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ABSTRACT

An experimental study was undertaléen to investigate some of the factors
affecting the behaviour of pressure variations in a straight exhat’:st pipe attached
to a rotary engine. T‘he investigation involved the measurement of engine load, speed,
fuel consumption, combustion air properties and flow rate, mean stalic pressure near
the exhaust port, mean temperatures at twg lncat.icmlsl in the exhaust pipe and

i-ransient gas pressures at Lwo locatlions in the exhaust pipe A theoretical, nonlinear
-model of the particle velocity of a gas excited by an acoustic wave propagation
was modified to model the iransient pressure behaviour ‘of an acousti‘c wave., The
m_odrel was correlated with the transient pressure measurements with t.‘he aid of an

. iterative correlation technique and digital signal processing. Standard curve fitting

procedures were used to relate the various measurements as functions of engine speed,

The iterative procedure outlined has been found to be a good method for the
t;rleat.ment, of data which cannot ‘be correlated by ﬁtandard linearization and
regression techniques. Further, the analysis indicates that the model correlates very
well with the pressure pulse created by the rotor chamber blow—down. It is also
possible to predici the length through which the pressure pulge must travel before .

the leading portion of the pulse distgrts into a shock wave.
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L INTRODUCTION

. The fact that, in recent years, noise control legislation covering recreational
vehicles and general noise nuisance situations of other machines has been suggested
or er'xact.ed, in the United States [57] and Canada [1,86,126], sarves to remind us that
a continuing effort in noise aba'tg;nent is required. The advancement of noise control
measures for small power plants, which until recently have been all but ignored,
has significant technological and sociclogical importance. The advent. of ithe energy
crisis has ccmpnunded “the situation. Although the peak of the energy crisis may
have passed its moment.um has fostered the redesign of sma]l internal combustmn
‘engines of varjous types, The goals to be attained are focussed on the need for
quieter, more fuel efficient engines, The two goals are not separable as noise control
can degrade fuel efficiency efforts [2), The need to continue with research in engine

related nogse control will be of importance for a long time to come,

The original intent of this study was to develop a testing methodology which
could be used to quickly indicate the type of exhaust system required by any small
engine,. This'is of particular im‘portance as most small engines have very little in
the way of effective exhaust muffling systems. There were several reaéons for
choosing a rotary engine as the .;.ubject for the experimental testing. One of the
most important of those reasons' was that the rotary engine has characte;‘istics of
both a two—stroke and a f‘uur—gtroke engine, The fact that the opening of its ei@hust
port is circular and that the operating characteristics are similar to most two~stroka

engines was a very good design feature for experimental purposes. Other reasons
i



were its availability, novelty, and that it could be considered to represent a related
class of similarly sized engines, Although the novelty of using rotary engines as
power plantis in automobiles has worn off considerably, it still has potential for
this [9,641 and other uses [611. The rotary engine cannoi be written into history
as just another *flash in the pan' [128), Small rotary engines can he used‘in
recreational vehicles as well as other applicatiqns_ (921 where the smoother power
output and the smaller number of moving parts is advantageous. It is also imporiant.
to note that, in the interest of fuel economy, the specific fuel consumption of a
rotary engine does not-differ greatly from that of an equivalent four—sircke engine.
and it is better than that of an equivalent two—stroke engine (6,71 Indeed, rece:;t,
" work in the areas of light—load performance {93] and fuel efficiency ['9,10,_1'13 bgve
'demons/trat.ed that improvements are pbssible w}-;én compared to resu1€§ of eariier

years [58,65,76,18,119,425),
{

With regard to noise related problems, a number of manufacturers and research
groups have demonstrated that significant advances are possible [44,79,82,116].
Although it is a fact that engine emitted nois;e can be as great as or greater than
muffled exhaust ngise {91], it is still desireable to improve the Lechniquesiof
controilin.g exhaust noise, This does not mean that engine noise can be ignored. Control
of engine noise is important but the nature of the control generally does not

significantly affect fuel economy.

After the initial experimental testing of the rotary engine was performed,
it became evident that the exhaust gas behaviour was far more complicated than
was o'riginally expected (691, The nature of that complication being the presence of
nonlinear pressure wave propagation effects. As this phenomenon appears to be
present in other engine testing [25] and could easily be present in other engines

of this size and class, it was decided that a study of the wave behaviour would
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be worthwhile. As well, the possibility of applying nonlinear acoustic wave theory
to the problem was of interest since it was apparent that linear acoustic theory

would not, adequately handle the problem.

There are many factors which may influence acoustic wave propagation, such
) i \

i. Variation of eximaust. gas properties

2. Acoustic pressure in the exhaust pipe

3. Exhaust pipe geometry

4, Engine type

5. Engine operating conditions

6. Engine performance

Manufacturers [118) have used approximations with respect to exhaust gas
properties in the evaluation of muffler design parameters, These procedures have
also been found Lo be reasonable when ts used in the research project. It also aided.
in the conclusion that additional instrumentat'ion and data reduction facilities would
be required for future work in the more extensive analysis of acoustic pr_essur‘a wave

propagation in exhaust pipes.

The acoustic pressure in the exhaust pipe has a significani effect on the
acoustic wave propagation [541, One dimensional, low amplitude acoustic waves |
propagate in a linear manner, That is, the.relative particle velocity on each part
of the wave remains constant with respect to the wave as it propagates. Beyond
a particular acoustic press-ure condition diciated by the local property values, the
acoustic wave will no longer propagate in a linear manner. The speed of sound (the

limiting velocity of the acoustic wave in medium) js significantly affected by the

P
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acoustic pressure. As the acoustic pressure increases, the acoustic wave velocity
increases, The phenomenon that occurs is the.development of a shock wave as the
acoustic wave propagates. The shock is initiated at a low pressuyre condition and -

it grows in intensity as the higher pressure, highér velocity portions of the wave

catch up with the lower pressure, lower velocity components.

’

There are a wide'varigty of engine exhaust port configurations which have
‘been used by manufacturers [17), Many variations of square, rectanguiar, T—shaped,
oval, single or multiple circular exhaust port _npénings have'been used to control
and direct exhaust gas egress from the engine combustion chamber, The po‘rt design |
will héve some effect on the acoustic pressure wave formation because of cylinder

v

blow—down time. This can be affected by port opening area, rate of change of port

-

opening area and iransition section to the exhaust pipe.

The exhaust pipe geometry has a significant effect on the acoustic pressure
wave £55,59,1291, An increase or decrease in the diameter of the exhaust pipe section
can cause reflected expansion or compression waves, respectively.. These r.'eflected
waves in combination with the primary exhaust wave cause considerable t:r:]mplicat.ion
of~the pressure—time signature. In additiion, the changes in seclion can affect the
aMe of the acoustic wave. Frictional effects can also cause'decreases in the

amplitude of the wave; even for the case of a constant diameter exhausi pipe [93).

Engine type can have a considerable effect on the exhaust gas pressure wave
propagation [8). Some of the factors involved are: compression ratio; air to fuel ratio,
spark timing, exhaust port location in the cylinder, piston motion during cylinder
blow—down, piston position in the cylinder when the exhaust port is opened, etc.
The engine cperating conditions also affect exhaust gas behaviour, This is primarily

due to the fact that higher engine speeds and loads produce higher peak acoustical
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pressures in the exhaust pipe, This condition is to be expec‘ted since the higher engine
loads require higher mean effective prassures.; in the cylinder to provide the'driving

pover. Consequenily, the exhaust gas pressures will also be higher.

An increase in engine gﬁerating speed will likewise have a similar effect but
for a different reason. In this case the time betwee.n successive cylinder _blovi—downs
will decrease due to £he increased rotating speed..'l'l;eréf.ore,‘ although the mean
effective cylinder pressure may be moderate, the duration in which the volume of
gas is expelled from the cylinder will be shorter. Thi; means that the peak pressure
of the exhaust wave may be higher. The maximum peak pressure will occur at the

-engine speed correspanding to the maximum power output. Fina’ﬁy, the engine
performance alsp has an effect on the exhausi gas pressure wave, If the engine is
not tuned properly, that is: run with an incorrect spark timin‘g, run with an incorrect
spark plug, or any of a number of other improper conditions; there will be some
effect on the peak acoﬁstic'preésure oi"the exhaust wave.

-
This work deals with the analysis of the experimental resulis obtained from

a small rotary enéine which has a displacement of 108 cubic centimeters per shaft
revolution and is r'ated at 4.B kW at an engine speed of 5500 rpm (48] The exhaust
" gas has been évaluated with respect to ideal ga§ property values required in the
nonlinear acm;stic theory. Acoustic pressure has been measured in terms of its
variation about the local mean staé:_ié i:ressur‘e at each measuring location. The inside
diameter of the exﬁaust pipe used was the same diameter as t-hat. of Lhe circular
engine exhaust port. The exhaust pipe terminated flush with an exterier building
wall to simulate a hemispherical radiation of noise from the exhaust port opening.
This configuration was also chosen because the geometric cor?figuration is simpler
for future analysis of reflected waves caused by the exhaust pipe termination. :I'he

engine tuning was maintained according to the manufacturers manual provided with
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the engine, The engine perf‘c':rmance was recorded for all engine speeds ranging from )

idle to full speed, full load conditions.

The engine dét.a and an.:;dng recordings of the exhaust pressure measurements
were analysed with the assistance of an Apple 11+ computer, Analyses of the exhaust
spectra were carried out with the used o‘f a specirum analyser and the pressure
t'.ime histaories were recorded from a digital storage. oscilloscope. The pressure puise

model was correlated with data processed by an anal'cl'f-g to digital conversion board

1

i

in conjunction with an Apple 11+ computer,
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IL LITERATURE SURVEY

The history of t.he.mternal combustion engme has been a long and aventful
ane. Accurdmg to Priede [104], the first atmospheric internal combustion engines were
manufactured in 1840, The first recorded instance of a noise related problem with
the engine was in Vienna, Austria in 1875. This occured when the Viennese police
barred Marcus from operating his primitive, atmospheric internal combustion engine
dri‘ven car on the s’t.rje.et..s of Vienna. Also, the historical perspective of the time
of the development of the fs.r-s;::nternal combustion engines would not. be complete
without mentioning Ottu or Daimler. Otto built an engine which operated on what

is now called the Otio Cycle in 1876 and Daimler introduced the four—stiroke engina

design in 1877 [104).

Clearly, the problem of engine related noise has been around since the inception
of the internal combustion engine, It is som.éhow‘.,‘no_t surprising that two of the
founding fathers of acouslics lived during that same period. Helmholtz first turned
his aitention to acoustics in 1852 (71} and Rayleigh puBIished “The 'I-‘heury Of Sound”
[iD51 in 1877, Acoustic th.eory‘ha's had almost the same amount of time to develop

as the internal combustion engine.

® The literature dealing with acoustic waves in engine exhaust systems can be

divided into four relatively distinet groups; those that:

]

1. Have used empirical methods to attenuate exhaust noise

ar have developed experimental techniques to measure

2



conditions relating to the combustion gas such as flow

rate or thermodynamic properties.

2. Have assumed zero exhaust gas velocity and have
predicted gas pressures and acoustic plane wave
propagation by employing linear acoustic theory. This has
gen‘erally been used in conjunction with mathematical
analysis or computer aided calculation procedures, The
results have been presented with or without experimental

verification.

3. Have used one dimensional linear acoustic theory with
the condition of either a mean or unsteady gas flow.
Experimental results are usually presented to

.

demonstrate the validity of the procedure,

4, Have recognized that, quite frequently, nonlinear effects

are present in the exhaust system,

EachAof‘ these groups will be discussed in turn as each has information to offer

with regard to exhaust gas pressure wave behaviour.

24 Empiric«_al Methods

The work performed by Mucklow and Willson [93) provides a good illustration
of an experimental approach to the analysis of the attenuation of compression waves
in gases. The- authors used three different diémeters of pipe (a}:ipr"oximately 3.8 cm,
54 cm and 0.7 cm), each of which was approximately 24 m long, to perfarm their
experiments. From the measurements, the authors were able Lo determine an empirical

equation of the form:
/PP = (1/PHP + Cixpy/al-5y- Eqn. 1

where Py, is the gauge pressure afier the wave peak has traversed a distance Xhy

P; is the incident gauge pressure of the wave peak, d is the pipe diameter, b is
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a dimensionless exponent and C is a dimensionally consistent constant. The authors
have claimed good agreement between the experimental results and the empirical

formula; however, no theoretical analysis was atiempted.

In his discussion of exhaust, system design, Shepherd (1131 concluded that:

“Although there does not appear to be a substitute for

design and development experience with exhaust syst.em;,
instrumentation and computerization offer many aids to

final product design and fabrication.”

This cbservation was made by an automotive engineer who was discussing Lhe
transition of exhaust system design from ‘art’ to science, The art being alluded to
was the exhaust system designer performing in situ testing of his'design Lo determine
if any objectionable frequencies were present. In the event that such frequencies
were present, Lthe designer then tuned his system to eliminate them. This *cut and

b

try’ approach has been and continues to be used by exhaust system designers such
as Roe [106,107] who has made use of annular cavity exhaust silencers. He has indicated
that these silencers can be used to meet noise limitations required in competitive

racing while not affecting engine performance. This design approach has been used

irrespective of the size of the engine being silenced.

The transition Lo "science’ occurred in the 1960's as more advanced electronic
equipment made automatic frequency tracking of engine speed possible, The result
was the abili.t.y of the desi__gner to more easily determine the noise altenuation effects
of an e;chaust system, This has lead to use of increasingly complex exhaust system

designs employing quarter wave resonators, co—axial resonators, or a combinatlion

of a resonator used in conjunction with a reactive or a dissipative muffler.
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Some useful information has been derived from experimental festing associated
with the empirical method. .In his paper concerning exhaust system design, Thomas
{1181 has discussed some methods ~used to assist in the creation of a quiet exhaust
system. The féctors mentioned include: gas flow, muffler shell design and acoustics.

Of the important details associated with these factors, those which.are related to

‘gas flow are the most useful. Part of the general approach o exhaust system design

has included the knowledge of the basic engine data and the average values of intake
and exhaust gas temperatures. The approximate exhaust gas flow rate can ther be
determined from the product of the engine displacement per shaft revolution, the

compression efficiency of the engine and the absolute temperature ratio of the

exhaust gas to the intake gas. (
g

Thomas has pointed oul Lhat the gés volume could be corrected for the fuel
consumed but tha.t. this m_éligible. quantity. In addition, there should be a slight
change in gas volume due to the replacement of oxygen by combustion produc_ts;
however, since the air is 718% Jnit.rogen, the molecular volume of the exhaust gas would
not change significantly. Another useful treatment of the exhaust gas behaviour
which has been implied by this approximation is that the gas properties can be
approximated by using the propertigs associated with air. It has been pointed out
that the most critical factor associated with the calculation of the exhaust gas

flow rate is the compression efficiency of the engine.

Thomas has indicated that another impurt‘ant design criterion is the maximum
back pressure which should be allowed at the exhaust port. In the case of chain
saw and ot.hex; engines having a high power to weight ratio, this pressure should
be less than approximately % inch Hg (1,7 kPa) {12), It has also recommended that
the maximum exhaust gas velocity be limited 1o approximately 130 m/s. One of the

other general design criteria which was mentioned was the fact that the volume
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of the muffler cavity should be at ieast 28. times the engine displacement of a single
cylinder (or retor displacement). Geometrir considerations which have been mentit;ned
include the length of the tailpipe and the exhaust pipe. It has been suggested that
the ratio of exhaust pipe length to tailpipe length be 2.-In the event that this is
not pnséible, the next best ratio is % and the worst ratio is 1. As well, it has been
suggested that exhaust pipe diameter be progressiv?}y reduced u1:1til the muffler is

45
reached and gas expansion takes place.

The importance of measuring flow rates and exhaust gas velocities as a
function of time has been recognized because of its relevance to scavenging. One
method of exhaust gas mass flow rate measurement from a Wankel engine has been
demonstrated by Ferguson et al. [45], Tl:'meir method involved the use of an orifice
of suitable size inserted into the exhaust pipe. The purpose of the‘ orifice was to
create a qua.si—steady flow condition such tha't. the mass flow rate could be predicted
from the general equa.tion for the mass flow rate of a compressible gas through
an orifice [75) .Unfnrtunat.ely, Lhe area ratio correction term has not been included;
therefore, the equation given in the paper is not correct. In their study, the authurjs
have used the mass flow rate o aid in the evaluation of the Lime resolved exhaust
-gas composition. They have also demonstrated that orii‘ice plates could be uysed to
predict mass flow rates in unsteady flow situations by showing good agreement
between the measured flow rate and that predicted by the orifice plate equation.
Ferguson’s assoc&ates have continued to work on Wankel engines. Their later work

[49] was directed toward the prediction of Wankel engine performance.

A different method of measuring the exhaust gas velocity has been
demonstrated by Gajendra Babu et al. {48). The engine that they were using was a

four—stroke engine. Their.meihod involved ionizing the gas at a particular location

by applying a high—voltage pulse across two electrodes. A detector, sensitive to the
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ionized gas was positioned at a kngwn digtance downstream of this location. From
the measured time delay between the ionizing pulse and its detection, the authors
have demonstrated that it was possible to accurately measurs the exhaust gas velacity.
The authors have also made s‘everal observations associa_t_.ed with the exhaust gas
behaviour. The most impartant of ‘t.hese was t:.hat the longer the exhaust pige, the
fewer the number of reflected wave interactions from each pressure pulse leaving
the exhaust port. Also, they observed that the higher the sngine speed, th.e greater
the unc'ertainty in the exhaust gas velocity measurementi. The one phenomenon that
neither of ihese two groups commented on was the pulse shape for bath mass flow
rate and velocity. The figures provided{ in both publications show that the majority
of the gas motion oc:.;.ur‘s during a ve;'y small portion {approximately one tenth) of

a complete exhaust cycle, ) . .

Although Malchow et al. [B7) were interestied in heat transfer at the exhaust

. port of a four—stroke engine, they did use pressure measurements and an orifice

meter to measure the unsteady mass flow rate as a function of crank angle. In this
case, the demonstrated cylinder blow down compared favourably, during the periéd
of ﬁ;i.n;g\pressure in the exhaust pipe, with that shown by the authors in Lhe
previously cited references, There were differences exhibited in tl"le.‘fall—cf'f from
the peak pressure for both mass flow rate and velocity. The reason for some of

these differences was due to the presence of exhaust port valving.

It has become evident i‘ro;n the prece.edi_ng discussion that aithough the
empirical testing of exhaust systems may laglz a stf‘ong theoretical background; the
contributions made by these investigators play an imperiant role in the commercial
design of exhaust syétems because of their simplicity. In addition, the use of such -
simplifications as modeling the exhaust gas as high temperature air shouid be noted. -

None of the authors commented on the absence or pi‘esenca of terminal combustion

-
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in the exhaust pipe nor did they mention the presence of shock waves created when

-

the exhaust port opened. The contrast between the empirical evaluations of exhaust

systems and the theoretical analysis of wave behaviour can be shown to be

considerable, ' }

22  Acoustic Wave Propagation

-

One of the most frequently cited.papers on plane'wave propagation is that
of Levine and Schwinger [83]. The authors developed an expression for calculating
the end correction of a pipe"from which sound was radiéting. The length correction
"' given was equal to 0.6133 times tﬁe inside pipe radius. This length correctio‘h'
v:as‘ then shown to'be a controlling factor in the r‘efl_ectiun coefficient of the pipe,
The reflection coefficient. has been defined as the ratio -of‘ the peaic amplitude of
the reflected preséﬁre wave relative to the incident pressure wave due to a c}:ange
in cross—sectional area of the pipe. The reflection coef{icie‘nt has been given for
two cases: (1; the product of wave nU}nher and pipe radius greater than 1 but I(e-ss

than 4 and (2) 'the product of wave number and pipe radius less than 1. There has

“been experimental verification of some of these results which will be discussed later.

The solutions to.problems invol‘vihg linear wave propagation with no f]ow in
ducts have been presented- by Davis {541 and Embileton [60]. It must be noted that
Davis has pointed out that linear acoustic theory will not accurately predict acoustic
-behaviour in the exhaust pipe of an internal combustion engine. He hE'IS noted that
peak sound. pressures can be as high a one—third to one-—he;li‘ of the static pressure
measurec-i:f Embletunl has noted, that some exper;iments have indicated that lt.here is
a linear relationship -ketween ai:oustic pressure -and particle velocity up to about
100 Pa. Beyond that- point, the acoustic pressure is .prapurtinrial to the square uf’

partiicle velocity. The constant of proportionality that has been used is the mean )

v



gas density.

-

- - .
A very good discussion of modeling low—frequancy sound transmission in ducts,

associated with nu'fljow liriear wave propagaticn, has been presented by Pierce {102}

: s;I‘he lumped—parax;aete_r\ mc‘)delir;g iarocedure has been l;sed in this treatment. The major
benefit derived from the tzse of this method is that it allows the interpretation of
the acoustic prob‘lgm in terms of 'either an analogous mechanical or electrical system.‘ )
The limitation stated for this lpet.'r.md is 'th_at. it can be used only when the freguency

ig such that t.be pr“oducﬁ of wave nun;ber k and a characteristic'dimension a of
'thu_a duct is much, much less i{han unity (!mfé 1), The two most commonly mentioned

v ya;iables us:eq in bhg-iumped-—i)araineten treatment are the volume velocity and the

-

average pressure,

The property relationships involved with these guantities are associated with
the Reynolds Transport Theorem [103). The volume velogity used in the development -
has‘begn related to. the instantaneous ;rol.uxnetric rate of flow across a surface (the

xgur{‘ace_integral uf. velacity), éreated. by the ipsj.antaneous particle velocity of the

fluid rather than'any’ gross motion of the fiuid, when it was assumed that the fluid

den\sity was. not a function of the space co—ordinates, The restriction on density
usedl in this case 'was the resuli of assuming ambient density.l The definition given
for the average acoustic pressure was to divide the surfaéé.integr‘al'of the power
per unit area by the volume velocity, The term ‘average’ has beeﬁ dropped from the
lumped—parameter model by assuming that the' écaustic behav.iour is one“dimepsional. .
The derived characieristic from these two variables is the acoustic impedanéé which

-

is a frequency dependent guantity. The im_pledanc:e has been defined as the acpuostic

-

pressure per volume velocity.
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With these definitions, it has been shown that it is possible to evaluate an
acoustic wave guide (duct) in terms of its inlei, outlet and interior impedance. The
similarity to electrical impedance concepts allows complex systems to be evaluated
by methods analogous to those of electrical circuit analysis. Two limiting cases of
consequence which are frequently used in linear acoustic analysis have been presented.
The first of these was that of infinite .inlet and outlet impedances, The impliea
consequence of this limiting case results in treating the flow as being incompressibie.
This could be translatgd into the fluid mechanics case of one dimensiona),

incompressible, unsteady flow.

The second case was that of the fluid impedance being zero. This case could
be translated into the fluid mechanics situation of one dimensional, compressibie,
unsteady flow. This would be analogous to a mass storage having taken place. The
concept in the elect.r-ica_l analog would be phat of capacitance (acoustic compliance).
This concept has been shown to be particularly useful in the evaluation of Helmholtz

“~
resonator behavigur, Finally, since the density of the fluid medium is a distributed
quanfity, én inertial effect can be associated with its motion. This inertial effect
has been t_:ie{'ined.as the acoustic inertance. The major concern in the modeling of

accustic systems has been the choice of appropriate values of impedance, compliance

and inertance of the system components,

[

Sreenath and Munjal {141 have demonstrated the application of linear acoustic
theory in thei evaluation of mufflers. Although their paper was primarily directed
al the evaluation of tubular type mufflers, they have included corrections for the
tail pipe termination and effects of the exhaust pipa. The major assumption which
allows the development of the att.enuat.'ion equation for the exhausi system is that
the muffler cross—ﬁection diameter is of the same or lower order of magnitude than

that of the wavelengths present in the exhaust system, Their limitation is stated
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that D < (3.832/m\ whare D is the muffler diameter and ) is the wavelength of the

low frequency exhaust ﬁoise. Additionally, the authors have stated that they assumed
that the frequencies of the exhaust noise were of the order of the firing frequency.
The experimental verification of two mufflers, designed using their method of
evaluation, shows remaflc-ahly good results. In one case the muffler performed to within
2 to 3 decibels of its design attenuation over a broad range of engine speed, However,
it has been noted that their design technique relies on a ‘design, calculate and

evaluate the results’ approach.

Another example of the application of linear acoustic theory has been
illustrated by Lykkeberg [85), The assertion of the author w‘as that ignoring the
steady flow component of the gas in an exhaust system was not detrimental to the
predictive power of the theory. The author used the results of organ pipe
investigations which indicated thal the radiation impedance of an open ended iube
must be corrected by adding 70% of the pipe radius to the length of the pipe. This
compensates for the radiation of sound to the surroundings and compares favourably
with the value calculated by Levine and Schwinger (83], Additionally, he has presentad
relationships for the lower cut—off frequency of a simple, one chamber filter and
the half wave resonances of an exhaust system. The author’s comments inciude the
observation that quite frequently these relationships are ignored in favour of more

sophisticated sysiem analyses.

Finite element methods have also been proposed to evaluate the acoustic field
for a number of boundary conditions. James [73] has discussed the situation of an
acoustie field between two finite length, concentric cylinders. He also has suggesied
that the technique can be applied to the r‘adiatim_i of sound from the opening of
a circular duct. This application has not been demonstrated nor has any comparison

with experimental results been shown. Both Craggs [46] and Crocker [47] have used
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this technique in the prediction of insertion losses for mufflers. The authors have
indicated that mean gas flow should be ‘included in the procedure; however, Crocker
has suggested that this is not a critical concern unless the gas velacities exceed
32 feet per second (9.75 m/s ) [i3). Work in the ar:ea of finite differences [15) and
more broadly, finite element computational methods (14} has increased due tc the
availabilily of computers with adequate memor;}. Other work in this area will be

presented in the following section.

Ii; should be noted that, in the preceeding discussion, no mention has been
made cwz:ning the actual pressure and gas velocity fluctuations in an exhaust
system. Th; reasoln is that the linear acouslic wave theory assumes a sinusoidal
varying waveforr;x. This does not mean that the theory cannot handle a c:r;\mplex
waveform. What is required is a Fourier Series representation o{ the waveform such
that the analysis can take place. An additional problem is the a;ssumption of either
no flow or the use of a mean flow approximation. Other researchers have recognized
this problem and have applied various analysis techniques in an attempt to handle

~

the problem of pulsating flow,

23  Acoustic Theory with Gas Flow

The material o be covered in i.h;is section can besi be presented by dividing

"it into three sub—sections:
i. The work of Blair and his associates

2. The work of Davies, his associates and thosa who have

been influenced by his work

3. Others who have contributed to this area
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Of the three groupings, the work of Blair and his associates is the most prolific.
The advances accomplished by Blair and his associates. have ‘probably bgén the most
useful. Nowak [99) has indicated that the computer programs, created by Blair and
his associates for the analysis of exhaust systems, are very useful engineering tools

for the designer intent on evaluating an exhaust system design.

2.3.1 Work of Blair and Associates

When Blair turned his research efforts away from valve timing [23)
and turbine related studies [3,i22,123}, he started a methodical inve;tigatiun into
the unéteady flow of exhaust gases [24). One of Blair’s first comments has set the
tone for the remainder of his work. He observed that the use of the method of
characteristics is a labour intensive technique which does not take into acéount
frictional losses. Also, in the case of linear acoustic theory, the approach is good
only for pressure wave amplitudes up Lo % 1b/in? gauge (3.447 kPa) [12). Ee alsa discards
the possibility 6? using s:hock tube resuits as they do not provide interactien of

successive pressure pulses.

The method of approach chosen by Blair is one suggested by Benson
et al. [1B). The procedure uses the method of characteristics as the foundation 6?
the analysis. The relationships between the local speed of sound and the locai particle
velocity are converted to a non—dimensional form. The iwo relationships for the two
wave propagation directions are replaced by their corresponding Reimann variables
Aand B. A rectaqgular mesh is set up énd a digital computer is then used to iterate
the related eqﬁations to a solution, Th;a assumptions used in Blair's investigation
are for the case of one—dimensional, unst:aady, non-homentropic flow. The theory was
compared with experimental resull obtained using rcom temperature compressed air

which was passed through a rotary valve, It was his opinion that the determination
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of a suilable pipe friction factor was accomplished and that the method of approach

had potential.

In a subsequeni analysis [25], Blair extended the theoretice_ll side of
his work to include diffusers. The diffuser problem was studied because it assisis
in the scavenging process. The cnmpli‘cat.ing.factor which had to be overcome was
the mathematical treatment ‘of the normal shock in the diffuser section. This condition
was assumed to occur rather than that of supersfonic flow. Rar;kine—Hugoniot Lype
relationships were used to handle the property relationships across the shock. The
'experim:enta] testing included both the rotary air valve mentioned previously and
a 250 cm?! motor cycle engine, Good agreement between the theory and experimental
results for both cases was demanstrated. However, éubsequent application of t.he,
méthématica] analysis to the exhaust system of a Lotus—Cortina engine [26) was not
as fruitful. Blair observed that the simulaticn of the exhaust” pressure pulse was

\}ery important factor in achieving good computational agreement.

s - At the same .time as Blair and Arbuckle were investigating intake’
system design [2-73, Blair and Johnston presented a simplified design criteria for
expansion chamber e)lchaust 'systems for small tworstoke engines [281 The important
prncedure‘noted'in setling up tﬁe criteria is Lthat of the assumption of the amplitude
of the blowdown pressure pulse. This is mateched to the experimental amplitude by
varying the discharge coefficient'Cq which is used to control the Reimann variable
A The design criteria presented by Blair and Johnston are as follows:

1. The area ratic of the exhaust pipe to the tailpipe should
be greater that 2.45 but less than 4.7

2, The area ratio of the exhaust pipe to the‘axhaust port
should be greater than 1.3 but less than 1,75, The proviso
is that the area ratio must be large enough that the
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exhaust pulse amplitude is limited to a peak pressure of

1.9 atmosphetes.

The ‘stuffing’ or ‘plugging’ pulse should arrive
apprcxi;ately 40 crank angle degrees before the exhaust
part closure. This is dependent on the distance from the
exhaust, purt.. to the tailpipe. The empirical relationship
must be established for each engine type. However, the
distance is diré:tiy proportional to the product of the
mean speed of sound and the 'degree_s, of crankshaft
rotation during which the exhaust port is open, divided
by the design engine speed for peak torque. The constant
of proportionality must behdetef{nined by experimentation

or by making a judicious assumption.

The ratio to the lengt;h of the conical diffuser of the
eipansion chamber o the distan&e from the exhaust port
to the tailpipe must be less than 0.4 but greater than
0,25, Additionally, the ratio of the length of t.‘he‘
contraction cone, connecting with the tailpipe, to
distance from the exhaust port to the tailpipe must be
less than 0.25 but greater than 0.425. ‘

Since Lhe'scavenging pulse is created by the expansion
cone of the di'ffuser, its position must be located by
assuming that the pulse originates at midlength of the
cone. The total length for the returning scavenging pulse
is assumed to be proportional to the product of Lthe mean
speed of sound and the degrees of crank rotation from
exhaust pbrt opening to bottom dead centre, divided by
the design engine speed for maximum torque, Again the
constant of proportionality must be experimentally
determined or a judicious value must be assumed. The
tailpipe length is then determined by subtracting half

the length of the expansion cone from this value.
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4, The tailpipe length should be equal to the length of the

contracticn cone at the end of the expansion chamber.

7. The area ratio of the cenire section of the expansion

chamber should be greater than 3.4 but less than 4.5. The

length of this section is controlled h'y the previously

calculated component lengths. »
In the discussion of this paper, Nowak {98] pointed out that most exhaust system
designs for competition snowmobiles fall outside thelcriteria presented by Blair. In
ad.dition, it was pointed out that the length of the tailpipe is more important than
Blair had assumed. It was indicated that the tailpipe controls the blow down
characteristics of the expansion chamber and therefore, non—standard lengths might
‘improve. the engine performance. Blair responded by .pointing oul that Nowak’s
requirements necessitated a broad engine spe‘ed band with the engine providing good
torque characteristics; whereas, Blair’s goal was o provide the best torgue possible
over a limited range of engine speed.

Blair has continued in subsequent research to improve the analysis
-Df unsteady gas by applying its results to the design and develn.pmént. of racing
motorcyc]e‘ engines [29,30,33,34); as well as, the prediction of exhaust system generated
sound pressure tevels (31,32,45], In the cases of the unsteady gas flow, the results
of the induction system analysis [27] weré coupled with the unsteady exhaust system
analysis and a model of‘the gas exchange was developed. The results of these
procedures were good. Blair indicated that the procedures coupled \;Jith practical
experience would be very useful to a design engineer. The procedures allowed variation
of inlet and outletl sysiem design as well as bore, stroke, valve sizes and valve Liming
for s?ngie or multicylinder engines. The studies on the prediction of the noise leveis
produced by engine exhaust systems has likewise yielded good results, The comparison

hetween the predicted noise levels and those measured for the same engine operating

*
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conditions showed good agreement for frequencies below 1 kHz

f‘urther investigations were carried out to study scavenge flow [35]
by using a procedure suggested by Jante [74). The results of this study were applied
to ﬂhe development of a theoretical mode} for ihe scavenge process. The model was
compared with experimental results' far a two stroke engine (361 The results of this
and later studies [39,40,41,112] show remarkabie_ agreement between theoretical and
predicted inlet, crankcase, cylinder and exhaust pressures as well as the delivery
ratio of fresh air, Improvements have also been presenied _in the area of modeling

the combustion process {371 The results of this modeling have also been successful.

Finally, Blair and Fleck have studied unsteady gas flow in a rotary
engine [38). The engine which the authors used for the testing was a Fichtel and
Sachs Modél 9144 Wankel engine with a maximum output, according to the
manufacturer, of 13.5 kW at 5500 rpm. The unsteady gas flow analysis used by Blair
and his associates again proved to accurately predidf t'he engine behaviour. The minor
differences between the predicted and experimental values of the exhaust pressure
wave, at the exhaust port, could probably be explained by the lack of information
concerning friction losses in the engine. In addit.io.n, the numerical procedures
presented included several approximations. The mosi' notable of these was the

calculation of the charging volume of the engine by a volume appreximation rather

- than by using elliptical integrals.

2.3.2 Davies and Assuciates

Davies has vapproached the problem .of pressure pulses in exhaust
systems from a slightly different direction than that of Blair. Davies felt that the

assumptions of one—dimensional, unsteady flow in a shock tube.could be applied o
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exhaust sysiems including silencers [50), Thus he thought that &riexhaust system
could be analysed by using simple charts. The intended results would\be the realistic
prediction of exhaust system performance. Davies and Dwyer used this approach in

conjunction with the governing equations for shock tubes. They reasoned that a

shock condition would be present in any exhausi system because of the large peak

pressures created when the exhaust port opened. In their justification, they used -

the example of a pressure pulse with a steady rise of half an atmosphere taking
place in a period of 1 millisecond. They stated that this conditinn would form a
shock froni after it had travelled in air at standard tempgrature and pressure for
approximately 2 milliseconds (the pulse will have travelled approximately 69 cm). Also,

since exhaust gas temperatures are higher than temperature used in the example,

the required time before a shock would be created would be much shorter. They also-

used the condition of an isentropic expansion occuring behind the normal shock so

that the gas velocity behind the shock could be calculated.

