = ;_
1
Clsh = Clgh relative togasi T Ci
; = 2;/Gg7Pg + Gy7 +¢ (2.1.26)
25) = agX;y/Ge7Psp + Gi7 + Gsap(X; — 1)
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Csh = Csh relative togasi T €i
__ aPy-D)
Yy/Gg7Psh + Gy
= 2%l =D, Ganx; - 1)
¥y/Ge7Pan + Gy7

(2.1.27)

For the compression wave illustrated in Fig, 2.2, the use of Egs. 2.1.24 and 2.1.23 yields
finite amplitude propagation and particle velocities of 397.4 and 45.27 m/s, and for the shock
wave of the same amplitude, 371.4 and 45.28 m/s, respectively. The difference in propagation
velecity is some 7% less bur that for particle velocity is negligible.

For the expansion wave illustrated in Fig. 2.2, the use of Egs. 2.1.26 and 2.1.27 yields
finite amplitude propagation and particle velocities of 278.5 and —53.8 m/s, and for the shock
wave of the same amplitude, 312.4 and 0.003 m/s, respectively. The difference in propagation
velecity is some 12% greater but that for particle velocity is considerable in that the particle
velocity at, or immediately behind, the shock is effectively zero.

2.1.6 The properties of gases

It will be observed that the propagation of pressure waves and the mass flow rate which
they induce in gases is dependent on the gas properties, particularly that of the gas constant,
R, and the ratio of specific heats, y. The value of the gas constant, R, is dependent on the
composition of the gas, and the ratio of specific heats, ¥, is dependent on both gas composi-
tion and temperature. It is essential to be able to index these properties at every stage of a
simulation of gas flow in engines. Much of this information can be found in many standard
texts on thermodynamics, but it is essential for reasons of clarity to repeat it here briefly.

The gas constant, R, of any gas can be found from the relationship relating the universal
gas constant, R, and the molecular weight, M, of the gas:

R= (2.1.28)

= | =

The universal gas constant, R, has a value of 8314.4 J/kgmolK. The specific heats at
constant pressure and temperature, Cp and Cy, are determined from their defined relationship
with respect to enthalpy, h, and internal energy, u:

b

Cp = = 2.1.29
PaT Voar (1.29)
The ratio of specific heats, v, is found simply as:
y=Ce
Cy (2.1.30)
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It can be seen that if the gases have internal energies and enthalpies which are nonlinear
functions of temperature then neither Cp, Cy nor ¥ is a constant, If the gas is a mixture of
gases then the properties of the individual gases must be assessed separately and then com-
bined to produce the behavior of the mixture,

To illustrate the procedure to determine the properties of gas mixtures, let air be exam-
ined as a simple example of a gas mixture with an assumed volumetric composition, v, of
21% oxygen and 79% nitrogen while ignoring the small but important trace concentration of
argon. The molecular weights of oxygen and nitrogen are 31.999 and 28.013, respectively.

The average molecular weight of air is then given by:

Mair = 3 (UgesMgs) = 021331999 + 0.79 x 28013 = 2885
The mass ratios, €, of oxygen and nitrogen in air are given by:

Vo,Mo, _ 021x31999

= = 0233
0 = M, 28.85
o = oMy,  079x28013
MM, 2885 '

The molal enthalpies, h, for gases are given as functions of temperature with respect to
molecular weight, where the k values are constants:

E =Kgt EIT +K1T2 + K3T3 J}kgmol (21 +3”

In which case the molal internal energy of the gas is related thermodynamically to the

enthalpy by:
i=h-RT (2.1.32)

Consequently, from Eq. 2.1.29, the molal specific heats are found by appropriate differ-
entiation of Eqs. 2.1.31 and 32:

Cp = ¥y + 2%, T + 3k, T~ (2.1.33)

Cy =Cp-R (2.1.34)

The molecular weights and the constants, K, for many common gases are found in Table
2.1.1 and are reasonably accurate for a temperature range of 300 to 3000 K. The values of the
molal specific heats, internal energies and enthalpies of the individual gases can be found ata
particular temperature by using the values in the table.
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Considering air as the example gas at a temperature of 20°C, or 293 K, the molal specific
heats of oxygen and nitrogen are found using Eqs. 2.1.33 and 34 as:

Oxygen, O,:
Nitrogen, N,:

Cp = 31,192 J/kgmol
Cp = 29,043 J/kgmol

Cy = 22,877 J/kgmol
Cy = 20,729 J/kgmol

Table 2.1.1 Properties of some common gases found in engines

Gas M Ko K1 Kz X3
02 31.889 -0 3030E6 2.9672E4 2 6865 -2 1184E—4
Mz 28.013 —8.503.3E6 2.7280E4 3.1543 -3.3052E—4
co 28.011 -8.3141E6 2.7T460E4 31722 -3.3416E—4
COg 44.01 =1.3624E7 4.1018E4 7.2782 -8.0848E-4
Hz0 18.015 -B8.9503E6 2.0781E4 7.9577 =7.27T19E-4
Ha 2.016 —7.8613E6 2.6210E4 2.3541 -1.2113E-4
From a mass standpoint, these values are determined as follows:
C Cy
Cp=—-pb Cy=— (2.1.35)
P M v M

Hence the mass related values are:

Oxygen, O,: Cp =975 J/kgk Cy =715 J/kgK
Nitrogen, Np:  Cp = 1037 J/kgk Cy =740 J/kgK

For the mixture of oxygen and nitrogen which is air, the properties of air are given gener-
ally as:

Rair = E[EsasRsﬂs) Cpyr = Z{EEHSCFEH)

C
Cvar = 2 (6gaCvgas) Yair = Z[z ‘*ﬂﬂ*] (2.1.36)

Taking just one as a numeric example, the gas constant, R, which it will be noted is not
temperature dependent, is found by:

8314.4 83144
R.. =¥ (e..R,.)=023 +0.767 = 288 J/keK
ar Z( o E‘“] 3[31.999] (z&an) k8
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The other equations reveal for air at 293 K:
Cp=1022 I/kgk Cy =734 I/kgK y=1.393

It will be seen that the value of the ratio of specific heats, 7, is not precisely 1.4 at standard
atmospheric conditions as stated earlier in Sec. 2.1.3. The reason is mostly due to the fact that
air contains argon, which is not included in the above analysis and, as argon has a value of y
of 1.667, the value deduced above is weighted downward arithmetically.

The most important point to make is that these properties of air are a function of tempera-
ture, so if the above analysis is repeated at 500 and 1000 K the following answers are found:

for air:
T = S00K Cp=1061 J/kgK Cy =773 JkgK y=1373
T = 000K Cp=1143 JkegK Cv =BS5S JkgK v=1.337

As air can be found within an engine at these state conditions it is vital that any simula-
tion takes these changes of property into account as they have a profound influence on the
characteristics of unsteady gas flow.

Exhaust gas

Clearly exhaust gas has a quite different composition as a mixture of gases by comparnson
with air. Although this matter is discussed in much greater detail in Chapter 4, consider the
simple and ideal case of stoichiometric combustion of octane with air. The chemical equa-
tion, which has a mass-based air-fuel ratio, AFR, of 15, is as follows:

2CgH g + 25[{]1 + %?Nz:[ = 16C0O, + 18H,0 + 94.05N,
The volumetric concentrations of the exhaust gas can be found by noting that if the total

moles are 128.05, then:

6 9 _ 94.05

. =0125 Wi = = 0141 vy =
128.05 M0 ™ 128.05 N2 7 12805

= (.734

'l.]m_z

This is precisely the same starting point as for the above analysis for air so the procedure
is the same for the determination of all of the properties of exhaust gas which ensue from an
ideal stoichiometric combustion. A full discussion of the composition of exhaust gas as a
function of air-to-fuel ratio is in Chapter 4, Sec. 4.3.2, and an even more detailed debate is in
the Appendices Ad.]1 and A4.2, on the changes to that composition, at any fueling level, as a
function of temperature and pressure.

In reality, even at stoichiometric combustion there would be some carbon monoxide in
existence and minor traces of oxygen and hydrogen. If the mixture were progressively richer
than stoichiometric, the exhaust gas would contain greater amounts of CO and a trace of Hj
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but would show little free oxygen. If the mixture were progressively leaner than stoichiomet-
ric, the exhaust gas would contain lesser amounts of CO and no Hj but would show higher
concentrations of oxygen. The most important, perhaps obvious, issue 1s that the properties of
exhaust gas depend not only on temperature but also on the combustion process that created
them. Tables 2.1.2 and 2.1.3 show the ratio of specific heats, v, and gas constant, R, of exhaust
gas at various temperatures emanating from the combustion of octane at various air-fuel ra-
tios. The air-fuel ratio of 13 represents rich combustion, 15 is stoichiometric and an AFR of
17 is approaching the normal lean limit of gasoline burning. The composition of the exhaust
gas is shown in Table 2.1.2 at a low temperature of 293 K and its influence on the value of gas
constant and the ratio of specific heats is quite evident. While the tabular values are quite
typical of combustion products at these air-fuel ratios, naturally they are approximate as they
are affected by more than the air-fuel ratio, for the local chemistry of the burning process and
the chamber geometry, among many factors, will also have a profound influence on the final
composition of any exhaust gas. At higher temperatures, to compare with the data for air and
exhaust gas at 293 K in Table 2.1.2, this same gaseous composition shows markedly different
properties in Table 2.1.3, when analyzed by the same theoretical approach.

Table 2.1.2 Properties of exhaust gas at low temperature

T=293 K % by Volume
AFR %CO0 % C02 %H20 %0gp YalNg R ¥
13 £.85 8.02 156 0.00 70.52 299.8 1.388
15 0.00 12.50 141 0.00 73.45 290.7 1.375
17 0.00 11.14 12.53 228 74.06 290.4 1.376

Table 2.1.3 Properties of exhaust gas at elevated temperatures

T=500K T=1000 K
AFR R Y AFR R Y
13 289.8 1.562 13 280.8 1.317
15 290.7 1.350 16 280.8 1.307
17 290.4 1.352 17 290.4 1.310

From this it is evident that the properties of exhaust gas are quite different from air, and
while they are as temperature dependent as air, they are not influenced by air-fuel ratio, par-
ticularly with respect to the ratio of specific heats, as greatly as might be imagined. The gas
constant for rich mixture combustion of gasoline is some 3% higher than that at stoichiomet-
ri¢ and at lean mixture buming.
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Chapter 2 - Gas Flow through Two-Siroke Engines

What is evident, however, is that during any simulation of unsteady gas flow or of the
thermodynamic processes within engines, it is imperative for its accuracy to use the correct
value of the gas properties at all locations within the engine.

2.2 Motion of oppositely moving pressure waves in a pipe

In the previous section, you were asked to conduct an imaginary experiment with Fred,
who produced compression and expansion waves by exhaling or inhaling sharply, producing
a"boo” ora “u...ub,” respectively. Once again, you are asked to conduct another experiment
s0 as to draw on your experience of sound waves to illustrate a principle, in this case the
behavior of oppositely moving pressure waves. In this second experiment, you and your friend
Fred are going to say “boo” at each other from some distance apart, and af the same time.
Each person’s ears, being rather accurate pressure transducers, will record his own “boo”
first, followed a fraction of time later by the “boo” from the other party. Obviously, the “boo™
from each passed through the *boo” from the other and arrived at both Fred's ear and your ear
with no distortion caused by their passage through each other. If distortion had taken place,
then the sensitive human ear would have detected it. At the point of meeting, when the waves
were passing through each other, the process is described as “superposition.” The theoretical
treatment below is for air, as this simplifies the presentation and enhances your understanding
of the theory; the extension of the theory to the generality of gas properties is straightforward.

2.2.1 Superposition of oppositely moving waves

Fig. 2.3 illustrates two oppositely moving pressure waves in air in a pipe. They are shown
as compression waves, ABCD and EFGH, and are sketched as being square in profile, which
is physically impossible but it makes the task of mathematical explanation somewhat easier.
InFig. 2,3(a) they are about to meet. In Fig. 2.3(b) the process of superposition is taking place
for the front EF on wave top BC, and for the front CD on wave top FG. The result is the
creation of a superposition pressure, pg, from the separate wave pressures, p; and p;. Assume
that the reference acoustic velocity is ag. Assuming also that the rightward direction is math-
ematically positive, the particle and the propagation velocity of any point on the wave top,
BC, will be ¢; and «;. From Eqs. 2.1.18-2(:

c1 =Sag(X; - 1) o) = ag(6X - 5)

Similarly, the values for the wave top FG will be (with rightward regarded as the positive
direction):
¢y =-5ap(Xz2— 1) 0z = —ag(6X3 - 5)

From Eq. 2.1.14, the local acoustic velocities in the gas columns BE and DG during
superposition will be:

aj = apX) ag =apXy
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Fig. 2.3 Superposition of pressure waves in a pipe.
During superposition, the wave top F is now moving into a gas with a new reference
pressure level at py. The particle velocity of F relative to the gas in BE will be:

1

7 3
CFrelBE = —94] [‘EE‘J — 1] = SapX; [‘;1] ~1|=—=5ag(X; - X;)
I 1

The absolute particle velocity of F, c;, will be given by the sum of cgpgg and cj, as
follows:

Cs = CreipE + € = —529(X; — X;) + 5ay(X; — 1) = 5ag(2X,; - X, - 1)

Applying the same logic to wave top C proceeding into wave top DG gives another ex-
pression for cg, as F and C are at precisely the same state conditions:

Cs = Ceripg + €2 = 5ag(X; — X3) — 529(X; —1) = —5a9(2X; - X5 - 1)
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Equating the two expressions for ¢, for the same wave top FC gives two important equa-
tions as a conclusion, one for the pressure of superposition, ps, and the other for the particle
velocity of superposition, c,:

X=X+ X7-1 (2.2.1)
4 7 }
or ['Pi) = {ﬂj + [P“I—] -1 (2.2.2)
Po Po Po.
C; = 535{}{1 - i:l - jﬂﬂ(XE - 1) = Saﬂ(}{] - x;} (2+2-3‘]
or Cs=C|+C2 (2.2.4)

Note that the expressions for superposition particle velocity reserves the need for a sign
convention, i.e., a declaration of a positive direction, whereas Egs. 2.2.1 and 2.2.2 are inde-
pendent of direction. The more general expression for gas properties other than air is easily
seen from the above equations as:

X=X +X;-1 (2.2.5)
G17 Gl7 Gl17
then [ﬁ] = {ﬂ] + [P—ZJ -1 (2.2.6)
Po Po Po
as cg=C1+ecp 2.2.7)
then c, = Gjaﬂ(xl - 1}— GEau(XZ - l) = GSEG(XI - Kz} (2.2.8)

At any location within the pipes of an engine, the superposition process is the norm as
pressure waves continually pass to and fro. Further, if we place a pressure transducer in the
wall of a pipe, it is the superposition pressure-time history that is recorded, not the individual
pressures of the rightward and the leftward moving pressure waves. This makes it very diffi-
cult to interpret recorded pressure-time data in engine ducting. A simple example will make
the point. In Sec. 2.1.4 and in Fig. 2.2, there is an example of two pressure waves, pe and pj,
with pressure ratio values of 1.2 and 0.8, respectively. Suppose that they are in a pipe but are
the oppositely moving waves just discussed and are in the position of precise superposition.
There is a pressure transducer at the point where the wave peaks coincide and it records a
superposition pressure, ps. What will it be and what is the value of the superposition particle
velocity, cg?

T1
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The values of X., X;, ay, ¢., and c¢; were 1.0264, 0.9686, 343.1, 45.3, and 53.9, respec-
tively, in terms of a positive direction for the transmission of each wave. In other words, the
properties of waves p. and p; are to be assigned to waves | and 2, respectively, merely to
reduce the arithmetic clutter both within the text and in your mind,

If py is regarded as moving rightward and that is defined as the positive direction, and
consequently, ps is moving leftward as in a negative direction, then Egs. 2.2.1 and 2.2.2 show:

X=X +X2-1=1.0264 -09868 -1 =0995
Hence,

P,=X] =0965 and p, = Ppy = 0.965x 101,325 = 97,831 Pa

cg = 453 + [(-539)] = 992 m/s

Thus, the pressure transducer in the wall of the pipe would show little of this process, as
the summation of the two waves would reveal a trace virtually indistinguishable from the
atmospheric line, and exhibit nothing of the virtual doubling of the particle velocity.

The opposite effect takes place when two waves of the same type undergo a superposition
process. For example, if wave p; met another wave p| going in the other direction and in the
plane of the pressure transducer, then:

X, = 10264 +10264 -1=10528 and P, = X] =10528" = 1434

cg = 453+ [(+453)] = 0 m/s

The pressure transducer would show a large compression wave with a pressure ratio of
1.434 and tell nothing of the zero particle velocity at the same spot and time.

This makes the interpretation of exhaust and intake pressure records a most difficult
business if it is based on experimentation alone. Not unnaturally, the engineering observer
will interpret a measured pressure trace which exhibits a large number of pressure oscilla-
tions as being evidence of lots of wave activity. This may well be so, but some of these
fluctuations will almost certainly be periods approaching zero particle velocity also while yet
other periods of this superposition trace exhibiting “calm” could very well be operating at
particle velocities approaching the sonic value! As this is clearly a most important topic, it
will be returned to in later sections of this chapter.

2.2.2 Wave propagation during superposition

The propagation velocity of the two waves during the superposition process must also
take into account direction. The statement below is accurate for the superposition condition
where the rightward direction is considered positive.

where, as = apX;

5 Ry o |
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As propagation velocity is given by the sum of the local acoustic and particle velocities,
asin Eq. 2.1.9

O rightward = & + €5
= ﬂ-n{xl + X, 1)+ U‘jﬂﬁ(xl = XZ) (2.2.9
= aﬂ(Gﬁxl - G4x2 = ]}

Ol leftward = —dg + Cg
= —ap(X + X3 —1) + Gsag(X; — X;) (2.2.10)

Regarding the propagation velocities during superposition in air of the two waves, pe and
p;, as presented above in Sec. 2.2.1, where the values of ¢, ap, Xj, X7 and X were 99.2,
343.1, 1.0264, 0.9686, and 0.995, respectively:

ag = agX; = 343.1 x 0.995 =341.38 m/s
o rightward = ag + ¢ = 341.38 + 99.2 = 440.58 m/s
O leftward = —a; + ¢ =-341.38 + 992 =-242.18 m/s

This could equally have been determined more formally using Eqs. 2.2.9 and 2.2.10 as,

O rightward = 20(GeX) — G4X; — 1) = 34338(6 x 1.0264 — 4 x 09686 — 1) = 440.58 m/s

O, efiward = A0(GeXa — GaX; — 1) = 34338(6 X 0.9686 — 4 x 10264 — 1) = —24218 m/s

As the original propagation velocities of waves 1 and 2, when they were traveling “undis-
turbed” in the duct into a gas at the reference acoustic state, were 397.44 m/s and 278 47 m/s,
it is clear from the above calculations that wave | has accelerated, and wave 2 has slowed
down, by some 10% during this particular example of a superposition process. This effect is
often referred to as “wave interference during superposition.”

During computer calculations it is imperative to rely on formal equations such as Eqs.
2.2.9 and 2.2.10 to provide computed values.

2.2.3 Mass flow rate during wave superposition
As the superposition process accelerates some waves and decelerates others, so too must

the mass flow rate be affected. This also must be capable of computation at any position
within a duct. The continuity equation provides the necessary information.
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Mass flow rate = density x area x velocity = pgAcs

where, p, = ppX2° (2.2.11)

Hence, th = GsagpoA(X; + X5 - )P (X, - X,) (22.12)

In terms of the numerical example used in Sec. 2.2.2, the values of ag, pg, X, and X3
were 343.1, 1.2049, 1.0264, and 0.9686, respectively. The pipe area is that of the 25-mm-
diameter duct, or 0.000491 m?. The gas in the pipe is air.

We can solve for the mass flow rate by using the previously known value of X, which
was 0.995, or that for particle velocity ¢y which was 99.2 m/s, and determine the superposi-
tion density pg thus:

ps = poX3 = 12049 x 0995° = 11751 kg/m®
Hence, the mass flow rate during superposition is given by:
mﬁghl = 11751 x 0.000491 x 992 = 00572 kg/s

The sign was known by having available the information that the superposition particle
movement was rightward and inserting cg as +99.2 and not -99.2. Alternatively, the formal
Eq. 2.2.12 gives a numeric answer indicating direction of mass or particle flow. This is ob-
tained by solving Eq. 2.2.12 with the lead term in any bracket, i.e., Xy, as that value where
wave motion 1s considered to be in a positive direction.

Hence, mass flow rate rightward, as direction of wave 1 is called positive, is:

. G5
Mg = GsagPpA(X; + X, - 1)7(X; - X;)

= 5% 34311 x 1.2049 x (10264 + 0.9686 — 1) x (10264 — 0.9686)°
= #0.0572 kg/s

It will be observed, indeed it is imperative to satisfy the equation of continuity, that the
superposition mass flow rate is the sum of the mass flow rate induced by the individual waves.
The mass flow rates in a rightward direction of waves | and 2, computed earlier in Sec. 2.1.4,
were 0,0305 and 0.0272 kg/s, respectively.

2.2.4 Supersonic particle velocity during wave superposition

In typical engine configurations it is rare for the magnitude of finite amplitude waves
which occur to provide a particle velocity that approaches the sonic value. As the Mach
number M is defined in Eq. 2.1.23 for a pressure amplitude ratio of X as:
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¢ _Gsag(X-1) _Gs(X-1)
a agX X @.2.13)

M =

For this to approach unity then:

G 2
=—2=_"_ andforair X = 125
Gy 3-%

In air, as seen above, this would require a compression wave of pressure ratio, P, where:

P=-"L = X6 andinair P =125 = 4768
Po

Even in high-performance racing engines a pressure ratio of an exhaust pulse greater than
2.2 atmospheres is very unusual, thus sonic particle velocity emanating from that source 15
not likely. What is a more realistic possibility is that a large exhaust pulse may encounter a
strong oppositely moving expansion wave in the exhaust systemn and the superposition par-
ticle velocity may approach or attempt to exceed unity.

Unsteady gas flow does not permit supersonic particle velocity. It is self-evident that the
gas particles cannot move faster than the pressure wave disturbance which is giving them the
signal to move. As this is not possible gas dynamically, the theoretical treatment supposes
that a “weak shock” occurs and the particle velocity reverts to a subsonic value, The basic
theory is to be found in any standard text [2.4] and the resulting relationships are referred to
as the Rankine-Hugoniot equations. The theoretical treatment is almost identical to that given
here, as Appendix A2.2, for moving shocks where the particle velocity behind the moving
shock is also subsonic,

Consider two oppositely moving pressure waves in a superposition situation. The indi-
vidual pressure waves are p; and p; and the gas properties are Y and R with a reference
temperature and pressure denoted by pp and Tg. From Eqs. 2.2.5 to 2.2.8 the particle Mach
number M is found from:

pressure amplitude ratio Xs=X1+Xz-1 (2.2.14)
acoustic velocity a; = agXs (2.2.15)
particle velocity ¢, = Gsag(X; — X;) (2.2.16)

Gag(X; — X
_ [GsaolX, Z}I @2.17)

c
Mach number (+ only) Ms=—"=
number (+ only) s s | 20X,
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Note that the modulus of the Mach number is acquired to eliminate directionality in any
inquiry as to the magnitude of it in absolute terms. If that inquiry reveals that M is greater
than unity then the individual waves p| and p; are modified by internal reflections to provide
a shock to a gas flow at subsonic particle velocity. The superposition pressure after the shock
transition to subsonic particle flow at Mach number My . i labeled as pg pew. The “new”
pressure waves that travel onward after superposition is completed become labeled as py pew
and p2 new. The Rankine-Hugoniot equations that describe this combined shock and reflection
process are:

Fspew _ L, G
pressure D, y+1 s y+1 (2.2.18)
Mf + 2
M2 = (dos
Mach number S new 2y Mf 1 (2.2.19)
¥=1
After the shock the “new" pressure waves are related by:
G7
pressure Ps new = PoXs new (2.2.21)
¢ Gsag(X) new = X2 iew)
Mach number M pey = —25% = e (2.2.22)
A new apXy new
a7
pressure wave | Pl new = PO new (2.2.23)
? G7
pressure wave 2 P2 new = PoX3 new (2.2.24)

From the knowledge that the Mach number in Eq. 2.2.17 has exceeded unity, the two Egs.
2.2.18 and 2.2.19 of the Rankine-Hugoniot set provide the basis of the simultaneous equa-
tions needed to sclve for the two unknown pressure waves p) pew and p7 pew through the
connecting information in Egs. 2.2.20 to 2.2.22. For simplicity of presentation of this theory,
it is predicated that p; > py, i.e,, that the sign of any particle velocity is positive. In any
application of this theory this point must be borne in mind and the direction of the analysis
adjusted accordingly. The solution of the two simultaneous equations reveals, in terms of
complex functions I'} to I'y composed of known pre-shock guantities:
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MEJ'il 2 I I =
1"|=¢ I =_T.M2'_L T ,—,T__._. T r =X1-2T
ZY MSI—I 2 T‘l‘l 5 ?+1 3 ) 1 4 st2
y—1
| + T + Il | 4T, —TLT
then Xiogi = "’2 34 and Xjpew = ‘*2 2 (2.2.25)

The new values of particle velocity, Mach number, wave pressure or other such param-
eters can be found by substitution into Egs. 2.2.20 to 2.2.24.

Consider a simple numeric example of oppositely moving waves. The individual pres-
sure waves are pj and py with strong pressure ratios of 2.3 and 0.5, and the gas properties are
air where the specific heats ratio, ¥, is 1.4 and the gas constant, R, is 287 J/kgK. The reference
temperature and pressure are denoted by pp and Tp and are 101,325 Pa and 293 K, respec-
tively. The conventional superposition computation as carried out previously in this section
would show that the superposition pressure ratio, P, is 1.2474, the superposition tempera-
ture, Ty, i5 39.1°C, and the particle velocity is 378.51 m/s. This translates into a Mach number,
M., during superposition of 1.0689, clearly just sonic. The application of the above theory
reveals that the Mach number, M ., after the weak shock is 0.937 and the ongoing pressure
Waves, p1 new and p2 new have modified pressure ratios of 2.2998 and 0.5956, respectively.

From this example it is obvious that it takes waves of uncommonly large amplitude to
produce even a weak shock and that the resulting modifications to the amphtude of the waves
are quite small. Nevertheless, it must be included in any computational modeling of unsteady
gas flow that has pretensions of accuracy.

In this section we have implicitly introduced the concept that the amplitude of pressure
waves can be modified by encountering some “opposition” to their perfect, i.e., isentropic,
progress along a duet. This also implicitly introduces the concept of reflections of pressure
waves, 1.e., the taking of some of the energy away from a pressure wave and sending it in the
opposite direction. This theme is one which will appear in almost every facet of the discus-
sions below.

2.3 Friction loss and [riction heating during pressure wave propagation

Particle flow in a pipe induces forces acting against the flow due to the viscous shear
forces generated in the boundary layer close to the pipe wall. Virtually any text on fluid
mechanics or gas dynamics will discuss the fundamental nature of this behavior in a compre-
hensive fashion [2.4]. The frictional effect produces a dual outcome: (a) the frictional force
results in a pressure loss to the wave opposite to the direction of particle motion and, (b) the
viscous shearing forces acting over the distance traveled by the particles with time means that
the work expended appears as internal heating of the local gas particles. The typical situation
is illustrated in Fig. 2.4, where two pressure waves, p; and p2, meet in a superposition pro-
cess. This make the subsequent analysis more generally applicable. However, the following
analysis applies equally well to a pressure wave, pj, traveling into undisturbed conditions, as
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waves superposed for time dt

diameter d

Fig. 2.4 Friction loss and heat transfer in a duct.

it remains only to nominate that the value of ps has the same pressure as the undisturbed state
Po-

In the general analysis, pressure waves pj and pa meet in a superposition process and due
to the distance, dx, traveled by the particles during a time dt, engender a friction loss which
gives rise to internal heating, dQy, and a pressure loss, dps. By definition both these effects
constitute a gain of entropy, so the friction process is non-isentropic as far as the wave propa-
gation is concerned.

The superposition process produces all of the velocity, density, temperature, and mass
flow charactaristics described in Sec. 2.2. However, what is required from any theoretical
analysis regarding friction pressure loss and heating is not only the data regarding pressure
loss and heat generated, but more importantly the altered amplitudes of pressure waves py and
p2 after the friction process is completed.

The shear stress, T, at the wall as a result of this process is given by:

Shear stress T=Cg % (2.3.1)

The friction factor, Cy, is usually in the range 0.003 to 0,008, depending on factors such as
fluid viscosity or pipe wall roughness. The direct assessment of the value of the friction
factor is discussed later in this section.

The force, F, exerted at the wall on the pressure wave by the wall shear stress in a pipe of
diameter, d, during the distance, dx, traveled by a gas particle during a time interval, dt, is
expressed as:

Distance traveled dx = cqdt

Force F = ndtdx = mdredt (2.3.2)
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This force acts over the entire pipe flow area, A, and provides a loss of pressure, dpy, for
the plane fronted wave that is inducing the particle motion. The pressure loss due to friction
is found by incorporating Eq. 2.3.1 into Eq. 2.3.2:

3
4tedt 2 dt
Pressureloss  dpg = — = ~oresdt _ 4%esdt _ 20ePicy (23.3)
A nd d d
4

Notice that this equation contains a cubed term for the velocity, and as there is a sign
convention for direction, this results in a loss of pressure for compression waves and a pres-
sure rise for expansion waves, i.e., a loss of wave strength and a reduction of particle velocity

in either case.
As this friction loss process is occurring during the superposition of waves of pressure p)

and p; as in Fig. 2.4, values such as superposition pressure amplitude ratio X, density pg, and
particle velocity ¢, can be deduced from the equations given in Sec. 2.2. They are repeated

here:
Gs
Xg=X;+Xp =1 ¢, =Gsag(X; - X3)  py = poX;

The absolute superposition pressure, ps, is given by:
G7
Ps = PoXs
After the loss of friction pressure the new superposition pressure, pgf, and its associated

pressure amplitude ratio, Xg5, will be, depending on whether it is a compression or expansion
wave,

G17
Pst =Py tdpr Xy = {%} (2.34)
0

The solution for the transmitted pressure waves, pir and pay, after the friction loss is
applied to both, is determined using the momentum and continuity equations for the flow
regime before and after the event, thus:

Continuity M, = My
Momentum PsA — PgrA = MCg — MgeCyy
which becomes A(ps — Psr) = My, — MypCyg
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As the mass flow is found from:

: G35
g = pgAcy = Gsag(X| — X3)ApeX;

the transmitted pressure amplitude ratios, Xy and X, and superposition particle velocity,
csf, are related by:

Xgp = (Xpr +Xyp = 1) and ¢y = Gsag(Xyp — Xyr)

The momentum and continuity equations become two simultaneous equations for the two
unknown quantities, X and X4, which are found by determining cgy,

Pt — Ps

Cy =0C. +
Cst 5 ff (2.3.5)
1+ X + Cuf
whence Xip = Gsag (2.3.6)
2
and Xop=14+Xs5-X¢ (2.3.7)

Consequently the pressures of the ongoing pressure waves p|y and pyy after friction has
been taken into account, are determined by:

pif = PoXyf and pyp = pgXar (2.3.8)

Taking the data for the two pressure waves of amplitude 1.2 and 0.8 which have been
used in previous sections of this chapter, consider them to be superposed in a pipe of 25 mm
diameter with the compression wave p; moving rightward. The reference conditions are also
as used before at Ty is 20°C or 293K and pg as 101,325 Pa. However, pressure drop occurs
only as a result of particle movement so it is necessary to define a time interval for the super-
position process to occur. Consider that the waves are superposed at the pressure levels
indicated for a period of 2° crankshaft in the duct of an engine running at 1000 rpm. This
represents a time interval, dt, of :

dt-Exﬁﬂ-B § (2.3.9)
360 N 6N o
or dt=——L=D.333xlﬂ_3 S
6 x 1000
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whence the particle movement, dx, is given by:
dx =cegdt=99.1 x 0333 x 103 =33 x 10 m

From the above superposition time element it is seen that this computes to a numerical
value of 0.333 ms. Assuming a friction factor Cy of (.004, the above equations in the section
show that the loss of superposition pressure occurs over a distance dx of 33 mm within the
duct and has a magnitude of 122 Pa. The pressure ratio of the rightward wave drops from 1.2
to 1.198 and that of the leftward wave rises from 0.8 to 0.8023. The rightward propagation
velocity of the compression wave during superposition drops from 440.5 to 439.5 m/s while
that of the leftward expansion wave rises from 242.3 to 243.4 m/s. The superposition particle
velocity drops from 99.1 m/s to 98.05 m/s.

It 1s evident that the pressure loss due to friction reduces the amplitude of compression
waves and slows them down. The opposite effect applies to an expansion wave: It raises its
absolute pressure, i.e., weakens the wave, and thereby moves its propagation velocity froma
subsonic value toward sonic velocity.

While the likelihood of a single traverse of a pressure wave in a duct of an engine is
remote, nevertheless it should be considered theoretically. By definition, friction opposes the
motion of a pressure wave and does so continuously, This means that a train of pressure
waves is sent off in the opposite direction to the propagation of the wave train and with a
magnitude which can be calculated from the above equations. Use the data above, but with
the exception that the single wave, p; traveling rightward, i.e., in the positive direction as far
as the sign convention is concerned, has a pressure ratio of 1.2. All other data remain the same
and a fixed friction factor of 0.004 is employed. All of the above equations can be used with
the value of p; inserted as being identical to pg, i.e., with a pressure ratio of 1.0. The results
show that the ongoing wave pressure ratio, Pyy, is reduced to 1.1994 and the reflected wave,
Par, is 1.0004, If the calculation is repeated to find the effect of friction on a single traverse of
an expansion wave, i.e., by inserting Py as 0.8 and P; as 1.0, then Py and P5y become 0.8006
and 0.9995, respectively.

In Sec. 2.19 the traverse of a single pressure wave in a duct is described as both theory
and experiment.

2.3.1 Friction factor during pressure wave propagation

It is possible to predict the value of friction factor more closely by considering further
information available in the literature of experimental and theoretical fluid mechanics. The
properties of air for thermal conductivity, Cy, and viscosity, p, are a function of absolute
temperature, T, and are required for the calculation of the shearing forces in air from which
friction factor can be assessed. The interconnection between friction factor and shear stress
has been set out in Eq. 2.3.1. The thermal conductivity and viscosity of air can be found from
data tables and curve fitted to provide high accuracy from values of T from 300 to 2000 K as:

Cy=6.1944 3 107 + 7.3814 % 10-5 T - 1.2491 x 10-8 T2 W/mK (2.3.10)
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p=7457 % 106+ 4.1547 x 10-8 T - 7.4793 x 10~12 T2 kg/ms (2.3.11)

While the data above for air are not the same as that for exhaust gas, the differences are
sufficiently small as to warrant describing exhaust gas by the same relationships for the pur-
poses of determining Reynolds, Nusselt and other dimensionless parameters common in fluid
mechanics.

The Reynolds number at any local point in space and time in a duct of diameter, d, at
superposition temperature, T, density, pe, and particle velocity, c;, is given by:

IIIE:I:%':I_I‘:S

2.3.12
HTs ( )
Much expenimental work in fluid mechanics has related friction factor to Reynolds num-
ber and that ascribed to Blasius to describe fully turbulent flow is typical:

0.0791
Cs = W for Re = 4000 (2.3.13)

Almost all unsteady gas flow in engine ducting is turbulent, but where it is not and is
close to laminar, or is laminar, then it 1s simple and accurate to assign the friction factor as
0.01. This threshold number can be easily deduced from the Blasius formula by inserting the
Reynolds number as 4000.

Using all the data from the example cited in the previous section above, it was stated that
the calculated superposition particle velocity is 99.1 m/s. The superposition density is 1.1752
kg/m3 and can be calculated using Eq. 2.2.11. The relationship for superposition temperature
1s given by Eq. 2.1.11, therefore:

y-1

¥
& [&] =x2 (2.3.14)
To  \Po

Using the numerical data provided, the superposition temperature is 290.1 K or 17.1°C.
The viscosity of air at 290.1 K is determined from Eq. 2.3.11 as 1.888 x 103 kg/ms. Conse-
quently, the Reynolds number Re in the 25-mm-diameter pipe, from Eq. 2.3.12, is 154,210; it
15 clearly turbulent flow. Thence, from Eq. 2.3.13, the friction factor is calculated as 0.00399,
which 1s not far removed from the assumption used not only in the previous section but which
also has appeared frequently in the literature!

The use of this theoretical approach for the determination of friction factor, allied to the
general theory regarding friction loss in the previous section, permits the accurate assessment
of the friction loss on pressure waves in unsteady flow.

It 1s important to stress that the action of friction on a pressure wave passing through the
pipe is a non-isentropic process. The manifestation of this is the heating of the local gas as
friction occurs and the continual decay of the pressure wave due to its application. The heat-
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ing effect can be calculated as the friction force, F, is available from the combination of Eqs.
2.3.1 and 2.3.2 and the work done by this force acting through distance, dx, appears as heat in
the gas element involved.

2
F= m:l[cf p‘:E }:sdt (2.3.15)

Thus the work, dWy, resulting in the heat generated, dQy, can be calculated by:

ndC fpac:dtz

8W; = Fdx = Fedt = = 8Qy (2.3.16)

All of the relevant data for the numerical example used in this section are available fo
mnsert into Eq. 2.3.16, from which it is calculated that the internal heating due to friction is
1.974 mJ. While this value may appear miniscule, remember that this is a continuous process
occurring for a pressure wave during its excursion throughout a pipe, and that this heating
effect of 1.974 mJ takes place in a time frame of 0.333 ms. This represents a heating rate of
35.93 W which puts the heating effect due to friction into a physical context which can be more
readily comprehended.

One issue which must be taken into account by those concerned with computation of
wave motion is that all of the above equations use a length term within the calculation for
friction force with respect to the work done or heat generated by opposition to it. This length
term is quite correctly computed from the particle velocity, ¢, and the time period, dt, for the
motion of those particles. However, should the computation method purport to represent a
group of gas particles within a pipe by the behavior of those particles at the wave point under
calculation, then the length term in the ensuing calculation for force, F, must be replaced by
that length occupied by the said group of particles. The subsequent calculation to compute the
work, dWj , i.e., the heat quantity dQy generated by friction, is the force due to friction for all
of the group of particles multiplied by the distance moved by any one of the particles in this
group, which distance remains as the “cgdt” term. This is discussed at greater length in Sec.

2.18.6.

2.3.2 Friction loss during pressure wave propagation in bends in pipes

This factor is seldom considered of pressing significance in the simulation of engine
ducting because pressure waves travel around quite sharp kinks, bends and radiused corners
in ducting with very little greater pressure-loss than is normally associated with friction, as
has been discussed above. It is not a subject that has been researched to any great extent as
can be seen from the referenced literature of those who have, namely Blair ef al. [2.20]. The
basic mechanism of analysis is to compute the pressure loss, dpp, in the segment of pipe of
length which is under analysis. The procedure is similar to that for friction:

Pressure loss dpy, = Cbpx':sl (2.3.17)
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where the pressure loss coefficient, Cy, is principally a function of Reynolds number and the
deflection angle per unit length around the bend:

: do
Cp = f[Rﬂ. ——) (2.3.18)
dx

The extra pressure loss as a function of being deflected by an angle appropriate to the
pipe segment length, dx, can then be added to the friction loss term in Eq. 2.3.3 and the
analysis continued for the segment of pipe length, dx, under scrutiny. There is discussion in
Sec. 2.14 for pressure losses at branches in pipes and Eq. 2.14.1 gives an almost identical
relationship for the pressure loss in deflecting flows around the corners of a pipe branch. All
such pressure loss equations relate that loss to a gain of entropy through a decrease in the
kinetic energy of the gas particles during superposition.

It is a subject deserving of painstaking measurement through research using the sophisti-
cated experimental QUB SP apparatus described in Sec. 2.19. The aim would be to derive
accurately the values of the pressure loss coefficient, Cy, and ultimately report them in the
literature; I am not aware of such information having been published already.

2.4 Heat transfer during pressure wave propagation

Heat can be transferred to or from the wall of the duct and the gas as the unsteady flow
process is conducted. While all three processes of conduction, convection and radiation are
potentially mvolved, it 1s much more likely that convection heat transfer will be the predomi-
nant phenomenon in most cases. This is certainly true of induction systems but some of you
will remember exhaust manifolds glowing red and ponder the potential errors of considering
convection heat transfer as the sole mechanism. There is no doubt that in such circumstances
radiation heat transfer should be seriously considered for inclusion in any theoretical treat-
ment. It is not an easy topic and the potential error of its inclusion could actually be more
serious than its exclusion. As a consequence, only convection heat transfer will be discussed.

The information to calculate the normal and relevant parameters for convection is avail-
able from within most analysis of unsteady gas flow. The physical situation is illustrated in
Fig. 2.4. A superposition process is underway. The gas is at temperature, Ty, particle velocity,
cy, and density, p;.

In Sec. 2.3.1, the computation of the friction factor, Cy, and the Reynolds number, Re,
was described. From the Reynolds analogy of heat transfer with friction it is possible to
calculate the Nusselt number, Nu, thus;

CFR'E

Nu = A4,
5 (2.4.1)

The Nusselt number contains a direct relationship between the convection heat transfer
coefficient, Cy, the thermal conductivity of the gas, Cy, and the effective duct diameter, d. The
standard defimitions for these parameters can be found in any conventional text in fluid me-
chanics or heat transfer [2.4]. The definition for the Nusselt number is:
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_ Cpd
Cy

Nu (24.2)

From Egs. 2.4.1 and 2.4.2, the convection heat transfer coefficient can be determined:

CkNﬂ - C kC !:RE
d 2d

Cp = (2.43)

The relationship for the thermal conductivity for air is given in Eq. 2.3.10 as a function of
the gas temperature, T. In any unsteady gas flow process, the time element, dt, and the dis-
tance of exposure of the gas element to the wall, dx, is available from the computation or from
the input data. In which case, knowing the pipe wall temperature, the heat transfer, dQy, from
the gas to the pipe wall can be assessed. The direction of this heat transfer is clear from the

ensuing theory:
0Qy = mdCydx(T,, — T;)dt (2.4.4)

If we continue the numeric example with the same input data as given previously in Sec.
2.3, but with the added information that the pipe wall temperature is 100°C, then the output
data using the theory shown in this section give the magnitude and direction of the heat
transfer. As the wall at 100°C is hotter than the gas at superposition temperature, T, at 17.1°C,
the heat transfer direction is positive as it is added to the gas in the pipe. The value of heat
transferred is 23.44 mJ which is considerably greater than the 1.974 ml] attributable to fric-
tion. During the course of this computation the Nusselt number, Nu, is calculated as 307.8
and the convection heat transfer coefficient, Cp,, as 326.9 W/m2K.

The total heating or cooling of a gas element undergoing an unsteady flow process is a
combination of that which emanates externally from the convection heat transfer and inter-
nally from the friction. This total heat transfer is defined as dQg, and is obtained thus:

dQ, =dQr+dQy (2.4.5)

For the same numeric data the value of dQg, is the sum of +1.974 m] and +23.44 m]
which would result in dQg, = +25.44 ml.

