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ABSTRACT
FACULTY OF ENGINEERING AND APPLIED SCIENCE
INSTITUTE OF SOUND AND VIBRATION RESEARCH

Doctor of Philosophy

COMBUSTION AS A SOURCE OF DIESEL ENGINE NOISE

by David Anderton

The thesis deals with the study of the exciting propensities of various
forms of diesel comhustion and the resultant noise radiated by the engine
structure. |

It is found that the best description of éylinder pr;ssure exciting
potential is given by a frequency analysis of the cylinder pressure from
a running engine.

A fast Fourier Analysis computational method for the calculation of
several thousand harmonics has been developed which enables a fundamental
difference, which exists between combustion excitation of four- and two-—
stroke and turbocharged four-stroke operating cycles, to be shown. At
equal firing frequency the excitation of the two-stroke, above 200 Hz,
is generally lower than for an equivalent four—stroke. The turbochsrged
four-stroke approaches nearer to the two-stroke characteristic with an
increasing degree of turbocharging. It is-also shown that the harmonics
of cylinder Pressure responsible for transmitting power are the first two
harmonics of engine rotaﬁional speed. The harmonics controlling noisec
~ occur above the 20th.

It was found that the completé form of cylinder ?ressure development is
required to spécify"the cylinder pressure spectrum. The effects of peak

pressure P, rate of pressure rise %%, and acceleration of pressure rise

the fundamental cycle characteristics and the engine speed. This explains

why high power output engines vrovide lower combustion excitation if the

B.I.C.E.R.I. variable compression ratio pisztons are used.




The results show that the combustion excitation potential of each

combustion system can be simply described by é single 'reduced spectrum'
which is independént of engine speed and size.

Theoretical conéideratiohs of the loading due to combustion, on the-
assumption of linearity of vibration and acoustic reséonse,have led to
the formulation of a combustion noise model. In conjunction with
empirically found constants this provides a serig; of combustion noise
prediction formulae based on bore and rated speed and combustion system
only. Formulae, based on measured cylinder préssure spectrum values, have
also been derived to predict engine combustion noise at any condition of

- load and speed.



Acknowledgements

The author wishes to express his gratitude to his

supervisor, Professcr T. Priede, for the encouragement and

advice he has given throughout the work.

The author also wishes to thank all his colleagues in

the Automotive Group of the I.S.V.R. for their interest and

help but particularly Mr, E.C. Grover and Dr. N. Lalor. Also,

thanks are due to Mrs. S. Probert for help with computer

programming and running.

Special thanks must be given to the Military Vehicles

Experimental Establishment who sponsored the work on two stroke

cycle diesel engines. Also many firms who helpéd by supplying

test engines and equipment including Fodens Ltd., Rolls Royce Ltd.,

Detroit Diesel Allison Division, British Leyland Motor Corporation,

Weslake, Short and Co. Ltd. and Wade Engineering Ltd.

The author also wishes to express his appreciation of the

technical staffs at the Chilworth iaboratories under Mr. F, Cumnins

and Rayleigh laboratories under Mr. D. Stanton for the engine test

programme,

Finally, the author would like to thank Mrs. M.Z, Strickland

for typing the manuscript and Mr. G. Bazley and Mrs. J. Bull for

help in the preparation of the diagrams, and particular thanks to

my wife and family for the help and encouragement that they have

given.me, particularly during the last few weeks.




TABRLE OF CONTENTS

Page
Abstract
Acknowledgements
List of figures
"~ List of tables
1.0 INTRODUCTION ) : ' . 1.1
2.0 LITERATURE SURVEY OF COMBUSTION AND NOISE IN INTERNAL
COMBUSTION ENGINES 2.1
2.1 The Overall Picture 2.1
2.2 Early Work (1900-1939) 2.3
2.3 Later Work (1939-1973) 2.11
3.0 MEASUREMENT OF CYLINDER PRESSURE 3.1
3.1 Cylinder Pressure Transducers 3.1
3.2 Pressure Transducer Installation in I.C. Engines 3.1
3.3 Development of Pressure Transducer Installations 3.3
3.4 Characteristics of Cylinder Pressure Transducers 3.5
3.4.1 Frequency response 3.5
3.4.2 General characteristics 3.5
3.4.3 Effect of temperature coefficient 3.7
3.4.4 Flame sensitivity of transducers 3.8
4.0 FREQUENCY ANALYSIS OF CYLINDER PRESSURE DEVELOPMENT EY
ELECTRICAL FILTERING k.1
L.l Introduction .1
L.2 Fourier Analysis and Electrical Filtering . .2
4.3 Electrical Analysis of Time Varying Signals 4,3
4.3.1 Generai system ' 4.3
4.3.2 Electrical filters k.3
4.3.3 Detectors 4.5
4.3.4 Dynamic range 4.6
4.3.5 Relaticn between nerrow band and 1/3 octave
band cylinder pressure levels 4.6
4.3.6 Cylinder pressure analysis with limited
dynamic range analysers 4.8.
4.3.7 Cylinder pressure analysis using the differential
of the cylinder pressure diagram 4.9
5.0 FREQUENCY AIALYSIS OF CYLINDER PRESSURE DZVELOPMENT BY
DIGITAL CCMPUTER 5.1
5.1 Straightforward Calculation of Fourier Series 5.3
5.2 Increasing the Speed of Computation. Fast Fourier
Analysis Method : : 5.6
5.3 Analcgue to Digitzl Conversion 5.7



S.4 Extension of the Number of Harmonics Calculable
from a Given Data Set by the Assumption of a Linear
Variation between Points 5.8
5.5 Polynomial Variation Between Points ’ 5.9
5.6 Extension of Discrete Fourier Analysis to the
Computation of Discrete Fourier Transform Values

. of Transient Waveforms 5.9
5.7 Accuracy of Fast Fourier Analysis Method 5.12
5.7.1 Effect of number of input data points 5.12
5.7.2 Effect of stralght line approx1matlon 5.14
5.7.3 Effect of accuracy of input data points 5.1k
5.7T.4 Effect of uneven spacing of input data points 5.15
5.8 Conclusions 5.17
6.0 COMEUSTION INDUCED NOISE IN INTERNAL COMBUSTION ENGINES 6.1
6.1 Combustion Noise Model 6.2
6.1.1 Effect of number of cylinders €.8
6.2 General Relations Between Engine Design Variables
and Combustion Hoise 6.9
6.2.1 First empirically derived relations (1$69) - 6.10
6.2.2 Modification of original relations to include
the effect of radiating area 6.11
6.2.3 Combustion noise in engines with the same
overall acoustic and structural responss 6.14
6.2.4 Calculation of combustion induced noise using
the standard structure attenuation factor 6.15
6.2.4.1 Simplified cylinder pressure spectrum 6.15
6.2.4.2 Reduced cylinder pressure spectrum 6.16
6.2.k.3 Standard structure attenuation Tactor 6.16
6.2.4.4 Calculation of overall level from
known cylinder pressure spechrum 6.17
6.2.4.5 Overzll level assuming two part
standard structure attenuation curve €.18 )
7.0 EFFECT OF OPERATING CYCLE ON COMBUSTION INDUCED NOISE T.1
T.1 Theoretical Considerations of Two and Four Strcke
Operating Cycles 7.1
T.1.1 Representation by intermittent sine weave function 7.1
T.1.2 Comparison at the same engine speed 7.3
T.1.3 Comparison at the same firing frequency 7.3
T.1.4 Comparison of the two cycles at equal power outbut TS5
T.1.5 Comparison of englnas of equal bore size T7
7.1.6 Comparisor of engines at equal rotational speed 7.8
7.2 Practical Comparison of Two and Four Strcke Operating
Cycles 7.9

- T.3 Application of Fourier Analysis Methods to the Calcula-
tion of Indicated Horse Power in I.C. Engines T7.10




Work done in I.C. engines
The four stroke cycle
The two stroke cycle
Power produced when the canecting rod is
very long
7.3.5 Indicated power produced in the two types of
cycle
7.3.6 Continuous monitoring of I.M.E.P.

T.4 Effect of Cylinder Pressure Diagram Width on
Fundamental Harmonic Value

8.0 EFFECT OF PEAK PRESSURE, RATE OF PRESSURE RISE AND
ACCELERATION OF PRESSURE RISE ON COMBUSTION EXCITATION

L
TOFW N

8.1 Interpretation of the Fourier Anelysis Method
6.2 General Considerations

8.3 Effect of Peak Cylinder Pressure

8.4 Effect of Acceleration of Cylinder Pressure Rise
8.5

8.6

8

Effect of Rate of Pressure Rise

Effect of Changing Specific Portions of Cylinder
Pressure Development for Diesel and Petrcl Combustion
T Cylinder Pressure Oscillations

.

8.7.1 Frequencies and mode shapes

8.7.2 Relation between frequency and gas temperature
8.7.3 Mode shapes

8.7.4 Damping of the oscillations

.

OO Mm@ oo oo
P O R AT

NOVFW NDO

9.0 ASSESSMENT OF GENERAL CHARACTERISTICS OF COMBUSTION

EXCITATION IN INTERNAL COMRUSTION ENGINES G.1
9.1 General Characteristics of Combusticn N-ise in I.C.
Engines Based on 'Ideal' Combustion 9.1
9.2 Assessment of Combustion Noise Level 0.2
9.3 Characteristics of Combustion and Noise in I.C. Engines 9.4
9.3.1 Four stroke direct injection diesel engines 9.
9.3.2 Four stroke indirect injection diesel engines 9.6
9.3.3 Two stroke direct injection diesel engines 5.7
9.3.4 Four stroke turbocharzed direct injection
diesel engines 2.9
9.3.5 Two stroke turbocharged direct injection
diesel engines 9.10
9.3.6 Fuel injected petrol engines 9.11
9.3.7 Overall combustion excitation characteristics
of six classes of I.C. engine 9.11
9.4 Effect of Injection System Variables on Cylinder
Pressure Diagram 9.13
9.5 General Characteristics of Combustion Noise in I.C.
Engines, Taking Account of Changing Cylinder Pressure
Diagram with Speed 9.15




10.0 METHODS OF PREDICTION OF COMBUSTION INDUCED NOISE IN
DIESEL ENGINES

10.1 Prediction of Automotive Diesel Engine Noise, Based
on a Combustion Model '
10.2 Variation of Combustion Excitation from Engines of
‘ Similar Design .
Prediction of Combtustion Induced Ncise from Measured
Cylinder Pressure Spectra

10.3.1 Combustion noise at rated speed
10.3.2 General prediction of combustion noise
characteristics in I.C. engines

11.0 CONCLUSIONS

APPENDICES

Appendix 1 -~ Fast Fourier Analysis Computer Programs.




Chapter 3

3.1 Balanced disc and strain gauge pressure transducers.

3.2  Piezo-electric pressure transducers

3.3 Various configurations of strain gauge transducers.

3.k Various configurations of piezo-electric transducers.

3.5 Various cylinder head adaptors for transducers.

3.6 Horizontally opposed piston two stroke diesel pressure transducer
installa ton.

3.7 Vee two stroke diesel pressure transducer installation.

3.8 Four stroke diesel pressure transducer installation.

3.9 Harmonic response of a single-degree-of-freedom system

3.10 Response of a single—degree—of-freedom,system.to a zero order step.

3.11 Variation in calibration obtained with balanced disc pressure
transducer.

3.12 Comparison of cylinder pressure .spectra by different transducers.

3.13 Comparison of cylinder pressure spectra by different transducers.

3.1k Comparison of ﬁressure diagram obtained with two transducers at
750 rev/min.

3.15 Thermal shock test appératus.

3.16 Therml shock of piezo electric pressure transducers.

Chapter L

k.1 Schematic diagram. of electrical frequency analysis system.

k.2 ‘2 Hz and 20 Hz bandwidth analysis of diesel noise.

4.3 2 Hi analysis of cylinder pressure ﬁeveloPment - 2 stroke diesel.

.4 Comparison of three analysers to sawtooth waveform.

k.5 Comparison of two analysers - cylinder pressure spectrum

LIST OF FIGURES




Frequency characteristics of filters.

b7 Narrow band Parmetrads 1/3 octave C.P.S. comparison.
P

4.8 Conversion from 1/3 octave band analysis to spectrum level - four
stroke engine, 1000 revs/min.

.9 Comparison of cylinder pressure and rate of change of pressure
(dp/dt) diagrams.

4.10 Cylinder pressure spectra obtained from dp/dt output.

Chapter S

5.1 Eaymonic analysis of sawtooth waveform uzing Simpson's rule
approximation.
5.2 Comparison of computed and reasured cylinder pressure spectra.

5.3 Effect of dynawmic range on digitised C.P.D.

5.4 Comparison of computed and measured cylinder pressure spectrum.
5.5 Comparison of computed and measured cylinder pressure spectrum.
5.6 Polynomial approximation around initiation of pressure rise.
5.7 Fourier transform of sine wave.

5.8 Sawtooth waveform analysis.

5.9 Effect of number of input data points.

5.10 Effect of straight line approximation.

5.1la 73 input point sine wave, even spacing, straight line varistion.

5.11b " " " " " " " polynomial variation.

5.12a 21 input point sine wave to 5 significant figures.

5 . 12-0 21 n f " " " 3 " 11

>.13a 21 input point sine wave. Effect of uneven spacing of data input points.
5.13b As 5.13a, but reduced accuracy in data.

5.1ba T3 input point sine wave, even spacing.

5.1 73 ¢ " " " uneven spacin

.

]

5.15 Effect of 6% and 16% analysis on computed cylinder pressure spectra.

5.16 Example of 1/3 octave band computed and measured cylincder pressurs zpecir:




6.1
6.2
6.3

6.4
6.5
6.6
6.7
6.8
6.9

6.10a)
b)

6.11

6.12

6.13

7.1
7.2
7.3
7.4

7.5

7.6

T.7
7.8
1.9
7T.10

7.11

Chapter 6

Structure response to one firing of one cylinder in an
in llne engine.

Var;atlon of noise and vibration of engine with a force
input from a vibrator.

Mechanism of diesel combustion noise, with particular
reference to the speed effect.

Detail mechanism of diesel combustion noise.
Comparison of noise spectra for various types of engines.
Noise of various diesel engines at rated speed.

Structure attenuation factor for various configurations.

© Mean structure attenuation factor curve.

Cylinder pressure spectra versus speed for D.I. four stroke

Simplified cylinder pressure spectrum

" 8implified and reduced cylinder pressure spectrum

Reduced cylinder pressure spectra four stroke D.I. diesel
engine at full load.

Spectrum shape factor Y. As a function of combustion index.

Spectrum shape factor X. As a function of combustion index.

Chapter 7

Comparison of Typical 2 and 4 stroke cylinder pressure development.
Representation of two and four stroke cycles as repetitive functions.

Helf sine wave representation of 2 and 4 stroke cycles.

Comparison of computed cylinder pressure spectra for 2 snd L
stroke cycle.

Comparison of measured cylinder pressure spectrs for 2 and b4
stroke cycle at same speed.

Comparison of measured cylinder pressure spectra for 2 and b
stroke cycle at same firing frequency.

Comparison of equal bore engines at same speed.

Comparison of equal bore engines at the same power.
Harmonic analysis of piston motion for various L/R ratios.
Relation between noise and power -

Effect of cylinder pressure diagram width on amplitude of
fundamental of cylinder pressure spectra.




Chapter 8.

8.1 Comparison of Cylinder pressure developments of
conventional D.I., M.A.N. and petrol engines at
1000 rev/min full load.

8.2 Cylinder pressure spectra of a conventional D.I., M.A.N. and
petrol engine.

8.3 '~ Comparison of computed cylinder pressure spectra for a
fixed plston engine and a variable compression ratio
piston engine at high (350) b.m.e.p.

8.4 Effect of smoothing entry to combustion on an extremely
" high peak pressure diagram glVlng 350 b.m.e.p.

8.5 General saw tooth waveform.

8.6 Effect of rate of pressure rise on saw tooth waveform spectra.
7 8.7 Comparison of saw tooth spectra with typical diesel spectra.

8.8 Cylinder pressure development for diesel and petrol combustion

with specific changes.

8.9 .Cylinder pressure spectra for diesel and petrol combustion
with specific changes.

8.10 : Cylinder pressure and corresponding noise spectra of 1.5
litre petrol engine at 2000 rev/min full load.

8.11 Frequency range of rate and acceleration of pressure rise
effect on cylinder pressure spectrum.

8.12 Modal pressure distribution for the three lowest frequency
modes of a cylindrical space in which g< 0.85B.

Chapter 9.

g.1 " Effect of engine parameters on emitted noise - cylinder
pressure development basis constant with speed.

9.2 Effect of injection timing on third octave band noise.

9.3 Relation beeween cylinder p;essufe level and noiee.

9.k Effect of injection timingueﬁ combustion induced noise.

9.5 Cylinder pressure development for D.I. four stroke diesel.
9.6 Combustion excitation and noise at full load for four stroke

dirset injection diesel,

9.7 Combustion excitation and noise at no lcad for four stroke
direct injecticn diesel.




Chapter 9 cont'd..

9.7A
9.8
9.9

9.10

9.10A

9.11
9.12
9.13

9.1k
9.15
9.16
9.17

9.18
.‘9-19
9.20"
9.21
9.22

9.23

9.24

9.25

Comparison of various chamber designs.
Cylinder pressure development for I.D.I. four stroke diesel engine

Combustion excitation and noise at full load for I.D.I.
four stroke diesel engine.

Combustion excitation and noise at no load for I.D.I.
four stroke diesel engine.

Comparison of two I.D.I. chamber designs.

Cylinder pressure development for diesel injection two stroke
diesel engine.

Combustion excitation and noise at full load for direct
injection two stroke diesel engine.

Combustion excitation and noise at no load for direct
injection two stroke diesel engine.

Comparison of two and four stroke compression pressures
Contribution of Rootes blower to two stroke diesel engine noise
Lysholm blower rig

Cylinder pressure development of opposed piston two stroke
diesel engine.

Combustion excitation and noise at full load in opposed piston
two stroke diesel engine with Rootes blower removed.

Cylinder pressure development, spectra and noise at full load
for turbocharged direct injection four stroke D.I.

Cylinder pressure development, spectra and noise at no load for
turbocharged direct injection four stroke diesel engine. )

Cylinder pressure development of turbocharged two stroke
direct injection diesel engine.

Combustion excitation and noise at full and no load for
turbocharged two stroke direct injection diesel engine.

Cylinder pressure development of fuel injected petrol engine.

Combustion excitation and noise at full load in fuel injected
petrol engine.

Effect of turbocharging on cylinder pressure spectrum of
4 stroke diesels at rated speed.




Chapter 9 cont'd

9.26

Comparison of L and 2 stroke cvel

e
cylinder pressure spectra at rated

9.27 Comparison of D.I. and I.D.I. four stroke diesels =
rated speed.

[

9.28 Comperison of petrol and diesel combustion spectra
for four stroke engines.

9.29

Noise and cylinder pressure spectra at various injection
timings. :

9.30

Comparison single nozzle and seven nozzle two stroie
diesel combustion.

9.31 Eflect of engine Darametﬁrs on emmitted noise. . . -~ - - -
 Chapter 10
10.1 Reduced cylinder pressure spectra for two indirect

injection diesel engines.

10.2 Reduced cylinder pressure spectra for two direct njection
normally aspirated diesel engines.

10.3 Reduced cylinder pressure spectra for two Rootes scavenged
two stroke diesels.

10.4 Reduced cylinder pressure spectra for two turbocha rged
direct injection four stroke diesel engines.

10.5 Pull load reduced and simplified cylinder pressure spectra
for a range of engines,

10.6 Full load reduced and simplified cylinder vressure svectra
grouped according to form of combustiocn.

10.7 Average full load reduced and simplvfzcd cylinder tressure
spectra for four classes of I.C. engine.
10.8 No load r implified cylinder pressure specira




CHAPTER 3

Pagg

Table 3.1 Typical characteristics of Strain Gauge and Piezo-Electric

Cylinder Pressure Transducers A (3.6)
CHAPTER L
Table L.1 1/3 octave band irequency above which 10 dB/decade

correction can be applied to convert 1/3 octave spectra to

equivalent harmonic spectrum levels. (k.8)
CHAPTER 5
Table 5.1 Speed of computation for straightforward Fourier analysis o

using Simpson's rule approximation - - - ~— - (5.5)
Table 5.2 Mean error from true maximum values due to

Data Point Spacing (5.16)
CHAPTER 6
Table 6.1 Effect of number of cylinders on engine noise (6.8)
Table 6.2 Predicted and measured noise levels of automotive diesel

engines (6.12)
"CHAPTER 7
Table 7.1 Harmonic series values for piston motion for two extreme

values of L/, ratio (1.27)
Table 7.2 Harmonic series values for typical two and four stroke

diesel engines {71.18)
CHASTER 8
Table 8.1 Characteristic values of amn Tfor the cylindrical room

solutions (8.1k)
CHAPTER 10
Table 10.1 Comparison of measured and predicted noise levels at

1 metre for various diesel engines using relations (10.9) (1o.4)
Table 0.2 Comparison of predicted combustion induced noise levels

and measured ncise levels for a range of engines (10.7)




NOTATION

a pressure diagram width.

A ‘ piston area

A(iw) " Fourier Transform

ag, by Fourier coeffiéients

ak,. by differential ?alues of ék’ by .
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¢ ___ .. . velocity of sound - - =T - -

o] /2,

Cp - mean piston speed
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f frequency in Hz
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I(y) Noise intensity at frequency w

I, Overall noise intensity

K percentage bandwidth
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L engine stroke
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1.0 INTRODUCTION

Combustion 1is a controlle& explosion. In the case of the Internal
Combustion Engine the control is in the form of an iron structure which does
not allow the explosion to communicate itself directly with the surrounding
air until the pressure is reduced to 1itt1e above that of a few atmospheres
by an expansion and heat loss process. During the controlled explosion, the

containing iron structure is forced to expand and deflect sligntly causing

a pressure wave to be conducted into the surrounding -air. The magnitude

of this pressure wave is many times iegémfh;ﬁ_that’of én open explesion and
the pressure wave is perceived as noise rather than a destructive pressure
blast. The form.of the noise perceived depends pn‘the characteristics of
the explosion, the containing structure deformation and the containing
structure noise radiation characteristics.

It is thé purpose of this thesis to explore the characteristics of the
exﬁlosion as a function of the form of combustion (diesel and petrol operation),
the opgrating cycle Cfour stroke and two stroke), the combustion system
(Direct Injection, Indirect Injection) and combustion system design details
(injection and spark timing, nozzle configuration and swirl).

This objeétive-is not- a ﬁew one. Indeed, it has always beeun the aim_ = - _
of engine development since the first successful Internal Combustion engines
were built in the late 19th Century. It is the means of obtaining the
necessary objective measured data which has been lacking in the past. Now,
with the development of high class and accurate cylinder pressure transducers,
the use of the Fourier analysis approach and the very recent advances iﬁ
computer technology and electronic inétrumentation.allowing, for the first
time, the computation and measurement of a few thousand Féurier harmonic

values, a great deal of this necessary measured information can be obtained.

1.1



' The literature concerning combustion, vibration and noise is extensive

and it is a credit to early workers that they 'guestimated' so accurately

on such scant information. ¥What is always confusing in the literature is
that so many appareantly conflicting'results have been obtained on a variety
of engines. It is thought that thig‘prESent Qork explains to a great extent
the reasons for this and lends weight to the validity of the cqnclusions
reached in earlier work.

In diesel engines combustion studies are concerned with general 'rough
fgggiggiﬂq;_gqi§e_as_a_result_oﬁ.normal-eombustion*whiiét in thé petrol
engine they are usually concerned with ébnormal combustion conditiomns, such
as detonation and rumble. Since in petrol engines these conditions can lead
to mechanical failure, they have been studied extensively. Claims that both
rate of pressure rise and acceleration of pressufe rise are responsible can
be substantiated. It is éhowﬁ_that these résults are not inconsistent

since the controlling feature of the cylinder pressure diagram is found to

vary with both frequency range considered and engine speed.

The layout of the thesis is-basically in four parts. Firstly, a
éonsideration‘of the means and accuracy of assessment of the prime variable -
the cylinder pressure development. Secondly, a theorgtical study of the
mechanism of combustion induced noise and the effect of the operating cycle,
peak pressure, rate and acceleration of pressuré rise on noise and power are
presented. Thiraly, the general measured characteristics of a range of
gngine classes are presented, together with an overall assessment of trends.
Finally, the theoretiéal and measured characteristics are compared and
three methods of predicting the combusﬁion inéuced noise level in diesel

engines presented. -
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2.0 LITERATURE SURVEY OF‘COMBUSTION AND NOISE IN INTERNAL COMBUSTION ENGINES

2.1 Overall Picture

Throughout the development over the last 98 years of the internal combus-
tion engine the sound produced by combustion has been used to assess the
process. Sound due to combustion has been characterised by various onomato-
poeic words like Knock, Rumble, Thud, Ping, Wild Ping, Spark Knock and many

. others depending on the subjective quality of the sound produced. These

. sounds have from time -to- time been-correlated with various measured quantities

of the cylinder pressure development,‘namely, peak pressure, rate of pressure
rise and rate of change of pressure rise. In diesel engines such studies

were concernéd‘with normal combustion, whilst in petrol éngines they were
concerned with abnormal combustion. Tﬁe study of the reiation between

cylinder pressure development and noise has always depended on the availabilfty
of adequate devices for measuring the cylinder pressure development in running °
engines and it was not until the 1950's that such adequate transducers were -
developed. Hence, only since this time have quantitative values been placed

on the sounds due to combustion and their interpretation. This is not to

imply that earlier results based on a subjective assessment are incorrect.

Far from it — ultimately the sounds are judged subjectively - but this process
does produce assessments which have blurred edges and are thus open to mis-—
interpretation.