The authors alsc reasoned that travelling shock waves ‘would remain
normal and would be -stationar& at any area expansion. The process inveolved tends
to become very complicated. Theré are cases where the assumption of either -t.he Mach
number, just before aﬁ incident shock front at an area change, or the degree of

expansion, just before it occurs, must be made. In addition, there is the necessity

of determining whether shock tube relationships between the pressure ratio across.

v

the sheck and the shock Mach number are used rather than normal shock table -

relationships. It is also necessary ‘to construct time versus distance diagrams for
the shock waves which are similar to those produced by the methed of characteristics,
in reply. to this work, Blair pointed out that there are cases in which the entire
pressure—time history would be necessa;‘y and that the procedure presented would

not supply that information.
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Alfredson and Davies [4] performed an experimental investigation of

silencer ‘components coupled' with a theoretical analysis based on propertiy
perturbations and the method of characteristics. The analytical approach used was
that of a linearized one—dimensional theory with mean flow, They found that the
best method of analysis for sudden area changes was to assume that pressures were
conserved. That is, the sum of the incident anld reflected pressures on each side
of the area change were equal. T.his method was not as accurate as that of assuming
adiabatic behaviour but they found that the complexity of calculations was reduced
by this assumption. Davies and Alfredson then went on to develop a computer program
for expansion chamber silencers [51) The key f‘eat.-ure of this method was the
assumption that the stagnation enthalpy was constant along a streamline crossing
a change in section. This involved the optimization of the silencer component design

using the previously developed theoretical approach. The authors claimed good

performance of the silencers designed when they were fitted to their intended engines.

Davies has also discussed the problems of silencing associated with
large engines [52). Essentially he has reiterated the findings of his previous work
with Alfredson. The important ohservation that he makes is that concerning gas
flow in exhaust systems. Davies has shown, by mathematical analysis and comparison
with ex‘perimentai r;‘t:.-sults, that the assumption of zero flow in an exhaust system
t;an be detrimental to the correct calculation of silencer performance. In a later
publication (53], he concluded that both flow conditions and temperature gradients
should be included in any modeling study of an exhaust system. This would, as a

consequence, improve the prediction of silencer performance considerabily.

Later, Alfredson coniinued the discussion to include Helmholtz
resonators in the thearetical treatment (5. This also included the effects of yielding

walls in the silencer. He has pointed out that the biggest problem in predicting

N
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silencer performance has been with its resonance frequencies, The author states that
in general the prediction of silencer performance is very good everywhere but at
the resonant frequencies. Here the variation may be as much as 3 to 5 decibels. Since

this variation occurs at the resonance f requencies, the quality of the overall design

is lessened.

The work by Davies has influenced at least one muffler manufacturer

. as indicated by Eriksson [62,631. Nelson Industries hgs modified the technique of

Alfredson and Davies. The modification was in the nature of the analysis of each
section of the exhaust system, The modification allowed the inclusion of temperature
gradients in the general calculation procedure. Eriksson has indicated that the

modeling prucedgpe correlates well with experimental measurements. .

2.33 Qther Contributors

Wallace and Nassif (121) have also investigated the problem of
predicting scavenging in a two—stroke engine. The authars broke the problem down
into two related parts. Their method involved the use of fiffite wave theory, while '
maintaining cunditinns far dynamic simil’arity. The first part of the analysis breaks
the problem of quasi—steady flow through the exhaust and intake ports into the

following subsections:
1. Outflow (particle velocily outwards through the ports).
2. Inflow (particle velocily inwards through ports)

T These include condilions for subsonic and sonic flow,

as well as 3 criterion for mass flow.

E) Limiting conditions which include flow reversal and port

reflection criterion.

~F
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~ 4 Changes of state in the engine cylinder. This included
the general state relationships governed by the laws of
Thermodynamics, the changes in state due to blow-down
and the exhaust lead (the duration of port opening '

" required to achieve the same mean pressure: in the

cylinder as that existing in the exhaust pipe).

5. Maximum exhaust pulse pressure, -

The second part of 'the analysis was concerned with unsteady gas flow in the external
pipe system. This included: . e
- P
1. Progressive distortion of the wave profile and shock for-

mation. . K

2. Superimposition effects.

>

-

3. Effect of temperature discontinuities,

4, Effect of friction,

\

This ‘detail of coverage resulted in an exce]le’n£ presentat;ion of the problems -
associated with two—stroke engines. The. experimenial testing agre'ed well with the
theoretical treatment. \’I‘hg authors obse‘rved that the design of both the i‘ntake and
exhaust systems was very important. The intake and exhaust systems were found
to be the controlling factors in the scavenguing process. Another important factor | |

was that of the rate of exhaust port opening,

Lambert [84) has also performed an analysis of side bfanch filtering
uf; sound in a moving medium. He used the linearized equations of sound propagation
in a dissipationless, homogeneous, progressively moving, isentropic gas. The author
makes use of impedance relationships to determine the insertion loss of ‘t'he side

~ branch. Be also showed that the performance of the filter was a function of the

flow Mach number and the pipe génmetry. It was also concluded that the viscous .
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dissipation was alsc an important factor,

A numerical method of calculating the unsteady flow in both intake
and exhaust systems has been presented by Goyal ét, al, {701 The standard assumptions
of one—dimensional, unsteady floﬁ have been used, The analysis was applied t..o a
.Straight pipe of constant area with both heat transfer and friction. The method“
of char‘acteristicé was then applied to develop the governing eqpations. Empirically
derived heat iransfer cnefficients_ whre also used. The flow calculations were
performed using a f;inite difference method. Exhaust ‘pipe length was found to be
an important f;actor; The coﬁlparisun between the calculated and experimental results
were d-éemed to be inc_onclusive by the authors. The inference being that the

theoretical treatment did not'adequately handle the problem,
. ®

Exhaust systems employing conical diffusers have been tested by Nassif
(971 The experimental results were compared with a theoretical analysis based ocn
acous¥c impedance. The conclusions reached were that: .

i. The difference between measured and predicted flow

behaviour was the greatest for smal) conical diffusers, -

2. Longer diffusers were found to provide better delivery-
of fresh air due Lo scavengtig,

3, Cone angles):?ween i and 4 degrees dlinot seem to

affect the deli ery.
-

An additional Dbservatior; was_that the exhaust port acted as a partially closed
end rather than the fully closed end condition which has been the commoniy assumed

condition.

A completely theoretical analysis of acoustic wave propagation has been -

carried out by Mungur and Gladwell [94, The authors used the exact two—dimensional

| P
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Navier—Stokes equation in their -analysis. The pressure, density and viscosity were
assumed to be composed of a mezn and fluctuating component. The gas velocity was.
also assumed to ~1_)9. composed of a ‘mean and fluctuating componént with the exception
that there was no mean component orthogonal to the flow direction. The complexity
of the equation was reduced by suhtracting the time averaéd equations from the
x and y comanents. This prncess- was also applied to the law of conservation of
I‘uass. The, substitutien was continued af;.er assur_uing that the wave propagation was
adiabatic “and isentropic. A i‘ir;al substitution of a relationship between the
fluctuating viscosity, | ‘mean viscnsi.ty, fluctuating' tc; mean przas;su:re ratio and
— i‘luctuatin_g to mean density ratio yielded a final equation amenaﬁ]e to numerical .
solution, The .numerical solution was by means of the fourth—order Runge-—Kutta
method applied to the inviscid case. A powér law relationship was assumed for the
velocity~pmf'il.e. No details were.provided' for the .pressure variations in the dir:e-ction
of mean flow; however, since the solution involves an assumed function for pressure

. of the form:
P = F(y) e~ XX gdloot = ky) Eqn. 2

It may be possible to employ a different functional relationship such as the jone

to be discussed in-the next chapter. In this equatidr;, F(y) is the amplitude of . the

pressure wave and «,k. are respectively the attenuation and wave number in the

x direction.

Hirata and itow {721 have reinforced the arguments of cther researchers
that gas flow has a siénificant influence on exhaust system behaviour. In this case
Ll;le_authorg extended th; work of Lambert [81) by means of a very siraightforward

method of analysis. In their evaluation of side branch resonators, they assumed
‘ additional hemispherical masses ét each end to the resonator neck. This additional

mass was assumed to be proportional to % of the product of the gas dénsity and

"
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the neck diaheter. This was then used to correct tha ki;'w.etic energy term for the
neck. The gas flow in the main duct was assumed to be t..urbulent and to have 3
buwer—law velocig.y profile. Subsequent analysis of the displacement of* the
hemispherical end correction by the gas flow in the main dust yieldéd a enErgy
dissipation relationship which could be expressed in the impedance form. The
experimental results compared favourably with the theoretical predictions, However,
the - testing was conducted only. for a steady flow of air in the test section, No\

results were presented for the muffler installed in an engine exhaust system.,

In a survey of exhaust system evaluation techniques, Bender [16] has

presented an alternative technique. He has suggested that il is possible to evaluate

.

the effects of an orifice on sound by using the Bernoulli equation for unsteady

’

incompressifule flow. He has also noted that there are several nonlinear effects in

exhaust systems, These are gener:ally associated with vorticesl genérated by orifices.

The author concluded by suggesting that the following elements of the problem should
. be characterized:

1. Attenuation of perforated tubing with flow in the

nonlinear pressure range.

2, Evaluation of the source impedance of internal

combustion engines,

L

3. Generation of sound waves by unsteady flow through

exhaust ports.

4, Effects of exhaust turbines on noise generation and

propagation.

5. The effects of reflected prassure waves on engine

perfarmance.
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" He has also observed that insertion losses of mufflers cdnnot be predicted with a.

good degree of accurécy.

A comparison of experimentally determined exhaust gas velocity with

a theoretical madel haé-been presented by Yun and Mirsky (131}, One of the unique

Fe?tures of“l this evaluation was the comparison of instantanecus gas velocity
measurements by a hot—wire anemometer and schlieren—streak photography. The two
methods show gpod agreement over the range of engine crank angle presented, In
the simulation, one--dimensiona-l, unsteady gas flow was —assumed.-Th;z conservation
laws for mass, momentum and energy wereucombined wit}m the ideal gas equation of
state, the isentropié speed of sound equat'.ion, the Darcy—ﬁleisbaéh equation for wall
shear stress and the general form of the convective heat ‘Lransf‘e:r“equation. No
indication is given of how the substitution and solution process is performed; however,
It.he boundary and initial condit.ions were presented. The éompar‘ison between the
. talculated and u_leasured gas velocity was excellent over the range of engine crank

angle presented. No simulation of the exhaust gas pressure pulse was presented.

Munjal [95] advanced the use‘ of the impedanr.“e method by first
" separating the mean and fluctuating components of velocity, density and pressure.
The convective terms of préssure and velocity (those associated with the gross gas
motion) were then written in terms of the incident and reflected acoustic pressures
and the Mach number of the flow. Impedance relationships were then determined for
exhaust _sy‘sttem,eiement.s. such as a uniform tube, a s-u;:lden contractic.unl, an extended
ouilet, an ext.endéd inlet, a sudden expansion _and a branch resonator, vnfortunately,
no presentation of a. comparison be.t.ween a theoretical model and experin;ent.al result

was made.
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A novel éppmach to two—stroke engine modeling has been presented
by.Muf.yla and Soede! [96). Their assumption was that the eJ‘cpansion chamber muffler,
cylinder and crankease of the engine could be madeled by Helmholtz resonators. The
exhaust gas was; treated as though it was incompressible-and exhibited inertia only
in the exhaust port and tailpipe. The gas vclumes in the crankcasle, cylinder and
. expansion chamber were assumed to be compress-ible. Additionally, the gas pressures
were separated into their mean and acoustic components. A thermodynamic mndeling
of the combustion process was also employed. The mathematical model included linear
algebraic equations,‘ seven first order differential equations des-cribing the
Ahermodynamic mpdel and three second order dif‘ferent.ial e;:;uations for the Helmhollz
‘resonators. The second order equations were converted into firs;t or‘c.{;r* equations

by the Runge—Kutta method. The theoretical calculations performed by the authors

ccmﬁared favourably with the experimentally determined pressures.

* Kelsay and Margolis {79 performed experimental testing on a '
two—stroke engine to determine if a relationship existed between the exhaust gas
pressure—time history and engine power. The authors' f‘ounc‘i that the timing of the .
reflected exhaust pressure pulse was critical and had to reacl"a the exhaust port.
Jjust before it closed. They detérmined that the timing of this ‘stuffing’ pulse was
. the n'lq'st important phenomencn in the devglopmént of engine torque. The exhaust
pipe length was found to be the most important design consideration in the control
of this timing. In addition, it was de;.ermined that the size and shape of the pulse
ii.self‘u was not important. An obser‘yation associated with this pulse was t.hat.-the
er'mg'ine- appeared tb perform the best when the pulse had the largest amplitudg. It
was also found that longer exhaust pipes produced higher maximum torques at lower

- engine speeds. The result of this was a loss is engine power. They obsarved that

the' exhaust pipe length must be optimized for maximum power and not necessarily
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for torque. This was because both engine speed (frequency of exhaust port opening)
and the length of the exhaust pipe were important.

Y

Margolis [88) and i‘Eis associates (89,111) have also been working on the
applicatidn of the Bn;lnd Graph technique [90,i08] to the complete modeling of a
two—stroke engine. Work similar to that of Blair was carried oul. Thé authaors
produced a computer pmgrémme for the analysis based on this tecﬁnic]ue. Equations
were writtgn for mass, momentum and energy and frictional losses were included in
the momentum equation to improve the accuracy of the model. The authors have stated

that they used a one—dimensional, nonlinear gas dynamic model.

The Bond Graph technique assumes t.hat. there is a :'linear relationship
between various elements (ports), Thgse elements are composed of scurces (effort or
flow), storages (capacitance or ineria.ﬁce), dissipatit:;n (resistance), 2—port .junctidns
{transformer or gyrateor) and 3—port Junctions (coz;amon leff‘urt. junction). The
application of this techniqtgxe results in a matrix presentation of the governing state
equations. These equations may then be solved by means of a computer. In the .
aforementioned case of the two—stroke engine, the results were used to evaluate thé
engine performance when various subsystems were changed. For example, changes ir.1
-the loss coefficient of the tailpipe indicated sit..uatiuns of decr‘éased engine
performance. The difil'iculty with this analysis is that each of the port variables
must be express;d‘ m terms of: its mathematical model. Considerable knowledge is
necessary to select the a:ppropriaté form of the model and much *fine tuning’ of that

model is required, This is usually accomplished by resorting to experimental testing.

As mentioned previously, numerical simulations have been gaining
favour among researchers. Walter and Chapman [124] have made use of the work of

Blair and his associates and also, indirectlir, Davies, his associates and those who
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have been influenced by his work. Walter and Chapman have used a finite difference
scheme employed in a computer programmev developed by Chapman. The GODEL
programme (Generalized One—Dimensional Eulerian Lagrangian) was applied to the
inviscid differential conservation equations of mass, momentum and internal ENergy.
The ideal gas equation of state was also used, The polytropic exponent of 1.35 was
used in the cylinder blow—down. The conclusions reached by the authors were that
truncation errors adversely affected the results. In addition, they felt that the
number of mesh points used in the calculations should be increased; however, they
aléo observed that the cost of computer t.im_e would increase, The authers have

suggested that further refinements in the medeling and the computational methods

should be investigated.

The method of characteristics has been successfully employed by Jones
(771 in the determination of two—stroke e.ngine exhaust noise. The method used by
Lhe author permits the calculation of the actual wave diagram. The author has claimed
thaé. his methed is more -precise than that .of Benson or Blair. He has made use of
comparisons of his method with that of Benson to prove his point, Not only was
the computer pr_ogramme capable; of accurately predicting the pressures and velacities
in the exhaust syste;n but it also demonstrated good agreement between the calculated
and measured radiated sound pressure. With this paper, the author has shown that

the method of characteristics can be applied to the acoustic problems in an exhaust

system,

. Recent. work by Thawani and Doige ({17} has presented an informative
‘ impedance based treatment of the acoustic problems in an exhaust system. They have
broken the problem into four parts. These are the no flew case, the 'mean or moving

flow case; the mean flow case with damping due to friction and the case of mean

flow with damping due to shear viscosity. Their resulis for mean flow with damping
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compare favourably with their experimental .results; however, it should be pecinted
out th.ai. these experiments were not conducted in coqjunction with an internai

combustion engine. The conclusions expressed by the al;thors concerning exhaust
system design agree with those of oti"aar' researchers. That is, flow reversal elemer;ts
in muff]ers' tend to increase back'pres'sure, muffler elements which do not experience
flow can be modeled as no flow elements, the inclusion of damping is necessary for

good modeling and tbat knowledge of the source impedance is nol necessary.

As can. be seen ‘i"l:élm this section, there are many ways of treating
the problems associaled with the exhaust system. However, it should be noted that,-
in most cases, the methods of analysis are involved with linear acoustic systems
+ with an assumed mean flow. A few researchers such as Blair, Jones ar?d Davies have

used‘ﬁ:etl:wds which take into account the nonlinear gas behaviour.

24 Nonlinear Effects

Nonlinear effects ‘in small engine exhausi systems have been recognized by
Brammer et al [42,43] to be an imporiant area of study. This phenomenon was first
encountered when small Helmholtz resonator mufflers where tested on a small chain
saw engine. It v;las found that there-was a conside}able difference in the exhaust
noise specirum betweén tﬁ'e“ muffler case of essentially a straight through exhaust
when compared with a side outlet on the same muffler configuration. The au.thcrs
reasoned that vortex ‘jetting’ which they observed was carrying most of the acoustic
energy straight through tha muffler without aﬁy dissipation. ‘}n their conclusions,
they stated that any realistic description of the acoustical performance of mufflers
for small two—strnke- engines should rei:ognize the nonlinear effects created by the

pulsating gas pressure, In addition, they félt that the back pressure effect created

by the muffler on the performance of the engine should ‘specif‘y the linear response
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of the muffler at the firing frequency of the engine.

Although Donaldson™ Company, Inc. has been concerned with thé manufacture

of induction and exhaust systems for medium and heavy duty trucks, it also provides

similar products for recreational vehicles. With such a vantage point, Rowley [109),

who works for Donaldson Company, Ine, has been able to make some comments

concerning exhaust system design. He has concluded that:

1. If the engine is not available, the actual engine exhaust

system conditions must be somehow simulated

2 All conditions such as gas flow, temperature and

temperature gradient down the exhaust systém should be

present.

3. The total exhaust system must be us:sd. For example, one
should not simply measure the insertion loss
characteristics of a particular muffler by means of some
test without ha'ving the rest of the intended exhaust
system connected to it. Even the engine impedance must

be simulated.

4. If the testing is of the off~engine variety, noise must
be generated with a spectral content similar to that of
the intended engine. In addition, the amplitude must also

be high enough (140 — 170 dBA) “such that nonlinear

acoustic conditions exist.”

Rowley has observed that:

“Nonlinearity cannot be ignored since it can
significantly affect acoustic velocity, especially in a

naturally aspirated engine” R
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The author has indicated that he is a strong advocate of on—engine testing of exhaust

- systems as opposed to acoustic bench testing of an exhaust system.

Sturtevant and Craig [115] have indicated thal they consider nonlinear effects
to be important. The authors have concluded that this is one of the most important
features of small engines operating at high speeds. They have also observed that
the exhaust pressure pulses, generated by the opening of an exhaust valve or port,
tend t.o'. be of large amplitude and steep fronted, Thus, the authors have advocated
the use of shock tubes for simulating exhaust pressure pules from small engines
in c':ont.radiction to the beliefs of Blair. The authors have reasoned that the effects
of nonlinear steepening of the exhaust pressure pulse must be investigated to better

predict exhaust system performance.
. L]

Eriksson [643 has preseﬁted a brief survey of nonlinear acoustlics. Unlike
Rowley, Sturtevant and Craig, he has concluded t_hat linear acoustics can be used
in simple expansion chamber mufflers up to 140 dB. He has‘indica;.ed that this level.
is allsu the li'near‘ "limit” for resonator design except at the resonant frequencies.
The author _aléo' indicated that the exception to t.t';e use of linear theory occurs

for tuned exhaust systems which are used on high—performance two—stroke and

four—stiroke engines. He has noted that internal sound levels can be as high.as 190

dB.

25 7 Summary

In this survey of exaxﬁp]es of literature available on the topic of exhaust
_system design and associated problems, the inf.enﬂ was to show the diversity of
experimental and theoretical tr“e.at.r;xent. It is evident that the majority of authors
in this field are aware of the need f‘or; some kind of exhaust éas flow assumption,

On the other hand, others have studiously ignored both the necessit,:,f of some sort
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of a flow condition but have also' persisted in performing acoustical tesis on exhaust
systems without ever attaching the system to a running engine. It is admitiedly true
tﬁat one must proceed gradually-in developing a theoretical ireatment of the problem
which can stand up to the rigours o;‘ increasingly complex flow situatioﬁs. Blai{'
is an example of a researcher who has fpllowed .this methodrical developmental
procedure, Finally, it must be pointed out that no one has staried by as;uming a
pressure wave shape at the exhaust port, nor do they have a method of anticipating
its behaviour, as it progresses through the e:&haust pipe, which does not require

. alarge computer to perform the calculations.



[1I. MODEL

Nonlinear acoustics is the middle ground between linear acoustics and shock
waves, To some extent, it is a transitory phase through which a so-called ‘linear’
acoustic wave passes while on iis way to becoming a shock wave. According to Beyer

(21}, Poisson developed a relationship for finite amplitude waves of the form:
u = flx = (Co + wt] : - Egn. 3

which describes the relationship between a finite displacement (the product of u
and t) on the propagation speed for a given value of that velocity. The equation
shows that the propagation velocity of a wave-increases as the velocity increases,

What follows in this chapter is the development of an explicit relation for this
equation.
The assumptions used in this development are:

1. One dimensional (plane) waves

_2. Isentropic speed of sound in the medium

3. No viscous dissipation

4, Confined motion in a wave guide

5. Ideal gas behaviour

for the section of duct shown in Figure i,

38
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FIGURE i. PLANE WAVE MOTION IN A WAVE GUIDE
<
where:

A is the cross sectional area of the wave guide,
P isthe instantaneous pressure acting aver an area,

Po  isthe equilibrium pressure when there is no disturbance, -

-

P is the instantaneous density of the medium,
Po  is the equilibrium den';'.it.y when there is no disturbance,

» is the coordinate measured along the axis of the wave’

guide which defines the location of the fluid element,
dx is an incremental distance along the wave guide,

E is the displacement of the particles in a plane from their

rest position due to the propagation of a disturbance.

8E/s8t  is the instantaneous particle velocity which can also be
designated by u.

The original volume of the element is Adx at a density Po, The instantanecus
volume when a disturbance is present is Adx(i + 8E/dx). Applying the law of

conservation of mass to the undisturbed and disturbed condition:

FoAdx = PAdx(L + 8E/8%) Eqgn. 4



Rearranging and elimiﬁating common terms:
P/Ro = 1/(4 + 3E/3%)

For a reversible process:

P/Po = (P/Po)"Y ~/

Substituting Eqn. 5 into Eqn. 4 and rearranging:
= -y
P = Po(i + 8E/320
Taking tha partial derivative of P with respect to x:

8P/8%x-= Pol-~v) % [(4 + 8E/as0 Y*L

Ja?/ast
A_ppiyi’ng Newton’s Second Law (EF = mass x acceleration):

" PA-(P+ (aP/ax)deAl = Pq(azgfaii)dxg
Eliminating common terms:

»

8P/3x = -Po 3%E/at?

-

Equating Eqn. 8 and Eqn. 10 yields:
L4 .
Po(@®E/8LD = Pol~vY)i/[4 + (8/850Y+103 ¥ a2k/as?

Since oo’ = YPa/Po, then Eqn. 11 becomes: '

8PE/AL? = oot {4/TL + (3E/820Y+1T) # atr/ax?

Egn.

Eqn.

_ Egn,

Egn.

Egn.

Egn.

Egn.

. Egn.

Equation 12 can be simplified to the linear wave equation if it is assumed

(dE/d20 K L

However, if it is assumed that:

gE/dt = F(8E/8x)

40
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Then if ' is the derivative of the function with respect to its argument :

8%e/8t% = §/(8E/8%) # 3°E/at8x
But: T
3/3x(3E/3t) = 8%6/8x3t = £/(3E/82x) * 3%E/3x?

Then:’

-
o

£UAE/3%) * £/(AE/Bo0) # 3E/3ac

a%e/at®
And:

a*e/at?

E£/(AE/3207% # aza/‘axz
Comparing the results of Eqn. 17 with éqn. iz
TF(8E/8%))% = co /(4 + BE/B20Y+1
Therefore: ’
£1(AE/850 = *To (4 + 3E/320 ¢Y+1)/2 ‘
Integrating and using C as a constant:

v
I £7(38/320 d(3E/9%) = £(AE/830) ”

= xco f [+ ae/as0~Y*+1)/21d(ge/ax) + C
= £ co(2/1 = ¥) # (1 + 8E/820(1~Y)/2 +‘c
For no wave distuirbance aaxai =0 and 3E/dx =0, sinceE =0
= —[% 2co/1 - ¥)]
Substitution of .the \_Jalue for C and using the relationship of Eqn. 1‘3:
de/at = £( CE»CQ/(Y'-— 1] - [Zoe/lY N D

1

# [1/(4 + gE/8o0t Y=/

Egn.
Egn.
Egn.
Eqn.
Egn.

Eqgn.

Egn.

Egn,

Egqn,

Egn, !

4

14

is

16

17

18



For a non—dissipating z.n"edium,' the tot.all energy cyam of the wave must

42

Y

remain constant. In this case, the kinetic energy is conserved. Therefare:

. -
] -

dlp(ae/at)*] = 0
But: . )
dIP(aE/at)?] = pdiae/at)’ + @e/at)’de

Eqgn. 24

Eqn. 25

Substituting for the property © from Eqn. 5 and eliminating common non—zerc terms: .

[2 # (1 + 8E/3x)f(8E/8x) — T(OE/Ix)]d(BE/8x) = D
. . ;

it can be shown that the terms inside the square brackets

Eqn. 26

are non—zero by using "

the relationship of Egqn. i3 and _subst.itutirig the 'Eesuli.s of equations 19 and 23 into

Eqn. 24, Then:

d(8E/8%) = O
But. -
. d(3E/8x) = 7as(dE/3x)dx + 8/3t(3E/8x)dt
. Therefore: |

(8%/8xdx = ~(8%/3L8:0dt .

Using'the second relationship of Egn. 15 and eliminating the

from the equation yields:
dx = —-f(aE/dx}dt

This can be rearranged as:

dx/dt = = f,’(BE/H%

Eqn. 27
Eqn. 28

Egqn, 29

F
common factor 8%E/8%

Eqn. 30

Egn. 31
1,@vt:l

Equation 3t is an expression for the ppopagation velccity v ‘of the perturbation.
™~



The use of Egn. 19 yields:

v = —[Eee/(1 + AE/83x0 Y+1/2

43
Egn., 32

.Egn. 33

!

Or:

F v/ed@/ Y+ = 4 /¢4 + ae/ax

From the definition that u = 3gg/at and rewriting Egn, 23 in terms of
1704 + 8E/320, the resuylt is: -

171 + 38/850 = (4 3 [(¥Y=1)/2] # u/cr=/¥Y=1)
Equating Eqn. 33 and Eqn. 34, and rearranging to solve for v yields:

V=3 cold 7 IOY-1)1/2] # u/co)SY+D/(Y-1)

L

Egn. 34

Eqn. 35

The lower positive sign corhisponds to a perturbation moving with a velocity v in

the positive x direction. It also shows that as the particle velocity increases, its

propagation velocity also increases.

-

Beyer {20 has suggested that the general form of a positive going wave can

be expressed as:
= (1/w) Flwt — wx/v)

Then:

88/8% = F'lwt ~ wx/v)

And: i
3%e/8t% = F'' (ot - wa/vIw

Also:

-

3E/8% = F'lwot — wa/v) # (=1/v)

Egn. 36

Egn. 37

 Eqn. 38

Egn. 3%
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And:

8%/8x2 = F'' (ot — wa/v) # (e/vd) B Eqn. 40

- If Equations 3B and 40 are rearranged, equating of the second derivative of

the arbitrary function F yields:

8%e/at? = v3a%/ax? :  Egn. 41
Equation 41 is similar to equation 12 Then:

u = Glwt - mx/v) : . Eqn. 42

is a splution as well,

For the case of a2 wave which is sinusoidal in form at x = O and time t,

the expression for the particle velocity would be:
ulf,t) = upsin wt Egn. 43
where uy, is the peak particle veloeity, Then:

ulx,t) = upsin(wt — wx/v} ; Egn. 44 .

Substitution for v in equation 44‘u5ing the positive going wave results from equation

35 yields: . .
ulxt) = upsinf{wt - (wx/co)

# 01+ (Y-1/2) % u/col~CY+1)/(Y-1)3 Eqn. 45

If this equation is plotted as a function of % for increasing values of u, it is found
that the slope of the wave increases as  increases. Further, t.‘he slope increases
more rapidly near uls,t) = O as illustrated in Figure 2, Discussion of this distortion
has been presented by Liepmann and Puckett [84], Fox and Wallace [67] have made
use of this discussion to illustrate the distortion of an originally sinseidal wave

into a shock wave.

~
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Fox and Wallace have noted that the quantity du/3«x will become negatively infinite

at some distance x = ¢,

[

‘Taking the partial derivative of u with respect to x of the function ulx,t)

yields:
3u/8x% = ugcosint ~ (Wx/Co) .01 + (Y=1/2) # u/cod(Y+1/(Y=1)
# {01+ (Y=1/D) % /el YD/~ 4 (/oo
~ (a/Co) # [4 + (Y=1/2) # u/cel™ =(Y+D/1Y=1)
# {[{1/cg) # [-CY+1)/¢y-1)] % [("Y—i_)/Z]} Eqn. 46
if this is evaluated at u = 0, then:
du/dx = upcos(oot. - wx/co) # {—(w/Co)+(wa/Cod)
# [(Y+1)/2] # (Qu/3x)> .I | Eqn. 47
This equatior; can .be rfearranged such that:
au./aoc = —(mup/cg)cos(mt - wx/co) / {li—-upcos(wt—mx/co)
* [ox/col) # (Y+1)/21F ' Egn. 48

This quantity should be negatively infinite at x = ¢ and therefore the denominator
must be zero. This will ‘occur first when u({,t} = 0, since this occurs when the
sine of the argument is e;:;ual to zerg; the cosine of the argument will be unity.

Then:
1= uplel/ce™ # (Y+1)/2 = 0 Eqn. 49
Then:" o ' £

2= [2/¢v+ 1] # co’/upw - Eqn. 50
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If up/ec is the acoustic Mach number M and w/¢q is the wave number 4, then:
1/ = W(y+1)/2IM L Egn. 51,

This equation shows that if either the acoustic Mach number or the wave number
S .
increases; the distance ¢, that the wave musi travel before a shock cccurs, will

decrease proportionally. The quantity ¢ is usually called the ;:!iscunt.inuit.y distance,

According to Beyer [21], the first explicit solution to the function of the

4

function was carried out by Fubini—Ghiron in 1935 To do this, it is necessary to
expand the term {1 + (y-1)/2] # u/ced~¢Y+L/(Y~1) by means of the Binomial

Series expansion:

y'=1+n #(y-a) + nn-1) * (y—a)z/E!

+ nln=-1Mn-2) # (y-a)3/31 + ., Egn. 52
Where: ‘
~y =1+ [v=-1)/21 # u/co
a=ti N
n = —ty+17(v -1

If it is assumed that term 3 and all subsequent terms are negligible, then:
{1+ LOV=1)/21 # u/co}~(YF1)/¢Y=1)
A1 - [y=1)/21 % u/ceo Egn. 53
Then: . |
u(x,i) N upsin(wt - (wa/Cg) #* -ii—[('Y-f-i)/:J # U/Ceod) Egn. 54

Or:

1

u/up = sinleet ~ Ax + [Y+1] # Loxul/[256°D) Eqn. 55
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Using the relationship for the discontinuity distance ¢, then: T

p ) Eqn. 56

[y

u/up = sinlwt - Ax + (/0 # (u/u
This is an implicit relation for the non—dimensional particle velocity as a function
of the sine of an argument which includes the non—dimensional particle velacity.

Since the wave form is of a sinusoidal nature, one possible expansion of the

function u/up is a Fourier Series, which is represented by:

Bp sin nlwt - A% ! ‘Egn. 57

Me

u/up =
f

11
-

Where:

2

1
B =1/ f (u/up) sin nlwt - A% dlwt - 4% Egn. 58
0 .
Let u/up =sin { and = = »/{, then:
sin f = sin (wt - Ax + z,sin;) - Egn. 59

Then:
. 21
Bp=4/n I sin § sin nlwt - A2 dlwt - A0 Eqn. 60
8 \ .

Letting § = (ot - Ax> + = sin &, then:
et - Ax) =% -z sin g . Eqn. 61
It can be seen that if (wt — &%) =0, then:
t=0andsinf =0
and if (ot - A0 = 2, thens )
=Zmwandsin § =0

" .

Using the relationship:

J‘uc{v=uv—flvdu
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Then:
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where: .

u = sin {

dv = sin ntewt - Ax) dleot — A20
Then:

du =-cos § dZ

v = —(1/n) cos n(wt — &%)

~

B = (&/nm { | - cos ntet - 4% sin;]zTT

“ .
+ r cos nfwt — A% cos § di ) ' Egn. 62
" -
The- term in the squar;a brackets is zere for the limits used and it also must be
noted that: )
dZ = dlwt — A2 + z cos { df - Eqn. 63

Rearrangement yields:

T cos ¢ di = di - dlwt - A0 - Eqn. 64
Since:
29 T
= (i/n'n) ‘r cos n(oot, - Ax) cos & di Eqn. 65
an
= (i/nzuT)I cos nl{wt — &%)
)
" e
(& - dtot — k2 ) Eqn. 66
2n
= (1/nzn)( I cos niwt — A di

2

m
-f cos nlwt = A% diot - k20 ) Egn. &7
® .

M
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21
Bp = (1/n:'rr)( f cos n(wt - Ax) df
: 9
R d v

- [ (1/n) sin nlwt — A20) ]iﬂ )

The term in the square brackets is zero and therefore:
T

Bp = (j./r'r-'._*rr)\rZ caos (nf - nz sin £ dZ
0 ' :

By definition the integral:

(1/211)[2“ cos (n —;{z sin §) d = Ju(nz)
)
is a Bessel function of the first kind of order n. Therefore:
Bp = (2/n2) JpnD
and:

u/ug = :‘zm ( Jpnz)/(nz) ) sin Nt = Ax)

n =t

with the condition that % < ¢ or that = < 1 since Lthe function:

[N

u/up = sin (wt — Ax + :u/up)

Egn.

Egn.

Egn.

Egn.

Egn.

68

69

70

i1

50°

beccmes‘_multivalued for = > 1, The final step in the development is to employ the

fact that the change in pressure &P, which is associated with the wave propagation,

is related to the particle velocity by the eakcpressinr}:'

y -

sP = pQCDU

Then: ‘ . .

Pac/Pp = EEQ ( Jntnz¥/(n) ) sin ntwt — 4%

n=i

Where P55 is the instantaneous acoustic pressure of the wave and Pp is the peak

Egn.

Eqn.

acoustic pressure which corresponds to the peak particle velocity of the wave.