1.5 Wave reflections at discontinuities in gas properties

As a pressure wave propagates within a duct, it is highly improbable that it will always
encounter ahead of it gas which is at precisely the same state conditions or has the same gas
properties as that through which it is currently traveling. In physical terms, many people have
experienced an echo when they have shouted in foggy surroundings on a cold damp moming
with the sun warming some sections of the local atmosphere more strongly than others. In
acoustic terms this is precisely the situation that commonly exists in engine ducting. It is
particularly pronounced in the inlet ducting of a four-stroke engine which has experienced a
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strong backflow of hot exhaust gas at the onset of the intake process. Two-stroke engines
have an exhaust process which sends hot exhaust gas into the pipe during the blowdown
phase and then short-circuits a large quantity of much colder air into this same duct during the
scavenge process. Pressure waves propagating through such pipes encounter gas at varying
terperatures, and reflections ensue. While this is referred to in the literature as a “tempera-
ture” discontinuity, this is quite misleading. Pressure wave reflection will take place at such
boundaries, even at constant temperature, if other gas properties such as gas constant or den-
sity are variables across it.

The physical and thermodynamic situation is set out in sketch format in Fig. 2.5, where a
pressure wave pj 1s meeling pressure wave pa. Clearly, a superposition process takes place. In
Sec. 2.2.1, where the theory of superposition is set down, once the superposition was com-
pleted the pressure waves, p) and p;, would have proceeded onward with unaltered ampli-
tudes. However, this superposition process is taking place with the waves arriving having
traversed through gas at differing thermodynamic states. Wave p is coming from side “a”
where the gas has properties of y,, R, and reference conditions of density py, and temperature
Toa. Wave p; is coming from side “b"" where the gas has properties of ¥, Ry and reference
conditions of density pgp and temperature Ty, As with most reflection processes, the mo-
mentum equation is that which best describes a “bounce” behavior, and this proves to be soin
this case. As the superposition process occurs, and the reflection is taking place at the inter-
face, the transmitted pressure waves have amplitudes of piq and pag. The theory to describe
this states that the laws of conservation of mass and momentum must be upheld.

(2.5.1)

Continuity Mgide s = Mgide b

(2.5.2)

Momentum A(Fs sidea = Ps side h) = ri".i'.il:h‘: a Cssidea ~ msid: b Csside b

It can be seen that this produces a relatively simple solution where the superposition
pressure and the superposition particle velocity are identical on either side of the thermody-
namic discontinuity.

discontinuity in gas properties

=
|
Py ol Pz

gas on side ‘a’ gas on side 'b' i
Toa Tob L
Poa Pob §|

A R &

a i b

Pad P1d \
.

Fig. 2.5 Wave reflection at a temperature discontinuity.
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Ps side a = Ps side b (2.5.3)

(2.54)

Cygide a = Csside b

The solution divides into two different cases, one simple and the other more complex,
depending on whether or not the gas composition is identical on both sides of the boundary.

(i) The simple case of common gas composition
The following is the solution of the simple case where the gas is identical in composition

on both sides of the boundary, i.e., v, and R, are identical to y, and Ry,. Eq. 2.5.4 reduces to:

Gs;ag,(Xy — Xog) = Gpagy(Xig — X3) (25.5)

As the gas composition is common (and although the Gs terms are actually equal they are
retained for completeness), this reduces to:

ap.G
[ 0a“’5a }xl = xzd} = (}{m - }'(1) (2.5.6)
a9pGsp

Eg. 2.5.3 reduces to:

(X + Xgg = 1)°7 = (Xyg + X5 —1)°7 @.5.7)
In this simple case, the values of Gy, and Gy, are identical and are simply Gy:
X1+ Xyy-1=Xjg+X3-1 (2.5.8)
The solution becomes straightforward:
2X; ~ ?{1[1 = —‘*ﬂﬂgﬁ J
= a9bYsh _ G,
Xo = T+ 300, hence pag = ppXyd (2.5.9)
agpGsp
de = K, +X2d -}{1 hence Pia = pu}{g" (1.5.[[}}

(ii) The more complex case of variable gas composition
The simplicity of reduction of Egs. 2.5.6 to 2.5.7, and also Egs. 2.5.7 to 2.5.8, is no longer

possible as Eq. 2.5.7 remains as a polynomial function. The method of solution is to eliminate
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one of the unknowns from Eqs. 2.5.6 and 2.5.7, either X4 or Xa4, and solve for the remaining
unknown by the Newton-Raphson method. The remaining step is as in Egs. 2.5.9 and 2.5.10,
but with the gas composition inserted appropriate to the side of the discontinuity:

P2g = Pﬁxgé‘ (2.5.11)
G

A numerical example will assist understanding of the above theory, Consider, as in Fig,
2.5, a pressure wave py arriving at a boundary where the reference temperature Tgy on side
“a'" 1s 200°C and Ty is 100°C on side *“b.”" The gas is colder on side “b" and is more dense.
An echo should ensue. The gas is air on both sides, ie., yis 1.4 and R is 287 I/kgK. The
situation is undisturbed on side "b,” i.e., the pressure p; is the same as the reference pressure
po. The pressure wave on side “a” has a pressure ratio Py of 1.3. Both the simple solution and
the more complex solution will give precisely the same answer. The transmitted pressure
wave into side “b" is stronger with a pressure ratio, Pyy, of 1.32 while the reflected pressure
wave, the echo, has a pressure ratio, Pag, of 1.016.

If the above calculation is repeated with just one exception, the gas on side "b” is exhaust
gas with the appropriate properties, i.e., 715 1.36 and R is 300 J/kgK, then the simple solution
can be shown to be inaccurate. In this new case, the simple solution will predict that the
transmitted pressure ratio, Py, is 1.328 while the reflected pressure wave, the echo, has a
pressure ratio, Pyy, of 1.00077. The accurate solution, solving the equations and taking into
account the variable gas properties, will predict that the transmitted pressure ratio, Pyg, is
1.314 while the reflected pressure wave, the echo, has a pressure ratio, Poy, of 1.011. The
difference in answer is considerable, making the unilateral employment of a simple solution,
based on the assumption of a common gas composition throughout the ducting, inappropriate
for use in engine calculations. In real engines, and therefore also in calculations with preten-
sions of accuracy, the vanation of gas properties and composition throughout the ducting is
the normality rather than the exception, and must be simulated as such.

2.6 Reflection of pressure waves

Oppositely moving pressure waves arise from many sources, but principally from reflec-
tions of pressure waves at the boundaries of the inlet or the exhaust duct. Such boundaries
include junctions at the open or closed end of a pipe and also from any change in area, gradual
or sudden, within a pipe. You are already aware of sound reflections, as an echo is a classic
example of a closed-ended reflection. All reflections are, by definition, a superposition pro-
cess, as the reflection proceeds to move oppositely to the incident pressure wave causing that
reflection. Fig. 2.6 shows some of the possibilities for reflections in a three-cylinder engine.
Whether the engine is a two-stroke or a four-stroke engine is of no conseguence, but the air
inflow and the exhaust outflow at the extremities are clearly marked. Expansion pressure
waves are produced into the intake system by the induction process and exhaust pressure
waves are sent into the exhaust system in the sequence of the engine firing order.
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Fig. 2.6 Wave reflection possibilities in the manifolds of an engine.

The potential for wave reflection in the ducting, and its location, is marked by a number.
It is obvious that the location accompanies a change of section of the ducting or a change in its
direction.

At point | is the intake bellmouth where the induction pressure wave is reflected at the
atmosphere. At 2 is a plenum chamber where pressure wave oscillations are damped out in
amplitude. At 3 is an air filter which provides a restriction to the flow and the possibility of
“echoes” taking place. At 4 is a throttle in the duct and, depending on the throttle opening
value, can pose either a major restriction or even none at all. At 5 in the intake manifold is a
four-way branch where the pressure wave must divide and send reflections back from the
change of section.

At 6 in the exhaust manifold are three-way branches where the pressure wave must also
divide and send reflections back from the change of section. When a pressure wave arrives at
a three-way junction, the values transmitted into each of the other branches will be a function
of the areas of the pipes and all of the reflections present. When the induction pressure wave
arrives at the open pipe end at 1, a reflection will take place which will be immediately
superposed upon the incident pressure pulse. In short, all reflection processes are superposi-
tion processes, which is the fundamental reason why the theoretical text up to this point has
set down the wave motion within constant area ducting and the basics of the superposition

process in some detail.
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At 7 and 8 are the valves or ports into the cylinder where, depending on the valve or port
opening schedule, acts as everything from a partially closed or open end to a cylinder at
varying pressures, to a complete “echo” situation when these valves or ports are closed. At 9
are bends in the ducting where the pressure wave is reflected from the deflection process in
major or minor part depending on the severity of the radius of the bend. At 10 in the exhaust
ducting are sudden expansion and contractions in the pipe. At 11 is a tapered exhaust pipe
which will act as a diffuser or a nozzle depending on the direction of the particle flow; wave
reflections ensue in both cases. At 12 is a restriction in the form of a catalyst, little different
from an air filter other than that chemical reactions are taking place at the same time; this
sentence is easily written but the theoretical calculations to predict the wave motion and the
thermodynamics of the reaction are somewhat more complex. At 13 is a re-entrant pipe to a
chamber which is a very common element in any silencer design. At 14 is an absorption
silencer element, a length of perforated pipe surrounded by packing, which acts as both dif-
fuser and the trimmer of sharp peaks on exhaust pulses; by definition it provides wave reflec-
tions. At 15 1s a plain-ended exhaust pipe entering the atmosphere and here too pressure wave
reflections take place.

The above tour of the pressure wave routes in and out of an engine is far from a complete
description of the processes but it is meant to illustrate both the complexity of the events and
to postulate that, without a complete understanding of every and all possibilities for wave
reflection in and through an internal-combustion engine, none can seriously declaim to be a
designer of engines.

The resulting pressure-time history is complicated and beyond the memory-tracking ca-
pability of the human mind. Computers are the type of methodical calculation tool ideal for
this pedantic exercise, and you will be introduced to their use for this purpose. Before that
juncture, it is essential to comprehend the basic effect of each of these reflection mechanisms,
as the mathematics of their behavior must be programmed in order to track the progress of all
incident and reflected waves.

The next sections of this text analyze virtually all of the above possibilities for wave
reflection due to changes in pipe or duct geometry and analyze the reflection and transmission
process which takes place at each juncture.

2.6.1 Notation for reflection and transmission of pressure waves in pipes

A wave arriving at a position where it can be reflected is called the fncident wave. In the
paragraphs that follow, all incident pressure waves, whether they be compression or expan-
sion waves, will be designated by the subscript “1,” 1.e., pressure p;, pressure ratio P;, pressure
amplitude ratio X, particle velocity c;, density p;, acoustic velocity a;, and propagation ve-
locity ¢y, All reflections will be designated by the subscript *'r,” i.e., pressure p,, pressure ratio
Py, pressure amplitude ratio X, particle velocity ¢, density py, acoustic velocity ar, and propa-
gation velocity o. All superposition characteristics will be designated by the subscript *'s,”
I.€., Pressure ps, pressure ratio P, pressure amplitude ratio X, particle velocity ¢, density ps,
acoustic velocity ag, and propagation velocity oi.

Where a gas particle flow regime is taking place, it is always considered to flow from gas
in regime subscripted with a 1" and flowing to gas in a regime subscripted by a “2."” Thus the
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gas properties of specific heats ratio and gas constant in the upstream regime are y; and R

while the downstream regime contains gas at ¥z and Ry.
The reference conditions are pressure pyg, temperature Tp, acoustic velocity ap and den-

sity po.

2.7 Reflection of a pressure wave at a closed end in a pipe
When a pressure wave arrives at the plane of a closed end in a pipe, a reflection takes

place. This is the classic echo situation, so it is no surprise to discover that the mathematics

dictate that the reflected pressure wave is an exact image of the incident wave, but traveling in
the opposite direction. The one certain fact available, physically speaking, is that the superpo-

sition particle velocity is zero in the plane of the closed end, as shown in Fig. 2.7(a).
From Eq. 2.2.3:

cg=cy+oy=0 (2.7.1)

or Cr=—C (2.7.2)
From Eq. 2.2.2, as ¢ is zero:

X=X (2.7.3)

Hence =1 (2.7.4)

(a) closed end

(b) open end outflow = Pr
Pi———» ooeeee- » Cs>0
/ Ss#5n
. . <«—Pr
(c) plain end inflow Di & =S Ce<0
5 Ss=S0
Ps<Po
(d) bellmouth inflow : PrA
Pi——> |f---—---—-£g<D

Fig. 2.7 Wave reflection criteria at some typical pipe.
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From the combination of Eqs. 2.7.1 and 2.7.3:

X, =2X;—1 (2.7.5)
G7 :
Therefore ps = po(2X; —1) (2.7.6)

2.8 Reflection of a pressure wave at an open end in a pipe

Here the situation is slightly more complex in that the fluid flow behavior is different for
compression and expansion waves. The first one to be dealt with is that for compression
waves, which, by definition, must produce gas particle outflow from the pipe into the atmo-
sphere.

2.8.1 Reflection of a compression wave at an open end in a pipe

In this case, illustrated in Fig. 2.7(b), the first logical assumption which can be made is
that the superposition pressure in the plane of the open end is the atmospheric pressure. The
reference pressure, py, in such a case is the atmospheric pressure. From Eq. 2.2.1 this gives:

K5=Xi+x:r-']=i
Hence X, =2-X; (2.8.1)
Therefore, the amplitude of reflected pressure wave p; is:

pr = po2-%;)% (28.2)

For compression waves, as X; > | and X; < 1, the reflection is an expansion wave.
From Eq. 2.2.6 for the more general case:

¢s = Gsag(X; — 1) - Gsag(X, — 1)
= Gs&g{xi -1=-2+ X; -f-l}
= EGSaG{Ki - 1) [233)

= 2Ci

This equation is applicable as long as the superposition particle velocity, cs, does not
reach the local sonic velocity, when the flow regime must be analyzed by further equations.
The sonic regime at an open pipe end is an unlikely event in most engines, but the student will
find the analysis described clearly by Bannister [2.2] and in Sec. 2.16 of this text.

Equally it can be shown that, as ¢, equals ¢;, and as that equation is sign dependent, so the
particle flow is in the same direction. This conclusion can also be reached from the earlier
conclusion that the reflection is an expansion wave which will impel particles opposite to its

S —

d o
suction
further ¢
used by
gas. The
Toy
reflectic
the com
Rec
of this s
shown t
SUre am|

or

Tha
evident

2.” Re

Thi:
the fluic
normal |
of the ty

The
riencing
namics.
[5.11].1

superpo

If th
fli. wn



(2.7.5)

(2.7.6)

ent for
ession
atmo-

ade is

gives:

2.8.1)

.8.2)

3.3)

not
ns.
nll

he
er
ite

Chapter 2 - Gas Flow through Two-Stroke Engines

direction of propagation. This means that an exhaust pulse arriving at an open end is sending
suction reflections back toward the engine which will help to extract exhaust gas particles
further down the pipe and away from the engine cylinder. Clearly this is a reflection to be
used by the designer so as to aid the scavenging, 1.e., emptying, of the cylinder of its exhaust
gas. The numerical data below emphasize this point.

To get a basic understanding of the results of employing this theory for the calculation of
reflection of compression waves at the atmospheric end of a pipe, consider an example using
the compression pressure wave, pg, previously used in Sec., 2.1.4.

Recall that the wave p, is a compression wave of pressure ratio I.2. In the nomenclature
of this section it becomes the incident pressure wave pj at the open end. This pressure ratio is
shown to give a pressure amplitude ratio, X, of 1.02639. Using Eq. 2.8.1, the reflected pres-
sure amplitude ratio, X;, 1s given by:

Xr=2-X;j=2-1.02639=0.9736

or P, = X7 =09736" = 08293

That the reflection of a compression wave at the open end is a rarefaction wave is now
evident numerically.

2.8.2 Reflection of an expansion wave at a bellmouth open end in a pipe

This reflection process 1s connected with inflow and therefore it is necessary to consider
the fluid mechanics of the flow into a pipe. Inflow of air in an intake system, which is the
normal place to find expansion waves, is usually conducted through a bellmouth-ended pipe
of the type illustrated in Fig. 2.7. This form of pipe end will be discussed in the first instance.

The analysis of gas flow to and from a thermodynamic system, which may also be expe-
riencing heat transfer and work transfer processes, is analyzed by the First Law of Thermody-
namics. The theoretical approach is to be found in any standard textbook on thermodynamics
[5.11]. In general this is expressed as:

A(heat transfer) + Alenergy entering) = A(system energy) +
A(energy leaving) + A(work transfer)

The First Law of Thermodynamics for an open system flow from the atmosphere to the
superposition station at the full pipe area in Fig. 2.7(d) is as follows:

2 2
C c
Eststcm + ﬁmﬂ[hﬂ + _;"] = aEsystem + ms[hs + ?S] + Ewsystcm (2.8.4)

If the flow at the instant in gquestion can be presumed to be quasi-steady and steady-state
flow without heat transfer, and also to be isentropic, then AQ, AW, and AE are all zero. The
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mass flow increments must be equal to satisfy the continuity equation. The difference in the
enthalpy terms can be evaluated as:

2 2
TR a, —a
hs_hﬂ=Cp(Ts"Tﬂ)=T_E(T5_Tﬂ)= ;_lﬂ

Although the particle velocity in the atmosphere, ¢, is virtually zero, Eq. 2.8.4 reduces

to:
¢§ +Gsag = ¢ + Ggal (2.8.5)
As the flow is isentropic, from Eq. 2.1.12:
ag = apXs (2.8.6)
Substituting Eq. 2.8.6 into Eqg. 2.8.5 and now regarding ¢ as zero:
c? = Gsap(1-X3) (2.8.7)
From Eq. 2.2.6:
cs = Gsag(X; - X;) (2.8.8)
From Eq. 2.2.1]:
Xs=X;+ X, -1 (2.8.9)

Bringing these latter three equations together:

2 2
Gi{xi _xr] =1 _{Xi + X _]}

This becomes:

GeXy - (2G4X; +2)X, +(GgX] - 2%;) = 0 (2.8.10)

This is a quadratic equation solution for X,. Ultimately neglecting the negative sign in the
general solution to a quadratic equation, this yields;

bet
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(26,%; +2) £ [(2G4X; +2)* - 4G¢(G6X] - 2%;)
X =
' 2G,

(GaX; 1) J] +X;(2G4 +2Gg) + X{(GF - G2) (2.8.11)

Gg

For inflow at a bellmouth end when the incoming gas is air where ¥ equals 1.4, this

becomes:

2
I +4X; + /1 +20X; — 20X
_ 144X+ ’; Ll ' (2.8.12)

Xy

This equation shows that the reflection of an expansion wave at a bellmouth end of an
intake pipe will be a compression wave. Take as an example the induction pressure wave p; of
Sec. 2.1.4(b), where the expansion wave has a pressure ratio, P;, of 0.8 and a pressure ampli-
tude ratio, Xj, of 0.9686. Substituting these numbers into Eq. 2.3.17 to determine the magni-

tude of its reflection at a bellmouth open end gives:

2
4 x 0.9686 9686 — 20 X 0.
x - 4%09 +1+J1+2{:-:-:;9535 20 x 09686” _ . o

Thaus, P, = X! = 102387 = 1178

As predicted, the reflection is a compression wave and, if allowed by the designer to
arrive at the intake port while the intake process is still in progress, will push further air
charge into the cylinder or crankcase. In the jargon of engine design this effect is called
“ramming” and will be discussed thoroughly later in this chapter.

2.8.3 Reflection of an expansion wave at a plain open end in a pipe
The reflection of expansion waves at the end of plain pipes can be dealt with in a similar

theoretical manner. Bannister [2.2] describes the theory in some detail. It is presented here for

completeness.
The First Law of Thermodynamics still applies, as seen in Eq. 2.8.5, and cq is regarded as

effectively zero.

Ggad = c? + Gga? (2.8.5)
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However, Eq. 2.8.6 cannot apply as the particle flow has a distinct vena contracta within
the pipe end with an associated turbulent vortex ring, and cannot be regarded as an isentropic
process. Thus:

as # agX;
but an entropy gain leaves the value of ag as ag, thus:

a, = agX, (2.8.13)

The most accurate staternent is that the superposition acoustic velocity is given by:

ag = f— (2.8.14)

Another gas-dynamic relationship is required and as is normal in a thermodynamic analy-
sis for non-isentropic flow, the momentum equation is employed. Consider the flow from the
atmosphere to the superposition plane of fully developed flow downstream of the vena
contracta. Newton’s Second Law of Motion can be expressed as:

Force = rate of change of momentum

whence PpA — psA = m.c, — Mycy

o PO — Ps = PeCZ (2.8.15)

From the wave summation equations, and ignoring the entropy gain encapsulated in the
ap term so as to effect an approximate solution, the superposition pressure and particle veloc-
ity are related by:

st Xi -+ }:r - ]
¢ = Gsag(X; — X;)
p, = X57

Elimination of unwanted terms does not provide a simple solution, but one which re-
quires an iterative approach by a Newton Raphson method to arrive at the unknown value of
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reflected pressure, X, from a known value of the incident pressure, Xj, at the plain open end.
The solution is expressed as a function of the unknown quantity, X, as follows:

a7
| ]] 1"[Xi+xr'—]}
(X:) = 2| Xi+ X, 165 TrGem, +x, -7 | (2.8.16)

This is solved by the Newton Raphson method, i.e., by differentiation of the above equa-
tion with respect to the unknown quantity, X;, and iterating for the answer in the classic
mathematical manner, Thence the value of particle velocity, ¢;, can be derived “approximately™
from substitution into the equation below once the unknown quantity, Xy, is determined.

cs =¢j + ¢ = Gsap(X| — X;) (2.8.17)

This is a far from satisfactory solution to an apparently simple problem. In actual fact, the
inflow process at a plain open-ended pipe is a singular manifestation of what is generally
called "eylinder to pipe outflow from an engine.” In this case the atmosphere is the very large
“cylinder” flowing gas into a pipe! Thus, as this complex problem is treated in great detail
later in Sec. 2.17, and this present boundary condition of inflow at a plain-ended pipe can be
calculated by the same theoretical approach as for pipe to cylinder flow, further wasteful
simplistic explanation is curtailed until that point in the text has been reached.

2.9 An introduction to reflection of pressure waves at a sudden area change

It is quite common to find a sudden area change within a pipe or duct attached to an
engine. In Fig. 2.6 at position 10 there are sudden enlargements and contractions in pipe area.
The basic difference, gas dynamically speaking, between a sudden enlargement and contrac-
tion in pipe area, such as at position 10, and a plenum or volume, such as at position 2, is that
the flow in the duct is considered to be one-dimensional whereas in the plenum or volume it
is considered to be three-dimensional. A subsidiary definition is one where the particle veloc-
ity in a plenum or volume is so low as to be always considered as zero in any thermodynamic
analysis. This will produce a change in amplitude of the transmitted pulse beyond the area
change and also cause a wave reflection from it. Such sudden area changes are sketched in
Fig. 2.8, and it can be seen that the pipe area can contract or expand at the junction. In each
case, the incident wave at the sudden area change is depicted as propagating rightward, with
the pipe nomenclature as 1 for the wave arrival pipe, with “i" signifying the incident pulse,
“r"" the reflected pulse and "'s" the superposition condition, The X value shown is the conven-
tional symbolism for pressure amplitude ratio and p is that for absolute pressure. For ex-
ample, at any instant, the incident pressure pulses at the junction are pj; and pjz which, de-
pending on the areas A and A, will give rise to reflected pulses, pr) and pyo.

In either expansion or contraction of the pipe area the particle flow is considered to be
proceeding from the upstream superposition station 1 to the downstream superposition sta-
tion 2. Therefore the properties and composition of the gas particles which are considered to
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(a) sudden expansion in area in a pipe where cg>0
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(b) sudden contraction in area in a pipe where cs>0

Fig. 2.8 Sudden contractions and expansions in area in a pipe.

be flowing in any analysis based on quasi-steady flow are those of the gas at the upstream
point. In all of the analyses presented here that nomenclature is maintained. Therefore the
various functions of the gas properties are:

T=T| R:R] GSZGSI GT IGT]' atc.

It was Benson [2.4] who suggested a simple theoretical solution for such junctions. He
assumed that the superposition pressure at the plane of the junction was the same in both
pipes at the instant of superposition. The assumption is inherently one of an isentropic pro-
cess. Such a simple junction model will clearly have its limitations, but it is my experience
that it is remarkably effective in practice, particularly if the area ratio changes, A, are in the
band,

L A <6
6
The area ratio 15 defined as:
Ay
A =—= 29.1
A ( )
From Benson,
Psl = Pa2 (2.9.2)
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Consequently, from Eq. 2.2.1:
Xip+Xg-1=Xp2+Xp-1 (2.9.3)

From the continuity equation, equating the mass flow rate in an isentropic process on
either side of the junction where,

mass flow rate = (density) x (area) x (particle velocity)
Ps1A1Cy] = Ps2AgCes (2.9.4)

Using the theory of Eqgs. 2.1.17 and 2.2.2, where the reference conditions are pp, Tg and
po, Eq. 2.9.4 becomes, where nghtward is decreed as positive particle flow:

poXsi” ArGsag(Xi) — X1) = —PoXs3 AgGsag(Xiz — Xi2) (29.5)
As X;) equals X2, this reduces to:
Ai(Xip — X)) = A2 (Xjp - Xp2) (2.9.6)

Joining Eqgs. 2.9.1, 2.9.3 and 2.9.6, and eliminating each of the unknowns in turn, i.e., X
or X7:

_ (1= A)Xj) +2XpA,

X
4 1+A,

(2.9.7)

_ 2% - Xp(1- A

X
L (1+A,)

(2.9.8)

To get a basic understanding of the results of employing Benson's simple “constant pres-
sure” criterion for the calculation of reflections of compression and expansion waves at sud-
den enlargements and contractions in pipe area, consider an example using the two pressure
waves, pe and p;, previously used in Sec. 2.1 4.

The wave, pe, is a compression wave of pressure ratio 1.2 and p; is an expansion wave of
pressure ratio 0.8. Such pressure ratios are shown to give pressure amplitude ratios X of
1.02639 and 0.9686, respectively. Each of these waves in turn will be used as data for Xj;
arriving in pipe 1 at a junction with pipe 2, where the area ratio will be either halved for a
contraction or doubled for an enlargement to the pipe area. In each case the incident pressure
amplitude ratio in pipe 2, Xj3, will be taken as unity, which means that the incident pressure
wave in pipe 1 is facing undisturbed conditions in pipe 2.
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(a) An enlargement, A, = 2, for an incident compression wave where Py = 1.2 and Xjj =
1.02639

From Eqs. 2.9.7 and 2.9.8, X;; = 0.9912 and X;2 = 1.01759. Hence, the pressure ratios,
P;1 and Ppa, of the reflected waves are:

P;1 =0.940 and Py = 1.130

The sudden enlargement behaves like a slightly less-effective “open end,” as a completely
open-ended pipe from Sec. 2.8.1 would have given a reflected pressure ratio of 0.8293 instead
of 0.940. The onward transmitted pressure wave into pipe 2 is also one of compression, but
with a reduced pressure ratio of 1.13.

(b) An enlargement, A, = 2, for an incident expansion wave where P;; = 0.8 and X = 0.9686

From Eqgs. 2.9.7 and 2.9.8, X, = 1.0105 and X = 0.97908. Hence, the pressure ratios,
P;y and Py;, of the reflected waves are:

P,; = 1.076 and P, = 0.862

As above, the sudden enlargement behaves as a slightly less-effective “open end” be-
cause a “perfect” bellmouth open end to a pipe in Sec. 2.8.2 was shown to produce a stronger
reflected pressure ratio of 1.178, instead of the weaker value of 1.076 determined here. The

onward transmitted pressure wave in pipe 2 is one of expansion, but with a diminished pres-
sure ratio of 0.862.

(c) A contraction, A, = (.5, for an incident compression wave where Py; = 1.2 and X;; =
1.02639

From Eqgs. 2.9.7 and 2.9.8, X;; = 1.0088 and X,; = 1.0352. Hence, the pressure ratios, Py
and Py, of the reflected waves are:

Py = 1.063 and P;p = 1.274
The sudden contraction behaves like a partially closed end, sending back a partial “echo”
of the incident pulse. The onward transmitted pressure wave is also one of compression, but
of increased pressure ratio 1.274.

(d) A contraction, A, = 0.5, for an incident expansion wave where P;; = 0.8 and X;; = 0.9686

From Eqs. 2.9.7 and 2.9.8, X, = 09895 and X, = 0.9582. Hence, the pressure ratios, Py
and P,4, of the reflected waves are:

Py =0.929 and Pip = 0.741

100

pletel
presst

not pc
isentr
more
assun

2.101

pipe ¢
the sa
tion ¢

Ir
larger
gain «
Aniroj
. pre

appro

TEMPERATURE




itios,

2tely
itead
. but

686

tios,

1ge

res-

Chapter 2 - Gas Flow through Two-Stroke Engines

As in (c), the sudden contraction behaves like a partially closed end, sending back a
partial “echo” of the incident pulse. The onward transmitted pressure wave is also one of
expansion, but it should be noted that it has an increased expansion pressure ratio of 0.741.

The theoretical presentation here, due to Benson [2.4], is clearly too simple to be com-
pletely accurate in all circumstances. It is, however, a very good guide as to the magnitude of
pressure wave reflection and transmission. The major objections to its use where accuracy 1§
required are that the assumption of “constant pressure” at the discontinuity in pipe area can-
not possibly be tenable over all flow situations and that the thermodynamic assumption is of
isentropic flow in all circuomstances. A more complete theoretical approach is examined in
more detail in the following sections. A full discussion of the accuracy of such a simple
assumption is illustrated by numeric examples in Sec. 2.12.2.

2.10 Reflection of pressure waves at an expansion in pipe area

This section contains the non-isentropic analysis of unsteady gas flow at an expansion in
pipe area. The sketch in Fig. 2.8(a) details the nomenclature for the flow regime, in precisely
the same manner as in Sec. 2.9, However, to analyze the flow completely, the further informa-
tion contained in sketch format in Figs. 2.9(a) and 2.10(a) must also be considered.

In Fig. 2.10(a) the expanding flow is seen to leave turbulent vortices in the corners of the
larger section. That the streamlines of the flow give rise to particle flow separation implies a
gain of entropy from area section | to area section 2. This is summarized on the temperature-
entropy diagram in Fig. 2.9(a) where the gain of entropy for the flow falling from pressure pg;
to pressure pg2 is clearly visible.

As usual, the analysis of flow in this quasi-steady and non-isentropic context uses, where
appropriate, the equations of continuity, the First Law of Thermodynamics and the momen-

ISENTROPIC LINE Ps1 ISENTROPIC LINE Ps1
p |
% 52 E T-| 1 : Ps2
= oy gpmnee—y Po
: g /'
o
L L
o o |Te _
= - S y
w b . /
, 0 _ ™
ENTROPY ENTROPY
(a) non-isentropic expansion (b) isentropic contraction

Fig. 2.9 Temperature entropy characteristics for simple expansions and contractions.
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(b) isentropic contraction

Fig. 2.10 Particle flow in simple expansians and contractions.

tum equation. The properties and composition of the gas particles are those of the gas at the
upstream point, Therefore, the various functions of the gas properties are:

T=T R=R1 GS=GSI G']:GTII etc.
The continuity equation for mass flow in Eq. 2.9.5 is still generally applicable and re-

peated here, although the entropy gain is reflected in the reference acoustic velocity and
density at position 2:

my —my =0 (2.10.1)
This equation becomes:
G5 G5
PorXs A1Gsag;(Xi — Xp) + poaXsy AsGsagy (Xip — Xp) =0 (2.10.2)

The First Law of Thermodynamics was introduced for such flow situations in Sec. 2.8.
The analysis required here follows similar logical lines. The First Law of Thermodynamics
for flow from superposition station | to superposition station 2 can be expressed as:

2 2
Csl Cs2
i LI | R . T &
hgy 3 -
2 2 2 2
o, (cdt + Gsadi) = (c& + Gsagy) = 0 (2.10.3)
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Chapter 2 - Gas Flow through Two-Stroke Engines

The momentum equation for flow from superposition station 1 to superposition station 2
is expressed as:

Apg + (Ag = Ap)pgt — Agpgy + (Mgcg — Mgcg) =0

The logic for the middle term in the above equation is that the pressure, pg, is conven-
tionally presumed to act over the annulus area between the two ducts. The momentum equa-
tion, also taking into account the information regarding mass flow equality from the continu-
ity equation, reduces to:

Aa(pg1 — pea) + g (g —e52) = 0 (2.10.4)

As with the simplified “constant pressure” solution according to Benson presented in
Sec. 2.9, the unknown values will be the reflected pressure waves at the boundary, py) and py2.
and also the reference temperature at position 2, namely Tgz. There are three unknowns,
necessitating three equations, namely Egs. 2,10.2, 2.10.3 and 2.10.4. All other “unknown™
quantities can be computed from these values and from the “known™ values. The known
values are the upstream and downstream pipe areas, A| and A;, the reference state conditions
al the upstream point, the gas properties at superposition stations 1 and 2, and the incident
pressure waves, pj; and pj2-

G17 G17
Hil - [-E"i] and }{51 - [E*]
Po Po

Recalling that,

The reference state conditions are:

densi Po1= Po Poz = Lo 2.10.5
i - - 10.
ensity RT, RTy, ( )
acoustic velocity agy = JRTy  agy = JRTy (2.10.6)

The continuity equation, Eq. 2.10.2, reduces to:

G5
Por(Xar + X = 1) AyGsag (X;; — Xyy)

G5 (2.10.7)
+poa(Xia + X2 =1)7" AyGsagy(Xjp = X;p) = 0
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The First Law of Thermodynamics, Eq. 2.10.3, reduces to:

2 2
[(Gsﬂm(xu — X)) +Gsagy(Xy +Xg — 1) } =

5 5 (2.10.8)
[(ﬂsﬂnz(xiz - X)) + Gsagy(Xiz + X — 1) ] =0

The momentum equation, Eq. 2.10.4, reduces to:
G7 G7
PDAE[(XH +Xp = 1) = (Xig + X2~ 1) ]

Gs
4‘{901(1"{“ +Xpy = 1) A Gsagy (X - Xr])] (2.10.9)
X[Gsag;(Xi; - Xp) + Gsaga(Xiz — Krz}] =0

The three equations cannot be reduced any further as they are polynomial functions of all
three variables. These functions can be solved by a standard iterative method for such prob-
lems. [ have determined that the Newton-Raphson method for the solution of multiple poly-
nomial equations is stable, accurate and rapid in execution. The arithmetic solution on a
computer is conducted by a Gaussian Elimination method.

As with all numerical methods, the computer time required is heavily dependent on the
number of iterations needed to acquire a solution of the requisite accuracy, in this case for an
error no greater than 0.01% for the solution of any of the variables. The use of the Benson
“constant pressure” criterion, presented in Sec. 2.9, is invaluable in this regard by consider-
ably reducing the number of iterations required. Numerical methods of this type are also
arithmetically “frail,” if the user makes ill-advised initial guesses at the value of any of the
unknowns. It is in this context that the use of the Benson “constant pressure” criterion is
indispensable. Numeric examples are given in Sec. 2.12.2.

2.10.1 Flow at pipe expansions where sonic particle velocity is encountered

In the above analysis of unsteady gas flow at expansions in pipe area the particle velocity
at section 1 will occasionally be found to reach, or even attempt to exceed, the local acoustic
velocity. This is not possible in thermodynamic or gas-dynamic terms as the particles in un-
steady gas flow cannot move faster than the pressure wave signal that is impelling them. The
highest particle velocity permissible is the local acoustic velocity at station 1, i.e., the flow is
permitted to become choked. Therefore, during the mathematical solution of Eqs. 2.10.7,
2.10.8 and 2.10.9, the local Mach number at station 1 is monitored and retained at unity if it is
found to exceed it.

ey _ Gsapi(Xy - Xy) _ Gs(Xj - Xy)
%l 201 X1 Xy +Xy -1

M, = (2.10.10)
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This immediately simplifies the entire procedure as it gives a direct solution for one of
the unknowns:

if, M, =1

A s = Ms +Xiy(Gs —My) _ 1+GyX;,
o E M, +Gs Gs

(2.10.11)

The acquisition of all related data for pressure, density, particle velocity and mass flow
rate at both superposition stations follows directly from the solution of the three polynomials
for X1, X2 and agy, in the manner indicated in Sec. 2.9.

In many classic analyses of choked flow a “critical pressure ratio" is determined for flow
from the upstream point to the throat where sonic flow is occurring. That method assumes
zero particle velocity at the upstream point; such is clearly not the case here. Therefore, that
concept cannot be employed in this geometry for unsteady gas flow.

2.11 Reflection of pressure waves at a contraction in pipe area

This section contains the isentropic analysis of unsteady gas flow at a contraction in pipe
area. The sketch in Fig. 2.8(b) details the nomenclature for the flow regime, in precisely the
same manner as in Sec. 2.9. However, to analyze the flow completely, the further information
contained in sketch format in Figs. 2.9(b) and 2.10(b) must also be considered.

InFig. 2.10(b) the contracting flow is seen to flow smoothly from the larger section to the
smaller area section. The streamlines of the flow do not give rise to particle flow separation
and so it is considered to be isentropic flow. This is in line with conventional nozzle theory as
observed in many standard texts in thermodynamics. It is summarized on the temperature-
entropy diagram in Fig. 2.9(b) where there is no entropy gain for the flow falling from pres-
SUTe pg] 1O Pressure pga. |

As usual, the analysis of quasi-steady flow in this context uses, where appropriate, the
equations of continuity, the First Law of Thermodynamics and the momentum equation. How-
ever, one less equation is required by comparison with the analysis for expanding or diffusing
flow in Sec. 2.10. This is because the value of the reference state is known at superposition
station 2, for the flow is isentropic:

Toy=Toa or apg =am (2.11.1)
As there is no entropy gain, that equation normally reserved for the analysis of non-
isentropic flow, the momentum equation, can be neglected in the ensuing analytic method.

The properties and composition of the gas particles are those of the gas at the upstream
point. Therefore the various functions of the gas properties are:

j Eiih B R=R| GE=G5,1 GT:G?&' etc.
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The continuity equation for mass flow in Eq. 2.9.5 is still generally applicable and re-
peated here:
thy — thy = 0 2.112)

This equation becomes:

G5 G5
PorXsi A1Gsag)(Xi) — Xo1) + PaaXs3 AzGsagy(Xip - X2) = 0 (2.11.3)

Gs Gs
or, Xo Al(Xj) = Xp) + X3 A (Xjp = Xp) = 0

The First Law of Thermodynamics was introduced for such flow situations in Sec. 2.8.
The analysis required here follows similar logical lines. The First Law of Thermodynamics
for flow from superposition station | to superposition station 2 can be expressed as:

2 2

Cc c
h +_~'*.l.=h .|.._3.2.
sl 2 52 2

or, (cdi + Gsagy) - (e + Gsagy) = 0 (2.11.4)

As with the simplified “constant pressure” solution according to Benson, presented in
Sec. 2.9, the unknown values will be the reflected pressure waves at the boundary, pry and py;.
There are two unknowns, necessitating twe equations, namely Eqgs. 2.11.3 and 2.11.4. Al
other “unknown" quantities can be computed from these values and from the “known™ val-
ues. The known values are the upstream and downstream pipe areas, A and A, the reference
state conditions at the upstream and downstreamn points, the gas properties at superposition
stations 1 and 2, and the incident pressure waves, p;; and pi3.

Recalling that,
Gl17 Gl7
Xy = [_Pi] and Xy = [Pi]
Po Po

The reference state conditions are:

Po
densi PaL=Por == 2.11.5
ensity RTy; ( )
acoustic velocity ag) =2y = 1RTy; (2.11.6)
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Chapter 2 - Gas Flow through Two-Stroke Engines

The continuity equation, Eq. 2.11.3, reduces to:

GS
Por(Xiy + X =1)" A1Gsag (X - Xp) B
G5 AL
+P02(Xig + X2 = 1) AgGsagy(Xjg = Xp2) = 0
Gs GS
or (X +Xg 1) A —Xy) +H (Xp + Xpp = 1) TA(Xis - Xpp) =0
The First Law of Thermodynamics, Eq. 2.11.4, reduces to:
) 3 7
[(Gsam(xn - X)) + Gsagy (X + X — 1) }*
(2.11.8)

2 2 2
[(Gﬁﬂuz(xiz —X2)) +Gsap(Xiz + Xz —1) ] =0

[GS{XH ~Xa)® + (X + X — J)EJ =

or 2 2
[GS(XiZ ~X2)" + Gs(Xiz + X2 — 1) ] =ild

The two equations cannot be reduced any further as they are polynomial functions of the
two variables. These functions can be solved by a standard iterative method for such prob-
lems. I have determined that the Newton-Raphson method for the solution of multiple poly-
nomial equations is stable, accurate and rapid in execution. The arithmetic solution on a
computer is conducted by a Gaussian Elimination method. Actually, this is not strictly neces-
sary as a simpler solution can be effected as it devolves to two simultaneous equations for the
two unknowns and the corrector values for each of the unknowns.

In Sec. 2.9 there are comments regarding the use of the Benson “constant pressure” crite-
rion, for the initial guesses for the unknowns to the solution, as being indispensable; they are
still appropriate. Numerical examples are given in Sec. 2.12.2.

The acquisition of all related data for pressure, density, particle velocity and mass flow
rate at both superposition stations follows directly from the solution of the two polynomials
for X, and X,.

2.11.1 Flow at pipe contractions where sonic particle velocity is encountered

In the above analysis of unsteady gas flow at contractions in pipe area the particle veloc-
ity at section 2 will occasionally be found to reach, or even attempt to exceed, the local
acoustic velocity. This is not possible in thermodynamic or gas-dynamic terms. The highest
particle velocity permissible is the local acoustic velocity at station 2, i.e., the flow is permit-
ted to become choked. Therefore, during the mathematical solution of Eqs. 2.11.7 and 2.11.8,
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the local Mach number at station 2 is monitored and retained at unity if it is found to
exceed it.

As M, = L7 G5aﬂzlxi2 = Xril _ Gglxig - Kr!l
; g

(2.11.9)
gy agy X2 Xijpg+ Xy -1

This immediately simplifies the entire procedure for this gives a direct solution for one of the
unknowns:
Then if, M.»=1

Mg +Xip(Gs - My3) _ 1+ G4Xjp
M52 +Gs 65

Xp = (2.11.10)

In this instance of sonic particle flow at station 2, the entire solution can now be obtained
directly by substituting the value of X determined above into either Eq. 2.11.7 or 2.11.8 and
solving it by the standard Newton-Raphson method for the one remaining unknown, Xi.