Edarly workers used the characteristics of a measured cylinder pressure
versus time curve to correlate with a subjective sound or vibration level.
Sometimes a mechanical single degree of freedom system, which gave a different
response to different applied loads, was used. In the 1950's, Pollack (1952)
(2.1).and Robinson and Dadson (1956) (2.2), repeating Fletcher and Munson's
work of 1933 (2.3), produced "equal loudness" contours which showed that the

response of the human ear to sounds at different frequencies varied, and,

2.1




moreover, was non—linear with level. This quantified what had been appreciated

for many years and was accompanied by a rapid development in instruments
capable of measuring the frequency composition of sound.and vibration. Sound
:could ﬁow be measured and quantified by a level versus frequenéy spectrum as
well as by subjective assessment. Knock, Rumble, Ping, eté., could also be
specified in a similar manner. Austin and Priede (2.4) in 1958 compared the
sound spectrum not with the cylinder pressure development but with the fre-

quency spectrum of the cylinder pressure development. Priede (2.5) in 1960

_showed that_in this. way-the -ability -of a particular préssure development to
produce sound at a particular frequency could be determined. Priede developed
ihe method whilst working with diesel engines and later, in 1963, Andon and
Marks (2.6) applied this method to the assessment of Rumble in petrol engines.
In the same year, Craig (2.7) employed a different approach employing the
Duhamel Integral technique to calculate the response of a single degree of
freedom system to an approximate mathematical expression for cylinder pressure
deQelopment. It was gradually established that the measured cylinder pressure
spectrum specified the combustion noise excitation propensity of an engine
and Priede, Grover and Anderton (2.8) in 1968, showed that the cylinder pres-—
sure spectrum could be obtained by Fourier analysis using a digital computer.
This computational method was used to show that there was a fundamental 7
difference in the shape of the cylinder pressure spectfum caused by the
operation cycle; namely, two stroke and four stroke, whicﬁ ﬁad a profound
effect on the combustion noise of the two types of engine. Tﬁis type of analysis
was carried further (2.9) in 1969 to show tﬁat even in diesel enginés; wﬁen
the rate of pressure rise was not too high, the rate of change of rate of
pressure rise (acceleration of pressure_risej controlled high frequency combus-
tion noise, e?en when peak pressures up to 3,300 psi were employed. In 1970,
Anderton, Grover, Lalor and Priede (2.10) extended this approach to include a

model for combustion noise in which it was found that, for current production
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automotive engines, the engine noise could be predicted from the engine
speed and bore. This differs from previous prediction formulae in that it
is derived from a consideration of theory and not largely a statistical
relationship involving the main engine parameters, as in the case of
Zinschenko in 1957 (2.11), Slavin in 1960 (2.12), Pflaum and Hempel in 1966

(2.13) and Cordier and Reyl in 1968 (2.14).

2.2 Early Work (1900-1939)

Ricardo, during the early 1920's_realised_that the tendency of—fuels to -~ =

detonate in constant volume (petrol) internal combustion engines limited the
engine performance. He wrote (2.15), "The phenomenon of detonation as apart
from its relation to the nature of the fuel will be dealt with later, but
for the present it is sufficient to state that the limit to which the compres-
sion ratio can be raised, and therefore the limit of power butput and
efficiency, is governed by the coﬁditions which control detonation and pre-
ignition". Ricardo described Detonation in the following manner: "The
phenomenon of detonation appears to be the setting up in the cylinder of an
explosion wave. This occurs when the rapidity of combustion of that portion
of the working fluid first ighited is such that, by its expansion, it com—
presses before it the unburnt portion beyond a certain rate. When the rate
of temperature rise due to compression by the burning portion of the charge
exceeds that at which it can get rid of its heat by conduction, convection,
etc., by a certain margin, the remaining portion ignites spontaneously and
nearly simultaneously throughout its whole bulk, thus setting up an explosion
wave which strikes the walls of the cylinder with a hammer blow and, reacting
in its turn, compresses afresh the first portion ignited. This further raises
the temperature of that portion and, with it, the temperature of any isolated
or partially insulated objects iq its vicinity, thus ultimately éiving rise to

pre-ignition. It would, therefore, appear pretty certain that detonation



depends primarily upon the rate of burning of that portion of the charge

first ignited, and it remains to discover what actually controls this rate'.

Thus, detonation limited petrol engine performance and mechanically and
thermally overloaded an engine structure. These were the reasons for the
vast amount of work, still continuing, carried out on various aspects of
detonation. Noise and vibration were not at that.time of primary concern and
were involved largely because, by the noise and vibration produced by a

detonating engine, the onset of detonation could be detected - at that time

Ricardo had also at that time identified the three stages of diesel
combus tion and although not specifically stated, had correlated the severity
of the second stage of combustion (uncontrolled burning) with the subjective
sound of the running engine. He therefore suggested that the delay period
shotild be shortened for smooth running and mentioned the use of higher com-
pression ratio, and pre-heating of air before entry to the combustion chamber
and the degree of pulverisation of the injected fuel as controlling factors
in smooth running.

The implication that higher rates of burning in the cylinder are synon-—
oﬁous with engine "rough running" is shaEFd by Heldt (2.16) when, in 1932,
he writes of diesel engines: 'roughness or harshness of the combustion in
diesel engines may be overcome by either increasing the compression pressure
or by pre-heating the air entering the cylinder. Both of these expédients
have the effect of reducing the ignition lag. Pre-heating the fuel has also
been suggested". The slight change of emphasis from Detonation to Roughness
shows that foughness (or noise) was of concern to the engine manufacturers
very early in diesel engine development.

In 1929, two years earlie; than the books of Ricardo and Heldt, Janeway
(2.17) examined the problem of detonation from the combustion chamber design

aspect. He was concerned with the response of the structure to the combustion



load as well as the chemical aspects, and this was the first investigation

to consider if rate of pressure rise or rate of change (acceleration) of

pressure rise controlled the shock loading of the engine structure. He wrote,
"Since the shock loa& is produced by the pressure rise of combustion, the
source of the trouble is obviously to be found in the characteristic of

that pressure rise with respect to time. It is only natural to jump to the
conclusion that the maximum rate of pressure rise is the determining factor.
in shock. However, this is.reélly to superficial to be true, as we found
out when we tried .to design combustion~chambers aroind the ﬁékiﬁﬁm"}été~df'
pressure rise. What happened was that chambers that should have given
velvety smoothness, according to this theory, gavé a result that was more
like sandpaper. After that a new theory had to be found. The next attempt
was much closer to the truth. This time we chose the accelération in the
rate of pressure fise as the deciding factor and found that keeping down this
acceleration really produced smooth operation.'

'But guesswork, even when attended by good luck, is not a reliable means
of progress, so it was necessary to coﬁstruct a fundamental picture of the
problem in order to determine the true relation of the various factors to
the result. Since the measure of shock load is the deflection it produces,
let us analysé the pressure-time characteristic for its direct effect on |
deflection of the resisting structure.'

'At any instant during the combustion the deflecting structure resists
the impressed force with a restoring force which is proportional to its
deflection at that instant, if the action is elastic. Also, since the
impressed force is constantly changing, the deflecting structure has a
definite velocity. If the rate of increase in the impressed force is built
up gradually, so that the rate of deflection can follow it, the restoring
force will always exactly balance the impressed force and the maximuﬁ rate

of pressure rise will in itself determine the maximum rate of deflection and,



consequently, the dynamic load. However, if the acceleration in the

‘rate of increase of the impressed force is appreciable, a force differen-
tial must be provided to accelerate the deflecting mass. This required
force-differential can come only from an unbalance between the impressed

and the restoring forces. As a result, the greater the acceleration in

the increase of impressed force, the greatef is the instantaneous lag of the
deflecting rate behind the rate of force increase. This lag lasts as long
as the acceleration continues undiminished. When the acceleration falls'off,

| however, the force differential which has been created between the impressed

and restoring forces becomes effective in accelerating the deflecting mass,
with the result that a velocity of deflection is built up in excess of that
corresponding to the maximum rate of increase in impressed force."

"From this analysis it is evident that no single feature of the pressure-

time characteristic can be selected which will give a true quantitative gauge

of the shock load. This can be obtained only by an integration involving the

entire characteristic."

Janeway used a graphical method to compute the deflection of a given
single degree of freedom system, due to an impressed load, given by measured
cylinder pressure - time.developments. The method used is basically that
used subsequently by O'Hara for shock spectrum computation in 1962 when -
digital computers were sufficiently deﬁeloped to replace the graphical
solution.

- In 1932, Le Mesurier and Stansfield (2.18) completed similar investigations
on a diesel engine by running with different types of fuel. This produced
combustion with varying rates of preésure rise. They showed how the noise
and vibration of an engine, as measured by a special ins trument, may be
correlated with the length of delay period. As delay increased, the rate
of pressure rise increased and so did the noise and vibration. Eventually,

the conditions where all the fuel was injected during the delay period and
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the peak rate of pressure rise and noise and vibration was reached. After

tﬁis point the rate of rise diminished with increasing delay period, as did
the noise and vibration. Those fuels which gave short delay times and smooth
running were the ones composed largely of members of the paraffin series,
while the long delays were always associated with a large percentage of
naphthenes and aromatics. |

Pye (2.19) in 1937, described the sound of detonation of "pinking'';

"The noise which has given the name of "knocking'" to detonation is like that

produced by a sharp ringing blow upon the metal of the engine cylinder..

Formerly it was supposed to be actually due to some such mechanical cause,
whi;h might be derived, it was supposed, from a looseness between moving
parts. Experiment soon proved this supposition to be untenable, and in place
of a mechanical blow between two solid parts of the engine, we now imagine
the noise to be caused by a blow delivered against the cylinder wall, by a
wave of high pressure travelling at great speed through the gas which forms
the working gubstance." |

Pye also identified diesel combustion as an extension of the same
phenomenon where the "knocking'" was a constant feature of normal operation.
At this time the measurement of the tendency of various fuels and engines
to detonate was still the main criterion and Pye listed the following method
. of detecting its onset: "Apart from the cathode-ray indicator and from
simply listening for the characteristic metallic knock, three methods of
detecting detonation have been developed. These are the 'bouncing pin',
the maximum pressure indicator, and the 'temperature plug'."

"When detonation occurs, pressures may be developed locally far in
excess of fhe normal maximum pressures. These sharp rises of pressures are
made use of in the bouncing pin apparatus of Midgeley and Boyd to throw a
heavy pin off its seat, so as to make contact at its other end with an

easily deflected spring. The duration of contact with this spring is a




rough measure of the original momentum of the pin, and this, in its turn,
of the violence of the blow from the detonation wave which gave it the
momentum. A record of the number of contacts with the spring, and of the
length of their duration, is obtained by the amount qf gas produced in an
electrolytic circuit which is closed by the contact. The apparatus works
very well for comparing the violence and persistence of the detonation with
two different fuels; 1its weakness lies in the fact that it is not satis-

factory for detecting incipient detonation, because a certain violence of

blow is necessary to displace the bouncing pin. -It-is very difficult, =~

moreover, to maintain the adjustment of the various parts of the apparatus
so that it reacts equally from day to day, to similar degrees of detonation
a; judged by other methods."

"It is unquestionably important sometimes to have a more positive
method of maintaining the same standard between one observer and another,
as to what is 'incipient detonation', than is possible when this is left to
. personal judgement of the noise of the characteristic knock, more especially
when.high—power and noisy aero—engines are in question. With these,
incipient detonation may sometimes be accompanied by no clearly definable
ﬁoise, and may only be detectable by what may be termed harsh running. A
.more satisfactory way of getting over the difficulty than by relying on
auditory observation is by the use of an adaptation of the Farnborough
indicator. If the indicator be connected in the normal way to the engine
cylinder, and the balancing pressure is set to one, two or three hundred
pounds per square inch above the normal maximum pressure, then the incipient
detonation will be marked by an occasional record of an excessive pressure,
the frequency depending upon how much the balancing pressﬁre exceeds the
normal. A convenient form of this detonation indicator has been worked
out in which, as the balancing pressure is gradually raised, its magnitude

is indicated on the usual type of 'dial and pointer' pressure gauge. Every



time the cylinder pressure exceeds the balancing pressure a spark passes
from the tip of the pressure gauge pointer on to the scale 5ehind it. A
standard of detonation is established in terms of a certain number of sparks
per minute at some agreed value of the balancing pressure.”

"The third, temperature plug, method of detectiﬁg detonation depends
upon the fact that as soon as detonation begins there is a rise of tempera—
ture at the surface of the cylinder head. If a metal plug incorporating a

platinum resistance thermometer or a thermocouple element is screwed into a

”sgarkingfplugvhole,~the'temperature-rise'indicafivéﬁ6f—ihéibiént aétoﬁétiéﬁ
can be observed before any knock can be heard."

"Opinions differ as to the convenience and reliability of the various
me thods, and,.indeed, these differ according to circumétances. With the
Ricardo E.35 engine, which has been largely used for comparing H.U.C.R.
‘values through its having been first in the field, the bouncing pin cannot be
used for reasons of design; and, although the maximum pressure indicator
could be used, auditory methods have been found more satisfactory. A skilful
observer can repeat‘observations of H.U.C.R. with fair certainty by auditory
methods to 0.05 of a ratio."

"A weakness of all three methods referred to above, and one from which
the cathode-ray indicator does not suffer, is that the amount of the effect
which is relied upon for indication, whether it is a fise of pressure or of
temperature, depends very much upon the position of the indicating point in

the cylinder. The sharp rises of pressure and temperature associated with

detonation are very local, and, if the indicating point is remote from the

centre of disturbance, it may be impossible to get any useful indication at

all. The cathode-ray indicator, giving as it does a true record of the
pressure wave system which is typical of detonation, travelling to and fro
across the cylinder head, should not be subject to the same drawback, and

promises to provide a really satisfactory indicator of detonation when
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developed for this purpose."
Pye also turned his attention to the roughness of petrol engines. He

observed that "Excessive turbulence may produce harsh running, and it has

even been found possible, with turbulence of the organised swirl type, to

prevent combustion altogether. With normal turbulence in one engine, with

ignition at 28° b.t.d.c., the pressure rose steadily at about 17 1b/in2/

degree of crankshaft rotation. With excessive turbulence, and ignition re-

tarded to 12° b.t.d.c., the rate of rise was over 50 lb/inz/degree, and a

very rough running engine of lower power output was the result. What pre-

cisely is meant by a 'rough running' engine is as difficult to define as the

meaning of turbulence. It has been stated, when discussing combustion in the

diesel engine, that roughness is more easily apprehended from experience of

an engine on the test-~bed than described in words, and this is equally true

of the petrol engine. A rough running engine is noisy without necessarily

giving out any of the characteristic knock of detonation; there is also a

certain amount of general vibration, unless the engine is very solidly mounted

on the test-bed; and if the roughness be allowed to continue for long, both

the connecting-rod and main bearings will probably suffer."

"The desired smoothness of running and its relation to turbulence is a

point of great importance. Apart from the average rate of pressure rise,

smoothness appears to depend particularly, in some designs at any rate, upon

the rate of rise at the very beginning of combustion." Pye then i1llustrated

this point with an example showing the same engine with standard and modified

. combustion to give the same peak pressure and rate of pressure rise, but

different entry to combustion.

Turning his attention to the compression ignition diesel engine, Pye

wrote that "If the uncontrolled type of combustion with its extreme rate of

pressure-rise occurs in an engine after a long delay period, the result is an

intolerable roughness of running accompanied by a loud 'kock' somewhat, but




~not quite, like the pinking or detonation of a petrol engine. This 'diesel

knock' as it has been called, is undoubtedly due to eitremély rapid burning,
often of a large part of the fuel charge, if the delay before it has been
long. There is general agreement that diesel knock is nearly always asso-
ciated with a 1ong delay period and that, failing its elimination, the
shortening of the.delay period is of primary importance for the development
of a smooth running and reliable engine. Whether or not detonation and
diesel knock are identical in their physical nature, they are similar in
their effects.” . _ . . - — -

2.3 Later Work (1939-1973)

Hinze in 1949 (2.20) in an excellent paper on the effect of cylinder
pressure rise'on engine vibrations (with a very good literature survey),
states: "In studying these papers the reader is struck by the great diver-
gencies and many controversies between opiniohs of 'various authors, in their
search for a suitable measure for judging the pressure—time curve, in its
effect on the generatién of vibrations." Hinze discusses the various methods
of analysis used up to that time and then considers the problem.of response
to a time varying force by assuming:

(a) steady state conditions,

(b) that engine vibration behaves like that of‘a single harmonic

oscillator.

This enabled him to produce dynamic magnification factor curves as a
function of the impulse duration due to cylinder firing and the natural period
of the harmonic oscillator. He also calculated the maximum kinetic energy
in a similar manner, since Fry, Stone and Withrow (2.21) had suggested this
as a better criterion.

Hinze used these results to explain the measurements of Le Mesurier and

Stansfield (2.22) and Withrow and Fry (2.23), but made no comment upon

. varying frequency of response.
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Hinze concluded,

"(1) In analysing the pressure—time curves of internal combustion
engines for their effect on engine vibrations, one has first of all to
determine: the ratio between the period of rapid pressure rise and the natural
period of the vibratory system; and further, the maximum pressure rise, during
the forme; period, over and above‘the compression pressure. Only if said
ratio exceeds a value of about a quarter, is it worthwhile to analyse the
shape of the pressure-time curve more closely for its effect on the response

of the vibratory system. It must be kept in mind, though, that the effect

of the shape of the pressure-time curve still is a minor one if compared
with the duration of the period of rapid pressure rise.

(2) 1t is fundamentally impossible to express the effect of the
particular shape of the pressure time curve on the response of the vibrating
system in terms of one single time derivative of the pressure time curve,

for the same reason that it is fundamentally impossible to express the

. - . - o . n
particular shape of the pressure—time curve in terms of one single derivation.

This last conclusion is the key to the solution of the varied results
obtained over the years, and although Hinze did not consider noise but only
vibration, thése results are still applicable.

Up until this time, noise of internal combustion engines was a minor
design consideration, but as iighter and more powerfui engines became avail-
able it was obvious that the noise levels were becoming too high'for comfort.
In recognition of this fact the first Institution papers specifically on
diesel engine noise were produced in 1953 - C.H. Bradbury (2.24) in England
and J.E. Ancell (2.25) in the U.S.A. Both papers described the complexity‘
and number of noise sources making up a diesel engine and suggested enclosure
for noise control. Bradbury investigated and distinguished combustion noise

and found that combustion noise was not only dependent on rate of pressure




- rise but also on acceleration of pressure rise. Both papers emphasised the

importance of the sound pressure level versus the frequency spectrum as

opposed to the sound pressure-time variation from the noise assessment
standpoint.

In 1958, Austin and Priede (2.4) produced the firét paper where modern
acoustics technology was applied scientifically to assess the characteristics
of diesel engine noise. The work was to "éstablish fully the mechanisms of

the generation and radiation of the various components of the noise, to

assess their relative importance and_?o_gspgbliéh,,in principle, means 6f °
- feduciﬁg>£ﬁem.” -Auétiﬁrgﬁd-Priede found that exhaust and air inlet noise

were predominant sources of noise. The effect of speed, load, fuei injection

equipment, engine covers, flywheel and front pulleys was assessed. The

'basic engine noise' (that radiated by the main engine surfaces) was found

to be combustion controlled (ite;, varied as injection timing) and a
Fourier Analysis of the cylinder pressure development was obtained by use
of electrical analysers. This is the first application of a level-frequency
transform being used to compare fhe noise characteristics of engine combus-
tion. It showed that the main difference between a smooth petrol engine
combustion and the more abrupt diesel diagram was largely at the higher
frequencies where the level of the spectrum was higher for diesel operation.
It was observed that a substantial reduction in the éylinder pressure level
at higher (above 300 Hz) frequencies in the petrol engine occurred as load
was reduced and that the noise also reduced: The noisiness of different
engine structures were compared by means of an attenuation curve (cyiinder
pressure level in band - sound pressure level in band) and it was observed
that the noise radiated by diesel engines was highest in the mid-frequency
range (800-2000 Hz). Austin and Priede concluded "The mechanism of the
generation and radiation of engine‘noise is complex, and overwhelming

quietening cannot be produced by giving attention to any single factor. Air
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intake noise, and valve and timing covers are liable to be strong sources

of noise. Reduction in the noise from them may produce a major quietening,
and mechanical noise, or in extreme conditions, injection-equipment noise,

may then be predominant. In some engines a contribution should be obtained

by smoothing the cylinder pressure."

This paper marks a major change in the way the dynamic response of

engine structures was analysed. Until this time the prediction of the dis-
placement-time curve for an engine was the aim, but here the use of a measured
Fourier series for both noise and cylinder pressure development indicated-the

correlation between the smoothness of a diagram and the levels of the high

frequency components of a frequency analysis.

In 1960, Priede (2.5) continued this work by looking in more detail at
the form of the cylinder pressure development and its spectrum and how this
affected total engine noise. Because of the large number of harmonics
required (some 1200), numerical methods and the use of electronic computers
were found to be impracticable and the method of measuring with an electronic
frequency analyser was used. It was found that a 'Critical cylinder pressure
level curve' could be established by measuring the change in noise and

cylinder pressure level at a given frequéncy. This was accomplished by

varying the injection timing. Above this curve combustion noise was greater
than mechanical and vice versa. In comparing the cylinder pressure spectra
for a compression curve, smooth combustion, abrupt combustion and an electri-—
cal saw tooth waveform, it was found that the higher harmonics controlled the
- maximum noise in the 800-2000 Hz range. These were controlled by the form

of the diagram; the more abrupt the diagram the higher the level of the
higher harmonics. The degree of abruptness could be correlated with percent—
age of total fuel which was burned during the uncontrolled phase of combustion.

Instead of describing a cylinder pressure development in terms of the pressure



’

rise and its derivatives, the capacity of the development to excite engine

vibrations at any frequency throughout the audio frequency range could be

described by a cylinder pressure spectrum, changes in which were directly

reflected in the noise output of the engine. Priede concluded, "It is

shown that the noise due to combustion in a diesel engine is determined by

the form of pressure rise fully described by the cylinder pressure spectrum.

This noise, however, is added to the mechanical noise of the engine, thus

giving a resultant noise which is found to follow a known relation for the

addition of two noise sources. A 'critical cylinder-pressure spectrum level' .

- "is” intfoduced defining a condition when noise due to combustion equals that

of the mechanical noise. This 'critical level' describes a characteristic

of the engine and gives an indication of how far a 'smoothing' of cylinder-

pressure diagram is required in a particular instant for the noise due to

combustion not to penetrate the general mechanical noise. In practice, this

condition is often achieved for steady running but combustion noise may

exceed mechanical noise during acceleration.™

"The low-frequency part of the cylinder pressure spectrum depends

essentially on the peak pressure, whereas the high-frequency part depends

on the form of the pressure rise. The cylinder pressure level of a diesel

engine is normally markedly higher than that of a petrol engine from 800 Hz -

" upwards. The difference in the form of pressure rise is ascribed to the

difference of combustion processes in the two engines; steady propagation

- from the point source in the petrol engine as against the very rapid com-

bustion following spontaneous ignition in the diesel engine."

"The rapid pressure rise in a diesel engine caused by the sudden com-

‘bustion of an appreciable fraction of the fuel—air mixture (1.5 — 26.0 per—

cent of the injected quantity at full load) initiates also pronotnced gas

oscillations in the combustion chamber. These oscillations produce a

broad peak on the cylinder-pressure spectrum and thus enhance the emitted .
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noise in that frequency range.”

Over this period (1949 onwards) the éroblems of abnormal combustion
in petrol engines were still being investigated and by 1954 it was realised
that the different terms used to den;te such combustion could be defined in
terms of their predominant frequency characteristies. A C.R.C. report (2.26)
was issued in this year entitled 'Terms for use in Otto cycle engine
combustion' and Starkman and Sytz (2.27) in 1960 used these terms to investi-
gate 'Rumble' in petrol engines; "A recent problem associated with combustion

in high—compression-ratio spark-ignition engines is the occurrence of two

_noises characterised by being-of much lower audio frequency, about 600-2000 Hz,

than the usual 5000-8000 Hz sounds of knock. While there is some confusion
over the usage of the terms, one of these, called rumble, is associated

with combustion chamber deposits and is aggravated by increasing compression
ratio and engine speed. Another, called thud, while sounding the same as
rumble, and reacting similarly to engine variablé; as rumble, can be brought
about by advancing the spark setting."

Starkman and Sytz established that lateral bending vibrations of the
crankshaft (at'600 Hz) were excited by, and coincided with, the rapid
pressure rise associated with rumble. Noise and vibration oscillograms
showed a similarity but the predominant noise measured was at 1200 Hz, the
start of the two vibrations coinciding, but the duration of the noise being
longer. They conclude: "The induced vibrations of the crankshaft are
definitely linked to abnégmally high rates of pressure rise. When these
rates of pressure rise are far ahead of t.d.c. and could be called pre-
ignition, there is sufficient instantaneous reversed torque to induce a
restraint on the crankshaft. This gives rise to a torsional vibration and
so-called Thudding. Advancing the spark is one way to induce this phenomenon.

When the high rates of pressure rise occur near t.d.c., the crankshaft

receives a bending impulse. This results in rumble. There is no reason to




believe that one phenomenon cannot blend into the other, and, furthermore,
a coupled vibration of bending and torsion is highly possible."

Stebar, Wiese and Everett (2.28) in the same year published .similar
findings and suggested the mechanism of rumble as:

1) Multiple ignition of the fuel-air mixture by engine deposits;

2) abnormal pressure development;

3) shock excitation of engine parts;

4) resonant vibration producing rumble noise;
and observed that the characteristic sound frequencies did not change with
engire speed, indicating'resonaﬁt structural fibration.

Three years later, Andon and Marks (2.6) turned their attention to the
problem of engine roughness and applied the frequency analysis techniques
of Austin and Prie&e. The engine noise during rumble produced increased
levels in the 500-2000 Hz range. They showed that a frequency analysis of
a 'rumble' or 'fast burn' cylinder pressure development produced higher
levels of harmonics from the 15th onwards as compared with a normal develop-
ment. For normal combustion rates of pressure rise of 10j40 psi/degree were

found; for fast burn rumble, 50-70 psi/degree. In the discussion to the

paper, Austin and Priede showed measured cylinder pressure spectra for

normal, fast burn rumble and knock cycles in a petrol engine. For fast burn,
the spectra showed increased levels through the freqdency range to 3000 Hz
as Andon and Marks found. For a knock cycle, only the levels above 1000 Hz
were increased with a substantial increase in the peak due to cylinder
pressure oscillations at 6000 Hz. Janeway‘also re~proposed his method for
predicting the structure deflection—time curve and re-iterated his belief
that acceleration of pressure rise was the true criterion for this response.
It is clear that at this time there was still greatly divided opinion

on what characteristic of cylinder pressure development was the prime cause

in producing noise from both diesel and petrol combustion and Craig (2.7),




in 1963, set out to solve this problem. Craig decided to use the method
proposed by Timoshenko, using a Duhamel integral (impulse response) method

to calculate the peak velocity of a series of single degree of freedom systems
when an applied pulse shape is imposed. He preferred this to the Fourier
approach because the high number of harmonics needed could not be computed
easily. He divided the applied cylinder pressure diagram into portions which
could be represented by various simple algebraic expressions and then using
Leibnitz's theorem represented these as a differential series. The results,

for a constant mass system, were given as a 'relative sound intensity level'

versus frequency spectrum. He showed for a typical petfol engine
cylinder pressure development that:-
(a) Up to about 150 Hz, the response was controlled by the peak pressure.
(b) From 150 to about 1500 Hz the response was controlled by the rate
of pressure rise and the rate of change of pressure rise on
initiation of combustion.
(c) From 1500 Hz upwards the response was controlled by the maximum
rates of change of pressure rise occurring in the cycle.
These results were the same as indicated Sy Priede (2.5), but added the result
thet very high frequency response was controlled by the maximum rate of
change of pressure rise.
The results were of great interest and show why so many investigators
had in the past come to what appear to be conflicting conclusions. The
answer was that depending-on the frequencies of noise assessed, 4000-6000 Hz
for knock, 200-2000 Hz for rumble, etc., the controlling feature could be
either maximum pressure, maximum rate of pressure rise or acceleration of
pPressure oxr combinations of all three.
In 1965, Priede (2.29) published a polished summary of the subject of

noise due to combustion, covering his early work and adding further findings.
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The effect of combustion chamber geometry on the cylinder pressure spectrum

was shown to have a great effect on the cylinder pressure oscillation fre-
quency and also the general level of the harmonics. Tﬁe change in cylinder
pressure spectrum with speed was shown to be the cause of the high rate of
increase in noise with speed observed on both diesel and petrol engines. In -

a consideration of the form of a pressure diagram and its spectrum he showed

" that an approximate spectrum could be draﬁn by the addition of the spectra

due to:

(2) compression curve _ oo - -

(b) spectrum associated with the mean rate of pressure rise

(c) a sawtooth wave spectrum with magnitude corresponding to the

magnitude of any initial rapid rate of pressure rise upon initiation of

combus tion. As a consequence the reverse process could be used to identify
the main source of high frequency excitation in the original pressure
diagram.