13
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For values of = > 4, one method of gontinuing the solution is by.the use

of Blackstock’s bridging function [22]), However, for the purposes of this discussion,
it will not be necessary to go beyond the Fubini-Ghiron solution. IL should be noted
that a graphical approach has been presented by Rudenko and Soluyan [110). Tﬁeir
discussion of the wave behaviour has made use of this éraphical method to expilain
the propagatinjn velocity differences in terms of the iseniropic process path. That
is, a compression wave has a greater effg;:t on the increase of propagation velocity

than the effect that an expansion wave of equal amplitude would have on the decrease

in propagation velocity:

There are several methods availab‘lg with which Yo calculate the value of any
Besse] function of the first kind. One possible method is to use tabulated values .
for higher order terms, such as those provided by Olver (1001 in the handbook edited
by Abramowitz and Stegun. Lower terms cari then be calculated from recurrence
relations, However, a simpler method is possible if a programmable computer is
available, Olver has also provided an ascending series expression for & Bessel function

of the first kind and integer order as:

J v = (wxsVY z (~ 02/ 8/ RIT (v +n+1)] Egn. 75
n=o '

where T(v+n+1) = (v+n)! if v. and n are integers. Since this is the case, a Bessel
func;.,ion of the first kina and any order-can be calculated. In fact, the summation
in the series need nbt}proceed to_ inf‘inity; To achieve eight significant digit results
in the caleulation, it is only necessary sum to the thirty—third term. This is

sufficiently accurate for the purposes of this discussion.

-



IV. EXFERIMENTAL DETAILS

In order to observe and measure the operating characterf‘s;tics necessary for
the study of the exhau’s: gas behaviou; of the rotary engine, it was decided that
the construction of a suitable engine room was necessary. This was primarily because
of the fact that a suitable location did ﬁut. exist in the standard engine laboratory.
The laboratory did not have an exterior building wall such that the exhaust pipe
could be terminated in a suitable environment exterior to the laberatory space.
Therefore, the immediate objective of thi§ research pxzo.ject. was to provide an
economical test facility. To this end, an existing laboratory space was selected in
which to construct an engine testing facility. One prime coneern was that the engine
performance tests and noise stuciy co}xld be conducted without undﬁly disturbing other
pecple who might be in close prox;mity to the test area. The engine and the ancillary

_ equipment were then incorporated into the overall design of"the testing room.

41 Construction of The Test Facility

-

The general requirements of an engine testing facility can be subdi.vi'de;:l into
two parts. The first requirement is that the two main noise contributors of t'he engine,
namely the engine noise and the exhaust noise, must be isolated from each ouler.
Secondly, both noise sources must be isolated from the operator and others while
providing acceptable ventillaticn for the engine room. Both requirements have been
met by mounting the engin; inside an acoustical enclosure which employed an exterior

building wall and provided an acoustically iso‘lating ventlilation system.

52
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In the case of the exhaust noise, there should be no obstacles near the eéress
of the exhaust pipe to avoid noise reflections back towards the exhaust area. The
wall surrounding the exhaust pipe should be flat with no nearby windows or other
projections. If exterior exhaust noise measurements are to be made, the area should
be accessible from the groung; however, it should not, be closer to the ground than
twice the distance from the location wherer the exhaust noise measuring microphone
is to be situated and the end gf the exhaust pipe £32,53] To negate wall reflection
phasing and near field nonlinearities, the minimum distance from the mlcrophone to
the end of the exhaust pipe should be one meter although Blair and Coates [32) have
suggested an alternative criterion of a separation distance of 40 pipe diameters:
In addition, if obstacies such as plane walls facing the exhaust area are present,
their proximity should be such that any reflected ﬁoise effects should be at least
10 dB less than the directly radiated noise to be measured, To avoid standing waves,
the distance should not be 2 whele number multiple of the wavelength of the lowest

frequency to be mnnitore;:i.

The qua]ityrof the walls and ceiling of the acoustic enclosure must be as
good as possible. The transmission loss of the construction must be a minimum of
iD dB in any of the spectruh: levels which would be of interest or would be of
annos;ance to others. As well, the loss must be increased if the wall is expected to
isolate a very loud hoise source from a quieter, surrounding area. If the anticipated
noise ievels are high, a simple transmission loss test can be conducted [13], This
testing should ‘b.e conducted as soon as the wall is constructed so that suitable
modifications can be made immediatel& if they are required. A point which should
be noted is that the lowest frequency of c;nncern will either be the rotating frequency
of the engine or its f‘ir.ing frequency. In the case of a rotary engine, the rotating

frequency of the engine is the lowest frequency of concern,
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Anpther consid'eration of a testing room is the ventilation system. There must
not only be adeqﬁate i‘résh air for the engine combustion process but there must
alsp be adequate air to maintain a reasonable room temperature for an air—cooled

. e'ngine. An additional condition of concern is the fact that the ventilation ducting
can transmit sound from the test facility to the surroundings. Finally, the test
facility must be pr‘ovideld with adequate electrical power to run-equipment in the
engine testing room and the control room. Water must be provided for heat sink

purposes as well as for loading a hydraulic dynamometer, With the water requirement

is the attendant problem of drainage.

The preduction of a high transmission loss barrier [120] is diclated by three
factors, the stiffness of the material, the mass of the material and the degree of
damping that the material possesses or which has been added ’uﬁ it..‘:It. is not unusual
to reduce the effect of the noise transmission through a wall by usfng a combinat_:mn
of materials t.ol act as a barrier to the noise, The normally "s{xggested construction
‘method maices use of & high density support structure :vhich is covered with a:
acoﬁstic material of high porosity fi‘?]. This procedure was uged Lo construct the
interior walls of tha engine test facility. Polyurethane foam *skins’ were attached ‘
to high density chip boe.:rd panels, The fecam *skins’ were the by—praduc} of tﬁe
production of polyurethane ‘buns’. The *skins’ had a relatively nun—'porcl;s Hilm

- covering due to the production method of the *bun’, However, the rgmainder of the

*skin” was quite parous as S}le could be blown through it, These 'skins’ ranged

from 2 to 5 centimeters in t.hicfc_ness and measured roughly 1.5 m by 2.2 m.

i
-

The selection of the room size was based on practical considerations which
happened to coincide with the recommended proportions for acoustical testing rooms
£127]. The most frequently used proportions, relative to the smallest of the three '

dimensions, are 1: 2% 4% or 1: 1.24: 1.59, The proportions of the three dimensions,

b4
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relat:ive to tﬁe smallest dimension, of the room constructed were: 1: 1.27: 1.37. The
dimensions involved in this choice stemmed from the standard bujlding panels being
2.44 m long and the slot‘.ted steel angle construction melterial selected for the framing
being 3.05 m long. These factnrs-led to the chosen outside dimensions of the room
of 4.57 m long, 3.05 m wide and 2.44 m high, Figure 3, the floor plan of the room
indicates how well the length and width fit in with the general building construction,

The control room was an area 1.22 m by 2.44 m situated inside the main boundary

-of the testing facility. Figures ¢4 and § show two views of the exterior building layout _

and general location of the room relative to the rest of the building, The height

was convenient as wall because the suspended ceiling lights and ventilating ducts

gleared the top of the testing room by a minimum distance of 45 cm.

The slotted steel angle was chosen rather than wood studding because of the
v D .

ease of erection., The use of bolling techniques permitted the non—destructive removal

of part or all of the structure, This allowed the general layo_utvto be changed if'

necessary. Undersized bolts were used so that the panals could be set into place

after t.h.e Joints ware caulked, This allawed finezl adjustments toea anel to yield
the smallest gap between panel boundaries while U'.IE bolts were b%ed.

The ventilation inlet and exhaust du}tswar; constructed such that they
yielded as high a Lrangmission loss as possibie. This was done without r.es-orting to
elaborate construction techniques or expensive am‘nustic control materials. The design
: srww—n in Figure é was a variation on a des}gn for a high t?“ansmission loss plenum
(661, The difference in design w:as that the'flow entered the control chamber c(n t.he_
side rather than the in—line entrance and exit configuration of the origingl design.
The-inside of the rectangular duct and all other intericr surfaces were co\‘rered with

a 1 cm thick layer of polyurethane form. This wag the major noise control t}mpigggnt

€ .

which attentated noise carried into the room thyf

o
-

. —
ventilation system. A similar » -

~—
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£

arrangement was used to attenuate the engine noise transmitted to the surrounding

area from the engine room through the outlet ventilation duct.
2

Random shaped paneis of press;ed fiber board were hung at various locations
“in the room to r‘educe‘ the posseility of standing waves occurring, These panels were
‘hung in corners to reduce directiqity effects and at oblique angles to large wall
surfaces, {}dditionally, an oval—shaped doorway was constructed in tlhe wall
separating the control room from the engine room.-WEather stripping was used to

seal the edge of the door against noise leakage. This was easier to do since the

door had no corners.’

4.2 Equipmen! Selection

4.2.1 Engine and Dynamometer

[

The engine chasen for the testing program was a Sachs—Wankel Engine,
model number KM 37, manufactured by Fichtel & Sachs A.G. in the Federal Republic

of Germany {1111, The specifications given for the engine were as follows:
a. Piston di‘splacement: 108 cc per chamber,
b. Compression ratio: BS5tol

c. Output: 4.0 SAE HP at 3300 r.p.m.
1.6 SAE HP at 5500 r.p.m.

t The value quoted here differs from that formerly quoted in the Introduction because
the former was taken from the literature provided by Curtiss—Wright Corporation
(48] who have distribution rights to the engine in North America. The value of 6,55
SAE HP quoted by Curtiss—Wright was found to be a better indication of the actual
'engine p(;iWE!‘ rating, The engine and the dynadmometer which was coupled to it had

-

been L;SEd previously as part of an undergraduate Thermndynamics Laboratory, At

»

the time that it was selected for the exhaust noise experiments, it was estimated
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that the engine had been run for no more than fort:y hours, This wg_s\well short
of the time limit of 1000 hours at which the manufacturer recommends That the rotor

seals be replaced and the engine be given a complete overhaul.

The hyﬁraulic dynamometer which was coupled to the engine was a Modei-

DY—=7D which was manu:’acturéd by Go—Power Systiems of Palo Alto, California. The
dynamometer has a maximum rating of 30 SAE HPF, The dynaxﬁomgter was calibrated
‘after installation in the engine room. The calibration was performed according to
. the; instructions supplied by the manufacturer using a calibration arm purchased
for thal purpose. The read—out of the load on the dyn?‘mometér was by means of
a Bourdon type gauge which was liquid coupled with a load _cell mounted on the
- dynamometer. A special silicon fluid was used to completely fill the loadlcell,
c:cn.mecting tubing and the gauge. The :.;oke on the load cell was clamped to a lever
arm-on the dynamometer such that, during a test, the product of engine s_peed and
gauge reading when divided i:y 10,000 yielded the SAE HP being produced by the

engine,

42,2 Exhaust Pipe

The standard oval muffler, supplied by ’E.h.e manufacturer, was removed
to allow the atta.chment of a straight exhaust pipe. The depth of the engine casting
atl the exhaust port was 53.34 mm. The exhaust port on the engine was oval in shape,
having a major diameter in the vertical plane of 18.16 mm and a minor diameter
in th_e horizontal plar;e of 14,94 mm; at a distance of 4 cm from the ouiside face
of the exhaust port., At its outside lip, the exhaust port was circular and had a
_ diameter of 19 mm. Commercially available tubing was sought which had a similar
inside diameter. It was felt that if any differences were .breasent; it would he-best

if the inside diameter of the tubing was larger than that of the engine exhaust
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port with the exception of its lip. The tubing chosen was a type 304 stainless steel
with an inside diameter of 19 mm. An aluminum coupling was manufactured which
would allow the exhaust pipe to,’be butted flush with the high temperature gasket

from the original muffler installation. Thus a reasonably smooth transition from the

engine to the exhaust pipe was achieved.

The exhausg. pipe lengtih was selected to provide acceptable conditions

for measuring the exhau‘st gas behaviour while allowing the discharge of the exhaust
rgases Lthrough the building wall. The total length of the exhausi pipe was 157.6 cm,
Pr_'ovision vas made for the measurement of various exhaust gas propertias, This was
accomplished by providing five locations where the transient exhaust gas p;‘essure
could be measured. The first such location was at a distance of 12.6 cm from the
exhaust port opening, Each subsequent measuring location u;as 25 cm further .
downstream with the last measuring location being 1i2.6 cm from the exhaust port
opening. At the closest and farthest measuring locations, provision was also made
for the measurement of the mean exhaust gas temperature with the aid of sheilded
thermocouples. The mean exhaust gas pressure could also be measured at these two
locations. The temperature measurements were made {.8 cm dnwns}pe’a’m of Ithe dynamic
pressure measuring location. The mean exhaust gas pressure geasuring location was

1.8 cm upstream of the transient. exhaust gas pressure measdring location.

4.2.3 Pressure Transducers

The measurements of the transient exhaust gas pressure were made
using two Model 112A23 quartz pressure transdycers manufact;zred and ca.librated by
PCB Piezotronics, Inc. of Buffalo, New York. The transducers were protected from
the high exhaust gas temperatures by means of two Model 444 watercooled adaptors.

The transducers were powered by two Model 4804 battery driven power supplies. The
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power supplies were used to condition the output signal from the pressure transducers.
The power supplies were passive devices. This meant that they did not affect the
high Frequenby response of the tranéducgrs. Each transducer had an input time
constant of 0.45 seconds, a rise time of 2 microseconds and a natural fregquency of
250 kHz. The transducer clgsest to the engine (Serial No. 1080) had a calibrated averags
sensitivity of 33.4 mV/psi or 7.75 mV/kPa. The transducer which was mounted { m
further downstream (Serial No. 1079 had a calibrated average sensitivity of 44,6 mV/

‘ psi o 6,76 mV/kPa.

424 Exhaust Gas Back Pressure Measurement

The exhaust gas back pressure was measured by a dual veclume,
capacitance coupled, liquid—in—glass, U—tube manomet‘er. The connection to the
exhaust pipe was made 1.8 cm upstreamL of the pressure transducer closest to the
engine. As problems were encountered in the trial runs, a small heat exchanger wﬁich
surrounded the copper tubing of the pressure take off was installed. This allowed
the use of polyvinyl tubing for connection of the take off tubing and the primary
chamber for smoothing the pressure plulse creéted by each chamber blow—down of
the engine. A small capillary tube heat exchanger was installed inside the primary
smoothing chamber. This was intended to condense the water vapour in the exhaust
gas.before it.reached the long, polyvinyl tubing connecting the primary smoothing
b,h.amber to the secondary smoothing,chamber, The secondary smoothing chamber was
direct coupled to a vertical manometer (ME C24) manufactured by Thle Meriam
Instrument Co, and containing a fluid of specific gravity 1.00. The primary smoothing
chamber had a drain at the bottom through which the condensate could be remgved.
By using the two smoothing chambers, no oscillations of the fluid column due io

exhaust pressure pulsations were ever observed.

g 2
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4.2.5 Exhaust Gas Temperature Measurements

Two thermocouples were used to measure the exhaust gas temperature,
These were Thermo—Electric type K, Nickel~Chromium (Cromel) versus Nickel—Aluminum
(Alumel} t.herlmocnuples. The thermocouples were ungrounded, 1 mm in diameter and
Inconel sheathed, The reference temperature used was a continuausly ‘stirr‘ed, distilled;
ice—water bath.. The stirring was provided hy a Sargent Welch (5-7564%0) magnetic
stirrer. The ice—water ba’t:h was held i.n a large, plastic lined, vacuum bottle, Thermos
brand container, For voltage meéé‘dnements, the thermccouPlas were connected to a

Leeds & Northrup potentiomeier (ME C356, Cat No. B4B4) by means of a Thermovolt

Instruments Ltd., thermocouple selector switch (ME C143), '

42,6 Engine Speed Measurement

Two different methods were used to measure the e;lgine ;peed. The
primary method of measurement was by means of a digital tachometer constructed
by the departmental electronics technician. The signal for the tachometer was
g.enerat.ed by photosensitive transistor. The light source used was a low power laser,
The laser beam was projected through four holes drilled in a small rotating drum
connected to the dynamometer shaft. The four holes were equally spaced on a
circumferential line su;h that each complete engine rotation transmitted four signal
pulses to the tachometer. The time base for the tachometer was one minute. That
is, the tachometer counted that number of pulses.in a period of one minute and

then converted that count into a corresponding rpm readout.

The secondary method used for checking the engine speed was by means

of a type SA3/C, remote control, Briggs Stroboscope (ME C58). The stroboscope was
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directed toward the engine flywheel, This allowed a visual check of the engine spead
variations. By setting the stroboscope at a particular pulse rate consistent with

the engine rpm, and noting the location of a reference notch on the fiywheel, it

was possible to check for large speed variations.

4.2,7 Combustion Air Flow Measurements

The combustion air flow rate was measured by means of an' air intake
tank. The tank had a suﬂ‘iéient]y large volume such that pulsations of the air flow
into the engine did not affect the measurement. The ‘air flow was determiped by
measuring the préssure difference across a thin, square edged orifice plate mounted
on one end Aof the intake drum. The hole in the orifice was measured to i:)é 25.35
mm. The pressure inside the tank was measured relative to the surrounding ambient,
pressure by means of a T.EM Instruments tilting lz;ank manometer (ME Ci54, No. 9445)
which was set at an inclination of 12 degrees relétive to the ﬁorizontal plane.

4

4.2.8 Tuel Flow Measurements

4]

-

Fuel flow to the carb;:retor was measured by means of a Plint gauge,
The volume i-ndicat.ors of the Plint gauge were calibrated for mass measurements by
carefully extracting the volume samples and weighing them .on a precision beam
balance. The time required for a particular calibrated volume of the mixture of
gésoline and oil, ;‘equired by the engine, to be c‘onsummed was measured by a Model

1404 Lab Chron timer manufactured by Labline Inc.

d./—’_\__ B
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4.2.9 Electronic Processing and Recurding Equipment

The data acquisition and processing equipment was composed of a
number of interconnected discrete components. The signal output from each of ihe
pressure transducer amplifiers was simultansously coupled to one input of a Medel
1204A, Hewlett—Packard, 100 uVolt, Dual Tre'lce Oscilloscope and a Model 2637, Briiel
& Kjer Measuring Amplifier, The dual trace oscilloscope was used for visually checking
the output from each of the pressure transducers, In addition, the oscilloscope allowed
photographic recqrding of the pressure transducer traces, Each measuring ampiifier
was used to condition the pressure transducer si-gnal to E;voltage high enouglh for
suitable recording purposes. In addition, each measuring ampiifier was used to provide
a 50 mV r.m.s. calibration signal. This allowed the amplitudes of the pressure

transducer signals to be compared with a calibrated standard amplitude.

Two Briiel & Kjer Model 4145 Microphon{gs, each connected to a Briiel
& Kjer Model 2619 Microphone Preamplifier, were used for all noise testing. This
included the wall transmission loss testing as well as all engine/exhaust _nnisel
monitoring. The {wo microphones were connected to a Briiel & Kj=2r Model 2666
Measuring Amplifier by means of a Britel & Xjar Model 4408 Microphone Selector Switch.
For the wali transmission loss tests, the measuring amplifier was connected to a

Brijel & Kjer Model 2307 Graphic Level Recorder.

All amplified pressure transducer signals and noise measurements were
recorded on the three F.M. channels of an S.E. Labs (Eng.) Ltd, Model SE—8/4 tape
recorder, The AM channel of the tape recorder was used for voice recording of
enging operating conditions. All recordings were made 6:1 BASTF low—noise recording

tape. An external tape recorder monitor, constructed by the departmental electronics
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technician, was used to ensure {hat all signals were being recorded.

42,10 Signal Analysis Equipment

' Several different systems were used for various portions of the data

processing,

. 42104 System 1

The initial signal analysis-was performed using a Spectral
Dynamics Corporation Model SD305A Octave Converter, a Model_iaiib X—Y Display, a
Model SDBDiC-Real Tiﬁe Analyser and a Model SD30% E‘.nsembie Averager. Graphical
output f‘r‘ﬁm the system was recorded on a Hewlett—Packard Model 70544 X—Y Recarder.
This analysis system was used to perform t.he‘ initial Fourier analysis of the pressure
transducer signals as well as the engine/exhaust noisé recordings, All recordings

were replayad through the tape recorder on which they were originally recorded.

N

"4.240.2 System 2

As the original real time analyser system had been and was

continuing to be used extensively, a point was reached at which time it couid no™"

longer be maintained in good operating condition, There&c{e, it was replaced by a
Scientif‘ic Atlanta, Spectral Dynamics Division Model SD375 Dynamic Analyser IL This
system provided only narrow band analysis of the noise or pressure transducer
signals; however, it has met the requirements for rechecking the original recorded
information, The same X—Y plotter was used wit}.-n this analyser. A schematic of the

data acquisition system compatible with ?Qat._described in sections a and b is shown

in Figure 7. N

":?
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4.2.10.3 System 3 "

. This analysis system was used to provide the first analo'g'to'

digital cgnversi‘pn of the pressure transducer signals for comparision wit:h the
theoretical wave shape. This system consisted of a Gould Advance Model 054000/4004
Digit.al'Stolrage Ogcilloscope’and a Fluke Model 22408 Data Logger. The pressure
iransducer r‘e;;ordings were played back ir';to the digital storage.oscillos;cope. The
wave pulse was.stored in tpe oscilloscope memory. The int;c;rm:a_t.inn was then
transmit..ted' at 2 slow memory scanm'nh speed through a digital to analo'g. interface
on the oscilloscop;a. The— voltage signal output was recorded at a scanning rate of
3 samples per s_gcond by the data logger. The nufneﬁcal information was pf‘inted out
on a pa;;)er té‘pe: |

42404 System 4

»”

This system was used for all’subsequent Lime domain analysis
k-3 T

of the exhaust pressure pdlses. The system consisted of the four channel ta;;e recarder

which was used to play back the original p

3

Briiel and K.jaar\'Model 2607 Measuring Amplifier, The measuring amplifier waé_used

i

for two different purposes depending on the desired [nformation-to be analysed. In-

the first case, the measuring amplifier was used to scale the peadi voltage output
to a value less than ‘volts peak. The signal was fed into an eight bit énalpg to

digital conversion peripheral board of an Apple 1I+ computer. The computer was used

" for processing and analysin.g the waveform data. In the second case, t.h]a measuring ,
',amplifiér was operéted in ils peak measuring mode. The output of the 9mplifieb was

diréctly proportional to the peéklamp_litude of the input sign;l. The calibration signai

' - It . -

a " ' ‘ ) é . . . ‘
* ' ~
. ' ) :' . ") ‘ N .

ressure transducer recordings intoa

" .originally;recorded was used to calibrate the system for the peak amplitude



measyrements.

- 43 Exgerimental Procedure Lo Run a Test

The procedure for a testing sequence is: @ ~

i

-

-

Turn on all electronic.equipment to allow the components

to warm up for at least, one hour.

+

Crush distilled water ice cubes for the theromocouple
reference junction,

p .
Mix the crushed ice with distilled water and place the

mixture in th'ga thermos. Turn on the stirrer and insert

the thermocouple reference junction,

Top off the fuel tank and, if necessary, mix an additional
quantity of the gasoline/nil mixture required by the

engine.

Turn on the cooling water Lo all heat exchangers and
make sure that the water is ﬂow'ing to all equipment that

is temperature critical,

Set the instruments for calibration and adjust all zero

reference or voltage reference levels.

RecorY calibration signals on all four channels of the

tape recorder,

10..

Reset all instruments for general data recording.

Record the room temperature, barometric pr‘essure,. tape

number and all instrument settings.

»
B

Turn on the water supply to the hydraulic dynamometer *

and adjust the flow to a low flow rate

10



i1,

12,

i3,

14,

15,

16,

17

18,

i9.

Fill the Plint gauge with fuel and set it for straight

_through flow. g

Set, the sengine throttle to fast idle.

Purge the fuel line to the carburetor of all air and prime

the carburetor before attempting to start the engine,

Pull start the engine and aliow it to idle until it has

warmed up.

Set the engine speed and torque applied by the
dynamometer by adjusting the throttle and fiow control

valve to the dynamometer.

Wait for ithe engine conditions to stabilize. Check this
by monitoring the exhausi gas thermocouple readouts and

the engine speed tacﬁnmeter.

Switch the Plint gauge lo its flow nmeasuring setting and
start the fuel flow timer when the fuel level in the gauge

passes the appropriate level marker.

Start the tape recorder and check the monitor output
for an.indic.'at-ion that the tape recorder is operating
correctly. Record the test number and engine information
on the voice channel, Check the Plint gauge condition

and halt the fuel flow timer when the fuel level passes

an appropriate level marker. When this happens, switch '

the Plint gauge back to the through flow setting,

Recbrd the manometer differential pressure for the air
flow, the initial and final tape count, the exhaust pipe
thermocouple readings, the.engine speed from the
tachometer, the dynamometer torque, the amount of {‘ugl

L]
consumed and the time required for its consumption.

o

7L



20a.

20b.

If testing is to continue, refill the Plint gauge, change
the engine speed and the dynamometer torque for another
test or: l

If the test sequence is completed, halt j.he f‘uel flow to
the Plint gauge, idle the engine back to consume the fuel
remaining in the Plint gauge while lowering the water
flow to the dynamometer .t.u unload+the engine, Then shut

down all the instrumentation.
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V. DATA PROCESSING

4

The advent of the "mini—computer’ or personal computer has had considerable

. influence on the acquisition and analysis of experimental data, The procedures which
were previously available either madé use of expensive, very specialized equipment,
if they were financially allowable, or wére slow and cumbersome such as the data
acquisition method described i‘n Section 4.2.10.3, System 3. Both of these have been
somewhal supplanied by computers such as the Apple 1+, This class of computers
has the capability of being specially configured by the addition of plug in peripheral
boards, This was tha situation as previously descRibed irr Section 4.2.10.4, System §;

. hov;ever, the‘ procedure was not simply composed of making a few electrical
connections and then pushing a button on the computer keyboard. Four major
programs were written to provide the data for correlation with the mathematical

model described in Chapter IIL

54 The Sampling Program

The first .of the programs in. the data processing sequence was the one used
for converting the analog pressure signal into discrete time based digital
meagur"ements. The sampling_ program made use of three machine language routines
to perform the analog to digital sampling and the preliminary analysis of the digital

. data. These programs have been listed in Appendix I, The main sampling prograx.n
has been identified by the name KLAATU; while the three machine Ianguage'rbutines .'

have been identified by the names BIGSAMPLE, MAXGR and ADD7$345.
73



When the program was run, the following sequence of events octurred:

1. The machine language rmitines were loaded into a memory.

2.

6‘

(g

area which was not used by Applesnft..

The upper limit of Applesoft memory was set below the

first page of high.resolution graphics so that this area‘

could be used for viegving the waveform which had been
sampled. This severly limited the length of the main
program and was the reason that two other programs

were required to preprocess 't.he data.

The 22,046 bytes of computer memory above the first page
of high resolution graphics were set aside for the storage

of data output from the analog to digital converter.

Information and control was transferred to the sampling
routine BIGSAMPLE which conirolled the operation of the

analog to digital converter,

The routine MAXGR was used the check that the greatest

wave amplitude present did not occur ;,;o close to either

"end of memory such that the entire pressure pulse was

not present, If there was such a problem, the sampling

was automatically repeated.

The routine ADD7$345 was used to find the average of
all values sampled. This was to insure that a significant
voltage offset was not present in the original analog

signal, -

The program then displayed the waveform of the maximum
pressure pulse and subsequently, each pressure pulse
waveform a;:ailable in memory. These waveforms were
saved as. numerical data for reprocessing in the

subsequent program,

fa)
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As the analog to digital conversioﬁ~ was an important portion of the operation, its

details should be digcussed.

As mentioned previously,l‘the machine language routine BIGSAMPLE was
responsible for the analcg to digitdl conversion. To perform this function, it made
use of the Mountain Computer Inc. 8 bit analog to digital/digital to analog peripheral
board. The procedure that the board employed for the analog tc digital conversion
process was the method of successive approximationﬁf" That is, the analog signal
voltagé‘ is compared with. a digitally crgated voltage signal which is proportiunai
to the number of bits turned on in tl';e binary signal. If all 8 bits of the signal
© are’ turned off (zero), the digital voltage s&gnal which would be geﬁerated would
be -30 wvolts, Ii" all 8 bits are turned on, (represeritative of the decimal value 255)

the digital voltage signal which would be generated would be +5.0 volts,

Y

The voltage range between -50 and +5.0 vo]ts. can be divided into 256
incremental values. This éorresponds to voltage steps of approximately 37 millivoits,
The analog to digital conversion is started by the cc;nvert.er ttj'rm’ng' or; the high
crder bit (bit 7, representing 1 x 27 = 126). This produced."a comparison voltage of
‘zero volts. The analog signal was compared with ti:is voltage and if the analog voltage
was higher than this value the comparison continued by turning on hit é. If the
ahalog v.'oltage was less than the generated value, bit 7 was tufned off and the
co;npar‘ison continued by turning on bit &, This procedure continuéd until alllB bits
had been switched on or off. The .analog to digital conversion boardmt.heﬁ outputed
this 8 bit approximation of the analog voltage onto the data bus where it was
transmitted io the microprocessor chip or CPU of the computer. The CPU was
instructed by the machine language routine as to where this data was to be stored.
It should be noted that the conversion and transmission process occurs in

-

approximately 9 microseconds. However, approximately 10 microseconds were required

-
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by the machine language routine to run the CPU through the complete sampling
" instruction seti. ,
%

The second version of the sampling program which h.as been identified by the
name KLAATU.DC is similar in performance to KLAATU. The difference between the
iwo programs is that KLAA';‘U.DC was -used to determine the maximum and éverage
values of the peak acoustic pressure, These values were computed relative to a
measurement made from a calibration signal of known amplitude. As the values being
sampled were all direct current vultage.s, the Iprocessin_g of the data was greatly

simplified.

52 The Configuration Program

The second program which was used in the data processing has been listed
in Appendix IL This program has been identified by the name BARADA and it was
used to select the portion of the waveform data, associated with the pressure pulse,
which was'equal to or greater than the average of all the data inlt.he sample, This
criterion was used because 'of the mode of operation of the piezoelectric pressure
transducers used for the analog samplipg. These transducers were designed for the
purpose of transient Pressure measurement. As such_, they can not be used for static
pressure measurements. This 'l.imitatiu_n occurs because any static load applied to the
transducer- would cause the piezoelectric crystal to be deformed by a fixed amount
which, in turn, would cause a pr-uportinnal instantaneous voltage to appear across
the loaded faces of the crysial. The presence of the circui‘t which monitors this
-L;t;lltage afso allows the charge equalization between the two loaded faces of the
crystal. Therefore, after a period of time which is dépendent on the circuil design,

1

there would no lqnger'b_e a voltage difference across the loaded f aces. The circuitry

has been set up such that the time constant for this discharge is long with respect

; N
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to the time_in which the transient pressure changes would occur. The consequence
of this design is the fact that, during the initial application cof’ the pres:éure signal
to the transducers, there is a signal drift until the transducer cutpui is operating
about a mean reference zero. This reference zﬁro for the transducer is equivalex::t ‘

to the mean of the dynamic pressure measured. Consequently, the average digital

value represents the mean or reference zero gauge value of the exhausi pressure,

When the program was run, the following sequence of events occured:

1.

ré

3

40

5,

'E/he program called for information concerning the data

stored on Bg data diskette by the previous program
- AY

KLAATU. ’

The program then read in each data file on an individual
waveform basis. The first data read was concerned with
the location_@‘ the data array of the maximum value,

the first positive value and the position of the minimum

“value. In addition, the magnitude of the maximum of all

amplitudes medsured, the local maximum in the present
data, the data average and the local minimum were input.

This data was saved originally for scaling purposes.

-

The waveform data was read into the computer and
plotted on page one of the high resolution graphics

screen.

Starting at the first zero reference crossing, a search
was conducted along the positive partion of the waveform

to determine the point at which the waveform again

crossed the reference zero value. This identified the A

extent 65; the positive por‘tinh of the exhaust pressure

-

pulse,

A linear interpolation was performed to calculate a time
delay correction factor for the first positive data point
X .
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in the pulse waveform. That is, a straight line was drawn-
between the last. negalive data point and the first
positive data point. By knowing the magnitude of the
data average, i, was possible to calculaie a‘sampling time
correction factor between when the analog wave was
equal to the mean or local static pressure and when the

first positive digital data point was measured,

6. All negative data points were discarded and the positive
waveform was saved under a numerically indexed work

file on another data diskette.

. -
It must be noted that this program could not be incorporated into the first program

KLAATU as there was insufficient memory available for the program allocation as
well as the necessary data arrays. The program BARADA could not be incorporated

~
into the next program for similar reasons.

53  The Concatenation Program

This program which has been identified by the name NICTO was used to
r:earrahge the data from the work files created by the previbué program. To accomplish
this as quickly as possible, a machine language program identified by the name MERGE
was implemented, These programs have been listed tn\ Appendix III. This ausciliary
program was necessary as it reduced the complexity of the final program u:ﬁich was
used for the correlation of the data. The present pregram aﬁcumplished this red‘uct.ion
in complexity by reorganizin.g the waveform data from separate .way_eforms into a
single waveform. This waveform had all the criginal data points but they were
assembled against increasing ilime. That‘ is, the first cluster'of‘ data’ points would
contain the first positive data point from each of the individual waveforms. The
next cluster_ of data :point.s would contain the second .'pos.itive. daté point from each
of the individual wavefarms, etc, When the p.rogr'am was run, the { clldwing sequence

»
of evenis occurred:
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4

6'

T

Applesoft High memory was set to the bottom of tge first
page of the high resolution graphics memory.

The initial data in each of the files was read into the
computer, This included the sampling time correction

factor and the lengﬁi of each waveform data sat,

The values of the sampling time correction factor were
organized in ascending magnitude and the data set that
each occurred in was recorded in a new data pointer

array.

The length of the shortest data file was determined, This
was done to simplify the concatenation, If it had not been
done, the last posilive data points would have caused

problams during the merging operation.

The machine language program MERGE was loaded into
a portion of computer memory which would not interfere
with the main program or the memory set aside for data

storage.

Each data file was read into a single page of 256 bytes
of computer memory {each byte holds B bits of binary
infc_;rmatioh) according to the new array file pointer.
That is, although the original data files were stored in
sequential order, ;Lhey were now read into the computer
according to their ascending magnitude of sampling time
correction factor, . R

After the data storage was complated, the above
mentioned machine language program was called, The
function of this pregram was the sequential t;ransf‘er‘ of
data from a specified location on each page of memory
to a single page of memory, elsewhere in the computer

memory, in an ascending order,

19
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8. After the transfer was completed, the data was read from
" the new location in memory. It was then cenverted to
a floating point value between zero and - ona by
nondimensionalizing the data. Fi'naliy, the data was
stored on a data diskette, The first value stored in each
. data file was the length of the file. i

9% The final function of the program was to store the
sampling time correction factors in ascending order of

magnitude in a final diskette file.

It should be noted that, with this procedure, it would be possible to process a-maximum

of 59 individual waveforms with the available computer memory.

54 The Correlation Program

The final program in the series has been listed in Appendix IV, This coi:relation
program has two components which are identii‘igd by the na‘me_s BARANGA1 and
BARANGAZ2. In aclual fact, they are the first and s;zcond sections of a single program
which, because of its length, can not be loaded inta the computer at the same time.
. The program incorporates the generation of the factors for the| theoretical waveform
as well as a special method of correlating the data with the model. The program
incorporates a number of features which include:

1. A fast corrsiation format which allows a quick

calculation of trial values of the correlation variables,

2, The choice of the number of correlation variables to be
used,

3; The storage of the compiele data on which the correlation -

is based.