2.12 Reflection of waves at a restriction between differing pipe areas

This section contains the non-isentropic analysis of unsteady gas flow at restrictions be-
tween differing pipe areas. The sketch in Fig. 2.8 details much of the nomenclature for the
flow regime, but essential subsidiary information is contained in a more detailed sketch of the
geometry in Fig. 2.12. However, to analyze the flow completely, the further information
contained in sketch format in Figs. 2.11 and 2.12 must be considered completely. The geom-
etry is of two pipes of differing area, A and A5, which are butted together with an orifice of
area, A, sandwiched between them. This geometry is very common in engine ducting. For
example, it could be the throttle body of a carburetor with a venturi and a throttle plate. It
could also be simply a sharp-edged, sudden contraction in pipe diameter where Az is less than
A and there is no actual orifice of area A, at all. In the latter case the flow naturally forms a
vena contracta with an effective area of value A; which is less than As. In short, the theoreti-
cal analysis to be presented here is a more accurate and extended, and inherently more com-
plex, version of that already presented for sudden expansions and contractions in pipe area in
Sec.2:11.

In Fig. 2.12 the expanding flow from the throat to the downstream superposition point 2
is seen to leave turbulent vortices in the corners of that section. That the streamlines of the
flow give rise to particle flow separation implies a gain of entropy from the throat to area
section 2. On the other hand, the flow from the superposition point 1 to the throat is contract-
ing and can be considered to be isentropic in the same fashion as the contractions debated in
Sec. 2.11. This is summarized on the temperature-entropy diagram in Fig. 2.11 where the gam
of entropy for the flow rising from pressure p, to pressure p;3 is clearly visible. The isentropic
nature of the flow from p.; to p; can also be observed as a vertical line on Fig. 2.11.
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Ipic
acoustic velocity  ag; = ag, = YRy 82 = +RTp (2.12.2)
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The continuity equation for mass flow in previous sections is still generally applicable
and repeated here, although the entropy gain is reflected in the reference acoustic velocity
and density at position 2:

ml - mz =10

im0 (2.12.3)
These equations become, with rightward retained as the positive direction:
XS5A . Geag (X — X X9 Giano (Xis = Xn) =0

Po1Xsi AyGsag (X i) + Po2Xezr A2Gsapa(Xiz r2) = (2.12.4)

G5
PoiXsi AiGsag(Xj; — Xp1) - pi[CeA JCoe,] = ©

The above equation for the mass flow continuity for flow from the upstream station 1 to
the throat, contains the coefficient of contraction on the flow area, C, and the coefficient of
velocity, Cg. These are conventionally connected in fluid mechanics theory to a coefficient of
discharge, Cy, to give an effective throat area, Aes, as follows:

Cqg=C.C; and Apg=CyAy
This latter equation of mass flow continuity becomes:
PorXsi A1Gsag)(Xiy — Xp) = CypiAey =0
The First Law of Thermodynamics was introduced for such flow situations in Sec, 2.8,

The analysis required here follows similar logical lines. The First Law of Thermodynamics
for flow from superposition station | to superposition station 2 can be expressed as:

or (c5i + Gsadi) - (c& + Gsady) = 0 (2.12.5)

The First Law of Thermodynamics for flow from superposition station 1 to the throat can
be expressed as:

2 2
C c
sl 5 t 9
2 2
Cs1l —=C¢ _
or CP(TE-I — T[) + -—'L—Z— = {2.12.5}
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The momentum equation for flow from the throat to superposition station 2 is expressed
as:
Aa(Py — Psa) + Mg (e —c2) = 0 (212.7)

The unknown values will be the reflected pressure waves at the boundaries, p;) and py2,
the reference temperature at position 2, namely Ty, and the pressure py and the velocity c; at
the throat, There are five unknowns, necessitating five equations, namely the two mass flow
equations in Eq. 2.12.4, the two First Law equations, Egs. 2.12.5 and 2.12.6, and the momen-
tum equation, Eq. 2.12.7. All other “unknown'" quantities can be computed from these values
and from the “kmown” values. The known values are the upstream and downstream pipe
areas, A and A,, the throat area, A, the reference state conditions at the upstream point, the
gas properties at superposition stations | and 2, and the incident pressure waves, pj; and pj2.
A numerical value for the coefficient of discharge, Cg, is also required, but further informa-
tion on this difficult and often controversial subject is supplied in Sec. 2.19.

Recalling that,

Gl7 G17 ;17
XH = [hJ and Xlz = [ﬂ] and Sﬂtﬁﬂg X'.' = [ﬂ)
Po Po Po

then due to isentropic flow from station 1 to the throat, the throat density and temperature are
given by:

2
ag X
Py =PoXy and T, = foXy) ﬂ;Rt)

The continuity equations set in Eq. 2.12.4 reduce to:

Gs
Po1(Xit + X — 1) Ajag (X; — Xq)

Gs (2.12.8)
+ppp(Xiz + Xp2 = 1) Ajagy(Xjy — Xpp) = 0
(X + X - l)mﬁlﬂm{xu - X}~ X5 CyAesy =0 (2.12.9)
The First Law of Thermodynamics in Eq. 2.12.5 reduces to:
2 2
[(Gsﬂm(xil = X)) + Gsagy(X; + X,q — 1) ]‘
(2.12.10)

2 2
[[Gsﬂnz[xfz -Xpn)) + Gsﬂﬁz (Xip + Xpp — 1) } =0

111



Design and Simulation of Two-Stroke Engines

The First Law of Thermodynamics in Eq. 2.12.6 reduces to:
2 2 22
Gj{{aﬂl{xil + X =) - (agiX,) }"'(Gjaﬂl(xil -Xq)) —ef =0 (212.11)
The momentum equation, Eq. 2.12.7, reduces to:

G7 G7
PuA:[X: -(Xjg + X5 - 1) ]

G5 {(2.12.12)
+[P{]l[xi] + X = 1) A Gsag (X - Krl}lcl + Gsagi(Xiz — J‘Irz]] =0

The five equations, Eqs. 2.12.8 to 2.12.12, cannot be reduced any further as they are
polynomial functions of all five variables, Xy, X2, Xi, apz, and ¢;. These functions can be
solved by a standard iterative method for such problems. I have determined that the Newton-
Raphson methed for the solution of multiple polynomial equations is stable, accurate and
rapid in execution. The arithmetic solution on a computer is conducted by a Gaussian Elimi-
nation method. Numerical examples are given in Sec. 2.12.2.

Itis noteasy to supply initial guesses which are close to the final answers for the iteration
method on a computer. The Benson “constant pressure” assumption is of greal assistance in
this matter. Even with this assistance to the numerical solution, this theory must be pro-
grammed with great care to avoid arithmetic instability during its execution.

2.12.1 Flow at pipe restrictions where sonic particle velocity is encountered

In the above analysis of unsteady gas flow at restrictions in pipe area the particle velocity
at the throat will quite commonly be found to reach, or even attempt to exceed, the local
acoustic velocity. This is not possible in thermodynamic or gas-dynamic terms. The highest
particle velocity permissible is the local acoustic velocity at the throat, i.e., the flow 1s permit-
ted to become choked. Therefore, during the mathematical solution of Egs. 2.12.8 to 2.12.12,
the local Mach number at the throat is monitored and retained at unity if it is found to exceed
it.

Cy
As, M, = =1 then ¢; = ay X, 2.12.13)
ag X, f

This simplifies the entire procedure for this gives a direct relationship between two of the
unknowns and replaces one of the equations employed above. [t is probably easier from an
arithmetic standpoint to eliminate the momentum equation, but probably more accurate ther-
modynamically to retain it!

The acquisition of all related data for pressure, density, particle velocity and mass flow
rate at both superposition stations and at the throat follows directly from the solution of the
four polynomuals for Xpy, X9, Xy, agy, and c;.
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2.12.2 Examples of flow at pipe expansions, contractions and restrictions

In Secs. 2.9-2.12 the theory of unsteady flow at these discontinuities in area have been
presented. In Sec. 2.9 the simple theory of a constant pressure assumption by Benson was
given and the more complete theory in subsequent sections. In various sections the point was
made that the simple theory is reasonably accurate. Some numerical examples are given here
which will illustrate that point and the extent of that inaccuracy. The input and output data all
use the nomenclature of the theory sections and Figs. 2.8, 2.10 and 2.12. The input data for

the diameters, d, are in mm units,

Table 2.12.1 Input data to the calculations

No. dy da dy Cq A; Py Pia
1 25 50 25 1.0 4.0 1.2 1.0
2 25 50 25 0.85 4.0 1.2 1.0
3 50 25 25 1.0 0.25 1.2 1.0
4 B0 25 25 0.70 0.25 1.2 1.0
L 50 25 15 0.85 0.25 1.2 1.0
B 25 50 15 0.85 4.0 1.2 1.0

Table 2.12.2 Output data using the constant pressure theory of Sec. 2.9

No. Py P ma/ls merror % EorC
1 0.5943 1.0763 45.15 2.65 E
2 0.8943 1.0763 45.15 2.82 E
3 1.1162 1.3357 52.68 —8.18 C
4 1.1162 1.3357 52.68 =17.89 C
5 1.1162 1.3357 52.68 -32.48 c
& 0.8943 1.0763 4515 —-61.37 E

The input data show six different sets of numerical data. In Table 2.12.1 the test data sets
1 and 2 illustrate an expansion of the flow, and test data sets 3 and 4 are for contractions. Test
data set 5 is for a restricted pipe at a contraction whereas test data set 6 is for a restricted pipe
at an expansion in pipe area. The incident pulse for all tests has a pressure ratio of 1.2, the gas
15 air and is undisturbed on side 2, and the reference temperature at side 1 is always 20°C or
293 K. There are two output data sets: in Table 2.12.2 where the theory employed is the
Benson constant pressure theory, and the second set in Table 2.12.3 using the more complex
theory of Secs. 2.10, 2.11 and 2.12 as appropriate. The more complex theory gives informa-
tion on the entropy gain exhibited by the reference temperature, Tgz. In the output is shown
the mass flow rate and the “error” when comparing that mass flow rate computed by the
constant pressure theory with respect to that calculated by the more complex theory. The
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column labeled “E or C” describes whether the flow encountered was at an expansion (E) or
a contraction (C) in pipe area.

Table 2,123 Output data from the calculations using the more complex theory

No. Pn Pr mgfs TozK Theory
1 0.8850 1.0785 46.38 2945 Sec. 2.10
2 0.9036 1.0746 43.91 296.2 Sec. 2.12
3 1.1227 1.3118 48.70 293.0 Sec. 2.11
4 1.1282 1.28B6 44.69 295.2 Sec. 2.12
5 1.1371 1.2585 39.77 298.1 Sec. 2.12
6 1.0174 1.0487 27.98 306.7 Sec. 2.12

For simple expansions, in test data sets | and 2, the constant pressure theory works re-
markably well with an almost negligible error, i.e., less than 3% in mass flow rate terms. If the
expansion has a realistic coefficient of discharge of 0.85 applied to it then that error on mass
flow rate rises slightly from 2.65 to 2.8%. The magnitudes of the reflected pressure waves
compare quite favorably in most circumstances.

At a simple sudden contraction in test data sets 3 and 4, even with a coefficient discharge
of 1.0 the mass flow rate error is significant at 8.2%, rising to 17.9% error when the quite
logical Cy value of 0.7 is applied to the sudden contraction. The magnitudes of the reflected
pressure waves are significantly different when emanating from the simple and the complex
theories.

When any form of restriction is placed in the pipe, i.e., in test data sets 5 and 6 for an
expansion and a contraction, respectively, the constant pressure theory is simply not capable
of providing any relevant information either for the magnitude of the reflected wave or for the
mass flow rates. The error is greater for expansions than contractions, which is the opposite
of the situation when restrictions in the pipe are not present. Note the significant entropy
gains in tests 4-6.

The constant pressure theory is seen to be reasonably accurate only for flow which en-
counters sudden expansions in the ducting.

2.13 An introduction to reflections of pressure waves at branches in a pipe

The simple theoretical treatment for this situation was also suggested by Benson [2.4]
and in precisely the same form as for the sudden area changes found in the previous section.
A sketch of a typical branch is shown in Fig. 2.13. The sign convention for all of the branch
theory presented here is that inward propagation of a pressure wave toward the branch will be
regarded as “positive.” Benson [2.4] postulates that the superposition pressure at the junc-
tion, at any instant of wave incidence and reflection, can be regarded as a constant. This isa
straightforward extension of his thinking for the expansion and contractions given in Sec. 2.9,
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(b) at the junction faces

Fig. 2.13 Unsteady flow at a three-way branch.

The incident pressure waves are pjj, Piz, and pj3 and the ensuing reflections are of pres-

Sures pri. Pr2, and pg3. The superposition states are pgy, Pg2, and pg3.
Therefore, the theoretical solution involves expansion of Eqs. 2.9.3 and 2.9.4 to deal with
the superposition state and mass flow rate of the extra pipe 3 at the junction. Benson's crite-

rion inherently assumes isentropic flow.
Ps1 = Ps2 = Ps3
or Xip+Xn-1=Xp+Xp-1=X3+X3-1 (2.13.1)
The net mass flow rate at the junction is zero:
A(Xjy = Xr) + Ax(Xig — Xr2) + As(Xj3 = X3} =0 (2.13.2)

There are three equations to solve for the three unknowns, X;1, X2 and X3, Tt is pre-
sumed that in the course of any computation we know the values of all incident pressure

waves from one calculation time step to another.
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The solution of the above simultaneous equations gives (where the total area, Ay, is de-
fined below):

A=A+ A+ Ay

_ 2A9X5 + 245X 5 + X;i(A) — Ay — Ay)

X
rl At
Xon = 2A1 X1 + 2A:Xi3 + Xjp(Ag — Az — Ay)
2 =
JHl-
ZH]K] +21‘“L2X‘2 1 X':g(ﬂ.g = ﬂl -_ ﬁh]}
X3 = : e (2.13.3)

Ay

Perhaps not surprisingly, the branched pipe can act as either a contraction of area to the
flow or an enlargement of area to the gas flow. In short, two pipes may be supplying one pipe,
or one pipe supplying the other two, respectively. Consider these two cases where all of the
pipes are of equal area, where the pressure waves employed as examples are the familiar
pulses which have been used so frequently throughout this text.

(a) A compression wave is coming down to the branch in pipe 1 through air and all other
conditions in the other branches are “undisturbed"”

The compression wave has a pressure ratio of P;; = 1.2, or X;; = 1.02639. The results of
the calculation using Eqs. 2.13.3 are:

X1 =09911 Xp=X3=101759 P,;=0940 P,p=Pg3=1.13
As far as pipe 1 is concerned the result is exactly the same as that for the 2:1 enlargement
in area i the previous section. In the branch, the incident wave divides evenly between the
other two pipes, transmitting a compression wave onward and reflecting a rarefaction pulse.

Pipe 1 is supplying the other two pipes, hence the effect is an expansion.

(b) Compression waves of pressure ratio 1.2 are arriving as incident pulses in pipés I and 2
leading up to the branch with pipe 3

Pipe 3 has undisturbed conditions as P;3 = 1.0. Now the branch behaves as a 2:1 contrac-
tion to this general flow, for the solutions of Eqgs. 2.13.3 show:

X1 =Xp=10088 X3=10352 P;=P,=10632 Pgz=1274
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The contracting effect is evidenced by the reflection and transmission of compression
waves. These numbers are already familiar as computed data for pressure waves of identical
amplitude at the 2:1 contraction discussed in the previous section. Pipes 1 and 2 are supplying
the third pipe, hence the effect is a contraction.

When we have dissimilar areas of pipes and a mixture of compression and expansion
waves incident upon the branch, the situation becomes much more difficult to comprehend by
the human mind. At that point the programming of the mathematics into a computer will leave
the designer’s mind free to concentrate more upon the relevance of the information calculated
and less on the arithmetic tedium of acquiring that data.

It is also obvious that the angle between the several branches must play some role in
determining the transmitted and reflected wave amplitudes. This subject was studied most
recently by Bingham [2.19] and Blair [2.20] at QUB. While the branch angles do have an
influence on wave amplitudes, it is not as great in some circumstances as might be imagined.
For those who wish to achieve greater accuracy for all such calculations, the following sec-
tion is presented.

2.14 The complete solution of reflections of pressure waves at pipe branches

The next step forward historically and theoretically was to attempt to solve the momen-
tum equation to cope with the non-isentropic realism that there are pressure losses for real
flows changing direction by moving around the sharp corners of the branches. Much has been
written on this subject, and many of the references provide a sustained commentary on the
subject over many years. Suffice it to say that the practical approach adopted by Bingham
[2.19], incorporating the use of a modified form of the momentum equation to account for the
pressure losses around the branch, is the basis of the method used here. Bingham's solution
was isentropic.

This same approach was also employed by McGinnity [2.39] in a non-isentropic analysis,
but for a single composition fluid only; his solution was further complicated by using a non-
homentropic Riemann variable method and it meant that, as gas properties were tied to path
lines, they were not as clearly defined as in the method used here. It would appear from the
literature [2.39] that the solution was reduced to the search for a single unknown quantity
whereas I deduce below that there are actually five such for a complete non-isentropic analy-
sis of a three-way branch.

The merit of the Bingham [2.19] method is that it uses experimentally determined pres-
sure loss coefficients at the branches, an approach capable of being enhanced further by
information emanating from data banks of which that published by Miller [2.38] is typical.

An alternative method, perhaps one which is more complete theoretically, is to resolve
the momentum of the flow at any branch into its horizontal and vertical components and
equate them both to zero. The demerit of that approach is that it does not include the fluid
mechanic loss component which the Bingham method incorporates so pragmatically and real-
istically.

While the discussion here is devoted exclusively to three-way branches, the theoretical
process for four-way branches, or n-pipe collectors, is almost identical to that reported below.
It will be seen that the basic approach is to identify those pipes that are the suppliers, and
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those that are the supplied pipes, at any junction. For an n-pipe junction, that is basically the
only addition to the theory below other than that the number of equations increases by the
number of extra junctions. With the mathematical technique of solution by the Newton-Raphson
method for multiple polynomial equations, and the matrix arithmetic handled by the Gaussian
Elimination method, the additional computational complexity is negligible.

The sign convention for particle flow is declared as “positive” toward the branch and Fig.
2.13 inherently stipulates that convention. The pressure loss criterion for flow from one branch

to another is set out by Bingham as,
Ap = Cp pc? (2.14.1)
where the loss coefficient Cp, is given by the inter-branch angle 0,

1686
C.=16- oo if 6> 167 then Cp. =0 (2.14.2)

In any branch there are supplier pipes and supplied pipes. There are two possibilities in
this regard and these lead to two assumptions for their solution. The more fundamental as-
sumption in much of the theory is that the gas within the pipes is a mixture of two gases and
mn an engine context this is logically exhaust gas and air. Obviously, the theory is capable of
being extended to a mixture of many gases, as indeed air and exhaust gas actually are. Equally,
the theory is capable of being extended relatively easily to branches with any number of pipes
at the junction. The theory set out below details a three-way branch for greater ease of under-
standing.

{a) One supplier pipe

Here there is one supplier pipe and two are being supplied, in which case the solution
required is for the reflected wave amplitudes, X;, in all three pipes and for the reference
acoustic velocities, ap, for the gas going toward the two supplied pipes. The word “toward” is
used here precisely. This means there are five unknown values needing five equations. It is
possible to reduce this number of unknowns by one, if we assume that the reference acoustic
state toward the two supplied pipes is common. A negligible loss of accuracy accompanies
this assumption. Using the notation of Fig. 2.13, it is implied that pipe 1 is supplying pipes 2
and 3; that notation will be used here only to “particularize™ the solution so as to aid under-
standing of the analysis. As the pressure in the face of pipes 2 and 3 will be normally very
close, the difference between Tpz and Tp3 should be small and, as the reference acoustic
velocity is related to the square root of these numbers, the error 15 potentially even smaller.
Irrespective of that assumption, it follows absolutely that the basic properties of the gas enter-
ing the supplied pipes is that of the supplier pipe.

(b) Two supplier pipes

Here there is one supplied pipe and two are suppliers, in which case the solution required
is for the reflected wave amplitudes, X, in all three pipes and for the reference acoustic
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velocities, ap, in the supplied pipe. This means that there are four unknown values needing
four equations. This is possible only by making the assumption that there is equality of super-
position pressure at the faces of the two supplier pipes; this is the same assumption used by
Bingham [2.19] and McGinnity [2.39]. It then follows that the properties of the gas entering
the supplied pipe are a mass-flow-related mixture of those in the supplier pipes. Using the
notation of Fig. 2.13, it is implied that pipes 1 and 2 are supplying pipe 3.

continuity Mgy = My + My (2.14.3)

my [Ty + msIl
I, =200 it

purity Mg (2.14.4)

ThIR] + Ii'lng

Meg3

Rey = (2.14.5)

Eas constant

myY; + MyYs

specific heats ratio T2 = (2.14.6)
Me3

The subscript notation of “e3” should be noted carefully, for this details the quantity and
quality of the gas entering, i.e., going “toward,” the mesh space beyond the pipe 3 entrance,
whereas the resulting change of all of the gas properties within that mesh space is handled by
the unsteady gas-dynamic method which has already been presented [2.31].

The final analysis then relies on incorporating the equations emanating from all of these
previous considerations regarding pressure losses, together with the continuity equation and
the First Law of Thermodynamics. The notation of Fig. 2.13 applies together with either Fig.
2.14(a) for two supplier pipes, or Fig. 2.14(b) for one supplier pipe.

(a) for one supplier pipe the following are the relationships for the density, particle velocity,
and mass flow rate which apply to the supplier pipe and the two pipes that are being supplied:

G5! :
Pa = Poi(Xi + Xy —1) ¢y = Gspagi(Xip = Xpy) My = Pghiey

(2.14.7)
B G5l ; .
P2 = Poez(Xiz + X2 — 1) cer = Gsjages(Xip — X;2) 1y = pyAscy
(2.14.8)
G51 .
Ps3 = Poe3(Xiz + X3 = 1) cs3 = Gs1apea(Xij3 — Xp3) 3 = pgaAacys
(2.14.9)
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TEMPERATURE

TEMPERATURE

ENTROPY

(a) two supplier pipes to the branch

Fig. 2.14 The temperature-entropy characteristics.

(b} for two supplier pipes, where the assumption is that the superposition pressure in the faces
of pipes | and 2 are identical, the equations for pipes 2 and 3 become:

GS2 :
cgp = Ggoaga(Xjp — X;z) 1ty = pgaAsces
(2.14.10)

P2 = Poa(Xiz + X2 - 1)

G51 :
cs3 = Ggages(Xi3 — Xp3) M3 = paAscgs

(2.14.11)

Ps3 = Poe3(Xiz + X5 - 1)

The First Law of Thermodynamics is, where the local work, heat transfer and system
state changes are logically ignored, and the hg term is the stagnation specific enthalpy:

]'h]hﬂl -+ mzhm -+ Ii'|3hu3 =0 {2]4.]2}
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This single line expression is the one to be used if the approximation is made that Ty
equals Tpg for a single supplier pipe situation; it is also strictly correct for a two supplier pipes
model. To solve without that assumption, the equation must be split into two and analyzed
specifically for the separate flows from pipe 1 to 2 and from pipe | to 3. The reference
densities in question emanare from this step, as shown below. The normal isentropic expres-
sion for the reference densities is expressed as:

0 Po Po
Por = Po3z = 2.14.13
RiTy R, Ty, R3Tp; ( )

Po1 =

but should gas be entering pipes 1 or 2 as a result of a non-isentropic process then these
become for pipes 2 and 3,

1] Po
Poe2 = Poe3 = 2.14.14
ReaToz Re3To3 | !
The stagnation enthalpies appear as:
(a) for one supplier pipe the stagnation enthalpies are,
2 +r2 2 12 2 2 42 2
hl]l = Gsiag; X5 + c5 hgp = Gﬁgiaegxgg + Cs2 hgs = Gse3apaXs3 + 53 (2.14.15)
2 2

(b) for two supplier pipes, as with continuity, only the statement for stagnation enthalpy for
pipe 2 is altered,

T R,
_ GspapXs; +¢g

hoa > (2.14.16)
The pressure loss equations first presented in Eq. 2.14.2 devolve to:
(a) for ane supplier pipe for flow from pipe | to pipes 2 and 3,
16 6;, 16 6}4
Cyyg = 16— Cyi3 =16 - —=
L12 167 L13 167 (2.14.17)

G71 _ Gle2 G71 _ 4GTe3 2
Po(X§ ' - X2 ) = CLigpachy  Po(X§ X&) = CLipacss  (214.18)
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(b) rwo supplier pipes, i.e., pipes 1 and 2 supplying pipe 3,

166
CLiz=0 Cp3=16~ —ﬁ"- (2.14.19)
G71 G772 G71 GT7e3 2
Xq —Xp° =0 Fﬂ(xsl - X3 ) = CL13Ps3ts3 (2.14.20)

In the analysis for the First Law of Thermodynamics and the pressure loss terms it should
be noted that the relationships for X and ¢, for each pipe are written in full in the continuity
equation,

These functions can be solved by a standard iterative method for such problems. I have
determined that the Newton-Raphson method for the solution of multiple polynomial equa-
tions is stable, accurate and rapid in execution. The arithmetic solution on a computer is
conducted by a Gaussian Elimination method.

Note that these are the three reflected wave pressures and Ty and/or T3, depending on
the thermodynamic assumptions debated earlier. In practice it has been found that the “con-
stant pressure” criterion provides excellent initial guesses for the unknown variables. This
permits the numerical solution to arrive at the final answers for them in two or three iterations
only to a maximum error for the worst case of just 0.05% of its value.

This more sophisticated branched pipe boundary condition can be incorporated into an
unsteady gas-dynamic code for implementation on a digital computer, papers on which have
already been presented [2.40, 2.59].

2.14.1 The accuracy of simple and more complex branched pipe theories

The assertion 1s made above that the “constant pressure” theory of Benson is reasonably
accurate. The following computations put numbers into that statement. A branch consists of
three pipes numbered | to 3 where the initial reference temperature of the gas is 20°C and the
gas in each pipe is air. The angle 017 between pipe | and pipe 2 is 30° and the angle 63
between pipe | and pipe 3 is 180% i.e,, it is lying straight through from pipe 1. The input data
are shown in Table 2.14.1. The pipes are all of equal diameter, d, in tests numbered 1, 3 and 4
at 25 mm diameter. In test number 2 the pipe 3 diameter, ds, is 35 mm. In tests numbered 1 and
2 the incident pulse in pipe 1 has a pressure ratio, Pjj, of 1.4 and the other pipes have undis-
turbed wave conditions. In tests numbered 3 and 4 the incident pulse in pipe 1 has a pressure
ratio, Pj;, of 1.4 and the incident pulse in pipe 3 has a pressure ratio, Pj3, of 0.8 and 1.1,
respectively.

The output data for the calculations are shown in Table 2.14.2 where the “constant pres-
sure” theory is used. The symbols are Pry, Py, and P for the pressure ratios of the three
reflected pressure waves ai the branch, for superposition particle velocities ¢y, ¢2, and ¢3. The
output data when the more complex theory is employed are shown in Table 2.14.3. The com-
puted mass flow rates (in g/s units) m,, m,, and m; are shown in Table 2.14.4. In Table
2.14.5 are the “errors” on the computed mass flow between the “constant pressure” theory
and the more complex theory. The number of iterations is also shown on the final table; the
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fact that it requires only two iterations to close a worst-case error of 0.05% on any variable
reveals the worth of the Benson “constant pressure” theory for the provision of a very high-
quality first guess at the “unknowns.”

Table 2.14.1 Input data for the calculations

No. Pi Pi Pi1 dy da ds 812 B43 To1
1 1.4 1.0 1.0 25 25 25 30 180 20
2 1.4 1.0 1.0 25 25 35 30 180 20
3 1.4 1.0 0.8 25 25 25 30 180 20
4 1.4 1.0 1.1 25 25 25 30 180 20

Table 2.14.2 Output data from the calculations using “constant pressure” theory

No. Pri Pri Pr1 c1 Co C3
1 0.891 1.254 1.254 1126 56.3 56.3
2 0.841 1.188 1.188 126.3 42.7 427
3 0.767 1.0B6 1.345 148.5 20.4 128.1
4 0.950 1.333 1.215 97.0 72.0 25.0

Table 2.14.3 Output data from the calculations using complex theory

No. P Pr1 Pri cq c3 c3
1 0.805 1.228 1.273 108.7 51.4 60.8
2 0.848 1.171 1.197 124.3 39.5 45.2
3 0.769 1.084 1.350 147.7 18.9 129.7
4 0.974 1.29 1.245 80.9 64.4 3.3

Table 2.14.4 Output on mass flow from constant pressure and complex theory

Constant Pressure Theory Complex Theory
No.  my i ) iy i, g
1 78.3 39.1 39.1 76.4 346 42.0
2 B4.5 285 55.8 B36 255 5B.1
3 93.2 12.8 80.4 929 12.3 B0.6
4 T70.4 523 18.1 67.2 44.8 22.7
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Table 2.14.5 Further output data regarding errors on mass flow

Testno.  m,err% m, errd my err% iterations
1 2.49 13.29 6.73 2
2 1.01 11.70 .79 2
3 0.32 413 0.27 2
4 4.85 16.67 20.0 2

It can be seen in test number 1 that the constant pressure theory takes no account of the
branch angle, nor of the non-isentropic nature of the flow, and this induces mass flow differ-
ences of up to 13.3% by comparison with the more complex theory. The actual values of the
reflected pressure waves are quite close for both theories, but the ensuing mass flow error is
significant and is an important argument for the inclusion of the more complex theory in any
engine simulation method requiring accuracy. In test number 2 the results are closer, i.e., the
mass flow errors are smaller, an effect induced by virtue of the fact that the larger diameter of
pipe 3 at 35 mm reduces the particle velocity into pipe 2. As the pressure loss around the
intersection into pipe 2, which is angled back from pipe 1 at 307, is seen from Eq. 2.14.1 to be
a function of the square of the superposition velocity '3522' then that decreases the pressure loss
error within the computation and in reality. This effect is exaggerated in test number 3 where,
even though the pipe diameters are equal, the suction wave incident at pipe 3 also reduces the
gas particle velocity entering pipe 2; the errors on mass flow are here reduced te a maximom
of only 4.1%. The opposite effect is shown in test number 4 where an opposing compression
wave incident at the branch in pipe 3 forces more gas into pipe 2; the mass flow errors now
rise to a maximum value of 20%.

In all of the tests the amplitudes of the reflected pressure waves are quite close from the
application of the two theories but the compounding effect of the pressure error on the den-
sity, and the non-isentropic nature of the flow derived by the more complex theory, gives rise
to the more serious errors in the computation of the mass flow rate by the “constant pressure™
theory.

2.15 Reflection of pressure waves in tapered pipes

The presence of tapered pipes in the ducts of an engine is commonplace. The action of the
tapered pipe in providing pressure wave reflections is often used as a tuning element to sig-
nificantly enhance the performance of engines. The fundamental reason for this effect is that
the tapered pipe acts as either a nozzle or as a diffuser, in other words as a more gradual
process for the reflection of pressure waves at sudden expansions and contractions previously
debated in Secs. 2.10 and 2.11. Almost by definition the process is not only more gradual but
more efficient as a reflector of wave energy in that the process is more efficient and spread out
in terms of both length and time. As a consequence, any ensuing tuning effect on the engine is
not only more pronounced but is effective over a wider speed range.
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Chapter 2 - Gas Flow through Two-Stroke Engines

As a tapered pipe acts to produce a gradual and continual process of reflection, where the
pipe area is increasing or decreasing, it must be analyzed in a similar fashion, The ideal would
be to conduct the analysis in very small distance steps over the tapered length, but that would
be impractical as it would be a very time-consuming process.

A practical method of analyzing the geometry of tapered pipes is shown in Fig. 2.15. The
length, L, for the section or sections to be analyzed is usually selected to be compatible with
the rest of any computation process for the ducts of the engine [2.31]. The tapered section of
the pipe has a taper angle of 8 which is the included angle of that taper. Having selected a
length, L, over which the unsteady gas-dynamic analysis is to be conducted, it is a matter of
simple geometry to determine the diameters at the various locations on the tapered pipe.
Consider the sections | and 2 in Fig. 2.15. They are of equal length, L. At the commencement
of section 1 the diameter is dy, at its conclusion it is dy; at the start of section 2 the diameter is
dy and it is d,; at its conclusion.

Any reflection process for sections 1 and 2 will be considered to take place at the inter-
face as a “sudden’’ expansion or contraction, depending on whether the particle flow is acting
in a diffusing manner as in Fig. 2.15(b) or in a nozzle fashion as in Fig. 2.15(c). In short, the
flow proceeds in an unsteady gas-dynamic process along section 1 in a parallel pipe of repre-
sentative diameter d; and is then reflected at the interface to section 2 where the representa-

-
(a) the dimensioning of the tapered pipe

particle flow —— particle flow ——»

(b) flow in a diffuser (c) flow in a nozzle

Fig, 2,15 Treaiment of tapered pipes for unsteady gas-dynamic analysis.

125



Design and Simulation of Two-Stroke Engines

tive diameter is d;. This is the analytical case irrespective of whether the flow is acting in a

diffusing manner as in Fig. 2.15(b) or in a nozzle fashion as in Fig. 2.15(c). The logical

diameter for each of the sections is that area which represents the mean area between the start

and the conclusion of each section. This is shown below:

A, + Ay _ Ay + A,
2

Ay and Ay (2.15.1)

The diameters for each section are related to the above areas by:

2 2 2 2
+
dj = 1/51;—‘1'1 and d, = Jdb - de (2.15.2)

The analysis of the flow commences by determining the direction of the particle flow at
the interface between section 1 and section 2 and the area change which is occurring at that
position. If the flow is behaving as in a diffuser then the ensuing unsteady gas-dynamic analy-
sis is conducted using the theory precisely as presented in Sec. 2.10 for sudden expansions. If
the flow is behaving as in a nozzle then the ensuing unsteady gas-dynamic analysis s con-
ducted using the theory precisely as presented in Sec. 2.11 for sudden contractions.

2.15.1 Separation of the flow from the walls of a diffuser

One of the issues always debated in the literature is flow separation from the walls of a
diffuser, the physical situation being as in Fig. 2.15(b). In such circumstances the flow de-
taches from the walls in a central highly turbulent core. As a consequence the entropy gain 18
much greater in the thermodynamic situation shown in Fig. 2.9(a), for the pressure drop is not
as large and the temperature drop is also reduced due to energy dissipation in turbulence. It is
postulated in such circumstances of flow separation that the flow process becomes almost
isobaric and can be represented as such in the analysis set forth in Sec. 2.10. Therefore, if
flow separation in a diffuser is estimated to be possible, the analytical process set forth in Sec.
2.9 should be amended to replace the equation that tracks the non-isentropic flow mn the
normal attached mode, namely the momentum equation, with another equation that simulates
the greater entropy gain of separated flow, namely a constant pressure equation.

Hence, in Sec. 2.9, the set of equations to be analyzed should delete Eq. 2.10.4 (or as Eq.
2.10.9 in its final format) and replace it with Eq. 2.15.3 (or the equivalent Eg. 2.15.4) below.

The assumption is that the particle flow is moving, and diffusing, from section 1 to sec-
tion 2 as in Fig. 2.15(b) and that separation has been detected. Constant superposition pres-
sure at the interface between sections 1 and 2 produces the following function, using the same
variable nomenclature as in Sec. 2.9,

Psi — P2 =0 (2.15.3)
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Chapter 2 - Gas Flow through Two-Stroke Engines

This “constant pressure” equation is used to replace the final form of the momentum
equation in Eq. 2.10.9. The “constant pressure” equation can be restated in the form below as
that most likely to be used in any computational process:

X5 %37 =0 (2.15.4)

You may well inquire at what point in a computation should this change of tack analyti-
cally be conducted? In many texts in gas dynamics, where steady flow is being described,
either theoretically or experimentally, the conclusion reached is that flow separation will take
place if the particle Mach number is greater than 0.2 or 0.3 and, more significantly, if the
included angle of the tapered pipe is greater than a critical value, typically reported widely in
the literature as lying between 5 and 7°. The work to date (June 1994) at QUB would indicate
that the angle is of very little significance but that gas particle Mach number alone is the
important factor to monitor for flow separation. The current conclusion would be, phrased
mathematically:

If M) 20.65 employ the constant pressure equation, Eq. 2.15.4
If M) < 0.65 employ the momentum equation, Eq. 2.10.9 (2.15.5)

Future work on correlation of theory with experiment will shed more light on this subject,
as can be seen in Sec. 2.19.7. Suffice it to say that there is sufficient evidence already to
confirm that any computational method that universally employs the momentum equation for
the solution of diffusing flow, in steeply tapered pipes where the Mach number is high, will
inevitably produce a very inaccurate assessment of the unsteady gas flow behavior.

2,16 Reflection of pressure waves in pipes for outflow from a cylinder

This situation is fundamental to all unsteady gas flow generated in the intake or exhaust
ducts of a reciprocating IC engine. Fig. 2.16 shows an exhaust port (or valve) and pipe, or the
throttled end of an exhaust pipe leading into a plenum such as the atmosphere or a silencer
box. Anywhere in an unsteady flow regime where a pressure wave in a pipe is incident on a
pressure-filled space, box, plenum or cylinder, the following method is applicable to deter-
mine the magnitude of the mass outflow, of its thermodynamic state and of the reflected
pressure wave. The theory to be generated is generally applicable to an intake port (or valve)
and pipe for inflow into a cylinder, plenum, crankcase, or at the throttled end of an intake pipe
from the atmosphere or a silencer box, but the subtle differences for this analysis are given in
Sec. 2.17.

You may well be tempted to ask what then is the difference between this theoretical
treatment and that given for the restricted pipe scenario in Sec. 2.12, for the drawings in Figs.
2.16 and 2.12 look remarkably similar. The answer is direct. In the theory presented here, the
space from whence the particles emanate is considered to be sufficiently large and the flow so
three-dimensional as to give rise to the fundamental assumption that the particle velocity
within the cylinder is considered to be zero, i.e., ¢ is zero.
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CYLINDER
pt p
Tt Tg
Pt p2
ct co
]1 Ateff |A2
p1 >
>
?1 % «——piz .
Ry >— = >
—_—
N\ |pr2 .

Fig. 2,16 Outflow from a cylinder or plenum to a pipe.

The solution of the gas dynamics of the flow must include separate treatments for sub-
sonic outflow and sonic outflow. The first presentation of the solution for this type of flow
was by Wallace and Nassif [2,5] and their basic theory was used in a computer-oriented
presentation by Blair and Cahoon [2.6]. Probably the earliest and most detailed exposition of
the derivation of the equations involved is that by McConnell [2,7]. However, while all of
these presentations declared that the flow was analyzed non-isentropically, a subtle error was
introduced within the analysis that negated that assumption. Moreover, all of the earlier solu-
tions, including that by Bingham [2.19], used fixed values of the cylinder properties through-
out and solved the equations with either the properties of air (Y= 1.4 and R = 287 J/kgK) or
exhaust gas (Y= 1.35 and R = 300 J/kgK). The arithmetic solution was stored in tabular form
and indexed during the course of a computation. Today, that solution approach is inadequate,
for the precise equations in fully non-isentropic form must be solved at each instant of a
computation for the properties of the gas which exists at that location at that juncture.

Since a more complex solution, i.e., that for restricted pipes in Sect. 2.12, has already
been presented, the complete solution for outflow from a cylinder or plenum in an unsteady
gas-dynamic regime will not pose any new theoretical difficulties.

The case of subsonic particle flow will be presented first and that for sonic flow is given
in Sec. 2.16.1.

In Fig. 2.16 the expanding flow from the throat to the downstream superposition point 2
15 seen to leave turbulent vortices in the comers of that section. That the streamlines of the
flow give rise to particle flow separation implies a gain of entropy from the throat to area
section 2. On the other hand, the flow from the cylinder to the throat is contracting and can be
considered to be isentropic in the same fashion as the contractions debated in Secs. 2.11 and
2.12. This 1s summarized on the temperature-entropy diagram in Fig. 2.17 where the gain of
entropy for the flow rising from pressure p; to pressure pys is clearly visible. The isentropic
nature of the flow from p; to py, a vertical line on Fig. 2.17, can also be observed.

The properties and composition of the gas particles are those of the gas at the exit of the
cylinder to the pipe. The word “exit” is used most precisely, For most cylinders and plenums
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ISENTROPIC LINE P1

TEMPERATURE

(a) temperature-entropy characteristics for subsonic outflow.
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({b) temperature-entropy characteristics for sonic outflow.

Fig. 2.17 Temperature-entropy characteristics for cylinder or plenum outflow.

the process of flow within the cylinder is one of mixing. In which case the properties of the
gas at the exit for an outflow process are that of the mean of all of the contents. Not all internal
cylinder flow is like that. Some cylinders have a stratified in-cylinder flow process. A two-
stroke engine cylinder would be a classic example of that situation. There the properties of
the gas exiting the cylinder would vary from combustion products only at the commencement
of the exhaust outflow to a gas which contains increasingly larger proportions of the air lost
during the scavenge process; it would be mere coincidence if the exiting gas at any instant had
the same properties as the average of all of the cylinder contents.

This is illustrated in Fig. 2.25 where there are stratified zones labeled as CX surrounding
the intake and exhaust apertures. The properties of the gas in those zones will differ from the
mean values for all of the cylinder, labeled in Fig. 2.25 as P, Tc, etc., and also the gas
properiies R and ye. In that case a means of tracking the extent of the stratification must be
employed and these variables determined as Pcx, Tex, Rex, Yox, ete., and employed for
those properties subscripted with a 1 in the text below. Further debate on this issue is found in

Sec. 2.18.10.
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While this singularity of stratified scavenging should always be borne in mind, and dealt
with should it arise, the various gas properties for cylinder outflow are defined as:

T:Tl R‘_-:R] GE:GSI G-?=G-jr]. etc.

As usual, the analysis of flow in this context uses, where appropriate, the equations of
continuity, the First Law of Thermodynamiecs and the momentum equation.

The reference state conditions are:

Po Po
densit YOI Pe =m0 RS 2.16.1)
: RTy, RTp; {
acoustic VE]G«L"“}' dpy = apy = 1!‘79"]1]1 dpg = 1IITRTD'2 (2.16.2)

The continuity equation for mass flow in previous sections is still generally applicable
and repeated here, although the entropy gain is reflected in the reference acoustic velocity
and density at position 2:

m, —thy = 0 (2.16.3)

This equation becomes, where the particle flow direction is not conventionally significant:
PCeAJCier] - PoaX3 AsGsany (Xiz — X2) = 0 (2.16.4)
The above equation, for the mass flow continuity for flow from the throat to the down-
stream station 2, contains the coefficient of contraction on the flow area, C., and the coeffi-

cient of velocity, C;. These are conventionally connected in fluid mechanics theory to a coef-
ficient of discharge, Cy, to give an effective throat area, Ay, as follows:

Cyg=CcCs and Aggr = Cyiy
This latter equation of mass flow continuity becomes:
CaPiAe, — PorXss A2Gsaga(Xig — Xp2) = 0
The First Law of Thermodynamics was introduced for such flow situations in Sec. 2.8.