Priede also turned his attention to the reduction of noise due to
conmbustion, and showed thaé by reducing the number of spray holes or spraying
fuel on to the wall of the combustion chamber the combustion excitation

could be reduced.

In 1968, Bertodo and Worsfold (2.30) proposed a model of‘combustion
noise based on a consideration of acoustical power. The power was shown to
be given by three largely unknown system efficiencies, the square of b.m.e.p.,
a structure factor and inversely proportional to the number of strokes.

~ In the same year, Priede, Grover and Anderton (2.8) proposed a mechanism

of combustion noise and used this to show how engine noise depended on speed
and load for vario;s combustion chamber types and fuel ignition systems. It
was also shown that, because of advances in digital computer programming
and speed, the cylinder pressure spectrum could be computed from a single

oscillograph of cylinder pressure development.v Use of this technique showed
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that there was a fundamental difference between the cylinder pressure
spectrum fo% two and four stroke diesel cycles. This showed that at the

same cycle repetition frequency the excitation provided by two stroke com
bustion Qould be some 6 dB lower over the important frequency range of 500-
2000 Hz. Thus, under certain conditions, the two stroke diesel engine cycle
was shown to be inherently quieter. Also, in this paper, the phenomenon of
cylinder pressure oscillations was expanded. It was found that the fre-
quency of the oscillations decreased as the engine swept volume increased,

and that the severity of these oscillations was determined by the damping to

ééfbss—the-béfe oscili;fions betwéeﬁ bistan énd cylinaer hea&. If this 'bump'
cleérance was low and there was no valve cutouts in the piston, then the
oscillations were damped considerably.

Two years later, in 1970, Anderton, Grover, Lalor and Priede (2.10)
showed that for a given rate of pressure rise in I.C. engines, the combustion

noise could be very different according to the rate of change of pressure

rise at the initiation of combustion, sharp changes producing an increase

in noise above 1000 Hz, supporting the findings of Craig (2.7). The proposed
mechanism of combustion induced noise (2.9), (2.34) and (2.10) was shown to

be possible of expression in a mathematical form. A combustion noise model
was proposed and from an empirical constant a series of noise prediction
formulae, based on type of combustion system, bore and speed only, was
established. This relationship was shown to predict current four stroke and
two stroke diesel engine.noise to within 2 dBA.

In the Indirect Injection Engine, the cylinder pressure oscillations
occur at frequencies near 2000 Hz for half a litre per cylinder engine size.
Combustion in these engines is rather less steady than that of the Direct
Injection type. Burt and Troth (2.32) found that the maximum combustion

noise frequency for a particular engine was at 2370 Hz and they character-

ised the combustion noise in terms of the noise response at this frequency
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as the combustion was changed. Because of the unsteady combustion, a
statistical approach was used and Burt and Troth found that the peak combustion
noise intensity was not very dependent on rate of pressure rise but was
dependent on the rate of change of pressure rise. Again this confirms the
general findings of Craig (2.7).

In January 1973, a special session on Diesel Engine Noise Reduction at
the International Automotive Engineering Congress of S.A.E., produced a large
number of papers, most of which discussed combustion noise to varying degrees.

The general content of the papers indicates a changing attitude to diesel

noise in thaf it had ﬁﬁw passed from a largely research attitude to a develop-
ment of hardware to reduce goise, and summaries of the compromise solutions
possible. Russell (2.32) showed that in trying to achieve good gaseous
emissions, smoke and noise, 1f injection was retarded, so both Nitrous Oxides
‘and noise were reduced. However, when considering émoke and noise it was
found that smoke increased with retarded injection whilst noise decreased.
Tiede and Kabele (2.34) showed that in a D.I. automotive diesel by changing
from a shallow dished chamber with a five hole nozzle to a slightly deeper
torroidal chawber with a four hole nozzle, an overall engine noise reduction
of 3 dBA resulted. Scott (2.35) at the same conference, discussed the
combustion noise of small I.D.I. diesel engines. Pilot injection was shown

to provide a useful noise reduction at idle but to be impractical for such
small injectors at load conditions where specific fuel consumption was
increased as noise was reduced. He proposed the use of the Unit type injector
to provide better control over fuel injection during the delay period and
consequently lower combustion noise. Anderton and Baker (2.36), again at

fhe same conference, showed that engine surface vibration and noise behaved

in a liﬁear manner and that for a given engine structure a comparison of
combustion noise radiation can be made simply by comparison of the cylinder

exciting force spectra. On this basis it was shown that two and four stroke
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“into production but that there Q;;fétill a 1ongV;;§-fo go before completely

combustion noise characteristics were markedly different and that the

higher the turbocharging of the four stroke cycle became the closer this
approached the characteristics of the two cycle engine, i.e., higher low
frequency excitation. Combination of engine performance calculations with
the empirical noise prediction for;ulae indicated that in naturally aspirated
forﬁ the two stroke cycle was inherently quieter for a given power. In the
turbocharged case the two stroke advantage was not as great.

This Diesel Engine Noise Reduction Session illustrated that many of

the research findings over the past 20 years were now finding their way

'sociable' Internal Combustion Engines were the normally accepted rule

rather than the exception.
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3.0 MEASUREMENT OF CYLINDER PRESSURE

3.1 Cylinder Pressure Transducers

The measurement of cylinder pressure in Internal Combustion Engines
poses one of the most difficult tasks for instrument manufacturers. Not
only do the transducers used need to be compact and stable with very fast
response and good dynamic range, but these characteristics must be achieved
and still withstand explosive and intense transient thermal loading,

(refs. 3.1-3.5). Of the many types of pressure gauge used, variable resist-

vahce, va;iégié'iﬁdﬁctance, variéﬁle ééﬁaciféﬁce, Bélanced disc %nd.pie;6~
electric, only the balanced disc, variable resistance and piezo-electric
types of gauge have proved robust and accurate enough (although some
capacitance types have been reasonably succeséful). For engine cycle
analysis the most accurate of these is the balanced disc type (Fig.3.i) but
this transducer is only capable of showing the average pressure development
over a large number of cycles and so cannot be considered of use in dynamic
response work, except as a calibration and error check. Fof high pressure
dynamic cylinder pressure measurement the variable resistance (strain

gauge (ref; 3.3, Fig.3.1) and piezo-electric (ref. 3.6) transducers, shown
in Fig.32, are suitable. Both of these types of transducer have good

response, good pressure sensitivity, low temperature sensitivity, low

acceleration sensitivity and can be manufactured in a small enough size -

less than }" diameter - to enable installation in combustion chambers.
The work presented in this thesis is based largely on measurements using
the piezo-electric type of gauge, although some use of strain gauge types

has been made (Figs. 3.3 and 3.4).

3.2 Pressure Transducer Installation in I.C. Engines

There are three main requirements in pressure transducer installations:
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(1) A pressure transducer of adequate characteristics for the
intended work.

(2) Instzllation of the transducer at a point wﬁere its output is
representative of the overall cylinder pressure development.

(3) The transducer diaphragm must be flush mounted in the combustion
chamber wall to avoid passage resonances.

The required transducer.characteristics will vary according to appli-
cation and these are discussed in the next section. The installation of

the transducer in the combustion space is largely governed by the size of_

'fhevfréﬁséﬁcer-ﬁséa éndriheABore size and detail head construction of the
engine. In a IArge bore quiescent chamber engine, ignition of fuel will
start at several centres of ignition at the edges of the fuel sprays. In
this case it is unlikely that the cylinder pressure development will be uni-
form over the chamber volume. Thus, several pressure transducers should be
installed (3.7). In the small indirect injection engine therelis a
difference between prechamber pressure ana main gchamber pressure and conse-
quently two transducers should be used. 1In the general range of automotive
direct injection engines of moderate swirl, the chamber size is such that
a singlé pressure transducer can be representative of general pressure
development. However, when considering the character of diesel 'knock' in
respect of cylinder pressure oscillations, care must still be exercised in
the positioning of the transducer.

Fig. 8.12 in section 8.7.1 shows the pressure distribution cver a piston
crown near top dead centre for the three lowest frequency acoustic modes.
The lowest of these ( n,=n=0,m=1 mode) is basically a sloshing of

the gas from side to side in the cylinder with one diametral nodal line.

Since the position of this nodal line is only fixed by the application point

of the first disturbance, in this case the combustion centre for the

3.2



cylinder in question, then there is no certain way of fixing a cylinder
pressure transducer so that it will always record the maximum level of

these oscillations. If the point of initiation of combustion is known, then
this could be done. A pressure transducer near the cylinder centre will not
show the first or third modes, but it will the second. A transducer placed
towards‘the outside of the cylinder will show a high level for all three
modes, unless it is situated on a nodal line for that mode. The choice,

unless the combustion centre is known, is therefore somewhat arbitrary.

3.3 Development of Pressure Transducer Installations

The development of smaller transducers will always be a design aim. 1In
the testing of engines at ISVR the installation size of pressure transducers
has been progressively reduced, due largely to the increased ability of
piezo-electric transducers to withstand high metal temperatu%es. The
cylinder pressure transducer first used at the ISVR was the Draper-Li strain
gauge .type, which had been thoroughly assessed for performance during the
original work of Priede at CAV Ltd., Acton (2.4). This gauge required av%"
diameter hole. At the start of the présent work (1965) a piezo-electric
type of transducer was being manufactured by Kistler and the first engines
run at the ISVR were fitted with a 'Universal Adaptor' to allow either type
of gauge to be fitted. This adaptor, shown in fig. 3;4a, allowed either tyée
of transducer to be fitted and of course the results could be compared. At
that time it was not thought that a non cooled transducer wouldvbe reliable
(the Draper-Li being air cooied). .Cylinder pressure spectra obtained from
the two guages were identical and so water-cooled adaptors for the piezo-
electric type were used —~fig. 3.4b. This increased the size required_for
‘fitting and so some transducers were run in adeptors where the only cooling
was from the normal enginre wafer‘surrounding the adaptor, fig. 3.4c. Trans-

ducer lives of over 50 hours were obtained. It has now been shown possible
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to obtain good results for short periods of running (say 20 hours) with
transducers fitted into uncooled parts of two-stroke engines as for the
liner locating plug shown in Fig. 3.4d. The red;ction in size of the
fitting is clearly shown.

Three examples of piezo-electric pressure transducer installations
which have proved satisfactory are shown in Figures 3.6, 3.7 and 3.8.
Fig. 3.7 shows the installation of a Kistler 601A uncooled transducer in
a horizontally opposed, three cylinder two stroke diesel engine. Adequate

cooling is provided by the engine cooling water surrounding the sleeve.

. Transducer life of over 100 hours was obtained from this engine. Fig. 3.7
shows the installation in a Vee configuration, two-stroke diesel engine
with high rating. A similar method is used but the sleeve is machined
directly to accommodate the transducer and its locator. The installation is
smaller and in this case a Kistler 6001 (high temperature) transducer was
fitted. This was done in order to overcome the.high metal temperatures
measured in this position in the water jacket between the two exhaust ports.
Metal temperatures of 320°C were measured, not during running but after
shut down. This installation gave a transducer life of 70 hours - very
good in these extreme conditions. The last installation shown is the
smallest so far used. A Kistler 60lA was fitted directly into a machined
hole in the flame plate of an 8.6 litre, four-stroke diesel engine. The
upper cylinder head surface was machined to take an extended locator, the
join between transducer and locator being sealed againét the engine water
by non-set Locktite. Initially a problem arose in this case due to bending
vibration of the locator, causing electrical interference - a 2000 Hz
resonance - to the signal. However, modification of the locator cured this
trouble and the installation is still running without gauge failure.

The small size of such an installation allows considerably more flexibi-

lity in the positioning of pressure transducers and this advantage has been

3.4
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used to obtain good dynamic pressure measurements from a range of engines.

3.4 Characteristics of Cylinder Pressure Transducers

3.4.1 Frequency response

Lyn (3.5) has pointed out that for peak pressure measurement it is
only necessary to have a frequency range of about 1.5 kHz. However, since
the frequency analysis of a cylinder pressure Spectrum must cover the
audio—~frequency range (D.C. to 15 kHz) then sc must the pressure transducer.
This in turn makes a fast rise time necessary — a minimum requirement being
some 50 usecs. Davies (3.4) shows that a ﬁressure transducer can be con-
sidered as a single degree of freedom system excited by the pressure to be
measﬁred. Fig. 3.9 shows the harmonic response of such a system. From
this analysis, and for a + 1 dB accuracy, the limit tc the useful frequency
range of the transducer is about one half of the first system resonance. In
addition»;o this requirement, particularly for engine work, very rapid
impulsive pressures are to be measured. Thus the ;;sponse of a transducer
to a'step impulse should be adequate. Fig. 3.10 shows, again for a single_
degree of freedom system, the response to a zero order step as a function
of damping. An optimum damping ratio of about 0.6 should be aimed‘for

and most transducers are made as near to this ideal as possible.

3.4.2 General characteristics

Table 3.1 shéws a comparison of the typical characteristics of strain
gauge and piezo-electric pressure transducers of various manufaéture. In
comparing the two types of dynamic transducer several points can Be noted:

(1) The resonant frequency of the strain gauge type is much lower than
for piezo-electric and in fact is only just enough to cover the audio fre—.

quency range. In fact, since the high frequency components of cylinder

pressure spectra are of low magnitude, this range of about D.C. to 10 kHz

is just sufficient.
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Table 3.1. Typical Characteristics of Strain Gauge and Piezo-Electric
Cylinder Pressure Transducers.
Characteristics - Units Pressure Transducer
Kistler Kistler Vibrometer Southern
) 601A 701 6QP500a Instrume
(Piezo) (Piezo) G243
) (Resistan
Max. pressure psi 3500 3500 7100 2000
Resolution psi .29 x 102 5.6 x10°6.0x 102 1.0
Sensitivity pc/at  16.0 80.0 8.0 0.67 mvV/V
Resonant frequency kHz 130 65 160 20
Rise time . us 3 6 - -
Linearity psi + 28 + 17 + 71 + 4
Temp. coefficient 2/°c  -0.01 -0.01 -0.01 -0.009
Acceleration coeff. psi/g 1.42 x 10“2 1.42 x 10-_1 1.1 % 10-'2 -
Diameter mm 5.5 9.5 5.55 12.7
Dynamic range dB >100 >100 >100 66
Damping ratio - - - 0.2 -
(2) lower

than that of the piezo-electric type

The resolution (dynamic range) of the strain gauge type is

for the strain type is only just sufficient. In practice, because of

60 dB against 100 dB)and this range

acceleration sensitivity and amplifier characteristics even the piezo-electric

system dynamic range is reduced to some 85 dB'in engine installations.

- (3) 1In linearity the strain gauge transducer is superior and somewhat

offsets the restriction of dynamic range.

(4) Temperature coefficients are the same for both types of transducer

and the acceleration sensitivity, although important for gas exchange (low

pressure) measurements, is not of much importance, in comparison to

linearity, even for peak accelerations of 50 to 100g, where transient errors

3.6



of about 1 psi would be expected.

(5) The piezo-electric transducer is half the diameter of the strain
gauge type.

From these characteristics it would appear that both types of gauge
are suitable for high pressure.I.C. engine cylinder pressure measurements,
the main problem being in transducer linearity. This characteristic makes
the balanced disc transducer more attractive for engine performance work
although even the balanced disc has some errors due to the varying response
of the disc to different rates of change of pressure (3.8), see Figure 3.11.

To test the characteristics of strain gauge and piezo—electric trans-
ducers three types of gauge were tested in an 8 litre Veeform four-stroke
diesel engine. The results are shown in fig. 3.12. The agreement between
the Kistler 601A piezo-electric transducer and the Draper-Li strain gauge
type is remarkable and only diverges at very high frequency. As Priede's
early work was completed using the Draper-Li transducer, the Kistler type
601A was used extensively during the work reported in this thesisf

-

A further test comparing the Kistler 60lA with a Vibrometer transducer

was undertaken in an 8.6 litre, six cylinder, in-line, four-stroke diesel

engine and again good agreement was found but with some differences in the

region of the high frequency gas oscillations - Fig. 3.13.

3.4.3 Effect of temperature coefficient

Very often installed t?ansducers are subjected to constant metal
temperatures of above ZOOOC, and therefore a reduced signal results. This
reduction is applied to the whole pressure development and therefore can
be considered as a constant correction. For a 601A transducer this
correction would be 2% or 70 psi. I; noise measurements an accuracy of
+ 0.5 dB is the normally achieved limit. Since the-decibel scale is a

relative one, the addition of 70 psi to a peak pressure of 1000 psi would

add only 0.6 dB to the measured levels and therefore account of this is not

3.7
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.

usuélly taken in cylinder pressure spectra. For cylinder pressure develop-
ments, however, this is important and thus the temperature at which a

transudcer runs at a given engine condition is recorded before installation
by use of a dummy gauge instrumented with a thermocouple. This also serves

to warn of the presence of excessive temperatures in a particular installation.

3.4.4 Flame sensitivity of transducers

Lyn, in reference 3.5, has shown that, in comparison to a balanced disc

type of transdﬁcer, the output from a strain gauge t?ansducer shows lower
- pressures during the period of heat release in an engine. Fig. 3.14 shows
2 comparison made in a running engine and indicates that errors as high as
30 psi can result from the effects of cyclic heat flux through the diaphragm
of the transducer. This thermal shock will distort the measured ﬁressuge
diagram throughout the period of heat releas in the cycle. To investigate
the magnitude of this problem in the Kistler 601A pressure transducer a
special rig was made. This Thermal Shock Test Rig is shown in Fig. 3.15.
Three types of pressure transducer installation are mounted at iZOO intervals
at a two inch radius on a six inch diameter 7/16" mild steel 'flame plate’
represehting a cylinder head flame plate. This plate could be mounted
horizontally in the tailstock of a lathe. A flame shield cut so that two
opposite 45° segments were removed could be mounted in the lathe and rétated
close to the flame plate. As this shield rotated it alternately exposed

and éhielded the pressure transducer diaphragm to an Oxy-Acetelene torch
flame to simulate the thermal shock condition. Thus an equivalent period

of heat release of 90° in 3600, representing a two cycle stroke, wés
obtained. The flame temperature applied to the diaphragm was 1330°C. The
results of the tests are shown in Fig. 3.16, where the same pressure gauge
was used in each of the three transducer installations. In the first

“installation a standard Kistler water cooled adaptor type 6288 was used.
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SIMULTANEQUSLY WITH TWO TRANSDUCERS AT 750 REVS/MIN.




T AP S L s AR e s s | =




a) Water cooled adaptor with " passage at 1000 revs/min.
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12 QP 500 cl.

FIG. 3.16 THERMAL SHOCK CHARACTERISTICS OF KISTLER 601 A
PIEZO - ELECTRIC CYLINDER PRESSURE TRANSDUCER.




For flame plate temperatures up to 250°C the transducer temperature

(measured with a thermocoupled dummy) varied between 500 and 55°C. 1In this
adaptor there is a short passage ({") to the diaphragm. Fig. 3.16a shows
that at 1000 revs/min eéuivalent speed there was virtually no thermal shock
(below 1 psi), presumably because.of the protection provided by the passage.
The second installation was a standard Kistler uncooled adaptor type 620.
Here the temperature of the pressure gauge was found to follow very closely
that of the flame plate.b Fig. 3.16b shows that at 1000 revs/min with this
flush diaphragm thermal shock of some 4 psi magnitude is present, the flame
plate temperature being somé 200°c. With the flame plate temperature
“reduced to 50°C, a thermal shock level of 3 psi is measured (fig. 3.16c).
The third transducer installation (ISVR instéllation) is one in which the
transducer fits into a machined recess in the flame plate and with a locator
which passes through the water passage. Again thermal shock of some 4 psi
magnitude is measured (fig. 3.16d). The effect of engine speed on theréal
shock is shown in fig. 3.16e and f for the uncooled transducer and fig. 3.1l6g
for the cooled flush mounted transducer. At 2400 revs/min the thermal shock
has reduced to 2 psi, whilst for the ISVR cooled installation the value has
fallen to 1 psi. It is clear that the effects of thermal shock reduce . .
with increasing engine speed. In an effort to find the maximum effect of
thermal shoék the flame temperature at the diaphragm was. increased to 16&fc.
Figs. 3.16h and i show the thermal shock levels at 1000 revs/min and 2400
revs/min to be 8 psi and 3 psi, respectively.
The results show thermal shock is present in installations where a

Kistler 60lA pressure transducer is flush mounted. With an " passage

before the transducer no thermal shock was measured. The effect of water

cooling is to diminish the shock effect very.slightly, whilst increasing

engine speed also diminishes the effect. Thermal shock errors of up to 8 psi



can be expected at low engine speeds and high engine load condiﬁions.
Similar results were obtained on a Vibro Meter pressure transducer 12QP 500 cl
by Hatschek (3.9) and his results are reproduced in fié. 3.163.

‘The effect of thermal shock is therefore present in the majority of
results reported in this thesis, but is less for the Piezo-electric than
for the strain gauge type of pressure transducer. However, the most important
part of the pressure diagram from a noise analysis point of view is the
compression and initial pressure rise. This part of the diagram will not
suffer from thermal shock to the extent that the expansion stroke will.
Comparison of a strain gauge and Piezo-electric pressure transducer has
shown very similar results and since the thermal shock in a strain gauge
transducer is some three or four times that of the Piezo-electric, then it
can be concluded that for cylinder pressure spectrum analysis the effects of

thermal shock are negligible.
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FREQUENCY ANALYSIS OF CYLINDER PRESSURE DEVELOPMENT BY ELECTRICAL
FILTERING ‘

4.1 Introduction

In order to establish the exciting propensity of an I.C. engine cylinder
pressure diagram it is necessary to be able to measure an appropriate physical
characteristic. Of the two methods described in the literature, i.e.,

(a) Level-time response of a system to an applied cylinder loading,

(b) Level-frequency characteristics of applied loading and structure

response,
oniy the frequency-time method can be utilised to give directly measureable
physical characteristics. These characteristics are:

(a) The level-frequency spectrum of the applied cylinder pressure

diagram;

(b) the level-frequency spectrum of the structure response;
and they‘can be assessed separately from one another. Priede (4.1) described the

applicatimof direct electrical filtering neatly. "Since the cylinder

pressure is a recurrent phenomenon it can be described readily by a Fourier
series. TFor the correlation of such a harmonic series with the emitted

noise spectrum, however, this series would have to cover the whole audio
frequency (AF) range. This means that for an engine (four stroke) running

at 1000 rev/min (cycle repetition frequency 8.33 Hz) the amplitudes of some
1200 harmonics would have to be determined. Numerical methods and also
electronic computers were considered but were found to be impracticable."

"In ﬁractice, however, such recurrent wave forms can be readily analysed

by electrical wave form analysers. The results depend on the band width of

the analyser and the characteristics of the indicating meter and must be

interpreted and applied with some care."



T

4.2 Fourier Aralysis and Electrical Filtering

Suppose we have a function f(t) which is periodic and suppose for
simplicity that the period is 27, i.e., f(t + 2n) = £(t). Then f(t) can

be represented as a series:

£(t) %ao +a cost+a, cos 2t + ... + b, sin t + b_ sin 2t + ...

1 2 1 2

=1 ' .
= za_ + nzi (an cos nt + bn sin nt) (L.1)

= constant term + sum of two sinusoidally varying terms.

This is the Fourier series representation of the function f(t). As
might be expected, certain restrictions must be placed on f(t) for the
expression to be valid. The conditions which must be satisfied, known as
Dirichlet's conditions, are met by practically all of the functions which
are of interest in the physical sciences.

An electrical filter is a system which will only allow electrical signals
within a certain frequency range to pass it. Supposing that this range is
small enough to allow only one harmonic frequency of a series to pass, this
signal will be the combined sinusoidally varying guantity:

a_cos nt + b sin nt. (h.2)
n n

After passing through the filtering system the resultant waveform musi
be meaéured by a detector. This usually takes the form of a Root Mean
Square Meter for A.C. signals. It can be shown that the root mean square

value of the signal is given by:

. . 2w B : ,
» . >
R.M.S. value ={£— [ a cos nt + b sin nt dﬁﬂy (4.3)
2r )} i'n n
o .
Therefore,
1
R.M.S. value = 2;-(a 2 4 ) 2)2 ‘ (L.4)
’. /-é n n . .

and hence the r.m.s. value of an electrically filtered signal can be related

to the sqwmrercot of the sum of the squares of the Fourier Coefficients. iHote

that phase information is lost and only the magnitude (modulus of the

4.2



~resultant of the twe Fourier coefficients can be measured by an ordinary

electrical waveform znalyser. Thus the original level-time history of a

periodically varying signal cannot be obtained from & summation of the har-

monic modulus series measured using an electrical analyser.

4.3 Electrical Analysis of Time Varying Signals

L.3.1 General system

The general system for harmonic analysis consists of three main parts,

as shown in Fig. L4.1. Firstly, a transducer to produce an electrical output

proportional to the physical parameter being measured. Secondly, an

electrical filter which only allows signals within a certain frequency range

to pass, and lastly, a detector to meésure the value of the signal allowed

through the filter section. If the filter can be adjusted to cover the

frequency range, then a frequency spectrum can be built up.

The characteristics of the pressure transducers have been discussed in

the previous section and therefore only the characteristics of filters and

detectors will be discussed here, together with some comments on dynamic

range.

4.3.2 Electrical filters

There are basically two types of electrical frequency filter; the

constant bandwidth type with a fixed bandwidth and the constant percentage

bandwidth type where the bandwidth is a certain percentage of the filter

centre frequency. The two types can be obtained with either a continuously

variable centre frequency or as a set of filters with fixed centre frequency.

The wider bandwidth filters - octave and 1/3 octave (constant percentage) -

tend to be made with fixed centre freguencies, whilst the narrower bandwidth

analysers tend tc be of the continuous sweep type. Noise analyses presented
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in this thesis are usually obtained using a 1/3 octave band analyser
(approx. 227% bandwidth), whilst most cylinder pressure analysi; ﬁa§ been
obtained using a hand tuned Muirhead Parmetrada wave analyser with a 1.5%
bandwidth. The type of analyser used is very dependent on the type of sig-
nal being recorded. Fig. 4.2 shows a comparison of diesel noise measured
with a Spectral Dynamics SD101A analyser with 2 Hz and 20 Hz bandwidths.
The vast amount of information obtained is apparent..