4. The storage of the data set describing the correlation
line after the processing has been completed.
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o= . . N E v Q
suggested

The correlation procedure that was used is based on an approximate solution
by Wylie [130), He redognized the fact that it s not possible to linearize some general
systems of nonlinear equations.- Wylie suggested that one alternative would be to

’

proceed as follows:

Let the equations to be approximately satisfied be:

816z, =0, 8z, =0, . . . . g (=, =0 Eqn. 76

i . - n ’ a '
If the correlation is near perfect, then an approximate solution to the system of
equations would be (zo,fo).,Then' each function g;(z,f) can be expanded in a
generalized Taylor’s series about the poini (zg,fg). Then, if the series is truncated

at the first order term, the result is:

iz, = g,(zo,fo) +'agi/az|_° PR
~0y -

+ ag,/af] co foF ™ Fo) - Eqn. 77

as long as the differences (z - 2o} and (f - fg) are small. If t})is is the case,
then Equation 77 is linear in the unknown conditions (z — zo) and (f — f,) The
application of this result can be appreciated by considering the procedure for curve

fitting,

To obtain the curve of best fit, it is neceﬁSaEy to minimize the variance between
the value measured and the value which is predicted by the correlation equation.
If x4 is the ith measured and j; is the i th value predicted by the correlation equation,

then:

N .
variance = (1/N>2 ¢y = p)? .
1=0

where N is the number of measurements performed. To find the minimum vari‘ance,
it is necessary to take the derivative of the variance with respect to the value

predicted by the correlation equation. Thus:
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di{variance)/dpj = (1/N)§ dixg — pi)z/dpi k Eqn. 78
- 1=0 ! -
and , ) - ‘
(1/N)S dx; — p3d*/dpg =0 _ . Egn. W9
i=0 .
or *
E dix; - pl) =0 Eqn. 80-
“i=0 - .o

To minimize the vanance, it is necessary to select the correlation equation
such that the sum of the differences between the aotual readmgs and the modgl,
. which is the correlatmn equation, are zero {the line of best fit), If g; (..,F ) is !.he

value of the ith term of the function which minimizes the variance, then all t.hat
is necessaryiis;t.o det.ar;mine the differenﬁes of (z - ::.o)- and (f = fg) to achieve

a solution. If 3g;/8z is represented by z;" and ag;/af is represented by f‘i’,'t.hen '

<

the ith term could be written as: « , B
x; = Bylz,f) = zy(@ = zo) - £/(F - f5) =0 ' A Eqn. 84
_Ot‘
X5 = By -_zi"c'z -zg) = f'f - fo) =D . ,_ Eqn. 82 LT

for a perfect correlation:

. What is r’e_quir'e:d is the knowledge of the values of z and f which will
this true faor .t.he summation. To do this, an approximation mukt be used sinée, in
the real case, liL would not be likely that the variance could be minimized‘ to zero.
One method of sol.vin'g this prnblem‘.is to mult.'iply the above equation sepa'ré"t.ely by

zi' and f;’ to produce two equations. These can be writien as: '

’ 2 l‘ - r — 1
(:i ) (Z - ZO) + Zi f‘l (P - ;o) - zi (xl - gltz,?)) . Eqn. 83 ] 1



and . ) . _ . 3>

]

’ r —_ ! 2 - L
TORE @ -z + (0TF - Fo) = Fyflg - gz, )

l.\‘.
Summing for all N data points yields:

. 7 2 - - ’ l
(z - Zo)§ (Zl Y +(f fO)S (41 fl )
=0 . 1=0

N
=2 [z;'(x; — g;(z,f))

1=¢
and
’ ’ — 4 z
(z - zo)E z;'F)+ (F 90)5 £,
1=0 1=¢
) =‘§ 0F/ (x5 — g;(z,fN]
1=90 |
Let
Alt = E (="
i=0 i
A2 = A4 = E (z;£;")
1=0
~
A2z = > (£,9°
1=0 .
H A
BL = > [z{'0¢; ~ g;(z,fN)
1=0 \ '
N
B2 = 2 [F;/0x; ~.8;(z,§)
. 1=0
Then (
Adl ¥ (z - 20) + AL2 # {f — fo) = B1
and

AZL # (z — zo) + A22 # (f - fo) = B2

w

Egn.

Eqn.

Egn.

- Eqgn.

Egn.

Egn.

Eqn.

Egn.

Egn.

Egn.

B4

85

B

87

88

89

70

71

72

93

83
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Finally, the unknown differences can be solved for by using ihe method of

determinants for two equations in two unknowns:

P an)
M
)
L]
Q
A
]

(Bi#A22 - B?*AiZ)/(Aii*A22 — AZ1xALD) Egn. 94
and

- £

il

(Bi®#A12 - B2#A11)/(A11#A22 - A21%#ALD) Eqn. 95

Because the choice of :o and fo is somewhat arbitrary and theisummatians
do_unot exactly go to zero, it is necessary to itgrate the differences to a solution.
That is, the differences (z ~ Z¢) and (f - fg) are solved for and since both =
and fo are known, the values of = and f can be determined. These values llnay then
be substituted for the original values of zo and fo and the process c.an then be
repeated with the nev values being substituled into the function &;(zo,fo);uy
Several methods éz‘e possible for determining when the curve of best fit has been
reachéd. One possibi]ity would be to monitor the sum of the squared error to see
how fast it is decreasing since the amount of reduction from one iteration to the
next would decrease as the correlation approached its best fit. The,drawb’ack to
this method is the fact that, for a large number of data points, the decrease may

not be smoothly continuous. It has been observed that minor increases in the sum

of the squared error occassionally occur from cne iteration to the next.

Another method that can be used,is to observe the relative change of the
variables, That is, if (z — zo)/zo and (f — fo)/fy are less than a specified value,
the iteratinn_ is stopped. As there is a possibility of selecting étarting values of
Zo and fo which would cause divergence, a check on a rapidly increasing sum of
the squared error or increasing variance should be made. In addition, there is the

previously menlioned possibility of a temporary increase in error fro® one iteration

't.q the next which must be accommodated. This can be handled by allowing a § percent

"
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. increase in the sum of the squared error or a similar increase in the variance. A

comparison of valués from on{itéf‘ation to the next can bewmade and_if the increase

is greater than § percent; divergence can héfasEumed to have started. v

In the..case. of .t.he pr;grain BARANGA,\t.he' second procedure was used.
| Additionallly, three ,variag;les were set ‘up for the iterét;vé cbrrelatior“x. They were
t.l;_iél“peak acoustic };ressure Pp, the disiortion 'coef‘-ficient z and the pseudoi‘reque.ncy
of the wave f. The only coﬁﬁlication that this made was:the necessity of generating
three equations for the three differences. This necessitated the,calcullation‘of 12
coefficients which were similar to the six coefficients shown in Equations 87 to 91.
As certain faclors were common in each linear equalion, the eq;.xation was ‘simplified
before its conversion into Applesoft Basic program lines. This assisted in the

reduction of the calculation time. Since Py of Equation 74 was being correlated

with the experimental data, it was necessary to take the derivative of this function

with respect to Pp, z and f, noting that @ = 27 f. In the case of the = derivative, I

this produced Bessel functions of order n+i, n and n-4, }'his would have required
the generation of three different sets of Bessel function coefficients; however, Lhis
was simplified by making use of recurrence relations presented by Olver [100]. As

. ™~
a result, only two sets of Bessel function coefficients had to be calculated.

Another special feature of the program was concerned with the limitation
of the available data &torage. The largest set of values for data from the sampled
waveform and its corresponding sample time was limited to 2504 pairs of values. This
was not only dependent: on the available computer memory bul also the fact that
the program was excessi\.:ely slow when it was run in the Applesoft Basic Language.
The time required for one iteration of calculations on 2501 pairs of data was

' approximately 5 hours. When this was discovered, a search was undertaken to improve

Lthe calculation speed. This included rewriting the Bessel function generator routine

e
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x

Y as well as +educing the number of program lines as much as possible. This had little

effect on the computation time. Discussion with others [59] who ﬁ:ere aware of what

- -

_was qvailabie’ in computer software resulted in the purchase of The AppleSoft Compiler

(TASO).

TASC is a software routine which is capable of converting an Applesoft Basic

prdgré:h into pseudomachine language which is then run on the computer in

conJuhction with a library program which acts as a program manager, The library

occupies approximately 2048 bytes of computer memory which was another memory

limit imposed on the amouni of memory available Tor experimenta] data. In fact, it

. was necessary to break the correlation program intoc the two components mentioned

¥

" previously. This allowed the maintainance of a reasonably sized memory area for data.

"By using TASC, the execution time for one iteration of tl‘&e data was reduced to

214 hours. The time usually required to oblain coefficients from one experimental data
a <

set was from 7% to 10 hours.

-

One final speedup was accomplished wilh thrprogr;agn. In March of 1983, a
peripheral board was purchased which improved the processing spEgd by a;;-proximate;y
a factor of 5. The boar¥ is made by ALF Products Inc. of Denver Colorado. The board
utilizes an 8088 microprocessor for high speed calculations and it can be run in
conjunctien with TASC. The only additional requirément of this soard is that a i.ék
memory expansion card must be available in peripheral 510'(.. 0 of the computer. wheq )
t.he. card is addressed, it transfers the Apblesoﬁ. Basic Language instruction sei
from the computer’s Read Only Memoryl (ROM) to the memory card. The vectors which
point to each of the arithmetic operations such as addition, subtraction,
muitiplication and division are‘alier‘ed so that they point to a faster instruction

set co—resident with the«8088, Since the B08B is a 16 bit processor and since it runs

approximzy 5 times faster that the Apple 8 bit, 6502 CPU, there is a considerahble

-
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in‘crease -in cump;nat.ian speed. The 15 ﬁit -ﬂpe_ration is significant because an 7
arithmetic operat\ton involving {6 bi{ numbers "requires less execution time than that

of and squivalent 8 bit arithmetic operation which performs the same function.
@ The final feature of the program was required because of the amount of
'exﬁerimental data available. When data from the high speed enginé tests was processed,
it was found that more data points existed in the concatenated waveform than that
which could be stored in the data arrays. If the entire waveform was not sampled,
it was anticipated that erroneous coef‘fic?ents could be calculated, The procedure
which was implemented to circumvent this made use of the computers resident random
number generator function. As the program could calculate the total number of data
points available from the data diskette by reading the first data file; it could
determine if a random data selection routine should be implemented. If this was the
case, the program calculated the percentage of data points which should be rejected
to achieve a representative sample i‘r'om the entire waveform. This was made quite
easy as' the random number function returned decimal &a\lues equal to or greater
than zero bul less than one. As _the percentage rejection could be converted to a
decimal value, each data point could be considered for accgtance or rejection on
the basis of the magnitude of the random number generated for that set of data. )
Since there were a large number of daia files present, a check was made on the
cummulati\)e percéntage rejection, This allowed the program to cc-\rrect for previously
rejecting to many data points or conversely not reJectiﬁg enough by altering the
rejection criteria.u The efficacy of Jj.his procedure was checked by det_ermil?ing the
percentage of ﬁata points at the end of the waveform which x’verel not considered

for rejection because all 2501 arréy elements hag“8lready been filled.

When the program was run, the following sequence of events occured.



i.

2.

5

The 8088 pfucessor car& was activated.

The TASC RUNTIME librar‘}" was BLOADED into the

computer,

The compiled version of BARANGA1 was BRUN. The
operation caused the program to be loaded as well as

automatically starting it.

. The program called for mstructions on which processing

style was to be conducted. That is, whether the processing
was done quickly on a very small sample of the data to

generate a rough set of trial coefficients, or whether

the complete data set was to be used.

The seed number for the random number -process was

extracted.

The program called for in;tructions as o how many
coefficients were to be computed. The initial values for
the appropriate variables were requested as well as the
relative error for determining the end of the iterative

process.

The name and number of data files was called for.

. The data file containing the sampling time correction

factors was read.

The remaining data files were read into memory. When
the first file was read, the program automatically

checked Lo see if more data was available than that which

" could be stored. If this was the case, the random rejection

10,

routine was implemented, otherwise the program ignored

these steps.

The corresponding sample times were calculated.

88



i1,

12,

13,

14,

15,

14,

i7.

18.

,coefficient.

[}

The data set) to be used for the correlation was
transferred to a data diskette in a format compatible

with a curve plotting program.

-The TASC chaining utility-was primed which saved the

common variables to be transferred from BARANGA! to
BARANGAZ, ’

-

BARANGA2 was BRUN., This caused the program o be

loaded and to automatically start execution.

The Bessel funclion coeﬂ‘icients were calculated and the
Besssl function of order n.and r+1 were calculated for
the trial value of the d:stqptmn coefhcmnt A check was

also made on the limit of the value of t,he dlstnrtmn

All storage variables were initialized to zero and the
special conditions were implemented if the distortion

coefficient happened to be zero.

The general function and its derivatives were calculated
for a particulér sampling time. The car_rjéllat.ion and
matrix coefficients were accumulated in their\réspective
variables. The program then lboped backlto pérform the
calculations on the next data pair until all the data had

been processed.

The coefficient differences and the variance were
calculated. If there was an unacceptable increase in the
‘:iariance, the process was stopped; otherwise, checks were

made on the relative change in each of the difference

" coefficients,

If the relative change was too large, the new values of
the cnefﬁments were substituted and the calculatidn
procedure was repeated. If the changes were small enough,

the correlation coefficient and other statistical data was

8¢9

i
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~

cajculated and recorded. '

19. When the correiation was completed, a i‘lég was set and
the program looped back to calculate data pairs which
defined the curve of best fit. This data was then recorded

in a format consistent with that required by a curve

(f plotting program.

e

20, BARANGA{ was reloaded after all commom variables were

cleared. This readied the program to receive the next data

for correlation. Lot
‘h

This represents tb'e-comﬁ]etion of the data processing sequence. Samples of the output

from this program have been included in Appendix V.



VI RESULTS
\ M .
- All of the information gathered from the tests conducted with the rotary

engine have been collected and organ}ed for presentation in this chapter, The

information presented covers the acousiic tests of the engine room, t..he engine

performance tests, the measuremenis-of properties relevant to the t;esting of the
’

nonlinear pressure pulse model, the results of the pressure pulse correlation and the

)
conditions predicted by the application of that model. The raw data, for the engine

tests, and an uncertainty analysis has been included in Appendix VL

64 Room Acoustic Tests

-

When the construction of the engine laboratory was completed, testing was
performed to determine the wall transmission loss according procedures suggested
by Briel & Kjer [13), Measurements were made of the ambient, interior, engine room
noise level at the standard, ¥ octave centre frequencies as shown in Figure 8. It
is apparent from an inspection of the information pr‘ovideﬂ by Figure 8 that the

ncoise specirum has higher levels at the very low frequencies but that the background

level drops qui‘ckly to a much lower level at frequencies above 200 Hz. As the ambient
levels in the range above 200 Hz were in the 20—30 dB range, higher sound pressure
levels were not expected to exist above 1 kHz. This is because the effect of energy

disipation at higher frequencies begins to predominate and the background levels

are further reduced.

A, —' | -
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The results of the ambient level testing were used to determine the minimum
sound pressure levels required for a-meaningfuyl test of t.hé.wall transmission loss.
Since the transmission losses for a simple wall construction are bidirectional, the
engine room was used as the receiving room folr the transmission loss testing, The
exterior laboratory space was used as the site of the noise source fop the testing
procedure. Buring the transmission loss testing, the exterior sound pressure levels
used were high enough to ensure that the sound pressure level, measured in the engine
room, was at lﬁeast 10 dB higher than the previously measured ambient level. The
measured wall transmission loss for the engine room is presented in Figure 9. It can
be seen that, at frequencies above 250 Hz, the wall transmission loss exceeds 25 dB.
Although the transmission loss was small in the frequency range helow 250 Hz, there
was no need to be worried about possible noise complaints from persons using the
remainder DF_ the laboratory space. This is because of the decreased sensitivity to

noise of the human ear at frequencies below 250 Hz.

62  Engine Performance Tests

During the engine testing, all critical operating conditions such as engine
speed, load and exhaust gas temperature were mc;nit,ored. These cunditicnsrwere used
to determine when Lhe engine had reached a steady. state operating condition after
the engine speed and luad‘had been changed. At that time all operating conditions
were recorded. This included the measurements which were required to test the
n?:nlinear pressure pulse model. The information pertaining to the engine load, speed
and fuel consumption was processed and plotted to determine the engine power, fuel

consumption and brake specific fuel consumption as a function of engine speed,

The results of the engine power versus speed tesis, shown in Figure 10, exhibits

a performance trend similar to that quoted by Curtiss—Wright Corporation [48]; a
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.

copy of this-information has been provided in Appendir(%l. The solid curve in

Figure 10 follows the measured engine performance whereas the dashed curve, at the

-

upper right of the figure, illustrates the expected performance if the trend predicted
by Curtiss—Wright is included, A possible explanafcion of the differences is that the
predicted trend is for an engine with a stock muffler attached and the results shown
in Figure 10 are {‘_or the 157.6 cm, straight exhaust pipe attached to the engine. It
is also important to note that the power output measured during testing was much
less than ihe power output quoted by Curtiss—Wright Corporation. The variation can
only be measured approximately because of the coarse scale of power versus engiune
speed used by Curtiss—Uright; however,'the estimated percent reduction in the
measured engine power output ranges from 62% at ?.UUD.rpm to 83% at 4500 rpm. Other

probable causes of the deviation of the engine performance, at high speeds, will be

discussed when the information on the exhaust gas behaviour is presented.

The measured fuel consumption versus engine speed, shown in Figure i, is
a linear function of the engine speed as shown by the correlation line Figure 12
illustrates the trend in ‘the data associaled with ihe brake specific fuel consumption
when plotted against engine sp'eed. The trend in the data appears to be linear but
it is also evident t.‘hat there islmuch more scatier present in this figure when'it
is compared to the previous t‘lwo figures. This is due to the fact that this figure
is the result of dividing the fuel consumption by the engine power at each enging
speed. Since there is some scatter in the original data, it is magnified when the
information is combined. Another notabie feature of this graph is the actual trend

in the data itself.

The trend for brake specific fuel consumption shown on the Curtiss—Wright

-Corporation data sheet (see Appendix VID bears little'similarity to the brake specific

fuel consumption measured. However, this difference does not mean that any error
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was made in the experiments conducted for the prefeﬁl)iﬁvestigation’. If Figure 9 ~
of the paper by Biair and Fleck [38B] is consulted, it canbe seen that their
measurements oi: brake specific fuel consumption illusirate the same trend. This is .
a very impertant observation as their measurements were made on a Fichtel ant;! Sachs,

Model 9144, Wankel Engine with a 195 cm, straight exhaust pipe attached to it. It
| is apparent from this comparisém that the -straight exhaust pipe may have a
considerable effect on the engine performance. The authors did not compare their
measurements of engine perfnfmance to that predicted by the manufacturer and

therefore, no further inferences can be gained,

. The results of the volumetric air flow measurements are presented in Figure {3,
The curve illustrating the theoretical flgw rate was calculated uging tlhé quc;ted
engine displacemerit per shaft revolution. It can be seen that tt}.\e xﬁeasured flow rate
exhibits a linear behaviour with respect to engine speed and exceeds t.h‘e. prediéted
flow rate for engine speeds above approximately 4500 rpm. This behaviour will be

related to the exhaust gas behaviour when that information is presented.

63  Tests Related to Exhaust Gas Behaviour

As was mentioned in Sections 4.2.3, 4.2.4 and 4.2.5 of Chapter IV, mean static
and transient exhaus! gas pressures were measured at locations very close to where
the mean exhaust gas temperatures were measured. In this case, a single location
for the measurement of the mean exhaust gas pressure was used. The measuremants
were made in the exhaust pipe'10.8 cm from the engine exhaust port. The change
in mean static pressure as a function of engine speed has been presented in Figure 4.
It can be seen that, for engine speeds beyond approximately 2500 rpm, the mean,
static, gauge pressure exceeds the 1.7 kPa limitation suggested by Thomas {118). The

existence of this condition must be considered to be at least partly responsible for
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the decreasa in engine performance. The quoted values are for the engine with a
stock muffler close—mounted to the engine. The exhaust pipe inside the muffler was
very short and thus the back prassu-rfe, that the engine would have normally

experienced, would be much less.

-

The results of the exhaust gas temperature measurements have been presented _
in Figure 15, As was mentioned previously, the‘ temperature measurements were made
at two locations in the exhaust pipe. The first location was 14.4 cm from the gngine
exhaust port and the second location was one metre further along the exhaust pipe.
Inspection™of Figure 15 reveals that the trends of temperature versus speed, al both
locations, were similar. However,.t.here is a noticeable variation in temperature
difference, betweén the two measuring locations, over the range of engine speeds
shown. It-can be seen that gas temperatures exceeded 4600 °C. The high gas temperatures
experienced did create some problems because of the method used to mount the access
blocks onto the exhaust pipe. Se‘veral of the intermediate access blocks originally
had .no cooling, as a resuli,.the high gas temperatlures caused t.l'1e silver solder, used
to b;nnd the accész blocks to the exhaust pipe, to melt. It must alsg bé noted that
the temperatur?'e":’measurements, at the engine speed near 4000 rpm, were not used

in the computation of the curve of best fit for the two measuring locations.

During the early data processing of the analog record of the transient
pressure signals, a number of spectrum analyses were performed. Examples of th;s
procedure are presented for measurements ma;ie at the pressure transducer location
closest to the exhaust port. The Foyrier analysis, at an engine speed of 2000 rpm,
shown in Figure 146 indicates that the fundgn;enta] frequency corresponds very closely
with the firing f‘requém_:y of the engine. In this case, a 1.3 Hz difference may i;e

due to a slight variatlion in the engine speed or jusl as easily, it may be due to

a slight drift or offset of the calibration of the measuring instrument. It can also
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be seen that the frequencies of the other components, present in the spect.rum, are
all harmonics of the firing frequency. Additionaly, il must be pointed out that the

fundamental does not have the highest amplitude, [ is the second, third and sixth

“/ﬁ'armonics which have the highest‘amplitudes and even the fourth harmonic has a
1 .

higher amplitude than the fundamental. A similar pattern can be seen in Figure 17
which is the spectrum of the exhaust péssure pulses when the engine was operating
at 3060 rpm. The same frequency range has been used f‘or.purpuses of comparison.
Again, it can be observed that the spikes in the spectrum all occur at highér
harmuﬁics of the fundamental. The only major difference is that it is not the sixth
harmonic but rather the fifth which*has an amplitude comparable to the second and

third harmonics.

Figure 18 is also the spectrum of the exhaust pressure when the engine was
operating at 3000 rpm. The frequency range of 0 f_.n i kHz has been used for two
reasons. First, it provides a good coverage of the most important portion of the
spectrum and second, it can be also used for comparing the spectrum of the exhaust
pressure shown in Figure 17 when the engine was operating a! 4000 rpm. IL can be
seen that the most significant amplitudes, in both spectra, occur below 500 Hz, Also,
there is a further shift in the importance of the high amplitude harmonics. For
the case of the engine operating at 4000 rpm, one no longer sees the predominance
of the second and third harmonics. In this instance it is the second and fourth
harmonics which have the highest amplitudes. Indeed, there does not seem tq-beé
significant’trend which would be indicative of whal pressure variations are occuring
in the exhaust gas. The only information which would be of value to the ;axhaust
system designer is that it is important to attenuate the first six harmonics if one

4

is to reduce exhaust system noise,
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Fi.gurl'e 20 is a "waterfall’ diagram of the pressure spectra for a fr‘.equenc':y'
range of 0 to 2 kHz and for engine ‘speeds ranging from 1750 to 5250 rpm. The f‘-igure
shows that the important portion of all spectra occurs in the range from 0 to & ka.
As the range was not changed on the spectrum analyser, when this figure was created,
all amplitudes shown fall witl'_lin a0 db range with the highest levels goccuring
between 170 and 180 dB. In addition, it can be seen that the amplitude of the harmonics
occuring near 2 kHz are very smali and that there are less than 23 harmonics which

are present in any of the engine spectra.

To gain a better understanding of the pressure variation which were oceurring
in the exhaust gas, samples of the pressure versus time behaviour were plottied. Figures
21, 22 and 23 are examples of the results of this investigation. The engine speeds,
for which the resulis were plotied, are the same as those used to generatfz the spectra
of figures 16 to 20, An inspection of the lower curve of Figure 2;{ reveals the regason
that so lﬂany harmonics of the firing frequency were present in the correspoﬁding
spectrum. This curve represents the pressure variation with time at the measuring

localion closest to the exhaust port®pening.

-~

The pressure variation is qu:1t.e comprl"ex as it is not only controlled by the
direct exhaust pressure pulses bul also by the r;ef]ections of theée pressijre pulses
at both ends of the exhaust pipe. If the two pressure pulses are examinéd‘closely,
it is evident that there are distinguishable differences in their shape. This adds
an additional degree of complexity to the problem. In addition, it is almost impossiblgj
to determine if the sample plotted provides a true representation of the pressure
pulses, produced by the engine, at the given engine speed. By inspection of the upper
curve shown in the figure, it can be seen t.l%at. there is a further complication invoived
with the pressure pulse behaviour. It is observed that the shape of the pressure

pulse has changed in the time it has taken to propagate one metre in the exhaust
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By using the engine speed as a ref‘erencé, it is possible to c;alculate the period
required for one engine cycle which is also the time interval between pressure pulses.
The time interval for an engine speed of 2000 rpm is 30 milliseconds. By using a
magnified scale, whose smallest division is 0.2 mm, and by measuring the interval
between pulses on the screen of a digital storage oscilloscope, it was determined
that the interval was 31 milliseconds, The use of this measurement and Figure 21:
yielded a delay time of 1.976 milliseconds for the pulse to travel one metre, This
resulted in a computed speed of sound in the exhaust gas of 506 m/s. This measurement
compares :“av.ourab]y with the speed of sound in the gas of 498 m/s which was
determined from ideal gas theory énd using the average of the two exhaust gas

temperature measurements. The difference hetween the two velocities is 8 m/s or 1.6%.

Similar calculations were performed using the information provided in
Figures 22 and 23. In the case of Figure 22, the resulls indicated a much wider variation
between the two calculated values of the speed of sound. At the engine speed of
3000 rpm, of Figure 22, the difference was 30 m/s or 5.5% which is the greatest
difference of the three examples presented. In the case of Figure 23, the difference
in the speed of sound for the two calculation melhods used was 17 m/s or 2.9%. The
percentage errors indicate that this crude method of measurement provides very good
resulis; however, it is possible that the accuracy of these measurements could be
improved if the entire process could be handled in digital form by interfacing the
digital storage oscilloscope with a computer, In that way the information could be

extracted easily and the ti‘me base measurements would be more precisa.

There are several interesting features which are present in Figures 22 and

23. In Figure 22, the amplitudes have increased. A change in the pressure pulse shape
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which is immediately evident is the steepening aof it.s'A leading edge. This occurs in
the 1.93 millisecond propagation time during which the pulse travels from the first
to the second measuring location, It is also possible to distinguish pressure variawt.ions
in the expansion wave which was createﬂ when the pressure pulse reached the open
end of the exhaust pipe , The variétian in the shape of the expansion wave, which .
has been marked by the ci-rcled number one on the upper curve, can be seen as it
travels toward the engine. in the lower curve, it has been marked by the circled
number 2 and it can be seen that it has steepened into a discrete jump in pressure,
This discnr:t.inuity in the reflectéd wave is impartant as it has occurred first in.
the reflected wave. The formation of a small shock is evidence of nonlinear acoustic
behaviour. It must also be noted that there have been some general changes in the.
pressure varialions between each rotor chamber blow—down; however, if‘}‘igures 21
and 22 are compared, there are similarities in the pressure variations. This helps

to explain why there were similarities in ithe predominant Harmonics of their

corresponding spectra.

Figure 23 presents a good example of how quickly a pressure pulse can be
distorted inte a shock wave, It was t.he observation of this phenomena which suggested
use of a nonlinear model for the pressure pulse. ]t”is also possibl'e to note the
considerable changes which have taken place in the interval between pressure ﬁulses‘
As the period for each cycle decreases, the periods of the individual reflected waves
do not decrease proportionaly. Thus the intermediate pressure variations tend to
shift within the firing period. The shift can be observed by comparing the change
in position of the wave shapes marked by the circled numbers 2 and 3. The movement
of position 3 is the more noticable of the two shifis. As can be seen, in Figure 23,
position 3 has come very close to interacting with the next pressure pulse, In the

case of Figure 22, location 3 is almost in the middle of the period beiween the two
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pressure pulses,

A comparison of the spectra, measured at both pressure transducers, was made
to determi_ne if significant differenceé in harmonic amplitudes were present. An
example of this compal:xson has beeyr‘esented in F:gure 24 for an engine speed of
4000 rpm. This engme speed was chusen for .compansnn because of the marked
differences between the two.pressure pulse shapes. As can be seen, there is an increase
in the amplitudes of the higher harmonics; hﬁwéver, only the amplitude of the second
h'armo"nicishowv_s a siginifl‘i;:an‘t decrease.’ It is observed that spectrum analysis does.
not provide evidence of significant distortions of the pressure pulse. A cautionary
note must be directed to those investigators who would rely solely on specirum
~ analysis for exhaus’t. system evaluatwn ILis ev1dent from the preceedmg discussion

that the use of‘ spectrum analysis does not always yield all of the information

netessary for optimizing the exhaust system design.

Fxgures 25 and 26 are plots:of the- smgle cycle pressure variation at engine
‘speeds rangmg from 1750 to 5250 rpm. Figure 25 is a presentation of the prassure
~ariations v:hl_ch were mecj_lsured at the Lransducgr location closest Lo the exhaust
port. .Figure 26 IS a pr;esentatiun of the pressure variations which were measured
at the transducer location $ne metre further down siream. As can be seen by
in‘spectin‘n d'f_either;af the two figures, there are distinct shifts in the pressure
variation, These s}.'i"z'f‘ts are .important as they can be respdnsible for changes in engine
performance, Thesé effects which were created by the pressure variation will be

‘referred to in a later discussion.

The results of the transient exhaust pressure measurements, made 12,6 cm from
the engine exhaust port, have been presented in Figures 27, 26 and 29. The data

prESehteg in these figures was the result of using the analog to digital conversion
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peripheral board and the program KLAATU.DC as previously described in Secticn 5.1

120

and Appendix L. It should also be noted that the data presented in each figure
represents in excess of 700 measurements, Figure 27 illustrates the variation in the
maximum pressure pulsa amplitude as a function of engine speed. It can be seen that
there is considerable variation in these measurements and little possibility of
determining a cur;ze of best fit for this situation. 'Huwever, it is important to note
that the peak pulse pressures exceed Lhe 3.447 kPa that Blair [28) suggested was
the upper limit for linear acoustic behaviour in an exhaust system, The results also
prove the point that Eriksson [44) made concerning internal sound levels being as
high as 190 dB since this level translates into an acoustic pressure of approximately

63 kPa. In all cases the pressures measured exceed the 140 dB (200 Pa) lower bound

on nonlinear behaviour mentioned by Rowlay [1091

If the values of Figure 27 are divided by the absolute mean static pressure,
the result is' the vari'at.ion as a function of engine speed as shawn in Figure 28,
IL can be seen that a pattern is beginning to emerge from this information; however,
the seatter of data is still quite high. A much clearer picture of the transient exhaust

pressure behaviour can be seen by inspecting Figure 29, The average pressure

N

amplitudes which were measured were divided by the absolute mean static pressure

at the measuring location. In this case, the lower portion of the results in the range
from 2000 rpm to 4000 rpm éppear to be linear. The éolid correlation line, Is)‘ngwn
in the figure, was computed using this data. The correlation ap}:ears to also. };)ags
through the data at the highest engine speeds. The dotted curve, shown in the figure,
is only an estimate of the curve of _best fit as no correlation equation could be

found which would adequately fit the points,

The reason for this demonstrated behaviour can be explained in terms of the

pressure pulse propagation. The decrease in the pulse amplitude is due to an expansion

N
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wave arriving at the measur‘i_ng locatiu‘? at approximately the same time as the
pressure pulse, created by the rotor chamber blow—down, reaches the same location.
The expansion wave which is responsible for this behaviour can be seen through

a close inspection of Figure 25 and aiso by referring back to Figure 23. It can be

seen that the expaﬁsian wave to the right of the pulse, identified by the circled
number 3 in Figure 23, begins to interact with the exhaust pressure pulse. This results
in a reduction in the average pressure pulse amplitude which *l:ras measured. This
reduction can also be séen by carefully observing the pressﬁre pulse amplitudes sh.own.‘
in Figure 25. The rasults of this interaction also carry over into the voluFmtric flow
rate of air into the engine. As the expansion wave rjeaches the e'ngine Just prior
to the opening of the e¥hau5t po;-t, it interacts with the roter chamber which is
being charged :n't,h a f.resh mixture of air and fuel. Thus the expansi:;n wave assists
in the induction of the new charge and consequently, the flow rate in.t.o tﬁe engine

is improved.

64  The Pressure Pulse Correlation

The results of running the sequence of programs KLAATU, BARADA, NICTO
and BARANGA. have been presented in Figures 30 to 43. In all figures, each square

dot represents one data point as digitally sampled from the analog pressure signal.

' The solid curve represents the computed line of best fit when the nonlinear pressure

3

. pulse model was correlalt‘.ed with the data. Figures 30, 31, 32" and 33 illustrate the

data which resulted from sampling sections 14, 1.2, 1.é and 1.4 of the tape recording

of the analog pressure signal when the engine was operating at 2000 r'pm under a

light load. The correlation results for these figures are included in Appendix V and
are listed as Files 1, 2, 3 and 4 respectively, As can be seen, the minimum correlation
coefficient for this data is 0,984, In addition, the variation about the average values

of ’pseudofrequency (149.2 Kz) and distortion coefficient (0.205) are less than i Hz
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and 0.003 respectively. The four figures were included to illustrate a point in
opposition to the observations on light load perfarmance of rotary engines discussed
by Kohno et al. The authors have observed that tf;is operating range exhibits a
consistent miss—fire sequence; however, by inspection of al.l of the data presented,
no great \;ériation is data scatter can be observed even when the results of tne

[}

engine speed are compared with any other.

I\ is evident, from an inspection of-Figures 30, 34, 32 and 33, that there is
considerable scatter in the data. This is particularly true near the peak of the
‘pr'*essure‘pulse. :I'hat is, each.individual pressure pulse shows a marked variation in
its pressure versus time behaﬁiuur when it was approaching its maximum value. It
should be notad that the correlation curve fits best in Lthe rising portion of the -
Pr‘essure data but that it does not fiat as well in the falling'p\ressure portion, In
the last third of the pressure data, the shape can best be described az concave
which is the opposite to that of the correlation curve which could best be described
a8s convex, There are two possible reasons for ﬂhe ‘concave’ nature of the pressure
data. One possible reason is related to the rotor chamber blow—down when the flow
15 no longer choked; that is, after the peak of the pressure pulse has occured. ;I‘he
decrease in pressure appears to follow a relationship of the form: p#tn = constant.
Where n is a constant which is greater than one. This is similar to the polytropic

equation of state for a tank emptying process.

Thé second explanation of the falling pressure behaviour is that there is an
interaction with an expansion wave which is passing the meaﬁuring location at the
same time, Although this does not appear to be as slrong a possibility as the first
"suggestiun,. Figure 21 illustrates a change is the falling portion of the pressure
pulse from the first to the second measuring location. As it happens, Figure 21 is

the pressure versus time diagram for an engine speed of 2000 rpm. The lower curve
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of Figure 21 illustrates the concave behavioumof the falling portion of the pressure
pulse. However, the upper curve shows the same pressure pulse, one metre down the
exhaust pipe, with a definite convex shape to the falling pressurs ;-Jor'tion of the
curve. IL must be noted here that, even with nonlinear, wave propagation, although
the rising pressure portion of a sinuseidal wave will distort; the shape of the falling

pressure portion of the wave will always remain convex.