The analysis required here follows similar logical lines. The First Law of Thermodynamics
for flow from the cylinder to superposition station 2 can be expressed as:

2 2
C c
hI "l“—l = hsz + —s2
2 2
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i Gsaj - (Gsady +¢) = 0 (2.16.5)

The First Law of Thermodynamics for flow from the cylinder to the throat can be ex-
pressed as:

2 2
hy +—L = hy + -
2 2
ct
or, Cp(h - T) - i 0 (2.16.6)

The momentum equation for flow from the throat to superposition station 2 is expressed
as:
As(p, - PSI) +mg(c —cn)=0 (2.16.7)

The unknown values will be the reflected pressure wave at the boundary, ps, the refer-
ence temperature at position 2, namely Tp;, and the pressure, py, and the velocity, ¢, at the
throat. There are four unknowns, necessitating four equations, namely the mass flow equation
in Eq. 2.16.4, the two First Law equations, Eq.2.16.5 and Eq.2.16.6, and the momentum
equation, Eq.2.16.7. All other “onknown" quantities can be computed from these values and
from the “known” values. The known values are the downstream pipe area, A3, the throat
area, A, the gas properties leaving the cylinder, and the incident pressure wave, pjs.

Recalling that,

Gl17 G17 Gl17
X, = [’]—I] and X;, = ["i] and setting X, = [f-'-]
Po Po Po

then due to isentropic flow from the cylinder to the throat, the temperature reference condi-

tions are given by:
T
= amKI or Tm = A
X

As T} and X are input parameters to any given problem, then Ty is readily determined.
In which case, from Eqgs. 2.16.1 and 2.16.2, so are the reference densities and acoustic veloci-
ties for the cylinder and throat conditions. As shown below, so too can the density and tem-

perature at the throat be related to the reference conditions.

z
g
P = pﬂ-lxtqj and T[_ == { 01 T.)
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The continuity equation set in Eq. 2.16.4 reduces to:
XE3C A,¢; - pga(Xis + X, - 1) AsGaagy(Xis = X5) =0 (2.16.8)
PoiX "CaA; — Poa(Xiz + X2 = 1)~ AgGsagy(Xjp ~ Xpp) = -
The First Law of Thermodynamics in Eq.2.16.5 reduces to:
2 2 2 2
GslagiX;)™ - [(ﬂsﬂuz(xiz - X)) + Gsaga(Xip + Xpp —1) ] (2.16.9)
The First Law of Thermodynamics in Eq. 2.16.6 reduces to:
2 2] 2
Gel(a0iX,)’ - (agnX,)] -2 = 0 (216.10)
The momentum equation, Eq. 2.16.7, reduces to:
G7
Pﬂ[xrm - (Xijg + X2 - 1) ]

G5
1{Puz(Xiz +Xpo = 1) X Gsapp(Xjp - sz)] % (2.16.11)

[e; — Gsaga(Xis - Xp)| =0

The five equations, Eqs.2.16.8 to 2.16.11, cannot be reduced any further as they are poly-
nomial functions of the four unknown variables, X5 , X, ag7, and ¢;. These functions can be
solved by a standard iterative method for such problems. I have determined that the Newton-
Raphson method for the solution of multiple polynomial equations is stable, accurate and
rapid in execution. The arithmetic solution on a computer is conducted by a Gaussian Elimi-
nation method.

2.16.1 Outflow from a cylinder where sonic particle velocity is encountered

In the above analysis of unsteady gas outflow from a cylinder the particle velocity at the
throat will quite commonly be found to reach, or even attempl to exceed, the local acoustic
velocity. This is not possible in thermodynamic or gas-dynamic terms. The highest particle
velocity permissible is the local acoustic velocity at the throat, i.e., the flow is permitted to
become choked. Therefore, during the mathematical solution of Eqs. 2.16.8 to 2.16.11, the
local Mach number at the throat is monitored and retained at unity if it is found to exceed it.

£

As, M = =1 then ¢ =apX, 2.16.12
ap Xy { )
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Also, contained within the solution of the First Law of Thermodynamics for outflow
from the cylinder to the throat, in Eq. 2.16.10, is a direct solution for the pressure ratio from
the cylinder to the throat. The combination of Eqs. 2.16.10 and 2.16.12 provides:

Gj{[ﬂmxl)z = {ﬂmxt}l} = (ﬂmxt]z =0

G35
-.}5. = L or P _ i (2.16.13)
K] Gs +1 P Y+ | o

The pressure ratio from the cylinder to the throat where the flow at the throat is choked,
1.e., where the Mach number at the throat is unity, is known as “the critical pressure ratio.” Its
deduction is also to be found in many standard texts on thermodynamics or gas dynamics. It is
applicable only if the upstream particle velocity is considered to be zero. Consequently it is
not a universal “law” and its application must be used only where the thermodynamic as-
sumptions used in its creation are relevant. For example, it is not employed in either Secs.
2.12.1 or 2.17.1.

This simplifies the entire procedure because it gives a direct solution for two of the un-
knowns and replaces two of the four equations employed above for the subsonic solution. It is
probably easier and more accurate from an arithmetic standpoint to eliminate the momentum

Consequently,

" equation, use the continuity and the First Law of Eqgs. 2.16.8 and 2.16.9, but it is more accu-

rate thermodynamically to retain it!

The acquisition of all related data for pressure, density, particle velocity and mass flow
rate at both superposition stations and at the throat follows directly from the solution of the
two polynomials for X, and agp.

2.16.2 Numerical examples of outflow from a cylinder

The application of the above theory is illustrated by the calculation of outflow from a
cylinder using the data given in Table 2.16.1. The nomenclature for the data is consistent with
the theory and the associated skeich in Fig. 2.17. The units of the data, if inconsistent with
strict SI units, is indicated in the several tables. The calculation output is shown in Tables

2162 and 2.16.3.

Table 2.16.1 Input data to calculations of outflow from a cylinder

No. Py Ty °C Iy dgemm dz mm Cy Piz M2

1 5.0 1000 0.0 3 30 09 1.0 0.0
2 5.0 1000 1.0 3 30 0.8 1.0 1.0
3 1.8 500 0.0 25 30 0.75 1.0 0.0
< 1.8 500 0.0 25 30 0.75 1.3 0.0
5 1.8 500 0.0 25 30 0.75 0.9 0.0
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Table 2,16.2 Output from calculations of outflow from a cylinder

No. Pea Pga Tgz °C Py Ty °C I'h“ a/s
1 1.0351 1.0351 9858.9 2.676 B05.8 3.54
2 1.036 1.036 989.9 2.641 7B7.8 3.66
3 1.554 1,554 486,4 1.319 440.0 B5.7
4 1.528 1.672 4825 1.546 469.5 68.1
5 1.538 1.392 479.9 1.025 392.9 943

Table 2.16.3 Further output from calculations of outflow from a cylinder

No. Cy M Cga Mgz Ap1 & ap dpz
1 663.4 1.0 18.25 0.025 582.4 174
2 652.9 1.0 18.01 0.025 568.3 Ti11.6
3 372.0 0.69 175.4 0.315 9196 525.1
4 262.9 0.48 130.5 0.234 519.6 522.1
5 492.7 0.945 213.5 0.385 519.6 530.5

The input data for test numbers 1 and 2 are with reference to a “blowdown” situation
from gas at high temperature and pressure with a small-diameter port simulating a cylinder
port or valve that has just commenced its opening. The cylinder has a pressure ratio of 5.0 and
a temperature of 1000°C. The exhaust pipe diameter is the same for all of the tests, at 30 mm.
In tests | and 2 the port diameter is equivalent to a 3-mm-diameter hole and has a coefficient
of discharge of 0.90. The gas in the cylinder and in the exhaust pipe in test 1 has a purity of
zZero, i.e., it is all exhaust gas.

The purity defines the gas properties as a mixture of air and exhaust gas where the air 15
assumed to have the properties of specific heats ratio, ¥, of 1.4 and a gas constant, R, of 287 J/
kgK. The exhaust gas is assumed (o have the properties of specific heats ratio, v, of 1.36 and
a gas constant, R, of 300 J/kgK. For further explanation see Eqgs. 2.18.47 to 2.18.50.

To continue, in test 1 where the cylinder gas is assumed to be exhaust gas, the results of
the computation in Tables 2.16.2 and 2.16.3 show that the flow at the throat is choked, i.e., M,
is 1.0, and that a small pulse with a pressure ratio of just 1.035 is sent into the exhaust pipe.
The very considerable entropy gain is evident by the disparity between the reference acoustic
velocities at the throat and at the pipe, ag and ago, at 582.4 and 717.4 m/s, respectively. It is
clear that any attempt to solve this flow regime as an isentropic process would be very inaccu-
Fate.

The presentation here of a non-isentropic analysis with variable gas properties is unique
and its importance can be observed by a comparison of the results of tests 1 and 2. Test data
set 2 15 identical to set number 1 with the exception that the purity in the cylinder and in the
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pipe is assumed to be unity, i.e., it is air. The mass flow rate from data set 1 is 3.54 g/s and it
is 3.66 g/s when using data set 2; that is an error of 3.4%. Mass flow errors in simulation
translate ultimately into errors in the prediction of air mass trapped in a cylinder, a value
directly related to power output. This error of 3.4% is even more significant than it appears as
the effect is compounded throughout the entire simulation of an engine when using a com-
puter.
The test data sets 3 to 5 illustrate the ability of pressure wave reflections to dramatically
influence the “breathing” of an engine. The situation is one of exhaust from a cylinder from
gas at high temperature and pressure with a large-diameter port simulating a cylinder port or
valve which is at a well-open position. The cylinder has a pressure ratio of 1.8 and a tempera-
ture of 500°C. The exhaust pipe diameter is the same for all of the tests, at 30 mm. The port
diameter is equivalent to a 25-mm-diameter hole and has a typical coefficient of discharge of
0.75. The gas in the cylinder and in the exhaust pipe has a purity of zero, i.e., it is all exhaust
gas, The only difference between these data sets 3 to 5 is the amplitude of the pressure wave
in the pipe incident on the exhaust port at a pressure ratio of 1.0, i.e., undisturbed conditions,
orat 1.1, i.c., providing a modest opposition to the flow, or at 0.9, i.e., a modest suction effect
on the cylinder, respectively. The results show considerable variations in the ensuing mass
flow rate exiting the cylinder, ranging from 85.7 g/s when the conditions are undisturbed in
test 3, to 68.1 g/s when the incident pressure wave is of compression, to 94.3 gfs when the
incident pressure wave is one of expansion. These swings of mass flow rate represent varia-
tions of —=20.5% to +10%. It will be observed that test 4 with the lowest mass flow rate has the
highest superposition pressure ratio, Pga, at the pipe point, and test 5 with the highest mass
flow rate has the lowest superposition pressure in the pipe. As this is the pressure that would
be monitored by a fast response pressure transducer, one would be tempted to conclude that
test 3 is the one with the stronger wave action. Such is the folly of casually examining mea-
sured pressure traces in the exhaust ducts of engines; this opinion has been put forward before
in Sec. 2.2.1.

This illustrates perfectly both the advantages of utilizing pressure wave effects in the
exhaust system of an engine to enhance the mass flow through it, and the disadvantages of
poorly designing the exhaust system. These simple numerical examples reinforce the opin-
ions expressed earlier in Sec. 2.8.1 regarding the effective use of reflections of pressure waves

in exhaust pipes.

2.17 Reflection of pressure waves in pipes for inflow to a cylinder

This situation is fundamental to all unsteady gas flow generated in the intake or exhaust
ducts of a reciprocating IC engine. Fig. 2.18 shows an inlet port (or valve) and pipe, or the
throttled end of an intake pipe leading into a plenum such as the atmosphere or a silencer box.
Anywhere in an unsteady flow regime where a pressure wave in a pipe is incident on a pres-
sure-filled space, box, plenum or cylinder, the following method is applicable to determine
the magnitude of the mass inflow, of its thermodynamic state and of the reflected pressure
Wave.

In the theory presented here, the space into which the particles disperse is considered to
be sufficiently large, and also three-dimensional, to give the fundamental assumption that the
particle velocity within the cylinder is considered to be zero.
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Fig. 2,18 Inflow from a pipe to a cvlinder or plenum.

éi=0 (2.17.1)

The case of subsonic particle flow will be presented first and that for sonic flow is given
in Sec. 2.17.1.

In Fig. 2.18 the expanding flow from the throat to the cylinder gives pronounced turbu-
lence within the cylinder. The traditional assumption is that this dissipation of turbulence
energy gives no pressure recovery from the throat of the port or valve to the cylinder. This
assumption applies only where subsonic flow is maintained at the throat.

Pt =Py (2.17.2)

On the other hand, the flow from the pipe to the throat is contracting and can be consid-
ered to be isentropic in the same fashion as other contractions debated in Secs. 2.11 and 2.12,
This is summarized on the temperature-entropy diagram in Fig. 2.19 where the gain of en-
trapy for the flow rising from pressure p; to cylinder pressure p; is clearly visible. The isen-
tropic nature of the flow from pg3 to py, a vertical line on Fig. 2.19, can also be observed.

The properties and composition of the gas particles are those of the gas at the superposi-
tion point in the pipe. The various gas properties for cylinder inflow are defined as:

T=1Ys l?.:[-{2 ('js=|{'j|51 G?=G72,c[£:.

As usual, the analysis of flow in this context uses, where appropriate, the equations of
continuity, the First Law of Thermodynamics and the momentum equation. However, the
momentum equation is not employed in this particular analysis for subsonic inflow, as the
constant pressure assumption used in Eq. 2.17.2 reflects an even higher gain of entropy, i.e.,
energy dissipation due to turbulence, than would be the case if the momentum equation were
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(a) temperature-entropy characteristics for subsonic
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(b) temperature-entropy characteristics for sonic

Fig. 2.19 Temperature-entropy characteristics for eylinder or plenum inflow.

to be involved. The constant pressure assumption has been used in this regard before within
this text, notably in the section dealing with diffusing flow in tapered pipes (Sec. 2.15.1).

The reference state conditions are:

Po Po
densit Poz =P = Po1 = 2.17.3
y RTy, RTy, (Lo
acoustic velocity  agy; = ag, = YRTp;  ag; = JRTy (2.17.4)
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The continuity equation for mass flow in previous sections is still generally applicable
and repeated here, although the isentropic process from pipe to throat is reflected in the ensu-
ing theory:

M, -y = 0 (2.17.5)

This equation becomes, where the particle flow direction is not conventionally significant:
G5 :
PCeAJCser] — poaXsa AgGsany(Xip — Xe3) = 0 (2.17.6)

The above equation, for the mass flow continuity for flow from the throat to the down-
stream station 2, contains the coefficient of contraction on the flow area, C., and the coeffi-
cient of velocity, Cy. These are conventionally connected in fluid mechanics theory to a coef-
ficient of discharge, Cg, to give an effective throat area, Ay o5, as follows:

Cg=C,Cy and Ager=Cyiy
This latter equation of mass flow continuity becomes:

. G5 _
CaPAe; = PoaXss AaGsags (Xip = Xpp) = 0

The First Law of Thermodynamics for flow from the pipe to the throat can be expressed

a5.
2 s
Cn C
hy +—= = h, +—L
g T Y g
2 2
o o]
or, Cp(Ty = T,) + [?2 = ?‘J =0 (2.17.7)

The unknown values will be the reflected pressure wave at the boundary, py2, and the
velocity, cy, at the throat. There are two unknowns, necessitating two eqguations, namely the
mass flow equation in Eq. 2.17.6, and the First Law equation, Eq. 2.17.7. All other “un-
known” quantities can be computed from these values and from the “known" values. The
known values are the downstream pipe area, Ag, the throat area, A, the gas properties at the
superposition position 2 in the pipe, and the incident pressure wave, pi2.

It will be recalled that,

G17 Gl17 G17 Gl17
Xy = [ﬂ] and X = [ﬂ) and setting X, = [ﬂJ = [ﬂ—]
Po Po PO
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The reference temperature for the cylinder is given by:

T
a1 = amxl or Tﬂ] = E!;:,."

As Ty and X are input parameters to any given problem, then Ty is readily determined.
In which case, from Eqs. 2.17.1 and 2.17.2 so are the reference densities and acoustic veloci-
ties for the cylinder and throat conditions. As shown below, the density and temperature at
the throat are related to their isentropic reference conditions and to the assumption regarding
the throat pressure equality with cylinder pressure.

GS G5 {ﬂuzxi)z
P = PpaXy = pppX;~ and T, TR

The continuity equation set in Eq. 2.17.6 reduces to:
x&c G2 Xip - Xp)=0  (217.8)
PozX1 CaArey — Poa(Xiz + Xz — 1) AxGsagy(Xiy — Xp) = -L/

The First Law of Thermodynamics in Eg. 2.17.7 reduces to:

[Gﬁ(“[ﬂ{xiz +Xpp — ’)]'2 = Gs(ﬂnle}z]

2 2 (2.17.9
+|:(G5&I12[xi2 -Xp)) —c ] =0

The two equations, Eqgs. 2.17.8 and 2.17.9, cannot be reduced any further as they are
polynomial functions of the two variables, X;; and c,. These functions can be solved by a
standard iterative method for such problems. I have determined that the Newton-Raphson
method for the solution of multiple polynomial equations is stable, accurate and rapid in
execution. The arithmetic solution on a computer is conducted by a Gaussian Elimination

method.

2.17.1 Inflow to a cylinder where sonic particle velocity is encountered

In the above analysis of unsteady gas outflow from a cylinder the particle velocity at the
throat will quite commonly be found to reach, or even attempt to exceed, the local acoustic
velocity. This is not possible in thermodynamic or gas-dynamic terms. The highest particle
velocity permissible is the local acoustic velocity at the throat, i.e., the flow is permitted to
become choked. Therefore, during the mathematical solution of Eqs. 2.17.8 and 2.17.9, the
local Mach number at the throat is monitored and retained at unity if it is found to exceed it.
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- Ay

As, M, =

=1 then c, = apX
80y X, t 0244 (2.17.10)

The solution for the critical pressure ratio in Sec. 2.16.1 cannot be used here as the pipe,
1.e., upstream, particle velocity is not zero.

This simplifies the entire procedure for this gives a direct relationship between two of the
unknowns. However, this does not reduce the solution complexity as it also eliminates a
previous assumption for the subsonic flow regime that the throat pressure is equal to the
cylinder pressure, i.e., as shown in Eq. 2.17.2. Therefore, the previous equations, Eqgs. 2.17.8
and 2.17.9, must be revisited and that assumption removed:

The continuity equation set in Eq. 2.17.8 becomes:

G6 G5
agaPoaX; CyAy — poa(Xia + Xpp = 1) 7 AgGsag(Xj; = Xp) =0 (2.17.11)

The First Law of Thermodynamics in Eq. 2.17.9 becomes:

[Gs(‘*m(xiz + X — 1])1 = GS{HUEKI)E:[

(2:17.12)
{(Gsﬂuz(xiz - xrz]}z — (agaX, ]2] =0

The two equations, Egs. 2.17.11 and 2.17.12, cannot be reduced any further as they are
polynomial functions of the two variables, X and X. These functions can be solved by a
standard iterative method for such problems. I have determined that the Newton-Raphson
method for the solution of multiple polynomial equations is stable, accurate and rapid in
execution. The arithmetic solution on a computer is conducted by a Gaussian Elimination
method.

The acquisition of all related data for pressure, density, particle velocity and mass flow
rate at the pipe superposition station and at the throat follows directly from the solution of the
two polynomials for X7 and X,.

2.17.2 Numerical examples of inflow into a cylinder

The application of the above theory is illustrated by the calculation of inflow into a cylin-
der using the data given in Table 2.17.1. The nomenclature for the data is consistent with the
theory and the associated sketch in Fig. 2.18. The units of the data, if inconsistent with strict
SI units, are indicated in the several tables. The calculation output is shown in Tables 2.17.2
and 2.17.3.

The input data for all of the tests are with reference to a normal intake situation from air
at an above-atmospheric temperature and atmospheric pressure through a large port, equiva-
lent to 20 mm diameter with a discharge coefficient of 0.75, simulating a cylinder port or
valve near its maximum opening. The cylinder has a pressure ratio of 0.65 and a temperature
of 70°C. The reference temperature at the pipe point is 70°C, an apparently high temperature
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Table 2.17.1 Input data to calculations of inflow into a cylinder

No. Py Tagz °C P4 dgmm dzmm Cy Piz Pz

1 0.85 70 1.0 20 30 0.75 1.0 1.0
3 0.65 70 1.0 20 30 0.75 0.3 1.0
2 0.65 70 1.0 20 30 0.75 1.2 1.0
4 065 40 1.0 20 30 0.75 1.2 1.0

Table 2.17.2 Output from calculations of inflow into a cylinder

No. Pm Psa Tez °C Py Ty °C lilﬂ als
1 0.801 0.801 48.9 0.65 30.3 36.0
3 0.779 0.698 36.5 0.65 30.3 21.1
2 0.910 1.095 789 0.65 30.3 57.3
4 0.910 1.085 482 0.65 3.75 60.0

Table 2.17.3 Further output from calculations of inflow into a cylinder

No. Gt My Ca2 Msz ap & ag
1 201.9 0.578 58.0 0.161 371.2
3 118.2 0.338 374 0.106 371.2
2 321.4 0.921 73.8 0.196 a7r1.2
4 307.0 0.921 70.5 0.198 354.6

that would be quite normal for an intake system, the walls of which have been heated by
conduction from the rest of the power unit. The intake pipe diameter is the same for all of the
tests—30 mm. The gas in the cylinder and in the induction pipe has a punty of 1.0, 1.e., it is air.
The test data sets 1, 2 and 3 illustrate the ability of pressure wave reflections to influence
the “breathing” of an engine. The difference between the data sets | to 3 is the amplitude of
the pressure wave in the pipe incident on the intake port at a pressure ratio of 1.0, i.e., undis-
turbed conditions, or at 0.9, i.e., providing a modest opposition to the flow, orat 1.2, i.e., a
good ramming effect on the cylinder, respectively. The results show very considerable varia-
tions in the ensuing mass flow rate entering the cylinder, ranging from 36.0 g/s when the
conditions are undisturbed in test 1, to 21.1 g/s when the incident pressure wave is one of
expansion, to 57.3 g/s when the incident pressure wave is one of compression. These varia-
tions in mass flow rate represent changes of —41.4% to +59.2%. “Intake ramming,” first
discussed in Sec. 2.8.2, has a profound effect on the mass of air which can be induced by an
engine. Equally, if the intake system is poorly designed, and provides expansion wave reflec-
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tions at the intake valve or port during that process, then the potential for the deterioration of
induction of air is equally self-evident.

The test data set 4 is almost identical to that of test data set 2, except that the intake
system has been cooled, as in “intercooled” in a modem turbo-diesel automobile engine, to
give a reference air temperature at the pipe point of 40°C in comparison to the hotter air at
70°C in test data set 2, The density of the intake air has been increased by 8.8%. This does not
translate directly into the same order of increase of air mass flow rate. The computation
shows that the air mass flow rate rises from 57.1 to 60.0 g/s, which represents a gain of 5.1%.
However, as intake air flow and torque are almost directly related, the charge cooling in test
data set 4 would indicate a useful gain of torque and power of the latter percentage,

2.18 The simulation of engines by the computation of unsteady gas flow

Many computational methods have been suggested for the solution of this theoretical
situation, such as Riemann variables [2.10], Lax-Wendroff [2.42] and other finite difference
procedures [2.46], and yet others [2.12, 2.49]. The basic approach adopted here is to re-
examine the fundamental theory of pressure wave motion and adapt it to a mesh method
interpolation procedure. At the same time the boundary conditions for inflow and outflow,
such as the filling and emptying of engine cylinders, are resolved for the generality of gas
properties and in terms of the unsteady gas flow that controls those processes. The same
generality of gas property and composition is traced throughout the pipe system. This change
of gas property is very significant in two-stroke engines where the exhaust blowdown is
followed by short-circuited scavenge air. It is also very significant at varying load levels in
diesel engines. Vitally important in this context is the solution for the continual transmission
and reflection of pressure waves as they encounter both differing temperature gradients and
gas properties, and both gradual and sudden changes of area throughout the engine ducting.
Of equal importance is the ability of the calculation to predict the effect of internal heat
generation within the duct or of external heat transfer with respect to it, and to be able to trace
the effect of the ensuing gas temperature change on both the pressure wave system and the net
zas flow.

The computation of unsteady gas flow throngh the cylinders of reciprocating internal-
combustion engines 1s a technology which is now nearly forty years old. The original paper
by Benson ef al. [2.10] formalized the use of Rieman variables as a technique for tracing the
motion of pressure waves in the ducts of engines and the effect on the filling and emptying of
the cylinders attached to them. Subsequently, other models have been introduced using finite
difference techniques [2.29] and Lax-Wendroff methods [2.42, 2,46, 2.49], Many technical
papers and books have been published on this subject, including some of mine, which are
listed in the references.

For a more complete discussion of this subject, and in particular for the description of the
previous computational procedures produced by authors from the University of Manchester
(UMIST) and QUB, the textbooks by Benson [2.4] and Blair [2.25], and the papers by Chen
[2.47] and Kirkpatrick er al. [2.41] may be studied.

This introduction is somewhat brief, for a full discussion of the computational proce-
dures developed by others would fill, indeed they have filled, many a textbook, let alone an
introduction to this chapter. Consequently, many scores of worthy contributors to the litera-
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ture have not been cited in the references and I hope that those who are not mentioned here
will not feel slighted in any way.

[ started working in the era when the graphical method of characteristics [2.8] was the
only means of computing unsteady gas flow in pipes. While cumbersome in the arithmetic
extreme before the advent of the digital computer, and hence virtually ineffective as a design
tool, it had the considerable merit of giving an insight into unsteady gas flow in a manner
which the Riemann variable, the finite difference or Lax-Wendroff methods have never pro-
vided. Doubtless the programmers of such computational techniques have gained these n-
sights, but this rarely, if ever, applied to the users of the software, i.e., the engineers and
engine designers who had to employ it. As one who has taught such computational techniques
to several generations of students, it can be confirmed that the insights gained by students
always occurred most readily from lectures based on the papers produced by Wallace ef al.
[2.5] or the notes produced by Bannister [2.2]. These latter papers were all based on the
fundamentals of pressure wave motion. Actually one author, Jones [2.9], succeeded in solv-
ing the graphical method of characteristics by a computational procedure.

For some time, I have been re-examining many of these computational procedures to
improve the quality of the design tool emanating from them and have found that, for one
reason or another, all of the available methods fall short of what is required for engine design
needs, In particular, as two-stroke cycle engines appear to have considerable potential as
future automobile powerplants, or require to be redesigned to incorporate stratified charging
for the reduction of emissions for the simpler engines used in lawnmowers, mopeds, and
chainsaws, a design model firmly based on the motion of pressure waves is absolutely essen-
tial. At the same time the computational model must be able to trace with great accuracy the
rapidly changing gas properties in the cylinder and in the exhaust pipe, where the exhaust gas
from blowdown is rapidly followed by large amounts of fresh air, or fresh air and fuel, into
the exhaust pipe and onward through an exhaust catalyst or silencer. Equally, for outboard
engines, where the exhaust is often intemnally water-cooled, unless the model can incorporate
the thermodynamic effects of that water “injection,” it will be less than useful as a design
tool. Diesel engines, be they two- or four-stroke cycle units, also have gas properties in the
exhaust system that vary considerably as a function of the load level.

Unlike the four-stroke cycle engine, the two-stroke engine is heavily dependent on pres-
sure wave effects for the scavenging and charging processes and the model therefore must be
based on their transmission, propagation and reflections. It must not be thought that the
theoretical model described below is uniquely applicable to a two-stroke cycle engine, for
such is not the case. Indeed, the many recent papers on inlet manifold “tuning,” employed as
a means of modifying the volumetric efficiency-speed curve as a precursor to altering the
torque curve, indicates the growing interest in the prediction of unsteady gas motion by the
designers of four-stroke engines.

It should not be assumed that the four-stroke spark-ignition engine is immune from these
effects. The common occurrence of blowback into the inlet tract during the valve overlap
period at the end of the exhaust stroke necessitates the tracking of vanable gas properties
within that duct. If this does not happen then a very inaccurate assessment of the ensuing air
flow into the cylinder and of its trapped charge purity will result.
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A further requirement is also essential for a simulation model that describes the com-
plexities of pressure wave motion in an engine; its principles must be capable of being under-
stood by the users, otherwise the process of optimizing a given design will not only be long-
winded and tedious, but prone to decision making on geometrical aspects of the engine which
are illogically correct at one engine speed and load, yet disastrously wrong at another. Such
dichotomies must be thoroughly checked out by a designer who understands the fundamental
principles on which the model is based.

The basis of the theoretical model employed here, dubbed the GPB model, fulfills all of
the criteria specified above.

2.18.1 The basis of the GPB computation model

The unsteady gas flow process being modeled is illustrated in Fig. 2.20. It is also the same
process that has been debated throughout this chapter. The computational procedure is some-
what similar to that found in other characteristics solutions. The pipe or pipes in the ducts of
the engine being modeled are divided into meshes of a given length, L. The pressure waves
propagating leftward and rightward are shown in Fig. 2.20 and at the instant that snapshot is
taken for a particular mesh labeled as J, the pressure values at the left end are pg and pr and
at the right end are pr) and pr.;. The gas in the mesh space has properties of gas constant, R,
and specific healts ratio, y, which are assumed to be known at any instant of time. The refer-
ence density, pg, and temperature, Ty, are also assumed to be known at any instant. As the
diameter, d, and the volume, V, of the mesh space are a matter of geometrical fact, the mass m
the mesh space can be determined at that instant. The average pressure throughout the mesh
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Fig, 2.20 Meshing of the duct for pressure wave propagation.
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space can be considered to be the mean of the superposition pressures at each end of the mesh.
The average superposition pressure amplitude ratio is given by Xj:

_ (Xg + Xy —1) + (Xgg + X - 1)
2

(2.18.1)

X;

Consequently the average pressure, pj, density, py, and temperature, T}, are found from:

py = poXy' (2.18.2)
py = poX§° (2.18.3)
Ty, = TyX} (2.18.4)

The acoustic velocity, aj, and mass, my, in the mesh are obtained by:

dj =aﬂXj [2.!3.5]

b1
my =p;Vy where Vj = ?dlL (2.18.6)

What is required of the GPB computation model is to determine:

(a)

(&)

(c)
(d)

(e)

The effect of the motion of the pressure waves at either end of the mesh during
some suitable time interval, dt, on the thermodynamics of the gas in the mesh space,
1.

The effect of the motion of the pressure waves at the right-hand end of the mesh, J-1, or
the left-hand end of mesh, J+1, during some suitable time interval, dt, on the ther-
modynamics of the gas in the mesh space, J.

The effect of the motion of the pressure waves propagating during time, dt, through
mesh space, ], on their alteration in amplitude due to friction or area change.

The effect on the pressure waves after arriving at the right-hand end of the mesh J,
or at the left-hand end of mesh I, and encountering differing gas properties in adja-
cent mesh spaces, J+1 and J-1, respectively.

The effect on the pressure waves after arriving at the right-hand end of the mesh J,
or at the left-hand end of mesh J, and encountering a geometrical discontinuity
such as a throttle, the valve or port of an engine cylinder, a branch in the pipe
system, or an increase or decrease i duct area.

The first and most basic problem in any such computation model is to select the time
interval at each step of the computation.
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2.18.2 Selecting the time increment for each step of the calculation

It is not essential that the mesh lengths in the inlet or exhaust pipes be equal, or be equal
in any given section of an inlet or exhaust system. The reasoning behind these statements is
found in the arithmetic nature of the ensuing iterative procedures, where interpolation of
values is permissible, but extrapolation is arithmetically unstable [2.14]. This is best seen in
Fig. 2.21. The calculation is to be advanced in discrete time steps. The value of the time step,
dt, is obtained by sweeping each mesh space throughout the simulated pipe geometry and
determining the “fastest” propagation velocity in the system. In the example illustrated in Fig.
2,21 this happens to be at some other mesh than mesh J. At either end of the mesh the pressure
waves, pr and py and pr) and py 1, induce left and right running superposition velocities, otg
and oy . These superposition velocities can be determined from Eqs. 2.2.8 and 2.2.9.

It is assumed that there are linear variations within the mesh length, L, of pressure and
propagation velocity.

Consequently, the time increment, dt, at mesh J is the least value of time taken to traverse
the mesh J, where L is the mesh length peculiar to mesh J, by the fastest of any one of the four
propagation modes at either end of mesh I:

L
dt = L or dt = or dt = or dt =—— (2.18.7)

LT L Ger Rl

This ensures that all subsequent iterative procedures are by interpolation, thus satisfying
the Courant, Friedrich and Lewy “stability criterion” [2.14].
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Fig. 2.21 The propagation of the pressure waves within mesh J.
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2.18.3 The wave transmission during the time increment, dt

This 1s illustrated in Fig, 2.21. Consider the mesh J of length L. At the left end of the mesh
the rightward-moving pressure wave, pg, is not propagating fast enough at egg to reach the
nght end of the mesh in time dt. Consequently, a value of superposition propagation velocity,

, from a wave point of pressure amplitude ratio, X, linearly related to its physical position
pand the pg and pr; values, will just index the right end of the time-distance point at time dt,
while it 1s being mutually superposed upon a leftward pressure wave, O, emanating from
physical position g. This leftward-propagating pressure wave point of amplitude Xq will just
indent the left-hand intersection of the time-distance mesh during the time increment dt. The
values of Xq and i are also linearly related to their physical position and in terms of the
leftward wave pressures, Xj and X, at either end of mesh J.

In short, the calculation presumption is that between any two meshes there is a linear
variation of wave pressure, wave superposition pressure and superposition propagation ve-
locity, both leftward and rightward, and that the values of X and X4 will, should no other
effect befall them, become the new values of rightward and leftward pressure wave at either
end of mesh J at the conclusion of time increment dt.

2.18.4 The interpolation procedure for wave transmission through a mesh

Having determined the time increment for a calculation step, and knowing the gas prop-
erties within any mesh volume for that transmission, the simulation must now determine the
values of X, and X, within the terms outlined above. The situation is as sketched in Fig.

2.21,
The propagation of rightward wave X, through leftward wave Xg is conducted at super-

position velocities, o, and oy, respectively. Retaining the sign convention that rightward
motion is positive, then from Egs. 2.2.9 and 2.2.10, these values of propagation velocity are

determined as,
o, = ag(GgX, — G4Xq —1) (2.18.8)
g = -29(GeXq — GyX, — 1) (2.18.9)
The time taken from their respective dimensional starting points, p and g, is the same, dt,

where dt is equal to the minimum time step inferred from the application of the stability

criterion in Sec. 2.18.2,
Therefore, and determining the arithmetic values of the lengths x, and xg,

xp = gt (2.18.10)
xq = forgldt (2.18.11)

The dimensional values Xp and Xg also relate to the numeric values of Xﬂ and }{q as linear
variations of the change of wave pressure between the two ends of the mesh J boundaries.
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Thus,
L-x
X, = Xg + (Xg; - xg)——ﬂL (2.18.12)
L-%4
Eliminating x, and x4 from Eqs. 2.8.10-13, produces two further equations,
Xpi —Xp _ agd
= GeX, —G4X, -1
S (GeX, — GaXq — 1) (2.18.14)
X=X apdt _
L = 202 (GeXy — GyX, - 1) (2.18.15)

By defining the following groupings of variables as terms A to E, Eqs. 2.18.14 and 2.18.15
become Eqgs. 2.18.16 and 2.18.17. The variables in the terms A-E are ones which would be
“known” guantities at the commencement of any mesh calculation.

A = E(Xg; - Xg)

B = E(Xp, - X;)

c=2r1
A
5.5
B
B agdt
L
1
XP[GE + I)— 54}{[‘ -C-1=0 (2.18.16)
1
Xq(Gﬁ + I]"— G4XP -D-1=0 (2.18.17)
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These simultaneous equations can be solved for the unknown quantities, X, and X, after
further collections of known terms within Fp and Fy, are made for simplification:

Gﬁ o e
Fp = A
Gy
ik
R, = B
L
Gy
The final outcome is that:
_1+D+F +RKC
- 2.18.18
P Gy(FrFL - 1) GBI
X = 1+ C+Fp + gD
= (2.18.19)

b Gy(FrFy, — 1)

Thus, assuming that the value of wave pressure is going to be modified by friction or area
change during its travel during the time step, the new values of leftward and rightward wave
pressures at the left- and right-hand ends of mesh J, X;; and X, at the conclusion of the time
step, dt, are going to be given by:

XRinew = Xp +{* friction effects (+) area change effects} (2.18.20)
Xpnew = Xg + {= friction effects (+) area change effects} (2.18.21)

Each particle within the mesh space is assumed to experience this superposition process
involving the pressure waves, p, and py. Consequently the new values of the unsteady gas-
dynamic parameters attributed to the particles undergoing this superposition effect are:

pressure amplitude ratio Xe=Xp+ Xq -1 (2.18.22)
= G7 2.18.23

pressure Pe = PoXs (2.18.23)

density Py = PoXS® (2.18.24)
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temperature Ty = Tu){f (2.18.25)

particle velocity ¢ = Gsag(X, — Xg) (2.18.26)

2.18.5 Singularities during the interpolation procedure

It is obvious that arithmetic problems could arise with the procedure given in Sec. 2.18.4
if the values of Xg and Xg1, or the values of Xj and X}, are equal. This would certainly be
true in a model start-up situation, where the pipes would be “dead™ and all of the array ele-
ments of pressure amplitude ratio Xg, Xg{, X and Xj | would be unity. In that situation the
values of A and B would be zero, C and D would be infinity and the calculation would
collapse. Therefore, separate solutions are required for the wave pressures, X, and X, in
these unique situations, either at start-up or as cover during the course of a complete calcula-
tion. The solution is fairly straightforward using Eqs. 2.18.16 and 2.18.17, for the three pos-
sibilities (a)-(c) involved.

In case (1) the following is the solution if it is true that X is equal to Xg;:

X, = Xg) (2.18.27)
Hence,
1+ D+ GyX,
q =
G+ = (2.18.28)

In case (ii) the following is the solution if it is true that X is equal to Xj ;:

Xq=XLi (2.18.29)
Hence,
1+ C+GyX,
S | (2.18.30)
A

In case (iii) the following is the solution if it is true that Xg is equal to X and also that
Xy, is equal to X |:

Xg=XL1 (2.18.31)

and,
Xp=XR) (2.18.32)
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2.18.6 Changes due to friction and heat transfer during a computation step

The theoretical treatment for this is dealt with completely in Secs. 2.3 and 2.4. The value
of the new wave pressure amplitude ratios at the mesh boundary, X, and Xg, computed for
mesh ] are used as being representative of the superposition process experienced by all of the
particies in the mesh space during the time step, dt. The pressure drop is computed as in Sec.
2.3 and the total heat transfer due to friction, dQy, can be computed for all of the particles in
mesh space J.

The surface area of the mesh J is given by Ay, where,

Ay =mdL (2.18.33)

At this point the warning given in the latter part of Sec. 2.3 should be heeded for the
computation of the heat generated in the mesh space due to friction and Egs. 2.3.15 and 2.3.16
modified accordingly. The correct solution for the friction force, F, for all of the particles
within the mesh space is:

2
c
F = A,{Cf p‘;] (2.18.34)

However, as each particle is assumed to move at superposition particle velocity, cg, dur-
ing time, dt, the work, 8W§, resulting in the heat generated, 6Qy, can be calculated by:

ACpp cidt

8W; = Fdx = Fedt = = 8Qy (2.18.35)

The sign of this equation must always be positive as the heat due to friction is additive to
the system comprising the gas particies within the mesh,

A similar process is adopted for the calculation of the heat transfer effect to the wall. Itis
discussed fundamentally in Sec. 2.4, It is assumed that the wall temperature, Ty, is a known
quantity at the location of mesh I. The convection heat transfer coefficient, Cy, can be com-
puted using the theory in Sec. 2.4. Consequently the heat transfer to or from the pipe walls at
the mesh J, with respect to the system comprising all of the particles within the boundaries of
mesh J, is:

8Qp = AjCq(Ty, — Te)dt (2.18.36)

2.18.7 Wave reflections at the inter-mesh boundaries after a time step

The above sections, which discuss the simulation technique using the GPB method, have
given the theory of deduction of the amplitudes of the leftward and righward pressure waves,
Pp and pg, arriving at the left and right end boundaries of a mesh J. The calculation method is
employed similarly for all other meshes in all of the ducts of the engine. All meshes are
assumed to have a constant diameter appropriate to that mesh. That applies even to tapered
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sections within any of the ducts as a glance at Sec. 2.15 will confirm. However, the ability to
ascertain the values of p, and p, is but half of the story. Consider the sketch of the model at
this juncture as given in Fig. 2.22. It deals with parallel ducting and tapered ducting in sec-
tions (a) and (b), respectively, These are discussed in the sub-sections below.

(a) parallel ducting

Fig. 2.22(a) is an illustration of two adjacent meshes, labeled 1 and 2. After the applica-
tion of the preceding theory in this section the GPB model now has the information that
pressure waves with pressure amplitude ratio Xp1 and Xy, and Xpz and Xgp, have arrived at
the left- and nght-hand boundaries of meshes 1 and 2, respectively. The pressures are the

byl L5
|[mesh 1]|[mesh 2]
i
i X
] > q:: 1 x?g’
i St
gas properties gas properies
11 B1 pgy Tod Yo A2 po2 Toz2

{a) two adjacent meshes in a parallel pipa

e~

o ey ﬁ-r-"
AT
el
gas properties =
1 R1 pgq Tot gas properties
T> A2 pgp To2
(b) two adjacent meshes in a tapered pipe
gas properties :
11 A1 ppq To1 gas properties
Yo R2 pgp To2

(c) two adjacent meshes in a restricted pipe

Fig. 222 Adjacent meshes in pipes of differing discontinuities.
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Chapter 2 - Gas Flow through Two-Stroke Engines

“new” values, i.e., the values of X, and Xq for each mesh having endured the loss of wave
energy due to friction as described in Sec. 2.18.6. Consider the inter-mesh boundary between
mesh 1 and 2 as being representative of all other inter-mesh boundaries within any one of the
pipes in the entire ducting of the engine. At the commencement of the computation for the
time step, the information for mesh | had available the left- and rightward pressure waves for
that mesh at the left- and right-hand boundaries; as seen in Sec. 2.18.2 they were labeled as pg
and py, and prj and py i, and to denote that they are attached to mesh they will be relabeled
here as 1pg and 1pyp. and ;pr; and ;pr.1. The equivalent values for mesh 2 at the commence-
ment of the computation time step would be opg and spy, and spg| and 2py.;. To start a second
time step this same set of information must be updated and this discussion elucidates the
connection between the new values of X, and Xq2, i.e., two variables, for the inter-mesh
boundary between mesh | and 2 and the updated values required for 1pr) and pr1 and 2pg
and py, i.e., four unknown values, at the same physical position.

If the gas properties and reference gas state are identical in meshes 1 and 2 then the
solution is trivial, as follows:

1 X = ?_qu and 2Xg = 1X.p] (2.18.37)

If, as is almost inevitable, the gas properties and reference gas state are not identical in
meshes | and 2, then a temperature discontinuity exists at the inter-mesh boundary and the
solution is conducted exactly as set out in Sec. 2.5. The similarity of the required solution and
of the nomenclature is evident by comparison of Fig, 2.22(a) and Fig. 2.5.