The time required for g 2 Hz filter to sweep through the frequency range
2 Hz to 10 kHz for a four stroke engine running at 1000 revs/min would be
some 96 minutes, allowing ten engine revolutions to occur within the filter
for accurate results. For the 10 Hz filter this time would be 19 minutes.
Thus, narrow band analysis is time consuming and in practice for noise the
third octave filter provides enough detail in a short analysis period.

Fig. 4.3 shows a 2 Hz constant bandwidth analysis (Spectral Dynamics
SD101A) of a two stroke diesel engine cylinder pressure hevelopment at 1000
and 2000 revs/min. The harmonic form of the analysis is clearly seen as is
the increased harmonic separation with speed. The pin-pointing of the
harmonics 1is essential for this type of analysis and theréfore, for research,
a narrow band analyser is generally used for cylinder pressure spectra.

Another criterion for the filters is that they should respond quickly,
since the explosive pressure build-up in an engine cylinder is very rapid.
Fig. 4.4 shows the analysis of an electrically formed sawtooth waveform by
three analysers. The theoretical spectrum reduces at the rate of 20 dB/
decade and the two narrow band analysers follow this to within close limits.
The B & K 1/3 octave filter follows at a lower raﬁe of 10 &B/decade; the
difference between this and -the General Radio 3 Hz bandwidth analyser is
due to the increasing bandwidth of the constant percentage analyser. The

reduced slope, amounting to 10 dB/decade, will be the same for all normal
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constant percentage analysers. The spectrum slope measured for the Muirheacd

Parmetrada 1.57 analyser is, however, also 20 dB/decade. This is because
the metering circuit in this analyser effectively divides the output by the
bandwidth, thus giving results more like a constant bandwidth analyser of

1 Hz bandwidth - direct power spectral density analysis.

Fig. 4.5 shows the measured cylinder pressure analysis of a four stroke
diesel engine using the Muirhead and General Radio Analysers. The compari-
son is exceptionally good. For most of the measured cylinder pressure
analyses presented here the Muirhead Parmetrada has been used. It has fwo
main advantages over the General Radio type. Firstly being a constant
percentage analyser, the time required for measurement is lower: Secondly,
because harmonic analysis is being performed there is an advantage in
manual operation - it being possible to skip from one harmonic to the next

without having to measure through the trough between, again saving time.

4.3.3 Detectors

The detector should be capable of giving a true root mean square value,
However, such detectors have been diificult to make and use of 'quasi-rms'
meters is sometimes made. If a wide filter bandwidth is used this problem
is likely to give rise to greater error than for narrow band filters. Two
other factors can reduce the accuracy of electrical analysis. Firstly,
the electrical filters do not reject all frequencies outside the measuring
bandwidth. Fig. 4.6 shows these characteristics for the Muirhead Parmetradza.
If the frequency spectrum slcpes greatly, as it does for cylinder pressure
spectra, then the filter 'skirts' will allow lower and higher frequencies to
interfere with the signal being measured. Thus, even with a narrow band
analyser, it is unlikely that the detector will only have one frequency
present. Secondly, the detectors have a limited peak~to-rms ratio at which

they will work correctly. For cylinder pressure analysis this ratio is
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generally high, about 12:1, and therefore detector requirements are high.
There are, therefore, several factors which reduce the accuracy of
electrical frequency analysis, but provided care is taken, good results can

be obtained.

4.3.4 Dynamic range

Since the frequencies which are of prime interest in cylinder pressure
spectra are those between 500 and 5000 Hz it can be seen from Fig. 4.5 that
a very large dynamic range is required. The 60 dB dynamic range of the
spectral Dynamics SD101A is inadequate as can be seen from Fig. 4.3, where
only values up to 1000 Hz could be obtained. A dynamic range of at least

80 dB (1 part in 10,000) is required from all component parts in a cylinder

pressure analysis system. The use of a piezo-electric pressure transducer
and associated charge amplifier together with the Muirhead Parmetrada or
General Radio analysers have proved good systems.

4.3.5 Relation between narrow band and 1/3 octave band cylinder
pressure levels

Because of the time required to complete a narrow band cylinder pressure

spectrum (which can be completed at fastest-in about 10 minutes on the
Parmetrada) it is often required to use larger bandwidth analysers to
reduce this time even further. Since noise is measured by 1/3 octave t.and
analysis, this bandwidth of analyser would seem most suitable.

The characteristic of the Muirhead Parmetrada is that although a
constant bandwidth analyser, the detector circuit automatically corrects
for this so that a spectrum with 1eveis equivalent to a 1 Hz bandwidth are
produced (bandwidth corrected levels). 1In a similar manner, the same
analyser, when set to 1/3 octave bandwidth, produces bandwidth corrected
levels and the resulting spectrum is like that of a smoothed narrow bgnd

analysis. This is shown in Fig. 4.7a. In comparison, Fig. 4.7b shows the
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spectrum obtained using a B & K 1/3 octave band anaiyser with no bandwidth
correction. Here the slope of the spectrum is changed as well as it being
smoothed out. Since the rate of increase of combustion induced noise can
be calculated from the slope of the cylinder pressure harmonic spectrum
levels only, a way of converting from 1/3 octave band to narrcw band data
is needed.

The average level of the harmonics which fall within a particular 1/3
octave bandwidth will depend upon the number of harmonics contained within

2 that band. The exact correction for a standard set of 1/3 octave filters

;6 be applied to a four stroke engine rqnning at 1000 revs/min is shown in
Fig. 4.8. Where there are a reasonable number of harmonics in the band
the correction is 10 dB/Decade, as it would be for a continuous spectrum.
Below this the correction will vary according to the number of harmonics
in the band. This will depend on the basic engine cycle repetition fre-
quency which in turn is dependent on engine speed and cycle of operation
(two or four stroke).

For a continuous spectrum the correction for a constant percentage
filter over a decade will be the ratio of aﬁalyser bandwidths. This is

(in log form):

10KE

CORRECTION 10 log,, —gF— dB/Decade  f_
(o]

SPECTRUM

band centre frequency

= % bandwidth

~
!

10 dB/decade.
The correction will start from 1 Hz.

For a harmonic function the correction will be the ratio of the number
of harmonics within the bandwidth. This will be, for frequencies where

there are at least 4 harmonics in a bandwidth,
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10Kf £
) n

CORRECTIOEARMONIC = 10 log10 - Rf dB/Decade
n o
= 10 dB/Decade fo = band centre frequency
K = 7 bandwidth
fn = Basic engine cycle repeti-

tion frequency.

From Fig. 4.8 it can be seen that the exact correction, until some
four harmonics are in a bandwidth, will depend upon engine speed and cycle.
However, since ;he very low frequency portion of a cylinder pressure spectrum
is not important for noise, the approximate correction of 10 dB/Decade can
be applied, starting from the last band which contains only one harmonic. -
Table 4.1 shows these bands as a function of engine speed and cycle type.
Table 4.1: 1/3 octave band frequency above which 10 dB/Decade correction

can be applied to convert 1/3 octave spectra to equivalent
harmonic spectrum levels.

JFOUR STROKE CYCLE TWO STROKE CYCLE
Speed Cycle repetition  Apply correc-— Cycle repetition  Apply correc
Revs /min frequency - Hz tion from 1/3 frequency — Hz tion from 1/
' ‘ octave band - octave band
Hz Hz
1000 8.34 | 40 : 16.68 80
2000 16.68 80 33.3 160
3000 25.0 125 50.0 250
4000 33.3 160 ~ 66.6 315
5000 41.6 . 200 83.2 400
6000 50.0 250 100.0 . 500

4.3.6 Cylinder pressure analysis with limited dynamic range analysers

In the last section it was shown how the harmonic spectrum level could
be obtained from 1/3 octave band analysers. In general the instruments
commercially available are limited to a dynamic range of about 60 dB and

are therefore not quite suited to cylinder pressure analysis where an 80 dB

dynamic range is required. One way to reduce the dynamic range requirement



of an analyser is to use a differentiated signal for analysis rather than

that of the original signal.

4.3.7 Cylinder pressure analysis using the differential of the
cylinder pressure diagram

Consider the Fourier coefficients of a cylinder pressure diagram with

repetition length £:

2
J £(x) sin zzkx Ldx | 4.5)

(o]

]

N

N3 A
27kx
X J f(x) cos 2 .dx | _(4.6)
)

o
1

Then the modulus harmonic spectrum levels obtained by electrical analysis
will be

1, 2 2,3
R = (a +bk) | (4.7)'

In the same way let

2
v o ' . 27kx
ay = J f'(x) sin 7 .dx | (4.8)
o : .
A
v oo ' 27kx
b J £'(x) cos == .dx (4.9)
o

1
"= = (a' (4.10)
SRS

where y = f(x), y' = = f'(x).

-If the frequency analysis of f'(x) is measured, what is the connection

between a , b, and a', b'?
k k k

k
£ .

J f'(x) sin 2ﬂix .dx (4.11)
o

A




Integrating by parts

A
v o 21k 2wkx -
ay —E—'Jvf(x).cos 7 .dx (4.12)
o
or an = - HEy (4.13)
and similarly, |
v _ 27k .
bk = 5 - (4.14)

Thus the modulus value Rﬁ is given by

R! = '/E“k R (4.15)

Since cylinder pressure level is expressed as 10 log)q Rk’ then

f—
20 1og10 Rﬁ = 20 log10 Rk + 20 10g10 E%E (4.16)

and the reduction of slope will be 20 dB/Decéde, compared to the straight-
forward cylinéer pressure spectrum 20 log10 Rk'-

Thus, if an engine fundamental is at 10 Hz then the requiréd dynamic
range of 80 dB is reduced by 60 dB to 20 dB - well within the capability
of all frequency analysers. The use of a differentiated cylinder pressure
signal for cylinder pressure analysis is fherefdre well suited to cases
where 1/3 octave band analysers are the only available:equipment.

There are two ways of producing a differentiated p:gésure signal:

1. Use of a direct measuring dp/dg}transducer, such és the Sunbury type;
2, use of an electrical differentiétion heﬁwork applied to the output

of ‘a normal pressure transducer. .

Figure 4.9 éhows a cylinder pressure development and also rate of
change of cylinder pressure development. The %% diagrams were obtained

by using a Vibro-Meter TA-3/C charge amplifier with an electronic differen-

. e . . d . . .
tiation circuit. The E%» diagrams for three different time constants

4.10



TIME CONSTANT
10 secs.

NO
DIFFERENTIATION.

CYLINDER PRE SSURE DEVELOPMENT.
2 B R

TIME CONSTANT
Tms.

DIFF. TO 200 Hz.

TIME CONSTANT
0-1ms.

DIFE TO 2000 Hz.

TIME CONSTANT
10)JSQCS.

DIFE TO 20,000 Hz.

RATE OF CHANGE OF CYLINDER PRESSURE.

FIG4-9-RATE OF CHANGE OF CYLINDER
PRESSURE FOR TWO STROKE

DIESEL AT 2100 revs/min.




(increasing the frequency range of differentiation as the time constant
is reduced) are also shown in Fig. 4.9.

dr .
It is difficult to relate a —= diagram to a pressure development

dt
by eye and this method has the advantage over the direct-%% measuring

transducer, that the pressure development can be displayed immediately
by changing the time constant switch on the ‘amplifier.

To obtain a-g% output over the required frequency range, a time
‘constant o? one microsecond has been found necessary. Figure 4.10 shows
a cylinder pressure spectrum obtained from an opposed piston two stroge
diesel engine firstly by analysis of the direct cylinder pressure output
and then from the differentiated cylinder pressure output. The spectrum
levels obtained from the differentiated signal have a lower level but also
a lower dynamic range. Using equation (4.16) the differentiated
spectrum can be converted to give the correct cylinder pressure spectrum.

The agreement is very good, although there are differences at high

frequency where the spectrum is controlled by cylinder pressure oscillations.

4.11
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5.0 FREQUENCY ANALYSIS OF CYLINDER PRESSURE DEVELOPMENT BY DIGITAL COMPUTER

In 1960, Priede, in his paper 'Relation between form of cylinder
pressure diagram and noise in diesel engines' (ref. 2.5 ) stated that
since some 1200 harmonics are required for a cylinder pressure spectrum,
numerical methods and also electronic computers were found to be impracticable.
By this he meant that the time (and consequent cost) for computation was too
large. The development of the speed of commercially available electronic
computers over the period 1960 to 1965 led to a new effort aimed at finding
a method of computing the Fourier series for harmonic waveforms up to some
2000 harmonics. The work described in this chapter was started in
September 1965.

Up to the early 1960's the majority of applications for Fourier series
analysis were concerned with only a few harmonics - say up to 20 or so. For
instance, engine torsional analysis or aircraft frame structure resonances.
Manley (5.1) in his excellent book in 1950 describes the application and
theory of Fourier analysis to periodic functicns both of mathematical and
analogue form; advocating a method for separating out the two or three
main constituentg of a waveform by the envelope method.

Even up to 1965 the bulk of the waveform analvsis in mechanical engigeer“
ing was based on a 24, 48 or 72 point system involving the calculation o’
some 10, 20 or 35 harmonics. Extension of these forms of analysis to
compute a larger number of harmonics had not been reported in the literature
at that time and the next sections describe one approach to this problem.

It has resulted in the development of a Fast Fourier Analysis (FFA) computer
programme for the Fourier analysis of complex, repetitive waveforms using
standard FORTRAN programme languzge. The programme allows the computation

of a large number of harmonics, any number in fact, depending on the specifi-

5.1



cation of input data. It is shown that calculation of at least 1000
harmonics can be computed from a limited amount of input data (70 - 150
points).

In its present form the programme is immediately suitable for the
harmonic analysis of both cylinder pressure diagrams and noise oscillograms.
Resultant harmonic amplitudes are calculated in decibels relative to

2 x 10—-5 N/mz. The Fourier analysis of complex noise oscillograms and

cylinder pressure developments by this method is equivalent to a narrow band

analysis of the waveform using a constant bandwidth analyser. The programme,
designated V17E, is detailed in Appendix I . 1In the description of the

development it is useful to specify four types of Fourier series:

1) TFOURIER SERIES A series of harmonically related sine and cosine waves

where all waves have frequencies which are an
integer number times the repetition period of

the waveform.

2) DISCRETE FOURIER .
SERIES . As for (1) but values calculated from a set of data

with discrete intervals between them,

3) FOURIER TRANSFORM Continuous series of sine and cosine waves where -
waves are not necessarily an_integer number times
the repetition period of the waveform. Can be
looked on as a Fourier series with infinitely long

repetition period and is applicable to transients.

4} DISCRETE FOURIER
TRANSFORM As for (3) but values calculated from a set of data

with discrete intervals between them.




5.1 Straightforward Calculation of Fourier Series

The Fourier series can be defined as follows (5.1):

If a function £(x) of x has a finite number of points of ordinary
discontinuity and a finite number of maxima and minima in the interval
0 £ X £ 2m, and if the function be arbitrarily defined within this interval

and defined by the relation
f(x + 2m) = f), (5.1)

for values of x outside this interval, then

k:oo
f(x) = fa_ + Z ( cos kx + b, sin kx) _ (5.2)
o k=1 ak k
where o .
ak = %-J f(x) cos kx.dx
o -
(5.3)
27
bk = %-j f(x) sin kx.dx
o k = 0, 1, 2, 3, etc.

and at every point x = X in the interval the series converges to the value
£(X) =14 [£X +0) + (X - 0)] (5.4)

This is a statement of Fourier's thecrem, named after the celebrated
French scientist. Fourier's first paper on the subhject of trigonometric
series was read to the French Academy in 1807. He discovered the theoreﬁ
in his researches into the conduction of heat (non periodic application).
The series (5.2) is known as the Fourier series or Fourier expansion of the
function f£(x); the coefficients a and bk are termed the Fourier
coefficients; and the process of determining these coefficients is called
Fourier analysis or harmonic analysis.

If the function f(x) can be described mathematically and the integrals

(5.3) solved, then a harmonic analysis can be completed exactly. If, however,

5.3




the function is like a cylinder pressure development, then a numerical method
of approximation must be found.

It is wished to find the integrals

A
a = J f(x) cos Akx dx
© (5.5)
2
bk = ! f(x) sin Akx dx ,
o

where the repetition period is now &£ instead of 2w. This must be done

by numerical integration. Using Simpson's rule, equations (5.5) become:

N

- Ax X .

= 22 W(i) f£(x ) cos AkrAx
ak 3 r=0 r

(5.6)
Ax N . .
bk ==3 } OW@H) f(xr) sin AkrAx
v r=0

where W(i) 1s a weighting function, which can be applied to each value of
f(xr), before the integration, thus forming a new input data set f’(xr).

If this is done then:

N .
a = A% y £ (xr) cos AkrAx
r=0
.7
Ax o - .
b = —3 ) f (Xr) sin AkrAx
r=0 ‘

The number of coordinates f—(xr) is N and therefore the summation is
for N coordinates N times for each harmonic k. The number of computations is
thus proportional to 2N2. Fig. 5.1 shows the Discrete Fourier Analysis of a

. . th
sawtooth waveform where one hundred data points were used. Up to the 25
harmonic the theoretical and computed values agree, but after this point they
. . th th . .
diverge considerably. At the 50 and 100~ harmonics there are huge errors.

These errors are caused partly by alienation effects and partly because of

5.4
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inaccuracies in the computation of sine and cosine values close to

T respectively.

w/2 and

This simple example shows that for accurate computation to

+ 0.5 dB the number of input data points must be four times the number of

harmonic values to be calculated.
is formed from unfiltered input data.
parison of the speed of computation for calculating the Fourier

cover the frequency range D.C. to 10 kHz. This is based on the

On this basis,

This general rule applies to

table 5.1

all data that
shows a com—
analysis to

single

operation of a sine calculation, which on the ICT 1907 takes approximately

0.002 seconds.

It can be seen that the required computer time is in hours

Table 5.1 Speed of computation for straightforward Fourier analysis

using Simpson's rule approximation.

Engine Engine Cycle No. of Req'd no. Computation Digit- Digit~
Cycle Speed Funda- harmonics of input time isation isation
Revs/ mental in band data « N time rate
Min. freq. DC to 10 kHz points i sec/ kHz
Seconds .
(Hz) N point
500 4.17 2400 9600 9.2 x 107 25.0 40.0
1000 8.34 1200 4800 2.3 x 107 " "
n6 " 0"
FOUR 2000 16.68 600 2400 5.8 x 106
13 1 1]
sTRoke 3000 25.00 400 1600 2.6 x 10
4000  33.3 300 1200 1.4 x 108 " "
5000 41.7 240 960 9.2 x 10° " "
6000 50.0 200 800 6.4 x 10° " "
500 8.34 1200 480 2.3 x 107 25.0 40.0
1000  16.68 600 2400 5.8 x 108 " "
6 " "
WO 2000 33.30 300 1200 1.4 x 10
5 1y ”
sTRoke 3000 50.0 200 800 6.4 x 10
4000 66.6 150 600 3.6 x 105 " "
5000 82.3 122 488 2.4 x 10° " "
6000  100.0 100 400 1.0 x 10° " "

rather than seconds, even on a

Despite this, some computations using this method were performed.

comparatively fast machine like the ICT 1907.

Fig. 5.2
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shows a comparison between the measured cylinder pressure spectrum for a
horizontally opposed piston two stroke diesel engine and the computed
spectrum obtained from a hand digitised single cylinder pressure development,
digitised every degree of crankshaft rotation to produce 361 data input
points. Again at the higher harmonics errors occur but up to the 90th har—
monic very good agreement is found. The important conclusion from this is
that even with hand digitised data with an accuracy of at most 1% (or
equivalent to 40 dB dynamic range input), the higher harmonics up to 90

could be computed accurately. The only limitation apparently being a lack

of a sufficient number of input data.

5.2 Increasing the speed of Computation - Fast Fourier Analysis
(FFA) Method

On the ICL 1907 series computer the time taken for addition and subtrac-
tion is some 3.5 usecs, for multiplication some 20 psecs and for sine/cosine
some 2000 usecs. Since each stage in the harmonic analysis involves a sine/
cosine computation this is a controlling factor. An algorithm for computing
the equations (5.7) which reduces the number of sine/cosine operations by a
factor of 2N (N is the number of data points), was used to reduce the
computation time. The origin of this algorithm cannot be traced and it mus t
therefore have originated several ,years ago, its importance being unnoticed
at the time.

If we define

N
C = Z f(xr) sin(ry)
r=0
(5.8)
N )
S = Z f(xr) cos(ry)
r=0 i

and if the loop

5.6



br B f(xr) * 2br+1 cos ¥y - br+2
biya = Prig (5.9)
br+1 = br

is completed r times where r = N, N~1, N-2, ..., O to form end values

b initially zero, then

b t’ b A\ b ' With br, br+1, r+2

r r+l * “r+2

= Y _ '
C br br+2 cos y

(5.10)

= ' 3
S br+1 sin y

Comparing equations (5.7) with (5.8) it can be seen that equations (5.9)
and (5.10) provide a convenient form for computation of the original integrals
required for Fourier analysis. In this method there are only one sine and
N + 1 cosine calculations needed for each value of the harmonic number k.
However, the total number of operations is still proportional to Nz.

Using this "faster programme, 500 harmonics can be calculated on an ICL
1905 from input data of 2000 points in a time of 3} minutes, as compared to
9 minutes for 180 harmonics with the straightforward programme, a reduction
by a factor of about 20, With the 1907 (faster) computer, 800 harmonics could
be calculated from 4011 input data points in 3 minutés 22 seconds.

These programme times were within the bounds of reason and further major

time reductions were not attempted.

5.3 Analogue to Digital Data Conversion

In 1965 the use of electronic gates and storage to provide analogue to
digital conversion was recognised and very expensive systems which operated
at a rate of 18 kHz could be obtained. However, the accuracy of digitisation
was poor (40 dB dynamic range) and this, coupled with the expense, ruled out
the direct conversion of data at this time. Fig. 5.3 shows some results

(obtained in 1970 with then new equipment) from two analogue to digital




Cylinder Pressure

Biomec 1000 Analogue to Digital Converter.
10 usec/point.
1 cycle.
40 dB dynamic range (1:100).

Time -

Intertechnique Physioscope Analogue to Digital Converter.
40 psec/point.
1 cycle.
60 dB dynamic range (1:999).

FIG. 5.3. EFFECT OF DYNAMIC RANGE OF CONVERTER ON
DIGITISED CYLINDER PRESSURE DEVELOPMENT FOR SHALLOW
DISH CHAMBER FOUR STROKE 5.31" BORE DIESEL.




converters, one with a 40 dB dynamic range (one part in one hundred) and
one with a 60 dB dynamic range (one part in one thousand). It is clear that
a 40 dB dynamic range is unsatisfactory for cylinder pressure analysis.

The only method therefore available at the time was that of a hand
operated X-Y reader (Benson—Lehner) which could punch an X and Y coordinate
onto computer cards, the coordinates being read from a set of cross-wires.
The X and Y scaling could be set to one part in 999 or equivalent to a 80 dB
dynamic range and this was thought satisfactory. Photographic reproductions
of cylinder pressure diagrams could be projected onto a ground glass screen
on the machine so that they were of dimensions 24 in by 18 in and the
digitising could therefore be completed quite accurately. Even with this

process the . time or crankangle scale could only produce 999 sets of

input data and therefore only 250 harmonics could be calculated.

5.4 Extension of the Number of Harmonics Calculable from 4 Givern Data Set
by the Assumption of a Linear Variation Between Points

Since the number of points in a given data set determines the upper
harmonic number which can be calculated, how can this range be extended?
it is assumed that the function f(x),( a cylihder.pressure diagram in this
case) changes linearly between consecutive data points, then a new set of

data points of any number can be generated. Thus, any number of harmonics

can be calculated, the accuracy of the process being totéliy dependent on the
accuracy of fit of this data as compared to the actual cylinder pressure'
diagram. Initial trials using such a system showed that to follow through
999 equal time intervals was difficult on the méchiﬁe availablé, and that on
the initial pressure rise portion of the diagram often eqhall& sQaced data
did not follow exactly the trace, especially where gas oscillations qccurred.
Therefore unequally spaced data sets were tried, the digitising being done by

using the minimum number of points which, when joined by straight lines,




followed the cylinder pressure diagram best. An example of this method,
using a straight line approximation and unevenly spaced data is shown in

Fig. 5.4. 87 input data points were used in this case and it can be seen

that the results are similar to those obtained for the accurate portion of

Fig. 5.2, where the number of data points was at least four times the number

of harmonics. There is a scatter about the measured result which is the
same in both caseé. Thus in the unsymmetrical shape of 2 cylinder pressure
diagram there is no advantage to be gained by equally spaced as opposed to
unequally spaced data. Similar results were found in ref. (5.2), where
specific forms of uneven spaced data were used. For symmetrical waveforms
this is not so, as is shown later in this section. Fig. 5.5 shows a further
comparison of measured and single cycle computed cylinder pressure spectra,
The agreement between the mean computed values and those measured is very
good especially when taking account of the fact that cyclic variations do

occur and the measured value represents the mean of several hundred cycles.

5.5 Polynomial Variation Between Points

Some of the scatter shown in Figs. 5.4 and 5.5 could be due to the
assumption of a linear variation between points. Therefore a third order

polynomial approximation was made and tried. This was successful in

increasing accuracy on smooth waveforms but was unsuitable for diesel cylinder
pressure diagrams because it could not follow the initial pressure rise

adequately, Fig. 5.6 1illustrates this and the modification was dropped.

5.6 Extension of Dis Fourier Anzlysis to the Computdtion of Discrete
‘Fourier Transform Valves of Transient Waveforms

During the assessment of the Fast Fourier Analysis programme it was
found convenient to use the computation of the Discrete Fourier transform

of certain waveforms.
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. - data points.

---- polynomial variation

between points
( 3d order ).

polynomial
variation

l l
-20° -10° T.DC.
crankangle

FIG.5-6- OVERSHOOT CAUSED BY POLYNOMIAL
APPROXIMATION,




If, in the normal Fourier series

(=]

x(t) = a  + rél (ar cos rwlt + br sin rmlt) (5.11)

we assume that the period of the waveform is infinite and the fundamental
frequency  1is véry small and equal to Awp then
T/2

do x(t)- irApt

x(t) = 2m

dt.irpwt (5.12)
-T/2

If we now let ¢ become the infinitesimal dy the summation becomes an

integral and rAw becomes simply .

Therefore,

o0 ©
x(t) = J ’ dw J x(t)e—l‘*’tdt.elwt
27
1. ® . iwt
Thus x(t) = — J A(iw) dw
27
oo _ :
where A(iw) = J x(t)e l‘J"tdt : (5.13)

=00

and ¢y can have any value.
If we compare A(iw) with the complex form for the Fourier series

coefficients

T -ing t
c = fx(t)e ° 4t (5.14)

-

=}
EIEY

and Cw is regarded as meaning the harmonic at frequency ws 1t will be
limited to the values 2qr/T, where r is an integer number. Therefore,
equation (5.14) can be rewritten
Cot f ~ipt
—‘é’ = jf(t)e 4t (5.15)
o




It is therefore obvious that there is an equivalence between Cw (the

complex harmonic amplitude) and A(iw) (the complex transform) of any wave-—

form £(t). 1In the first case the waveform is assumed to repeat every 2w
radians, i.e., f£(t) = f(t + 27) and in the second the waveform occurs only
once.