Figures 34, 35 and 3% pré;ent the results of three separate samples of the
pressure pulse da;t.a al an engine speed of 2250. These samples were taken from analog
recordings at tape sections 2.4, 2.2 and 2.3. In this case, there are noticeable
differences in the scatter-of the data. An inspection of Figu;'e 3 ‘_reueals that the
correlation curve does not fit through the centre of the rising portion of the data.
'Similar situations cannot be seen in Figures 35 and 36; however, il appears that the
data scatter is progressively reduced from Figure 34 which visually appears to have
the greatest scatter to l;‘igure 36 which appears to have the least scatter. The
variances computed for these three c}ases do not indicate full agreement with the
visual appearance of the data. It is Figure 35 which has the greatest variance while
Figure 36 has the least. Files 5, 6 and 7, which present the correlation results for
Figures 34, 35 and 34 respectively, incﬁcate that the maximum variation from the
average value of the pseudofrequency (166.9 Hz) is only 2.4 Hz, the variation about
| the average value of the distortion coefficient (0.234) is 0,038 which is very large
in comparison to that calculated for the previous samples. A possible explanation
for this variation is that there is an interaction of the pressure pulse with a reflected
wave form. A c;mparisnn of the computer calculated engine speeds shown in Files
5, 6 and 7 indicates that there is a variation in engine speed. However, with the

present information, it is not possible to determine if this speed variation and

subsequent changes in the wave interactions are responsible for the deviations noted.
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Figures 37 and 38 ﬁave been includedﬁ to demonstrate that the problems that
have just been discussed do not appear at an engine speed whit.:h is slightly higher,
These samples were taken from the analog record at tape sections 3.4 and 3.2. Files
8 and 9 which are listed in Appendix V indicate that the caorrelation of both sets
of data with the pressure pulse model is 8.990. The .computed p.seudofrequencies are
within 1,7 Hz of each other; hav-re‘;é}"', the difference between the twa distortion
coefficients is 0.033. As difference between the distortion coefficients is high, there
. should be some cbser.vable differences in the pressure data. To facilitate this study,
one figure was laid on top of the other and inspected w.ith the aid of rear illumination,
The information revealed by this inspection was that there were no visually observable
differences in the rising portion of the pressure data., The correlation curves in
this section of data appear to be indistinguishable. It is only at the peak of the
pressure curve and in the falling pressure portion of the data that the correlation
curves differ. A possible explanation of the difference in distortion coefficients is
that any deviation in the falling pressure data may have a large influence on the
calculated value of the distortion coefficient. A pussible‘ solution to this problem
is to increase the number of waves sampled while propoertionally reducing the number

of individual data points.

The Figures 39, 40, 44, 42 and 43 have been included to demonstrate that the’
nonlinear pressure pulse model éorrelates well with arbitrary samples of data taken
a various engine spéeds, The besi cor‘r"elat.ion of the samples presented is shown in
. Figu're 39.. 1t is not surprising that the correlation coefficient is 0.994, which was
the highest cerrelation coefficient obtained. Other correlaﬁ.ion data for ihis curve
can be found in File 10 of Appendix V. Figures 40 and 41 are included in the sample
as they are for engine speeds near 3000 and 4900 rpm. Thus Figure 40 is complimentary

to Figures 17, 18 and 22, Figure 41 is complimentary to Figures 19 and 23, Figures 42
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and 4-3 illustrate the correlation of bressure data which has i;aen taken at the sta;*t
of peak amplitude variation, as is the case in Figure 42, and at the approximatle
point of greatest pulse aniplit.ude deviation (see Figur‘é 29. In each of these casas,
the correlation coefficient is 0.988 which indicates that the model also works in this
region.

~

The results of these correlations h;ave been condensed for .presentation in
the next two figures. Figure 44 i}lustrates the variation of the calculated
pseudofrequency ;vwith engine speed, An inspecti‘on_ of Figure 44 indicates that the data
falls on a correlation curvé which reaches a maximum of approximately-218 Hz. [t
is interesting to notel that, if the pseudofrequencies al engine speeds of 2000, 3000
and 4000 rpm a.re compared with the results of the spectrum analyses for the same
engine speeds, there is a pattern in-the data, In the case of the 2000 rpm data,
the .average pseudofrequency of 1'49.2 Hz falls between the fourth harmonic at 134,
H'z and fifth harmonic at 164 Hz. In the case of the 3000 rpm data, the pseu;{ofrequency
of 195.5—Hz is veri} close t.n. the fourth harmaonic at 200 Hz, Finally, in the case of
the 4000 rpm data, the pseudofrequency of 212.4 Hz is also very close Lo the third
harmonic at 204 Hz. In_each case, the amplitudes in the spectra are less than the

amptitude at the fundamenta.l' frequency.

The distortion coéfficients were plotied against engine speed and have been
presented in Figure 45. It can be seen that the data points are somewhat scattered;
however, the straight line shown in the figure was determined to be the curve of
best fit. The correlation indicates that the distortion coefficient increases with
increasing engine speed. This suggestis that the pressure pulse issuing from the
exhaust port is increasingly distorted as the engine speed increases. Thus the distance

through which the pulse must travel before it becofmes a discontinuity will decrease.
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&5  Predicting the Discontinuity Distance

.

IL is possible to determine the discontinuity distance or th;a distance for a
sinusoidal pulse to distort into a shock by making use of Equation 50. To make use
of this equation it is necessary to determine the ratio of specific heats, ¥, for the
gas, the peak particle velocity of the wave, Up, the angular frequency of the wave, )
w, and the mean speed of sound in the gas, co. In the case of the specific heat
ratio, the value used was that of 1.4 which is for air. In the case of the peak particle
velocity, Equation 73 was r.earranged to solve for the particle velocity in terms of
the acoustic pressure, the mean density of the gas ?Lcjhthe mean s;;need of sound
in the gas. The relationship for the isentropic speed of sound as a function of absolute
temperature was substituted for the speed of sound. The ideal gas equation of state
was.used to substitute for the mean gas density and the angular velocity was replaced

by the product of 27f, Simplification yielded the following equation:
{= L YAY+D] % 20.04 » TY/(nf % Prajative) Egn. 96

The value of the discontinuity length was then determined as a function of engine
speed, s, by substituting the correlation equations for the average absolute gas

temperature, which was d'eter‘mined to be: »

T = 300.é # In(s) - 1954.9 °C o . ‘Eqn. 97
the pseudofrequency, which was determined to be: a

£ = co - Ci#s + Ca#s2 — Ca¥s3 + cu#st — Cs#sS ' Eqn. 98
_where-co = 773.5, c1 = ~1.459, c2 = 1,1598E-03, c3 = -4.1472E-07,

c4 = 6,9718E-14, o5 = -4,4822E-15,
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and the relative éverage peak pressure in the exhaust pipe, which was found to

be: K
Ppelative = 1,100BE-05 # s — D0.09099 Eqn. 99

The results of these calculations are shown in Figure 46, The graph shows
that a shock sh'ould not be presen{. in the exhaust pipe for engine speeds up to
at least 5000 rpm. At this point it should be rememberéd that the relative average
peak pressure is not the same as the relative peak pressure, To correct for this
difference, a cummulative average of the average peak pressures determined by the
correlation program, were used. The resulis of this corre-ction were plottéd in
Figur"e 47. It can be seen that this correction has very little effect on the pogition

of the curve,

There is\nne more correction which must be made, It has already been noted
that the exhaust pressure pulse is distorted when it leaves the exhaust port.
Therefore, it is necessary to also take this into account when a determination of
the location in the exhaust pipe where a shock should occur is desired. To determine
this length as a function of engine speed, all Lhat..i_i necessary is Lo multiply the
values of Figure 47 by the value of one minus the distortion coefficient. The
correlation relationship for the distortion coefficient as a function of engine speed,

s, was:
x/{ = 7.476E-05 % s + 0.5207 Eqn. 100

These values have been plotted in Figure 48, An inspection of this graph indicates
that a shock should be detected at the second measuring locatibn at an engine speed
of approximately 3600 rpm. A careful inspection of Figure 26 indicates that this is

possible.
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VIL CONCLUSIONS

The following conclusions have been reached after studying the results of
the experiments, the computer currélatiuns and the predictive curves which were

generated by the application of the nonlinear pressure pulse model:

i. The pressure relationship, which is an extension of the
Fubini—Ghiron theoretical solution for particle velocity,
has been proven to correlate very highly with the

experimentally measured data.

2, By using the discontinuity length.equation and the
regression equations which fit the experimental data, it
is possible to predict the position where a shock should

gocur in a straight exhaust pipe.

.-

3. The study of pressure pulse hehaviour in the exhaust gas
requires exhaust systems with the instrumentation at
locations where the greatest information may be
gathered. The most likely locations, for these
measurements can now be estimated by applying the
procedures used to produce the graph of Figure 48, In
cases where there may be a number of exhaust pipe
configurations to test, the best approach is to start with

- a straight exhaust pipe having a flow area which is
comparable to that of the engine exhaust port.

§
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- "VIIL RECOMMENDATIONS

The following recommendations are presented to provide a direction of study

for future work:

i. A study should be made of the effect of exhaust pipe

diameter and shape on shock development in exhaust

gases.

2. A parazllel study should be performed using a motored
engine or 3 rotary valve and compressed air. This would
reduce the effects of temperéture variations in the gas.

' , It should be noted that Blair [26] used this technique

as é"'ttartingfpoint in his investigations.

3. The possibility of increasing the memory area of the
Apple computer should be investigaied. The benefit of the
increased memory would be the ability to sample more

successive exhaust cycles of the engine,

L

4. The possiBility of developing a two channel sampling

method with a variable sampling interval should be

- investigated. This would allew the development of

programs which could compare the pressure pulse

behaviour between the two measuring locations. If this

is possible, it would allow accurate measurements of the

propagation time from one measuring location to another

and it would no longer be necessary to determine time

delays using a magnified measuring scale as was done
in Figures 24, 22 and 23.
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APPENDIX [
MAIN SAMPLING PROGRAM

I ..
The'fallnwing program identified by the name "KLAATU™ was used for the

analog to digital sampling. I{ was written in APPLESOFT BASIC for implementation

on an APPLE II+ computer which is a product of App:!s Computer Inc.

- . ) . -& .
1000 REM PROGRAM KLAATU ALLOWS MONITORING OF WAVEFORMS USING THE ANALOG
TO DIGITAL CONVERSION OPTION
1040 RE}":I THE FOLLOWING ROUTINES BLOAD THE MACHINE LANGUAGE PROGRAMS

FOR THE ANALOG TO DIGITAL SAMPLING PROCEDURE

»

=4

1020 D$ = CHRS (4)
1050 PRINT D$;"BLOAD BIGSAMPLE™
1060 PRINT D$;"BLOAD MAYGR”
' 1070 PRINT D$;“BLOAD ADD7$345"
1080 HIMEM: 8080
1050 DIM A%(300)
1100 DIM MGD),PUD)
1110 INPUT “HIT RETURN TO SAMPLE FROM TAPERECORDER™:BS
1120 BEG = 14384:FINISH = 38400
1130 POKE B083,81
1140 POKE 8084,00
1150 POKE 8085, 64

153
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1140 CALL soab

1170 POKE 251,00: POKE 252,64: POKE 253,00: POKE 254,150

A1B0 CALL 773 G
1190 PLACE = PEEK (769 # 256 + PEEK (748) '
1200 MAZ = PEEK (70

1210 PRINT MAZ,PLACE

1220 POKE 251,06: POKE 252,64: POKE 253,00: POKE 254,150 L

1230 IF (FINISH - PLACE) IS LESS THAN 270 GOTO 1120

1240 IF (PLALE - BEG) 1S LESS THAN 270 GOTO 1420

41250 CALL 837

1260 SUM = PEEK (B36) * 254 % 256 + PEEK (335) # 254 + PEEX (834)

1270 SAMPLES = PEEK (832) + PEEK (833) * 254

1280 AVG = SUM / SAMPLES \N

1290 PRINT “DO YOU WANT TO REPEAT SAMPLING RUN ?\"(/N”—Q )

1300 KX = PEEK ( - 16384); POKE - 16348,0

1310 IF XX IS GREATER THAN 127 GOTO 1330 5
1320 GOTOC 1300 -

1330 IF KX IS EQUAL TO 217 GOTO 1420

1340 PRINT “AVG ™;AVG: PRINT “SUM ";SUM

1350 PRINT "SAMPLE NO, ".SAM

1340 INPUT "ENGINE RPM = ";RP
1370 RQ = INT (40 / RP / 19.55E - 6)

1380 INPUT % OF LEADING WAVE W% -

1385 INPUT "DRIVE NUMBER FOR DATA STORAGE ";DR
1390 FRQ = RP

1400 FOR 1= PLACE TO BEG STEP - 1

1410 IF PEEX (D) IS LESS THAN AVG THEN ZERO = . GOTO 1430
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1420 NEXT 1

1430 DOUBLE = 2 * (PLACE - ZERO)
1440 DF = PLACE - ﬁOUBEE :

1450 MIZ = PEEK (DF):P2 = DF

1460 FOR I = DF TO PLACE

1470 IF PEEK () IS LESS THAN MIZ THEN MIZ = PEEK (:P2 = |
1480 NEXT I

1490 IF 72 1S NOT EQUAL TO 2 THEN CD = P2 .

1500 NUM = PLACE - P2

1510 MO% = (279 - NUM) / 2

1520 ST = INT (P2 - MO% * W% / 100)

1530 FOR I = ST TO ST + 279 , . ¢
1540 A%(CT) = PEEK (D)

1550 CT =CT + 1

1540 NEXT

1570 HGR

1580 HCOLOR 3 .

1590 CT = 279

1600 FOR T =0 TOCT

1640 HPLOT 1,459 - A%() / 2

1620 NEXT

1430 FOR 1 #0 TO 279 STEP 3'

1640 HPLOT 1,459 - MIZ / 2: HPLOT 1,159 - MAZ /2

1650 NEXT

1660 FOR I =459 - MIZ /2~ 5 TO 459 - MIZ/ 2 + 5

£670 HPLOT MO% * W% / 4001

1680 NEXT
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1700 VTAB 24: CALL - 958

1740 HTAB 18

1720 VTAB 24: CALL - 958

1730 IF ZZ IS EQUAL TO 2 THEN PRINT “WAVE ™y -

1740 HTAE 10 |

1750 VTAB 22 ‘ ' I

£760 IF 72 IS EQUAL TO 2 THEN PRINT “ADDRESS ";P(W)" MAX ";M(U)

1770 FOR 1 = 0 TO 279

1780 HPLOT 1,459 ~ AVG / 2: NEXT .

{790 VTAB 3: HTAB 10: PRINT "EXHAUST PRESSURE WAVE” ‘

1800 IF ZZ IS NOT EQUAL TO 2 THEN VTAB 2: HTAB 17 PRINT “MAXIMUM"

1610 IF ZZ IS NOT EQUAL TO 2 THEN HTAB 10: VTAB 20: PRINT "ADDRESS ";PLACE;"
MAX "MAZ | .

1820 FOR 1 = 0 TO 40:0P = INT ( ¥ 25.575)

1830 FOR J = - 3 TO 3: HPLOT OP,(159 ~ AVG / 2) + J: NEXT J,1

1850 HTAB 7 VTAB 23 PRINT “ESTIMATED ENGINE SPEED = m.RP

1860 IF 72 IS NOT EQUAL TO 2 GOTO 2058

1870 MX = ALO:MN = A%D
1880 PX = 0:FN = 0 ‘
1890 FOR 1= 0 TO 279

1900 IF A%(D) IS GREATER THAN MX THEN PX = [ + L:MX = A%(D

1940 IF 11S EQUAL TO 279 GOTO 1930

1920 IF A%(D) IS LESS THAN MN AND A%( + 1) IS GREATER THAN A%() THEN PN
=1+ LMN = A%D -

1930 IF 1 IS EQUAL TO D GOTO 1560 ’

{940 IF I IS GREATER THAN PX GOTO 1960

1950 IF A%(l - §) IS LESS 'THANI AVG AND A%() IS EQUAL TO OR IS GREATER THAN

é



AVGTHENZIE=1+1
1960 NEXT L
2 Y
1944 D$ = CHR$ ()
197¢ PRINT D$;"OPEN FREQ(";PRQ;")/";W;“,DF;DR
1980 PRINT D§;"DELETE FREQ(";FRQ;")/™W
1990 PRINT D$;"OPEN .FREG(";FRQ;“)/”;W ‘
2000 PRINT D$;"WRITE FREQ(";FRG;™)/™.W
12010 PRINT PX: PRINT ZE: PRINT PN
2020 PRINT MAZ: PRINT MX: PRINT AVG: PRINT MN
2030 FOR 1= 0 TO 279: PRINT A%(D: NEXT
: 2040 PRINT D$;"CLOSE FREQ(";FRQ;")/™;l}
2045 FW =
2050 IF IZ 1S EQUAL TO 2 THEN RETURN
2060 TEMP = BEG ‘
2070 FOR W = 4 TO 40
2080 M(W) = PEEK (TEMP):P(W) = TEMP
2090 FOR 1 = TEMP TO Tﬁﬁy RQ
2400 IF PEEK (D) IS GREATER THAN M(W) THEN M(W) = PEEK (D:P() = I

2{10 NEXT I
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2120 IF W IS EQUAL TO OR.IS GREATER THAN 2 THEN RP = INT (60 / (P(W) - P(W

= 1 # 19.55E - 0&)

2130 TEME = P(W) + INT (RQ / 2)

2140 PLACE = P(W): IF (PLACE - BEG) IS LESS THAN 270 THEN TEMP = TEMP + RQ:

GOTO 2070

2145 IF TEMP + RQ IS GREATER THAN FINISH THEN VTAB 24 CALL - 958

2450 IF TEMP + RQ IS GREATER THAN FINISH THEN VTAB 23: HTAB 13: FRINT “END

OF SAMPLES"”
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2160 IF TEMP + RQ IS GREATER THAN FINISH THEN RP = INT (40 * (@ - 0 / (P(@)
- P() % 19.55E - 06)): VTAB 20: HTAB 4 PRINT "AVERAGE ENGINE SPEED ";RF -~

2170 IF TEMP + RQ IS GREATER THAN FINISH THEN PRINT D$;"OPEN RPM™FRQ: PRINT
D$;*DELETE RPM™;FRQ: PRINT D$;"OPEN RPM".FRQ: PRINT D$;"WRITE RPM"FRQ

2180 IF TEMP + RQ IS GREATER THAN FINISH THEN PRINT RP: PRINT FRQ: PRINT
DS:"CLOSE RPM™FRQ

2190CT =0

2200 127= 2 ’ ) - ‘

2240 IF TEMP + RQ IS GREATER THAN FINISH GOTO 2250

2220 72 = 2CT-= 0

2230 GOSUB 1400

2240 NEXT ¥

2250 TEXT : HOME

2260 PRINT “SAMPLING COMPLETED"

2270 PRINT D$;"PR#1"”

2280 PRINT “KLAATU.V3"

2290 PRINT FU;" WAVES WERE SAMPLED "

2300 PRINT “ENGINE TEST SPEED wASA";FRQ;“ REM”
2340 PRINT "COMPUTER ESTIMATE WAS "™;RP;"™ RPM”
2320 PRINT D$;"PR#0”

2330 END



APPENDIX 1
. AUXILIARY SAMPLING PROGRAM )

The following program identified by the name "KLAATU.DC” was used for the
analog to digital sampling of the peak value of the pressure pulse. [t was written
in APPLESOFT BASIC for implementation on’ an APPLE II+ computer which is a product

of Apple Computer Inc.

1000 REM PROGRAM XKLAATU.DC ALLOWS MONITORING OF WAV;EFORMS USING TRE
ANALOG TO DIGITAL CONVERSION OPTION

1002 HIMEM: 8080

1004 J =0

1004 REM DC VERSION FOR PEAK PRESSURE SAMPLING ®
1010 DIM 'EIMBD),MZ{ZBU),AV(ZBD)

1020 DSC CHR$ (4)l

_ 1050 PRINT D$;"BLOAD BIGSAMPLE”

1060 PRINT D$;"BLOAD MAXG]‘;\’"

1070 PRINT D$;"BLOAD ADD7$345”

1105 INPUT “TAPE # ",TN

1140 INPUT “HIT RETURN TO SAMPLE FROM TAPERECORDER";B$

1120 BEG = 14384.FINISH = 38400

1130 POKE 8083,84

1140 FOKE 8084,00

159
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1150 POKE 085,54
1160 CALL 8080

1170 POKE 251,00: POKE 252,64: POKE 253,00: POKE 254,150

1180 CALL 773 '

1190 PLACE = PEEK (769) # 256 + PEEK (748)

1200 MAZ = PEEK (770)

1240 PRINT MAZ,PLACE

1220 POKE 254,00: POKE 252,64: POKE 253,00: POKE 254,150

1250 CALL 837

1260 SUM = PEEK (83) * 254 * 256 + PEEK (835) ; 256 + PEEX (834)

1270 SAMPLES = PEEX (832) + PEEK (833) + 254

1280 AVG = SUM / SAMPLES

1290 PRINT "DO YOU WANT TO REPEAT SAMPLING RUN ? ¥/N"

1300 GET BS: PRINT :KX = 128 + ASC (BS): IF KX IS EQUAL TO 217 THEN 1120
1332 INPUT “TAPE COUNT ™TF

1334 PRINT

1335 PRINT "MAX PEAK "MAZ

1340 PRINT “AVG ";AVG: PRINT “SUM ™SUM

1350 PRINT “SAMPLE NO. ™:SAM

1340 PRINT “TAPE NUMBER ", TN

1364 PRINT “LOCATION ON TAPE ™TF

1370 IF TF IS LESS THAN 50 THEN CMZ = MAZ:CAV = AVG: GOTO 1410

1380 PRINT "DO YOU WANT TO SAVE THIS DATA? Y/N ": GET I$: PRINT I$: IF NOT
(I$ IS NOT EQUAL TO ™Y” OR I$ IS NOT EQUAL TO “N™) THEN 1380

1390 IF I$ IS EQUAL TO “N" THEN 1410

1400 J = J + £TFWD) = TE:MZW) = MAZAV() z'AVIG '

1418 PRINT “DO YOU WANT TO STOP? Y/N 7;: GET Is: PRINT Is: IF NOT (I$ IS NOT
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EQUAL TO *Y” OR I$ IS NOT EQUAL TO *N™) THEN 1410
1420 IF I$ IS EQUAL TO “Y™ THEN 1440
1430 GOTd 1290
1440 PRINT DO YOU WANT TO SAVE THIS DATA TO FILE? Y/N ™;: GET Is: PRINT
Is: IF NOT (Is IS NOT EQUAL TC Y™ OR I$ IS NOT EQUAL TO “N™ THEN 1440
1450 IF I$ IS EQUAL TO ™N™ THEN END
1455 ONERR GOTO 4540
£44D PRINT D$;"OPEN TAPE:FILE#™,TN
1470 PRINT Ds;"DELETE TAPE:FILE#",TN
1480 PRINT D$;"OPEN TAFETILE#",TN
1490 PRINT D$;"WRITE TAPE-TILE#™,TN
1500 PRINT J: PRINT CMZ: PRINT CAV
1540FORI1=4TOJ
1520 PRINT TF(): PRINT MZ(D: PRINT AV(): NEXT
1530 PRINT D$;"CLOSE TAPE:FILE®#";TN
1531 END |
1540 POKE 216,0
1560 PRINT D$;"CLOSE TAPE:TILE#™,TN
1570 INPUT "READY?™;I$

1580 GOTO 1455



APPENDIX |
MACHINE LANGUAGE PROGRAM — BIGSAMPLE

The source code for this program was assembled using the LISA 2.0 assembler

by Programma International Inc.

3888 1 HOINTAIN COMPUTER &/D PROGREH.
8889 2 ;MODIFIED BY G. RAY AND E. SCOTT
[ECE] 3 ;iliilllli*llllllliii**iii*ii*i!il
8880 ' THIS SUBROUTINE OPERATES THE D/A
8888 5 {CONVERTER, THE STARTING ADORESS
e 6 ;1S 1798, IF93-1F95 ARE RESERVED
§998 7 ;FOR INFORMATION TRANSFER FROM
‘9684 - 8 ;THE MAIN PROGRAM
9588 ¢ ;iiiliiillliliiili!llli!liﬂil'ﬂll
e 10 ORG $1F98  ;INTENDED LOCATION OF PROGRAH
1F98 . {i  08J$839 ;ASSEMBLER LOCATION OF OBJECT CODE
1F98 4C 96 IF 12 MP SIF96  ;JUMP TO START OF ROUTINE
§F93 96 13 BRK JLEAVE LINE BLANK
1F94 48 M m SLEAVE LINE BLANK
1F95 89 15 BK jLEAVE LINE BLANK
1794 78 l6 SEI ., SET INTERWT DISABLE
iF97 48 17, PR ;PUSH ACCUMILATOR ON STACK .

N
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1F98 8

1F99 48

1F9 98

1798 48

1F9C AD 94 IF
IF9F 85 FE
LFAL 4D 95 IF
" fad 8 5
LFAS AE 93 IF
1FA9 B0 88 CB
IFAC

IFAC A8 98
1FAE EA

1FAF EA

1789 EA

1FB1 £A

1FB2 80 88 C8
1FBS

IFB5 91 FE

iFB7 (8

iFB8 83 FD
1FBA C8 FF
IFBC 08 F4

1FBE 8D 88 Ca

I8

yi]

2

23

24

25

26

27

3

2

35

37

K}

40

TR
P
LDA $1F94

STA $FE

_LDA $1F95

STA $FF
LD $1F93

LDA $C888,X

LDY ¥$08
NCP
NOP
NOP
NOP

LDA $£888,X

STA ($FED,Y

INY

STA $FD
CPY ¥$FF
BNE $1FB2

LDA $C888,X

‘TRANSFER INDEX X TO ACCLMULATOR

{PUSH ACEIMILATOR IN STACK

TTRANSFER INDEX Y TO ACCLMULATOR

iPUSH ACCIHULATOR ON STACK

;LOAD ACCUMULATOR FROM [F94

{STORE ACCLMULATOR VALUE AT FE ON ZERD PAGE
:L0AD ACCUMULATOR FROM 1F95
{STORE'ACCUMULATOR VALUE AT FF [N ZERD PAGE
;LOAD INDEX X FRGH 1F93

fLOAD ACCUMUALATOR FROM THE LDCATION CHBBAUALUE IN X
{THIS TAKES A SPLE FROM THE A/D CONVERTER
(LOAD TNDEX Y WITH 88

;ND OPERATION (TIMING OF CYCLE)

jLOAD ACCUMULATOR FROM THE A/D

jA/D HUST BE SAMPLED TWICE T TURN IT ON FOR INPUT
jSTORE ACCUMULATOR AT LOCATION INDICATED BY VALUE AT
FEAVALUE IN.INDEX Y

; INCREMENT INDEX Y BY (NE

1STORE ACCLIHULATOR VALUE AT FD ON ZERD PAGE

jCOMPARE Y INDEX WITH THE VALUE FF

;BRANCH TO LOCATION IFB2 IF COMPARISON 1S NOT ZERD

;1 SAHPLE A/D AGAIN
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1FC1 91 FE 42 STA ($FE),Y ;STORE VALUE AT LOCATION VALUE SIVEN BY FEXY
IFC3 C8 43 INY ; INCRENENT Y AGAIN '
1FC4 EA 4 NP sTINING CONTROL
1FUS E4 FF 45 INC #FF 1 INCREMENT THE VALUE IN FF ON"ZERD PAGE BY ONE
1FE? 80 89 C9 4 LDASCBBD,X ;SAMPLE A/D AGAIN
" IFCA 91 FE° 47  STA ($FE),Y ;STORE VALUE AT LOCATION VALUE GIVEN BY FE+Y
IFCCC8 - 48 INY ‘ }INCREMENT Y AGAIN |
1FOD 45 FF 9 LAF 1L0OAD THE ACCIMULATOR FROM LOCATION FF (N 2ER0 PAGE
1FCF €9 94 WoOOP 96 CIMPARE ITH THE VALUE 96
1701 | 51  ;THIS IS THE YPPER MEMORY LIMIT FOR DATA
1FD1 D8 OF 52 BNESIFB2  ;IF THE RESULT IS NOT 2ERD 60 BACK TO 1FB2
5
1FD3 ¢8 53 PLA {PULL ACCUMULATOR FROM STACK ’
1FD4 A8 54 TAY s TRANSFER ACCUMULATOR TO Y INDEX
1FD5 48 S5 PLA iPULL ACCUMKLATOR FROM STACK ~
1FD6 4 56 TAX STRANSFER ACCUMULATOR TO X INDEX
1F07 68 S PA PULL ACCIMULATOR FROM STACK.
8 s g JCLEAR INTERUPT DISARLE

1FD? 48 9% RTS jRETURN FROH SUBROUTINE
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APPENDIX I
MACHINE LANGUAGE PROGRAM ~ MAXGR.

The source code for this program was assembled using the LISA 2.0 assembler-

by Program'nc;a International Inc.

8808 P ;PROGRAM WRITTEN BY E. SCOTT AMD 6. RAY
T ? 1982 -
8888 3 LT T T T P PP eaPPenero, .
4688 4 - ;THIS SUBROUTINE FINDS THE MAXIMM
8884 -5 ;VALUE OF THE SAMPLED DATA FROM THE
9588 $ 7 /D CONVERTER, STORES ITS WALLE
_ssas' ; -7 . AN ITS LOCATION IN ADDRESS
8388 ©og ;LOCATIONS 389-384
T 9 © . {LOCATION 365 1S THE STARTING
8888 : 18 ;ADDRESS OF THE SUBROUTINE
8988 i | PEHEEE IR R AR RO 3
8388 12 ORG 390 ;LOCATION OF ROUTINE START
5308 13 0BJ$B99  ;ASSEMBLER LOCATION UF'HEBJECT COOE
8308 69 14 BRK JLEAVE LINE BLANK
8381 98 15 BRK sLEAVE LINE BLAK

/ 1392 88 16 BRK . jLEAVE LINE BLANK
9383 88 17 BRK SLEAVE LINE BLANK
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8384 88
8395 38
B384 AS FD
8388
8388 ES FB
8384
8304
. B38A 8D 9363
BIBD AS FE
830F
838F £5 FC
8311
8311
8311 8 84 83
8314 AE 84 63
8317 A7 60
B39 8D 98 B3
Balc
| 831C DI FB
g
831E
831E B9 8D
8328
8328 A5 FC

8322

19

o]

21

23

24

26

z

2

3
"

3

A

L33

37

39

48

4

42

SEC |

LDA $FD

. SBC $FB.

STh $8383

LDA $FE

S8C $FL

STA $8384
LDX $8384
LDA #s88

STh $8388

0P ($F8),Y

BES $8320

LD $FC

" JLOCATION FC ON 2ERO PAGE

~
TLEAVE LINE BLANK

;SET CARRY FLAG

;L0AD THE ACCIMULATOR FROH.

+ ZERD. PAGE Lﬂcmiu‘q o)

1SUBTRACT VALUE AT ZERD PAGE

SLOCATION FB FROM ACCUMLATOR

WITH BORROW ]
;STORE ACCUMULATOR IN MEMORY LOCATION 9363
LOAD THE ACCUMIAATOR FROM

7ERD PAGE LOCATION FE

1SUBTRACT VALUE AT ZERD PAGE

SLOCATION FC FRE ACCLMULATIR

MITH BORROW .

JSTORE ACCUMULATOR IN MEMORY LOCATION 1384
;L0AD INDEX X FROM 8384

.L0AD ACCUMULATOR WITH 80

LSTORE ACCIMILATOR A7

(MEMORY LOCATIN 8398

;Emms ACCLILATOR WITH

{THE VALUE AT ZERD PAGE LOCATION FB

1+THE VALUE OF THE INDEX Y

-

;BRANCH ON CARRY.SET'TO
jLOCATION 8320

;L0AD THE ACCUMULATOR FROM



i

22 80 91 83
8325

8325 8C 88 43
§328

8328 BI FB
8324

8324

B3

8324 8D 82 83

8320

8320 88
832 D8 EC
8338

8338 E6 FC .
3332

8332

8332 Ca
8333 D4 E7
8335

8335 48

43

44

45

4

48

49

)

92

93

o4

3

big

&4

|

62

INC $FC

STA $4381

-STY $8388

LDA ($FB),¥
STA $8382

DEY

BNE $831C

DEX

BNE $831€

RTS

- tINCRENENT THE VALLE AT

8

1STORE ACCUMULATOR AT
jLOCATION 8381

iSTORE THE INDEX Y AT

sLOCATION 0399

jLOAD THE ACCIMULATOR

;FROM THE LOCATION GIVEN BY THE

" jVALUE AT ZERD.PAGE LOCATION FB+

jTHE VALUE OF THE INDEX Y
iSTORE THE ACCUMULATOR
;AT LOCATION 9392
jDECRENENT INDEX Y BY ONE
;BRANCH ON RESULT NOT

jZERD T0O LOCATION $831C

iMENDRY LOCATION FC ON ZERD PAGE
B ENE.

jDECREMENT INDEX X 8Y ONE
JBRANCH ON RESULT NOT

;2ERD TC LOCATIDN 831C

sRETURN FROM SUBRDUTINE



APPENDIX 1
MACHINE LANGUAGE PROGRAM — ADD7$345

The source code for this program was assembled using the LISA 2.0 assembler

by Programma International Inc.

3898 o PROGRAM WRITTEN BY G: RAY AND E. SCOTT
8888 2 11982
3868 , 3 R L N
8688 . 4 jTHIS SUBROUTINE DETERMINES THE SUM
8868 5 j0F ALL SAHMPLES TAKEN AND THE NUMBER
8888 6 ;0F SAMPLES WHEN IT 1S CALLED
8988 \ 7 ;LOBATIONS 348-344 ARE USED FOR DATA
8868 8 1STORAGE WHICH 1S CALLED FROM THE
8888 ? IMAIN PROGRAM
CELT) ) ' SLOCATION 345 15 THE STARTING
3858 . i JADDRESS OF THE SUBROUTINE
CELT] 12 ;llHHI!!!!!Hiii;ﬂiiiiiiig}iiHl
8348 13 ORG$348  ;LOCATION OF Rmmné START *
8348 o o8J so ;ASSEMBLER LOCATION OF OBJECT COOE
#348 09 5. . BRK | LEAVE LINE BLANK |
8341 89 .16 BRK SLEAVE LINE BLAWK
834289 . : 17 BRK ;LEAVE LINE BLANK
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8343 88
B344 89
8345 A9 89
§347 80 42 83
834

8347 80 43 83 23
834D

834D 8D 44 83
8358

8358 A8

8351

8351 38

8352 A5 yo
8354

8354

8354 £5 FB
#354

8356

8356 80 40 83
8359

8359 AS FE
8358

8358

8358 E5 FC

8330 «

18

28

21

24

25

26

27

28

N

31

3

M.