(b) tapered pipes
The same approach to this computation situation within the GPB model exists for two of
the four unknowns, i.e., |pp.| and 2pg, at the inter-mesh boundary in the tapered section of any

pipe. In this situation the known quantities are the values of |pgr; and apr, as:

1PR1 = ang‘r (2.18.38)
o 2PL = PoXg (2.18.39)

The similarity of the sketch in Fig. 2.22(b) and Fig. 2.15 indicates that the fundamental
theory for this solution is given in Sec. 2.15 with the base theory as given in Secs. 2.10 and
2.11. As related there, the basis of the method employed is to recognize whether the particle
flow is diffusing or contracting. If it is contracting then the flow is considered to be isentropic
and the thermodynamics of the solution is given in Sec. 2.11 for subsonic particle flow and in
Sec. 2.11.1 for sonic flow. The Benson “constant pressure” criterion gives an excellent mitial
guess for the values of the unknown quantities and considerably reduces the number of itera-
tions required for the application of the more complete gas-dynamic theory in Sec. 2.11. If the
particle flow is recognized to be diffusing then the flow is considered to be non-isentropic and
the solution is given in Sec. 2.10 for subsonic particle flow and in Sec. 2.10.1 for sonic flow.
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As with contracting flow, the Benson “constant pressure” criterion gives an excellent initial
guess for the values of the three remaining unknown quantities in diffusing flow. Remember
that as the flow is non-isentropic, the third unknown quantity is the reference temperature,
incorporating the entropy gain, on the downstream side of the expansion. For diffusing flow,
special attention should be paid to the information on flow separation given in Sec. 2.15.1
where the pipe may be steeply tapered or the particle Mach number is high.

2.18.8 Wave reflections at the ends of a pipe after a time step

During computer modeling, the duct of an engine is meshed in distance terms and re-
ferred to within the computer program as a pipe which may have a combination of constant
and gradually varying area sections between discontinuities. Thus, a tapered pipe is not a
discontinuity in those terms, but a sudden change of section is treated as such. So too is the
end of a pipe at an engine port or valve, or at a branch. This meshing nomenclature is shown
in Fig. 2.22(c), with a restricted pipe employed as the example.

At first glance, the “joint™ between mesh 1 and mesh 2 in Fig. 2.22(c), with the change of
diameter from dy to d; from mesh 1 to mesh 2, appears to be no different from the previous
case of tapered pipes discussed in Sec. 2.18.7. However, the fact that there is an onifice of
diameter d; between the two mesh sections, and that the basic theory for a restricted pipe is
presented in a separate section, Sec. 2.12, prevents this situation from being discussed as just
another inter-mesh boundary problem. [t is in effect a pipe discontinuity.

All engine configurations being modeled contain pipes, plenums, cylinders and are fed
air from, and exhaust gas to, the atmosphere. The atmosphere is nothing but another form of
plenum. A cylinder during the open cycle is nothing but another form of plenum in which one
of the walls moves and holes, of varying size and shape, open and close as a function of time.
It is the pipes that connect these discontinuities, i.e., cylinders, plenums and the atmosphere,
together. However, pipes are connected to other pipes, either at branches or at the type of
Junction such as shown in Fig. 2.22(c). This latter case of the restricted pipe cannot be treated
as an inter-mesh problem as it 1s simply easier, from the viewpoint of the overall organization
of the logic and structure of the computer software, to consider it as a junction at the ends of
two separate pipes.

The point has already been made in Sec. 2.18.7 that each mesh space is an “island” of
information and that the results of the pipe analyses in Secs. 2,18.1 to 2,18.6 lead only to the
determination of the new values of left and right moving pressure waves at the left- and right-
hand boundarics of the mesh space, i.e., pp and pq. In Sec. 2.18.7, the analysis focused on an
mter-mesh boundary and the acquisition of the remaining two unknown values for the pres-
sure waves at each boundary of every mesh, except for that at the left-hand end of the left-
hand mesh of any pipe, and also for the right-hand end of the right-hand mesh of any pipe.

For example, imagine in Fig. 2,22(a) that mesh 1 is at the extreme left-hand end of the
pipe. The value of Xq) automatically becomes the required value of X|, for mesh 1. To pro-
ceed with the next time step of the calculation, the value of Xg is required. What then is the
value of Xr? The answer is that it will depend on what the left-hand end of the pipe is con-
nected to, 1.e., a cylinder, a plenum, etc. Equally, imagine in Fig, 2.22(a) that mesh 2 is at the
extreme right-hand end of the pipe. The value of Xj; automatically becomes the required
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value of Xg) for mesh 1. To proceed with the next time step of the calculation, the value of
X1 is required. What then is the value of Xy ;7 The answer, as before, is that it will depend on
what the right-hand end of the pipe is connected to, i.e., a branch, a restricted pipe, the atmo-
sphere, etc.

The GPB modeling method stores information regarding the “hand” of the two end meshes
in every pipe, and must be able to index the name of that “hand” at its connection to its own
discontinuity, so that the numerical result of the computation of boundary conditions at the
ends of every pipe is placed in the appropriate storage location within the computer,

Consider each boundary condition in turn, a restricted pipe, a cylinder, plenum or atmo-
sphere, and a branch.

(a) a restricted pipe, as sketched in Fig. 2.22(c)
Imagine, just as it is sketched, that mesh 1 is at the right-hand end of pipe 1 and that mesh

2is at the left-hand end of pipe 2. Thence:
1XR) =X and X =X (2.18.40)

The unknown quantities are the values of the reflected pressure waves, 1py) and 3pg,
represented here by their pressure amplitude ratios, namely 1X; ) and 7Xg. The analytical
solution for these, and also for the entropy gain on the downstream side of whichever direc-
tion the particle flow takes, is to be found in Sec. 2.12. In terms of the notation in Fig. 2.8,
which accompanies the text of Sec. 2.12, the value referred to as X is clearly the incident

wave X1, and the value of X4 is obviously the incident pressure wave Xj;.

(b) a cylinder, plenum, or the atmosphere as sketched in Figs. 2.16 and 2,18

A cylinder, plenum, or the atmosphere is considered to be a large “box,” sufficiently large
to consider the particle velocity within it to be effectively zero. For the rest of this section, a
cylinder, plenum, or the atmosphere will be referred to as a “box.” In the theory given in Secs.
2.16 and 2.17, the entire analysis is based on knowing the physical geometry at any instant
and, depending on whether the flow is inflow or outflow, either the thermodynamic state
conditions of the pipe or the “box™ are known values.

As previously in this section, the “hand” of the incident wave at the mesh in the pipe
section adjacent to the cylinder is an important element of the modeling process. Imagine that
mesh 1, as shown in Fig. 2.22(a), is that mesh at the left-hand end of the pipe and attached to
the cylinder exactly as it is sketched in either Fig. 2.16 or 2.18. In which case at the end of the
time step in computation, to implement the theory given in Secs. 2.16 and 2.17, the following
is the nomenclature interconnection for that to occur:

1 XL = Xq1 (2.18.41)

and Piz = Por1Xo) (2.18.42)
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The properties of the gas subscripted as 2 in Fig. 2.16 or 2.18 are the properties of the gas
in the mesh 1 used here as the illustration,

At the conclusion of the computation for boundary conditions at the “box,” using the
theory of Secs. 2.16 and 2.17, the amplitude of the reflected pressure wave, p2, is provided.
So too for ontflow is the entropy gain in the form of the reference temperature, Tgs. In nomen-
clature terms, this reflected pressure wave is the “missing” pressure wave value at the left-
hand of mesh 1 to permit the computation to proceed to the next time step.

Gl7
1Xp = [FLIJ (2.18.43)
Po

One important final point must be made in this section regarding the rather remote possi-
bility of encountering supérsonic particle velocity in any of the pipe systems during the super-
position process at any mesh point, By the end of this section you have been brought to the
point where the amplitudes of all of the left and right moving pressure waves have been
established at both ends of all meshes within the ducting of the engine. At this juncture it 15
necessary to search each of these mesh positions for the potential occurrence of supersonic
particle velocity in the manner described completely in Sec. 2.2.4 and, if found, apply the
corrective action of a weak shock to give the necessary subsonic particle velocity (Secs. 2.15-
2.17). Unsteady gas flow does not permit supersonic particle velocity. It is self-evident that
the particles cannot move faster than the disturbance which is giving them the signal to move.

2.18.9 Mass and energy transport along the duct during a time step

In the real flow situation the energy and mass transport is conducted at the molecular
level. Computational facilities are not large enough to accomplish this, so it is carried outina
mesh grid spacing of some 10 to 25 mm, a size commonly used in automotive engines. The
size of mesh length is deduced by making the simple assumption that the calculation time
step, dt, should translate to an advance of about 1 or 27 crank angle for any engine design.
Within each mesh space, as shown in Fig. 2.20, the properties of the gas contained are as-
sumed to be known at the start of a time step. During the subsequent time step, dt, as a result
of the wave transmission, particles and energy are going to be transported from mesh space to
mesh space, and heat transfer is going to occur by internal means, such as friction or a cata-
lyst, or by external means through the walls of the duct.

To determine the effect of all of these mechanisms, the First Law of Thermodynamics is
employed, and the situation 1s sketched in Figs. 2.23 and 2.24, Here the energy transport
across the boundanes for the mesh space | will have unique values depending on the particle
directions of this transport. This is illustrated in Fig. 2.23, where four different cases are
shown to be possible.

The four cases will be described below. All pressures, particle velocities and densities
are, by definition, for the superposition situation at the physical location at the appropriate
end of the mesh I. The lefi-hand end of any mesh is denoted as the “in™ side and the right-
hand end as the “out” side for flow of mass and energy and as a sign convention when apply-
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ing the First Law of Thermodynamics. Manifestly, as with case 2, there will be situations
where the gas is flowing outward at what is nominally the “in” side of the mesh but the
arithmetic sign convention of the pressure wave analysis takes care of that problem automati-
cally. Remember that the GPB computer simulation must interrogate each mesh boundary
and apply with precision the result of that interrogation as cases 1 to 4.

At the commencement of the time step, the system for mesh J has a known mass, pres-
sure, temperature, and volume. The notation describes the “before” and “after” situation dur-
ing the time step, dt, for the mass, pressure, and temperature by a *b” and “a” prefix for the
system properties. This gives a symbolism for mesh J for the “before” conditions of mass,

pmj, pressure, yPy, and temperature, pT7.

As each mesh has a constant flow area, A, volume, V}, and a stagnation temperature,

b1y, the four cases can be analyzed as follows:

(i) case 1

pressure

particle velocity

density

specific enthalpy

mass flow increment

enthalpy increment

air flow increment
(ii) case 2

pressure

particle velocity

density

specific enthalpy

1Xin = JAR + )X - | '
1€in=1Gs jap(;Xr—31XL)
G
1Pim=1P0 1 X§ *

2
1%in

ydh=3Cp Ty +

jdmip = Jpin Aj Jein dt
jdH;p = jdhy, ydm;,

1T = 11 ydmyy,

1Xin =1Xg + XL - 1
1€in=1-1G5 j-180(; Xr—1XL)
G
IPin=1-1Pg 3 Xg "7

2
ydhy, =31 Cp pTj_y + i;'—“
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mass flow increment jdmip = 3Pin AJ JCin dt
enthalpy increment 1dH;y = rdhip ydmy
air flow increment 1dlLy = 31T ydmy,
(iii) case 3
pressure Xout = JXR1 + 1 X1 - |
particle velocity 1€ou=1+1Gs 11130(; XR1~1X 1)
density 1Pou=141P0 1 X215
2
specific enthalpy 19heu=111Cp w141 + JGZ;'“‘
mass flow increment 1dmow = 1Pour AT feoum dt
enthalpy increment 1dHout = sdhgy jdmey
air flow increment 3d gy = 141 1T jdmgy,
(iv) case 4
pressure 1Xour = jXR1 + 31X -1
particle velocity 1¢ou=1Gs5 130 (1 XR1-1X11)
density $Pout=1P0 1Xbut

2
c
specific enthalpy ydhg=1Cp Ty + I_;"_t.

mass flow increment jdmigy = 1Pout AJ JCour dt
enthalpy increment jdHgy = jdhgy pdmgy
air flow increment 1d g = 31T ydmgy
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For the end meshes the required information for cases 1 to 4 is deduced from the bound-
ary conditions of the flow which have been applied appropriately at the left- or right-hand
edge of a mesh space. This means that the “hand" of the flow has to be taken into account
when transferring the information from the solution emanating from the particular boundary
condition for inflow or outflow with respect to the mesh space as distinct from “inflow™ or
“outflow” from a cylinder, plenum, restricted pipe or branch. However, the logic of the sign
convention is quite straightforward in practice,

The acquisition of the numerical information regarding heating effects due to friction and
heat transfer in any time step, 6Q and 6Qp, have already been dealt with in Sec. 2.18.6.
Should a catalyst or some similar internal heating device be present within the mesh space
and in operation, during the time increment dt, then it is assumed that the quantity of heat
which emanates from it, 8Q;p, can be determined and used as numerical input to the analysis
below. It should be pointed out that catalysis are a very common component within exhaust
systems at this point in history as a means of reducing exhaust emissions. However, a cooling
device could be employed instead to give this internal heat transfer effect, and water injection
would be one such example. In both examples, the chemical composition of the gas will also
change and this requires a further extension to the analysis given below.

During the time step, and from the continuity equation, we derive the new system mass,
amj:

aly = pmy + jdmy, — jdmg,, (2.18.44)
The First Law of Thermodynamics for the system which is the mesh space is:

heat transfer + energy in = change of system state + energy out + work done
(8Qin +8Q¢ +8Qy ), +3dH;, = dUj+ydH,,, + PydV, (2.18.45)

The work term is clearly zero. All of the terms except that for the change of system state
are already known through the theory given above in this section. Expansion of this unknown

term reveals:
cf bel
dUy= | ymy} juy + al = | ™My puy "'T (2.18.46)
a I b 1]

As the velocities at either end of a mesh are almost identical, the difference between the
kinetic energy terms is insignificant, so they can be neglected. This reduces Eq. 2.18.46 to:

dUJ=JCV[EmI 3T]—hmj hT.l] (2.!34?)

This can be solved directly for the system temperature, T}, after the time step.
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The gas properties in the mesh space will have changed due to the mass transport across
its boundaries. As with the case of mass and energy transport, direction is a vital consider-
ation and the four cases presented in Fig. 2.23 are applicable to the discussion. For almost all
engine calculations the gases within it are either exhaust gas or air. This situation will be
debated here, as it is normality, but the more general case of a multiplicity of gases being
present throughout the system can be handled with equal simplicity. After all, air and exhaust

gas are composed of a multiplicity of gases.
Consider a mixture of air and exhaust gas with a purity, I, defined as:

n_*massufajr 5 et
total mass 2.184)

Hence the reasoning for the inclusion of the air flow increment in the four cases of mass

and energy transport presented above and in Fig. 2.23.
The new purity, 41y , in mesh space J is found simply as follows:

pmy pIly+ydll, —5dll,
my

ally = (2.18.49)

If the gas properties of air and exhaust gas are denoted by their respective gas constants
and specific heat ratios as Ry and Reypy and Yair and Yexh, then the new properties of the gas in
the mesh space after the time step are:

gas constant aRy=aI1y Ry + (1=3105) Ry (2.18.50)

specific heats ratio aY1=alTy Yair + (1=a115) Yexn (2.18.51)

It should be noted that all of the gas properties employed in the theory must be indexed
for their numerical values based on the gas composition and temperature at every step in time
and at every location, using the theoretical approach given in Sec. 2.1.6.

From this point it is possible, using the theory given in Sec. 2.18.3, to establish the re-
maining properties in space J, in particular the reference acoustic velocity, density and tem-
perature. The average superposition pressure amplitude ratio, 3Xj, in the duct is derived using
Eq. 2.18.1 with the updated values of the pressure amplitude ratios at either end of the mesh
space. The connection for the new reference temperature, 4Ty, 1s given by Eq. 2.18.3 as:

T

Ty =23

aTo 5 (2.18.52)
aXJ
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Consequently the other reference conditions are:

reference acoustic velocity 489 = +/3¥1 oRy aT0 (2.18.53)
fi densi Po = e (2.18.54)
reference densi a 18.
i aRy aTo

All of the properties of the gas at the conclusion of a time step, dt, have now been estab-
lished at all of the mesh boundaries and in all of the mesh volumes.

2.18.10 The thermodynamics of cylinders and plenums during a time step

During a time step in calculation the pipes of the engine being simulated are connected to
cylinders and plenums. For simplicity, as in Sec. 2.18.8, an engine cylinder or a plenum will
be referred to occasionally and collectively as a “box.” A plenum is in reality a cylinder of
constant volume in calculation terms. During the time step, due to mass flow entering or
leaving the box, the state conditions of the box will change. For example, during exhaust
outflow from an engine cyhnder, the pressure and the temperature fall and its mass is reduced.
In the GPB simulation method proceeding in small time steps of 1° or 2° of crankshaft angle
at some rotational speed, the situation is treated as quasi-steady flow for that period of time.
To proceed to the next time step of the simulation the new state conditions in all cylinders and
plenums must be determined, It should be recalled that the whole point of the simulation
process is to predict the mass and state conditions of the gas in the cylinder at the conclusion
of the open cycle, and as influenced by the pressure wave action in the ducting, so that a
closed cycle computation may provide the requisite data of power, torque, fuel consumption
or emissions.

The application of the boundary conditions given in Secs. 2.16 and 2.17 provides all of
the information on mass, energy and air flow at the mesh boundaries adjacent to the cylinder
or plenum. Fig. 2.25 shows the cylinder with state conditions of pressure, Pe, temperature,
Te, volume, V¢, mass, me, elc., at the commencement of a time step. The gas properties are
defined by the purity, [1¢, the data value of which leads directly to the gas constant, R¢, and
specific heats ratio, Yc, in the manner shown by Eqgs. 2.18.50 and 2.18.51 and from the appli-
cation of the theory in Sec. 2.1.6 regarding gas properties.

It will be noted that the box has “inflow™ and “outflow” apertures, which implies that
there are only two apertures. The values of mass flow increment during the time step, shown
as either dmy and dmg, are in fact the combined total of all of those ports or valves designated
as being “inflow” or “outflow.” The same reasoning applies to the energy and air flow terms,
dHj and dPy, or dHg and dPg; they are the combined totals of the energy and air flow terms of
the perhaps several intake or exhaust ducis at a cylinder. All of these terms are the direct
equivalents of, indeed those at the boundary edges of a pipe mesh adjacent to a box are
identical to, those quoted as cases 1 to 4 in Sec. 2,18.9,

Note that the direction arrow at either “inflow” or “outflow"” in Fig. 2.25 is bidirectional.
In short, simply because a port is designated as inflow does not mean that the flow is always

162

of tl
alu



(2.18.53)

2.18.54)

n estab-

ected to
um will
nder of
Ting or
:xhaust
‘duced,
tangle
f time.
rs and
Hatien
lus. ..
that a
1ption

all of
inder
iture,

Chapter 2 - Gas Flow through Two-Stroke Engines

CYLINDER

Tw
mass mg
energy Ug 8Qc

purity TIg
pressure P
temperature T

volume Vg

OUTFLOW

INFLOW v
mass dmj < "B mass dmg
enthalpy dH) enthalpy dHE
air diTy air dlg

PISTON W gy

Fig. 2.25 The thermodynamics of open cycle flow through a cylinder.

toward the cylinder. All ports and valves experience backflow at some point during the open
cycle. The words “inflow” and “outflow™ are, in the case of an engine cylinder, a convenient
method of denoting ports and valves whose nominal job is to supply air into the cylinder of an
engine. When dealing with an intake plenum, or an exhaust silencer box, “inflow” and “out-

flow” become a directionality denoted at the whim of the modeler; but having made a deci-
sion on the matter, the ensuing sign convention must be adhered to rigidly. The sign conven-

tion, common in engineering thermodynamics, is that inflow is “positive” and that outflow is

also “‘positive”; this sign convention is employed not only in the theory below, but throughout
this text. Backflow, by definition, is opposite to that which is decreed as positive and is then
a negative quantity. The mesh computation must then reorient in sign terms the numerical
values for the right- and left-hand ends of pipes during inflow and outflow boundary calcula-
tions as appropriate to those junctions defined as “inflow” or “outflow” at the cylinders or
plenums. While the computer software logic for this is trivial, care must be taken not to
confuse the thermodynamic needs of the mesh spaces defined in Sec. 2.18.9 with those of the
cylinder or plenum being examined here.

Heat transfer is defined as positive for heat added to a system and work out is also a

positive action. Employing this convention, the First Law of Thermodynamics reads as:

heat transfer + energy in = change of system state + energy out + work done
The entire computation at this stage makes the assumption that the previous application
of the boundary conditions, using the theory of Secs. 2.16 and 2.17, has produced the correct

values of the terms dmy, dHj, dP}, dmg, dHg and dPg. To reinforce an important point which
has been made before, during the application of the boundary conditions in the case of a
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cylinder where the outflow is stratified, the local properties of zone CX, which are pressure,
Pcx, temperature, Ty, purity, [cy, etc., are those that replace the mean values of pressure,
Py, temperature, Ty, purity, Tlcy, etc. In which case the solution of the continuity equation
and the First Law of Thermodynamics is as accurate and as straightforward as it was in Sec.
2.18.9 in Eqgs. 2.18.44 to 2.18.49. | provide further debate on this topic in Ref. [2.32].

The subscript notation for the properties and state conditions within the box after the time
step, dt, is C1, i.e., the new values are pressure, Pcy, temperature, Tcy, purity, [1gj, ete.

The heat transfer, 6Qc, to or from the box in the time step is given by the local convection
heat transfer coefficient, Cy, the total surface area, Ac, and the average wall temperature of
the box, Ty.

8Qc = ChAc(Ty, — Te)dt (2.18.55)

The value of the heat transfer coefficient, Cy, to be employed during the open cycle is the
subject of much research, of which the work by Annand [2.58] is noteworthy. The approach
by Annand is recommended for the acquisition of heat transfer coefficients for both the open
and the closed cycle within the engine cylinder. For all engines, it should be noted that at
some period during the closed cycle an allowance must be made for the cooling of the cylin-
der charge due to the vaponization of the fuel. For spark-ignition engines it 1s normal to permit
this to happen linearly from the trapping point to the onset of ignition. For compression-
ignition units it is conventional to consider that this occurs simultaneously with each packet
of fuel being burned during a computational time step. The work of Woschni [2.60] has also
provided significant contributions to this thermodynamic field.

The continuity equation for the process during the time step, dt, is given by:

me =me +dmy —dmg (2.18.56)

The First Law of Thermodynamics for the cylinder or plenum system is:
Po + P
8Qc +dH; = dUg +dHg + %dvc (2.18.57)

The work term is clearly zero for a plenum of constant volume. All of the terms except
that for the change of system state, dU¢, and cylinder pressure, Pcy, are already known through
the theory given above in this section. Expansion of one unknown term reveals:

dUg = mgjue — meuge (2.18.58)

This reduces to:

dUC = mc[CvaC] — mCCVCTC (21359}
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Chapier 2 - Gas Flow through Two-Stroke Engines

where the value of the specific heat at constant volume is that appropriate to the properties of
the gas within the cylinder at the beginning and end of the time step:

Cy, = R and Cy_ __Rey
Yo =1 Yer —1

Normally, as with the debate on the gas constant, R, below, the values of Cy and yshould
be those at the beginning and end of the time step. However, little inaccuracy ensues, as does
considerable algebraic simplification, by taking the known values, Cy¢, Yo and R, at the
commencement of the time step and assuming that they persist for the duration of that time
step. The exception to this is during a combustion process where the temperature changes
during a given time step are so extreme that the gas properties must be indexed correctly
using the theory of See. 2.1.6 and, if necessary, an iteration undertaken for several steps to

acquire sufficient accuracy.
At the conclusion of the time step the cylinder volume is Vo) caused by the piston move-

ment and this 15:
VCl =Vc+d‘-'r.c (2;]35{])

As the mass of the cylinder, mg), is given by Eq. 2.18.56 and the new cylinder pressure
and temperature are related by the state equation:

PciVel =mgRcTey (2.18.61)

Egs. 2.18.56 to 2.18.61 may be combined to preduce a direct solution for T¢ fora cylin-
der or plenum as:

P'Ed\"g
8Qc +dH; — dHg +mcCy T - >

Ter =
(s i, = B G0, (2.18.62)
2Ve

This can be solved directly for the system temperature, Tey, after the time step, and with
dV as zero in the event that any plenum or cylinder has no volume change. The cylinder
pressure is found from Eq. 2.18.61.

The gas properties in the box will have changed due to the mass transport across its
boundaries. For almost all engine calculations the gases within the box are either exhaust gas
or air. This situation will be debated here, as it is normality, but the more general case of a
multiplicity of gases being present throughout the system can be handled with equal simplic-
ity. After all, air and exhaust gas are composed of a multiplicity of gases. This argument, with
the same words, is precisely that mounted in the previous section Sec. 2.18.9 for flow through

the mesh spaces.
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The new purity, [1¢y, in the box is found simply as follows:

_ mcnc +d]'II —dIIE

Mey 2.18.63)
mcy {
The new properties of the gas in the box after the time step are:
gas constant RCl = HClRair + {I - n{:l )Rﬂﬂl (2.18.64)
specific heats ratio Yer = HerYaie + (1= e exn (2.18.65)

From this point it is possible, using the theory given in Secs. 2.18.3 and 2.1.6, to establish
the remaining properties in the box, in particular the reference acoustic velocity, density and
temperature. The connection for the new reference temperature, Ty, is given by the isentropic
relationship between pressure and temperature as:

s {1

Tor _ [.Pg]‘fc-'l 2.18.66)
Ty Po

Consequently the other reference conditions to be employed at the commencement of the
next time step are:

reference acoustic velocity 4y = YR Ty (2.18.67)
f desisl Py = =20 (2.18.68)
reference densit - AR
Ao ReTy

All of the properties of the gas at the conclusion of a time step, dt, have now been estab-
lished at all of the mesh boundaries, in all of the mesh volumes and in all cylinders and
plenums of the engine being modeled. It becomes possible to proceed to the next time step
and continue with the GPB simulation method, replacing all of the “old” values with the
“new” ones acquired during the progress described in entirety in this Sec. 2.18. A new time
step may now commence with all data stores refreshed with the updated numerical informa-
tion.

Information on the effect of the results of the modeling process of the open cycle and in
all of the ducts may need to be collected. This is discussed in the next section.

2.18.11 Air flow, work, and heat transfer during the modeling process

The modeling of an engine, or the modeling of any device, that inhales and exhales in an
unsteady fashion, 1s oriented toward the determination of the effect of that unsteady process
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on many facets of the operation. For example, the engine designer will wish to know the
totality of the air flow into the engine as well as the quantification of it with respect to time or
crankshaft angle, i.e., to determine the engine delivery ratio as well as the extent, or lack, of
backflow at certain periods of crankshaft rotation which may deteriorate the overall value.
Thus, during a calculation, summations of quantities will be made by the modeler to aid the
design process. To illustrate this, the example of delivery ratio will be used in the first in-
stance.

Air flow into an engine

The air flow into an engine is the summation of all of the increments of air flow at each
time step at any point in the intake tract. Any mesh point can be selected for this purpose, as
the net mass of air flow should be identical at every mesh point over a long time period such
as a complete engine cyele. Consider the general case first. A parameter B is required to be
assessed for its mean value B overa period of time tat a particular location J. The time period
starts at t} and ends at tz. Equally well, for an engine running at engine speed N this can be
carried out over, and is more informative during, specific periods of crankshafl angle 0 rang-
ing from B to B7. This is effected by:

=12 8=82
Y Bdt 3 Bdo
B= t=tl _ B8=61
=12 g=62 (2.18.69)
> dt pN:
t=tl G=01

The relationship between crankshaft angle, in degree units, and time for an engine is:

360N 6N L1580

For the specific case of air flow into the engine, the modeler will select a mesh J for the
assessment point, and the shrewd modeler will select mesh J as being that value beside the
intake valves or ports of the engine. The total mass of air flow, m;, passing this point will then
be:

g=720
> 1inyI1;d6
=0
m, = o
4 B=720 (2.18.71)

Y do
a=0

The crankshaft period selected will be noted as 720°. This would be correct for a four-
stroke cycle engine for that is its total eyclic period. On the other hand, for a two-stroke cycle
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engine the cyclic period is 360° and the modeler would perform the summation appropriately.
If the engine were a multi-cylinder unit of n cylinders then the accumulation process would be
repeated at all of the intake ports of the unit. To transfer that data to a delivery ratio, DR, value
the conventional theory is used where p.ris the reference density for the particular industry
standard employed and Vgy is the swept volume of all of the cylinders of the engine:

cylinder=mn
mﬂ
Delivery Ratio DR = Slinder=1 (2.18.72)
Pref Vsv

The term for cyclic air flow rate for a two-stroke engine is called scavenge ratio, SR,
where the reference volume term is the entire cylinder volume. This is given by:

cylinder=n
2 m,
Scavenge Ratio SR = cylinder=1 (2.18.73)
Prer(Vsy + Vev)

The above example is for one of the many such terms required for design assessment
during modeling. The procedure is identical for the others. Some more will be given here as

further examples.

Work done during an engine cycle

The work output for an engine is that caused by the cylinder pressure, pe, acting on the
piston(s) of the power unit. The in-cylinder work is known as the indicated work and 1s often
reduced to a pseudo-dimensionless value called mean effective pressure; in this case it is the
indicated mean effective pressure. Let us assume that there are n cylinders each with an iden-
tical bore area, A, but a total swept volume, Vgy. The piston movement in any one cylinder at
each time step is a variable, dx, as is the time step, dt, and the volume change, dV.

The work done, 8W, at each time step in each cylinder is,
W = pcAdx = pedV (2.18.74)
The total work done, W, for that cylinder over a cycle is given by the summation of all
such terms for that period. Remember that the thermodynamic cycle period is 8¢, and for a

four-stroke engine is 720° and for a two-stroke engine 1s 360°. Thus this accumulated work
done is,
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8=,
Y swde

We =80
€= "8t (2.18.75)

Y. de
a=0)
The total work done by the engine, WE, over a cycle is given by,
cylinder=n

Wg= X We (2.18.76)
cylinder=1

The indicated power output of the engine, which is calculated by the simulation, 1s the
rate of execution of this work at N rpm and is:

. N

four-stroke engine W) = Wg 50 (2.18.77)
: N

two-stroke engine W, = Wg E (2.18.78)

The indicated mean effective pressure, imep, for the engine is that pressure which would
act on the pistons throughout the thermodynamic cycle and produce the same work output,
thus:

" WEI
imep = —= (2.18.79)
Vsv

The brake values, i.e., those which would be measured on a “brake” or dynamometer, are
any or all of the above values of indicated performance multiplied by the mechanical effi-
ciency, Nm-

Other work and heat-transfer-related terms, such as pumping mean effective pressure
during the intake stroke and also during the exhaust stroke of a four-stroke engine, or pump-
ing mean effective pressure for the induction into the crankcase of a two-stroke engine, or
heat loss during the open cycle of any engine, can be determined throughout the GPB model-
ing process, either cycle by cyele or cumulatively over many cycles, in exactly the same
fashion as for imep. Similarly, the designer may wish to know, and relate to measured terms,
the mean pressures and temperatures at significant locations throughout the engine; such
mean values are found using the methodology given above.
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2.18.12 The modeling of engines using the GPB finite system method

In the literature there has been reported correlation of measurement and this theory in
several international conferences and meetings. The engines modeled and compared with
experiments include two-stroke and four-stroke power units. One reference in particular [2.32]
describes the latest developments in the inclusion within the GPB modeling process of the
scavenging of a two-stroke engine. The present method employed for the closed cycle period
of the modeling process is as I describe [2.25, Chapter 4] using a rate of heat release approach
for the combustion period. The references list these publications [2.31, 2.32, 2.33, 2.34, 2.35,
2.40 and 2.41].

2.19 The correlation of the GPB finite system simulation with experiments

A theoretical simulation process in design engineering which has not been checked for
accuracy against relevant experiments is, depending on the purposes for which it is required,
at best potentially misleading and at worst potentially dangerous. In the technology allied to
the simulation of unsteady gas flow, many experiments have been carried out by the research-
ers involved. Virtually every reference in the literature cited here carries evidence, relevant or
irrelevant, of experimentation designed to test the validity of the theories presented by their
author(s).

I am closely associated with a new series of experiments, reported by Kirkpatrick et al.
[2.41, 2.65, 2.66], designed specifically to test the validity of the theories of unsteady gas
flow, and in particular those presented here, and to compare and contrast the GPB finite
system simulation with both the experiments and with other simulation methods such as
Riemann characteristics, Lax-Wendroff, Harten-Lax-Leer, etc. The experimental appa-
ratus is quite unique and is detailed fully by Kirkpatrick [2.41]. It will be described here
sufficiently well so that the presentation of the experimental test results may be under-
stood fully. Although the main purpose is to determine the extent of the accuracy of the GPB
simulation method, the test method and the experimental results illustrate also many of the
contentions 1n the theory presented above.

2.19.1 The QUB SP (single pulse) unsteady gas flow experimental apparatus

Most experimenters and modelers in unsteady gas dynamics have correlated the mea-
sured pressure-time diagrams in the ducts of engines, firing or motored, against their theoreti-
cal contentions. As all unsteady gas flow within the ducts of engines is in a state of superpo-
sition, this makes the process of correlation very difficult indeed. It is almost impossible to
tell which wave is traveling in which direction. While fast-response pressure transducers are
still the best experimental tool that the theoretician in this subject possesses, the simple truth
is that they are totally directionally insensitive. That much is manifestly clear in just about
every numerical example quoted up to this point in the text. Worse, the correlation of mass
flow i in an even more parlous state when working with engines, either motored or firing.
While the cylinder pressure may be recorded accurately, the density record in the same place
is non-existent since a temperature, or purity, or density transducer with a sufficiently fast
response has yet to be invented. Thus, while the experimenter may infer the mass of trapped
charge, or as a matter of even greater necessity the mass of trapped air charge, in the cylinder
from the overall engine air consumption and the cylinder pressure transducer record, the
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blunt truth 1s that he is “whistling in the wind.” For those who are my contemporaries in this
technology, let them be assured that I readily admit to being as guilty of perfidy in my techni-
cal publications as they are. It was this “guilt complex” which led to the design of the QUB SP
apparatus. The nomenclature “SP” stands for “single pulse.”

The critena for the design of the apparatus are straightforward:

(i)  Base it on the assumption that a fast-response pressure transducer is the only accu-
rate experimental tool readily available.

(11)  The pipe(s) attached to the device must be sufficiently long as to permit visibility
of a pressure wave traveling left or right without undergoing superposition in the
plane of the transducer while recording some particular phenomenon of interest.

(iii) The cylinder of the device must be capable of having the mass and purity of its
contents recorded with absolute accuracy.

(1v) The cylinder of the device must be capable of containing any gas desired, and at a
wide variety of state conditions, prior to the commencement of the experiment
which could be the simulation of either an exhaust or an induction process.

(v) The pipes attached to the cylinder must be capable of containing any gas desired,
over a wide variety of state conditions, prior to the commencement of the experi-
ment which could be the simulation of either an exhaust or an induction process.

(vi) The pipes attached to the device must be capable of holding any of the discontinuities
known in engine technology, i.e., diffusers, cones, bends, branches, sudden expan-
sions and contractions and restrictions, throttles, carburetors, catalysts, silencers,
air filters, poppet valves, etc.

These design criteria translate into the single pulse device shown in Fig. 2.26. The cylin-

der is a rigid cast iron container of 912 ¢m® volume and can contain gas up to a pressure of 10
bar and a temperature of 500°C. The gas can be heated electrically (H). The cylinder has
valves, V, which permit the charging of gas into the cylinder at sub-atmospheric or supra-
atmospheric pressure conditions. The port, P, at the cylinder has a 25-mm-diameter hole that
mates with a 25-mm-diameter aluminum exhaust pipe. The valve mechanism, S, is a flat
polished nickel-steel plate with a 25-mm-diameter hole that mates perfectly with the port and
pipe at maximum opening. [t is actuated by a pneumatic impact cylinder and its movement is
recorded by an attached 2-mm pitch comb sensed by an infrared source and integral photo-
detector. Upon impact the valve slider opens the port from a “perfect” sealing of the cylinder,
gas flows from (or into in an induction process) the cylinder and seals it again upon the
conclusion of its passing. A damper, D, decelerates the valve to rest after the port has already
been closed. An exhaust pulse generated in this manner is typical in time and amplitude of,
say, a two-stroke engine at 3000 rpm. A typical port opening lasts for 0.008 second.

The cylinder gas properties of purity, pressure and temperature are known al commence-
ment and upon conclusion of an event; in the case of purity, by chemical analysis through a
valve, V, if necessary. The pressure is recorded by a fast-response pressure transducer. The
temperature is known at commencement and at conclusion, without concern about the time
response of that transducer, so that the absolute determination of cylinder mass can be con-
ducted accurately.

The coefficients of discharge, Cy, of the cylinder port, under wide variations of cylinder-
to-pipe pressure ratio giving rise to inflow or outflow and valve opening as port-pipe area
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STATION 1 STATION 2
[Pl PIPE
] |
317,
B 3691
I 5901 o

Fig. 2.26 QUB SP apparatus with a straight pipe attached.

ratio, are determined under steady flow conditions with air. They are presented in Fig. 2.27
and are a classic picture of the variation of Cy with respect to such parameters. Their mea-
suremnent 1s necessary for the accurate correlation of experiment with theory, as would be the
case for any engine simulation to be accurate, as inspection of Eq. 2.16.4 will indicate, In this
coniext, the discussion in Appendix A2.3 requires careful study, for the traditional methods
employed for the reduction of the measured data for the coefficients of discharge, C, have
been determined to be inadequate for use in conjunction with a theoretical engine simulation.
It is acknowledged that the initial design and development work on the QUB SP rig was
carried out by R.K. McMullan and finalized by S.J. Kirkpatrick. All of the pressure diagrams
and discharge coefficient data presented in Figs. 2.27-2.53 were recorded by S.J. Kirkpatrick,
and those in Figs, 2.55-2.57 were measured by D.O. Mackey. These individuals carried out
this work as part of their research work for a Ph.D. at The Queen's University of Belfast.
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Fig. 2.27 Coefficient of discharge for the QUB SP (single pulse) apparaius.
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Chapter 2 - Gas Flow through Two-Stroke Engines

2.19.2 A straight parallel pipe attached to the QUB SP apparatus

The expeniments simulate both exhaust and intake processes with a straight pipe attached
to the cylinder. Fig. 2.26 shows a straight aluminum pipe of 5.9 m and 25-mm internal diam-
eter attached to the port and ending at the atmosphere. The pipe has a relatively smooth bore
typical of the quality of ducting common in an engine design. There are pressure transducers
attached to the pipe at stations | and 2 at the length locations indicated.

(i) the outflow process producing compression pressure waves in the exhaust pipe

The cylinder was filled with air and the initial cylinder pressure and temperature were 1.5
bar and 293 K. In Figs. 2.28 to 2.30 are the pressure-time records in the cylinder and at
stations 1 and 2. The result of the computations using the GPB modeling method are shown in
the same figures. The results are so close that it is sometimes difficult to distinguish between
theory and experiment, but where differences can be discerned they are indicated on the
figure.

The correlation of measured and calculated mass is virtually exact. The criterion used is
the ratio of the final to the initial cylinder mass, and in this case both the calculated and the
measured values were 0.866. As can be seen from the figures, no wave action impinged on the
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Fig. 2.28 Measured and calculated cylinder and pipe pressures.

1.4
1.3 4
1.2 -
1.4 4
1.0 -
0.9
0.8
0.7

MEASURED

PRESSURE RATIO

TIME, seconds

¥ T ¥ T ’ T v
0.00 0.01 0.02 0.03 0.04 0.05 0.08

Fig. 2.29 Measured and calculated pressures at station 1.
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Fig. 2.30 Measured and calculated pressures af station 2.

port to influence the cylinder emptying process, so this is more of a tribute to the accuracy of
the cylinder to pipe boundary conditions of Sec. 2.16, rather than any comment on the GPB
finite system modeling of the wave action in the pipe system!

The main event is the creation of the exhaust pulse as a wave of compression, the peak of
which is passing station 1 at 0.00384 second. It reflects at the open end as an expansion wave
and the peak returns to station | at 0.0382 second. The basic theory of the motion of finite
amplitude waves is discussed in Sec. 2.1.4 and of reflections of compression waves at a plain
open end in Sec. 2.8.1. As the reference acoustic velocity in air at 20°C 1s 343 m/s, which is
estimated to be the average propagation velocity on the simplistic grounds that the expansion
wave travels as much below sonic velocity as the compression wave is supersonic above it,
the expected return pomnt in time by a very simple computation is:

2(5901 - 317)
1000 x 343

time t = 0.00384 + = (.0364 second

This approximate calculation can be seen to give an answer which is close to reality.
In Figs. 2.28 to 2,30 the individual waves can be seen clearly. The creation of the exhaust

pulse is accurate as can be seen in Figs. 2.28 and 2.29. Later it passes station 2 after 0.01

second. Steep-fronting of the compression wave has occurred as discussed in Sec. 2.1.5. In
Fig. 2.30 the steep-fronted compression wave reflects at the plain open end as an expansion
wave. The profile has changed little by the time it passes station 2 going leftward, but upon
retumning to station 2 it has steepened at the rear of the expansion wave, again as discussed in
Sec. 2.1.5. It will be seen that a shock did not develop on the wave atany time even though the
long pipe runs provided the waves with the space and time to so comply.

Although the size and scale of the diagrams make it difficult to observe, nevertheless it
can be seen that the pressure at 0.01 second in Fig. 2.28 and at 0.02 second in Fig. 2.29 is
slightly above atmospheric. It can be seen that the pressure at 0.04 second in Fig. 2.30 is
slightly below atmospheric. These arise due to the main compression wave, and the expan-
sion wave reflection of it, sending their continual reflections due to friction in the opposite
direction to their propagation. As this is an important topic, a separate graph is presented in
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Chapter 2 - Gas Flow through Two-Stroke Engines

Fig. 2.58(a) which expands the time scale for the time period between 0.007 and 0.01 second.
The close correlation between the measured and calculated pressures, and the residual waves
attributable to the friction reflections after 0.0085 second, is now observable by zooming in
on this time period, As for friction causing deterioration of the peak of the pressure wave, as
it passed station 1 it had a measured peak pressure ratio of 1.308 (calculated at 1.307) and
when it passed station 2 it had reduced to 1.290 (calculated at 1.273). The theoretical discus-
sion on this subject is contained in Sec. 2.3.

It can be seen that the GPB modeling method provides a very accurate pressure-time
history of the recorded events for the motion of compression waves and of the exhaust pro-

cess from a cylinder.