We can write that

. - th .
A(lu)) = -—2— (5.16)

For functions repeating every 2n radians this relationship only

27Y . . .
holds at values of w of I where ¥ is an integer. For transient wave-

21t
T

forms the relationship holds at all values of where r can now have any
value.

It can be seen from equations (5.13) and (5.15) that any method of
evaluating the integral common to both will be applicable to the calculation
of either the Fourier series or the Fourier transform, depending on the
values of w chosen. Thus if the value of r in the expression 2%{_ = W
is allowed NON-INTEGER values, the Fourier transform can be computed.

The relationship (5.16) must aiways be used when transforming from one
set of coefficients to another. .

It is interesting to note that the Fourier series values are always -
contained in the Fourier transform values, being those at thch r is an
integer.

Figure 5.7 shows the Fourier transform of a sine wave represented by 21

evenly spaced points and calculated from the Fast Fourier Analysis programme

V17E, using non integer values of r. It is accurate to + 47. Five figure

log tables were used for the coordinate points.
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5.7 Accuracy of Fast Fourier Analysis Method

As soon as a continuous signal is digitised into a discrete data set,
then the data set no longer truly represents the original and differences
between original data and computed quantities are boﬁnd to arise. Once the
spacing of consecutive points becomes comparable with the wavelength of a
particular sine component, then several sine waves of differing higher
frequency multiples will be identified as one combined component at a lower
frequency. This occurs as the harmonic number approachés half the number
of input data, and this fol&ing of higher frequency harmonics back onto
lower ones is termed aliasing. vIn the present method, Aliasing problems are
eliminated by always having four times the number of input data points as
harmonics to be'calculated.

In the case of a sawtooth waveform, the assumption of a linear
variation between data points produces the exact form of the input data.
Figuré 5.8 illustrates the compgted spectrum up to the 100th harmonic pro-
duced from two input data points. Since the input data is exact, this is
a good test for calculation errors. The value of the hundredth harmonic
should be 40 dB lower than the fundamental.‘ The measured result is 39.96546
dB. Thus the only errors left in the Fast Fourier Analysis methdd are fhose
due to:

a) The number of input data points;
(b) the straight line approximation;
(¢) Accuracy of input data points;

(d) The uneven spacing of data points.

5.7.1 Effect of number of input data points

It was felt that the most severe test for the programme would be that of
a smooth, symmetrical waveform. In this way the straight line approximation

is exaggerated and the uneven spacing of data on a symmetrical waveform is
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the worst practical application. The analysis of a sine wave was therefore -
carried out both for the harmonic Series, where only the fundamental should
occur, and as a single transient, where a transforg series as shown in

Fig. 5.7 should result. For this purpose the transform values computed
correspond to each maximum and minimum of Fig. 5.7. TFig. 5,92 shows such

a computation for a 21 evenly sﬁaced input data point sine wave representation,

the period of the sine wave being assumed to be one second. The computation

is taken up to 200 Hz. The important peak values follow the theoretical

.values very closely except at frequencies of 20, 40, 60 etc. Hz. These
frequencies correspond to the harmonic numbers 20, 40, etc. and are therefore

related to the number of input data points and its integer multiples. The

values at the minima should be zero. Since they are generally some 60 to
100 dB below the maximum values this can be considered to be so. The fact
that non zero values occur is probably due to rounding errors in  the computer

(5.3). Fig.5.9(b)shows a similar plot but for the case where 73 evenly

spaced input data points were used. Results are only plotted to 70 Hz, but
it can be seen that no appreciable increase in accuracy of maximum values

has occurred, although the minimum values have been changed slightly. Most
important, the obvious error occurring at 'harmonics' corresponding to
multiples of the number of data input points have been changed. Thus, even

a 21 point representatién of a sine wave 1is sﬁfficient to allow computation
of at least 200 harmcnics, correspénding in this transform case to 200 Hz,
with errors occurring around integer multiples of the input data. Increasing
the number of déta points to 73 does not show a marked improvement in results
buf does move the error effect at integer multipies of the input data to

higher harmonics.
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With a polynomial variation between input data points, the 21 input

sine wave case was recalculated and the results are shown in Fig. 5.10. Only

the maximum values are plotted. The error effect at the 'harmonic' corres-—

ponding to the number of input data points does not occur when the polynomial
variation between points is used, Therefore it can be concluded that the
error at integer multiples of input data is caused by the assumption of a

linear variation between points. More important, it indi the

error due to the linear variation assumption only occurs at these points

and is not distributed through the spectrum, This result is amplified by

calculations on a 73 even input point sine wave representation to find the
Fourier series values. There should only be one value, at the fundamental
frequency. TFigure 5.11la shows the results. The harmonic levels above the
fundamental can be considered as equivalent to electrical noise as in an
electrical waveform analyser. This digital noise level is at least 110 dB
lower than the fundamental value, except at harmonic values near integer
multiples of the input data. Even at these points it is at least 35 dB lower.
With this analogy one would only expect interference to calculated results

at these points. Figure 11b shows the same computation but completed
assuming a 3rd order polynomial variation between points. The general digital
noise level is slightly lowered at the lower harmonic values but the error

effect around multiples of the input data has vanished.

5.7.3 Effect of accuracy of input data points

The values used for the input data points for a sine wave variation
were obtained from five figure logarithmic tables, and therefore represent
an input dynamic range of 100 dB. The same data for a 21 even input point
sine wave was reduced in accuracy to three significant figures or input

dynamic range of 40 dB. A comparison of the results is shown in fig. 5.12a

and b. The values at multiples of the input data remain the same but between
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these values the digital noise level has increased 5 to 40 dB and the
increase is spread generally through the harmonic range. Thus the effect
of a lack of accuracy in the digitised pressure diagrams is similar to that

of an increased noise level in an electrical waveform analyser.

5.7.4 Effect of uneven spacing of input data points

As discussed in section 5.4, unevenly spaced input data sets have
been used extensively in this work. Fig. 5.13a and b shows the 'half
harmonic' values of a discrete Fourier transform of a 21 point sine wave
and also the same sine wave with reduced (3 significant figures) accuracy.
The' zero points (minima) are now grossly in error and the values of the
maxima deviate to either side of the true values. Little effect can be
seen from a reduced input data accuracy. Figs. 5.14a and b show a comparison
for even and uneven spacing of a 73 input point sine wave representation.

For uneven spacing the minimum values are changed significantly and from

the 12th 'half harmonic' point there is a variation of maximum values either

side of the true values. The mean error through a range of harmonics is
shown in Table 5.2.

The first 20 'half harmonic' points are accurate to within + 27,

but after this there is a developing scatter. However, very shortly the

scatter settles down, the mean positive error being slightly smaller than
the mean negative scatter. The maximum deviation is some + 5 dB. 1If the
mean error over ten half harmonic values is taken this remains constant and

a maximum error of + 1 dB results - just about measurement accuracy.

Thus the mean error averaged over 10 'harmonics' does not increase with

increasing harmonic number and a wean line will have values very close to

the true values.

One very convenient method for performing the necessary averaging

is to form a constant percentage bandwidth analysis of the computed harmonic




'SINIOd Vivd

A

LNdNI

1
Lo i
: .

1
i
L.
:
i
1

_ | P
: R
W S
; [T
et
|- rsainbiy.
D I [

3

e

D

11UBIS

‘/.

o
|

| "8PDI3P/EP 07 -

m_._.

2
ng

]

'
f——— A

(D SV

(q

1 e
i .

T T R -

 RE B

i

P SSURIE S S AR AVI o A

.mmg:,m_m Ju ou:_cm_m. ,

auls 1sd 0oQlL

(oo yndur ez ;um.un_amw bcm__;mcb (ol
DR N N e .

0cl

4071

asli

08l

00¢

40 9NIOVdS N3A3NN 40 L33443-€1-S 914
.N:;ucmzumio_‘

W/N QLxZ 24gp-]9A27 adnssadd

4




240 . :.. SRR EER AR SRR = 31 sl B e s S

180 I —

160

140

b) Uneven- Spacing-73 Poinii_‘S:iné_~‘v\_/<_:‘§‘/_e}: |

R WRSRTS ) SN U TS X T (N S R

Pressure Level-dB re 2 x10" N/m?2

OFrequency—Hz.
{G.514 -EFFECT OF UNEVEN SPACING OF INPUT DATA POINTS




Table 5.2 Mean Error from True Maximum Values due to Uneven Data Point

Spacing.

Maximum iaximum Maximum Mean

Half Harmonic Range . Positive Negative Scatter Error
Error Erroxr dB dB
dB dB

0 - 12.5 0.8 0.5 1.30 +0.036
12.5 - 22.5 2.1 3.1 5.20 -0. 340
22.5 - 32.5 2.4 3.9 6.30 +0.010
32.5 - 42.5 1.6 0.5 2.10 +G.470
42.5 - 52.5 3.1 5.2 8.30 -0.890
230.5 - 240.5 3.1 6.5 9.60 - 0.445
240.5 - 250.5 3.25 6.3 9.55 -0.085
250.5 - 260.5 1.7 5.6 7.30 -1.050
260.5 - 270.5 5.5 6.2 11.70 +0.675
225.5 - 235.5 2.7 4.0 6.7 -0.790
235.5 = 245.5 5.0 4.5 9.5 -0.370
245.5 - 250.5 2.4 1.3 3.7 +0.380

spectrum, since this is the process used in live analysis. Fig. 5.15

+ compares the measured cylinder pressure spectrum (1.5% bandwidth corrected)
with the spectrum computed from a single cylinder pressure development. The
computed results are in the form of the harmonic analyéis, a 67 constant
bandwidth (bandwidth corrected) and 16% constant bandwidth (bandwidth correc-
ted) analysis. There is little difference between harmonic spectrum and the
6% analysis. However, the 16% analysis compares very favourably with the
measurea results.

Since the 1/3 octave band analysis has a bandwidth of 227 and is in
common use, then in later work reported in this thesis the computed 1/3
octave band spectrum has been used to compare with measured resulté when an
uneven data input set has been used. This process has the added advantage
that the spectra can be compared easily. Comparison of 1/3 octave band
computed data has also been used for evenly spaced input data sets where

there 1is no such error.

5.16



‘SISATYNY % 9 GUNSYIW HLIM
VilO3dS JINSSUd YIANINAD QILNIWOD ¥Od SHIAIMUNYE SISATYNY SNONIVA 40 NOSHVIWOD "61'¢ "Oid

zy4 Aouanbary

ol

T L')
|
-

. . b - i .
0 R e a’d m K
i cOmv 1 M Rt AR A M H b T
RSOV “ Ty - = T T
s e ~ n St (et SR cee »}. m.:ooml — 0Z1
e

el cwibiBoig vsnsserg e
Sy asputjAs pasiibig

SO U ARG N RN

-000t —~ Ofl

-2inhssol

cyrecd

ort

051

R : ,:4 . / £ ' L. . : . X H . . .4 : ,‘ 091

041

o8l

m&%»\

| wrioddg| ainssaly liapuyiA]

061

002

L , e L LHLITNG ] 012
_, < - - o . edeile P N . N .. . . [ T - ‘. - e eee e iws .

,M. m\i HI — -

i ]

T L 02z
_, e RN _

Zw/Ng 01 * Z 9 gp-]ora] ainssarg aspul]d)



5.8 Conclusions

It has been shown that if the Fast Fourier Analysis method is used with
accurate (at least 60 dB dynamic range) input data, evenly spaced and with
at least four times the number of data points as the required harmonic
range then very accurate harmonic values can be computed up to any harmonic
number. For harmonic numbers up to 2000 the programme time required is not
ecessive.

The required input data for these calculations to be exact up to high
harmonic numbers can only be‘obtained_by the use of very fast analogue to
digital converters. The digitising rate must be 40 kHz (25.0 jisec/point) and
the equivalent dynamic range must be;at least 60 dB. .The required rate of
digitisation is the same for two and four stroke cycles for all operating
speeds (Table 5.1).

If this type of equipment is not available then results giving the
spectrum maxima to an accuracy of +1 dB can be obtained from hand digitised
data (equivalent input dynamic range 40 dB) using unevenly spaced data points
and the assumption of a linear variation between points. A more sophisticated
type of X-Y plotter (Benson-Lehner) with which hand digitised versions of
photographically reproduced traces to an accuracy of ome part in 3000
(69.5 dB dyramic range) has been used to give very satisfactory results for
the special application of cylinder pressure spectrum computations. In
general, therefore, the accuracy of the computed results depends on

(a) the degree of accuracy of the actual discrete data points

(b) the stationarity or cycle to cycle variation of the cylinder

pressure diagram in question.

‘Figure 5.16 shows a typical comparison of measured and computed spectra
using 189 and 203 unevenly spaced data points with a 1:999 digital accuracy

for both X and Y coordinates.

5.17
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6.0 COMBUSTION INDUCED NOISE IN INTERNAL COMBUSTION 'ENGINES

The characteristic noise of diesel combustion is generally known as
'diesel knock' which distinguishes it from the smoother combustion of the
spark ignition gasoline engine. Even for the gasoline engine well known
terminology is ascribed to the noise produced by abrormal combustion processes
such as 'pinking' (detonation noise). At the same time noises of mechanical
origin can also be recognised such as 'piston slap', gear ncise, tappet
noise and bearing noise.

The forces producing these distinctive noises are of widely different
character and require some classification. The gas force resulting from

combustion can be assumed to be the direct exciting force of the engine.

There are many indirect forces (causing some of the so called mechanical

noises) which are dependent on the direct exciting force in some non-linear

manner such as the forces producing piston impacts, impacts in bearings and

timing gears. There are also secondary forces producing mechanical noise

which are not related to the direct forces such as in the valve gear and

fuel injection system.

Of all these exciting forces, the dominant one for the automotive diesel
engine in its present form is that of the direct exciting force due to
combustion. The work of Priede (6.1) has shown that when combustion controls
noisé wholly, then, in a given frequency band, there is a linear relationship
between the cylinder pressure spectrun level and the noise level. The work
of Priede (6.1), Austin and Priede (6.2) and Grover, Lalor, Priede and
Anderton (6.3) and Anderton (6.4) has enabled the formulation of a combustion
induced noise model which provides the basis for comparisons of internal

combustion engines running with different operating cycles.



6.1 Combustion Noise Model

Comparison of the noise of two engines, both of equal power, and
running at the same speed, tested at the ISVR showed a marked difference in
overall noise level of 4 dBA. Examination of results from the ISVR 'Banger
Rig' where an oxygen/propane mixture could be exploded in a non-running in-
line engine (6.5 and 6.6) showed that substitution of a rubber strip for
the normal shell big end bearing on the cylinder tested reduced the level of
high frequency vibration substantially, This is shown in Figure 6.1 where
even the vibration levels at the top of the engine block are reduced.

The conclusion is that most of the vibrational energy from combustion
enters the in-line engine structure via the big end and main bearings. It
is thus clear that the engine vibration (and hence noise) is dependent on
the force input to these bearings, which is a combination cf the forces of
combustion and inertia. In the diesel engine combustion forces are greater
than inertia and thus the peak force input to the bearing is dependent on
engine bore. This was the major difference between the two engines teséed.

The results of Chan (6.7) have shown thap up to the force levels obtain-—
able from electromagnetic shakers the variation of engine surface vibration
and resultant noise with force input at the big end bearings are linear, as
shown in Figure 6.2a and 6.2b.

The exciting force of combustion is applied to this linear system via
the piston crown and then to the main bearings, causing deflections in the
structure which will depend on the anguiar position of the connecting rod/
crank mechanism. This resultant surface deflection will cause noise to be
radiated. If only one side of the engine is considered then the noise can
be considered to be radiated in a similar manner to that of a simple piston-
in-baffle (6.8).

The mechanical impedance, Z, of the engine structure is defined as force

divided by velocity. Thus, the structure surface velocity V(w) at frequency

w:
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VIBRATION ACCELERATION LEVEL dB
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force « cylinder pressure (w) x (bore)2

V@) = =75 A)

(6.1)

and for acoustic radiation from a piston-in-baffle the noise intenmsity I
at a given distance r is given by (6.8)

2.2, 2.2 . ’
pock Vo (7a”) 2J1(ka sin 6)

I(w) = 72 ka sin ©
8n°r .

distanée from piston

specific acoustic impedance

angle at which noise radiated

piston area

wavelength constant = w/c

a Bessel function derived in reference 6.8
&

piston velocity

speed of sound in air.

In this case there is a complex directivity pattern. In practice, Chan
and Anderton (6.9) have shown that the noiée radiation from I.C. engines
tends to have ligtle directivity. 1In such a case the.simple equations
“relating overall sound power.radiated-by a structure can be utilised. In

anechoic conditions the acoustic power radiated W(w):

- 2, .
Wrad(w) = p.c Sradgrad(w)‘ <U, (w)>

= total area of radiating surface
radiation ratio
= area average of the mean square velocity over the entire radiating area

frequency




Assuming that the engine tends to be non-directional the sound pressure
level, p, measured 1 metre away from the engine can then be related to the

acoustic power:

_p (w)
wac(w) == (6.4)

where Strav = surface area of measuring sphere. Hence the square of the

sound pressure radiated at frequency w:

S

2 _ 2 2 rad

p (@) = (pc)”.<U_"(w)>. o 0 gD
trav

and noise intensity I(w) -

2

1) = &< ">,

'S
Thus I(w) « Srad o (@ <U02(w)> 6.7)
trav

The noise radiated is dependent on the force input to the structure,

the mechanical impedance of the structure, the area ratio, the acoustic

radiation ratio and the average mean square surface vibration.

Combining equations (6.1) and (6.7), the noise intensity becomes:

Srad

. 2
cylinder pressure (w) x (bore)”,2
. crad(w).( 7 (%) ) (6.8)

I(w)

trav

Fig. 6.3b shows a typical diesel engine cylinder pressure spectrum,
oﬁtained by electrical frequency analysis from the cylinder pressure develop-
ment (Fig. 6.3a). The value of pressure at any frequency depends on engine
speed and the average slope n (dB/decade) of the spectrum, or

Engine speed Nin
)

(cylinder pressure (m))2 « |
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Thus the average mean square surface ‘vibration becomes:

2 N.n B4 I

US> = [, (6.10)
o w Zz(w)

and therefore the resultant noise intensity I(w); at frequency w 1is given

by

4

rad B

N n'
. orad(w).ﬁﬁ . (6.11)

I(w) >
trav 27 (w)

If it is supposed that each frequency (Harmonic) is unaffected by its
neighbour (low damping), then the principle of. superposition can be used to
find the overall noise. intensity by summation over the audio frequency range:

W=y

max Srad N.n B4
Overall noise intensity I = z ¢ .0 d(w)(;? - )
w=0 trav ra 727 (w)
Therefore, =0
Srad n_4 max 1 Orad(w)
I« g—— .N'B ¥ T T (6.12)
9’ _ Ptrav w=0 z°(w)
or
n 4 rad _
o« — 1
Io N".B . 3 . CA.S.O . (6.13)
trav
where CASO is the overall combined acoustical and structural factor.
A combined acoustic and structural factor CAS(w) is implied where
o (w)
Cog@ = _‘:’3.‘23__ . (6.14)
wZ” (w)

which relates the noise produced by the structure per unit force input.
The mechanism of combustion induced noise can therefore be described
in measured terms, as shown in Fig. 6.3. The force is the cylinder pressure

development, as shown in Fig. 6.3a, In this exawple the rapid rise due to

. o : . Cix . . .
combustion occurs some 10  b.t.d.c. Since this force time diagram is

6.5




repetitive, its exciting propensities can be fully described by a Fourier
series. In the low frequency range the individual harmonics can be clearly
distinguished; the level being primarily determined by the peak pressure.
With increasing frequency, the individual harmonics can no longer be resolved
and a spectrum of high density is obtained in the high frequency range. The
level of these high frequency harmonics is determined by the actual form of
the cylinder pressure diagram. The amplitude of harmonics shows a general
decay at the rate of some 30 dB per tenfold increase of frequency.

The engine structure response, in terms of noise emitted by the engine
structure (engine of automotive size) when subjected to a constant sinusoidal
force input of varying frequency is shown in Fig. 6.3c. The maximum response
is in the frequency range between 1,000 and 2000 Hz, which is typical for a
machine employing a rigid cast iron structure (the maximum response of engines
of larger size is in a somewhat lower frequency range).

As can be seen, the ratio of the frequency of maximum response to the
repetition frequency of the force is of the order 50 to 100:1 and the relevant
part of the force spectrum which is responsible for the predominant noise has
a high density. The resultant spectrum of this diesel engine noise is shown
in Fig. 6.3d, which is determined by both the characteristics of force and
the characteristics of the structure. |

It is of interest now to consider the effect of engine speed. Generally,
the cylinder pressure diagram remains more or less constant when considered
on the basis of degree of crankshaft rotation. Therefore, the force spectra
at higher speeds will be geometrically similar, but with a shift parallel to
the frequency axis corresponding to the change in speed (6.10). Becanse of
this, the actual increase of the level of the gas force,. and thus the engine
noise, will depend on the general slope of the cylinder pressure force

spectrum. For example, in this case the slope is 30 dB/decade and therefore




a 30 dB increase of noise with a tenfold increase of engine speed (or 9 4B
for a two fold increase) can be expected. This is confirmed in fig. 6.3e,
where measured overall sound pressure levels (dBA) of éhe engine are plotted
versus the logarithm of the engine speed.

Thus it can be concluded that the form of the cylinder pressure diagram,
as determined by the combustion process, is the primary factor which controls
the rate of increase of combustion noise with engine speed.

1f the combined acoustic and structural characteristics of engine
structures are separated, then the basic mechanism of combustion noise

generation can be amplified. The acoustic radiation ratio crad(m) describes

the ability of the structure to radiated noise and the engine structure response

1/22(w) describes the ability of the structure to withstand 1oading; Chan
(6.11) has investigated the radiation ratio and structure response of in~
line diesel engines. He finds that the radiation ratio tends to be of
constant value above 400 Hz for engines in the automotive size range, and
that the value does not depend on engine size, whereas the engine structure
factor does depend on engine size, particularly in the frequency range 400-
1000 Hz.

The mechanism of combustion.induced noise is therefore the application
of the cylinder pressure (figure 6.4a and 6.4b) to the engine structure
causing deflections of the structure which can be expressed as structural
velocity if the structure mechanical impedance or admittance is known (figure
6.4c, 6.4d). In a similar manner the resultant noise caused by the
structural deflections (expressed as velocity) is specified by the radiation
ratio (figure 6.4e, 6.4f) or acoustic radiation properties of the structure.
Thus, if the cylinder pressure exciting force spectrum, the engine mechanical
impedance and the acoustic radiation ratio are known, the engine noise can be
specified. The general slope of the cylinder pressure spectrum has been

found to be 30 dB/decade for four stroke normally aspirated diesels, 40 dB/

6.7




© 13A37 3WNSSIUA  WIONNAD

g B B 3 8

v

m™ecn exper:meric! volue for 10 engines|

o

A |
]

(
<
s J

i
|
AN

N

\F‘Y‘

N

| _I5<B/cecode

b

FIG.6-4- DETAIL MECHANISM OF COMBUSTION INDUCED NOISE.

'
B

'
|

T X YD L CRANK ANGE

SPECTRUM —— "1 °
|
14

|

b1

|

i
|

SPEC TRUM
1
i

1
3
i

|

|

FPEQLENC Mz

>

CYUNDER PRESSURE DAGRAM B /sa i

EXCHING FORCE

RiY
R
A
5

<4k

ACOUSTIC VELCC'TY RESPONSE |

TANT NARROW BAND NOISE

/\VK
20 B/de".ljx

3C) ENGINE STRUCTUPE R/ERAGE MECHANICAL ADMITTANCE

L

F
-

© 1 30) ResANT AVERAGE ENGINE SuRFACE vELOCITY— dB

{4

A S

!
]

13e}

<

CRE] : B R e ° 2 g g

z

g R & ] ' o 4 ®

(22104 opmo_ 0z ) (80404 o_mo_ 0z - gp - A1190]9A 9op4Ing gp (M+otind
gp- wniyoads 32104 mc_..,:ov.a co:manoU As10[ap

o_mo_ 02) uoiypipoy Bo| gf) OLXT ¥ m_om._n_m
. s pupRq MOLIDN]
gp- 9ouDyIWpD !

[pingonlys abprany




&ecade for two stroke and turbocharged four stroke cycle diesels and 50 dB/
decade for gasoline engines. The structural impedance of an engine

structure is dependent on engine stiffness, mass and damping. The radiation
ratio is dependent on engine detail vibration variation but appears to be

constant above 400 Hz for automotive engines.

1 Effect of number of cylinders

side area of the engine can be more closely equated to
S « (n xB x L)

wﬁere n = number of cylinders
B = engine bore
L = engine height
Thus the increase of noise with number of cylinders for engines of similar

bore and stroke will be as shown in Table 6.1, wvhere a substantial effect

is only seen for engines with less than three cylinders.

Table 6.1

Effect of Number of Cylinders on Engine Noise

No. of cylinders Overall Noise Reduction Compared
to 6 cylinder in-line engine — dBA -

in-line 8.0
in~-line 5.0

in—-line 3.0

in-line ‘ 1.0

in—-line 0.0

1
2
3
4 in-line 2.0
5
6
8

vee ' 2.0




6.2 General Relations Between Engine Design Variables and Combustion Noise

Noise investigations show that the detail characteristics of noise spectra
of automotive engines are closely related to the modes of vibration which are
dictated by the particular form of the engine design. The overall noise
level in dBA, however, does not appear to be influenced to any great extent
by these differences, but depends largely on cylinder bore and rated speed.
This is illustrated by Figs. 6.5a and 6.5b, which shows the noise spectra of
three different engines running at the same speed and each having the same
cylinder bore. Despite considerable differences in design, the overall
noise levels of all three are within 1 dBA of 103 dBA.

Fig. 6.5a shows the noise spectra of a four— and a six—-cylinder in-line
engine. The sik~cylinder engine has two pronounced noise peaks: a low
frequency peak around 315 Hz due to the fundamental horizontal bending mode
and another peak at around 1000 Hz due to its first overtone. Due to its
shorter length, the four-cylinder enging has the two equivalent noise peaks
at 800 and 1600 Hz. It may, therefore be concluded that two more cylinders
can be added to the engine without an increase of overall noise level.

Fig. 6.5b shows the spectra of noise of the six-cylinder engine compared
with a V8 engine of the same bore running at the same speed. There are
significant differences in the characteristics of noise, but the overall
levels of noise again are the same, namely 103.5 dBA, showing that still
another two cylinders can be added to the engine without an increase of noise.

In Fig. 6.5c, the noise spectra of three six-cylinder in-line engines
produced by different manufacturers are shown. As can be seen, the relevant
design details influence the characteristics of noise, but the overall npise
levels again remain within 1 d4BA.