3

37

38

48

4}

74

BRK

BRK

LDA ¥508
STA 468342
STA 48343
STA $8344
TAY

SEL

LDA $FD

SBC ¢FB

STA #8348

_SBC $FC

S

'

+LEAVE LINE BLANK

[LEAVE LINE BLANK

;04D THE ACCLMULATOR WITH 90
;STORE THE ACCLMALATOR AT
;LOCATION 342

;STORE THE ACCUMULATOR AT
SLOCATION 343

{STORE THE ACCLMULATOR AT
LOCATION 344

TRANSFER THE ACCUMULATOR UALUE
0 INEXY

{SET CARRY FLAB

;L0AD THE ACCUHULATOR WITH

{THE VALUE N MEMORY LOCATION FD (N
;2ERD PAGE

{SUBTRACT THE VALLE IN MEMORY
LOCATION FB FROM THE ACCUMULATOR
WITH BORROW

JSTORE THE ACCIMULATOR

AT angiluu 838

1L0AD THE ACCIBULATOR WITH

+THE VALUE IN MEMORY LOCATION FE ON
;PAGE. ZERD

;SUBTRACT THE VALUE IN HEMORY

jLOCATION FC FROM THE ACCUMULATOR
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8350

935D 8D 41 93
8348

3360 AE 41 03
§343

8363 18"
8364 Bl FB
§364

8346

1346

8344 4D 42 83
8369

8349

8349 8D 42 63
B34C

§34C 99 89
§34E

934K EE 43 €3
8374

8371 D8 B4
#373

8373 EE 44 83
9376

8374 18

8377 88

5t

52

%

8

STA $8341

LOX 38381

ac

LDA ($FB),Y

ADT $9342

STA $8342

BCC $8377

INC 8343

BNE $8377

INC %8344

(e

170

JMITH BORRO

1STORE THEACCUMULATIR

AT LOCATION 9341 :

LOAD THE X INDEX WITH

THE VALUE AT LOCATION 8341

;CLEAR CARRY FLAG

sL0AD THE ACCUMULATOR

JWITH THE UALUE IN HEMORY LOCATION
iFB ON ZERD PAGE + THE VALUE IN

s INDEX ¥

ADD THE VALUE AT LOCATION

£8342 T0 THE WALUE IN THE ACCIMULATOR
MITH CARRY

SSTORE THE ACCUMULATOR

AT LOCATION 0342

BRANCH ON CARRY CLEAR TO
sLOCATION 8377

+INCRENENT THE VALUE AT

{LOCATION 8343 BY OE

{BRANCH -ON THE RESULT

NUT EQUAL TO ZERO TO LOCATION 8377
s INCREMENT THE VALUE AT

sLOCATION 8344 BY (NE

{CLEAR CARRY FLAB

jDECREMENT THE VARLUE IN THE ¥ .

1



8378

378 D4 EA
8374

8374 E6 FC
8372¢

837C

837C CA
8370

8370 FA 84
B37F

837F D8 E3
"§381

381 Ad 48
B383

#4383 D8 OF
8385

8385 48

s

7
71

12

74

76

It

78

81

82

BNE $8344

INC $FC

BEQ $8385

BNE 48354

LDY ¥s40

BNE $9364

RIS

i

1 INDEX BY ONE

jBRANCH ON THE EESU.T

sNOT EQUAL TO ZERO TO LOCATION 8344
;INCREMENT THE UALUE IN

HEMORY LOCATION FC ON ZERO PAGE
{BY INE

1 DECREMENT THE WLUE IN THE X
$INDEX BY INE

;BRANCH ON THE RESULT

" EQUAL TO ZERD TO LDCATION 8385

1BRANCH (N THE RESULT

:NOT EQUAL TO 2ERO TO LOCATION 8364 .
;L0AD THE Y [NDEX UITH

iTHE VALUE 48

{BRANCH ON THE RESULT

:NOT EQUAL TO ZERO TO LOCATION D364

jRETURN FROM SUBROUTINE TO MAIN PROGRAH

N
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APPENDIX I
WAVE CONFIGURATION PROGRAM

The following program identified by the name YBARADA” was used to select
;he starting point for saving the pressure pulse data points. It was also used calculate
a relative delay time for the first data point that was equal to or greater than
the average value of all data points sampled. This delay time was calulated using
linear interpolation. It was written in APPLESOFT BASIC for implementation on an

APPLE II+ computer which is a product of Apple Computer Inc.

100 TEXT : CALL - 934

110 PRINT “INSERT DISKETTE CONTAINING SOURCE DATA IN DRIVE 1"
120 REM BARADA.V3

130 INPUT “DESTINATION DRIVE FOR EDITED DATA ";DR

140 VTAB 10: HTAB 8: INPUT “PRESS RETURN WHEN READY™;WQ$

150 D$ = CHRS$ (&

160 DIM A%(279),B219,T(219)

170 PRINT : PRINT

180 PRINT "“THIS PROGRAM (BARADA.V3) RE"I'RIEVES FREQUENCY TEXT FILES AND
EDITS THEM TO POSITIVE WAVES”

190 PRINT

200 INPUT " REFERENCE F REQUENCY , NUMBER OF WAVES ";FRQ,NW

205 PRINT D$;"NOMON 1,07

J
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210 FOR K¥ = { TO.NW

220 WA = K

230 PRINT D$;"OPEN FREQ(";FRG;™)/";WA;",D1"
240 PRINT D$;"READ FREQ(";FRQ:™)/™:WA
250 INPUT PX: INPUT ZE: INPUT PN

260 INPUT PEAKMAX

270 INPUT MAXLOCAL

280 INPUT AVG

290 INPUT MINLOCAL

300 FOR J = 0 TO 279

310 INPUT A%(J)

320 NEXT J

330 PRINT D$;“CLOSE FREQC;FRQ;™)/*;WA

340 PRINT "PX ™FX;™ ZE ™IE;" PN ".PN

350 PRINT "MAZ ";PEAKMAX;™ MX "MAXLOCAL;™ AVG "AVG;™ MN "MINLOCAL

340 PRINT "w;wz(";m;“)"

300Z=ZE-1 |

380 ZE =02

390 GVA = AVG ' * -
400 HGR

440 HCOLOR 3

420 QR = AVG

430 FOR1=0TO 379

440 HPLOT 1,159 - A%(D / 2

450 NEXT |
46D FOR1=0TOQ 279 STEP 2

470 HPLOT 1,459 ~ AVG / 2
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&
480 NEXT I

490 FOR I = ZE TO 279

508 IF A%(I - 1) IS EQUAL TO OR IS GREATER THAN AVG AND A% IS LESS THAN
AVG THEN 72 = I - {: GOTO 520
510 72 = I. NEXT ! '
520 NC = (A%(ZE) - AVG) / (A%(ZE) - A%(E - 1))
530 VTAB 19: CALL - 958
540 PRINT aPRINT
550 PRINT "Y(™1E;™= ™A%ZE)" Y("IE - £;%)= "A%(IE ~ ;" AVG "AVG;" Y("ZE -
™= "A%(ZE - 2) |
540 PRINT “NC ";NC
570 PRINT "“I2= ™12
580 FL = 72 - ZE
590 FOR J = 0 TO FL
600 A%(J) = A%(J + ZE)
610 NEXT J .
. 620 TEXT |
630 ERINT D$;"OPEN WORK”;KW.™ D"-DR
640 PRINT D$;"DELETE WORK™KW
450 PRINT D$;"OPEN WORK™;KW
660 PRINT D$;"WRITE WORK™.KW
670 PRINT NC °
630 PRINT FL
-690 PRINT PEAKMAX
700 PRINT AVG
MODFORI=0TOFL - ~#

720 PRINT A%(D



.
730 NEXT I

740 PRINT D$;"CLOSE WORK™.KW

750 NEXT KW .

760 PRINT D$;"OPEN RPM™FRG;™,D1"
770 PRINT D$;"READ RPM™;FRQ

780 INPUT RP: INPUT FRG-

790 PRINT DS;“CL(:)SE RPM™.FRQ

80O PRINT D$;“OPEN WORK";K%“,D";DR
840 PRINT D$;"DELETE WORK™;Ku

815 PRINT D$;"OPEN WORK"XY

B20 PRINT Ds;“WEI"I'E wénx";xcw.

830 PRINT FRQ: PRINT RP

840 PRINT D$;"CLOSE WORK™.KW

850 PRINT “END OF PROCESSING”

855 PRINT D$;"FR#{"

860 PRINT KUW;" WORK FILES WERE CREATED"

865 FRINT “END OF BARADA.V3™: PRINT _D$;“P.R#0"

870 END

\
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APPENDIX 111
WAVE CONCATENATION PROGRAM

érhe following program identified by the nams “NICTO” was used to regrganize
the individual pressure pulse shapes into a si'ngle overlapping shape. This was done
by organizing the data against increasing time relative to a reference zero time.
That is, the starting pcﬁnt for saving the pressure pulse data points. Il did this
by using the relative delay time for the first data point that was e'qual to or greater
than the average value of all data points sampled. This delay‘time':'was calulated
using linear ini.erp_olation in the pr'e;rious program BARADA. It was writien in
APPL.ESOF'i' BASIC for implementation on an APPLE II+ computer which i5 a product
of Apple Compdter Inc. ‘ 7
100 REM PROGRAM NAME NICTO.V3: THIS PROGRAM TAKES INDIVIDUAL WAVE FI‘LES
110 REM AND RE-ORDERS TH.E DATA AGAINST INCREASING TIME
120 REM USING THE MACHINE LANGUAGE PROGRAM MERGI—.". TO ASSEMBLE,
13¢ REM AND MOVE THE DATA
140 HIMEM: 8192
150 D-S = CHRS (4 _
166 INPUT "WHAT IS THE BASE NAME OF THE FILE ™;NA$
170 INPUT “HOW MANY F ILES ARE THERE BY THAT NAME ™NO
115NO=NO-1
180 INPUT "DRIVE NUMBER FOR DATA ",DR

185 INPUT “NAME OF MERGED FILE ™GTs 178



190 DIM NC(NO),FL(NO)

200 DIM P(NO) ©

210 FOR1=1TO NO _

220 PRINT DS;“DPE;N ".NA$;L™,D".DR
230 PRINT D$;"READ ";NAs;l

© 240 INPUT NC(D

250 INPUT FI:.(I) _

260 INPU’I"‘PEAKM_A}{

270 INPUT AVG

280 PRINT D$;"CLOSE ";NAS$
290 NEXT 1 ;
300 PRINT Ds;“oésn ";N‘AS;I o
310 PRINT'D$;"READ ™NAs;I
320 INPUT FRG: INPUT RP
330 PRINT D$;"CLOSE "N As;]
340 MINNC = NC(%)

350 LEAST = FL(D)

360 FOR J = 1 TO NO

3I0FOR1=1TONO

380 IF NC() IS LESS THAN OR 1S EQUAL TO MINNC THEN MINNC = NCOXP(WY =1
hES .

390 NEXT 1

400 NC(P()) = NC(PWN ¥ 1000
410 MINNC = NC(O) s

420 NEXT J

430 FORI=4TONO

#0IF FL(M) IS LESS THAN LEAST THEN LEAST = FLO

450 NEXT I



ST

" ' 180
440 DIM Z(LE) . : 5
465 IF DR IS EQUAL TO'2 GOTO 480 '

470 INPUT “INSERT PROEGRAM DISK IN DRIVE i AND PRESS RETURN TO CONTINUE

A
W

480 PRINT D$;"BLOAD MERGE,D1”

485 IF DR IS EQUAL TO 2 GOTO 510

490 PRINT “INSERT DATA FILE DISKETTE IN DRIVE "DR
500 INPUT “PRESS RETURN TO CONTINUE ";@$
510 FOR Y = £ TO NO
520 PRINT D$;"OPEN ™;NA$;P(Y);",D";DR
530 PkINT D$;"READ ";NAS$;P(Y)
540 INPUT NG(T). .
550 FORU = { TO 3 '
560 INPUT WQ: NEXT U |
570 TOR H = 0 TO LEAST
580 INPUT Z(H): NEXT H
590 PRINT D$;"CLOSE ";NA$;P(Y)
400 FOR Q = § TO LEAST
610 POKE B192 + MOVE + JK,Z(Q)
620 JK = JK +1
430 NEXT Q
=4
440 JK = 0
650 MOVE = MOVE + 256
460 NEXT Y
470 POKE 748,32: POKE 749,32 +'NO - 1
480 POKE 253,00: POKE 254,32 + NO

69C POKE 808,LEAST + &



708 CALL 773

1DV A0

730 EGR I = 1 TO NO

0 PRINT D$;"OPEN ".GT$:

750 PRINT D$;"DELETE "GT$;I
760 PRINT D$;“OPEN "GTs;]

770 PRINT D$;"WRITE ™GT$;]
780 PRINT LEAST

90 FOR U = V TO LEAST + V
800 SW = PEEK (32 + NO) * 256 + U)
810 RZ = (SW - AVG) / (PEAKMAX - AVG)
820 PRINT RZ

830 NEXT U

B40 PRINT D$;"CLOSE ",GT$;]
850 V =V + LEAST + ¢

B0 NEXT I

870 PRINT D$;"OPEN ™GTS;]

880 PRINT D$;"DELETE "GTS:l
890 FRINT D$;"OPEN ™GTs;l

900 PRINT D$;WRITE ndrs
910 FOR J = 1 TO NO

920 PRINT NC()

930 NEXT J

940 PRINT FRQ: PRINT RP

950 PRINT D$;"CLOSE ™GTS$;]
940 PRINT " END OF NICTO.V3 "

970 PRINT D$;"PR#1{”

i84



980 PRINT “THE LAST FILE NAME WAS ™;GT$;l

990 FRINT D$;"PR#0™: END



- . APPENDIX 1l
' MACHINE LANGUAGE PROGRAM — MERGE

I

The source code for this pfogram was assembled using the LISA 2.0 assembler

~ -

.by Programma International Inc,

8888 - IR {PROGRAY VRITTEN BY E. SCOTT AND 6. RAT’ .
8898 o2 11982
888, 3 ;HHHHHHH**!H!!!;ii!i}i!!lH e 7
980 ’ ' " {THIS SUBROTINE RECRDERS DATA AGAINST
beBs _ 5 j# SPECIFIED INCREASING UALLE i
8889 s {EAGH DATA SET OCCLPIES AT THE MOST s
8388 7 SONE PAGE OF MEMORY |
(E1) 8 {THESE UALUES ARE SEQUENTIALY - ~
8888 g TRANSFERED TO A HIGHER PAGE IN
8888 18 JHEHORY TR THE LAST USED DATA PABE
8898 il {NEMORY LOCATIONS 8388 D 381 ARE
$898 12 ;USED FORM INFORMATIIN TRANSFER ’
4888 13 {THE SUBROUTINE STARTS AT LOCATION
8888 14 19385 )
gaaé 15 PHEHHH R RN ‘ _ -
8384 14 ORG 9380 ;LOCATION OF ROUTINE START .
8388 ' 17 0BJ$9888  ;ASSEMBLER LCCATION OF OBJECT CODE
183



o

8380 08
8381 89
3302 88
8383 09
3384 89
8385 A9 89
8387 A8
3398

8388 A
B389

§389 85 FB
8398

§38B AD 88 63
838

430E

B30E

B3BE 85 FC
318

8350 B! FB
8312

8312

Btz

8312 81 FD
834

8314

21

23
24
5

2

7

28

29.

3t

Kk}

» -

37

48
4]

42

",
v

L4

sLEAVE LINE BLANK
LBAVE AINE BLANK
RN

~_ jLEAVE LINE BLANK

M

s )
LEAVETINE BLANK

g2 2 2 %

BRK* jLEAVE LINE BLANK

LDA %588 ';L0AD THE ACCLMULATOR WITH 89

TAY ;TRANSFER THE ACCUMULATOR TO
THE Y INDEX

Tax ;TRANSFER THE ACCUMULATOR TO
sTHE X INDEX

STA $FB ;STORE THE ACEIMULATOR IN
jHEMORY LOCATION FB ON ZERD PAGE
LDA $8388 ;LOAD THE ACCUMULATOR FROM
jHEMORY LOCATION 8388
j INFORMATI ON' TRANSFER J~;R0‘1 MAIN

;PROGRAM

CSTASED . ;STORE THE ACCLMULATOR IN

v

NEMORY LOCATION FC O ZERO PAGE
LDA (5FB),Y L0AD THE ACCUMLATOR
il THE UL AT HEYORY LomATION
178 ON ZERD PAGE + THE WALUE IN Y

. 1 INDEX

CSTA ($FD,X)  ;STORE THE ACCLMULATOR

. AT MEMORY LOCATION FD + X INDEX ON

;ZERD PAGE

184



8314 E4 FD
Bafs |
8314 08 82
B318

8318 E6 FE
B31A

8314 E§ FC
§31C
B31C A5 FC
B31E

§31E CD 81 83
8321

B32t 98 ED
9323 F EB
8325

8325 (8

3324 98

8327 co 8 *
8329 F§ 88
8328 AD 88 93
832 85 FC
iaaaa

3338 4C 18 93

8333 48

46

47

48

49

St
R}
52
53

34

)

' 59

INC $FD

BNE $831A

INC $FE

INC $FC

LD $FC

CHP %8381

BCC #8318

BED 8318

INY

TYA

CHP K40
BEG 48333

LDA $3398

STA $FC

JHP $8318

RTS

185

;INCREHENT THE VALUE STORED

AT MEHORY LOCATION FD 8Y ONE
;BRANCH ON RESULT NOT ZERD

70 LOCATION 9314

; INCREMENT THE VALUE STORED

;AT HENORY LOCATIN FE BY OME
{INCRENENT THE VeLUE STORED®

+AT MEMORY LOCATION FC BY ONE

- ;LOAD THE ACCIMILATOR FROM

{MENORY LOCATION £C ON ZERD PAGE
1COMPARE WITH THE WLLE AT

jLOCATION 6361

;swculm CARRY CLEAR TO LOCATION 8318 °

sBRANCH ON RESULT EOUAL

;70 ZERO TO LOCATION 8318

s INCREMENT Y INDEX BY ONE

;TRANSFER Y INDEX TD ACCUMULATOR

;COMPARE WITH THE VALUE 88

jBRANCH ON RESULT EGUAL TO ZERO TO LOCATION 8333
;L0AD THE ACCLMULATOR FROM MEMORY LOCATION 9398
;STORE THE ACCUMULATOR AT

sMEMORY LUl?ATI(N FC ON ZERC PAGE -

;JUMP TO LOCATION 8318

fRETURN FROM SUBROUTINE TO MAIN PROGRAM
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WAVE CORRELATION PROGRAM
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APFENDIX IV
- WAVE CORRELATION PROGRAM

:I'_he following program identified by the name "BARANGAI1" is the first part .
of a 'two-—part program which w:as used to calculate the values of pseudo frequency,
distortio'n-coefficient and cpti(‘:nally, ‘t.lée rjelat.ivé_p’eak écoustic pressure f:y
mini.mizing the squargd error between the model and the data. The pf_c'wgram has been

.provided with the capability of doing a faster correlation on a small- number of
data points. This was included -so that it could‘ yield a set of initial values of the
—_ ;fariables to be iterated, This program reads in t.he.ccmcat.enated data from the
previous pr‘og.r‘am “NICTO".-IF'there is more data than memory space available, the
pro'gl_"amAsw;itches to a randou‘{ discard routine after delermining the fraction of
dat.a. to-be discarded. This was dcme_ to ensure that samples would be taken from
all pnrtio;15 of t.-h.af. wave, It was written in APPLESOFT BASIC for implementation ’
cn an APi’LE 11+ computer which is a product-. oi“Apple Computer Inc. Additinnally,'
the program was s.et. up fnf'*cumpilat.i.on using TASC {The AppleSoft Compiler} which

&

is a product of Microsoft Inc.

1000 REM UNTEGER MdJ,KJ, KW, WN,DR,J,N,1J,K,P,1X,M,CM,PZ,BPF,T1,A3,BA,11,A8,A9

1010 REM IDEFCOMMON MJ,KJ,Kw,wN,bn,J,N,IJ,K,P,IX,M,C@PZ,EP,%1,A3,EA,11,A9,A9

£020 REM 'DEFCOMMON T(2500),WE(2500) '

.1030 REM 'DEFCOMMON N$,Z0,HO,UPQ,ER,FRQ,RP,A5 - .

1040 D$ = CHR$ (4): PRINT D$;"MON C™: VTAB PEEK (37): CALL - B&B:PI = ATN (4.0)

-"n.-—-"j

187 ‘



188
» V0= 5P - 0:A8 = 0 .
1050 PRINT “DO YOU WANT SUPERFAST BARANGA, ¥ / N 7 ™;: GET YNs: PRINT YNs:
IF NOT (YN$ IS EQUAL TO “N” OR YNS$ IS EQUAL TO “¥™ GOTO 1050
1060 IF YN$ IS EQUAL 70 “N" GOTO 1060 ]
1070 BP = PEEX (78) + 128 # PEEK (79): IF BP IS EQUAL TO 0 THEN BP = 1
1080 PRINT “TYPE: {, INVOLVES FREG, DIST AND PRESS™: PRINT “TYPE: 2. INVOLVES
™~

1090 PRINT “PROGRA'M‘BARANGA, TYPE 1 OR 2 ? ™;: GET BA: PRINT BA: IF NOT (BA

[}

" FREQ. AND DIST,”

IS EQUAL TO i OR BA'IS EQUAL TQ 2) THEN FRINT “INVALID KEYSTROKE™ GOTO
1090 ' '

1100 INFUT “INITIAL Z-VALUE ™20

1110 INPUT “INITIAL H-VALUE ™HO

1120 IF BA 1S EQUAL TO 2 THEN UPO = {: GOTO 1140 - o :

1130 INPUT “INITIAL P-VALUE ",UF0 '

1140 INPUT “ERROR VALUE "ER

1150 INPUT “BASE NAME OF DATA FILES "N

1160 INPUT “NUMBER OF FILES BY THAT NAME ™1J

1170 DIM thsuo),chzsho),Ncum

1180 PRINT “DRIVE NUMBER FOR DATA ™;: GET R$: PRINT R$:DR = VAL (R$)

1490 IF DR EQUALS { THEN RRINT “PLACE DATA DISKETTE IN DRIVE 1 AND PRESS
ANY KEY TO CONTINUE "; GET R$: PRINT

1200 WN = 1J - 1

1210 PRINT D$;"OPEN ";N$;lJ;",D":DR

1220 PRINT D$;"READ ";N$;1J

1230 FOR K = § TO WN: INPUT NC(0: NEXT K

240 INPUT FRG-INPUT RP: PRINT D$;"CLOSE "N$1J

I e
1280 IX=-1MJ=4KJ =0



1260 FOR XW = 1 TO WN

270 18= - 1

1260 PRINT D$;"OPEN ™;N$;KW

1290 PRINT D$;"READ ™;N$;K

1300 INPUT N

1340 IF IX IS EQUAL TO OR GREATER THAN 0 THEN 1350

1320 IF BP IS GREATER THAN 0 THEN A% =1 - 400 / (UN + (N 3 ): GOSUB 1590
1330 IF BP IS GREATER THAN 9 GOTO 1350

" 1240 GOSUE 1860 )
1350 FOR1=0TO N

1360 AB = LIX = IK + 4
1370 INPUT WEQX)

1380 I = I{ + L,TAX) = (NC(MJ) + KD # 19.55E - 06

1390 IF MJ IS EQUAL TO WN THEN KJ = KJ + 1

'1400 IF MJ 1S EQUAL TO WN THEN MJ = 0 v

1410 MJ = MJ + ¢

1420 IF BP IS EQUAL TO 0 GOTO 1480

1430 A3=IX -TL + 14

1440 IF A3 IS LESS THAN 0 THEN A3 = PEEK (19) + 128 PEEK (79)
1450 IF RND (A3 IS GREATER THAN A4 GOTO 1480

1460 IF 14 IS EQUAL TO N GOTO 1480
1470 GOTO 1370

1480 IF IX 1S EQUAL TO 2500 GOTO 456 .
1490 IF 11 IS EQUAL TO N G_O'rb 1540
1500 NEXT |

1510 PRINT D$;"CLOSE "N$;KW

1520 A4 = A4+ A5 -UN-D/N)

i89



190
1§30 IF IX IS EQUAL TO 2500 GOTO 550
4540 A9 = KU: NEXT K
1550 GOTO 1420
1540 IF WN % 0N + 1) - 2501 IS EQUAL TO IS LESS THAN 0 THEN RETURN
1570 BP = INT (N + % UN / (438025 » N % ¥ + © - 2504
1580 A4 = (UN * (' + 1) - 2500) / (WN * (N + 1)
1590 A5 = A4 |
1600 T4 = INT ( RND (BF) % WN + 05) o, ,
1610 RETURN )
£420 REM ICLEAR CHAIN
163 PRINT CHRS$ (4),"BRUNBARANGAZ2.08.,D4" .
REMARK: BARANGA! ENDS HERE WITH THE PROGRAM NOW CALLING FOR THE
CORRELATION SECTION, WHICH IS PART 2.
REMARK: BARANGA2 STARTS HERE
1640 REM INTEGER MJ,KJ, X0, UN, DR, J,N 1 K,P,IX,M,CM,PZ,BP, T4, A3,BA,I1,46,A5
1650 REM WSECOMMON M, K0, KW, WN,DR,J,N,1J,K,P,IX,M,CM,PZ,BP, T4, A3,BA, 11, A8, A9
1640 REM 1USECOMMON T(2500),WE(2500) ' '
1670 REM 'USECOMMON N$,10,HO,UP0,ER,FRQ,RP, A5
1680 D$ = CHR$ (4): PRINT D$;"MON C™: VTAB PEEK (37): CALL - 868:P1 ¥ ATN (1.0)
®4 _
1690 PRINT “IS PRINTER AVAILABLE? "; GET YNs: PRINT YN$: IF NOT (YNs IS EQUAL
TO “N" OR YN$ IS EQUAL TO ™Y™ GOTO 1690
1700 DIM T(2500),WE(2500),A1Y(33),A27(33), TMP(24), TNP22)
1710 A% = N = ABAS = A9 % (N + 1) - A4CRS = “DATA™:AZ = 0
£720 A4 = CINT (1000 * (1 - A4 / QN O + D) + 0.5 / 10)
1730 A5 = ( INT (A5 154_0».%9 = WUN # (N + 1): GOSUB 2540

1740 ASYW) = LA2Y() = 1



1750 FOR I = 2 TO 33:A2Y(D) = A2Y(1 ~ 1) # LALY(D = A2Y( - : NEXT | _

1760 FOR N = £ TO 20:AA = N # ZO / 2FUNC = 0

1770 FOR N = 1 TO 24:AA = N * ZO / 2:FUNC = 0
{71B0FORM=1TO 34 -NP=M-£CM=P+N

1790 TATAL = (AA + N / ALY} % (AA'T B) % (AA 1 B / AZYCH)

1800 PZ = INT (P / 2:PZ = PZ # 2: IF PZ IS NOT EQUAL TO P THEN TOTAL = - TOTAL
1810 FUNC = FUNC + TOTAL: NEXT M:TMP(N) = FUNC: NEXT N

1820 FOR N = 2 TO 22:64= (N - §) ¥ 20 / 2FUNC = 0

1830 FORM={TO3M4 -NP=M-{CM=P+N

1840 TOTAL = (AA 1 N / ALY(M) * (AA © P) % (AA T P / AZY(CMY
1850 PZ = INT (P / 2:PZ = PZ + 2: If PZ IS NOT EQUAL TO P THEN TOTAL = - TOTAL
1860 FUNC = FUNC + TOTAL: NEXT M:TNP() = FUNC: NEXT N

1870 IF 20 IS GREATER THAN { THEN20=2-20

1880 IF ZQ IS LESS THAN 0 THEN 10 = - 20

1890 F1 = 0:F2 = 0.F3 = O:F4 = 0:F5 = 0:F6 = 0:F7 = 0:F8 = 0:F9 = 0

1900 XS = 0:YS = 0:XY = 0:5X = 0:SY = 0:FV = 0 r

1910 PH = PEEK (34).PC = PEEK (3D

{920 FORJ =0 TO IX

1930 VTAB 2: HTAB 30: PRINT J;™/™IX

1940 CNST = 0:ZPRIME = 0:HPRIME = 007 = ZO

1950 FOR N = 1 TO 24

1960 IF OZ 1S EQUAL TO 0 AND N IS EQUAL TO 1 THEN TMP(N) = £:70 = 2

1970 IF OZ IS EQUAL TO 0 AND N IS GREATER THAN i THEN TMP(N) = 0:70 = 1
1980 IF OZ IS EQUAL TO 0 THEN TNEN + ) = 0

1990 CNST = CNST + TMP(N) * SIN (N % 2 % PI # HO * T(J» / (K # ZO)

2000 IF A3 1S EQUAL TO 1 THEN NEXT N

2040 IF A3 IS EQUAL TO 1 THEN WE(J) = CNST # 2 + UP0: GOTO 2120
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2020 ZPRIME = IPRIME + SIN (N # 2 # PI # HO * T(J) ¥ (N - 1) / "% (TMP(D)
/ @0+ 2) - TNPM + ) / 70) |
2030 HPRIME = HPRIME + T(J) + TMP(Y) % COS (2 # P1 % HO + T() / 20
2040 NEXT N o : . o
2050 CNST = CNST £2:ZPRIME = ZPRIME * 2HPRIME = HPRIME * 4 # PI
2060 YS = YS + CNST * UPO:XS = XS + VEWXY = XY + WEW) * CNST * UP0:SY =
5X + WEW) % WE)SY = SY + CNST % CNST * UF0 # UP0
2070 DF = UPG # CNST - WE)FYV = FV + DF # DF
2080 F4 = F{ + DF % ZPRIME / UPG:F2 = F2 + ZPRIME # ZPRINE
2090 F3 = F3 + ZPRIME + HPRIME:F4 = F4 + DF  HPRIME / UP0
2400 F5 = F5 + HPRIME * HPRIMEF6 = Fé +.ZPRIME %CNST / UFD
2410 F7 = F7 + HPRIME # CNST / UPG:FB = F§ + CNST CNST / (UPO 5 UPD)F9 =
F9 + DF % CNST / (UPD ¥ UPO) |
2120 VTAB 2: HTAB 30: CALL - 868: NEXT J: POKE 3¢,PH: POKE 37,PC: CALL - 922
2130 IF A3 IS EQUAL TO 1 GOTO 2540
2140 DET = F2 % (F5 # F8 - F7 # F7) - F3 % (F3 % F8 - F6 % F7) + F6 % (F3 # F7

-F65%FH

2450 22 = - (F4 # (F5 # FB - F? # FD - F4 » (F3 #+ FB8 - F6 # F1) + F9 # (F3 # F7

-F&# FB) /DET :

2460 H2 = - (F2 # (F4 # F8 - F7 *_F?)\- Fi # (F3 # FB =~ F6 + FD + F& # (F3 = F9

- T4 # F4) / DET

’

2170 I[F BA 15 EQUAL TO 2 GOTO 2190
2180U2='-(F2i(1’5*'}"9—.}'4*?7);}"3*(F3*F9-F6*F4)+F1*(F3*F?
-F5 % Fa) / DET

290 VAR=FV/1QX + 1)

2200 PRINT ™ 72 = ™12: PRINT ™ H2 = ";H2: IF BA IS EQUAL TO { THEN PRINT *

U2 ="U2
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2240 PRINT ™ VAR = ",VAR
2220 CALL - 922

2230 PRINT “Z(NEW)= ™I0 + Z2: PRINT “H(I;EWJ= ™HO + H2: IF BA IS EQUAL TO
THEN PRINT “P(NEW)= ™;UF0 + U2

‘340 IF VAR IS GREATER THAN V0 GOTO 2340

2250 VO = VAR + 0.05 * ( ABS (V0 - VAR)

2260 IF BA IS EQUAL TO 2 GOTO 2280

2270 IF ABS (U2 / UPD) IS GREATER THAN ER GOTO 2320
2280 IF ABS (Z2) IS LESS THAN .0005 GOTO 2300

© 2290 IF ABS (Z2 / ZO) IS GREATER THAN ER GOTO 2320
2300 IF ABS (H2 / KO) IS GREATER THAN ER GOTO 2320
2310 GOTO 2370

2320 HO = HO + H2:Z0 = 20 + Z2: IF BA IS EQUAL TO { THEN UPG = UPD + U2

2330 GOTO 1740

2340 IF YN$ IS EQUAL TO “Y” THEN PRINT D$;"PR#4"

- 2350 PRINT R/UN ENDED ON VARIANCE DEFAULT”

2340 PRINT ™ CHECK STARTING PARAMETERS FOR CAVUSE OF DIVERGENCE "

2370 NP = IX + 1:51 = NP # SX - XS # X5:52 = NP # SY - ¥S # YS:53 = NP # X¥
~ XS # YS:CR =53 / SQR (51 # 52)

-

2380 HOME .
J )
2390 JF YN$ IS EQUAL TO “Y” THEN PRINT D$;"PR#1"™: CALL - 922: GOTO 2420
2400 FRINT D$;"CPEN RESULTS ";N$;",D™,DR: PRINT D$;"DELETE RESULTS NS
24410 PRINT D$;“OPEN RESUL.TS ™N$: PRINT D$;"WRITE RESULTS ™;N$
2420 PRINT ™ RESULTS QF ™;N$;™, ™;WN;™ FILES™: PRINT ™ ENGINE TEST.-SPEED =
".FRG
-~

2430 PIRJNT " COMPUTER ESTIMATED SPEED = ™;RP: IF BP IS GREATER THAN 0 THEN

PRINT ™ PERCENT RANDOM DELETIONS = ™AL s
. »
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2440 IF BP IS GREATER THAN.O THEN PRINT ™ PERCENT DATA NOT SAMPLED = ™;A4
2450 IF BP IS GREATER TEAN'0 THEN PRINT ™ DATA POINTS AVAILABLE = ™A%

2460 PRINT ™ CORRELATION COETFICIENT = 7;,CR: PRINT = VARIANCE ='";VAR
2478 PRINT ™ DISTORTICN COE-}"FICIENT = ™10: PRINT ™ PSEUDO FREQUENCY = ™HC
2480 IF BA IS EQUAL TO 1 THEN PRINT ™ AVERAGE PEAK PRESSURE = ™;UPD

2490 PRINT “VI;IUMBER OF DATA POIN.TS = ";l:IP

2500 IF YN$ IS EQUAL TO "N™ THEN PRINT “END”

2510 IF YN$ IS EQUF:L TO "N™ THEN PRINT D$;"CLOSE RESULTS ";N$: CALL - 922

2520 [F YN$ IS EQUAL TO ©Y” THEN PRINT D$;"PR#1": CALL - 922 |

2530 IF A3 IS NOT EQUAL TO i THEN A3 = 1: GOTO 1740
2540 CR$ = ".CURVE™: GOSUB 2570: GOSUB 2400: REM ICLEAR COMIV!ON
2550 PRINT "PROGRAMME DISKETTE READY IN DRIVE 1?™: GET R$: PRINT R$: FRINT
CHRS (4);“BRUNBARE&NGAi.DBJ,Di”
256D PRINT.“DATA DISK READY, DRIVE 1 ? ™ GET R$: PRINT R$
2570 PRINT D$;"CFEN CORREL™CR$;™,D1": PRINT D$;"DELETE CORREL";CR$ -
2580 PRINT D$;"QFEN CORREL";CI?S: PRINT D$;"WRITE CORREL";,CR$
2590 P = IX + 4: PRINT P: PRINT F: FCR'I = 0 TO IX: PRINT T(I): NEXT :FOR I =
0 TO IX: PRINT WE(): NEXT : PRINT D$;"CLOSE CORREL™;,CR$: RETURN
. 2600 PRINT D$;"OPEN";N$: PRINT D$;"DELETE";N$: PRINT D$;"OPENT;N$: PRINT

D$;"WRITE™;N$: PRINT N$: PRINT D$;"CLOSE";N$: RETURN -



APPENDIX V
SAMPLE RESULTS FROM THE CORRELATION PROGRAMME
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APPENDIX V
SAMPLE RESULTS FROM THE CORRELATION PROGRAMME

1. RESULTS OF FILE 1

RESULTS OF TEST RUN NUMBER 3, 13 FILES

ENGINE TEST SPEED NS = 2000 RPM

COMPUTER ESTIMATED SPEED . = 1995 le‘M
CORRELATION COE}'}'ICIENT : = 0.986
VARIANCE - : = 2.436E-03l
DISTORTION COEFFICIENT = 0.206
PSEUDO FREQUENCY = 149.1 Hz
DIMENSIONLESS AVERAGE PEAK PRESSURE = 0.899
NUMBER OF DATA POINTS o = 2314

2, RESULTS OF FILE 2

RESULTS OF TEST RUN NUMBER 4, 11 FILES

. ENGINE TEST SPEED = 2000 RPM
COMPUTER EST]MA'i‘ED SPEED = 1995 RPM
CORRELATION COEFFICIENT = (L984
VARIANCE = 2.385E-03
DISTORTION COEFFICIENT = 0.205
PSEUDO FREQUENCY = {50.0 Hz
DIMENSIONLESS AVERAGE PEAK PRESSURE =0.888

NUMBER OF DATA POINTS = 1934
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3. .RESULTS OF FILE 3

RESULTS OF TEST RUN NUMBER 5, {1 FILES
ENGINE TEST SPEED .
CDMPI;TER ESTIMATED SPEED
CORRELATION COEFFICIENT
VARIANCE

' DISTORTION COEFFICIENT
PSEUDO FREQUENCY
DIMENSIONLESS AVERAGE PEAK PRESSURE

-NUMBER OF DATA POINTS

4 RESULTS OF FILE 4

RESULTS OF TEST RUN NUMBER &, 13 FILES
ENGINE TEST SPEED .