(i} the inflow process producing expansion pressure waves in the intake pipe

The cylinder was filled with air and the initial eylinder pressure and temperature were 0.8
bar and 293 K. In Figs. 2.31 to 2.33 are the pressure-time records in the cylinder and at
stations | and 2. The result of the computations using the GPB modeling method are shown in
the same figures. The results are sufficiently close to warrant the description of being good,
but where differences can be discerned they are indicated in the figure.
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Fig. 2.31 Measured and caleulated cylinder and pipe pressures.
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Fig. 2,32 Measured and calculated pressures at station 1.
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Fig. 2.33 Measured and caloulated pressures at swation 2,

The correlation of measured and calculated mass is also good. The criterion used is the
ratio of the final to the initial cylinder mass. The calculated and the measured values are 1.308
and 1.311, respectively, which is an error of 0.2%. As with the exhaust process in (i) above,
no wave action other than friction reflections impinged on the port to influence the cylinder
emptying process.

The main event is the creation of the intake pulse as a wave of expansion, the peak of
which is passing station | at 0.004 second. It reflects at the open end as a compression wave
and the peak returns to station 1 at 0.0383 second. The basic theory of the motion of finite
amplitude waves is discussed in Sec. 2.1.4 and of reflections of expansion waves at a plain
open end in Sec. 2.8.3. As the reference acoustic velocity in air at 20°C is 343 m/s, which 1s
estimated to be the average propagation velocity on the simplistic grounds that the expansion
wave travels as much below sonic velocity as the compression wave 1§ supersonic above 1,
the expected return point in time by a very simple computation is:

2(5901 - 317)
1000 x 343

timet = 0.004 + = (0.0366 second

This approximate calculation can be seen to give an answer which is similar to the experi-

mental value.

In Figs. 2.31 to 2.33 the individual waves can be seen clearly. The creation of the indue-
tion pulse is accurate as can be seen in Figs. 2.31 and 2.32. Later it passes station 2 after 0.01
second. Steepening of the tail of the expansion wave has occurred as discussed in Sec, 2.1.5.
It will be seen that a shock did not develop on the wave at any time.

The effect of friction is presented in Fig. 2.58(b) which expands the time scale for the
time period between (.007 and 0.01 second. The close correlation between the measured and
calculated pressures, and the residual waves attributable to the friction reflections after 0.0085
second causing the sub-atmospheric pressure on the traces, is now observable by zooming in
on this time period. As for friction causing deterioration of the peak of the pressure wave, as
it passed station 1 it had a measured peak pressure ratio of 0.864 (calculated at 0.859) and
when it passed station 2 it had increased to 0.871 (calculated at 0.876). The theoretical dis-
cussion on this subject is contained in Sec. 2.3.
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Chapter 2 - Gas Flow through Two-Stroke Engines

It can be seen that the GPB modeling method provides a very accurate pressure-time
history of the recorded events for the motion of expansion waves and of the induction process
into a cylinder. However, it was the “less than perfect” theoretical correlation with this ex-
periment which led to the study on discharge coefficients [5.25].

2.19.3 A sudden expansion attached to the QUB SP apparatus

The experiment simulates an exhaust process with a straight pipe incorporating a sudden
expansion attached to the cylinder. Fig. 2.34 shows a straight aluminum pipe of 3.394 m and
25-mm internal diameter attached to the port, followed by a 2.655 m length of 80-mm-diam-
eter pipe ending at the atmosphere. There are pressure transducers attached to the pipe at
stations 1, 2 and 3 at the length locations indicated. The basic theory of pressure wave reflec-
tions at sudden expansions and contractions is given in Secs. 2.10and 2.12,

STATION1 STATIONz STATION3
S

317 |‘

3097 |
2 3394 .l 3703

- e ———

6049

Fig. 2.34 QUB SP rig with a sudden expansion attached.

The cylinder was filled with air and the initial cylinder pressure and temperature were 1.5
bar and 293 K. In Figs. 2.35 to 2.37 are the measured pressure-time records in the cylinder
and at stations 1, 2 and 3. The results of the computations using the GPB modeling method are
shown in the same figures, and the correlation is very good. Differences that can be discerned
between measurement and computation are indicated on the figure.

In Fig. 2.35 the basic action of reflection at a sudden expansion is observed. The exhaust
pulse passes the pressure transducer at station 1 at 0.004 second and the sudden expansion in
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Fig. 2.35 Measured and calculated pressures at station .
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Fig. 2.36 Measured and calculated pressures at station 2.
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Fig. 2.37 Measured and calculated pressures at station 3.

pipe area sends an expansion wave reflection back to arrive at 0.024 second. It is echoed off
the closed end, is reflected again at the sudden expansion, but this time as a compression
wave which returns to station 1 at 0.044 second preceded by an expansion wave at 0.038
second. From whence comes this expansion wave?

In Fig. 2.37, the pressure record at station 3 at 0.012 second shows the onward transmis-
sion of the residue of the original exhaust pulse having traversed the sudden expansion in pipe
area. In short the original exhaust pulse commenced its journey with a pressure ratio of 1.3
which is reduced to 1.05 in the 80-mm pipe when passing station 2. This onward transmitted
wave reflects off the open end as an expansion wave, returns to the sudden area change which
it now sees as a sudden contraction. The onward transmission leftward of that reflection
process is seen to proceed past the transducer at station 2 in Fig. 2,36 at 0.03 second and
arrive at station 1 at 0.038 second, thereby answering the query posed in the previous para-
graph.

In Fig. 2.36 the pressure transducer is sufficiently close to the sudden change of pipe area
that all pressure records are of the superposition process. This is evident between 0.01 and
0.02 second, where the rightward propagating exhaust pulse is partially superposed on the
leftward travel of its own reflection from the sudden expansion in pipe area. These measured
superposition processes are followed closely in amplitude and phase by the theory.
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It can be observed that the GPB finite system modeling by computer provides a very
accurate pressure-time history of the recorded events for the reflection of compression pres-
sure waves at sudden increases in pipe area. There is also evidence, as the second-order
reflections are a mixture of expansion and compression waves which see the sudden area
change as both an expansion and a contraction in pipe area, that the theory is generally appli-
cable to all such boundary conditions.

2.19.4 A sudden contraction attached to the QUB SP apparatus

The experiment simulates an exhaust process with a straight pipe incorporating a sudden
contraction attached to the cylinder. Fig. 2.38 shows a straight aluminum pipe of 108 mm and
25-mm internal diameter attached to the port, followed by a 2.346 m length of 80-mm-diam-
eter pipe; the final length to the open end to the atmosphere is a 2.21 m length of pipe of 25-
mm internal diameter. There are pressure transducers attached to the pipe at stations 1, 2 and
3 at the length locations indicated. The basic theory of pressure wave reflections at sudden
expansions and contractions is given in Secs. 2.10 and 2.12.

STATION 3
P d=25 mm
CYL ]
108
il 2454
) 2763 |
> = 3060 | 5270
— |

Fig. 2.38 QUB SP rig with a sudden contraction attached.

The cylinder was filled with air and the initial cylinder pressure and temperature were 1.5
bar and 293 K. In Figs. 2.39 to 2.4| are the measured pressure-time records in the cylinder
and at stations 1, 2 and 3. The results of the computations using the GPB modeling method are
shown on the same figures, and the correlation is very good. Where differences can be ob-
served between measurement and compulation are indicated on the figure.

The short 108 mm length means that the pressure wave encounters a sudden expansion
before proceeding to the point of conduction of this particular test, 1.e., the sudden contrac-
tion posed to the exhaust pressure wave, In the previous section this was found to be accurate
and so it is no surprise to see that the measured and computed pressure waves at station 1 are
in close correlation at 0.05 second in Fig. 2.39. The amplitude of the exhaust pressure wave
passing station 1 has a pressure ratio of 1.065.

The sudden contraction sends a compression wave reflection back from it and can be seen
in a superposition condition at station 1 at 0.018 second and at station 2 earher at 0.011
secand. The clean and non-superposed onward transmission of the exhaust pulse can be found
passing station 3 at 0.012 second with a pressure ratio of 1.12. This is a higher amplitude than
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Fig. 2.4]1 Measured and calculated pressures at station 3.

the original exhaust pulse of 1.06 atm, but the wave proceeding to the outlet has been con-

tracted from a 80-mm-diameter pipe into a 25-mm tail-pipe.

It can be observed that the GPB finite system modeling gives a very accurate representa-
tion of the measured events for the reflection of compression pressure waves at sudden de-

creases in pipe area.
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2.19.5 A divergent tapered pipe attached to the QUB SP apparatus

The experiment simulates an exhaust process with a straight pipe incorporating a diver-
gent taper attached to the cylinder. Fig. 2.42 shows a straight aluminum pipe of 3.406 m and
25-mm internal diameter attached to the port, followed by a 195 mm length of steeply tapered
pipe at 12.8° included angle to 68-mm diameter; the final length to the open end to the atmo-
sphere 1s a 2.667 m length of pipe of 68-mm internal diameter. This form of steep taper is very
commonly found within the ducting of IC engines, including the diffuser sections of highly
tuned two-stroke engines. There are pressure transducers attached to the pipe at stations 1, 2
and 3 at the length locations indicated. The basic theory of pressure wave reflections in ta-

pered pipes is given in Sec. 2.15.

STATION 3

STATION 1 STATION 2

H 0

iiAA

Fig. 242 QUB SP rig with a divergent taper attached.

The cylinder was filled with air and the initial eylinder pressure and temperature were 1.5
bar and 293 K. In Figs. 2.43 to 2.45 are the measured pressure-time records in the cylinder
and at stations 1, 2 and 3. The results of the computations using the GPB modeling method are
shown on the same figures, and the correlation is very good. Differences that can be observed
between measurement and computation are indicated on the figure.

The tapered pipe acts as an expansion to the area of the pipe system and sends an expan-
sion wave reflection back from it. It is observed arriving back at station 1 at 0.024 second in
Fig. 2.43, albeit in a superposition condition from the nearby closed end.
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Fig. 2.43 Measured and calculated pressures at station |.
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Fig. 2.45 Measured and calculated pressures at station 3.

Actually, as it is a short, steeply tapered pipe there is a close resemblance between the
behavior of this pipe and the sudden contraction discussed in Sec. 2.19.3 and illustrated in
Figs. 2.34 to 2.37. The cylinder release conditions were identical in both cases so the exhaust
pulses which arrived at the discontinuity in areas was the same. Consequently there are great
similarities between Figs. 2.35 and 2.43 for the pressure transducer at station 1, and between
Figs. 2.36 and 2.44 for the pressure transducer at station 2. The records for the tapered pipe
look slightly more “peaky” in certain places. However, that effect is seen more strongly in
Fig. 2.45 where the onward transmission of the residual of the exhaust pulse is observed to
have developed a shock front as it passes the pressure transducer at station 3. In other words,
the tapered pipe has contributed to, and exaggerated, the normal distortion process of a com-
pression wave profile. It is also interesting to compare the amplitudes of the transmitted and
reflected waves, as the tapered pipe should be more efficient at this than a sudden expansion.
The peak of the suction wave from the tapered pipe undergoing superposition at 0.024 second
at station 1 is 0.68 atm; for the sudden expansion it is 0.74 atm or less strength of expansion
wave reflection. The peak of the transmitted wave from the tapered pipe passing station 3
undisturbed at 0.011 second is 1,08 atm; for the sudden expansion it is 1.05 atm or an exhaust
pulse of reduced strength is delivered farther down the pipe system.
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It can be observed that the GPB finite system modeling gives a very accurate representa-
tion of the measured events for the reflection of compression pressure waves at a steeply
tapered pipe segment within ducting,

2.19.6 A convergent tapered pipe attached to the QUB SP apparatus

The experiment simulates an exhaust process with a straight pipe incorporating a conver-
gent taper attached to the cylinder. Fig. 2.46 shows a straight aluminum pipe of 108 mm and
25-mm internal diameter attached to the port, followed by a 2.667 m length of 68-mm parallel
section pipe, then a steeply tapered pipe at 12.8° included angle convergent to 25-mm diam-
eter over a 195 mm length; the final length to the open end to the atmosphere is a 2.511 m
length of pipe of 25-mm internal diameter. This form of steep taper is very commonly found
within the ducting of IC engines, including the rear cone sections of expansion chambers of
highly tuned two-stroke engines. There are pressure transducers attached to the pipe at sta-
tions 1, 2 and 3 at the length locations indicated. The basic theory of pressure wave reflec-
tions in tapered pipes is given in Sec. 2.15.

STAN 1 STAN 2 STATION 3
ﬁ ’E-I P d=25 mm

= = E
CYLE]d=68 mm taper=12.8° | ] |
10§ d
g 2454
. 2775 .| 2970
3279 5481

Fig. 2.46 QUB SP rig with a convergent cone attached.

The cylinder was filled with air and the initial cylinder pressure and temperature were 1.5
bar and 293 K. In Figs. 2.47 to 2.49 arc the measured pressure-time records in the cylinder
and at stations 1, 2 and 3. The result of the computations using the GPB modeling method are
shown on the same figures, and the correlation is very good. Where differences can be ob-
served between measurement and computation are indicated on the figure.

The converging tapered pipe acts as a contraction to the area of the pipe system and sends
a compression wave reflection back from the compression wave of the exhaust pulse. It is
observed arriving back at station 1 at 0.02 second in Fig. 2.47, albeit in a superposition condi-
tion from the nearby contraction.

Actually, as it is a short, steeply tapered pipe there is a close resemblance between the
behavior of this pipe and the sudden contraction discussed in Sec. 2.19.4 and illustrated in
Figs. 2.38 to 2.41. The cylinder release conditions were identical in both cases so the exhaust
pulses which arrived at the discontinuity in areas was the same, Consequently there are great
similarities between Figs. 2.39 and 2.47 for the pressure transducer at station 1, and between
Figs. 2.40 and 2.48 for the pressure transducer at station 2. This close comparison also ex-
tends to the pressure transducer at station 3, in the tapered cone version in Fig. 2.49 and in
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Fig. 2.4] for the sudden expansion. This was not the case in the previous section, when it was
observed that the tapered diffuser pipe had distorted the profile of the exhaust pulse into a
shock front as it reached the station 3 pressure transducer. It is germane to this discussion, and
it is fully covered in the theoretical analysis in Secs. 2.10, 2.12 and 2.15, that a process in a
diffuser is non-isentropic whereas that in a nozzle is isentropic. Shock formation in Fig, 2.45
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Fig. 249 Measured and calculated pressures at station 3.
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is clearly a manifestation of non-isentropic behavior while the undistorted profile emanating
from the nozzle in Fig. 2.49 is obviously more efficient. Even the profile in Fig. 2.37 of the
transmitted exhaust pulse onward from the sudden expansion exhibits elements of steep-front
formation.

It is also interesting to compare the amplitudes of the transmitted and reflected waves, as
the nozzle should be more efficient at this than a sudden contraction. The peak of the com-
pression wave from the tapered pipe undergoing superposition at (.02 second at station 1 is
1.105 atm; for the sudden contraction it is weaker at 1,08 atm. The peak of the transmitted
wave from the converging tapered pipe passing station 3 undisturbed at 0.012 second 1s 1.155
atm; for the sudden contraction it is 1.12 atm or an exhaust pulse of reduced strength is
delivered onward down the pipe system.

One final word on the above sections, which reiterates many of the theoretical consider-
ations from Secs. 2.10, 2.12 and 2.15, is that area changes, which in discussion are labeled
loosely as “cones,” “nozzles,” "diffusers,” etc., are only accurate as nomenclature when taken
in the context of the direction of the particle velocity at that instant of the discussion. In short,
what is a nozzle for a particle traveling rightward at one instant in time is a diffuser to another
traveling leftward in another time frame.

It can be observed that the GPB finite system modeling gives a very accurate representa-
tion of the measured events for the reflection of compression pressure waves at a steeply
tapered pipe segment within ducting. Taking heed of the waming in the previous paragraph,
note that the word nozzle is not mentioned in this last statement,

2.19.7 A longer divergent lapered pipe attached to the QUB SP apparatus

The experiment simulates an exhaust process with a straight pipe attached to the cylinder
and incorporating a long divergent taper attached at the end of that straight pipe. Fig. 2.50
shows a straight aluminum pipe of 3.417 m and 25-mm internal diameter attached to the port,
followed by a 600 mm length of tapered pipe at 8° included angle to 109-mm diameter at the
open end to the atmosphere. This form of steep taper is very commonly found within the
ducting of IC engines, including the diffuser outlet sections of highly tuned four-stroke en-
gines. They are often referred to as “megaphones” for obvious reasons. There 1s a pressure
transducer attached to the pipe at the length location indicated. The basic theory of pressure
wave reflections in tapered pipes is presented in Sec. 2.15.

The cylinder was filled with air and the initial cylinder pressure and temperature were 2.0
bar and 293 K. In Figs. 2.51 to 2.53 are the (same) measured pressure-time record at the
pressure transducer location. The megaphone acts as an expansion to the area of the pipe
system and sends a strong expansion wave reflection back from it. This is chased back along
the pipe system by the reflection at the atmosphere of the residue of the exhaust pulse which
makes it to the open end. It returns as an expansion wave, but now strengthening as it nozzles
its way back to the smaller area of the parallel pipe leading back to the cylinder. It is observed
arriving back at the pressure transducer at 0.021 second in Figs. 2.51 to 2.53 in a virtually
undisturbed condition apart from residual friction waves. The original exhaust pulse has a
pressure ratio of 1.55 and the suction reflection has a peak of 0.63 atm. The suction reflection
has a shock wave at its tail, a feature already observed regarding the action of tapered pipes in
Sec. 2.19.5. Tt will be seen from the discussion below that the superposition of oppositely
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CYL | taper=8% d=109 mm

! 4017

Fig, 2.50 QUB 8P rig with a megaphone exhaust attached.

moving expansion and compression waves gives very high particle velocities within the pipe
and diffuser system, in excess of a Mach number of 0.7. Consider the strong suction wave
evident in the figures at 0.02 second; if it arrives at the exhaust valves or ports of an engine,
particularly a four-stroke engine during the long valve overlap period of a high-performance
unit, it can induce a considerable flow of air through the combustion chamber, removing the
residue of the combustion products, and initiate a high volumetric efficiency. The earlier

discussion in Sec. 2.8.1 alludes to this potential for the enhanced cyclic charging of an engine :Eé
with air.
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Fig. 2.53 Measured and calculated pressures with Mach 0.7 criterion.

The result of the computations using the GPB modeling method are shown on the same
figures with the theoretical criterion for flow separation from the walls of a diffuser, as de-
bated in Sec. 2.15.1, differing in each of the three figures. Recall from the discussion in that
section, and by examining the criterion declared in Eq. 2.15.5, that gas particle flow separa-
tion from the walls of a diffuser will induce deterioration of the amplitude of the reflection of
a compression wave as it traverses a diffuser. The taper of 87 included angle employed here
would be considered in steady gas flow to be sufficiently steep as to give particle flow sepa-
ration from the walls. The theory used to produce the computations in Figs, 2.51 10 2.53 was
programmed to record the gas particle velocity at every mesh within the diffuser section. The
Eq. 2.15.3 statement was implemented at every mesh at every time step, except that the com-
putational switch was set at a Mach number of 0.5 when computing the theory shown in Fig.
2.51, at a Mach number of 0.6 for the theory plotted in Fig. 2.52, and at a Mach number of 0.7
for the theory presented in Fig. 2.53. It will be seen that the criterion presented in Eq. 2.15.5
provides the accuracy required. It is also clear that any computational method which cannot
accommodate such a fluid mechanic modification of its thermodynamics will inevitably pro-
vide considerable inaccuracy. Total reliance on the momentum equation alone for this calcu-
lation gives a reflected wave amplitude at the pressure transducer of 0.5 atm. It is also clear
that flow separation from the walls occurs only at very high Mach numbers. As the criterion
of Eq. 2.15.5 is employed for the creation of the theory in Figs. 2.43 to 2.45, where the taper
angle is at 12.8° included, it is a reasonable assumption that wall taper angle in unsteady gas
flow is not the most critical factor.

The differences between measurement and computation are indicated on each figure. It
can be observed that the GPB finite system modeling gives a very accurate representation of
the measured events for the reflection of compression pressure waves at a tapered pipe ending
at the atmosphere.

2.19.8 A pipe with a gas discontinuity attached to the QUB SP apparatus

The experiment simulates an exhaust process with a straight pipe attached to the cylinder.
Fig. 2.54 shows a straight aluminum pipe of 5,913 m and 25-mm internal diameter attached to
the port and ending at a closed end with no exit to the atmosphere. There are pressure trans-
ducers attached to the pipe at stations 1, 2 and 3 at the length locations indicated. However, at
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3.401 m from the cylinder port there is a shding valve S with a 25-mm circular aperture
which, when retracted, seals off both segments of the exhaust pipe. Prior to the commence-
ment of the experiment, the cylinder was filled with air and the initial cylinder pressure and
temperature were 1.5 bar and 293 K. The segment of the pipe betwen the cylinder and the
valve 8 is filled with air at a pressure and temperature of 1.5 bar and 293 K, and the segment
between the valve S and the closed end is filled with carbon dioxide at the same state condi-
tions, The experiment is conducted by retracting the valve 8 to the fully open position and
impacting the valve at the cylinder port open at the same instant, i.e., the pneumatic impact
cylinder I in Fig. 2.26 opens the cylinder port P and then closes it in the manner described in
Sec. 2.19.1. An exhaust pulse is propagated into the air in the first segment of the pipe and
encounters the carbon dioxide contained in the second segment before echoing off the closed
end. In the quiescent conditions for the instant of time between retracting the valve S and
sending a pressure wave to arrive at that position some 0.015 second later, it is not anticipated
that either the carbon dioxide or the air will have migrated far from their initial positions, if at
all. This is a classic experiment examining the boundary conditions for pressure wave reflec-
tions at discontinuities in gas properties in engine ducting as described in Sec. 2.5. The gas
properties of carbon dioxide are significantly different from air as the ratio of specific heats,
Y, and the gas constant, R, are 1.28 and 189 J/kgK, respectively. The reference densities in the
two segments of the pipe in this experiment, and employed in the GPB modeling process, are
then given by:

_ pp _ 101325 ;
reference density of air airPo = R, T, = ST a 1205 kg/m
o _ TODB _ 830 kg/m?

reference density of CO; €O, P0 = Reo, To © 189%293

STATION1 STATIONZ2 STATION 3

]; 4 r 3703,

Fig. 2.54 QUR SP rig with pipe containing a gas discontinuiry.

Observe that the reference density of carbon dioxide is significantly higher than air by
some 52%. The reference acoustic velocities, ag, which profoundly affect the propagation
and the particle velocities, are also very different as:

aginair g = ofYairRairTp = V14 X 287 X 293 = 3431 m/s
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ag in COq ngﬂn = JTCDIRCOITU' = JIEE %189 x 293 = 2662 lIle

The reference acoustic velocity for air is some 28.9% higher than that in carbon dioxide.

At equal values of pressure wave amplitude this provides significant alterations to the
motion of the pressure wave in each segment of the gas in the pipe. Consider the theory of
Sec. 2.1.4 for a compression wave with a pressure ratio of 1.3 at the above state conditions in
a 25-mm-diameter pipe, i.e., a pipe area, A, of 0.000491 m2.

For air the results for pressure amplitude ratio, X, particle velocity, c, propagation veloc-
ity, o, density, p, and mass flow rate, m, would be:

X X = POV = 137 = 10382

c ¢ = Gsag(X —1) = 5x 3431 x 00382 = 655 mys

o o = a5(GgX — Gs) = 3431 x (6 % 1.0382 - 5) = 421.7 m/s
p p = poX®® =1205x 1.0382° = 1453 kg/m’

m m = pAc = 1.453 X 0.000491 x 65.5 = 0.0467 kg/s

For carbon dioxide the results for pressure amplitude ratio, X, particle velocity, ¢, propaga-
tion velocity, o, density, p, and mass flow rate, m, would be:

X X = PO = 139109 _ 10204
¢ ¢ = Gsag(X — 1) = 7.143 x 2662 x 00291 = 553 m/s

a a=ag(GgX - Gs) = 266.2 x (8.143 x 10291 — 7.143) = 3293 m/s

p p = poX% = 1830 x 102917 = 2246 kg/m’

m m = pAc = 2.246 x 0.000491 x 553 = 0.061 kg/s

The GPB finite system simulation method has no difficulty in modeling a pipe system to
include these considerable disparities in gas properties and the ensuing behavior in terms of
wave propagation. The computation is designed to include the mixing and smearing of the
gases at the interface between mesh systems which have different properties at every mesh
within the computation, and the reflections of the pressure waves at the inter-mesh bound-
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aries as a function of those differing gas properties. The theory for this is presented in
Sec. 2.18.

InFigs. 2.55 to 2.57 are the measured pressure-time records in the cylinder and at stations
1, 2 and 3. The result of the computations using the GPB modeling method are shown on the
same figures. The pressure traces are so close together that it is difficult to distinguish be-
tween theory and experiment, but where differences can be discerned they are indicated on
the figure.

The first point of interest to observe is in Fig. 2.55, where there 15 a “bump” of pressure at
0.023 second. This is the echo of the initial exhaust pulse, having propagated through the air
in the first pipe segment off the more dense carbon dioxide, which commences at position S in
the second pipe segment, returning to station 1. At that point it is observed as a superposition
process bouncing off the closed end at the port.

The second point of interest is the overall accuracy of the computation. The phasing of
the pressure waves is very accurate, Considering the disparity of the propagation velocities of
waves of equal pressure ratio of 1.3, illustrated above, i.e., some 28% faster in air, the phasing
error if the computation had been carried out with air only would have been very consider-
able. In Fig. 2.55 the return time, peak to peak of the exhaust pulse, passing station | to retumn
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Fig. 2.55 Measured and calculated pressures at station .
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Fig. 2.56 Measured and calculated pressures ar station 2.
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Fig. 2.57 Measured and calculated pressures at station 3.

to station 1, is 0.03 second. Very approximately and ignoring interference due o superposi-
tion as in Eqs. 2.2.9 and 2.2.10, in a pipe filled with air only, that return time would have been:

. _ 25913 -0317)
4217

= 0.0265 second

return time; t

As the peak of the exhaust pulse passed station 1 at 0.004 second originally, it would have
returned there at 0.0265 + 0.004, or 0.0305 second, and not at the observed value of 0.035
second. The phase error emanating from a simulation process detailing a completely air-filled
pipe would have been highly visible in Fig. 2.55.

In fact, in Figs. 2.55 to 2.57 is a third pressure trace where the computation has been
conducted with the pipe filled only with air. The traces are marked as “air” or “air only.” The
phase error deduced very simply above is seen to be remarkably accurate, for in Fig. 2.55 the
“air only” returning reflection does arrive at station 1 at 0.031 second. On the other graphs the
“air only” computation reveals the serious error that can occur in UGD simulation when the
correct properties of the actual gases involved are not included. Needless to add, in Fig. 2.55
there is no sign of the pressure wave “bump” at 0.025 second for there is no COj3 in that
computation!

From the measured and computed pressure traces it can be seen that the waves have
steep-fronted and that the computation follows that procedure very accurately. Some phase
error is seen by 0.047 second at station 3. This is after some 15.5 meters of pressure wave
propagation.

It can be observed that the GPB finite system modeling gives a very accurate representa-
tion of the measured events for the reflection of compression pressure waves at gas property

variations within ducting.

2.20 Computation time
One of the important issues for any computer code is the speed of its operation. Kirkpatrick
et al. [2.41] conclude that the GPB finite system simulation method and the Lax-Wendroff

(+Flux Corrected Transport) have equality of computational speed and both are several times
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faster than the non-homentropic method of characteristics. Of great importance is the inher-
ent ability of the GPB code to automatically take into account the presence of variable gas
properties and variable gas species throughout a duct. This is not the case with the Lax-
Wendroff (+FCT) code, and the inclusion of variable gas properties and variable gas species
within a duct for that computer code has been reported to slow it down by anything from a
factor of 1.6 for a minimum acceptable level of accuracy to a factor of 5 to attain complete
accuracy [2.62, 2.63].

(a) COMFRESSION WAVE FRICTION (b) EXPANSION WAVE FRICTION
1.10 1.00
—— CALCULATED
— MEASURED

1. - : -
o o8 o) 0.99
= =
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Fig. 2.58 Friction causing wave reflections from compression and expansion waves.

2.21 Concluding remarks

The GPB finite system simulation technique can be used with some confidence regarding
its accuracy for the thermodynamics and unsteady gas dynamics of flow from and into engine
cylinders, and throughout the ducting attached to the intemmal-combustion engine,

It is an interesting commentary on the activities of those who fund research in engineer-
ing, in this case the Science and Engineering Research Council of the UK, that when they
were approached some years ago for the funding of the theoretical and experimental work
described in this text, a "commitiee of peers” rejecied the application for such funding on the
grounds that it had “all been done before.” The last line of the Second Mulled Toast should be
item 1 on any agenda for meetings of organizations that fund research in engineering.
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Appendix A2.1 The derivation of the particle velocity for unsteady gas flow

This section owes much to the text of Bannister [2.2], which I found to be a vital compo-
nent of my education during the period 1959-1962. His lecture notes have remained a model
of clarity and a model of the manner in which matters theoretical should be written by those
who wish to elucidate others.

The exact differential equations employed by Eamshaw [2.1] in his solution of the propa-
gation of a wave of finite amplitude are those established using the notation of Lagrange.

Fig. A2.1(a) shows a frictionless pipe of unit cross-section, containing gas at reference
conditions of pg and py. The element AB is of length, dx, and at distance, x, from an origin of
time and distance. Fig. A2.1(b) shows the changes that have occurred in the same element AB
by time, t, due to the influence of a pressure wave of finite amplitude. The element face, A,
has now been displaced to a position, L, farther on from the initial position. Thus, at time t,
the distances of A and B from the origin are no longer separated by dx but by a dimension
which 1s a function of that very displacement; this is shown in Fig. A2.1(b). The length of the

element is now [l + g—L]dx . The density, p, in this element at this instant is related by the fact

X
that the mass in the element is unchanged from its initial existence at the reference conditions

and that the pipe area, A, is unity;

oL
PoAdx = pA[l + El_x]dx (A2.1.0)
£ X dx
™ T - >
5
5‘ A B gas properties y R
i reference pp To
f l pipe area=unity
: (a) initial conditions
| aL
. L+dx+ 5= dx
<€ ox >
ey
A z
| 9P
; i P P+ = dx

(b) after time t

Fig. A2.] Lagrangian notation for a pressure wave.
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oL
Hence, E;l =% P (A2.1.1)

Since the process is regarded as isentropic,

¥
P _ [1)
Po Po
p ( BLJ_T
Then, ] i (A2.1.2)

Po ox

Partial differentiaton of this latter expression gives:

-1 22
op [ aL) gL (A2.1.3)

bt A 1+ —
ax RO N Ix?

The accelerating force applied to the gas element in the duct of unity area, A, at time, t, is:

A[p —[p+%dx]) o~ pax

The mass in the element is ppAdx from Eq. A2.1.1 and from Newton's Laws where force
equals mass times acceleration:

ap 3L
~ZE Adx = pgAdx —= A2.14
B X = PpAdx atg ( )

Eliminating the area A and substituting from Eq. A2.1.4 gives:

m[l + B—LJAY_I .2t (A2.1.5)

Pao dx axz - &?

As the reference acoustic velocity, ag, can be stated as:
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and replacing the distance from the origin as y, i.e., replacing (x+L), then Eq. A2.1.5 becomes:
ay\ Tty 2
a%[i) L84 (A2.1.6)

This is the fundamental thermodynamic equation and the remainder of the solution is
merely mathematical “juggling™ to effect a solution. This is carried out quite normally by

making logical substitutions until a solution emerges. Let E"_]"r. = f(a},} in which case the
following are the results of this substitution: at dx

Thus, by transposition:

(D) (Dal®)
at’ ax/ax \ at Ax ) ax | \Lax

'y _ [3y) oY)y _ [ B‘y)_r
Hence az_f[ax)f{axjaf ax] 3x2

This relationship is substituted into Eq. A2.1.6 which produces:

)" 3R
e o
: s

Integrating this expression introduces an integration constant, k:
Ea 2
(3_}{) =3 F=1 f(_}.r_J +k
aﬂ. Eﬂ.u 8.'{
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Asy=x+L, then

9% _ 1.9 _Po_[p)
ox dx p Po

and from the original substitution, the fact that x is a constant, and that the gas particle veloc-

ity is ¢ and is also the rate of change of dimension L with time:

f[ﬂJziE:—..—_—a{l+L}=-a—L—=c
dx dt ot ot

¥

¥ _

Therefore [L} = t{T—E +k
Po 2ay

If at the wave head the following facts are correct, the integration constant, k, is:

p=po ¢=0 then k=1

whence the equation for the particle velocity, c, in unsteady gas flow is deduced:

: &y
—T [_P_J .
¥—=1|\po

The positive sign is the correct one to adopt because if p > pp then ¢ must be a positive

value for a compression wave.
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Appendix A2.2 Moving shock waves in unsteady gas flow

The text in this section owes much to the often-quoted lecture notes by Bannister [2.2].
The steepening of finite amplitude waves is discussed in Sec. 2.1.5 resulting in a moving
shock wave. Consider the case of the moving shock wave, AB, illustrated in Fig. A2.2. The
propagation velocity is ¢ and it is moving into stationary gas at reference conditions, pg and
po- The pressure and density behind the shock front are p and p, while the associated gas
particle velocity 1s c. Imagine imposing a mean gas particle velocity, a, on the entire system
illustrated in Fig. A2.2(a) so that the regime in Fig. A2.2(b) becomes “reality.” This would
give a stationary shock, AB, i.¢., the moving front would be brought to rest and the problem is
now reduced to one of steady flow. Consider that the duct area is A and is unity.

The continuity equation shows across the now stationary shock front:

(ot — c)pA = apgA (A2.2.1)
The momentum equation gives, where force is equal to the rate of change of momentum,

(o = (e = ¢))oppA = (p — po)A

or copy=p-Po (A2.2.2)
This can be rearranged as:
P _ Po %P
SRk A2.2.3
P P p ( )
A
w
£
F
% T B
T P
o ¢ Po To o
DISTANGE ~
"-i AlB gas properties y R
: referance pg Tg
pipe area=unity

(a) shock wave AB moving rightwards

X AlB

o-c ol
-——

(b) shock wave imagined to be stationary
Fig. A2.2 The moving shock wave.
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The First Law of Thermodynamics across the now stationary shock front shows:

2 2

(et — c) c

CPTA'l‘ 2 =CPTB+‘E“
_ 2 2
or R T +{ﬂ5 c) ?R ;
¥-1 2 V| 2

or e

or I —=——f ==

Substituting from Eq. A2.2.3 for Po and writing auz = Po produces:
p Po
+ 1
o? —jz—m —a% =0 (A2.2.4)
o i
Therefore L= Eﬂi[— i _ﬂ] (A2.2.5)
Y+lla, o

Dividing throughout by a% and substituting o for it provides the relationship for the
Po
propagation velocity of a moving compression shock wave as:

[y+1p  y-1
{w 2Y Po 2y (A2.2.6)
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Substituting this latter expression for the shock propagation velocity, &, mto Eq. A2.2.5
gives a direct relationship for the gas particle velocity, c:

o
s Y \Po
J'f+li+ﬂf—l (A2.2.7)
2y pp 27

The temperature and density relationships behind the shock are determined as follows,
first from the equation of state:

p _ pRT _ pT

— - = A228
Po  PoRTy  poTo : ]
which when combined with Eq. A2.2.1 gives:
E P [ o — c)
Tp po\ ©@
which when combined with Eq. A2.2.5 gives:
T 2
R e PSS ¢
Tﬂ Pu['f"'l T+].[I1}
and in further combination with Eq. A2.2.6 reveals the temperature relationship:
(i 00 N
T _ply+lpg
Ty po| 241 (A22.9)
Po Y+1
and in further combination with Eq. A2.2.8 reveals the density relationship:
By 3=t
P _Po Y+l
Po }'-1£+1 (A2.2.10)

Y+1po
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The functions in Eqs. 2.2.9 and 2.2.10 reveal the non-isentropic nature of the flow. For
example, an isentropic compression would give the following relation between pressure and

density:
Y
P {LJ
Po Po

This is clearly quite different from that deduced for the moving shock wave in Eq. A2.2.10.
The non-isentropic functions relating pressure, temperature and density for a moving shock
wave are often named in the literature as the Rankine-Hugoniot equations. They arise again in
the discussion in Sec. 2.2.4.
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Appendix A2.3 Coefficients of discharge in unsteady gas flow

In various sections of this chapter, such as Secs. 2.12, 2.16, 2,17, and 2.19, a coefficient
of discharge, Cq, is employed to describe the effective area of flow through a restriction
encountered at the throat of a valve or port at a cylinder, or of flow past a throttle or venturi
section in an inlet duct. Indeed a map of measured coefficients of discharge, Cy, is displayed
m Fig. 2.27. It will be observed from this map that it is recorded over a wide range of pressure
ratios and over the full range of port-to-pipe-area ratio, k, from zero to unity. The area ratio, k,
is defined as:

. throat A
Area ratio, k = ik T

pipearea A, (A2.3.1)

Where the geometry under scrutiny is a port in the cylinder wall of a two-stroke engine
and is being opened or closed by the piston moving within that cylinder, it is relatively easy to
determine the effective throat and pipe areas in question, All such areas are those regarded as
normal to the direction of the particle flow. In some circumstances these areas are more diffi-
cult to determine, such as a poppet valve in an engine cylinder, and this matter will be dealt
with more completely below. A poppet valve is not a valving device found exclusively in a
four-stroke engine, as many two-stroke engines have used them for the control of both inlet

and exhaust flow,

Measurement of coefficient of discharge

The experimental set-up for these measurements varies widely but the principle is illus-
trated in Fig. A2.3. The cylinder of the engine is mounted on a steady flow rig and the
experimentally determined air mass flow rate, m,,, is measured at various pressure drops
from the cylinder to the pipe for outflow, or vice-versa for inflow, through the aperture of
area, A leading from the cylinder to the pipe of area, Ap. The illustration shows a two-stroke
engine cylinder with the piston held stationary giving a geometric port area, Ay, feeding an
exhaust pipe with an inner diameter, dis, and where the flow is coming from, or going to, a
pipe where the diameter is d;;. It involves the measurement of the pressures and temperatures,
po» Tp, within the cylinder and at the pipe point, ps, T3, respectively. In the illustration, the
flow 1s suction from the atmosphere, giving “exhaust” flow to the exhaust pipe, and so the
cylinder pressure and temperature are the atmospheric conditions, pg and Ty, The values of
pressure and temperature within the cylinder are regarded as stagnation values, i.e., the par-
ticle velocity is so low as to be considered zero, and at the pipe point they are the static values.
The mass rate of flow of the gas, m,, for the experiment is measured by a meter, such as a
laminar flow meter or an orifice designed to ISO, BS, DIN or ASME standards. The experi-
ment is normally conducted using air as the flow medium.

The theoretical mass flow rate, m;,, is traditionally determined [2.7] using isentropic
nozzle theory between the cylinder and the throat for outflow, or pipe and throat for inflow,
using the measured state conditions in the cylinder, at the throat, or in the pipe, which are p
and Ty, py and Ty, or pp and T, respectively, and using the nomenclature associated with
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2-STROKE ENGINE CYLINDER

PORTS
SEALED

AlR —
FLOW
PO
To
Pz p
; : m SUCTION
m\ —
T %]
i L-BS 1042
SETTLING ORIFICE
TANK Lk

Fig. A2.3 Experimental apparatus for Cy measurement.

either Fig. 2.16 or Fig. 2.18. The theory is normally modified to incorporate the possibility of
sonic flow at the throat, and the careful researcher [2.7] ensures that the critical pressure ratio
is not applied to the inflow condition for flow from pipe to cylinder. Some [2.61] employ
overall pressure ratios sufficiently low so as to not encounter this theoretical problem.

The coefficient of discharge, Cyis, 15 then determined as:

(A232)

The extra appellation of “is™ to the subscript for Cy refers to the fact that the measured mass
flow rate is compared with that calculated isentropically.

If the objective of measuring the coefficient of discharge, Cg, is simply as a comparator
process for the experimental improvement of the flow in two-stroke engine porting, or of
poppet valving in the cylinder heads of two- or four-stroke engines, then this classic method
is completely adequate for the purpose. The only caveats offered here for the enhancement of
" that process is that the correct valve curtain area for poppet valves should be employed (see
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Appendix A5.1), and that the range of pressure ratios used experimentally should be much
greater than the traditional levels [2.61].

The determination of Cg for accurate application within an engine simulation

However, if the object of the exercise is the very necessary preparation of Cy maps of the
type displayed by Kirkpatrick [2.41], for employment within engine simulation and model-
ing, then the procedure described above for the deduction of the coefficient of discharge, Cy,
is totally inaccurate.

The objective is to measure and deduce Cg4 in such a manner that when it is “replayed” in
a computer simulation of the engine, at identical values of pressure, temperature and area
ratio, the calculation would predict exactly the mass flow rate that was measured. At other
thermodynamic state conditions, the discharge coefficient is characterized by the pressure
ratio and the area ratio and fluid mechanic similarity is assumed. There may be those who will
feel that they could postulate and apply more sophisticated similarity laws, and that is a
legitimate aspiration.

For the above scenario to occur, it means that the theoretical assessment of the ideal mass
flow rate during the experimental deduction of Cy must not be conducted by a simple isen-
tropic analysis, but with exactly the same set of thermodynamic software as is employed
within the actual computer simulation. In short, the bottom line of Eq. A2.3.2 must be ac-
quired using the non-isentropic theory, described earlier, applied to the geometry and thermo-
dynamics of the steady flow experiment which mimics the outflow or inflow at a cylinder, or
some similar plenum to duct boundary. This gives a significantly different answer for Cq by
comparison with that which would be acquired by an isentropic analysis of the ideal mass
flow rate. To make this point completely, this gives an “ideal” discharge coefficient, Cg;, and
is found by:

Cyj = —= (A23.3)

where m;, is the theoretical non-isentropic mass flow rate described above.

However, even with this modification to the classic analytical method, the value of “ideal”
discharge coefficient, Cy;, is still not the correct value for accurate use within a computer
engine simulation. Taking cylinder outflow as the example, if Egs. 2.16.8 and 2.17.8 are
examined it can be seen that the actual coefficient of discharge arises from the need for the
prediction of an effective area of the throat of the restriction, formed by the reality of gas flow
through the aperture of the cylinder port. Hence, the value of port area, A, is that value
which, when presented into the relevant thermodynamic software for the analysis of a par-
ticular flow regime at the measured values of upstream and downstream pressure and tem-
perature, will calculate the measured value of mass flow rate, m,, . This involves an iterative
process within the theory for flow to or from the measured value of pipe area, Aj, until the

experimentally measured values of py, Ty, pa, T2, and 1, coincide for a unique numerical
value of effective throat to pipe area ratio, kefr. The relevant value of C4to be employed with
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an engine simulation value, i.e., the “actual” coefficient of discharge, Cgj, is then determined
as:

Asss Ay
kopr = —8f = ¢y, —L = Cy k
eff R da A, da (A2.3.4)

The algebraic solution to this iterative procedure (for it requires a solution for the several
unknowns from an equal number of simultaneous polynomial equations) is not trivial. The
number of unknowns depends on whether the flow regime is inflow or outflow, and it can be
subsonic or sonic flow for either flow direction; the number of unknowns can vary from two
to five, depending on the particular flow regime encountered. The iterative procedure is com-
pleted until a satisfactory error band has been achieved, usually 0.0] % for any one unknown
variable.