Fig. 6.5d shows the noise spectra of two V8 engines of the same cylinder

capacity but of different stroke/bore ratio compared when running at the same

6.9
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speed. A considerably greater overall level of noise is measured from the
larger bore engine which corresponds directly to the larger total gas force
applied to the pistons.

Thus it can be concluded for convéntional design diesel engines tnat
the overall combined acoustic and structural factor does not vary greatly,
and therefore to a first approximation the overall combustion noise

intensity, Io:

n 4 rad
Lo=NB 3 - Ca.s.0.
trav
can be expressed as
. S
T« it 23 (6.16)
. o S,
trav
6.2.1 TFirst empirically derived relations (1969)
Using this approach an empirical formula was found which related
S
noise intensity to bore and engine speed, the size effect ( rad ) being
: “trav

at that stage included in the empirically found constant, ref. (6.3).

For contemporary engines, unless the engine structure design is radically
changed (e.g. ISVR crankframe engine) and assuming that the cylinder pressure

spectrum level is constant at rated speed for all engines, it was found

that the overall noise intensity, Io

I« "B (6.17)

and three general relationships for predicting the overall diesel engine

noise at rated speed due to combustion, in dBA at 1 metre distance and

depending on the form of combustien, were formulated:

(a) Four stroke normally aspirated diesel engine

dBA = 30 loglON + 50 1og10B - 31.5 dB

(b) TFour stroke turbocharged diesel engine

dBA = 40 log,.N + 50 log,.B - 66.5 dB (6.18)
&10 10

(c) Two stroke diesel engines

dBA = 40 log. . N + 50 log..B - 54.5 dB
€10 10

6.10



il

where N = engine revs/min

B = bore in inches.

Table 6.2 shows a comparison between predicted and measured results for
a range of engines, the agreement generally being between + 2 dBA.

It is clear from the relationship given that the noise produced by an
engine is independent of the power produced, and Fig. 6.6 shows the similarity
"in noise levels for a range of engine volumes from 0.375 to 30 litres/
cylinder. The reason for this has been shown by computing the power output
of an engine cylinder from the Fourier series representations of cylinder
pressure and piston motion. It was found that the first two harmonics

accounted for 99 percent of the power produced (see section 7.3). Since the

harmonics which control noise are those largely above the 25th, then the low-

frequency components of the cylinder pressure spectrum control power, while

the high-frequency components control noise.

6.2.2 Modification of original relations to include the effect
of radiating area

The extremely good results provided by the empirical relations (6.18)
indicated that the approach taken was a realistic one. Even so, discrepancies
were found. These were mostly for very small high speed indirect injection
diesels and very large bore diesels — those at the extreme ends of the range
tested.

From the work of Chan and Anderton (6.9) and Chan (6.11) the effect of
the engine surface area was established and Chan (6.11) showed that the
area ratio term in equation (6.16) was
Srad; 2
5 °

trav '
B = bore size (6.19)

and hence the relation for the overall noise intensity due to combustion

becomes,

6.11
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Table 6.2

Predicted and Measured Noise Levels of Automotive Diesel Engines
Engine Type Induction ?gzﬁe; g;;zg _ Overall Noise Level - dBA
Rev/Min Calculated Measured
Four—stroke
V FORM 8 Cyl. - N.A.* 4.625 3300 107.2 108
" " " 4.625 3300 107.2 109
" " " 4.5 3000 105.5 106.5
" " " 4.25 2800 103.3 103.5
u " " 5.31 2600 107.2 109
In-line 6 Cyl. " . 5.5 2100 105.5 106
" " n 4.65 2600 104.4 102
" " " 4.56 2800 104.9 105
" " " 4.125 2800 . 102.7 102.5
" " " 3.875 2800 101.3 103
" " " 3.81 2800 101 1c2
" " " 3.875 2800 101.3 103
" "o " 3.688 4000 104.9 107
" " v 3.125 4000 101.3 101.5
" " " 3.5 3500 102 101.5
Four-stroke '
T.Ch.*
V FORM 8 Cyl. " 5.5 2600 107.3 107
In-line 6 " " 5.5 2100 ‘ 103.3 102
" " " 4,75 2200 101 100
Opposed piston
single crank
with rocker ’ i
arms - 3 cyl. Two stroke 3.25 2400 109.3 108.5

Opposed piston
double crank - " 3.4375 2400 110.5 109.5
shaft in—-line 6 cyl.

Opposed piston

double—-crank- " 4,625 2100 114.9 - 113.5
shaft in-line 6 cyl.
In-line 6 cyl. " ~  3.620 2200 102.2 102

* N.A. - Normally aspirated. : + T.Ch. - Turbocharged.

6.12




’J; -

o Noise i B .
Vera114§01se Intensity, Io « N .B CASO

(6.20)
or I « N.B
, o
assuming that the overall acoustic and structural response remains constant,
A new set of prediction relations, similar to those of equation (6.18), can
now be put forward, (see chapter 10). Overall noise at 1 metre at rated speed
in dBA:

(a) Four stroke D.I. normally aspirated diesel engines

dBA = 30 log,,N + 60 log, 4B - 38.0

(v) Four stroke I.D.I. normally aspirated diesel engines

dBA = 36 log, N + 60 log, B ~ 60.0

. 10.9
(c¢) Two stroke D.I. Roots Scavenged diesel engines

dBA = 20 log, W + 60 log, B + 18.0

(d) Turbocharged Rotor and two stroke D.I. diesel engines

dBA = 20 log, N + 60 log, B + 13.0

I

where N engine speed revs/min

B

engine bore in inches

This produces the interesting result that when considering a comparison

of ergines of different size the relation:

n .6
I, «m N B Cyuqq

holds. If, however, engines of the same engine surface area are compared,

then:

6.13




6.2.3 Combustion noise in engines with the same overall acoustic

and structural response

form of combustion will have on an engine structure which has the same
overall acoustic and structural response can be assessed. A standard
acoustic and structural response curve must therefore be established to

enable this comparison to be made. Equation (6;13) can be rewritten:

Overall Noise Intensity « (Force Input)2 x (Surface Area Ratio) x CASO

and consequently an assessment of the overall acoustic and structural

response can be obtained from measured data:

Or, in terms of a structure attenuation factor S (6.12)

_ 1
“(Surface Area Ratio)xC

ASO
and

S =10 loglo {Surface Area Ratio).C = (Combustion force level)

ASO

configurations of both two cycle and four cycle engines are presented in

Since the combustion exciting propensity of an engine can be measured

independently from its construction, then the effect that variatioms in the

(Surface Area Ratio)xqASO « (Noise Intensity) - (Combustion Force Level) - dB

~ (Noise intemsity) - dB (6.

Some measured 1/3 octave band structure attenuation factors for varicus

figure 6.7. The curves show high attenuation at low frequencies and the
lowest attenuation in the 1500-4000 Hz range. There appears to be no definite
grouping of the attenuation factors for the various configuraticns of two
cycle and four cycle engine structures and it must be concluded that the
detail structural design of each engine is more important than the configura-

tion. The only important effect of configuration other than that of changing
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. the precise frequency and form of the structural resonances is in the
opposed piston design where because the force input to the structure is
doubled the resultant overall noise is some 6 dBA higher than for conven-
tional engines.

A mean structure attenuation factor curve can be drawn through these
results and will provide a suitably realistic value which can then be used
to assess the effect of combustion changes on a 'standard' engine. Such
a mean structure curve is shown in fig. 6.8, both for 1/3 octave bands and
corrected to a constant bandwidth of 1 Hz. This can be regarded as the

Standard Structure Attenuation Factor.

6.2.4 Calculation of combustion induced noise using the standard
structure attenuation factor

At present it is very difficult to compare the combustion exciting

properties of various engines directly since usually the cylinder pressure

speétrum, bore, engine speed, engine surface area, etc., vary. By putting
the applied force (cylinder pressure spectrum) and combined acoustic and
structure response into simplified forms it is pessible to calculate the
combustion induced noise which would be produced by a 'standard' engiae

from a knowledge of the level and slope of the exciting pressure spectrum.

6.2.4,1 Simplified cylinder pressure spectrmm

Figure 6.9 shows the cylinder pressure spectra at various engine
speeds for a 4.65" bore Direct Injection four stroke diesel. Over the
critical frequency range of 500 to 5000 Hz, the spectra can be represented

by straight lines of n dB/decade. Figure 6,10a illustrates this. The
slope is n dB/decade and a representative level is given by the cylinder

pressure level at 1000 Hz (C.P.L. The cylinder pressure {C.P.)

(1000)” *

is given by
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(C'P'(.IOOO)V?Z A log)o Gn)

2 .
CRBVL (/)2 [tz (6.27)
-1
£
(_C.P.)f = cylinder pressure at frequency f Hz in N/m2
C’P'(loOO) = cylinder pressure at 1000 Hz
n % slope dB/decade
}
f = frequency Hz
and
' _ 1
C.P.L. (f) = 10n log,, 7 + C.P.L.(looo) + 30n dB (6.28)

6.2.4,2 Reduced cylinder pressure spectrum

If the cylinder pressure diagram, on a degree basis, does not change

with speed then the four spectra shown in fig. 6.9 can be reduced to one

spectrum plotted against the ratio f/N to take account of the speed effect.
The data of fig. 6.9 are replotted in fig. 6.11 on this basis. From fig. 6.10
(b) it can be shown that the cylinder pressure (C.P.)f at frequency £

calculated from the reduced spectrum is

2 _ 2 Non _ N .2,
(C.P.)f = (C.P.R(l.O)) A 1og10(3n).(f) (mz) /Hz (6.29)
and cylinder pressure level

, _ N '
C.P.L. = 10n loglo (f) + C.P.L.R(I.Q) dB (6.30)
where
C.P.R(l.O) = cylinder pressure on reduced spectrum at £/N = 1.0

C.P.L.R(l.O) = cylinder pressure level on reduced spectrum at £/N = 1.0.

6.2.4.3 Standard structure attenuation factor

The structure attenuation factor S:

sound pressure

combustion pressure X bore2
g P ) - 20 log, . (

d = 20 log reference pressure 10

10(
reference press.

6.31)



avoling v 13s310 'I'd mou. VY133dS 3¥NSS 38d ¥YIANITAD a3doNa3y-ii-s 94
.o.oe .cwE\@mi\NziAucw:Umi paonpay L0

0tl
(Gl =
(00*do @

07l

ost

09l

= 13A37 3¥NSS3™Yd Y3ANITAD

04l

o8l

LW/N OlxZ 24 gp

-4

o
)
puiig

N 0097-—--= _

s 0002 / .

U 005l — —— S
'UIW/SADD Q00)L ~— - — <.

N 002
I///I




and therefore each straight line portion of the standard structure attenuation

can be treated in a similar manner to the previous two sections

1
S = 10q log10 r Slooo + 30q dB (6.32)
where
S1000 = attenuation at 1000 Hz
q = slope of attenuation curve dB/decade
f = frequency Hz
and

A log. . (S /10) A log. . (3q)
s - 1071000 10 (6.33)
_ £4

and from equation (6.23)

(cylinder pressure x borez)2

(Sound Pressure, P)Z&F

S
2 (cylind ire x bore?)? x ¢4
p2 (9= JLcylinder pressure x bore x f (6.34)
A loglo(Slooo/lo) A 1og10(3q)

6.2.4.4 Calculation of overall level from known cylinder pressure spectrum

From equations (6.27) and (6.34) the sound pressure P at frequency f

A 1og10 (3n) B4

/10 A log (3q)

: 2
(€2 1000y

q-n :
£ (6.35)
A log;45 S1000

P2 (f) =

The overall pressure level is therefore

P2 (Overall) = f P2 df (6. 36)

where the integral extends over the audio frequency range.

2 4
‘P 1000y A logy (3n).BY.K . (gD _ (e

(@ =n +1) Alog,,(39) 2 1 .

2 (c
P° (Overall) =

where

E (6.37}
1

K= .
A 1og1,(51 500

/10)

6.17




and the overall Sound Pressure Level due to combustion

‘ P
_ (Overall)
(S.P.L.)Overall = 20 1oglo ( ).
reference

i

6.2.4.5 Overall level assuming two part standard structure
i 0
| attenuation curve

If a standard structure attenuation curve of the form

C
Qo
TN dB/decadd
gE . Ql K
Um
P q,dB/decade
o J
S ' 51000 ——
e |
55
+ U
ORTH
f 1000 Hz. f,

‘ log. frequency
STANDARD STRUCTURE ATTENUATION FACTOR.

is used then from sections 6.2.4.3 to 6.2.4.5 the overall combustion noise

level as calculated from a measured or computed simplified cylinder pressure

spectrum at engine speed N revs/min will be

(q]—n+1) _ 5 (ql—n+1)

(C.P. (1000))2. A log, (2a)8* [(1000 1 )
(s.P.L.) = 20 log (g, = n +1)A log, .(3q,)
Overall 10 Pref'A 10g10<81000/10) 1 - 10 1
(q,-n+1) (q,-n+1)
( 2 _ 2 .
£, 1000 ) (6.38)

+
(a, = n + 1)A log,(3q,) J

And the overall combustion noise level as calculated from a measured or

cdmputed simplified and reduced cylinder pressure spectrum at an engine speed

N revs/min will be:




2 4 . n
(C.P. (1.O)% A log10(3nLB N

(S.P.L.) = 20 log X
Overall 10 [P .. A Tog (5] 00/10)
(g,=n+1) (q,-n+1) (q,—n+1) (q,~n+1) ]
1 1 r 2 2 2
[1000 -£ ] . (£, - 1000 ]
(g;-n+1) A log,, (3q) (q,~n+1) A log,, (3q,)

dB. (6.39)
By using the standard stfucture attenuation the values of 9 and 4,

and S (50 dB/decade, 10 dB/decade,

1000 = 122.5 dB respectively),

SlOOO
equations (6.38) and (6.39) can be simplified to include only a representative
cylinder pressure spectrum level, slope, engine bore, speed and a factor Y
which depends on the slope of the cylinder pressure spectrum n. The factor

Y can be regarded as a Spectrum Shape Factor relating the excitation and

response spectra. In this way the predicted overall combustion noise, in dBA

at 1 metre, of a standard structure response engine becomes:

dBA = C.P + 40 log; B~ Y dB

L+ (1000)

and (6.40)

dBA

]

4 N
C.P.L.p(1.0) + 40 log,,B + 10n log,, 555 ~ Y 4B

from a known reduced gylinder pressure diagram.

The values of Y as a function of the cylinder pressure spectrum slope
n are shown in fig. 6.12. Inherent in the value of Y is the effect of engine
radiating area, which has been established as being pfoportional to the
square of cylinder bore. For a true comparison of combustion noise then
account of this factor should be taken. By assuming that the standard
structure attenuation factor represents an average engine, then it can be
represented by an average bore size. For automotive engines the choice of
average bore is 4 inches.

Thus the predicted combustion noise of a 'standard' engine, including

the effect of radiating area, becomes:
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PREDICTED COMBUSTION NOISE FROX KNOWN CYLINDER PRESSURE

SPECTRUM - dBA AT 1 METRE

dBA = C.P.L. + 60 log;,B -~ X dB

(1000) (6.41)

PREDICTED COMBUSTION NOISE FROM KNOWN REDUCED CYLINDER
PRESSURE SPECTRUM —~ dBA AT 1 METRE

dBA = C.P.L.R(l.O) + 60 10g10B + 10n 1og10 - X dB

N
1000

and the values of the Spectrum Shape Factor X are shown in Fig. 6.13.

This method of calculating the noise which would be radiated by a
standard engine due to combustion excitation has the advantage that it takes
account of the actual level of the cylinder pressure spectrum as well as
the Combustion Indek (slope). It can therefore be used at any engine
condition, unlike the previously mentioned relations which can only be
applied at rated speed since it is assumed that only the spectrum slope
varies from engine to engine. The relations (6.41) apply to all forms of
I.C. éngine for the calculation of Combustion Induced Noise.

The application of the three sets of prediction formulae given in this
chapter (equations (6.18), (6.21) and (6.41)) is described in Chapter 10.

It can be concluded that the sound pressure level produced by
combustion in I.C. engines (equation 6.16) is dependant upon the force input
to the structure resulting ffom combustion, the radiating area, and the i

combined acoustic and structural response of the engine.

6.20.
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7.0 EFFECT OF OPERATING CYCLE ON COMBUSTION-INDUCED NOISE

When a single engine structure is considered, then the mechanical and
acoustic radiation characteristics remain constant and any changes in the
combustion noise spectrum will be caused by changes in the cylinder pressure

spectrun. A comparison of cylinder pressure spectra for various types of

2}

combustion will then also provide a direct comparison of the relative
combustion noise levels which would be radiated for unit piston afea. This
comparison can be accomplished in three ways.
(a) By analysis of mathematical approximations to cylinder pressure develop-
ment.
(b) By computer analysis of digitised cylinder pressure development.
(¢) By direct electrical analysis of cylinder pressure development.
This last method is the most accurate but it is also very difficult to
change in a specific way. If good cylinder pressure development records
are availlable then the digital technique lends itéelf best to the study of

specific combustion changes.

7.1 Theoretical Considerations of Two and Four Stroke Operating Cycles

T.1.1 Representation by intermittent sine wave function

The basic difference between the two stroke and four stroke cycle of
operation is the difference in cycle length in terms of i£s crank angle
(360° for two-stroke and 720° for four stroke).

Figure 7.1 shows a comparison of two énd four stroke cylinder pressure
development. The compression pressure is higher in the two stroke due to
the Roots blower. A sharper rise of pressure occurs in the four stroke
and also the expansion pressure remains higher for a longer period due to
the later exhaust valve opening. In general and to a first approximation

they are the same on a degree basis. On this assumption, Fig. T7.2(a) shows

7.1
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the comparison of one cycle on a degree basis. The high pressure portion

of the development has a greater separaticn in the four stroke cycle.

Figure 7.2(b) shows a comparison on the basis of repetition length. The
frequency of the harmonic spectrum fundamental is not involved in the com-
putation of the harmonic series as the whole series is multiplied by this
frequency to form the spectrum. The actual spectrum values are controlled
by the variation of the waveform within the cycle and their relationship to
the repetition lenéth I. On this basis the four stroke cycle high pressure
'pulse’ is narrower than that of the two stroke by a factor of two. This
has a considerable influence on the values of the harmonic series. Figure
T.2(c) shows a mathematical idealisation of the cylinder pressure develorments
into a half sine wave of width a such that the width to repetion length
ratio a/L can be varied.

The cycle can be defined as:

y = cos %2 for O:s X < a (7.2)
y=0 for as<xgTw . (7.2)
and in the general case the harmonic series is given by
an = ——E%}——-e cos na for m = 0,1,2.3,..,
w(C° - n%) except n = C
(7.3)
b =0
n

where ©C = 7n/2a.

As can be seen, the pulse width a 1is a very important factor in
determining the harmonic amplitudes.
From equation (7.3) it can be shown that the amplitude of the fundamental

for the four stroke cycle, where 2n/a = 12, is given by

3.25

al_: 5w




and for the two stroke.ycle, where 2n/a =6, is

Thus the amplitude of . fundamental is higher in the two stroke cycle by
a factor of 1.85, or 5.3 dB when expressed as a pressure level, than in the

four stroke cycle.

At high harmonic mmbers n is large compared to C and

(7.h)

and the slope of the harmonic envelgpe joining the spectrum maxima will be
4O dB/decade, and for the four stroke cycle the level of these maxima will
be exactly twice those of the tWQ stroke cycle. This occurs when the

fundamental cycle frequency is the same for both cases. Figure 7.3 shows z

comparison of the cylinder pressure spectra envelope when compared on the

basis of equal engine speed and also equal cycle fepetition frequency.

7.1.2 Comparison at the same engine speed

The engine speed is taken to be 2000 revs/min. In Fig. T7.3(b) the
general shape of the spectra are similar except that the level of the two
stroke harmonics are some 5.34 to 6 dB higher than those of the four stroke -

cycle. The fundamental firing frequency for the four stroke cycle is 16.7 Hz

vhile the two stroke cycle is 33.4 Hz. Thus in a given frequency band there

are twice as many harmonics in the four stroke spectrum.

T.1.3 Comparison st the same firing freguency

For the same cycle firing frequencies the two stroke must run at hal?f
the speed of the four stroke and in the case chosen the speeds are 2000
and 4000 revs/min respectively. Thus the harmonic separation is the same
for both cases. From Fig. 7.3(a), the differences in the harmonic spectrum

caused by the change in the pulse width a are now apparent. At the funda-

T.3
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mental the two-stroke harmonic level.is 5.34 dB higher than the four stroke
whilst at higher harmonics the level of the four stroke spectrum is some

6 dB higher than the two stroke. In both cases in the high freguency range
the;envelope of the harmonics decreases at a rate of 40 dB/decade.

!
) ! It can be concluded that the pulse width a affects both the form and

leﬁel of the low frequency part of the spectrum but only the level of the
hiéh frequency part. The slope and the form of the high frequency part
ofithe spectrum are affected by the shape of the pulse itself.

i A similar result is found for actual cylinder pressure developments.

Figure 7.4 shows the result of a harmonic analysis, using the Fast Fourier

Series programme, for the case of a smooth two stroke diagram. By adding

360° of zero data the spectrum for precisely the same cylinder pressure
development on a degree basis can be computed as a two or four stroke cyg}e.
A similar result to that of the sine pulse is found. However, there is a
general change of spectrum shape in both cases due to the aifferent basic
diagram shape.

These same results are found when comparing two measured diesel engine
spectra, one from an automotive D.I. four stroke of L4.125" bore and an
opposed piston two stroke of 3.25" bore. Figure 7.5 shows the comparison
at the same engine speed. The two stroke cylinder pressure spectrum levels
are some 6 dB higher up to about 1000 Hz, when the two spectrs gradually con-
verge. This indicates that the two stroke cylinder pressure development is
smoother than that of the four stroke.

Figure 7.6 shows a comparison of the engines at the same fifing f?equency -
1000 revs/min and 2000 revs/min engine speeds. At frequencies above LO Hz
the four stroke cycle cylinder pressure spectrum levels are higher than those

of the two stroke.

Thus it has been shown that the fundamental cycle difference between the
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twoc and four stroke cycle of operation results in a fundamental difference

between the combustion noise exciting propensities of the two cycles.

T.1.4 Comparison of the two cycles at equal power output

The last section gives a comparison of the direct exciting propensities
of the cylinder pressure development in the two and four stroke cycles.
Hovever, as is shoﬁn'in Chapter 5, the noise output and power output of the
engines are dependent upon the physical characteristics of the particular
engine - namely rotational speed, bore, étroke, b.m.e.p. and cycle. In
cémparing the combustion noise characteristics of two and four cycle engines
the balance between noise and power output provides the only fair means of

comparison. -~ The power output of the engines is given by

_ P.L.A.N.
Power of four stroke = 33,000 b.h.p. (7.5)
_ P.L.A.2W
Power of two stroke = 33,000 b.h.p. (7.6)
_ . 2
P = b.m.e.p. - 1b/in
L = stroke - ins.
= Al . 2
A = piston.area - in“.

N engineAspeed - revs/min.

'Theoretically the two stroke engine should give twice the power output
‘of a four stroke engine of the same swept volume and engine speed. In
practice, largely because of the necessary Roots blower for the two stroke,
the power output is aﬁout 1.9 times that of the four stroke under these con- -
ditions. For the purpose of this'comparison it is convenient to assume the
theoretical value of two.

Under this assumption the ratio of the powers is given by:

TR N
POL}*_.R2 _ 2P2L2A2h2

POWERh - PthAhuu

(7.7)

1.5




and for the same assumed b.m.e.p. (same cylinder pressure diagram on a degree

basis) and same stroke to bore ratic,

POWER 2B 3N

B - o (7.8)

POWER), B. 3y :
b Sy

Therefore, for equal power output,
{

! 3y = 3 -
, 2B,"N, = BN, 7.9)

! Two extreme engine running conditions can result in the same pover
ouﬁput. If the engine bore is the same (equal swept volume), then the two
stroke will run at half the speed of the four stroke for equal power. if

the engines run at the same speed the two stroke cylinder bore will be smaller,

Bh Bh
B = — = (T'lo)
2 3/3 1.26

aﬁd the engine swépt volume will be half that of the four stroke. In between
these values there are an infinite number of combinations of bore and speed
to provide equal power. In practice, because high specific output is usually
sought, the two types of engines are usually operated at the same engine
speed.

The cylinder pressure spectra shown in Fig. 7.3 provide a suitably
representative result on which basis the combustion noise of the two cycles
can be compared. The envelope of the spectra at frequencies above 500 Hz
can be approximated by a straight line and
for the two stroke:

N
CYLINDER PRESSURE LEVEL = 20 log, iéi- = Lo 1oglob—%) + 158  (7.11)

and, for the four stroke:
N

P 4 \
= 40 log, (—) + 152 (1.12)

Pref

C.P.L. = 20 log,

N2, ), = engine speed, revs/min

f = frequency, Hz.



It was shown in Chapter 5 that for the same engine structure the noise
intensity, I,
I « (COMBUSTION FORCE)®
2)2

« (CYLINDER PRESSURE x BORE (7.13)

and therefore with simple acoustic assumptions, that

SOUND PRESSURE LEVEL (S.P.L.) « (CYLINDER PRESSURE x BORE2)2 (7.1Lk)
at any frequency f.
Thus

for two stroke:

NQB
S.P.L.(f) « 40 1oglo(——f—) + 158 (7.15)
and for four stroke:
NhB R
S.P.L.(f) « 4O 1oglo(—f-—) + 152 (7.16)

‘Since the engine structural and acoustical response is linear then the
overall change in noise will be the same as that at any frequency f. On

this basis, the overall combustion noise for the two cycles can be calculated.

7.1.5 Comparison of engines of equal bore size

From equations (7.15) and (7.16):

(S.P.L.), N, »
= L0 log, (=) - 6 dB (1.17)
ZS.P.L.52 10°T,,

If the two stroke engine is running at half the speed of the four stroke

then the power output will be equal, and:

(S.P.L.)h

m = +6 4B (7.18)

the four stroke will be 6 4B more noisy as compared to the two stroke.
If, however, the engines run at the same speed, the power output of the

twvo stroke will be twice that of the four stroke, and:

T.7




(S.P.L.)h

BP0, - -6 ¢B (7.19)

and the two stroke engine will be 6 dB more noisy as compared to the four

stroke engine.
|

|

| T.1.6 Comparison of engines at egual rotational speed

At equal engine speeds for a given power output

B B
L b
B = = (7-20)
| 2 3/5 1.26 _
, .
and
(S.P.L.)h Bh
= 40 log, . (=) - 6 4aB
ZS.P.L.52 10°B,
= Lo loglo(l.26) - 6 aB (7.21)
= -2 4B

and the two stroke will be 2 dB more noisy as compared to the four stroke.

For equal noise

By
B, = — (7.22)
L2
and the comparative power outputs will be
(POWER)2 - :
- = = 0.706 - (7.23) -
(POVER)), (14113

and the power of the two stroke will be some 30% lower than that of the four
stroke.