COMPUTER ESTIMATED SPEED
CORRELATION COEFFIC‘I’E‘NK
VARIANCE

DISTDR;TIDN COEFFICIENT

PSEUDO FREQUENCY

DIMENSIONLESS AVERAGE PEAK PRESSURE

NUMBER OF DATA POINTS jCk ’

= 2000 RPuM
= 1990 RPM
=0.985
= 2.687E-03
= 0,202

.= 149.2 Hz
= 0,882 .

= 1980

= 2000 RPM
= 1992 RPM
=0.984

-

= 2.938E-03
= 0206

= 148.3 Hz

= 0897

= 2340
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5. RESULTS OF FILE 5

RESULTS OF TEST RUN NUMBER 7, 15 FILES
ENGINE TEST SPEED |
COMPUTER ESTIMATED SPEED
CORRELATION COEFFICIENT

VARIANCE B

DISTORTION COEFFICIENT

PSEUDO FREQUENCY:

DIMENSIONLESS AVERAGE PEAK PRESSURE

 NUMBER OF DATA POINTS

4. RESULTS OF FILE &

RESULTS OF TEST RUN NUMBER 8, 15 FILES
ENGINE TEST SPEED

COMPUTER ESTIMATED SPEED
CORRELATION COEFFICIENT

VARIANCE

DISTORTION COEFFICIENT

'PSEUDO FREQUENCY

DIMENSIONLESS AVERAGE PEAK PRESSURE

NUMBER OF DATA POINTS

= 2250 RPM

= 2282 RPM

= 0.984

= 2.193E-03

" = 0498

.= 1690 Hz

= (.852

= 2340

= 2250 RPM

= 2210 RPM

= D.985

= 2.788E-03

=0.233

= 165.1 Hz

= 0.877

= 2475

i

]
wy
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1. RESULTS OF FILE 7

RESULTS OF TEST RUN NUMBER 9, 15‘FIL.ES
ENGINE TEST SPEED

COMPUTER ESTIMATED GPEED
CORRELATION COEFTFICIENT

VARIANCE

DISTORTION COEFFICIENT

PSEUDO FREQUENCY

DIMENSIONLESS AVERAGE PEAK PRESSURE

'NUMBER OF DATA POINTS

8. RESULTS OF FILE 8

RESULTS OF TEST RUN NUMBéR 10, 16 FILES
ENGINE TEST SPEED

COMPUTER ESTIMATED SPEED
CORRELATION COEFFICIENT

VARIANCE

DISTORTICN COEFFICIENT

PSEVDO FREQUENCY

DIMENSIONLESS AVERAGE PEAK PRESSURE

NUMBER OF DATA POINTS

= 2250 RPM
= 2306 RPM
= 0,994

= L.592E-03
= 0,272

= 1646,5 Hz
= 0.904

= 2370

= 2510 RFM

" = 2514 RPM

= {.990

= 1.775E-03
= 0495

= {B4,0 Hz
= 0.899

= 2320
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9. RESULTS OF FILE ?

RESULTS OF TEST RUN NUMBER i1, 17 FILES
ENGINE TEST SPEED |

COMPUTER ESTIMATED SPEED
CORR_FLATION COEFI‘ICIENT

VARIANCE '

DISTORTION COEFFICIENT

PSEUDO FREQUENCY

DIMENSIONLESS AVERAGE PEAK PRESSURE

NUMBER OF DATA POINTS

ib. RESULTS OF FILE 10

RESULTS OF TEST RUN NUMBER 12, 17 FILES
ENGINE TEST SPEED

COMPUTER ESTIMATED SPEED
CORRELATION COEFFICIENT

VARIANCE ‘ 1

pISTORTIDN COEFTICIENT

" - PSEUD® FREQUENCY

DIMENSIONLESS AVERAGE PEAX PRESSURE

NUMBER OF DATA POINTS

= 2510‘ RPM
= 2530 RPM
= 0.990
= 1,608E-03
= 0.162
= 1851 Hz |
=0.984

= 2414

= 2730 RPM
= 2761 RPM

= 0,994

= 9.581E-04 |

= 0,297
= 1835 Hz
= 0927

= 2346
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1f, RESULTS OF FILE i4

RESULTS OF TEST RUN NUMBER 13, 19 FILES
ENGINE TEST SPEED

COMPUTER ESTIMATED SPEED

PERCENT RANDOM DELETIONS

PERCENT DATA NOT SAMPLED

DATA POINTS AVAILABLE

CORRELATION COEFFICIENT

VARIANCE .

DISTORTION COEFFICIENT

PSEUDO FREQUENCY

DIMENSIONLESS AVERAGE PEAK PRESSURE

NUMBER OF DATA POINTS

2. RESULTS OF FILE {2

RESULTS OF TEST RUN NUMBER 14, 26 FILES
ENGINE TEST SPEED

COMPUTER ESTIMATED SPEED'

PERCENT RANDOM DELETIONS

PERCENT DATA NOT SAMPLED

DATA POINTS AVAILABLE

CORRELATION COEFFICIENT

VARIANCE

DISTORTION COEFFICIENT

PSEUDC FREQUENCY

DIMENSIONLESS AVERAGE PEAK PRESSURE

NUMBER OF DATA POINTS

201

= 29BU'RPM

=.2937 RPM

=28 ,

; 0.4

= 2546

= (3,992

= 1.395E-03 ‘

= 0.326'

=195,5 Hz : -
= 0.8%4

= 2500

= 4020 RPM

= 410‘1 RPM

= 38.7

=52

= 3276

= 0.990

= L737E-03
Yoo = 0314

= 212.4 Hz

= .84

= 2501



13.- RESULTS OF FILE 13

RESULTS OF TEST RUN NUMBER 4, 29 FILES
ENGINE TEST SPEED .
COMPUTER ESTIMATED SPEED
PERCENT RANDOM DELETIONS
PERCENT DATA NOT SAMPLED
DATA POINTS AVAILABLE
'CORRELATION COEFFICIENT .
VARIANCE |
DISTORTION COEFFICIENT

PSEUDO FREQUENCY _
DIMENSIONLESS AVERAGE PEAK PRESSURE

NUMBER OF DATA POINTS

14, RESULTS OF FILE 14

RESULTS CF TEST RUN NUMBER 2, 33 FILES
ENGINE TEST SPEED ,.E
COMPUTER ESTIMATED SPEED' .
PERCENT RANDOM DELETIONS
PERCENT bATA NOT SAMPLED
DATA POIﬁTS AVAILABLE
CORRELATION COEFFICIENT
VARIANCE

DISTdRTIdl‘i COEFFICIENT
PSEUDO FREQUENCY .
'DIMENSIONLESS AVERAGE PEAK PRESSURE

NUMBER OF DATA FOINTS

—

>

= 4250 RFM
"= 4334 RPM
= 49

= 4.7

= 3567

= 0,988

= 2.5485E~03
#0,382

- 2164 Hz

= 0.854

= 2501

. "= 4740 RPM

= 4796 RPM
= 61,2

= 44

= 3993

= 0,988

= 1,.942E-03
= 0.425

= 2467 Hz

= 0877

= 2501
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APPENDIX VI
"RESULTS OF ENGINE TESTING

The results of the engine testing are presented in Tables 1, 2,3, 4 5 and

6. The data presen.t,ed was processed, reordered against increasing engine speed and

is presented in Table 7. The ambient sound pressure levels measured inside the erzlgine
room and the engine room wall transmission loss measurements have been presented
[in Tables § and § respectively. The digitally sampled pressure values have been
presented in Table 10, The minimum divisions on all measuring scales used during the

engine testing are as follows:

1. Scale on angular position of tilting bank manometer: 1°
(00349 radians)

2. Measuring sca-I',é of tilting bank manometer: 0.1 inches. The
measurements are presented in columns two and Lthree,
titled SL. MANOMETER, of Tables 1, through é,

3. The minimum divisign of the vertical manometer was: 0.4
inches, The measurements are presented in columns six

and seven, titled V. MANOMETER, of Tables i, thr:ough
é

4. The minimum division on Lhe potenticmeter connected to

the thermocouples was: 0.0 millivoits.

5 The minimum detectible engine speed variation, using the

digital tachometer, was: 5 rpm.
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TABLE 8. AMBIENT SOUND PRESSURE LEVELS MEAEURED

INSIDE TEE-ENGINE.RCOM _ ' v

FREQUENCY S-OUND PRESSURE LEVEL

Hertz . dB re. 20 yPa,

20 58

25 _ 50

32 , 49

i 40 44
50 51

43 48

80 4

100 37

125 42

160 . 41

200 . 34

250 30

315 34

400 28

i 500 27
430 20

800 . 22

iooo 22
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TABLE 9. ENGINE ROOM WALL TRANS MISSION LOSS

FREQUENCY

Hertz
100
100
150
150
200
200
200
280
250
300
300
315
350
400
400
400
500
500
500
&00
700
BOD

- 800
1000
1000
1250
1250
1400
2000
2500
3150

v

a
SOUND PRESSURE LEVEL
dB re/Z0 pPa.

20.0
24.0
22.0
23.5
25.0
21.0
23.5
320
24,0
27.0
26.5
28.5
29.0-
- 35,0
33.0
34,0
38.0
355
380
38.0
37.0
540
. 440
§6.5
50.0
51.5
51.5
52.0
58.0
68,0
64,0

221



SPEED AVEPR
0.138 -

1980
1980
1980
1980
1980
1980

1980
1980
1980
2000
2000

2000
2000
2000
2000
2000
2000
2000

2000

2000
2000
2000
2000
2000
2000
2060
20460
2060
2060
2060

\—_ )
TABLE 10. SAMPLED VALUES OF PEAX PRESSURE AND RELATI

0.140
0.138
0.438
0.138
0,139
0.139
0.145
0.138
0.121
0.430
0.4126
0.109
0.124
0.125
0.154
0.144
0.£44
0.125
0,427
0.108
0.113

0407
0.109
0,113
0.447
0.438
0,137
0.137
0.138

PEAK
16.42

17.62

16,87
16.42
16,87
16,42
16,87
17,62
16.42
14,62

15.58

15.16
13.87
14.74
15,156
18.90
17.24
13.87
14.74
15,14
13.142
13.87
13.87
13.12
13.87
13.87
16.15
16.15
16.18
146.45

SPEED AVEPR

2060
2060
2060

2060

2060

2060

2100
2160
2100
2100
2100
2100

2100 -

2100
2100
2180
2180
2180

~ -
R

2180

2180

2180
2180
2180
2250
2250
22

2250
2250
2250

0.435
0.142
0.134
0.i24
0.439
0.430
0.478
0.181
0.478
0.{78
0.180
0,473
0.181
0.178
0.178
0.183
g.i83
0.188
0.186
0.186
0.175
0.189
0.179

0.189

0.162

0.165

0.164
0.455
0.148

0.182

PEAK

16.15
17.42
16.15
14,19
16.15
16,10
20.58
21.39
20.98
20.56

" 20.98

20.14
20.56
20.56
20.56
21,37

-
22.42

22,12

2242
2242
20.62
22.42
20.62
22,42
18.37
1B8.48
19.42
i8.07
17.62
17.65

.SPEED AVEPR
0.162 -

2250
2250
2250

2250
2250
2250
2250
2250
2250

2250 -

2250
2250

2250

2250
2250
2250
2250
2250
2250
2250
2270
2270
2270
2270
2270

2270

2270
2270
2270

2250

0.458
0.162
0.451
0.158
0.154
0.151

~ 0.160
0.157°

d.468
0,455
0.167
0.452
0.462
0.153

0.153

0.150
0.155
0.160
0.158
0.459
0.1561
0.139
0.139
0.162
0.437
0.141
0.142
0.158
0.154

VE PRESSURE °

‘PEAK
18.37
iB.07
18.37
17.65

iB.90 -

17.65
17,65
18,37
19.31
19.31
17.65
19.31
17.62
19.34
18,37
18.07
47,24
18.07
18.48
18,37
18.48
28.87
17.62
16,87

26,67 -

16.12
19.87
20.62
19.42
1762

222
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TABLE 10. SAMPLED VALUES Or PEAK PRESSURE lAND RELATIVE PRESSURE

CONTINUED

SPEED AVEPR

2270

[ T % I o Y S R O }
[T SO T S T S B o8

d =0 ) =1 =0 =3 -~
O o000 o0oooo

[SCT ST 6 TR % N o0 T %6 T 6 T o R S S R oS |
G oW oW WoWw W W W W W W RN
-0 0000 Q00 0o
00O 00D OO0 o0 o090 e o

W W w w
o o O O
o o 0 o

ST U % 6 TR 6 T 6 T 0 I3 T o (|
€3]
o~
a

340

IS

rJ
)
iy
o

2370
- 2370

0.138
0.154

0.437

0.158
0.156
0.158
0.155
0.i56
0.157
0.162
0.167
0.i81

0.179 -

0.169
0.160
0.481
0.485
0473
0471
0.169
0.472
0.472
0.470
0471
0.473
0.471
0471
0.466
0.165
D164

PEAK
18.37
i7.62
16.42
19.12
18.37
19.42
17.62
18.37
19.87
22,12

25.87

34.86

28.87
26.62
22.87
20.37
31.87
32.62
19.73
19.34
20.56
20.14
19.31
20.14
20.14

20.44

20.56
17.42
19.12
19472

SPEED AVEFPR
2370

2370
2370
2370
2370
2370
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400
2400

2490

2490
2490

0.166
0.168
0.166
0.165
0.166
0.165

- 0.476

0.140
0,179
0.470
0.144
0.180
0,166
0.477
0.143
0.174
0.t42
0.178
0.475
0,175
0.144
0.178
0.140
0,441
0.144
0.163
0.147
0.164
0,146
0.165

PEAK
20.62
19.87
i9.42
19.42
19.87
19.87
20.06
16.15
20.06
19.08
17.42
20.06
19.08
20.06
16,45
20.08
17.12
20.06
20.06
20.06
i7.42
20.06
16.15
16,45
1742
29.85
i8.10
i9.12
19.87
19.12

SPEED AVEPR

2490
2490
2490
2490

2490 ,

2490
2500
2500
2500
2500
2500
2500
2500
2500
2510
2540
2510
25160
2510
2510
7510
2510
2510
2550
2550
<2550
2550

, 2550

2550

2550

0.6

0,454

0.46%
0.143
0.164
0.1566
0.1485
0.169

0.459

0.450
0.164
0.164
0.142
0.144
0.140
0.159
0.459
0.161
0.159
0.140
0.148
0. )
0.162
0.164
0.175
0.175
0.174
D.476
0.174
0.479
0.179

PEAK
19.42
i9.42

1942

19.42
19.12
19.87
18.37
19.42
18,37
18,37
19.87
19.42
18.37

17.62

18.48
18.50
18.48
18,48
20.14

-719.34

1B.48
18.90
18.70

- 20627

19.87
19.87

19.87

20,62
2137
20,62
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TABLE 10. SAMPLED VALUES OF PEAK PRESSURE AND RELATIVE PRESSURE

CONTINVED

SPEED AVE PR FEAK

2570
2570
2570

2570

2570
2570
2570

- 2570

2570
2570
2570
2570
2570
2570
2570
2570
2570
2570
2670
2670
2670

2670 |
2670

2670
2670
2670
2670
2670
2680

2680-

0.156
0.168
0.155
0.455
0,167
0.163
" 0.156
0.167
0.164
0,456
0.154
0.156
0,155
0.168
0.466
0,456
0,470
0.166
0.213
0.206
0.213
0.214
0,207
0.208
0.474
0.207
0,204
0.208
0,182
0.1B1

18.07
19.31
17.65
17.65

19.3t

i8.48
17.65
19.34
19.31
i7.65
17.65
17.65
17.65
18.90
19.31
18,07
19.73
19.31
25.12
23.62
25.12
25.87
2542
24.37
19.87
25.42
23.62
25.12
20.62
24.37

SPEED AVEPR

2680
2680
2680
2680
2680 .
2680
2680

2740 -

2740
2740
2710
2740
2740
2710
2710

2710
2740
2710
2710
2710
2730
2730

-2730
2730
2730
2730
2730
2730
2730
2750

\

0.477
0.184

- 0.483

0.180

0.181 -

0.181
0.177

-0.20%

0.232
0.252
0.207
0.203
0.214
0.209
0.243
0.202
0.202
0.200
0.216
0.206
0.192
0.196
0.195
0.195
0.195
0.190
0.193
0.204

0,194

0.245

PEAX
2D0.62
21.37
24.37
21.37
2137
24,37
20,62
22.87
25.87
28.87
24.37
22.87
24,37
124,37
28,12
22.87
24.37
23.62
26.42
24,37
224,22
23.05
22.64
22.22
22,64

21.39

b Lo o]
2222

23.47
22,04

" 24.30

SPEED AVEPR PEAK“

2750
2750
2750
2780
2750
2750
27580
2750
2750
2790
2790
2790
2790
2790
2790

2790,

2190
2790
2790
2850
2850

2850

2B50
2850
2850
2850
2850
2850
2850
285D

215
0.206

. 0.223

0.218
0.224
0.211
0.207

0.22

0242

0.22
22
0.02
0.22
0.234
0.232
6.22
0.233
0.217

0.229

0.242
0,242
0.238
0,232
0.245
0,245
0.245
0.245
0.244
0.245
0.216

N

24,30
23,47
25.13
24.30
25.43
23.88
23.88
25.96
24,30
24,95
25.93
26,91
25.93
25.93

25.93"

25.93
25.93
75,93
25.53
2B.04
28.87
27.37
25,87
28,04
27.62
27.37
28.04
28.04

27.42
25.87
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TABLE 10, SAMFLED VALUES OF PEAK PRESSURE AND RELATIVE PRESSURE

CONTINUED -

SPEED AVEPR

2850
2850
2850
2850
2850
2860
2840
2840
2840
2840
2840
2860
2840
2840
2890
2890
2890
2890
2890
2890
2890
2890
2890
2930
2930

© 2930

2930
2930
2930
12930

0.238
0,246
0.246
0,239
0,233
0.243
0.239
0.242
0.243
0.242
0,245
0.244
0.245
0.240
0.244
0.217
0.216
0,225
0.249
0.249
0.218
0.215
0,242
0,247
0,251
0.254
0.244
0.242
0.247
0.249

PEAK
28.12
2721
27.62
26,79
26,62
28.42
21.37
28.12
2037
27.37
28.12
26,62
2737
28.12
2512
25.87
24.37
31.87
25.87
2542
2512
24.37
25.42
21.62
28.04
28.87
2.3
2B.12
28.45
28.04

SPEED AVEPR

2930
2930
2930
2930
2930
2930
293p
2930
2930
2930
2930
2930
2930
2930
2930
2930
2930
2930
2930
2930
2950
2950
2950
2950
2950
2950
2950
2950
2950
2980

0.243
0.257
0.254
0.248
0.254
0.249
0.251
0.238
0.250
0.255
0.250
0.254
0.251
0.254
0.256
0.251
0,243
0.248
0.238
0.233
0.247
0.251
0.249
0.237
0.247
0.244
0.249
0.246
0.249
0.2514

PEAK
28.87
35.61
28.45
28.04
28,87
2B.45
28.87
21.37
2B.12
3148
29.28
32.62
3B.64
34.12
40.11

28.42

33.37
28.42
30.37
27.37

28.45
28.45
28.04
26.79
27.62
28.04
28.04

27.62

27.62

28.04

SFEED AVEPR

2980
2980
2980
2980
2980
2980
2980
2980
3000
3000
3000
3000
3000
3000
3000
3000
3030
3030
3030
3030
3030
3030
3030
3030
3030

3100

3100
3100

- 3100

3100

0.235
0.251
0.251
0.252
0.248
0.251
0.251
0.247
0.256
0,254
0.257
0.285
0.255
0.254
0,258
0.257
0.245
0.232
0.259
0.251
0.249
0.244
0.231
0.237

0,237

0,260
0.242
0.249
Q.257
0.246

PEAK
26,37
28.45
28.04
28.87
28.04
28.04
28,45
28.04
28,87
29,62
28.87
28,87
29.62
28,42
29.62
29.62
29.62
27.37
35.61
38.61
31,42
34,86
28,42
28.87
30.37
30.37
28.12
28.87
29.62
28.87
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TABLE 10, SAMPLED VALUES OF PEAK PREGSURE AND RELATIVE PRESSURE

CONTINUVED

SPEED AVEFR

3100
3100
3100
3100
3130
3130
3130
3130
3130

3130
3130
3130
3130
3520
3520
3520
3520
3520
3520
3520
3520
3520
3680

3480

3680
34680
3480
35680
3680
3680

0.254
0242
0.252
0.247
0.233

0.243.

0.260
0.236
0.238
0.273
0.248
0.231
0.233
0,315
0.28¢
0.309
0.330
0,312
0.294
0.311
0.318
0.318
0.320
0.285
0.319
0,300
0.320
0.298
0.315
0.300

. .PEAK
30.37
28.12
28.87
28.87
3337
34.12
37.96
36.36
3711
39.3¢6
8B.61

3741

30.37
3186
3t
40.14
42.36
46.86
49.44
. 37.86
55.11
45.36
35.72
32.18
3572
33.74
35.712
33.76
34.74
33,78

SPEED AVE PR

3680
3680
3730
3730
3730
3730
3730
3730
3730
3730
3780
3780
3780
3780
3780
3780
3780
3780
3780
3780
3930
3930
3930
3930
3930
3930
3930
3930
3930
4000

0.319
0.314
0.3i1
0.308

. 0.308

0.312
0.300

- 0.309

0,312
0.307
0.320
0.320
0.324
0.322
0,321
0,322
0.323

0319

0.321
0.3z22
0.336
0.335
0.335
0.333
0.342
0.343
0.330
0.336
0.326
0.333

PEAK
35.72
34,74
35.61
35.61
35.61
34.86
34.86
35.61
35.36
35.64
36.76
37.47
36,76

34T

36.34
36.00
36,34
36.34
35.51
36.34
39.36

. 37.B6

37.85
37.86
3%.36
38.61
37.44
37.86
37.86
40.94

SPEED AVEPR

4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4000

14000
4000
4000

4000

4000
4000
4000
4000
4000

0.336
0.332
0.336
0.365
0.324
0.338
0.371
0.337
0.33%
0.342
0.379
0.335
0.380
0.333
0.337
0.371
0.3356
0.379
0.334
0.335
0.337
0.332
0.333
0.334
0.354
0.334
0.340
0.354
0.358
0.365

PEAK
37.86
37.59
37.86
4459
37.59
38.61
44,59
42.99
3767
38,65
42,57
37.86
42,57
37,67

767
41,59
40.5
43,54
38.42
38.42
37.67

37.86 -

37.86
37.86
39.63
37.67
38.65
39.63
39.63
40,61
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:TAgLE_iD. SAMPLED VALUES OF PEAK PRESSURE AND RELATIVE PRESSURE

CONTINVED

SPEED AVE PR

4000
4000
4000
4000
4000
4000
4000
4000
4000
4000

~ 4000

4000
4000
4000
4000
4000
4000
4000
4000
4000
4000
4020

' 4020
4020
4020
4020
4020
4020
4020
4020

0.334
0.374
0334
0.329
0.362
0.366
0.334
0.341
0,361
0.361
0,361
0.380
0,341
0.378
0,354
0.383
0.340
0.383
0.373
0.384
0.379
0.340
0.339
0.342
0.347
0.341
0.380
0,341
0,342
0.343

PEAK
38.00
41.59
38.83
3744
41.59
41.59
37.67
37.47
40.64

40,61

40.61
42.57
37.67
41.59
39.63
43.54
37.67
43.54
41.59
41.59
42,57
38.00
38.42
39.25
44,23
38.83
43.82
88.42
38.83
39.67

SPEED AVE PR
0.328

4090
4090
4090
4090
4390
4090
4090
4090
4090
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4100
4150
4150

0.327
0.326
0.330
0.331
0.331
0.346
0.328
0.323
0.338

0.321

0.340
0.324
0.31%
0.341
0.315
0,340
0,320
0.348
0.337
0.338
0.316
0.340
0.322
0.318
0.334
0.336
0.337
0.350
0.340

PEAK

46,86,

37.86
37.86
37.86
42.36
39.36
53.61
40.11
40.11
37.59

36.36

38.42
J7.86
3111

' 38,00

36.36
36.00
37.41
36.34
37.59
37.59
36.36
3e.83
37.44
37.11
37.59
38.00
38.42
40.86
37.86

SPEED AVEPR

4150
4150
4450
4150
4150

4450
4150
4160
4150
3460
4160
4160
4160
4460
4160
4160
4160
4160
4160
41560
4160
4160
4230
4230
4230
4230
4230

4230
4230
4230

0.340
0.347
0.340
0.346
0.348
0.345
0.347
0.344
0.338
0.344
0,334
0.356
0.344

0.334

0.344
0.348
0.337
0.325
0.338
0.338
0.328
0.338
0.364
0.356
0.364

0.340,

0.358
0.3564
D.364
0.3460

PEAK
38.61
39.36
39.36
39.36
35.38
39.36
40,44
43.86
43.41
45.36
37.86
57.36
45.36
39.3&
48.36
46,41
40.86

37414

40.11
40.84
37.86
38.61
40.86
40,11
40.86
40,86
40.44
41.61
41,61
40.86
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SPEED AVE PR

4230
4240
4240

4240 -
4240 -

4240
4240
4240
4240

Y4240
4250
4250
4250

250
4250
k250
4250
-4250
4250

r
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TABLE 10. SAMPLED VALUES OF PEAK PRESSURE AND RELATIVE PRESSURE

CONTINUED

0.364
0.325
0.325
0.328
0.326
0.327
0.325
0.325
0.328
0.320
0,329
0.333
0.320
0.326
0.320
0.334
0314
0.330
0.321
0.328
0.318
0.319
0.325
0.334
0.321
0.331
0.322
0.322
0.322
0.325

~ PEAK

44,61
36.34
36,76

37.47

36.34
37.47
3676
38.42
37.59
36.34
37.47
36.76
36.36
37.86
34t
38.00
35.51
36.7
37.86
36.76
3744
36.36
3147

3759

3144
38.00
37.44
38.61
37.84
314l

SPEED AVEPR

4260
4260
4240
4269
4260
42460
4240
4300
4300
4300
-4300
4300
4300
4300
4300
4300
4300
4300
4300
4300
4300
4300
4300
4300
4370
4370
4370
A370
4370
4370

0.325
0.328
0.326
0.323
0.325
0326
0.323
0.336
0.338
0.341
0.341
0.340
0.339
0.336
0.340
0.340
0.339
0.341
0.338
0.339
0.333
0.341
0.338
0.337

0,345

0.329
0.340
0,334
0.342
0.339

PEAX
37.86
38.61

L3148

3141
3141
311
36.36
37.86
38.42
38.00
39.25
38.64
38.61
38.42
38.00
38.00

3861

3B.41
38.42
37.86
37.47
37,86

37.59

38.61
39.63
36.69
37.67
36.69
39.63
37.67

SPEED AVEPR

4370
4370
4370
4370
4370
4370
4370
4370
4370
4370
4370
4370
4370
4370
4370
4370
4370
4390
4390
4390
4390
4390
4390
4390
4390
4390
4400
4400
4400
4400

0.349
0.343
0.337
0.342
0.347
0.346
0.343
0.336
0.336
0.325
0.330
0.342
0.333
0.345
0.334
0.343
0.330
0.332
0.333
0.318
0.329
0.334
0.331
0.329
0.329
0.330
0.337
0,291
0.318
0.307

PEAK
38.65
38.65
37.67
3B.465
39.63
38.65
38.65
38.65
37.67
36,65
37.67
38.65
37.67
38.65
36.69
37,67
36,69
37.59
37.59
36.76
36,76
37.59
37.47
36.76
37.17
37,47
37.86
34,42
3741
35.61
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TABLE 10. SAMPLED VALUES QF PEAK PRESSURE AND RELATIVE PRESSURE

CONTINUED

'SPEED AVEPR PEAK SPEED ~AVEPR PEAKX SPEED AVEPR PEaK
4400 0.322 37.41 4500 0316 3551 4570 0.297 33.37
4400 0,309 34.86 4500 0.307 3510 4570 0.285- 33.37
4400 0.324 3741 4500 0,297 3427 4570 0.296 3412

- 4400 0.317 37.86 4500 0292 33.44 4570 0.290 3442
4400 0.305 34,86 4500 0.264 3041 4570 0,295 33.37
4400 0.307 3561 4500 0.303 34.27 4400 0.295 33.37
4400 0341 3661 4500 0.311 3540 4600 0.294° 33.37
4400 0.309 '34.84 4500 0.314 35,107 . 4600 0.784 32,62
3400 W34at 38.61 . 4500 0.297 3427 4400 . 0,295 34.42
4400 0.324 3636 4500 0.3G8 3468 4400 0.290 32,62
4400 0,317 36,36 4500 0.304 3468 4600 0.288 32.62
4400 0311 35,54 4500 0.268 3041 4400 0.289 32,62
4400 0.334 38,61 4500 0.30% 3468 4600 0.288 32,42
5400 0.342 39.36 4500 0.308 . 3448 4600 0.294 32,62
4400 0.342 39,36 4500 0341 3540 4760 0,264 31.36
4400 0.314 36.36 4500 0,311 3551 4760 0.258 29.28
4400 0.328 3861 4500 0.317 3593 4780 0328 - 37.86
4400 0.341 39.36 4500 0.314 3551 4780 0.259 29.28
4400 0.335 37.86 4530 0.304 3486 4740 0.253 28,37
4400 0.324 3714 4530 0.298 3442 4780 0.257 30.37
4400 0.326 37.86 - 45300  0.294 32.62 4\760 0.254  28.87
4450 0.322 3744 4530 0.273 3187 4760  0.257 3412
4450 0,312 ° 3541 4530 0.302 3486 4780 0.260 25,70
4450 0.313 344 4530 0.305 34,42 4740 0273 - 3249
4450 0.330 3744 4530 0.307 34,12 4760 0,269 30.94
4450 0.334 3186 4530 0.276 34,12 4760 0.255 34,12
4450 0.331 37.86 4570 0.297 34,42 4780 0.254 29,70
4450 0.332 3741 4570 0,292 13337 4740 0.260 29,70
4450 0.316 3561 4570 0.300 3486 4760 0.264 30,37
4450 0.337 37.86 4570 0,298 3442 4760 0.250 30.94
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TABLE 0. SAMPLED VALUES OF PEAK PRESSURE AND RELATIVE PRESSURE

CONTINUED _ <

SPEED AVE PR PEAK SPEED AVEPR PEAK SPEED AVEFR i’EAK
4760 0.254 28.87 4790 0.262 a0.37 4900 0.343 41.61
4760 0.250 28.87 4790 266 3142 4900 8 43.86

4770 0.253 31.12 4790 0.268 31.87 4 3Bl
4770 0.257 29.62 4790 0.2&2 29.62 4900. . 41.61
4770 0.257 28.87 4790 0.271 32.62 4900 . . 40.41

4778 0.258 29.62 4790 0.279 44,64 4900 0.344 42,36
4770 -+ D.Z55 29.62 4810 0.264 30.82 4900 0.330 49.63
4770 0.254 28.87 4810 0.273 31.80 ° 4900 0.274 31.87
4770 0.254 "30.37 4810 0.268" 31.80 4500 0.337 39.36
4770 0.254 29.62 4810 0.293 33,76, 4500 0.283 34.68
4780 | 0.252 28.87 4810 0.273 35,72 4900 0.301 48.39.
4780 0.270 3477 4810 0.264 30.82 4900 0.359 41,61
4780 0.254 30.14 4810 0.273 33.76 4900 0,308 42.99 _
4780 0.265 30.53 4810 0269 . 3082 4900 0.288 33.37
4780 0.255 . 28.87 4810 0.271 34,74 4900 0.334 39.3%
4780 0.255 +29.70 - 4810 0.272 31.80 4900 0.312 37.8&
4780 0.278 40.91 4810 0.265 29.85 4900 0.318 37.86
4780 0,263 " 30.53 4870 0.275 31.80 4900 0.312 42,57
4780 0.251 28.45 4870 0.276 41,59 4500 0:32 48,39 -
4780 0.285 33,02 4870 0273 « 31.80 4900 D.347 39.36
4780 0.263 30.94 4870 0,268 32.78 4900 0.316 47,56
4780 0,288 33,44 . 4870 0.287 35.72 4900 0.344 - 34636
4780 0.280 33.44 4870 0.276 3B.65 4500 0.355 40.86
4780 0.254 28.87 4870 0.267 30.82 4900 0.3d% 3842
4780 0.264 35.40 4870 0.270 34,74 4900 0.320 48.39
4780 0.250 29,28 . 4870 0.273 30.82 4710 0.292 50.61
4780 0.285 29.70 4870 0.278 41,59 4940 0.304 53.64
A780 0.257 - 29,70 4870 0.264 32,18 4910 0.288 39.36
4790 0.268 33.37 4900 0.331 39.36 49140 0.272 43.14
4790 0.281 46.86 4900 0.335 40,11 4940 0.276 38,61
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TABLE 10. SAMPLED VALUES OF PEAK PRESSURE AND RELATIVE PRESSURE

CONTINUED

SPEED AVEPR

4910
4910
4910
4910
4950
4950
4950
4950
4950
- 4950
4950
4950
4950
5000
5000
5000

5000

5000
5000
5000
5000
5110

5110

0.283
0.299
0.290
0.276
0.345
0,326
D.344

0,351
0.328
0.350
0.344
0.328
0.346
0,335
0.344
0.344
0.331
0.343
0.348
0.337
0.369
0.474
D.453

PEAK
35.61
52.86
37114
34.12
51.30
40.91
48.80
45.90
47.44
51.30
50.88
446.31
50.05
49.11
49.11
51.36
42.36
46,86
56.61
49.84
52.86
9L,
65.61

SPEED AVE PR

5110
5110
5110
5140
5110
5410
5110
5490
5190
. 5190
5190
5190
5190
5190
5190
5190
5270
5270
5270
5270
E270
5270
5270

0.453
0.453

0.458" ..
0,449 -

0.450
0.464
0.482
0.411
0.430
0.425
0.4467
0.417
0.4Z28
0.405
0.431
0.439
0.453
0.466
0.482
0.422
0.440
0.494
0.426

PEAK
64.86
66.36

T 5411

6L.114
43,36
BE.B5
85.85
47,61
50,64
53.61
-88.85
55.86
51.36
52,85
52.86
57.36
72.35
85.10
87.35
57.36
58.6
85.10

53.61 -

SFEED AVEPR

5270
5280
5280
5280
5280
5280
5280
5280
5280
5280
5280
5280
5830
5B30
5830
5830

5830.