Then, and only then, with the incorporation of the actual discharge coefficient, Cgg, at the
same cylinder-to-pipe pressure ratio, P, and geometric area ratios, k, into the simulation will
the correct value of mass flow rate and pressure wave reflection and formation be found in the
replay mode during an unsteady gas-dynamic and thermodynamic engine computer simula-
tion.

Apart from some discussion in a thesis by Bingham [2.64], ] am unaware of this approach
to the determination of the actual coefficient of discharge, Cy,, being presented in the litera-
ture until recent times [5.25]. I have published a considerable volume of Cy data relating to
both two- and four-stroke engines, but all of it is in the format of Cy; and all of it is in the
traditional format whereby the ideal mass flow rate was determined by an isentropic analysis.
Where the original measured data exist in a numeric format, that data can be re-examined and
the required Cgy determined. Where it does not, and the majority of it no longer exists as
written records, then that which I have presented is well nigh useless for simulation purposes.
Furthermore, it is the complete digitized map, such as in Fig. 2.27, that is needed for each and
every pipe discontinuity to provide accurate simulation of unsteady gas flow through engines.

Some measurements of Cy4 at the exhaust port of an engine

In Figs. A2.4 to A2.7 are the measured discharge coefficients for both inflow and outflow
at the exhaust port of a 125 cm? Grand Prix racing motorcycle engine, as shown in Fig. A2.3
[5.25]. These figures plot the discharge coefficients with respect to pressure ratio from the
cylinder to the pipe, P, and for geometrical area ratios, k, of 0.127, 0.437, 0.716 and 0.824,
respectively. On each figure is shown both the actual discharge coefficient, Cy,, and the ideal
coefficient, Cy;, as given by Eq. A2.3.3. It should be noted that any difference between these
two numbers, if replayed back into an engine simulation at identical k and P values, will give
precisely that ratio of mass flow rate difference.

Ata low area ratio, k, there is almost no difference between Cg; and Cy,. The traditional
analysis would be equally effective here, As the area ratio increases, and where the mass flow
rate is, almost by definition, increasing, then the mass flow rate error through the application
of a Cy; value also rises, The worst case is probably inflow at high area ratios, where it is seen
to be 20%.
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Further discussion is superfluous. The need to accurately measure and, even more impor-
tant, to correctly reduce the data to obtain the actual discharge coefficient, Cgy, is obvious. A
fuller discussion of this topic, together with more extensive measurements, is to be found in

Ref. [5.25].
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Fig. A2.7 Coefficients of discharge for port k=0.824,
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Chapter 3

Scavenging the Two-Stroke Engine

3.0 Introduction

In Chapter |, particularly Sec. 1, there is a preliminary description of scavenging for the
various types of two-stroke engines. This chapter continues that discussion in greater depth
and provides practical advice and references to computer design programs to aid the design
process for particular types of engine.

3.1 Fundamental theory

The original paper on scavenging flow was written by Hopkinson [3.1] in 1914, It is a
classic paper, written in quite magnificent English, and no serious student of the two-stroke
engine can claim to be such if that paper has not been read and absorbed. It was Hopkinson
who conceived the notion of “perfect displacement™ and “perfect mixing" scavenge processes.
Benson [1.4] also gives a good account of the theory and expands it to include the work of
himself and Brandham. The theory used is quite fundamental to our conception of scaveng-
ing, 50 it is repeated here in abbreviated form. Later it will be shown that there is a problem in
correlation of these simple theories with measurements.

The simple theories of scavenging all postulate the ideal case of scavenging a cylinder
which has a constant volume, Vy, as shown in Fig. 3.1, with a fresh air charge in an isother-
mal, isobaric process. It is obvious that the real situation is very different from this idealized
postulation, for the reality contains gas flows occurring at neither constant cylinder volume,
constant cylinder temperature, nor constant cylinder pressure. Nevertheless, it is always im-
portant, theoretically speaking, to determine the ideal behavior of any system or process as a
marker of its relationship with reality.

In Fig. 3.1 the basic elements of flow are represented. The incoming scavenge air can
enter either a space called the “displacement zone” where it will be quite undiluted with
exhaust gas, or a "mixing zone” where it mixes with the exhaust gas, or it can be directly
short-circuited to the exhaust pipe providing the worst of all scavenging situations.

In this isothermal and isobaric process, the incoming air density, p,, the cylinder gas
density, pe, and the exhaust gas density, pey, are identical. Therefore, from the theory previ-
ously postulated in Sec. 1.5, the values of purity, scavenge ratio, scavenging efficiency, trap-
ping efficiency, and charging efficiency in this idealized simulation become functions of the
volume of the several components, rather than the mass values as seen in Egs. 1.5.1-1.5.9.
The following equations illustrate this point.
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CYLINDER SEU USEU Vta ch

MIXING ZONE
Vam Vem IImVm dVm

dVam

DISPLACEMENT |
| ZONE : dvae

sHorT |'le >
CIRCUIT, o

SCAVENGE PORT EXAAUST PORT

Fig. 3.1 Physical representation of isothermal scavenge model.

In terms of Fig. 3.1, the volume of scavenge flow which makes up the total quantity of air
supplied is V4 with a purity value of [1,,. The purity of the incoming scavenge flow is unity
as it 15 presumed to be air only. Purity in this idealized process is defined volumetrically as:

_ volume of air
total volume

The first is for scavenge ratio, SR, subscripted as SR, to make the point precisely that it
is now a volumetrically related parameter, derived from Eq. 1.5.7:

v
=Yg .
SR, Vey (3.1.1)

The cylinder reference volume, V., does not have to be the swept volume, Vsy, but it is
clearly the first logical option for an idealized flow regime.

The second is for scavenging efficiency, SE, derived from Eq. 1.5.9, where the volume of
air trapped is Vi, and the volume of exhaust gas trapped is Vgx. It is also denoted as SEy to
illustrate that the ideal scavenge process is conducted volumetrically.

V, A
S‘Ev — pﬂ. ta = [ 121 {3 l+2}
PaVia + PaVex  Via + Vex .
Hence as Vey = Via + Vg
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Chapter 3 - Scavenging the Two-Stroke Engine

SEy = (3.1.3)

this simplifies to: v
cy

The relationship for trapping efficiency, TE, denoted as TE, in this ideal concept, follows
from Eq. 1.5.13 as:

V
-
TEy = N (3.1.4)
as
The expression for the ideal charging efficiency by volume, CE,, follows from Eq. 1.5.15 as:
_ Vi
CE, = V_w (3.1.5)

In this ideal scavenge process, it is clear from manipulation of the above equations that
the charging and scavenging efficiencies are identical:

CE, = SE, (3.1.6)

SE,
and TE, = 417
SR, (3.1.7)

3.1.1 Perfect displacement scavenging

In the perfect displacement process from Hopkinson [3.1], all fresh charge entering the
cylinder is retained and “perfectly displaces” the exhaust gas. This air enters the perfect
scavenge volume, V4, shown in Fig. 3.1. Corresponding to the present theoretical presump-
tion of perfect displacement scavenging the value of the short-circuit proportion, @, is zero,
and the mixing volume illustrated contains only exhaust gas. In other words, the volume of air
in the mixing zone is Vym and is zero; the quantity of air entering the mixing zone 18 dVp, and
is zero, the quantity of air entering the displacement zone at any instant is dVpg and is equal
to dVs; the guantity of air entering the exhaust at any instant is dV . and is equal to zero. In
short, in perfect displacement scavenging the air can fill the cylinder until it is filled com-
pletely, in which case it then spills into the exhaust pipe.

Therefore, if all entering volumes of fresh charge, V., are less than the cylinder volume,
Vey, or:

if Vas < Vey
then Via=Vas (3.1.8)
consequently, SE, =S8R, (3.1.9)
and TEy=1 (3.1.10)
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If the scavenge ratio, SRy, exceeds unity, and clearly SE, cannot do so, then:

if Vas>Vey

then Via=Vey (3.1.11)

consequently, SE, =1 (3.1.12)
SE, 1

and TE, = S 1.1.13)
SR, SR, (

3.1.2 Perfect mixing scavenging

This was Hopkinson’s second concept. In this scenario the entering air has no perfect
displacement characteristic, but upon arrival in the cylinder proceeds to mix “perfectly” with
the exhaust gas. The perfect displacement zone in Fig. 3.1 does not exist and Vq1s zero. The
resulting increment of exhaust gas effluent, dV,, is composed solely of the mixed cylinder
charge at that particular instant. As V4 is zero, then the volume of trapped air is composed of
Vam less that which has been lost to the exhaust system. To analyze this process, consider the
situation at some point in time where the instantaneous values of air supplied have been V.
and the scavenge ratio and scavenging efficiency values to date are SR, and SE,, respectively.
Upon the supply of a further increment of air, dV, this will induce an exhaust flow of equal
volume, dV,, containing an increment of air, dV .. The volume of air retained in the cylinder,
dVg, due to this flow increment is given by:

oF dVip = dVig — VT,

However, in this idealized concept, as the cylinder purity is numerically equal to the
scavenging efficiency, then:

dVy, =dV, —dV,.SE, (3.1.14)
Differentiation of Eq. 3.1.3 for scavenging efficiency gives:

dv,,

dSE = (3.1.15)

Viy

Substituting dV; from Eq. 3.1.15 into Eq. 3.1.14, and taking into account that dVgy is
numerically equal to dV g, produces:

V.;deE = d."l'rag o deSE\r {3-]. i 16}
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Chapter 3 - Scavenging the Two-5troke Engine

Rearranging this differential equation so that it may be integrated, and using a differential
form of Eq. 3.1.1 for SR, yields, employing the same assumption regarding a reference vol-

ume:

vV
- dSR” = J:I_._E‘.E_
Vﬂ.‘i
dSE,  dV,
— = dSR
then Ii= dSEv vﬂ}r ¥ {3 | l?]

This equation may be integrated on the left-hand side from the integration limits of 0 to
SE,, and on the right-hand side from 0 to SRy, to give:

loge(1 — SE,) = SR, (3.1.18)

The further manipulation of this equation produces the so-called “perfect mixing” equa-
tion:

SE, =1—¢ >R (3.1.19)

From Eq. 3.1.7, the trapping efficiency during this process is:

SR

L

~ l—-e

TE, = (3.1.20)
SR,

3.1.3 Combinations of perfect mixing and perfect displacement scavenging

Benson and Brandham [3.2] suggested a two-part model for the scavenging process. The
first part is to be perfect displacement scavenging until the air flow has reached a volumetric
scavenge ratio value of SRpd. At that point, when the theoretical situation in the cylinder is
considered to be much like that in Fig. 3.1, the perfect scavenge volume and the exhaust gas
are “instantaneously” mixed together. From that point on, until the fresh air flow process is
concluded, a perfect mixing process takes place. This is described in great detail by Benson in
his book [1.4]. He also presents the theoretical analysis of such a flow, conducted in a very

similar manner to that above. The result of that analysis reveals:

when 0 <SRy < SRpq

then SE, =S8R, (3.1.21)
and if in excess or SRy >8R

then SE, =1~ (1-SRyg)e ") (3.122)
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In other words, in terms of the symbolism shown in Fig. 3.1, in the first part of the Benson
two-part model, the volume of air, dV,, supplied into the mixing zone is zero. In the second
part of the Benson two-part model, there is no further air supplied into the perfect displace-
ment zone, i.e., the value of d‘sfpd is Zero.

3.1.4 Inclusion of short-circuiting of scavenge air flow in theoretical models

In the book by Benson [1.4], the theory for the Benson-Brandham two-part model de-
scribed in the preceding section is extended to include short-circuiting of the flow directly to
the exhaust, as illustrated in Fig. 3.1. A proportion of the incoming scavenge flow, o, is
diverted into the exhaust duct without scavenging exhaust gas or mixing with it in the cylin-
der. This results in modifications to Egs. 3.1.21 and 22 to account for the fact that any cylinder
scavenging is being conducted by an air flow of reduced proportions, numerically (1 — G)SR,.
After such modifications, Eqs. 3.1.21 and 22 become:

when 0<SR,=(1 —G}SRp.d

then SEy =(1 - g)SR, (3.1.23)
and when (1 - o)5Ry = SRpyg

then SE, =1-(1- SRN)E{SRF,—(I—-I:]SRV} (3.1.24)

This two-part volumetric scavenge model has been widely quoted and used in the litera-
ture. Indeed the analytical approach has been extended in many publications to great com-
plexity [3.3].

3.1.5 The application of simple theoretical scavenging models

Egs. 3.1.1-24 are combined within a simple package, included in the Appendix Listing of
Computer Programs as Prog.3.1, BENSON-BRANDHAM MODEL. This and all of the pro-
grams listed in the Appendix are available separately from SAE. It is self-explanatory in use,
with the program prompting the user for all of the data values required. As an example, the
output plotted in Figs. 3.2 and 3.3 is derived using the program. Apart from producing the
data to plot the perfect displacement scavenging and perfect mixing scavenging lines, two
further examples are shown for a perfect scavenging period, SR 4, of 0.5, but one is with zero
short-circuiting and the second is with @ equal to 10%. These are plotted in Figs. 3.2 and 3.3
as SEy-SR,, and TE,-SR, characteristics. To calculate a perfect mixing characteristic, all that
needs to be specified is that SRy and 6 are both zero, because that makes Eq. 3.1.24 identical
to Eq. 3.1.19 within the program.

From an examination of the two figures, it is ¢lear that a TE,-SR, characteristic provides
a better visual picture for the comparison of scavenging behavior than does a SE,-SRy, graph.
This is particularly evident for the situation at light load, or low SR, levels, where it is nearly
impossible to tell from Fig. 3.2 that the 109 short-circuit line has fallen below the perfect
mixing line. It is very clear, however, from Fig. 3.3 that such is the case. Further, it is easier to
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SCAVENGING EFFICIENCY, SEv

TRAPPING EFFICIENCY, TEv

1.2 -
| PERFECT DISPLACEMENT SCAVENGING
1.0 - \
0.8 -
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Fig. 3.2 Benson-Brandham model of scavenging characteristics.
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Fig. 3.3 Benson-Brandham model of trapping characteristics.
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come to quantitative judgments from TE,~-SRy, charactenistics. Should the two lines in Fig.
3.3 be the TE,-SR., behavior for two real, rather than theoretically ideal, engine cylinders,
then it would be possible to say positively that the bmep or power potential of one cylder
would be at least 10% better than the other. This could be gauged visually as the order of
trapped mass improvement, for that 15 ultimately what trapping efficiency implies. It would
not be possible to come to this judgment so readily from the SE,-SRy graph.

On the other hand, the SE,-SR, characteristic also indicates the purity of the trapped
charge, as that is the alternative definition of scavenging efficiency, and in this case one that
is totally accurate. As flammability limits of any charge are connected with the level of trapped
exhaust gas, the SE value in mass terms indicates the potential for the cylinder to fire that
charge upon ignition by the spark plug. Should that not happen, then the engine will “four-
stroke,” or “eight-stroke” until there has been sufficient scavenging processes for the SE
value to rise to the appropnate level to fire. In very broad terms, it is unlikely that a cylinder
. homogeneously filled with air-fuel mixture and exhaust gas to a SE value of less than 0.4 wall
be successfully fired by a spark plug. This is bound to be the case at light loads or at low SR
levels, and is a common charactenstic of carburetted two-stroke S1 engines. A more extended
discussion of this topic takes place in Sec. 4.1.3. In such a situation, where the engine com-
mences lo fire unevenly, there will be a considerable loss of air-fuel mixture through the
exhaust port, to the considerable detriment of specific fuel consumption and the level of
exhaust emissions of unburned hydrocarbons. To further emphasize this impertant point, in
the case of the differing cylinder scavenging characteristics cited in Fig. 3.3, there would be a
small loss of fresh charge with one of them, and at least 10% loss with the other, should the
SR value for each scavenge process be less than 0.5 while the engine was in this “four-
stroking™ mode. This makes it very important to be able to design or develop cylinders with
high trapping efficiencies at light loads and low SR values. Remember that the SR axis 1s, in
effect, the same axis as throttle opening. Care must be taken to differentiate between mass-
related SE-SR and volume-related SE,-SR.y characteristics; this matter will be dealt with later
in this chapter.

The literature is full of alternative theoretical models to that suggested by Benson and
Brandham. Should you wish to study this matter further, the technical publications of Baudequin
and Rochelle [3.3] and Changyou and Wallace [3.4] should be perused, as well as the refer-
ences contained within those papers.

This subject will be covered again later in this chapter, as it is demonstrated that these
simple two-part models of scavenging provide poor correlation with experimentally derived
results, even for experiments conducted volumetrically.

You are probably wondering where, in all of the models postulated already in this chap-
ter, does loop or cross or uniflow scavenging figure as an influence on the ensuing SE-SR or
TE-SR characteristics. The answer is that they do in terms of SR and @ values, but none of
the literature cited thus far provides any numerical values of use to the engine designer or
developer. The reason is that this requires correlation of the theory with relevant experiments
conducted on real engine cylinders and until recent times this had not occurred. The word
“relevant” in the previous sentence 1s used very precisely. It means an expeniment conducted
as the theory prescribes, by an isobaric, isothermal and isovolumic process. Irrelevant experi-
ments, in that context, are quite common, as the experimental measurement of SE-SR behay-
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Chapter 3 - Scavenging the Two-Stroke Engine

ior by me [3.7] and [3.13], Asanuma [3.8] and Booy [3.9] in actual firing engines will
demonstrate. Such experiments are useful and informative, but they do not assist with
the assignment of theoretical SRpg and @ values to the many engine cylinders described in
those publications. An assignment of such parameters is vital if the results of the experiments
are to be used to guide engine simulations employing mass-based thermodynamics and gas

dynamics.

3.2 Experimentation in scavenging flow

Since the turn of the 20th Century, the engineers invelved with the improvement of the
two-stroke engine took to devolving experimental tests aimed at improving the scavenging
efficiency characteristics of the engines in their charge. This seemed to many to be the only
logical methodology because the theoretical route, of which Sec. 3.1 could well be described
as the knowledge base pre-1980, did not provide specific answers to specific questions. Many
of these test methods were of the visnalization kind, employing colored liquids as tracers in
“wet” tests and smoke or other visible particles in “dry” tests. I experimented extensively
with both methods, but always felt the results to be more subjective than conclusive.

Some of the work was impressive in its rigor, such as that of Dedeoglu [3.10] or Rizk
[3.11] as an example of liquid simulation techniques, or by Ohigashi and Kashiwada [3.12]
and Phatak [3.19] as an example of gas visualization technology.

The first really useful technique for the improvement of the scavenging process in a
particular engine cylinder, be it a loop- or cross- or uniflow-scavenged design, was proposed
by Jante [3.5]. Although the measurement of scavenging efficiency in the firing engine situa-
tion [3.7, 3.8, 3.9] (Plate 3.2) is also an effective development and research tool, it comes too
late in terms of the time scale for the development of a particular engine. The cylinder with its
porting has been designed and constructed. Money has been spent on casting patterns and on
the machining and construction of a finished product or prototype. It is somewhat late in the
day to find that the SE-SR characteristic is, possibly, less than desirable! Further, the testing
process itself is slow, laborious and prone to be influenced by extraneous factors such as the
effect of dissimilarly tuned exhaust pipes or minor shifts in engine air-fuel ratio. What Jante
[3.5] proposed was a model test on the actual engine cylinder, or a model cylinder and piston
capable of being motored, which did not have the added complexity of confusing the scav-
enging process with either combustion behavior or the unsteady gas dynamics associated

with the exhaust tuning process.

3.2.1 The Jante experimental method of scavenge flow assessment

The experimental approach described by Jante [3.5] is sketched in Fig. 3.4. A photograph
of an experimental apparatus for this test employed at QUB some years ago is shown in Plate
3.1. It shows an engine, with the cylinder head removed, which is being motored at some
constant speed. The crankcase provides the normal pumping action and a scavenging flow
exits the transfer ports and flows toward, and out of, the open cylinder bore. At the head face
is a comb of pitot tubes, which is indexed across the cylinder bore to provide a measured
value of vertical velocity at various points covering the entire bore area. Whether the pitot
tube comb is indexed radially or across the bore to give a rectangular grid pattern for the
recording of the pitot tube pressures is immaterial. The use of pitot tubes for the recording of
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gas velocities is well known, and the theory or practice can be found in any textbook on fluid
mechanics [3.14]. The comb of pitot tubes shown in Fig. 3.4 can be connected to a variety of
recording devices, ranging from the simplest, which would be an inclined water manometer
bank, to some automatic data logging system through a switching valve from a pressure trans-
ducer. Irrespective of the recording method, the velocity of gas, ¢, in line with the pitot tube is
given by:

¢ = 4 /APwarer /S (3.2.1)

where Apyater is the pitot-static pressure difference in units of mm of water. The engine can
be motored at a variety of speeds and the throitle set at various opening levels to vary the
value of scavenge ratio, SR. The most important aspect of the resulting test is the shape of the
velocity contour map recorded at the open cylinder bore. Jante [3.5] describes various signifi-
cant types of patterns, and these are shown in Fig. 3.5. There are four velocity contour pat-
terns, (a)-(d), shown as if they were recorded from various loop-scavenged engines with two
side transfer ports and one exhaust port. The numerical values on the velocity contours are in
m/s units.

Jante describes pattern (a) as the only one to produce good scavenging, where the flow is
ordered symmetrically in the cylinder about what is often referred to as the “plane of symme-

PITOT TUBES CONNECTED —™
TO THE RECORDING
INSTRUMENT ATION

COME OF PITOT TUBES —=
| Z
2
"]
ENGINE WITH TEST CYLINDERY] ™\ ERUALST
BEING MOTORED —* — PORT

INLET

O PORT

ELECTRIC ®
MOTOR
O O

Fig. 3.4 Experimental configuration far Jante test.
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(D) UNSYMMETRICAL PATTERN

(C) WALL PATTERN

Fig. 3.5 Typcial velocity contours ebserved in the Jante tesi.

Plate 3.1 A comb of pitot tubes for the Jante test on a motorcycle engine.
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try.” The velocity contours increase in strength from zero at the center of the cylinder to a
maximum at that side of the cylinder opposite to the exhaust port; in the “trade” this side is
usually referred to as the “back of the cylinder,” (As with most professional specializations,
the use of jargon is universal!) The other patterns, (b)-(d), all produce bad scavenging charac-
teristics. The so-called “tongue” pattern, (b), would give a rapid and high-speed flow over the
cylinder head face and proceed directly to, and presumably out of, the exhaust port. The
pattern in (¢), dubbed the “wall” pattern, would ultimately enfold large quantities of exhaust
gas and become a classic mixing process. So, too, would the asymmetrical flow shown in (d).

[, at one time, took a considerable interest in the use of the Jante test method as a practical
tool for the improvement of the scavenging characteristics of engines. At QUB there is a
considerable experimental and theoretical effort in the development of actual engines for
industry. Consequently, up to 1980, this method was employed as an everyday development
tool. At the same time, a research program was instituted at QUB to determine the level of its
effectiveness, and the results of those investigations are published in technical papers [1.23,
3.13]. In an earlier paper [3.6] I had published the methodology adopted experimentally at
QUB for the recording of these velocily contours, and had introduced several analytical pa-
rameters to quantify the order of improvement observed from test to test and from engine to
engine. It was shown in Refs, [1.23] and [3.13] that the criterion of “mean velocity,” as mea-
sured across the open cylinder bore, did determine the ranking order of scavenging efficiency
in a series of cylinders for a 250cc Yamaha motoreycle engine. In that work the researchers at
QUB also correlated the results of the Jante testing technique with scavenging efficiency
measurements acquired under firing conditions with the apparatus shown in Plate 3.2. The
work of Nuti and Martorano [3.33] confirmed that cylinders tested using the Jante simulation

Plate 3.2 QUB apparatus for the measurement of scavenging efficiency under firing conditions.
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method correlated well with scavenging efficiency measurements acquired under firing con-
ditions by cylinder gas sampling. In particular, they agreed that the “mean velocity” criterion
that I proposed [3.6] was an accurate indicator of the scavenging behavior under firing condi-
tions.

The main advantages of the Jante test method are that (a) it is a test conducted under
dynamic conditions, (b) it is a test which satisfies the more important, but not all, of the laws
of fluid mechanics regarding similarity (see Sec. 3.2.2), (c) it is a test on the actual hardware
relevant to the development program for that engine, (d) it does not require expensive instru-
mentation or hardware for the conduct of the test, and (e) it has been demonstrated to be an
effective development tool.

The main disadvantages of the Jante test method are that (a) it is a test of scavenging flow
behavior conducted without the presence of the cylinder head, which clearly influences the
looping action of the gas flow in that area, (b) it is difficult to relate the results of tests on one
engine to another engine even with an equal swept volume, or with an unequal swept volume,
or with a differing bore-stroke ratio, (c) it is even more difficult to relate “good™ and “bad”
velocity contour patterns from loop- to cross-scavenged engines, (d) it has no relevance as a
test method for uniflow-scavenged engines, where the flow is deliberately swirled by the
scavenge ports at right angles to the measuring pitot tubes, (e) because il is not an absolute
test method producing SE-SR or TE-SR characleristics, it provides no information for the
direct comparison of the seéveral types of scavenging flow conducted in the multifarious ge-
ometry of engines in existence, and (f) because it is not an absolute test method, no informa-
tion is provided to assist the theoretical modeler of scavenging flow during that phase of a
mathematical prediction of engine performance.

3.2.2 Principles for successful experimental simulation of scavenging flow

Some of the points raised in the last paragraph of See. 3.2.1 require amplification in more
general terms.

Mode! simulation of fluid flow is a science [3.14] developed to deal with, for example,
the realistic testing of model aircraft in wind tunnels. Most of the rules of similarity that
compare the model to be tested to reality are expressed in terms of dimensionless quantities
such as Reynolds, Froude, Mach, Euler, Nusselt, Strouhal, and Weber numbers, to name but a
few. Clearly, the most important dimensionless quantity requiring similarity is the Reynolds
number, for that determines whether the test is being conducted in either laminar or turbulent
flow conditions, and, as the real scavenging flow is demonstrably turbulent, at the correct
level of turbulence. To be pedantic, all of the dimensionless quantities should be equated
exactly for precision of simulation. In reality, in any simulation procedure, some will have
less relevance than others. Dedeoglu [3.10], in examining the applicability of these several
dimensionless factors, maintained that the Strouhal number was an important similarity pa-
rameter.

Another vitally important parameter that requires similarity in any effective simulation of
scavenging flow is the motion of the piston as it opens and closes the transfer ports. The
reason for this is that the gas flow commences as laminar flow at the port opening, and be-
comes fully developed turbulent flow shortly thereafter. That process, already discussed in
Chapters 1 and 2, is one of unsteady gas-dynamic flow where the particle velocity varies in
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time from zero to a maximum value and then returns to zero at transfer port closure. If one
attempts to simulate the scavenging flow by holding the piston stationary, and subjects the
cylinder to steady flow of either gas or liquid, then that flow will form attachments to either
the piston crown or the cylinder walls in a manner which could not take place in the real
velocity-time situation. This effect has been investigated by many researchers, Rizk [3.11],
Percival [3.16], Sammons [3.15], Kenny [3.18] and Smyth [3.17], and they have concluded
that, unless the test is being conducted in steady flow for some specific reason, this is not a
realistic simulation of the scavenging flow. As more recent publications show Jante test re-
sults conducted in steady flow it would appear that not all are yet convinced of that conclu-
sion [3.50].

3.2.3 Absolute test methods for the determination of scavenging efficiency

To overcome the disadvantages posed by the Jante test method, it is preferable to use a
method of assessment of scavenging flow that will provide measurements of scavenging,
trapping and charging efficiency as a function of scavenge ratio. It would also be preferable to
conduct this test isolated from the confusing effects of combustion and exhaust pipe tuning
characteristics. This implies some form of model test, but this immediately raises all of the
issues regarding similarity discussed in Sec. 3.2.2. A test method which does not satisfy these
criteria, or at least all of the vitally important dimensionless criteria, is unacceptable.

It was Sammons [3.15] who first postulated the use of a single-cycle apparatus for this
purpose. Because of the experimental difficulty of accurately measuring oxygen concentra-
tions by gas analysis in the late 19405 (a vital element of his test method), his proposal tended
to be forgotten. It was revived in the 1970s by Sanborn [3.13], who, together with researchers
at QUB, investigated the use of a single-cycle apparatus using liquids to simulate the flow of
fresh charge and exhaust gas, Sanborn continued this work [3.21] and other researchers in-
vestigated scavenging flow with this experimental methodology [3.22].

At QUB there was a growing realization that the ocecasional confusing result from the
liquid-filled apparatus was due to the low Reynolds numbers found during the experiment,
and that a considerable period of the simulated flow occurred during laminar or laminar-
turbulent transition conditions. Consequently, the QUB researchers reverted to the idea pos-
tulated by Sammons [3.15], for in the intervening years the invention of the paramagnetic
analyzer, developed for the accurate determination of oxygen proportions in gas analysis, had
realized the experimental potential inherent in Sammons’ original technique. (As a historical
nate, for it illustrates the frailty of the human memory, I had forgotten about, or had relegated
to the subconscious, the Sammons paper and so reinvented his experimental method.,)

However, as will become more evident later, the QUB apparatus incorporates a highly
significant difference from the Sammons experimental method, ie., the use of a constant
volume cylinder during the scavenge process.

The QUB apparatus sketched in Fig. 3.6, and appearing in Plate 3.3, is very thoroughly
described and discussed by Sweeney [3.20]. The salient features of its operation are a con-
stant volume crankcase and a constant volume cylinder during the single cycle of operation
from tdc to tdc at a known turning rate. The equivalent rotational rate is 700 rev/min. The
cylinder is filled with air to represent exhaust gas, and the crankcase is filled with carbon
dioxide 1o represent the fresh air charge. Here, one similarity law is being well satisfied, in
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that the typical density ratio of crankcase air charge to cylinder exhaust gas is about 1.6,
which corresponds almost exactly with the density ratio of 1.6 for the carbon dioxide to air
used in the experiment. The Reynolds numbers are well into the mrbulent zone at the mid-

flow position, so yet another similarity law is satisfied.

Plate 3.3 The single-cycle gas scavenging experimental apparatus at QUB,
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The gases in the cylinder and the crankcase are at atmospheric temperature at the com-
mencement of the process. The crankcase pressure is set at particular levels to produce differ-
ing values of scavenge ratio, SRy, during each experiment. At the conclusion of a single cycle,
the crankshaft is abruptly stopped at tdc by a wrap-spring clutch brake, retaining under the
movable cylinder head the trapped charge from the scavenging flow. The movable cylinder
head is then released from the top piston rod and depressed so that more than 75% of the
trapped gas contents are forced through a paramagnetic oxygen analyzer, giving an accurate
measurement from a representative gas sample.

If Vg, is the measured oxygen concentration (expressed as % by volume) in the trapped
charge, Nivn is the molecular ratio of nitrogen to oxygen in air, and Cpn, is a correction coef-
ficient for the slight paramagnetism exhibited by carbon dioxide, then Sweeney [3.20] shows
that the volumetric scavenging efficiency, SEy, is given by:

B
P ) Y o
100 (32.2)

SE, =
1= Cpp 14+ M,

The correction coefficient for carbon dioxide in the presence of oxygen, Cpm, is a nega-
tive number, —0.00265. The value of M, is traditionally taken as 79/21 or 3.762.

The scavenge ratio, SRy, is found by moving the piston, shown as item 5 in Fig. 3.6,
inward at the conclusion of the single cycle experiment until the original crankcase state
conditions of pressure and temperature are restored. A dial gauge accurately records the pis-
ton movement. As the piston area is known, the volume of charge which left the crankcase,
Ve 18 readily determined. The volume of charge, V., which scavenged the cylinder, is then
calculated from the state equation:

Pccvcc _ Pcy Vn:
T, Tey

(3.2.3)

The temperatures, T¢y and T, are identical and equal to the atmospheric temperature,
Tit- The cylinder pressure, p.y, is equal to the atmospheric pressure, py.

The cylinder volume can be set to any level by adjusting the position of the cylinder head
on its piston rod. The obvious value at which to set that volume is the cylinder swept volume,
Vs

The scavenge ratio, SRy, is then:

Ve

SR, =
Vsv

(3.2.4)

In the final paragraph of Sec. 3.1, the desirability was emphasized of conducting a rel-
evant scavenging experiment in an isothermal, isovolumic and isobaric fashion. This experi-
ment satisfies these criteria as closely as any experiment ever will, It also satisfies all of the
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relevant criteria for dynamic similarity. It is a dynamic experiment, for the piston moves and
provides the realistic attachment behavior of scavenge flow as it would occur in the actual
process in the firing engine. Sweeney [3.20, 3.23] demonstrates the repeatability of the test
method and of its excellent correlation with experiments conducted under firing conditions.
Some of those results are worth repeating here, for that point cannot be emphasized too strongly.

The experimental performance characteristics, conducted at full throttle for a series of
modified Yamaha DT 250 engine cylinders, are shown in Fig. 3.7. Each cylinder has identical
engine geometry so that the only modifications made were to the directioning of the transfer
ports and the shape of the transfer duct. Neither port timings nor port areas were affected so
that each cylinder had almost identical SR characteristics at any given rotational speed. Thus,
the only factor influencing engine performance was the scavenge process. That this is signifi-
cant 1s clearly evident from that figure, as the bmep and bsfc behavior is affected by as much
as 15%. When these same cylinders were tested on the single-cycle gas scavenging rig, the
SE,-SR, characteristics were found to be as shown in Fig. 3.8. The figure needs closer exami-
nation, so a magnified region centered on a SR, value of 0.2 is shown in Fig. 3.9. Here, it can
be observed that the ranking order of those same cylinders is exactly as in Fig. 3.7, and so too
is their relative positions. In other words, Cylinders 14 and 15 are the best and almost as
effective as each other, so too are cylinders 9 and 7 but at a lower level of scavenging effi-
ciency and power. The worst cylinder of the group is cylinder 12 on all counts. The “double
indemnity" nature of a loss of 8% SE,, at a SR, level of 0.9, or a TE,, drop of 9%, is translated
into the bmep and bsfc shifts already detailed above at 15%.

A sustained research and development effort has taken place at QUB in the experimental
and theoretical aspects of scavenging flow. For the serious student of the subject, the papers
published fromn QUB form a series, each using information and thought processes from the
preceding publication. That reading list, in consecutive order, is [3.6], [1.23], [3.13], [3.20],

[1.10], [3.23], [L.11], and [3.17].

3.2.4 Comparison of loop, cross and uniflow scavenging

The QUB single-cycle gas scavenge experiment permits the accurate and relevant com-
parison of SE,-SR, and TE,-SR,, characteristics of different types of scavenging. From some
of those previous papers, and from other experimental work at QUB hitherto unpublished,
test results for uniflow-, loop- and cross-scavenged engine cylinders are presented to illus-
trate the several points being made. At this stage the most important issue is the use of the
experimental apparatus to compare the various methods of scavenging, in order to derive
some fundamental understanding of the effectiveness of the scavenging process conducted by
these several methodologies. In Sec. 3.3 the information gained will be used to determine the
theoretical relevance of this experimental data in the formulation of a model of scavenging to
be incorporated within a complete theoretical model of the firing engine.

Figs. 3.10-3.13 give the scavenging and trapping characteristics for eight engine cylin-
ders, as measured on the single-cycle gas scavenging rig. It will be observed that the test
results fall between the perfect displacement line and perfect mixing line from the theories of
Hopkinson [3.1]. By contrast, as will be discussed in Sec. 3.3, some of the data presented by

others [3.3, 3.4] lie below the perfect mixing line.
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Fig. 3.9 Magnified region of SE-SR characteristics.
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The cylinders used in this study, virtually in order of their listing in Figs. 3.10-3.13, are as
follows, first for those shown in Figs. 3.10 and 3.11:
(a) A 250 cm’ loop-scavenged cylinder, modified Yamaha DT 250 cylinder no.12, and
called here YAM12, but previously discussed in [1.23]. The detailed porting geom-
etry 18 drawn in that paper, showing five scavenge ports.
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(b) A 250 ¢m? loop-scavenged cylinder, modified Yamaha DT 250 cylinder no.14, and
called here YAM 14, but previously discussed in [1.23]. The detailed porting geom-
etry is drawn in that paper, showing five scavenge ports.

(c) A 409 cm? classic cross-scavenged cylinder, called CROSS. It is a cylinder from an
outboard engine. The detailed porting geometry and the general layout is virtually as evi
illustrated in Fig. 1.3. However, the engine details are proprietary and further technical me
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Fig. 3.13 Trapping efficiency characteristics.

description 15 not possible. The design approach is discussed in Sec. 3.5.2 and a
sketch of the layout is to be found in Fig. 3.32(a).

(d) A ported uniflow-scavenged cylinder of 302 em? swept volume, called UNIFLOW. It
has a bore stroke ratio of 0.6, and the porting configuration is not dissimilar to that
found in the book by Benson [1.4, Vol 2, Fig. 7.7, p213]. The engine details are
proprietary and further technical description is not possible.

Then there are those cylinders shown in Figs. 3.12 and 3.13, with the UNIFLOW cylinder

repeated to provide a standard of comparison:

(e) A 409 cm? cross-scavenged cylinder, called GPBDEF. It is a prototype cylinder de-
signed to improve the scavenging of the same outboard engine described above as
CROSS. The technique used in the design is given Sec. 3.5.3. The detailed porting
geometry and the general layout is illustrated in Figs. 3.32(b) or 3.34(a).

(f) A loop-scavenged cylinder of 375 cm? swept volume, called SCRE. This engine has
three transfer ports, after the fashion of Fig, 3.38.

(g) A250cm? QUB cross-scavenged cylinder, called QUBCR, and previously described
in [1.10] in considerable detail. The detailed porting geometry is drawn in that paper,
The general layout is almost exactly as illustrated in Figs. 1.4 or 3.34(b).

(h) A loop-scavenged cylinder of 65 em? swept volume, called LOOPS AW. This engine
has two transfer ports, after the fashion of the upper left sketch in Fig. 1.2 or Fig.
3.35. The engine is designed for use in a chainsaw and is very typical of all such

* cylinders designed for small piston-ported engines employed for industrial or out-
door products.

The disparate nature of the scavenging characteristics of these test cylinders is clearly

evident. Note that they all fall within the envelope bounded by the lines of “perfect displace-
ment scavenging” and “perfect mixing scavenging.” By the end of 1994 at QUB, a large
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library of information on this subject has been amassed with up to four QUB single-cycle gas
rigs conducting tests on over 1300 differing cylinder geometries. During the course of this
accumulation of data, there have been observed test points which have fallen below the “per-
fect mixing” line. Remember when examining these diagrams that the higher the scavenge
ratio then so too is the potential bmep or torque that the engine may attain. An engine may be
deliberately designed to produce a modest bmep, such as a chainsaw or a small outboard, and
hence the quality of its scavenging characteristics above, say, a SRy value of 1.0 15 of no
consequence, If an engine is to be designed to produce high specific power and torque, such
as a racing outboard or a motocross engine, then the quality of its scavenging characteristics
below, say, a SRy value of 1.0 is equally of little consequence.

Figs. 3.10 and 3.11 present what could be loosely described as the best and worst of
scavenging behavior. As forecast from the historical hiterature, the UNIFLOW cylinder has
the best scavenging characteristic from the lowest to the highest scavenge ratios. It is not the
best, however, by the margin suggested by Changyou [3.4], and can be approached by opti-
mized loop and cross scavenging as shown in Figs. 3.12 and 3.13. The two Yamaha DT 250
cylinders, discussed in Sec. 3.2.2, are now put in context, for the firing performance param-
eters given in Fig. 3.7 are obtained at scavenge ratios by volume in excess of unity. This will
be discussed in greater detail later in Chapter 5.

It will be observed from the trapping efficiency diagram, Fig. 3.11, that the supernior
scavenging of the CROSS engine is more readily observed by comparison with the equivalent
SE-SR graph in Fig. 3.10, This is particularly so for scavenge ratios less than unity. While the
trapping of the UNIFLOW engine at low SR, values is almost perfect, that for the CROSS
engine is also very good, making the engine a good performer at idle and light load; that
indeed is the experience of both the user and the researcher. The CROSS engine does not
behave so well at high scavenge ratios, making it potentially less suitable as a high-perfor-
mance unit.

That it is possible to design loop scavenging poorly 1s evident from the characteristic
shown for YAM12, and the penalty in torque and fuel consumption as already illustrated in
Fig. 3.7.

Figs.3.12and 3.13 show that it is possible to design loop- and cross-scavenged engines to
approach the “best in class” scavenging of the UNIFLOW engine. Indeed, it is arguable that
the GPBDEF and QUBCR designs are superior to the UNIFLOW at scavenge ratios by vol-
ume below 0.5. Put very crudely, this might translate to superior performance parameters in a
firing engine at bmep levels of 2.5 or 3.0 bar, assuming that the combustion efficiency and
related characteristics are equivalent.

Observe in Figs. 3.12 and 3.13 that both the LOOPSAW and SCRE designs, both loop
scavenged, are superior to either YAMI12 or YAM 14, and approach the UNIFLOW engine at
high SR values above unity. For the SCRE, a large-capacity cylinder designed to run at high
bmep and piston speed, that is an important issue and indicates the success of the optimiza-
tion to perfect that particular design. On the other hand, the LOOPSAW unit is designed to
run at low bmep levels, i.e., 4 bar and below, and so the fact that it has good scavenging at
high scavenge ratios is not significant in terms of that design requirement. To improve its
firing performance characteristics, it can be observed that it should be optimized, if at all
possible, to approach the GPBDEF scavenging characteristic at SRy values below unity.
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The inferior nature of the scavenging of the cross-scavenged engine, CROSS, at full
throttle or a high SR value, is easily seen from the diagrams. It is for this reason that such
power units have generally fallen from favor as outboard motors. However, in Sec. 3.5.3 it is
shown that classical cross scavenging can be optimized in a superior manner to that already
reported in the literature [1.10] and to a level somewhat higher than a mediocre loop-scav-
enged design. It is easier to develop a satisfactory level of scavenging from a cross-scavenged
design, by the application of the relatively simple empirical design recommendations of Sec.
3.5, than it is for a loop-scavenged engine.

The modified Yamaha cylinder, YAM12, has the worst scavenging overall. Yet, if one
merely examined by eye the porting arrangements of the loop-scavenged cylinders, YAMI14,
YAMI2, LOOPSAW and SCRE, prior to the conduct of a scavenge test on a single-cycle
apparatus, it is doubtful if the opinion of any panel of “experts” would be any more unani-
mous on the subject of their scavenging ability than they would be on the quality of the wine
being consumed with their dinner! This serves to underline the importance of an absolute test
for scavenging and trapping efficiencies of two-stroke engine cylinders.