Thus it is shown that for the same cylinder pressure development on a
degree basis the effect of the cycle difference on combustion iﬁduced noise
is very marked. For the same power output from the two cycle engine the
choice of design parameters can produce an overall combustion noise variation
of some 12 dB. The inherent quietness of the two stroke cicle is therefore
apparent, it being possible to produce two stroke engines with a combustion

noise level some 6 dB lower than that of the four stroke for a given power



cutput. With currently produced twc stroke engines advantage of this
characteristic is not taken fully because of the design choice putting.
specific output before that of noise.

7.2, Practical Comparison of Two and Four Stroke Operating Cycles
I

. In practice there are many variations between individual engines and

)

parficularly between the two stroke and four stroke. These are discussed

in Fhapter 9. However, despite these differences, the general trends indi-

!

catéd by a theoretical consideration of combustion excitation are borne out
in gractice. Because of the limited availability of two stroke engines

1t has not been possible to make a direct comparison of a two stroke and
four stroke diesel engine with the same power output at the same rated

speed. However, a comparison is possible for two engines with the same bore.
A normal six cylinder, In Line Direct Injection, normally aspirated, four-
stroke diesel engine of L4.125 inches bore is compared to a conventional six
cylinder, In Line, Direct Injection, Roots blown valve in head, two stroke
diesel engine of L4.25 inches bore. The results are shown in figs. 7.7 and
7.8. Figures 7.7 show the two engines when compared at the same engine
speed of 2000 revs/min, where the two stroke produces 210 bhp, the four
stroke 103 bhp. The low frequency excitation is higher for the two stroke,
as it is from 1500 Hz up to LOOO Hz. The resultant noise shows the same
trend except that the high frequency (above 2000 Hz) noise produced by the
four stroke engine is relatively low. The overall level of the two stroke
is 101 dBA and that of the four stroke 99 dBA - exactly as would be predicted
theoretically. Figure 7.8 shows the comparison for equal power - the two
stroke engine now running at 1000 revs/min. Here the cylinder pressure
excitation is much lower in the two stroke and this is reflected in the
noise spectrum, the overall level of the two stroke now being some 4 dBA

lower than that of the fcour stroke for the same power output.
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7.3 Application of Fourier Analysis Methods to the Calculation of
Indicated Horse Power in I.C. Engines

As has been shown, one cannot separate power output from rnoise when
making a comparison between the combustion noise characteristics of the
two and four stroke diesel cycles. This prompts the viewpoint, still widely
held, that noise and power are‘synonamous in the I.C. engine and even
machines in general. That this is an absurd view is very obvious when the
noise levels of a small chain saw and a large marine diesel engine are com-
pared. Generally the chain saw will have a higher noise level at perhaps
3 h.p. than the marine diesel at 10,000 h.p.

It was thought, therefore, that the application of the Fourier method
to calculate I.C. engine power would furnish results which would indicate
in which frequency ranges the major portion of power was transmitted from

corbustion pressure to crank mechanism.

7.3.1 VWork done in I.C. engines

Generally the work done per cycle for any internal combustion engine

is given by

B
W.D./cycle = A % p{x)dx (7.24)
A

where p(x) = cylinder pressure as a function of piston displacement,
A = piston ares.

Genefally it is more convenient to express both the cylinder pressure
and piston displacement as a function of time. Then equation (7.24) becomes

T
W.D./cycle = A J p(t). (%‘ at (7.25)

(o]

vhere p(t) = cylinder pressure as a function of time

x(t)

piston displacement as function of time

T = time for one cycle.



Thus the work done is the net area under the cylinder pressure times
piston velocity graph. The Fourier series representation of both p(t)

and x(t) can be written as:

a
p(t) = —§-+ Z (a cos ——IL-+ b sin gﬂgi) (7.26)
p=1 B
which repeats every T seconds
a ©
- _o 2ﬂnt . 2apt
x(t) = 5 + nZl (an cos = bn sin =54 ) (7.27)

which repeats every T' seconds

For the four stroke cycle T = 2T', but for the two stroke cycle

T' = T. From (7.27)

ax(t) _ o 2wnt . 2mnt
i ngl n(B cos fin—-- An sin —Eﬁ—ﬁ (7.28)

Hence, substituting (7.26) and (7.28) in (7.25), we obtain:

T % T 2npt 21pt
WORK DONE/cycle = A J {[—E + 2 (a cos-—{%— + b sin-—f%—)l
(o]
21 | v 2nt . 2nnb
x =7 | z n(B cos 5= - A si )|} at (7.29)

T7.3.2 The four stroke cycle

In this case T 2T', and hence (7.29) becomes:

T

ymp 0 % v 21pt . 2mpt

. == — LI A L) 212

W.D./cycle = J {] 5 * pzl (ap cos — bp sin = )
o

"hunt . hwnt
— - A  sin
i n

I 2 n (Bn cos I} dt.

n=l

T.11



Therefore,

W.D./cycle =

Now it
2w
[ sin mx.
o)
21

|
f

Tﬂ
o

2
o
Tﬂ
o
2m
o
Tn
o

sin mx.

COS ImiX.

sin kx.

sin kx dx

cos kx dx

sin2 kx dx

[es] (e

-

p=1 n=1

I3

p=1 n=1

O 0%~ 0 “——H 0 ‘“———Hl

sin nx dx

cos nx dx

cos kx dx

cos kx dx

i}
O

1l
o

it
3

(b

(bp

n(B_ cos 5 - An sin —

sin

T n T

21p

Z 2 (a  cos 2mpt B .n cos EEEE) dt
P T n

) Y (a_ cos 23%3 - A .n.sin h“nt)dt
p=l n=1

t . B .n.cos hunt

)dt

sin 2mpt A .n.sin hTr;t)dt

T

can be shown that (ref. 7.1)

if m and n are unequal integers

if k is an integer

(7.30)

(7.31)




From equations (7.31) it can be shown that all the terms in equation
(7.30) are zero except when sin%kx or coszki are involved. This is only
so for two terms and then only when p = 2n. Thus, the double summatiocn 1s
reduced to a single infinite sum of values for p = 2n.
Thus
bnA o

) _ _ T
WORK DONE/CYCLE 5 Zl n.; (aan - prn)

or put in terms of harmonics of the engine speed

oo

w_.D./cycle =7A ) (ay B = b, A ) (7.32)
m=1
Therefore,
INDICATED POWER = Tobel-_ cf om(a, B - b, A) h.p. (7.33)
33,000 =1 2m m 2m 1o

where N = camshaft revs/min.

Now the general expression for power in a four stroke I.C. engine is

- _ w.N. T.
POWER = EERR (7.34)

Thus,
Almzl m(aszm - meAm)[ = T (7.35)

where, in this case, T is the indicated torque of the engine.

In terms of engine speed then:

INDICATED POWER IN FOUR _ T AN,
STROKE CYCLE 33,000

Y m(ay B - b, A) (7.36)
m=1

N = engine revs/min.

Thus the indicated power output of a four cycle I.C. engine can be
obtained from a summation of products of the Fourier coefficients of cylinder
pressure and piston motion functions. Because the cycle repetition fre-

quency is one half that of the piston motion, then in the four stroke cycle

T.13




only the even numbered harmonics will contribute to the engine power.

7.3.3 The two stroke cycle

The analysis is the same for the two stroke cycle except that the

piston displacement

A

- .o o : 2mnt . . 2wpt —
x(t) 5 * nzl (A, cos == + B sin ——%—) _ (7-37)

Thus the non-zero terms in equation (7.30) form a single infinite series

in which p = n. Thus,

_2tA ¢ T
W.D./cycle = 7 2 n.; (a,mBm - bmAm)
m=1
= A mzl m(amBm - bmAm) (7.38)

and

INDICATED POWER IN _ mw.A.N. § m(a B - Db A ) 5
- m m mm 1P

TWO STROKE CYCLE 33,000 =l

N = engine revs/min.
A similar result for indicated power is found for the two stroke cycle
except that in this case all the harmonics, whether odd or even, contribute

to the engine power.

7.3.4 Power produced when the connecting rod is very long

In the conventional crank mechanism if the connecting rod is very long

the piston displacement is given by

x(t) = R.|1 - cos ¢| (7.39)
In this case there is only one A.C. harmonic component:

A= R, (7.50)

7.1k




Therefore,

T T.ALH, 7.A.R..N
= = = — O
(I.H.P.), 33,000 °1%6 55550 (1) ost
T AL T.A.R_.N - (7.41)
(LEPDyge. = 33,000 2% = 33,000 (P2)ust.

33,000 “°2% 33,000

!
where suffix 2st. indicates 2 stroke cycle and Ust. indicates L stroke cycle.

It Fan be shown that for the same pressure diagram on a degree basis that the

values of the harmonics of the cylinder pressure diagram when treated as a

two| and four stroke cycle are

(b.)

105t = (7.42)

2(b2)hst

Hence, from (7.41)

(I.H.P.)2St = 2(I'H'P')hst o (7.483)

Equation (7.43) is only true for the same crank mechanism and the same

cylinder pressure development on a degree basis for both cycles of operation.

T.3.5 Indicated power produced in the two types of cycle

Consider a fixed bore and stroke engine.

The piston displacement for a normal crank mechanism is given by

LCR (R )2 2
x(t) =R |1 - cos ¢ + = (1 - /(1 - —2>—sin“9))|. (7.44)
° Ro LCR B

Therefore, as the connecting rod length L is reduced the piston

CR
“motion becomes a distorted sinusoid and will then have a large number of
harmonic components. This is shown in fig. 7.9 where the harmonic analysis
of piston motion for various L/R ratios is shown. The modulus results are
plotted in decibels so that the level of the higher order harmonics can be
seen. Zero piston motion occurs at top dead centre and so, relative to

this phasing, it is seen that the series is mainly a cosine one. Only the

first, second, fourth, sixth, etc., harmonics have substantial levels, the

third, fifth, seventh, etc., being suppressed. The connecting rod to crank
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radius ratio, as it reduces from 6:1 to 2:1, increases the lévels of the

even harmonics substantially. Also shown in fig. 7.9 are typical cylinder
pressure spectrum level values for the two aqd four stroke diesel cycles.

It can be seen that both show decreasing levels with increasing harmonic
number. Thus in the computation of indicated po&er using the relationships
derived in the previéus section (equations (7.36) and (7;38)) it will be
observed that as the summation of fourier coefficient products progresses
the values of the coefficients are rapialy reducing. Computations of
typical values have shown that even with several hundred harmonics contri-
buting to the summation it reaches a steady value after only a few harmonics.
If the amplitude values for the piston motion are taken, the reason for this
becomes more clear. Table T.1 illustrates the values of the modulus, cosine
and sine components for two L/R ratios. At an L/R ratio of 6:1 the fourth
harmonic amplitude is 0.0073% of the fundamental, and it is clear that, with
valués for the cylinder pressure Fourier coefficiénts reducing, there wili
only be major power transferred at the first and second harmonic. Even

then the second harmonic will contribute only some 5.2% of the fundamental.
As th; engine is’shortened in height and the L/R ratio approaches 3:1,

then the contribution of the second harmonic increases to 8.4% with the

fourth harmonic contributing 0.063%. It is thus clear that in general the
power will be mostly transferred at the first two hafmonics of éiston motion
(i.e., engine rotational speed).

The modulus, cosine and siné:compénent values for typical two and four
stroke diesel engine cyliﬁder-pressufé spectré are shown in Table T.2. The
values do not decreaée as rapidly as those of the piston motion, but it is
shown that the vaiues for the two stroke cycle fall off more rapidly than
those of the four stroke. This indicates that changes in pressure develoument

as a result of changing L/R ratio will be more marked in the four stroke cycle

than the two stroke.

7.16




Table T.l: HARMONIC SERIES VALUES FOR PISTON MOTIOH FOR TWO EXTREME
VALUES OF L/R RATIO

Connecting Harmonic Cosine Sine Compo- Modulus % of
Rod Length  Humber Component nent R(K) R(1)
to Crank A(K) B(X inches
Radius inches inches
Ratio
1 1.999L40 0.000011 1.9999L4 100
2 0.083818 0.000000 0.083818 h.2
3 0.000C0C0 " 0.000060 0]
6:1 L 0.0001L4T " 0.000147 0.0073
5 0.000000 " 0.0000C0 0
6 0.000000 " 0.000000 0
1 1.999440 0.000011 1.99994L 100
2 0.171550 0.000000 0.171550 8.57
3 0.000000 " 0.0006000 0
31 4 0.001262 " 0.001262 0.063
5 0.000000 " 0.000000 0
6 0.000000 " C.000000 0

T-17



Table T.2:

HARMONIC SERIES VALUES FOR TYPICAL TWO AND FOUR STROKE

DIESEL EWGINES

Harm-  Direct Injection L4-Stroke Valve-in-head 2-Strcke
onic Cosine Sine Com- Modulus Cosine Sine Com- Modulus
Number o N o
” Compon~ ponent R(K) Compon-  ponent R(K)2
. ent AEK) B(K) 1b/in ent AéK) B(K) ib/in
, 1b/in 1b/in ib/in 1b/in®
1 +68.9 +99.11  120.71 -2hk1.24  +154,81 286.65
2 -38.23 +93.84 101.34 +117.41 -17k.57 210.38
3J -81.89 +12.56 82.85 -5.96  +150.27 150.39
iy -L4.32  -53.70 69.63 -48.82 -98.10 109.58
5 +18.35 -55.38 58.3k +62.95 +46.33 78.16
6 +45.55 -11.25 46.92 -55.12 -5.02 55.35
T +26.38  +26.09 37.11 +37.93 -20.82 43,27
8 -6.71  +29.37 30.13 -17.08 +28.24 33.01
9 -23.43 +8.40 24 .89 -0.86 ~2h.12 2h. 1k
10 -16.01 =12.65 20.40 +12.25 +15.10 19.4Y

7.18




From this analysis we can conclude that the indicated horse power in

I.C. engines is given by

INDICATED HORSE PCWER . Tm.A.N. (a.B. - b Al + ZaAB

IN FOUR STROKE CYCLE 33,000 ‘22P1 = Pp - 2b)A)

2

where N = engine, revs/min

Fourier coefficients of cylinder pressure spectrum

&2 bn =

A , B = Fourier coefficients of piston motion spectrum (7.45)
and
INDICATED HORSE POWER _ w.A.N.
IN TWO STROKE CYCLE - 33,000 (alBl - byhy * 2B, - 2b2A2) (7.46)

-which is a comparatively simple operation once the Fourier coefficients are
determined. It also shows quite clearly that the harmonics which produce
pover are the ver& low order harmonics, whilst the harmonics respcnsible for
noise are those above this range (génerally 10th hermonic and above). Thus
there is no direct relation between combustion induced noise and engine
power. This is illustrated in fig. 7.10 for b&th I.C. engines an& some

[N

general machines.

7.3.6 Continuous monitoring of I.M.E.P.

The relations given for indicated power could form the basis of a
‘continuous I.M.E.P. monitoring system. Equations (7.45) and (%.b6) could
be calculated continuously by a modified form of electronic hand calculator.
The electrical analysis of the necessary Fourier coef ficients could be
carried cut by a rodified form of hetrodyne analyser and fed to the calculator.
The electrical pressure signal could be obtained in the usual way and the
piston motion generated electronically. This would have the advantage that
the two signals could be dynamically timed to make sure that they vwere exactly
phased, which is necessary for accurate measurements and is a difficulty
often encountered in I.C. engine work. The engine timing requirements are

exactly the same as for the standard method of measurement.

1.19




‘MW ¥3IMO0d .
00€E 00¢ 0010608 04 09 0S O 0]3 omom
v
v <4a:..M 4 v 08
Teve vy T Sy g
v 9" v v|\v Y
v 06
v v
00l
~
SHOLYNHILIV-08NL |
Ui/ AM3AIN3A IV 334
0000Z__0000L___000S 000Z 000l 00S 00Z 001
Jl 08
06
—400!
10i1
o - NN R L
u a. . o a 9 @
R b,
SY4IM019 S3100d

‘MY ¥3IM0d
0000l 000S 000z 000L  00S 00Z 00l 0S omo\.
B 0
0 ] o o o
o o o 08
(o} (o]
°° o%o ooO0 |O ° ° 0
o o| © g © oo o)
[e] 00 o) OO (o] Om
0 oo omvo oo oo o °
o © o o ol 00
Loe
C ] ko:
dHg ¥3Imod
0000L 0005 000Z 000l 00§ 00Z oSt 001 0507 ot omo .
| i I
08
INONT
13s310 3NION3|13S3Id S3N|ONT ﬁ
@33dS MO a33ds WnIaaw| 13S310 IAILOWQLNY L
06
A A
TN ~N/ N

o

ko:

0cl

SANIONT 13S31d

vdP 1d'S 3SION

vdaP 1d'S 3SION

N4d (NY 3<IN




T.4 Effect of Cylinder Pressure Diagram Width on Fundemental Harmonic Value

Since the cylinder pressure diagram width affects the values of the
cylinder pressure spectrum, this can be used to compare the various engine
cycles. The level of the cycle fundamental provides a convenient measure,
and the effect that the cylinder pressure diagram width has on the fundamental
or first harmonic of the cylinder pressure analysis is shown in Fig. T7.11.
The four stroke engines group together at the lower end and the two stroke
engines at the upper end. Turbocharged four cycle engines will tend towards
the two stroke region, the effect of turbocharging being to increase rapidly
the first harmcnic amplitude - both because of a diagram width increase and
additional peak pressure. The higher into the two stroke region the value
of a fundamental reaches, then the higher will be the specific power output
of that engine. The figure can therefore be regarded as an indication of

power output per unit piston area.

7.20
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8.0 EFFECT OF PEAK PRESSURE, RATE OF PRESSURE RISE AND ACCELERATION OF
PRESSURE RISE ON COMBUSTIOM SXCITATION

As is made clear in the literature survey of Chapter two, there is, even
now, a considerable variation of test data and opinion as to which of the

i . . . - .
three main variables of a cylinder pressure diagram(peak pressure, rate of

pressure rise or acceleration of pressure rise)control combustion excitation.

It is important to know this if quieter and more vibration free Internal

Combustion engines are to be developed. The fact that so much variation of

i
opinion exists indicates the complexity of the task, and in this chapter an

'

attempt is made to explain why so many different results have been obtained

in practice.

The tool which has not been available previously is that of the computer,

and in particular the ability to compute, by Fast Fourier Analysis, the
cylinder pressure spectra of cylinder pressure developments in which

completely known changes can be introduced,

8.1 Interpretation of the Fourier Analysis Method

The basic definition and calculation of the Fourier analysis method has
been described in chapters four and five, 1If the Fourier coefficients,
together with their phase information can be calculated, the summation of
these according to equation (4.1) will exactly specify the level-time history
of the waveform which has been analysed (if enough coefficients are used)
whether this is transient or repetitive., The same is true for a similar
analysis of structure response, noise, etc. Therefore, the spectrum of sine
and cosine'Fourier coefficients is truely representative of the original
function, converting. it from a level-time to a level-frequency history,
However, care must be taken in accepting this mathematical relation too
literally when describing the response (or input) to a system, The value of

the harmonics in the spectrum is the root mean square value of a sine wave




. - ? . . . .
at a frequency which exists only for the period T of the transient or

repetition period T2 of a cyclic function. Thus if in the original level-

time history a strong frequency component is present, at a constant amplitude,
‘then the Fourier coefficient will represent both its maximum and r.m.s. value.
If,.however, the strong frequency component exists only for a portion of the
period then the r.m.é. value will still be truely represented by the Feourier
coefficient r.m.s. value but the peak value of the component is not. To
obtain this peak value then the level-time nistory must be formed by summation
of the Fourier coefficients and examination of the result. This then is the
crux of the difference between the fourier approach and that of calculating

the deformation of a structure to a given load. In the former the r.m.s.

values of response can be obtained: 1in the latter the peak values (and sub-
sequently, the r.m.s. values). The difference can be clearly seen in a
comparison of the peak to peak value for cylinder pressure oscillation in

2 and the spectrum r.m.s. value at 6300Hz of 0.35 lblipz.

Fig. 9.5 of 125 1b/in
Since measurement, for the purpose of noise assessment, is carried out
using the r.m.s. value of the signal, then the Fourier approach is justified.

If the resultant peak amplitudes are of concern then the response of a system

to the actual loading presents a better approach.

8.2 General Considerations

As Hinze observed in his paper in 1949 (2.20) 'It is fundamentally imposs—
ible to express the effect of the particular shape of the pressure time curve
on the response of the vibrating system in terms of one siﬁgle time derivative
of the pressure time curve, for the same reason that it is fundamentally
impossible to express the particular shape of the pressure—~time curve in terms
of one single derivative'. In other words, the complete Fourier Series

representation is needad.




In practice it is useful to possess such information as to be able to

determine what is in fact the best overall shape to aim for, given certain
boundary conditions. Therefore, the main observable characteristics are
put forward here for this reason.

For cyclic functions, the Fourier series is described in terms of harmonics,
the frequency of each harmonic being determined by the cycle period. Therefore,
for a given harmonic series the frequency range occupied by a range of
harmonics will vary. Because of this characteristic, a more general present-
ation of results can be given in terms of harmonics.

On this basis the comparison of rate of pressuré rise, etc., are specified
in terms of their relation to the cycle period, and can therefore be related
to crankshaft degrees rather than time. Thus the harmonics affected by a
rate of pressuré rise of n lb/inZ/degree will always be the same. However,
the frequency range will depend on the engine speed and a frequency band

covered by all normal operating speeds for I.C. engines can therefore be

specified.

8.3 Effect of Peak Cylinder Pressure

if the scaling on a cylinder pressure diagram is changed then the effect
is to increase or reduce the whole spectrum by the log ratio of the change
and in this case the shape of the developmeﬁt is unaffected. If, however,
the neak pressure alone is increased, then to obtain such a diagram tne rate
of pressure rise or acceleration of pressure rise must also increase.
Therefore, the shape of the diagram relative to its repetition period will
be changed and a general increase in the level of the spectrum is expected,
the exact change depending on the new diagram shape.

In general it is found that the first few (10-20) harmonics change their
amplitude directly as the peak pressure. The actual amplitude will depend on

the peak pressure and also the diagram width (fig. 7.11) and shape. Doubling

8.3
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the diagram width, as changing from four stroke to two stroke operation,
and doubli?é the peak pressure will both approximately double the levels of
the first four or'five harmonics (increasing cylinder pressure spectrum levels
by 6 dB). The shape factor will var& the level of the fundamental from one
tenth peak pressure for a typical normally aspirated four stroke engine to
peak pressure for a pure sine wave.

The value of these low frequency harmonics is not important from the point
of vigw of engine surface radiated noise. However, they are important
from a consideration of - engine power . output and engine structure -
vibration transmitted to, for example, a car body and radiated into the car

passenger space as structure borne noise.

8.4 Effect of Acceleration of Cylinder Pressure Rise

In Fig. 8.1 are shown cylinder pressure diagrams from engines with widely -
differing combustion systems: (a) a diesel engine with toroidal combustion
chamber employing four hole injectof, (b) M.A.N. diesel employing a combustion
system where the fuel is sprayed on the wall of the combustion chamber to
reduce the amount of fuel/air mixture which ignites spontaneously at the onset
of combustion, and (c) a high performance petrol engine. In all three engines,
the timings were set so that approxiﬁately-the same main rate of pressure rise
was cobtained, i.e:, between 44 and 50 1b/in2/Deg. and.about the same peak
pressure, 1000 to 1200 1b/in2.

Figure 8.1(a) shows the diagrém of,the conventional D.I. engine. This
diagram is characteristic of aAnormaliy aspifated type showing a rapid initial
pressure rise abruptly breaking away from the compressionrcurve. From this
initial point the rate of pressure rise gradually decreases. The mean rate
is about 50 1b/inZ/deg.

The smoothing of this discontinuity (the part of the pressure diagram

indicated by a circle) has been a problem with which many investigators have

8.4
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attempted to deal. Injection characteristics, swirl, and compression ratio
have certain effects on this part of the diagram. Lyn (ref. 8.1) demonstrated
that, by inducing paraffin fuel spray into the engine air {ntake, smoothing
takes place accompanied by a pronounced reduction of engine noise. This
illustrates the important role of this initial pressure rise. Similar effects
have also been observed with a pilot injection system..

Meure% (ref. 8.2) developed the M.A.N. combustion system, which has been
used successfully in automotive engines, giving extremely smooth pressure
development over the whole operating range of the engine. Fig. 2(b) shows a
pressure diagram from the M.A.N. engine which is almost identical to the
conventional D.I. engine diégram except for the small part indicated by the
circle,

Figure 8.2 shows the comparison of the spectra. It is interesting to

observe that the spectra up to 300-400 Hz are exactly the same, indicating
that harmonics up to this frequency are determinedﬁby the general shape of
the pressure development and the value of the peak cylinder pressure. From
400 Hz a marked reduction of cylinder pressure components by as much as 15 dB
is noted in comparison with the D.I. engine. .
Figure 8.2(c) shows the pressure diagram of a highrperformancé petrol
engine which has about the same peak pressure and rate of pressure rise, As
can be seen from Fig. 8.2, the M.A.N. cylinder pressure spectrum is about
the same as that of the petrol engine.
This enormous difference in cylihder pressure level in the high frequency
range is due to the small discontinuity and rapid initial pressure rise.
The acceleration of pressure rise is some 157 psi/deg/deg and magnitude of

pressure rise some 100 psi at 160 psi/deg. To reduce this high level of

excitation in the high frequency range, smoothing is only necessary in the



area indicated by a circle in Fig. 8.1(a) and (b). -For the M.A.W. engine

by this means the maximum rate of acceleration of pressure rise occurs near
peak.pressure (20 psi/deg/deg) whilst the maximum rate of pressure rise is
reduced to 50 psi/deg. The high frequency components of cylinder pressure
spectra are largely responsible for the predominant noise of the diesel
engine and excite the frequency range of ﬁaximum response as shown in Fig.
8.2. 1In Fig. 8.2 are also shown the calculated cylinder pressure levels for
various degrees of instantaneous pressure rise which confirms that a small
(only about 100 psi) instantaneous pressure rise 1is sufficient to produce

|
the whole high-frequency noise of the engine. This is verified very clearly

in gasoline engines when, due to detonation, a small rapid pressure rise
produces high intensity audible noise.

More insight into the relative importance of the three parameters can

be gained from a comparison of the characteristics of Very High Output

(V.H.0.) diesel engines.

During the last decade considerable success has been made on
developing (V.H.0.) diesel engines for military applications, and
engines up to 40O lb/in2 b.m.e.p. have been developed.

The Caterpillar Tractor Company has achieved this output with a fixed
compression and designed engine structures which can readily withstand peak
preséures of the order of 3,000 lb/in2 (refs. 8.3 and 8.4). Research at tﬂe
British.Internal Combustion Engine Research Institute has shown that with
B.C.E.R.I. variable compression ratio pistons, high outths are feasible by
limiting the peak cylinder pressure to a value consistent with the strength
of the engine by automatically increasing the cylinder clearance volume with
increase of engine load (refs. 8.5 and 8.6). The successful development of
this engine has been fully described (ref. 8.7).