5830
5830
5830
5830

0.484
0.403
0.397
0.394
0.400
0.401
0.395
0.401
0.386
0.399
0.404
0.399
0.589
0.542
0.547
0.541
0.564
0.544
0.538
0.556
0.546

PEAK
85.10
57.24
47.45
4B.44
45,50

- §2.35
45,50
49,42
44,48
53.33
49.42
49.42
83.60
70.85
73.85
81.35

§7.35

76,40
73.40
83.40
73.40

O
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10.

11,

The minimum division on the calibrated load cell was: 0.4

Ibf.

The minimum measurement for the plint gauge calibration

was: 0.0 oz (avoirdupoish

The minimum division available on the timer, used for

determining the fuel flow was: 0.01 minutes,

All sound pressure levels were measured to: * 0.2 dB.

-

The factory calibrated pressure transducers are linear
to less than 1% of Full Scale. The calibration curves
provided by the factory show no detectable deviation

from a linear response %o an input signal.

The pressure transducer was connected to the input stage
of the analog to digital converter through a calibrated
measuring -amplifier. The amplifier has its own internal
reference voltage of 50 mV at 1000 Hz. The amplitude
stability is quoted by the manufacturer as being better
than $0.04 dB for t 10% line voltage variation, and £0.005
dB/°C. The change is rms voltage due to line voltage
variations would be: 0.115%. The voltage change per degree

Celsius would be: 28.8 microvolts.

. The minimum detectible ghange in input voltage lavel

would create a change in one bit in the output of the

., analog to digital converter. This represents a minimum

measurement of one part in 256, As the voltage levels
ware scaled to give a peak bit value in the range of
240 to 250 and the voltages were measured relative {o
zero which is represented by a bit count of 128, the
conversions are good to { part in 100. This would be a

very conservative estimate,

232



13, The minimum division on the thermometer, used to measure

the air temperai.ure, was: 0.4 °C,

14, The minimum division on the barometer, used to measure

the barometric pressure, was 0.4 mm of Mercury or 13.3 Pa.

15, The ainimum division for the measurement, of the arifice

plate diameter was 0.001 inches.

A71 Uncertainty Analysis

The‘ uncertainty in a measurement of a variable, X, is denoted by the symbol

Wx. Thus, the measurement of the variable X is bounded by an estimale of the

uncertainty as shown:

XfWyunitsof X

A more useful measure is Lo determine the relative uncertainty which can
be multiplied by 100 to yield the percent relative uncertainty. For the variable X,

the relative uncertiainty is given by:

Wy/X

The percent relative uncertainty for the actual air flow rate, Qa; the gauge
static pressure, Ps; the exhaust gas temperature, T; the engine shaft power outiput,
Pg; the fuel flow rate, Qf; the brake specific fuel consumption, Bsfe; the average
relative pressure, Pr and the peak pressure Pp were calculated using the method

suggested by Kline and McClintock % with 20 to i odds.

.

* Kline, S.J. and McClintock, F.A., Describing Uncertainties in Single—Sample

Experiments, Mechanical Engineering, pp. 3-8, (January 1953).
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An example calculation is presented for the determination of the percent
relative uncertainty in the measurement of the actual aif flow rate. The'taw engine

data, used for the calculations, is taken from Table 2., run number 9. The values

derived from the raw data have been presented in Table 7 and are identified by

~sequerice run number 1,

1. The actual air flow rate, Qa.
The air flow rate is calculaten from the relation:
Qa=C*A%{2%g %R *%sin8 % [(S4/S0) - {DN

where:

C is the discharge coefficient for the intake orifice and
has the value 0.6

A is the cross—sectional flow area in square metres and
is calculated from the relation:
A=nbi/4

where D is the measured diameter of the orifice in metres,

g is the local acceleC'tion due to gravity and has the value
9.806 m/s?

R’ is the difference in the fluid column heighis and is
calculated from the relation:
R'=Rp - R

where Rp and Ry, are respectively, ‘the right and left
; .

manometer readings. b
8 is the angle of inclination of the manometer in radians

~ 51 is the density of the manometer fluid (water) It is
calculated from the linear regression for thedensity of

water. In the range from 22 to 24 °C, the relation is:

[y
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S1=1003.02 - 0238 Tpr °
where Tr is the control room temperature in degrees

Celsius -

SD is the air d—ensity‘ .in the manometer. The density is
calculated from the ideal gas relation: '
S0 = PB/R # (Tr + 273} _
where PB is the barometric pr‘éssure in kPa and R is the
gas constant for air, R = 0.287 kJ/kg°K

The relative uncerta.inty in the density of the manometer fiuid is given by:

Wgy /54 = {E(BSi/aT)*(NT/Si)JZ}V?

where

451/aT = -0.238 and WT = 0.05

(the uncertainty for any basic measurement is taken to
be one—half of the smallesi division of the measurement)
For T =233 °C, 51 = 997.47 kg/m?

and

Wgy/Si=12 11.93’x 10~* or * 149 x 10-3% ,

The relative uncertainty in the density of ‘t;he air is given by:

Wgg/S0 5 {L@S0/aPBI+(Wpp/SHF + L@S0/3Tr)# (W /S0
where

350/3FB = 1/RM(T . + 273)
350/3Tr = PB/R

and

(850/3PB)/SE = 1/PB
(850/3Tp)/S0 = 1/(Tp + 273)
also: S0 = 1.188 kg/m?
Then:

Wgp/SD = {LWpp/PBY + (Wt /(Tr + 270D %
Wen/S0 = {[6.65/1040001? + [0.5/(23.3 + 27DIH %
Wog/SO = £ 0,481 x 10-3 or £ 0.01B1%

s
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The relative uncertainty in the measurement of the difference in manometer

column*heights is given by:

WR/R' = {E(éJR'/BIE]_‘,)~lt>_(I:JRL/R’)ZI1 + [(aR’/&RQ)*(WRR/R')]’}V?
where :
dR‘/8Ry =1 and 8R"/dRp =1

_ Then: o '
Wp'/R’ = {C0.05/3.27 + [0.05/3.210%
Wg~/R' = 20022 or £22%

The relative uncertainty in the measurement of the cross—seciional flow area

of the orifice plate is given by:

Wa/A = {([QA/aDRUL/ AT
. where o , ¢
8A/aD = nD/2 and @A/aDVA = 2/D
Wa/A = ([2sWp/ DI ¥
WalA= ([2#(0.0005)/0.99812) %2
Then '
Wa/h =% 0,004 or & 0.4%)

The relative uncertainty in the flow rate of air is given by:

U;Q 4/Qa = ([(3Qa/ AW A/Qa)) + [(8Qa/ 8RN R /QaIT
+ [(3Qa/30)¥(Wa/Q] + [(3Qa/851)¥(Wg1/Qa)1?
+ 3Qa/ 350 Wgy/ QI '

where | .

8Qa/3AV/ Qg = 1/A

(8Qa/8RV/Qa = 1/2%R

(3Qa/36)/Qa = 1/2%Tan &

(80a/351)/Qa = 1/2%(S},~ SO .

(30a/Qa)/Qa = -S1/2%50#(S1 ~ SO

v Then: 4



a1

WQ,/Qa = {Wa/AR + [Wg/24RF
+ [Wg/2¥Tan 6F + [w;“i/zﬂa - SO
+ [-S1#Wgp/2#S0#(S1 - SHIR
Then
WQ,/Qa = {I0.0041 + [0.022/2) + [0.0175/2#Tan (41N
+ [(D.0119/2%(997.47 - 1.188)2
+ [=997.47%0.000245/2%1.1884(997.47 -1.188) 3%
and
Wg,/Qa = £ 0.0426 or * 43%

It should be n'ot_ed that it is the uncertainty in the measure‘ment of the angle
of inclination of the manometer which has the greatest influence on the uncertainty

in the measurement of the actual air flow rate.

S

By similar procedures, it can be shown that the percent relative uncertainty

in the measurement of:

2. The static pressure is:
WPS/PS =+ 22%

« 3, The exhaust gas temperature is:
Wr/T =+ 0.15%

4. The engine shaft power is:
Wpo/Pe = 1 0.85%

5. The fuel flow rate is: '
WQ{-/QF =+ 0.56%

6. The brake specific fuel consumption is:
Waepo/Bsfe = £ 1.02%

7. The relative average pressure is:
Wp,/Pr = £ 1.42%
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8. The peak pressure is:

YPp/Pp = £ 142%

Table 11 is a presentation of one—third of the sampled data and its correlation
values for File 10. Table 12 is a tabulation of the results of pseudofrequency and

distortion coefficient correlations.
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TABLE 14, SAMPLED VALUES OF DIMENSIONLESS PRESSURE AND THE

CORRESPONDING CORRELATION VALUE

TIME

msec

0.02
0.02
0,02
0.03
0.05
0.46
0.22
0.22
0.23
0.24
0.29
0.36
0.42
0.42
0.42
0.44
0.51
D.61
0.64
0.61
0.62
0.64
0.75
0.81
0.81
0.81
0.83
0.88
0.94
1.00

PRESS

4,0E-03
4,0E-03
4,0E-03
4,DE-03
4.DE~03
0.024
0.024
0.021
0,021
£.037
0.045
0.045
0.053
0.070
0.070
0.070
0.070
0.086
0.084
0,403
0414
0.095 -
0.128
0.103
0.103
0.103
0.411
0.144
0.160
D.436

CORR

4.0E-03
4.0E-03
4.0E-03

5.0E-D3

7.0E-03
0.025
0.033
0.033
0.035
0.037
0.045
0.054
0.063
0.063
0.064
0.061
0.078
0.093
8.093
0.093
0.094
0.076
0.114
D.122
0.122
0.123
0.126
0.433
0.443
D.152

TIME

msec
9.02
9.02
9.02
9.03
9.04
9.44
9.21
9.21
9,22
9.24
9.29
9.35
9.44
9.44
9.42
9.43
9.51
9.60
9.60
9.60
9.64

9.3

9.74
9.80
9.80
9.81
9.82
'9.87
.94
9.99

PRESS

0.901
0.885
0.e85

0,926

0.827
0.827
0.852
0.909
0.877
0.819
0.877
0.90%
0.844
0.918
0.926
0.926
0.904
0.934
0.934
0.918
0.7909
0.885
0.893
0.835
0.904
0.868
0.904
0.893
0.948
0.90%

CORR

0.704
0.904

- 0.904

0.902
0.902
0.905
0.906
0.904
0.907
0.207
0.908
0.9107
0911
0,944
0.914
0.942
0,943
0.915
0.915
0.945
0.91i5
0.91%
0.918
0.919
0.949
0.949
0.719
0.920
0.9214
0.922

TIME

msec -

- 18.01

18.01
i8.04
i8.02
i8.03
i8.1%
i8.24
i8.21
18.24
18.23

18.28"

18.4D
18.40
18.41
18,43
18.50
18.60
18.60
18.60
18.40
18.62

18.74
18,79

18,79
18.80
18.82
18.87
18,93
18.99

PRESS |

0,737
0,742
0.704
0.720
0.712
0.663
0.674
0.704
0.687
0.495
0.704
0.695
0,679
0.671
0.687
0.761
0.643
0.704
0.704
0.638
0.695
0.638
0.624
0.630
0.674
0.646
0.663
0,679
0.644
0.674

CORR

0.694
0.694
0,694
0,693
0.692
0.685
0.682
0.682
0.682
0.681
0.678
0.674
0.670
0.670
0.670
0.649
0.664
0.658
0.458
0.658
0.657
0.656
0.649
0.646
0,644
0,645
0.644
0.641
0.637
0.633

239
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TABLE i, SAMPLED VALUES OF DIMENSIONLESS PRESSURE AND THE

CORRESPONDING CORRELATION VALUE CDNTINUE-ID

TIME

msec .

1.00
1.0

1.03 °

1.10
1.20
1.20
1.20
1.21
1,22
1,34
1.39
1,39
1,40
1.42
1.47
1.53
1.59
1,59
1,60
1.61
1,69
1,78
1,78
1.78
1.79
1.81
1.92
1.98
1.98
1,99

PRESS

0,149
0.169
0.169
0,185
0.218
0,493
0.248
0.218
0,218
0.218
0.226
0.218
0.226
0.235
0.226
0.235
0.251
0.235
0.259
0.267
0.259
0.259
0.267

 D.267
0.276
0.284
0.276
0.267
0.300
0,284

CORR

0.152
0.153
0.155
0.166
0.18%
0.184
0.i81
0.i82
0.184
0.204
0.209
0.209

- 0214

0.213
0.220
0,230
0.238
0.238
0.239
0.241
0.252
0.266
0.266
0.266
0.267
0.270
0.286
0.294

0.274.
0,295

TIME

msec

9.9
10.00
10.02
10.09
10.49
10.19
10,49
10.20
10.24
10.33

- 1039

i0.39
10.39
10.44
10.44
10.52
10.58
iG.58
10.59
10.64
10.68
10.78
10.78
10,78
10.78
10.80
10.92
10,97
10.97
i0.98

PRESS

0.893
0.835
0.959
0.844
0,954
0.868
0.909
0.934
0.904

. 0.934

0.909
0.909
0.704
0.848
0.926
0.904
0.848
0.873
0.893
0.904
0.860
0.877
0.934

'0.885

0.918
0,904
0.835
0.827
0.877
0.852

CORE

0.922
0.922
0.922
0.923

- 0.924
. 0.924

0.924
0.924
0.924
0.925
0.926
0.926
0.926
0.926
0.926
0.927
0.927
0.927
0.927
0.927
0.928
0.928
0.928
0.928
0.928
0.228
0.92%
0.929
0.929
0.939

TIME

msec
£B.99
1%.00
19.04
i?.09
17.18
i?.18
19.18
19.19
19.24
i9.32
19.38
19.38
19.39
19.40
19.45
19.52
19.57
19.57
19.58
19.60
19.67
19.77
19.77
19.77
19.78
19.79
19.94

19.97

19.97
19.97

PRESS

0.613
0.654
0.679 .
0.630
0.638
0.624
0.505
0.5638
0.5405
0.588
0.613
0.624
0.588
0.63D
0.621
0.613
0,580
0.597
0.605
0.671
0.613
0.605
0.572
0.564
0.605
0.572
0.556
D.564
0.572
0.523

- 240

CORR

0.533
0.632
0.632
0.627
0.620
0.620
0.620
0.620
0.61%
0.641
0.608

0,508

0.607
0.506
0.603
0.598
0.595
0.595
0.594
0.593
0.588
0.581
0.581
0.581
0.581
0.580
0.572

‘0,548

0.568

- 0.568



TABLE 11, SAMPLED VALUES OF DIMENSIONLESS FRESSURE AND THE

CORRESPONDING CORRELATION VALUE CONTINUED

TIME

~ msec
2.00
2.05
2.12
247
2.47
2.18
2.20
2,27
2,37
2.37
2.37
2.38
2.39
2.51
2.57
2,57
2.57
2.59
2,64
2,70
2.76
2,76
2,77
2.79
2.86
2.96
2.94
2.96
2.96
2.98

PRESS

-0.317
0.284
0.32%
D.325
0.233
0.317
0.333
0,328
0.374
0.350
0.350
0.366
0.333
0.394
0.366
0.366
0.350
0.399
0.424
0.399
0.416
0.383
0.383
0.432
0.416
0.440
0.432
0.457
0.432

0.449

CORR

0.297
0.304
0.343
0.321
0.324
b.323
0,325
0,335
0.348
0.348
0.348
0.350
0.352
0,367
0.375
0.375

0,376
0.378
0.385
0,393
0.401
0,404
0.402

0,404
0.414
0.426
0.426
Oed 26
0.428
0.430

TIME

msecC
© 41,00
11.05
{144
11.17
11.47
11.18
11.19
11.27
1136
11.36
11.36
11.37
11.39
11,50
11.56
1456
11.57
11.58
11,63
11,70
11.75
11,75
11,76
11.78
11,85
11.95
11.95
11,95
1196
11.97

PRESS

0.959
0.877
0.934
0.877
0.909
0.934
0.959
0,918
0.¢09
0.909
0.934

0.934 ,

0.90%
0.904
0.885
0.951
0.893
0.893
0.926
0.942
0.718
0.918
0.868

- 0.967

0.840
0.942
0,926
0.948
0.926
0.934

CORR

0.929
0,929
0.929
0,929
0.929
0.929
0,929
0.928
0,928
0.928
0.928
0,928
0.928
0.927
0,927
0.927
0.927
0.927
0.927
0.926
0.926
0,926
0.926
0.926
0,925
0.924
0.924
0.924
0,924
0.924

TIME

msec
19.99
20.04

20,10 -

20,16
20,16
20,17
20.19
20.26
20.36
20.36
20.36
20.36
20.38
20.49
20.55
20,55
20.56
20.58
20,63

. 20,69

20.75

- 20,75

20.76
20,77
20.85
20.94
20.74
20.94
20.95
20.97

PRESS

0.588
0.580
0,564
D.5464
0,556
0.564
0.605
0.564
0.580°
0,556
0.547
0.539
0.547
0.498
0.523
0.539
0.523
0.523
0.547
0,498
0.514
0.523
0.539
0.564
0.490
0.523
0.490
0.481
0.498
0.473

CORR

0.566
0.563
0.559
0.555
0.555
0.554
0.553
0.548
0.544
0.544
0.541
0,540
0.539
0.534
0.527
0.527
0.527
0.525
0.522
0.547
0.513
0.543
0.543
0.512
0.506
0.499
0.499
0.499
0.499
0.497

241



TABLE 11. SAMPLED VALUES OF DIMENSIONLESS PRESSURE AND THE

CORRESPONDING CORRELATION VALUE CONTINUED

TIME

msec
3.10
3.45
345
3.6
3.18
3.23
3.29
3.35
3.35

3.36

3.37
3.45
3.54
3.54

3.54 *
3.55

3.57
3.8
3.74
ENE
3.75
3.76
3.81
3.88
3.93
3.93
3.94
3.96
4,03
4,13

PRESS

0.457
0.432
0.449
0.432
0.457
‘0,465
0.4%0
0.490
0.531
0.490
0.514
0.490
0.523
0.531
0.506
0,547
0.514
0.547
0.531
0.539
0.498
0,547
0.588
0.556
0.580
0.53%
0.556

0.564 -

0.564
0.597

CORR

. D444

0.451
0.451
0.452
0.455
0.461
0.469
0.476
0.476
0.477
0.479
0.488
0.500
0.500
0.500
0.504
0.503
D.516
0.523
0.523
0.524
0.526
0530
0.539
0.545
0.545
0.544
0.548

.0.587

0.557

TIME

. Imsec

12,09
12.15
12.45
12.15
12.47
12.22
12,29
12,34
12.34
12.35
12.37
12.44
12.54
12,54
12,54
12.54
12.56
12.67
12.73
12,73
12,74
12.76
12.81
12.87
12,93

12,93

12.94
12,95
13.03
13.42

PRESS

0.877
0.877
0.877
0.835
0.901
0,947
0.954
0.877
0.901
0.901
0.959
0.948
0.934
0.967
0.904
0.909
0,959
0.840
0.848
0.909
0.885

'0.909

0.841%
0.901
0,975
0.904
0.893
0.904
0.885
0.877

CORR

0.922
0.922
0.922
0.921
0.921
0.921
0.920
0.919
0.919
0.91%
0.94%9
0.917
0.916
0.916
0,916

0.216°

0.915
0,943
0.912
0.912
0.912
0.912
0,914
0.710
0.708

0.908"

0.908
0.908
0.906
0.904

TIME

msec
21.08

24,44

21.14
21.15
2146
21.21
24.28
24.33
21.33
21.34
21.36
21.43
24,83
21.53
21.53
21.54
21.55
21.67
21.72
21,72
21.73
21,75
21.80
21.86
21.92
21.92
24.93
21.94
22.02
2212

FRESS

" 0.449

0.465
0.481
0.457
0.498
D.481
0.457
0.465
0.457
0.481
0.514
0.457

0.457

0.473 "
0.414
0.457
0.432
0.415
0.416
0.449
0.399
0.449
0.424
D.415
0.440
0.416
0.432
0.449
0.407
0.415

CORR

0,489
0.485
0.485
0,484
0.483
0.480

f,&ﬁ'S

0.47%
0.474
0.470

0.469 -

0.464
0.456
0,456
0,456
0.456
0.455
0.446
0.442
0.442
0.441
0,440
0.436
8.434
0.427
0.427
0.427
0,425
0.420
0.412

242
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TABLE 14, SAMPLED VALUES OF DIMENSIONLESS PRESSURE AND THE

CORRESPONDING CORRELATION VALUE CONTINUED

TIME

msec
4.13
4.43
4,14
4,45
4.27
4.33
4,33
4.3
4.38
4.40
4,46
4.52
4.52
4.53
4,55
4,62
472
4,72
4,72
4.72
4.74
4.85
4.94
4.91
4.92
4.94
4.99
5.05
5.41
5.1

PRESS

0.613
0.588
0.564
0.588
0.597
0.564
0.580

v 0572 .

0.679
0.630
0.679
0.630
0.630
0.630
0.5638
0.654
0.663
0.630
0.674
0.728
0.663
0.679
0.530
0.720
0.643
0.728-
0.646
0.679
0.646
0.674

CORR TIME

msec
0.567 13.12
0.567 13.12
0.548 13.13
0.570 13.15
0.583 13.26
0.589 13.32
0.589 13.32
0.550 13.33
0.591 13.34
0.597 13.39
0.604 —. 13.46
0,609 \13.51
0.609 13.54
0.610 13.52
D.612 7 13.54
0.620 13.64
0,629 13,71
0.629¢ 43,71
0.629 1371
D630 . 13.72

-0.632 13.73

0.643 13.85
0.64% 13.90
0.64% 13.90
0.650 13.91
D.651 13.93
0.656 13.99
0.662 14.04
0.648 14,40
0.648 14.10

PRESS

e

0.954
0.94B
0.926
0.858
0.877
0.8468

- 0,893
0.835 \

0.934
0.926
0.926
0.885
0.934
0.885
0.959
0.918
0.09
0.877
0.901
0,967

0.909 .

0.893
0.885
0.868
0.835
0.848
0.877
0.967
0.844
0.848

CCRR

0.904
0.904
0.904
0.903
0.904
0.899

- 0.899

0.899
0.899
0.e%8
0.896
0.8%74
0.894
0.8%4
0.894
0.892
0.88%
0.88%
0.88%
0.889
0.888
0.885
0.883
0.883
0.e83
0.882
0.881
0.87¢
0.877
0.877

TIME

msec
22,12
2212
22,12
22.14
22.25
22,31
2231

22,32

Ly

*

22,34 .

22.38
22,45
22.51
22,51

. 2451

22,53
22.60
22,70
22.70
22,70

PRESS

0.424
0.383
0.407
0.374
0.383
0.374
0.383
0.358
0.399
0.383
0,383
0.394
0.394
0.399
0.399
0.342
0.346
0.394
0.317
0.364
0.342
0.30%

0,317

0.333
0.317
0.342
0.325
0.317
0.325
0.325

CORR

0.442
0.442
0.412
0.414
0.402
0.397
0.397
0.397
G.396
0,392
0,387
0.383
0.383

0.382

0.381
0.375
0.367
0.367
0.367
0.367
0.366
0.357
0.352
0.352
0.352
0.350
0.347
0.342
0.337
0.337

243
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TABLE 11, SAMPLED VALUES OF DIMENSIONLESS PRESSURE AND THE

CORRESPONDING CORRELATICON VALUE CONTINVED

. TIME

msec
T 542
5.43

5.24°

5.30
5.30
5.30
5.31
- 5.33
5.44
5.50
5.50
551
5.52
5,57
5.64
5.69
5.69
5,70
5.72
5,79
5.89
5.89
5.89

5.90 -

594
6.03
"46.08
6.08
6.09
611

PRESS

0.695
0.737
0.728
0.728
0.720
0.695
0.687
0.695
0.695
0.695
0.720
0.745
0.704
0.794
0.770
0.720
0.728
0,728
0.819
0.695
0.753
0/728
0.728
0.761
0.770
0.778
0,770
0,712
0,761
0.745

CORR

0.648
0.470
0.677
0.686
0.686
0.686
0.686
0,688
0,698

© 0,703

0.703
0.704
0.705
0.709
0.715
0,749
0,719
0.720
0,724
0,728
0,735
0.735
0.73%
0.736
'0.737
0.746
0,751
0,751
0.751
0.753

TIME

msec
14,44
1442

14.20
14,30

14.30
14.30
14.30
14.32
14.43
14.49
14.49
14.50
14,52
14.56
14.63
14.69
14.69
14.69
1474
14.78
14.88
14.88

14,88
14.89
14.91
15.02
15.08
15.08
15.09
15.10

PRESS

0.852
0.975
0.852
0.918
0.840

.0.838

0.885
0.91B
0.786
0.844
0.926
0.84%
0.840

'0.885

0.841
0.852
0.848
0.844
0.934
0.8460
0.868
0.893
0.893
0.858
0.794
0.827
0.802
0.858
0.802
0.942

CORR

0.877
0.876
0.874
0.874
0.871
0.871
0.870
0.870
0.846
0.864
0.864
0,854
0.843
0.861
0.859
0.857

-0.857

0.854
0.856
0.853
0.849
0.849
0.849
0.849
0.848

0.844 |

0.842
0.842
0.841
0.841

TIME

msecC
23.40
2342
23.49
23,29
23,29
23.29
23.30
23.31
23.43
23.48
23.48
23.49
23.51
23.56
23.62
23.68
23.68
23.69
23.70
23.78
23.88
23.88
23.88
23.88
23,90
24,04
24,07
24,07
24,08
24.4D

PRESS

_ 0.325

0.358
0.317
0.317
0.342
0.284
0.347
0.276
0.259

267
0.284
0.276
0.300
0.292

0.276

0.284
0.284
0.300
0.300
0.276
0.276
0.284
0.235
0.276
0.243
0.210
0.235

0.243

0.248
0.259

CORR

0.336
0.335
0.329
0.32z
0.322
0.322
0.3214
0.320
0.311
0.306
0.306
0.306
0.304
0.304
0.295
0.294
0.291

0,290 °

0.289
0,283
0.275
0,275
0.275
0.275
0.273
0.264
0.260
0.260
0.259
0.258

244
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TABLE 11. SAMPLED VALUES OF DI!;IENSIDNLESS PRESSURE AND THE

TIME

msec
6.6
6,22
6.28
6,28
6.29
630
638
6.48
6.48
6.48
' 5.48
6,50
.61
Iy
667
5.68
6,70
6,74
6.81
687
6.87
6.87
6.89
6.96
7.06
7.06
7.06
7.07
7.09
.20

PRESS

0.778
0.704
0,778
0.770
g??D
0.745
0.728
0.720
0.819
0.794
0.728
0.770
0.745
0.720
0.819
0.728
0.893

'0.827

0.852
0.852
0,835
D.Bi1
0.844
0.819
0.814
0.827
0.811
0.860
0.802
D.794

CORR

0,756
0.761
0.765
0.765
0.766
0.767
0.772
0.779
0,779
0.77%9
0.780
0.784
0.789
0.792
0.792
0.793
0.794
0.797
0.804
0.805
0.805
0.80é
0.807
0.811
0.847

0817

0.817
0.817
0.B18
0.825

TIME

msec
15.15
15.22
i5.27
15,27
16.28
15.30
15,37
15.47
15.47
15.47
15.48
15.49
15.61
15.66
15.646
15.67
15.69
15.74
15.80
15.86
15.84
15.87
i5.88
15.96
16.06
16.06
16.06
16.06
16.08
16.19

PRESS

a.877
0.835
0.835
0.811
0.844
0.909
0.860
0.844
0.860
0.835
0.868
0.844
0.811
0,794
.814

0,764

0.852
0.827
0.868
0.877
0.802
0.786
0.877
0.7856
0.802
0.802
0.786
0.802
0.835
0,770

' CORRESPONDING CORRELATION VALUE CONTINUED

CORR

0.83%
0.836
0.834
0.834
0,833
0.833
0,830
0.825
0.825
0.825
0.825
0.824
0.819
0.817
0.817
0.816
0.816
0.8i3
0.840
0.808
0.808
0.808
0,807
0.803
0.79%
0.799
0.799
0.798
0:798
0.792

TIME

msec

24,14
24,21
24,27
24.27
24,27
24,29
24,36
24,46
24,46
24,46
24,47
24,49
24,60
24,56
24,66
24.67
24,68
24,73
24,80
24.85
24,85
24.86
24.88
24.95
25.05
25,05
25.05
25.06
25.07
25.49

N\

PRESS

0.251
0.251
0.243
0.226
0.243
0.251
0.240
0.235
0.235
0.169
0.218
0.193
0.149
0.185
0.193
0.177
0.210
0.202
0.193
0.185
0.485
0.202
0,202
0.469
0.477
0.169
0.136
0.1477
0.144
0.119

CORER

0.254
0.249
0.244
0.244
0.243
0.242
0.2356
228
0.228
0.22
0.228
0.22
0.217
0.213
0.213
0.242
0.214
0.207
0.201
0.197
0.197
0.1956
0.195
0.i89
0.181
0.481
0.i81
0.480
0.479
0.47

245



TABLE 11. SAMPLED VALUES OF DIMENSICONLESS PRESSURE AND THE

CORRESPONDING CORRELATION VALUE CONTINUED

TIME

msec
7.26
7.26
7.27
7.28
7.33
7.40
7.45
7.45
T.46
7.48
7.55
7.65
7.65
7.65
7.66
1.67
7.79
.84
7.84
7.85
7.87
7.92
7.98
8.04
B.04
8.05
8.06
B.44
8.24
8,74

PRESS

0.794
0.852
0.819
0.802
0.802
0.877
0.827
0.8114
0.827
0.852
0.835
0,827

. 0.814
0.827
0.844
0.852
0.794
0.786
0.852
0.794
0,794
0.860
0.852
0.835
0.868
0.852
0.835
0.827
0.877

_ 0.860

CERR

0.828
0.828
0.829
0.830
0.832
0.8356
0.839
0.83%
0.839
0.840
0.B44
0.B49
0.849
0.849
0.849
0.850
0.885
0.858
0.858
0.859
0.859
0.861
0.864
0.867
0.867
0.857
0.848
0.874
0.875
0.875

TIME

msec
16.25
16.25
16,26
16.28
16.32
16.39
16.45
16.45
16.45
16.47
16.54
16.64
16,64
16,54
16.68
16.67
i6.718
16.84

16.84.

16.85
16.856
16.94
16.98
17.03
17.03
17.04
17.06
17.43
17.23
17.23

PRESS

0.819
0.835
0.761
0.802
0.802
0.802
0.819
0.814
0.786
0.844
0.802
0.802
0.827
0.802
0.844
0.753
0.770
0.745
0.786
0.742
0.802
0.794
0.770
0.770
0.770
0.786
0.844
0.786
0.794
0.778

CORR

0.789
0.78¢
0.789
0.788
0.784
0.783
0.780
0.780
Q.779
0.778
0.775
0.770
0.770
0.770
0.749
0.148
G.763
0.760
0.760
0.759
0.758
0.756
0.752
0.749
0.749
0.749
0.748
0.744
0,739
0.739

TIME -

msec
25.24
25.24
25.25
25.27
2532
25.38
25.44
25.44

25.45,
2546

25.54
25,63
25.63
25.63
25.54
25.66
25,77
25.83
25.83

. 25.B4

25.85
25.90
28,97

" 26,03

26.03
26,03
26.05
26,42
26,22

26,22

PRESS

0.136
0.144
0.144
0.169
0.134
0.152
0.152
0.144
0,452
0.169-
0.13¢6
0.119
0.134
0.095
0.128
0.103
0.084
0.095
0.095
0.095
0.103
0.103
0.095
0.095
0.095
D.114
0.149
0.078
8.095
0.095

CORR

0,465
0.165
0.164
0.163
0.459
0.154
0.149
0.149
0.148
0.147
0.444
0.433
0.433
0.433
0.432
0.131
0.422
0.447
0.147
0.116
0.115
D44

0106

0.104
0.104
0.100
0.09¢
0.093
0.085
0.088
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TABLE i1, SAMPLED VALUES OF DIMENSIONLESS PRESSURE AND THE

CORRESPONDING CORRELATION VALUE CONTINVED

TIME

msec
8.24
B.24
8.26
8.37
8.43
8.43
B.44
B.46
8.50
8.57
8.63
B.63
B.63
B.65
8.72
8.82
8.82
B.82
8.63
8.85

PRESS

0.860
. 0.8B5
0.893
0.893
0.877
0.827
0.868
0,718
0.848
0.893
0.909
0,701
0.909
0.909
0.844
0.94B
0.893
0.B35
0.860
0.817

CORR

0.875
0.875
0.876
0.880
0.882
0.882
0.883
0.883
0.88%
0.887
0.889
0.889
0.890
0.890
0.893
0.8%6
0.8%6
0.896
0.8%4
0.8%6

TIME"

msec
17.23
17.24
17.25
17.37
17.42
17.42
17.43
17.45
17.50
17.564
17.62
17.62
17.63
17.64
17,72
17.81
i7.84
178l
17.82
17.84

PRESS

0.770
0.802
0.720
0.728
0.720
0.778
a.704
0.753
0.720
0.786
0.778
0.695
0.737
0.786
0.704
0,763
0.742
0.712
0.728
0,728

CORR

0.739
0.738
0.737
0,731
0.728
0.728
0.727
0,726
0.724

0.720

0,787
0917
0716
0.745
0.744
0.705
0.70%
0.708
0.705

0.704

J

TIME

msec
26,22
2623
2625
26,36
26,42
2642
2642
26,44
26,49
26,56
24,61
26,64
26,62
26.54
26,71
26,84
26,81
26.81
26,82
26,83

-

PRESS

0.053
0.078
0.070
0,045
0.062
0.070
0.045
0.078
0.053
0.070
0.053
0.070
0.042

'0.078

0.037 -

0.070
0.053
0.021
0.045
0.021

CORR

0.085
0.084
0.083
0.073
0.0469
0.06%
0.068
0.067
0.063
0.057
0.053
0.053
0.052
0.051
0.044
0.036
0.036
0.036
0.036
0.034
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TABLE 12. COMPUTED PSEUDOFREQUENCY AND DISTORTION
- : - &

COEFFICIENT FOR THE ENGINE SPEEDS SHOWN

SPEED PSEUDOFREQUENCY DISTORTION
COEFFICIENT
RPM Hertz m/m
1950 T 49 0.202
1952 148 0.207
1995 449 0.205
1996 ‘ 149 0.206
2000 149 0.206
2000 149 © 0.206
2000 149 0.202
2000 - 148 0.205
2250 166 0.272
2250 © 185 0.233
2250 169 0.498 .
220 165 . 0.233
2282 169 0.198
2306 166 0272
2540 .. 184 0.462
2510 185 0.495
2514 184 0.195
2530 186 0,462
. -~ _
2730 183 0.297
2761 . 184 0.292
2937 196 0.327
2980 196 0,326
4020 212 0.314
4104 213 0.309
4250 214 0.382
4338 - 218 0.374
4760 216 ' 0.425

4796 218 0.413
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