It 15 at this juncture that the first whiff of suspicion appears that the Benson-Brandham
model, or any similar theoretical model, is not going to provide sensible data for the predic-
tion of scavenging behavior. In Fig. 3.2 the scavenging exhibited by that theory for a cylinder
with no short-circuiting and a rather generous allowance of a 50% period of perfect displace-
ment prior to any mixing process, appears to have virtually identical scavenging characteris-
tics at high scavenge ratios to the very worst cylinder experimentally, YAMI12, in Fig, 3.10.
As all of the other cylinders in Figs. 3.10 and 3.11 have much better scavenging characteris-
tics than the cylinder YAMI12, clearly the Benson-Brandham model would have great diffi-
culty in simulating them, if at all. In the next section this theoretical problem is investigated.

3.3 Comparison of experiment and theory of scavenging flow
3.3.1 Analysis of experiments on the QUB single-cycle gas scavenging rig

As has already been pointed out, the QUB single-cycle gas scavenging rig is a classic
experiment conducted in an isovolumic, isothermal and isobaric fashion, Therefore, one is
entitled to compare the measurements from that apparatus with the theoretical models of
Hopkinson [3.1], Benson and Brandham [3.2], and others [3.3], to determine how accurate
they may be for the modeling of two-stroke engine scavenging. Eq. 3.1.19 for perfect mixing
scavenging is repeated here:
SR, (3.1.19)

SE,=1-e
Manipulation of this equation shows:

log.(1- SE,) = SR, (3.3.1)

Consideration of this equation for the analysis of any experimental SE, and SRy data
should reveal a straight line of traditional equation format, with a slope m and an intercept on

the y axis of value ¢ when x is zero.
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straight line equation: y=mx+c

The Benson-Brandham model contains a perfect scavenging period, SRpq, before total
mixing occurs, and a shori-circuited proportion, @. This resulted in Egs. 3.1.23 and 24, re-
peated here:

when 0 <SRy = (1 -0)SRpd

then SE, =(1 -0o)SRy (3.1.23)
and when (1 -0)5Ry > SRyq

then SE, =1—(1-SRy ) ol SRpa~(1=0SRy) (3.1.24)

Manipulation of this latter equation reveals:
logg(1 - SB,) = (6 — 1)SR,, +log,(l — SR ) + SR 4 (332)

Consideration of this linear equation as a straight line shows that test data of this type
should give a slope m of (G — 1) and an intercept of log.(1 —SRpq) + SRpg. Any value of short-
circuiting © other than 0 and the maximum possible value of 1 would result in a line of slope m.

where O0=m>-|

The slope of such a line could not be less than -1, as that would produce a negative value
of the short-circuiting component, @, which is clearly theoretically impossible.

Therefore it is vital to examine the experimentally determined data presented in Sec.
3.2.4 to acquire the correlation of the theory with the experiment. The analysis is based on
plotting loge(1 — SE,) as a function of SR, from the experimental data for two of the cylin-
ders, YAMI14 and YAMI12, as examples of “good” and “bad” loop scavenging, and this is
shown in Fig. 3.14. From a correlation standpoint, it is very gratifying that the experimental
points fall on a straight line, In Refs, [1.11, 3.34] many of the cylinders shown in Figs. 3.10 to
3.13 are analyzed in this manner and are shown to have a similar quality of fit to a straight
line. What is less gratifying, in terms of an atternpt at correlation with a Benson and Brandham
type of theoretical model, is the value of the slope of the two lines, The slopes lie numerically
in the region between—1 and -2. The better scavenging of YAM 14 has a value which is closer
to —2. Not one cylinder ever tested at QUB has exhibited a slope greater than —1 and would
have fallen into a category capable of being assessed for the short-circuit component ¢ in the
manner of the Benson-Brandham model. Therefore, there is no correlation possible with any
of the “traditional” models of scavenging flow, as all of those models would seriously under-
estimate the quality of the scavenging in the experimental case, as alluded to in the last para-
graph of Sec. 3.2.4.
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It is possible to take the experimental results from the single-cycle rig, plot them in
the logarithmic manner illustrated and derive mathematical expressions for SE,-SRy and
TE-SRy charactenstics representing the scavenging flow of all significant design types, most
of which are noted in Fig. 3.16. This is particularly important for the theoretical modeler of
scavenging flow who has previously been relying on models of the Benson-Brandham type.

The straight line equation, as seen in Fig. 3.14, and in Refs. [1.11, 3.34], is not adequate
to represent the scavenging behavior sufficiently accurately for modeling purposes and has to
be extended as indicated below:

loge(1 - SE,) = ¥g + k;SR, + K,SR? (3.3.3)

0: YAM12 y = 0.15366 - 1.3197x
YAM14 y = 0.24330 - 1.6336x

LOGe(1-SEv)

u YAMiZ
o YaM14

2 e —y
0.2 0.4 0.6 08 1.0 1.2 14

SCAVENGE RATIO, SRv
Fig. 3.14 Logarithmic SE,-5R, characteristics.

Manipulating this equation shows:

2
W STSHRITR, MESRG) (3.3.4)

Fig. 3.15 shows the numerical fit of Eq. 3.3.3 to the experimental data for two cylinders,
SCRE and GPBDEF. The SCRE cylinder has a characteristic on the log SE-SR plot which
approximates a straight line but it is demonstrably fitted more closely by the application of
Eg. 3.3.3. The GPBDEF cylinder could not sensibly be fitted by a straight line equation; this
is a characteristic exhibited commonly by engines with high trapping efficiency at low scav-
enge ratios.

Therefore, the modeler can take from Fig. 3.16 the appropriate Kp, K} and k3 values for
the type of cylinder being simulated and derive realistic values of scavenging efficiency, SEy,
and trapping efficiency, TE,, at any scavenge ratio level, SR,. What this analysis fails to do is
to provide the modeler with any information regarding the influence of “perfect displace-
ment” scavenging, or “perfect mixing” scavenging, or “short-circuiting” on the experimental
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GPBDEF y = B.0384e-2 - 1.7861x + 0.28291x/2
SCRE y = 1.6182e-2 - 1.1682x - D.28773x"2

LOGe(1-SEv)

-3 : . .
0 1 2
SCAVENGE RATIO, SRv

Fig. 3.15 Logarithmic SE-SR, characteristics

or theoretical scavenging behavior of any of the cylinders tested. The fact is that these con-
cepts are valuable only as an aid to understanding, for the real scavenge process does not
proceed with an abrupt transition from displacement to mixing scavenging, and any attempt
to analyze it as such has been demonstrated above to result in failure.

NAME TYPE Kp Ky Ko
UNIFLOW PORTED UNIFLOW 3.3488E-2 -1.3651 —0.21735
LOOPSAW 2 PORT LOOFP 2.6365E-2 =1.29186 -0.12919
SCRE 3 PORT LOOF 1.61B2E-2 =1.1682 -{. 28773
CROSS 4 PORT + DEFLECTOR 1.24B0E-2 =1.2289 =0.090576
QUBCH QuB CROSS 2.0805E-2 —-1.3377 ={.16627
GPBDEF GFPB CROSS B.0384E-2 ~1.7861 +0.29291
YAMA1 5 PORT LOOP 1.8621E-2 -0.81737 ={.46621
YAME 5PORT LOOP A:1855E-2 —1.0587 =0.16814
YAM12 5 PORT LOOP —1.4568E-2 —{0.B4285 ={.28438
YAM14 5PORT LOOP 2.89204E-2 =1.0508 =0.34226

Fig. 3.16 Experimental values of scavenging coefficients.

Modelers of scavenging flow would do well to remember that the scavenging character-
istics being encapsulated via Fig. 3.16 from the experimental results are scavenge ratio, scav-
enging efficiency and trapping efficiency by volume and not by mass. This is a comumeon error
to be found in the literature where scavenging characteristics are provided without specifying
precisely the reference for those values. Further discussion and amplification of this point
will be found in Chapter 5 on engine modeling.
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Chapter 3 - Scavenging the Two-Stroke Engine

3.3.2 A simple theoretical scavenging model which correlates with experiments

The problem with all of the simple theoretical models presented in previous sections of
this chapter is that the theoretician involved was under some pressure to produce a single
mathematical expression or a series of such expressions. Much of this work took place in the
pre-computer age, and those who emanate from those slide rule days will appreciate that
pressure, Consequently, even though Benson or Hopkinson knew perfectly well that there
could never be an abrupt transition from perfect displacement scavenging to perfect mixing
scavenging, this type of theoretical “fudge” was essential if Eqs. 3.1.8 to 3.1.24 were to ever
be realized and be “readily soluble,” arithmetically speaking, on a slide rule. Today's com-
puter- and electronic calculator-oriented engineering students will fail to understand the sar-
casm inherent in the phrase, “readily soluble.” It should also be said that there was no experi-
mental evidence against which to judge the validity of the early theoretical models, for the
experimental evidence contained in paper [3.20], and here as Figs. 3.10to 3.13, has only been
available since 1985.

The need for a model of scavenging is vital when conducting a computer simulation of an
engine. This will become much more evident in Chapter 5, but already a hint of the complex-
ity has been given in Chapter 2. In that chapter, in Secs. 2,16 and 2.18.10, the theory under
consideration is outflow from a cylinder of an engine, exactly as would be the situation dur-
ing a scavenge process. Naturally, inflow of fresh air would be occurring at the same juncture
through the scavenge or transfer ports from the crankcase or from a supercharger. However,
in the time element under consideration for a scavenge process, the precise cylinder proper-
ties are indexed for the computation of the outflow from the cylinder. These cylinder proper-
ties are pressure, lemperature, and the cylinder gas properties so that the outflow from the
cylinder is calculated correctly and gas of the appropriate purity is delivered into the exhaust
pipe. What then is the appropriate purity to use in the computational step? By definition a
scavenging process is one that is stratified. If the scavenging could be carried out by a perfect
displacement process then the gas leaving the cylinder would be exhaust gas while the cylin-
der purity and scavenging efficiency approached unity. If the short-circuiting was disastrously
complete it would be air leaving the cylinder and the cylinder contents would remain as
exhaust gas! The modeling computation requires information regarding the properties of the
gas in the plane of the exhaust port for its purity and temperature while assuming that the
pressure throughout the cylinder is uniform. The important theoretical step is to be able to
characterize the behavior of scavenging of any cylinder as observed volumetrically on the
QUB single-cycle gas scavenging rig and connect it to the mass- and energy-based thermody-
namics in the computer simulation of a firing engine [3.35].

Consider the situation in Fig. 3.17, where scavenging s in progress in a constant volume
cylinder under isobaric and isothermal conditions with both the scavenge and the exhaust
ports open. In other words, exactly as carried out experimentally in a QUB single-cycle gas
scavenge rig, or as closely as any experiment can ever mimic an idealized concept. The vol-
ume of air retained within the cylinder during an incremental step in scavenging is given by,
from the volumes of air entering by the scavenge ports and leaving the cylinder through the
exhaust port,
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Vey CYLINDER

SCAVENGE PORT

Fig. 3,17 Model of scavenging for simulation.

Dividing across by the instantaneous cylinder volume, Vy, and assuming correctly that the
incremental volume of charge supplied has the same volume which exits the exhaust ports,

this gives,

dSEy = IT,:dSR,, - IT.dSR, (3.3.6)
as dSE, = dSE, = dSR, I —TI, (33.7)
for dV s =TV eydSRy, (33.8)
and dV 4o =TTdV, (3.3.9)

Thence, the essential data for the purity leaving the cylinder is given by rearranging Eq. 3.3.6:

dSE,
s (3.3.10)
M = T dSR,

In most circumstances, as the purity, Iy, 1s unity for it is fresh charge, Eq. 3.3.10 can be
reduced to:
R (3.3.11)
dSR,

From the measured SE,-SRy, curves for any cylinder, such as those in Figs. 3.10 and 3.12,
it is possible to determine the charge purity leaving the exhaust port at any instant during the
ideal volumetric scavenge process. At any given value of scavenge ratio, from Eq. 3.3.11 it 1s
deduced from this simple function involving the tangent to the SE,-SR,, curve at that point.
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Chapter 3 - Scavenging the Two-Stroke Engine

In Fig. 3.15, for two engine cylinders GPBDEF and SCRE, the SE,-SR,, characteristics
have been curve fitted with a line of the form of Eq. 3.3.3;

log(1 - SE,) = kg + KSR, + K,SR?

The purity of the charge leaving the exhaust port can be deduced from the appropriate differ-
entiation of the relationship in Eq. 3.3.3, or its equivalent in the format of Eq. 3.3.4, and
inserting into Eq. 3.3.11 resulting in:

2
I, = IT, — (K, +2K,SR, Je*0 ¥Ry 3Ky (3:3.12)

The application of Eq. 3.3.12 to the experimental scavenging data presented in Fig. 3.16
for the curve fitted coefficients, kg, x| and x5, for many of the cylinders in that table is given
in Figs. 3.18 and 3.19. Here the values of purity, IT,, at the entrance to the exhaust port are
plotted against scavenge ratio, SRy. The presentation is for eight of the cylinders and they are
split into Figs. 3.18 and 3.19 for reasons of clarity.

The characteristics that emerge are in line with predictions of a more detailed nature,
such as the simple computational gas-dynamic model suggested by Sher [3.24, 3.25] and the
more complex CFD computations by Blair et al. [3.37]. In one of these papers, Sher shows
that the shape of the charge purity characteristic at the exhaust port during the scavenge
process should have a characteristic profile. Sher suggests that the more linear the profile the
worse is the scavenging, the more “S”-like the profile the better is the scavenging. The worst
scavenging, as will be recalled, is from one of the loop-scavenged cylinders, YAMI12. The
best overall scavenging is from the loop-scavenged SCRE and UNIFLOW cylinders and, at
low scavenge ratios, the cross-scavenged cylinder GPBDEF.

E 1.0 -
i
- 0.8 -
oc
o
o
k= 06 -
2
< 0.4 -
CROSS
= —+— GPBDEF
C 0.2 4 —4A— SCRE
I::I‘.':r —e— YAMIZ2
o
U‘-ﬂ T o L]
0 1 2

SCAVENGE RATIO, SRy
Fig. 3.18 Purity at the exhaust port during scavenging.
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SCAVENGE RATIO, SRv
Fig. 3.19 Purity at the exhaust port during scavenging.

In Fig. 3.18 the poor scavenging of cylinder YAMI2 is clearly evident. At low scavenge
ratios the purity at the exhaust port entry is actually higher than the SRy, value. This indicates
very significant short-circuit losses. At the highest SR, values an apparent contradiction oc-
curs in that it appears to be the best cylinder of that group. The fact is that so much fresh
charge has been lost by YAMI12 by that point that the cylinder purity (SE,) is the lowest of
that group of cylinders (see Fig. 3.10), and therefore the exhaust port purity is also the lowest
as a consequence!

This simple model of scavenging has good correlation with experimentation and more
complex theory. It provides mathematical relationships for the interconnection between scav-
enge ratio, scavenging efficiency and exhaust port purity for the measurements taken over the
wide spectrum of scavenging variations seen in practice in the design of two-stroke engines.
The employment of Egs. 3.3.4 and 3.3.12, in terms of the experimentally determined coeffi-
cients, Kp, K| and KX, permits the ready assessment of the potential scavenging performance
of any measured cylinder or, as an estimation, of any particular type of cylinder, or the char-
acterization of the effect of “good” or “bad” scavenging on the performance potential of an
engine. It allows the modeler to interrelate the measured scavenging characteristics of real
engine cylinders into an engine simulation, but this will be more fully described in Chapter 5.

The final cautionary words of reminder for you are that the scavenging characteristics,
derived by the above analysis of measured data from a QUB single-cycle gas scavenge g,
are by volume and not by mass. Always remember that any simulation of an actual process is
just that, for only the real process brings into play the full gamut of changes of thermody-
namic state and gas properties which influence the final outcome so heavily. The great benefit
of the single-cycle gas rig is that it is a relatively simple experiment in scavenging flow that
has been proven to give excellent results in comparison with firing engine tests, but at the
same time, due to the thermodynamic and fluid mechanic idealism of that experiment, pro-
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Chapter 3 - Scavenging the Two-Stroke Engine

vides vital information without which simulation of scavenging within a computer model
could not be conducted.

3.3.3 Connecting a volumeiric scavenging model with engine simulation

The engine simulation by computer, as presented in Chapters 2 and 5, traces the thermo-
dynamics and gas dynamics of flow in, out and through the engine cylinder. The previous
section, and in particular Eq, 3.3.12, provided the vital piece of information regarding the
value of the purity of the charge leaving the cylinder. It is not an unreasonable assumption that
the gas leaving the cylinder is sufficiently well mixed that the exiting gas has a common
temperature, Te. It is also a very reasonable assumption that the pressure throughout the cyl-
inder is uniform and that the exiting charge has a pressure which is the same as the mean value
for all of the cylinder contents. However, the temperature of the exiting charge of a stratified
process must be composed of exhaust gas and fresh charge elements which are a function of
their physical position within the eylinder.

There are two ways of dealing with this problem of the determination of the exiting
charge temperature, one simple and one more complex.

The most complex method is actually the easiest to debate, for it consists of conducting a
CFD computation using a proprietary computer code, such as Phoenics or StarCD, and ob-
taining the information very accurately and very completely for the entire scavenge opera-
tion. The effectiveness of such a code is described in Sec. 3.4. At the same time, it must be
stated that CFD computations are slow, even on the fastest of computers, and the incorpora-
tion of a CFD computation of scavenging into the 1D engine simulation as described m Chap-
ters 2 and 5 would change its computation time from several minutes into many days.

Thus, until the great day comes when CFD computations can be accomplished in minutes
and not days within an engine simulation model a simpler criterion is required to estimate the
temperatures of the air and exhaust components of the charge lost from the cylinder during
scavenging. I have presented such a simple criterion [3.35] consisting of the realistic assump-
tion that the temperature differential AT,, at any instant between the air and the exhaust is
linked to the mean temperature in the cylinder. In other words, as the scavenge flow rate nises,
this reduces both the mean temperature within the cylinder, T;y, and the temperature of the
exhaust gas, Tey; but also there is an increase of the temperature of the trapped air, Tyy. The
arithmetic value of the temperature differential, AT;x which links these literal statements
together is defined by a factor, Ciemp, thus:

Tex = Tra + ATax = Tia + CrempTey (3.3.13)

The temperature differential factor, Ciep, is clearly a complex function of time, i.e., the
engine speed, the displacement/mixing ratio of the fluid mechanics of the particular scavenge
process, the heat transfer characteristics of the geometry under investigation, etc. Thus no
simple empirical criterion is ever going to satisfy the needs of the simulation for accuracy. My
best estimation for the arithmetic value of Cycpy, is given by the following function based on
its relationship to (a) the attained value of cylinder scavenging efficiency, SE.y, computed as
being trapped at the conclusion of a scavenging process, and (b) the mixing caused by time
and piston motion, the effects of which are expressed by the mean piston speed, cp. The
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estimated value of Cyepp would then be employed throughout the following events during the
open cycle period for the scavenging of that particular cylinder. The functions with respect to
attained scavenging efficiency and mean piston speed, Ky, and Kcp, are relative, i.e., they are
maximized at unity, so that the relationship for Ciemp is observed in Eq. 3.3.14 to have an
upper bound of 0.65.

Ctemp = 0.65%cpKse (3.3.14)

' have observed from practice that the best estimation of the relationships for K. and K¢p
are:

Kee = —1612 +100.15SE,, — 229.72SE2, +229.56SEy,, — 82.898SE,

2 3
Kep = —034564 + 0.17968c, - 8.0818c, +1.216lc;,

The value of mean piston speed is obtained from engine geometry using Eq. 1.7.2.
The actual values of trapped air temperature and trapped exhaust gas temperature are
then found from a simple energy balance for the cylinder at the instant under investigation,

thus:
MiCy taTia + MexCy ez Tex =mg vCy cy Yoy

or, dividing through by the cylinder mass, m,y,
SEC!I’CV aTia + (l = SEcy }Cv exTex = Cy n:-,rTc}f (3.3.15)

The arithmetic values for the temperatures of the air and the exhaust gas is obtained by
solution of the linear simultaneous equations, Egs. 3.3.13 and 3.3.15.

3.3.4 Determining the exit properiies by mass

It was shown in Sec. 3.3.2 that the exit purity by volume can be found by knowing the
volumetric scavenging characteristics of the particular cylinder employed in a particular en-
gine simulation model. The assumption is that the exiting charge purity, TTg, is determined as
a volumetric value via Eq. 3.3.12, and further assumed to be so mixed by that juncture as to
have a common exit temperature, T,. The important issue is to determine the exiting charge
purity by mass at this common temperature. It will be observed that Eq. 3.3.12 refers to the
assessment of the volumetric related value of the scavenge ratio in the cylinder, SRy (which
should be noted is by volume). The only piece of information available at any juncture during
the computation, of assistance in the necessary estimation of SR, is either the scavenging
efficiency of the cylinder or the scavenge ratio applied into the cylinder, both of which are
mass related within the computer simulation, The latter is of little help as the expansion, or
contraction, of the air flow volumetrically into the cylinder space is controlled by the cylinder
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Chapter 3 - Scavenging the Two-Stroke Engine

thermodynamics. The instantaneous cylinder scavenging efficiency can be converted from a
mass-related value to a volumetric-related value once the average temperatures of the trapped
air and the exhaust gas, T;; and T, have been found from the above empirical theory. This is

found by:

S = Vi _ VuMu _ ReTy o (33.16)
v V.. m R..T <
Vey cy ey cy “ey

The relevant value of the instantaneous scavenge ratio by volume, SR, is found by the
insertion of SEy into Eq. 3.3.3, taking into account the x coefficients for the particular engine
cylinder. Having determined SR, the ensuing solution for the exiting charge purity by vol-
ume, gy, follows directly from Eq. 3.3.12. To convert this value to one which is mass related,
Ilem, at equality of temperature, T, for air and exhaust gas at the exit point, the following
theoretical consideration is required of the thermodynamic connection between the mass,
Mye, and the volume, V., of air entering the exhaust system. From the fundamental defini-

tions of purity by mass and volume:

Moy _ Mge/m, _ Pae _ Ry

ey Vae/Ve Pe R,

In the unlikely event that the gas constants for air and the exiting charge are identical, the
solution is trivial. The gas constants of the mixture are related as follows, by simple propor-

tion:
R, = MR, + (1= Tgp JRex

Combining these two equations gives a quadratic equation for Iy Whence the solution
for the exiting purity by mass, [, 15 reduced as:

2
~Rea y {R“] + 411“(1 - %J

a Ra a

em —
: [1 _h] (3.3.17)
R,

This exit purity, ITey, is, of course, that value required for the engine simulation model to
feed the cylinder boundary equations as the apparent cylinder conditions for the next stage of
cylinder outflow, rather than the mean values within the cylinder. Further study of Sec. 2.16
or 2.17 will elaborate on this point.

The other properties of the exiting cylinder gas are found as a mixture of Iz, proportions
of air and exhaust gas, where the pressure is the mean box pressure, pgy, but the temperature
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is T, which is found from the following approximate consideration of the enthalpy of the
exiting mixture of trapped air, T,, and the exhaust gas, Tey.

T. = Hnmcpl&Tla + (] — ey }CPE?‘T“ (3.3.18)
e
I—liszmcpr'[:ll +(1 — ey }CF‘?I

Further properties of the gas mixture are required and are determined using the theory for
such mixtures, which is found in Sec. 2.1.6.

Incorporation of the theory into an eéngine simulation

This entire procedure for the simulation of scavenging is carried out at each step in the
computation by a 1D computer model of the type discussed in Chapter 2.

In Chapter 5, Sec. 5.5.1, is a detailed examination of every aspect of the theoretical scay-
enging model on the in-cylinder behavior of a chainsaw engine. In particular, Figs. 5.16 to
5.21 give numenical relevance to the theory in the above discussion.

Further discussion on the scavenge model, within a simulation of the same chainsaw
engine, is given in Chapter 7. Examples are provided of the effect of widely differing scav-
enging characteristics on the ensuing performance characteristics of power, fuel economy
and exhaust emissions; see Figs. 7.19 and 7.20 in Sec, 7.3.1.

3.4 Computational fluid dynamics

In recent years a considerable volume of work has been published on the use of Compu-
tational Fluid Dynamics, or CFD, for the prediction of in-cylinder and duct flows in (four-
stroke cycle) IC engines. Typical of such publications are those by Brandstatter [3.26], Gosman
[3.27] and Diwakar [3.28].

At The Queen's University of Belfast, much experience has been gained from the use of
general-purpose CFD codes called PHOENICS and StarCD. The structure and guiding phi-
losophy behind this theoretical package has been described by their originators, Spalding
[3.29] or Gosman [3.27]. These CFD codes are developed for the simulation of a wide vanety
of fluid flow processes. They can analyze steady or unsteady flow, laminar or turbulent flow,
flow in one, two, or three dimensions, and single- or two-phase flow. The program divides the
control volume of the calculated region into a large number of cells, and then applies the
conservation laws of mass, momentum and energy, i.e., the Navier-Stokes equations, over
each of these regions. Additional conservation equations are solved to model various flow
features such as turbulent fluctuations. One approach to the solution of the turbulent flow is
often referred to as a k-epsilon model to estimate the effective viscosity of the fluid. The
mathematical intricacies of the calculation have no place in this book, so the interested reader
is referred to the publications of Spalding [3.29] or Gosman [3.27], and the references those
papers contain,

A typical computational grid structure employed for an analysis of scavenging flow in a
two-stroke engine is shown in Fig. 3.20. Sweeney [3.23] describes the operation of the pro-
gram in some detail, so only those matters relevant to the current discussion will be dealt with

here.
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Fig. 3.20 Compurtational grid structure for scavenging calculation.

In the preceding sections, there has been a considerable volume of information presented
regarding experimentally determined scavenging characteristics of engine cylinders on the
single-cycle gas scavenging rig. Consequently, at QUB it was considered important to use the
FHOENICS CFD code to simulate those experiments and thereby determine the level of
W accuracy of such CFD calculations.

Further gas-dynamics software was written at QUB to inform the PHOENICS code as to
the velocity and state conditions of the entering and exiting scavenged charge at all eylinder
port boundaries, or duct boundaries if the grid in Fig. 3.20 were to be employed. The flow
entering the cylinder was assumed by Sweeney [3.23] to be “plug flow,” i.e., the direction of
flow of the scavenge air at any port through any calculation cell at the cylinder boundary was
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in the designed direction of the port. A later research paper by Smyth [3.17] shows this to be
inaccurate, particularly for the main transfer ports in a loop-scavenged design, and there is
further discussion of that m Sec. 3.5.4.

Examples of the use of the calculation are given by Sweeney [3.23] and a precis of the
findings is shown here in Figs. 3,21-30. The examples selected as illustrations are modified
Yamaha cylinders, Nos. 14 and 12, the best and the worst of that group whose performance
charactenstics and scavenging behavior has already been discussed in Sec. 3.2.4. The compu-
tation simulates the flow conditions of these cylinders on the QUB single-cycle test apparatus
so that direct comparison can be made with experimental results.

(a) (b} (e} td)

Fig. 3.23 Yamaha cylinder No. 14 charge purity plots at 9° BEDC.
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Fig. 3.24 Yamaha cylinder No. 14 charge purity plost at 29° ABDC.
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Fig. 3.27 Yamaha cylinder No. 12 charge purity plots at 9° BEDC.
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Fig. 3.28 Yamaha cylinder No. 12 charge purity plots at 29° ABDC.
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Fig. 3.29 Comparison of experiment and CFD computation.

Comparisons of the measured and calculated SE,-SR, and TE,-SR, profiles are given in
Figs. 3.29 and 3.30. It will be observed that the order of accuracy of the calculation, over the
entire scavenging flow regime, is very high indeed. For those who may be familiar with the
findings of Sweeney er al. [3.23], observe that the order of accuracy of correlation of the
theoretical predictions with the experimental data is considerably better in Figs. 3.29 and 30
than it was in the onginal paper. The reason for this is that the measured data for the variance
of the flow from the port design direction acquired by Smyth [3.17] and Kenny [3.31] was
applied to the CFD calculations for those same modified Yamaha cylinders to replace the plug
flow assumption originally used. It is highly significant that the accuracy is improved, for this
moves the CFD calculation even closer to becoming a proven design technique.
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Fig. 3.30 C&mparimn af experiment and CFD computation.

In terms of insight, Figs. 3.21-3.24 and 3.25-3.28 show the in-cylinder charge purity
contours for cylinders 14 and 12, respectively. In each figure are four separate cylinder sec-
tions culled from the cells in the calculation. The cylinder section (a) is one along the plane of
symmetry with the exhaust port to the right. The cylinder section (b) is at right angles to
section (a). The cylinder section (c¢) is on the surface of the piston with the exhaust port to the
right. The eylinder section (d) 1s above section (c) and halfway between the piston crown and
the cylinder head. In Fig. 3.21(a) and Fig. 3.25(a) it can be seen from the flow at 39° bbdc that
the short-circuiting flow is more fully developed in cylinder 12 than in cylinder 14. The SE,
level at the exhaust port for cylinder 14 is 0.01 whereas it is between 0.1 and 0.2 for cylinder
12. This situation gets worse by 297 bbde, when the SE,, value for cylinder 14 is no worse than
0.1, while for cylinder 12 it is between 0.1 and 0.4, This flow characteristic persists at 9°
bbde, where the SE,, value for cylinder 14 is between 0.1 and 0.2 and the equivalent value for
cylinder 12 is as high as 0.6. By 29° abdc, the situation has stabilized with both cylinders
having SE, values at the exhaust port of about 0.6. For cylinder 12, the damage has already
been done to its scavenging efficiency before the bdc piston position, with the higher rate of
fresh charge flow to exhaust by short-circuiting. This ties in precisely with the views of Sher
[3.24] and also with my simple scavenge model in Sec. 3.3.2, regarding the I1.-SR., profile at
the exhaust port, as shown in Fig. 3.18.

Typical of a good scavenging cylinder such as cylinder 14 by comparison with bad scav-
enging as in cylinder 12 is the sharp boundary between the “up” and the “down” parts of the
looping flow. This is easily seen in Figs. 3.23 and 3.27. It is a recurring feature of all loop-
scavenged cylinders with good scavenging behavior, and this has been observed many times

by the research team at QUB.
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At the same time, examining those same figures but in cylinder section (d) closer to the
cylinder head level, there are echos of Jante’s advice on good and bad scavenging. Cylinder
12 would appear to have a “tongue,” whereas cylinder 14 would conform more to the “good”
Jante pattern as sketched in Fig. 3.5(a). You may wish to note that I give the measured Jante
velocity profiles for cylinders 12 and 14 in Ref. [1.23], and cylinder 12 does have a pro-
nounced “tongue” pattern at 3000 rev/min.

CFD calculations use considerable computer time, and the larger the number of cells the
longer is the calculation time. To be more precise, with the simpler cell structure used by
Sweeney [3.23] than that shown in Fig. 3.20, and with 60 time steps from transfer port open-
ing to transfer port closing, the computer run time was 120 minutes on a VAX 11/785 main-
frame computer. As one needs seven individual calculations at particular values of scavenge
ratio, SR, from about 0.3 to 1.5, to build up a total knowledge of the scavenging characteristic
of a particular cylinder, that implies about 14 hours of computer run time.

A further technical presentation in this field, showing the use of CFD calculations to
predict the scavenging and compression phases of in-cylinder flow in a firing engine, has
been presented by Ahmadi-Befrui er al. [3.30]. In that paper, the authors also used the as-
sumption of plug flow for the exiting scavenge flow into the cylinder and pre-calculated the
state-time conditions at all cylinder-port boundaries using an unsteady gas-dynamic calcula-
tion of the type described in Chapter 2 and shown in Chapter 5. Nevertheless, their calcula-
tion showed the effect on the in-cylinder flow behavior of a varying cylinder volume during
the entire compression process up to the point of ignition.

However, the insight which can be gained from this calculation technique is so extensive,
and the accuracy level is also so very impressive, there is every likelihood that it will eventu-
ally become the standard design method for the optimization of scavenging flow in two-
stroke engines in the years ahead; this opinion takes into account the caveats expressed in

Sec. 3.6.

3.5 Scavenge port design

By this time any of you involved in actual engine design will be formulating the view
that, however interesting the foregoing parts of this chapter may be, there has been little
practical advice on design dispensed thus far. I would contend that the best advice has been
presented, which would be to construct a single-cycle gas test rig, at best, or a Jante test
apparatus if R&D funds will not extend to the construction of the optimum test method.
Actually, by comparison with many test procedures, neither is an expensive form of experi-
mental apparatus. However, the remainder of this chapter is devoted to practical advice to the
designer or developer of scavenge ports for two-stroke engines.

3.5.1 Uniflow scavenging

The only type which will be discussed is that for scavenging from the scavenge ports
which are deliberately designed to induce charge swirl. This form of engine design is most
commonly seen in diesel power units such as the Rootes TS3 or the Detroit Diesel truck
engines. Many uniflow-scavenged engines have been of the opposed piston configuration.
The basic layout would be that of Fig, 1.5(a), where the scavenge air enters around the bdc
position. One of the simplest port plan layouts is shown as a section through the scavenge
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ports in Fig. 3.31. The twelve ports are configured at a swirl angle, ¢p. of some 10° or 15°.
The port guiding edge 1s a tangent to a swirl circle of radius, r,. A typical value for ry is

related to the bore radius, rcy, and would be in the range:

I [
B e e B
2 1.25

The port width, Xps is governed by the permissible value of the inter-port bar, xp. This
latter value is determined by the mechanical strength of the liner, the stiffness of the piston
rings in being able to withstand flexure into the ports, and the strong possibility of being able
to dispense with pegging the piston rings. Piston rings are normally pegged in a two-siroke
engine to ensure that the ends of the ring do not catch in any port during rotation. Because of
the multiplicity of small ports in the uniflow case, the potential for the elimination of pegging
greatly reduces the tendency for the piston rings to stick, as will tend to be the case if they are
held to a fixed position or if they are exposed to hot exhaust gas during passage over the
exhaust ports. The piston ring pegs can be eliminated if the angle subtended by the ports is
less than a critical value, 8.4 Although this critical port angle q.q; is affected by the radial
stiffness of the piston rings, nevertheless it is possible to state that it must be less than 23” for

scavenge

air

Fig. 3.31 Scavenge port plan layout for uniflow scavenging.
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absolute security, but can be as high as 30° if the piston rings are sufficiently stiff radially and,
perhaps more importantly, the ports have adequate top and bottom corner radii to assist with
the smooth passage of the rings past the top and bottom edges of the port.

It is clear that uniflow scavenging utilizes the maximum possible area of the cylinder for
scavenge porting by comparison with any variant of loop or cross scavenging, as shown in
Figs. 1.2-1.4.

The actual design shown in Fig. 3.31, where the ports are at 15° and the radius, r, value
is sketched at 66% of the cylinder radius dimension, rey, is a very useful starting point for a
new and unknown design.

The use of splitters in the “scavenge belt,” to guide the flow into a swirling mode, may
not always be practical, but it is a useful optimum to aim at, for the splitter helps to retain the
gas motion closer to the design direction at the lower values of scavenge ratio, when the gas
velocities are inherently reduced. The use of a scroll, as seen in Fig. 3.31, is probably the best
method of assisting the angled ports to induce swirling flow. It is difficult to incorporate mto
multi-cylinder designs with close inter-cylinder spacing.

The optimum value of the swirl orientation angle, ¢p, here shown as 15° is very much
affected by many factors, principal among which is the bore-stroke ratio. It is difficult to be
didactic about limits for this criterion, but conventional wisdom, based upon expenment,
decrees:

5° < ¢p<20°

If the number of ports are N, then a useful guide to the designer is given by the ratio of the
total effective port width to the bore dimension, Cpb, where:

Cpp = —— (35.1)
2ry

The ratio, Cph, is defined as the port width ratio. As will be evident in the following
sections, it 1s difficult to raise this ratio much in excess of 1.25 for loop- and cross-scavenged
engines. The higher this ratio, the lower can be the port timings to flow a desired scavenge
ratio, SR, at the design speed. It is clear from Fig. 3.31 that the value of Cpp, is considerably
greater than unity, as the uniflow engine does not share this cylinder plane with the exhaust
port. If the engine is an opposed piston uniflow design, the port timings for both scavenge and
exhaust ports can be modest indeed, even when high scavenge ratios are required as is the
casc for diesel engines. In actual fact, the Cpp value for Fig. 3.31 is exactly 2.0.

It is possible to deduce from simple geometry some potential values for the value of the
port-width-to-bore ratio.

The effective width of the port, x,, can be shown to be:

. 8y
Xp = 2y sm?ms $p
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Chapter 3 - Scavenging the Two-Stroke Engine

Consequently, the port-width-to-bore ratio is deduced as:
in "
Cpb = Nsin > cus-:t:p

Simply, if one has a design with 12 ports made up of each port segment being 30°, com-
posed of a port angle, Ep, at 25° and a port bar which subtends 5°, and if the port swirl angle,
Op, 15 15% then the port-width-to-bore ratio, Cpp, from the above equation is calculated at
2.51. It is obvious that the absolute maximum which this value can have is &, or 3.14.

It is generally considered that uniflow scavenging provides the optimum in scavenging
efficiency at any given scavenge ratio. Examination of the experimental results in Figs. 3.12
and 3.13 would show that this statement is true, but not by the margin stated to be conven-
tional in a literature not overly endowed with experimental back-up to the debate. The fact is
that uniflow scavenging is best suited to very long stroke engines, such as marine engines
with a bore-stroke ratio of 0.5 or less, where it is undoubtedly the best scavenging method.
For automotive engines, gasoline or diesel, with bore-stroke ratios normally close to unity,
loop and cross scavenging can be equally effective. Here another factor enters and that is that
optimization of uniflow scavenging is much more difficult experimentally than loop or cross
scavenging. A swirling uniflow process at low air flow rates has a bad habit of forming a
weak central spiral vortex leaving the outer radii unscavenged and vice-versa at high flow
rates, where the vortex is concentrated more at the bore circumference leaving the center of
the cylinder poorly scavenged. The optimization of uniflow scavenging is much more diffi-
cult than the design of a simple “end-to-end” process.

3.5.2 Conventional cross scavenging

The cross-scavenged engine usually has a fairly simple port layout and the scavenging of
it is quite easily optimized if the simple design rules set out below are followed. This is in
marked contrast to loop and uniflow scavenging, where empiricism as a design guide for the
optimization of scavenging is not so effective nor so clear cut. The fundamental reason for
this is that the deflector provides the directional guidance for the scavenge flow, whereas in
loop and uniflow scavenging the guidance to the flow is based on the interaction of jets of air
emanating from the ports. In cross scavenging, the scavenge ports and the exhaust ports are
often drilled from the exhaust port side in a single operation, thus simplifying the manufactur-
ing process. Also, if this is carried out with some precision, it increases the accuracy of the
port timing events over ports which are merely cast into position.

One of the great advantages of cross-scavenged engines, which is rarely exploited in
practice, is that it is relatively easy to design the engine with many narrow ports and eliminate
the need for piston nng pegging. This greatly enhances piston ring life and durability, and the
lack of excessive wear on the same piece of piston ring passing over the exhaust port im-
proves engine compression retention over longer time periods. When a piston ring can rotate
freely in the absence of a peg, there is a self-cleaning action in the ring grooves and more even
wear on the rings, and this too enhances the resistance of the engine to piston ring sticking and
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seizure. The criterion for port width, in order to eliminate ring pegging, is the same as that
debated for uniflow scavenging above, i.e., the port angle shown in Fig. 3.32 as the subtended
value, 85, should be less than 25° in most circumstances.

The basic layout is shown in Fig. 3.32(a) with further amplification in Fig. 1.3. Fig.
3.32(a) contains a plan section with a view on the piston crown and also an elevation section
through the scavenge and exhaust ports at the bdc position. Further amplification is also given
by Plates 1.6 and 4.2. Fig. 3.32 shows no splitters in the scavenge duct separating the scav-
enge ports and which would give directional guidance to the scavenge flow. While this is the
preferred geometry so that the gas flow follows the design directions, it is rarely seen in
practice and the open transfer duct from crankease to the port belt, which is illustrated here, is
the common practice in the industry. The “ears” of the deflector are usually centered about a
diameter or are placed slightly toward the scavenge side. The edge of the ears are normally
chamfered at 45° and given some (0.5 to 1.0 mm) clearance, X, from the bore so that they
may enter the combustion chamber above the tdc point without interference. Contrary to
popular belief, I [1.10] showed that while this apparently gives a direct short-circuit path to
the exhaust port, the actual SE-SR characteristic was hardly affected. Consequently, any loss
of engine performance caused by chamfering 50% off the ears of the deflector, and giving
them the necessary side clearance, must be due to a further deterioration of the combustion
efficiency by introducing even longer and more tortuous flame paths. The “ears” of the solid
deflector are chamfered to prevent the corners from glowing and inducing pre-ignition (see
Chapter 4).

In Chapters 6 and 7 there will be discussions on the determination of port timings and
port heights for all types of engines. In terms of Fig. 3.32(a}, it will be assumed that the
scavenge port height at bdc is h,, and there are a number of scavenge ports, Ng. The most
common value for N is three, but multiple port designs with five or more scavenge ports have
been seen in practice. If the ports are rectangular in profile, the maximum scavenge flow area,
Asp, and including corner radii, r, is given by:

Agp = Ny(hsx, — (4 - m)) (3.5.2)

Where the maximum area of the ports at bdc are segments of drilled holes, the designer i5
forced to calculate that area for use in Eq. 3.5.2. There are two important design criteria, one
being the match of the maximum scavenge flow area, Agp, to the deflector flow area, Agey, the
other being the deflector height. The area in Fig. 3.32(a) enclosed by the deflector radius and
the cylinder bore, showing the scavenge flow area past the deflector, is that which is under
scrutiny and is defined as Ager.

The value of maximum scavenge flow area, A, determines the first of the two important
design criteria, i.e., the value for rg which is the radius of the deflector. So that the flow exits
the scavenge ports, makes as smooth a transition as possible through 90° and goes toward the
cylinder head, the value of the deflector flow area, Ager, should approximate the area of the
scavenge ports. The best deflection process would be where a restriction took place, but that
would reduce the scavenge ratio, SR. The rule of thumb for guidance in this matter can be
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Fig. 3.32(b) Port and deflector layout for unconventional cross scavenging.
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expressed as a deflection ratio, Ca, which is the ratio of the scavenge flow area, Agp, to the
deflector flow area, Agyer, Where the deflection ratio is given by:

A gef
Cﬁ =
A, (3.5.3)

The values of Cx for the best possible answer for conventional cross scavenging 1s where:

1.1<Cx<12

Remember from Sec. 3.2.4 that the reported behavior of traditional cross scavenging is
not particularly good, especially at high scavenge ratios. By optimizing such factors as de-
flection ratio, it is possible to improve upon that level of scavenging effectiveness. Using a
Ca factor within the range indicated, it becomes possible to compute a value for the deflector
radius, ry, assuming that the deflector ears are approximately on a diameter of the cylinder
bore:

g = [r% = 2&% (3.5.4)

The vital importance of the deflection ratio in the design of the piston crown and the
porting of a cross-scavenged engine 1s illustrated in Fig. 3.33, This graph shows the results of
two scavenge tests for a cross-scavenged engine with a deflector of the traditional type, but
where the deflection ratios are markedly different at 1.65 and 1.15. The experimental results
in Fig. 3.3