It is therefore of interest to consider the ef fcts of the two develop-

ments on combustion induced noise. Computer studies were made based on the




data of cylinder pressure diagrams published by Robinson and Mitchel
(ref. 8.8) for a fixed ratio piston and variable ratio piston supplied by
B.I.C.E.R.I. R

Figs. 8.3 and 8.4 compare these two methods of obtaining 360 lb/in2
b.m.e.p. In both cases the rate of pressure rise is the same at about
65 lb/ine/degree. The corresponding peak pressures are 1,500 and 3,300 1b/
in2, at 1500 revs/min.

The following variables are considered:-
(i) In both cases a smooth blending of pressure rise with the compression
curve is assumed as shown in Fig. 8.3. The variable compression ratioc piston
offers a considerable reduction of cylinder pressure level (6 dB) over the

whole frequency range.

(ii) In this case a smooth pressure development is assumed for a fixed

compression ratio engine and an abrupt pressure development for a variable

ratio piston engine.

The spectra shown in Fig. 8.3 illustrates that even in this case there
is a considerable advantage in favour of the variable ratio piston. Over
the whole low-frequency range extending up.to 400 Hz the fixed ratio
cylinder pressure level is by 8 dB higher, while in the high frequency range
the level of both the systems is about the same. This indicates that the
general shape of the pressure diagram with very high‘peak pressure, despite
its smoothness, results in higher values of the high-frequency harmonics.’
(i1i) For the fixed ratio engine the effect &f.the smoothing at the same
peak pressure of 3,300 lb/in2 is illustrated in Fig. 8.4. The effect is
similar to that observed on norrally-aspirated D.I. engines. Low-frequency
harmonics are the same; from 200 Hz smoothing becomes noticeavle but the

main effect becomes apparent from 600 Hz upwards. In this case the maximum

el

rate of pressure rise was kept constant and the increase in levels is due

solely to the increase in acceleration of rate of :pressure rise.
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The smooth entry fixed piston spectra shows the effect of increased
peak pressure, even with smooth entry to combustion, to be a general increase
in spectrum level through the audio frequency range.

Referring back to Fig. 8.2, the increase in high frequency spectrum
levels for theAD.I. was attributed to a 100 psi instantaneous pressure riée.
Actually the rate of rise was 160 psi/deg. and thus, since from Fig. 8.3 and
8.4 the effect of acceleration in pressure rise extends from 200 Hz (16th
harmonic) upwards it can be deduced that the increase in spectrum level is
due to a combination of high rate of pressure rise and high acceleration of
pressure rise.

"It can be concluded that high acceleration of pressure rise (aboVve 20

psi/deg/deg) at any part of the diagram will introduce an increase in the

cylinder pressure spectrum levels at all harmonics above the 16th.

8.5 Effect of Rate of Pressure Rise

By comparing the general form of a sawtooth waveform as shown in Fig.
8.5 to the repeating form of~cylindef pressure development, the eifect of
overall rafe of pressure rise can be assessed.

+500 ps.i.— — ~ A

=500 psi.— X L _ _ - ._']_-_,.';:___ _— e -~

FIG. 8-5- GENERAL FORM OF SAWTOOTH WAVEFORM.

The general expression for the Fourier ccmponents of this waveform is

2000

I sin ka . (10.1)
k“a(w - a)

b, =




Figure 8.6 shows the computed freguency spectra for a number of sawtooth

waveforms with rates of pressure rise varying from 5 psi/deg to instantaneous.
The waveform repeats every 1/10 second (equivalent to'four stroke running at
1200 revs/min), and thus has a harmonic spectrum with a fundamental of 10 Ez.
For!the instantaneous pressure rise the fundamental level is 197.6 dB and
theispectrum slopes regularly at 20 dB/decade. When the rate of pressure
rise reduces to 5 psi/deg, the spectrum possesses peaks and troughs and
alsL the envelope of the maximum values fall off at the increased rate of
hO;dB/decade.

Figure 8.6(b) shows the effect of making the instantaneous pressure .
rise into a finite one of value 125 psi/deg. At a frequency of the increase
of the rise time the Fourier coefficient is zero, and moreover, the peak

harmonic values change to a slope of 4O dB/decade. This is illustrated in

Fig. 8.6(c), where the rise time is only 25 psi/degree. In each case the
transition from a 20 to 40 dB/decade slope occurs below 200 Hz (20th harmonic)
for this four stroke cycle at 1200 revs/min.

Figure 8.7 shows a comparison between the sawtooth spectrum for a
range of rates of pressure rise (constant peak pressure of 1000 psi) with
1200 rev/min 'engine' speed and a direct injection four stroke cylinder
pressure spectrum for 1000 revs/min engine speed. Even for éuch 2 high saw-
tooth pfessure rise, only at 125 psi/degree pressure rise do the harmcnic
values lie above those of the engine at frequencies above 1 kliz. However,
in the lower frequency range (200-800 Hz or 20th-80th harmonic) there is a
marked intrusion. | t is likely, therefore, that the rate of pressure rise
will only substantially affect the cylinder pressure spectrum below 1000 iz,
except for the case of very high speed operation {above 3000 revs/min). If

the rate of rise is substantially higher than 125 psi/degree then the

harmonics which will affect the cylinder pressure level will extend past

the 80th, e.g., up to 18Cth harmonic for-250 psi/degree rise rate, etc.

8.9
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In conclusion it is shown that for a finite rate of pressure rise
the exciting spectrum levels are the same as those of the instantaneous rise
up to the frequency corresponding tc one fifth of the rise time. Above this
value the spectrum levels are lower than for the instantaneous noise. In
comparison to a typical‘cylinder pressure spectrum the influence of rate of
pressure rise will be limited to a range from the fundamental to the fre-
quency corre3ponding roughly to the rise time (36th harmonic for 50 psi/deg

rise rate, 90th harmonic for 125 psi/deg rise rate, ete. ).

8.6 Effect of Changing Specific Portions of Cylinder Pressure Development
for Diesel and Petrol Combustion

Two representative cylinder pressure diagrams, one for diesel and one
for petrol operation, were digitised accurately. Subsequently the diagram
shape was modified around the initiation of combustion portion to form six

different developments, in which:

(a) Diesel
(i) Smooth combustion - rate of pressure rise 70 psi/deg
acceleration of pressure rise 15 psi/deg/deg.
(ii) Typical combustion - rate of pressure rise 100 psi/deg
acceleration of pressure rise 130 psi/deg/deg
(iii) Abrupt combustion - rate of pressure rise 200 psi/deg
| acceleration of pressure rise 280 psi/deg/deg.
(b) Petrol

.(i) Smooth normal combustion - rate of pressure rise 25 psi/deg

acceleration of pressure rise 3 psi/deg/deg

(ii) Fast Burn Combustion (Rumble) - rate of pressure rise 70 psi/deg

acceleration of pressure rise 6 psi/

- deg/ceg.

' 8.10




(iii) Fast Burn with Increased dp/dt - rate of pressure rise 70 psi/deg
acceleration of pressure rise
15 psi/deg/deg.

The cylinder pressure deﬁelopments are shown in Fig. 8.8.

The resulting spectra obtained by using the Fast Fourier Series programme
are shown in Fig. 8.9 as 1/3 octave bandwidth corrected spectra.

For the diesel cycle (Fig. 8.9a) the general rate of decay of cylinder
pressure spectrum level with frequency is 30 dB/decade. The smooth diesel
combustion has a more rapid decay than this in the LOO to 2000 Hz (48 to 240th
harmonics) range. The effect of increasing rate of pressure rise from 70 psi/
deg. to 100 psi/deg., which also automatically increases-the acceleration of
pressure rise from 15 to 130 psi/deg/deg is to increase substantially (10-15 dB)
the spectrum levels in the harmonic range 38 to 200 (315 Hz to 1800 Hz). The
levels above this range remain substantially the same. Increasing the rate of
pressure rise again to 200 psi/degree, with its consequent increase in
acceleration of pressure rise to 280 psi/deg/deg, results in an increase in
the spectrum levels in the range 80 to 400 harmonics (800 to 3000 Hz) but
leaving the higher and lower harmonics unaffected. If the engine speed were
3000 revs/min, then the fr?quency range affected by the last change would be
2000 Hz to 1000 Hz and for the previous change 950 Hz to 5000 Hz.

Figure 8.9(b) shows the effect of similar changes made to a pétrol engine
diagram.. The general slope of the cylinder pressure spectrum is some 50 dB/
decade. Increasing the rate of pressure rise from 25 psi/deg to 70 psi/deg,
to simulate normal and fast bﬁrn cycles, the acceleraticn of pressure rise as
a consequence increases from 3 psi/deg/deg to 6 psi/deg/deg. The result is
significantly increased spectrum levels (10 dB) over the harmonic range 9 to
120 (80 Hz to 1000 Hz). For a petrol engine running at 6000 revs/min this
frequency range would be 450 Hz to 6000 Hz. If the acceleration of pressure

1

rise is increased, keeping the rate of pressure rise at TO psi/deg, then th

o

spectrum levels over the harmonic range 90 to 200 are increased by some 3 dB.

8.11
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Thus it can be concluded that the effect of rate of pressure rise on the
cylinder pressure exciting spectrum is not the same for typical diesel and
petrol cycles. In the diesel the comparatively high rates of pressure rise
affect maiﬁly the harmonic range 40 to 200, whilst in the petrol engine this
range is 9 to 120th harmonic. The effect of acceleration of pressure rise is
generally in the range above the TOth harmonic for diesel and petrol.cyples.
The frequency range controlled by peak pressure, rate of pressure rise and
acceleration of éressure rise depends greatly on engine speed. For the impor-
tant frequency range 500-3000 Hz the excitation in an engine running at 1000
revs/mig will mostly be controlled by acceleration of pressure rise vwhilst as
the engine speed is increased the control will gradually pass to rate of
pressure rise until at 5000 revs/min it is wholly controlled by rate of
pressure rise. (Fig. 8.1%).

Some general confirmation of these results, for a petrol engine, is shown
in Fig. 8.10, reproduced from the discussion of Andon and Marks paper (ref.

- 2.6). The fast burn or surface ignition cycle has generally higher cylinder
pressure spectrum.levels up to 4000 Hz. Under knock conditions, with a
small but abrupt change to the diagram (high acceleration and rate of pressure

rise of small magnitude) then only frequencies above 1000 Hz are increased.

8.7 Cylinder Pressure Oscillations

In Fig. 8.10 the pronounced resonance in the cylinder pressure spectrum
at 6500 Hz is due to natural oscillations of the combustion chamber space
excited by the combustion pressure. This effect is important since 1t pro-
duces a subjectively harsh sound from an engine and can cause damage. It
differs from the basic combustion excitation in that it is a response to
the combustion which is superimposed on it to form the resulting cylinder
pressure exciting spectrum. |

If a simple vibratory system is loaded with an impulse it will respond to

the impulse and this response will be greatest at the system natural fre-
p

quency of vibration. In I.C. engines the cylinder volume will have acoustic

8.12
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resonances just like a room. The impulsive load from the initial rapid pres-

sure rise due to combustion excites these gas oscillations and, being a reson-
ant condition, the response is then controlled by the amount of damping present.
These oscillations are often termed "feathering" on cylinder pressure diagrams

and where long passages are used to connect pressure transducer and cylinder,
I .

" this 1s due to passage resonances. However, feathering is still observed (at
a different frequency), when the transducer is flush mounted and when this is

the case the effect i1s due to ratural oscillations of the gas in the cylinder -
cylinder pressure oscillations.
i

! . . -
8.7.1 Frequencies and mode shapes

Originally the cylinder wés treated like a closed pipe and therefore the
lowest frequency would be associated with the.largest dimension. Since the
oscillations occur mainly at or near TDC, then this would be the cylinder bore.
Thus the lowest freguency would be:

f = E% Hz ¢ = velocity of sound; B = engine bore.

Now the gas mixture is at a high temperature and so the velocity of
sound is increased. Assuming that the sound waves are linear, then,
!21213 Hz c

o) 2B e}
T

f= velocity of sound at 27300

gas temperature in k.

This was found to give good agreement with measured results over a range
of engines.

A better model than this can be found in the theory for the natural fre-
quencies of cylindrical rooms (ref. 8.8). Approximating the combustion space
to a cylinder it is found that
2a.

1
gn)2 2 Hz

n,.2
£ = c_/(1/273 (TZ) + (

where & = cylinder depth
B = cylinder bore
n = 0, 1, 2, ..., an integer
a = values determined by a Bessel function
mn \
N
\.




. The values of @, are shown in Table I -

CHARACTERISTIC VALUES OF oo FOR THE CYLINDRICAL ROOM SOLUTIOHNS OF

DJm(a)/da =0

. n 0 1 2 3 h
0 0.0000 1.2197 2.2331 3.2383 h.2k11
1 0.5861 1.6970 2.7140 3.7261 4.7312
2 0.9722 2.1346 3.1734 L.1923 5.2036
3 1.3373 2.5513 3.6115 L .6428 5.6624
L 1.6926 2.9547 }.0368 5.0815 6.1103
5 2.0421 3.3486 4.4323 5.5108 6.5494
6 2.3877 3.7353 4 .8600 5.9325 6.9811
7 2.730L 4.1165 5.2615 6.3477 7.4065
8 3.0709 b.4931 5.6576  6.757h T.8264

In general if & << 0.85B (height of cylinder much less than bore) then

the lowest frequency mode is that for which n, = O, n=0, m =1, then

H
It

o
10
co/T/273(—§—

YHz

)
i

0.5861
co/r/273 b—j;——-

and the mode shape 1s a 'sloshing' of the gas from side to side as shown in
Fig. 8.12. The next two higher frequencies are then the n, = 0, n=0,

m = 2 mode, where

0.9722
B

Hh
]

co/T/273( ) Hz

and the n, = O, n=1, m = 0 mode, where

1.2197) Hz
— .

H
]

COVT/273(

The mode. shapes are shown in Fig. 8.12.

8.7.2 Relation between frequency and gas temperature

Figure 9.18 shows the cylinder pressure spectra for full load condiiions
Y P I

for a two stroke diesel. The cylinder pressure oscillations are marked and

8.1k
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have a frequency varying from 6000 Hz to 6500 Hz, depending on the engine
speed. There is only one marked resonance and thus it can be assumed that
this corresponds to the fl, lowest frequency for cylindrical spaces.

Thus

0.5861)

6000 = 1130YT/273 x 0§7§§7§

x 12 Hz.

And so the average temperature which must exist in the cylinder for this
model to be true is 1815°K. Using this temperature the three lowest fre-

quency gas osclllations will be:
f. = 6,000 Hz

f. = 9,950 Hz at 1815°%K

f., = 12,460 Hz

. f. = 6,500 Hz

f, = 10,500 Hz at 2125°K

f = 139500 Hz

The frequency of the oscillations at one engine condition also vary with
time, since the cylinder gas temperature is changing. The temperature at
wvhich the frequency corresponds to that measured is 18850. At a point 20°
a.t.d.c. the oscillation frequency has increased and corresponds roughly to
a doubling of cylinder gas temperéture from that at t.d.c. This order of
temperature change between t.d.c. and 15 to 20° a.t.d.c. is precisely that
found by Lyn using colour Schlieren techniques.

Because of this change in freguency the cylinder pressure analysis will

not show a discrete frequency but a general response centred on the frequency

which exists for the longest time. Thus reliable values of damping are very

difficult to measure.




8.7.3 Mode shapes

In many engines only the lowest frequency gas osgillation is observed
~and from the mode shapes given in Fig. 8.12 this will mean that there will
be a rocking couple applied to the piston crowﬁ. The direction of the

§
cougle will be controlled by the spray characteristics and ignition centres
as there are no valve cut-outs.

i Because of the modal pressure distribution in this fundamental, the
me%sured results will depend greatly on the position of the pressure trans-~
duéer. In the case of the opposed piston two-stroke, for example, where the

transducer is in the liner wall, either a maximum or minimum pressure will

be measured, depending on the direction of the nodal line.

8.7.4 Damping of the oscillations
Since these-oscillations are associated with the bore, if the bumper
clearance is zero, then the lowest oscillation will be associated with the

combustion chamber dimension and will probably be greater than 10,000 Hz.

That the oscillations occur at lower frequency indicates that the ‘sloshing’
mode can exist in the very small depths of bumper clearances. it has been
observed that if the bumper clearance is low, the amplitude of the oscilla-
tions is low, and this is thought to be due to viscous damping effects around
the piston circumference. How it can be shown (ref. 8.9) that the depth of
viscous boundary layer that affects wave motion is given by (2n/w)%, which
for a frequency of 2 kHz, is equal to 0.020 inch, and at 6 kHz is equal to
0.012 inch. Comparison of data from several engines with oscillations in

the range 5-6 kHz indicate that a bumper clearance less than 0.025 inch,
i.e., twice viscous boundary layer for one surface, reduces the oscillation
amplitude to a low level. Above about 0.035 inch bumpér clearance oscillations
become very marked. Thus, the maximum bumper clearance that can be used, so

as to eliminate the oscillations, increases in proportion to the square root

of the bore.
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9.0 ASSESSMENT OF GENERAL CHARACTERISTICS OF COMBUSTION EXCITATION IN
INTERNAL COHBUSTION_}E&izgyi

Since combustion is the primary source of noise excitation in the
majority of present-day automotive Internal Combustion engines, then a know-
ledge of its variation with engine class will indicate the general combustion
noise characteristics of that class. Combustion noise is again taken to ba
the noise radiated by the surface vibration of the engine and associated
structures (gearbox, etc) due to cylinder pressure forces and excludes the
noise due to the gas exchange process direct (open inlet and exhaust noise).
Fo; this purpose it is necessary to classify the Internal Combustion engines
considered, and one classification can be:

Class 1  Four stroke direct injection diesel engines

Class 2 Four stroke indirect injection diesel eagines

Class 3  Two stroke direct injection diesel engines

Class 4 Four stroke direct injection turbocharged diesel engines
Class 5 Two stroke direct injection turbocharged diesel engines
Class 6 Fuel injected petrol engines

Each of these six classes of engine possesses unique characteristics
of their own which are discussed in this chapter. There are also general
characteristics of fuel injection which affect all diesel engines and of
carburation which affect all petrol engines. Despite these differences,
however, there are some characteristics which are common to all classes of
I.C. engine at rated speed and load, and these provide a general background

for comparison of the individual classes.

9.1 General Characteristics of Combustion Noise in I.C. Engines, Based
on Ideal Combustion

There are three fundamental variables which describe an engine. Firstly,

O
»
-




its physical size; secondly its speed of operation and thirdly the load at

which it is operating. Thesa three parameters are generally a sufficient
basis on which to decide the suitability of an engine for a particular appli-
cation, cost excepted. In general terms the choice of these parameters will
specify not only the engine performance but also its associated noise level.
The variation of noise with these three design parameters is shown in fig.
9.1 (reproduced from ref. 9.2), for the case where the cylinder pressure
development, on a degree basis, does not change with speed.

The most influentfal parameter is that of speed. There is a rapid
increase in noise with speed which depends on the type of combustion system
employed. According to the speed and combustion system employed the
overall noise level produced can vary by as much as 45 dBA. Noise intensity

can be related to engine speed:

e g2-55

(9.1)
where the index depends on the combustion system.

The effect of size on noise is not so marked, and in the range 0.4
litres/cylinder to 30 litres per cylinder the variatioa in overzll noise
level is some 15 dBA.

Finally the effect of the loading (at reasonable power output) on the
engine noise is found to be negligible. This 1is because the harmonics »f
cylinder pressure development which transfer power are not those which
transfer noise excitation (see section 7.3).

The general observation which can be made from a consideration of these
characteristics is that for low nojse cutput, I.C. engines should be run at
as low a speed and as high a load factor as is possible for the smallest
engine size. In practice this generalisation is being achieved to a large

extent by turbocharging.
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9.2 Assessment of Combustion NMoise Level

The general method of assessing the contribution of combustion induced

noise has been well established by Priede (9.1). His method defines a
'Critical Cylinder Pressure Level' at which mechanical noise and combustion
noise are equal. The level of combusfion noise is altered - usually by
changing the injection or spark timing - and the effect on noise observed.

In principle this is a simple process, but in practice it proves to be a very
laborious one because the critical cylinder pressure level must be found
throughout the audio frequency range, as well as at all operating speeds aad
load conditions. A typical set of results is shown in fig. 9.2 for a direct
injection four stroke engine in normally aspirated and turbocharged forms.

The use of a turbocharger for the purpose of Critical Cylinder Pressure Level
analysis forms a valuable tool since a greater change in combustion excitation
level can be‘obtained by this means as compared to a normally aspirated
engine. By the analysis oif curves relating cylinder pressure level and noise,
such as shown in fig. 9.3, the critical cylinder pressure spectrum can be
obtained. This eﬁables an evaluation of the combusticn noise controiled and
mechanical noise controlled characteristics of an engine to be made. A
typical result is shown in fig. 9.4. Depending on the injection timing and
operation of the engine {(turbocharged or.not), then various frequency raages
change from combustion control to mechanical control és.the fuel injection

is retarded. It is found that in the majority of engines there are frequency
ranges where the noise 1s controllad by mechanical sources. The decision as
to whether or not an engine has combustion controlled or mechanically controlled
noise will depeand on the proportion of the Audio Frequency range occupied by

one or the other.

g.3
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9.3 Characteristics of Combustion and Noise in I.C. Engines

In the following sections measured cylinder pressure development and
spectra together with measured noise spectra are presented as a function of

speed and load for a selection of engines representative of their class.

9.3.1 Four stroke direct injection diesel engines

Figures 9.5, 9.6, 9.7 1llustrate the combustion and noise character-
istics of a 4.65" bore direct injection four stroke diesel engine with
toroidal chamber, moderate swirl and five hole injector. The fuel pump used
is -an in-line pump with load advance.

At full load (fig. 9.5) the peak pressure gradually reduces from 1100
psi to 957 psi whilst the maximum rate of pressure rise also reduces from
70 to 60 psi/deg. However, the acceleration of pressure rise remains
constant with speed. At no load the peak pressure is considerably reduced,
the initiation of combustion retarded and rates of pressure rise reduced
considerably at the higher speeds. The cylinder pressure spectra at full
load (fig. 9.6) exhibit the same shape as the speed is increased, a general
slope of 33 dB/decade being measured. At no load the low frequency cylinder
pressure spectrum levels are lower due to the reduction in peak pressure and
the general slope hgs increased to 45 dB}decade due to the lower rates and
accelerations of pressure rise.

Figures 9.6 and 9.7 show that the engine noise increéses with engine
speed at the rate of 35 dBA/decade for both full load and no load, with the
maximum noise being radiated in the 500 to 3000 Hz frequency range. From
the combustion noise model it is expected that the slope of the cylinder
pressure spectrum and the overall noise would be the same. This is so at full

load, but at no load there is a considerable difference, 33 dB/decade as

opposed to 45 dB/decade for noise.

9.4



(175 p.s.i./division )

p.S.l.

CYLINDER PRESSURE

e e e W W s U D s

1000 r.p.m. NO LOAD 1000 r.p.m. FULL LOAD

( PEAK PRESSURE 1100 p.s.i. )

2000 r.p.m. NO LOAD 2000 r.p.m. FULL LOAD
( PEAK PRESSURE 1000 p.s.i.)

2600 r.p.m. NO LOAD 2600 r.p.m. FULL LOAD

( PEAK PRESSURE 957 ps.i. )

FIG. 95 CYLINDER PRESSURE DEVELOPMENT FOR 4-65" BORE

DIRECT INJECTION 4-STROKE DIESEL ENGINE.
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Since the combustion excitation is proportional to the overall level
of the cylinder pressure spectrum over the most important frequency range,
i.e., 500-3000 Hz, a comparison of the increase in noise which would be
expected from a consideration of the cylinder pressure spectrum changes can
be. obtained from the overall level difference at two engine speeds. At full
load the cylinder pressure spectrum differences are 6.5 (from 1000 revs/min
to 1500 revs/min); 4.5 (from 1500 revs/min to 2000 revs/min) and 3 dBA
(from 2000 revs/min to 2600 revs/min) and the corresponding measured
increase in overall noise level is 5.5, 3 and 2 dBA,showing good correlation.
At no load, however, the expected noise increases estimated from the
cylinder pressure spectra are 8.0, 4.5 and 0.0 dBA. The corresponding
measured increase in overall noise is 5.5, 3.0 and 3.0 dBA, indicating tnat
at 2600 revs/min no load the noise is mechanically controlled.

From these results two'importanl conclusions can be drawn. Firstly
fhat although the full load cylinder pressure diagrams are not similar on a
degree basis, the cyliﬁder pressure spectrum shape is the same at all
speeds, This is because the most prominent feature of the diagram - namely
acceleration of pressure ri#e - remains the same. Secondly, that at no
load conditions there is a sufficient change in the cylindef pressure diagram
to produce a more steeply sloping spectrum at 2600 revs/min than at
2000 revs/min. The important finding here is that in this case the engine
noise-speed relationship would not be expected to follow the general slope
of the cylinder pressure diagram, but will follow the actual change in
overall cylinder pressure spectrum level.

That this engine 1s representative of its class is illustrated in fig.
9.7a, where the cylinder pressure spectra for four normally espirated direct
injection diesel engines with various combustion chamber designs are shown.

Only in the case of the M.A.N. design, where the fuel is sprayed directly
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onto the chamber wall is there a significant variation in excitation.

9.3.2 Four stroke indirect injection diesel engines

Figures 9.8, 9.9 and 9.10 show the combustion and noise characteristics
of a 3.5" bore indirect injection diesel engine fitted with a Ricardo Mk. IIL
combustion chamber and single hole nozzle. The fuel pump is a rotary pump.

There is very little difference in pressure between the no load and full
load condition. All diagrams exhibit a marked retarding of initiation of
combustion with increasing speed, this point bging some 5° after top dead
centre at 3500 revs/min. The rate of pressure rise varies from 20 to 45
péi/deg and a generally smooth entry to combustion (low acceleration of -
pressure rise) is present.

The cylinder pressure spectra ét full load (fig. 9.9) have a general
slope of 45 dB/decade but the smoothing of the diagram from 3000 to
3500 revs/min by retarded injection appears as a slightly increased slope
with combustion excitation being higher at the lower speed. A similar
pattern emerges at no load again with a élope of 45 dB/decade.

The noise levels at full load and no load both increase at the rate
of 36 dB/decade and again the predominant noise occurs in the frequency
range 500-3000 Hz. The rate of increase of noise with speed and cylinder
pressure spectrum slope are not the same. Comparison of the cylinder
pressure spectrum overall level changes are 7.0, 5.0 and -2.0 dBA at full
load;17.0,'3.0, 0.0 dBA at no load. The corresponding measured noise level
increases are 5.0, 6.5 and 3.0 dBA at full load and 12.5, 2.5 and 2.5 dBA
at no load. The general trend is correct but some contribution from
mechanical noise sources are present.

Thus the Indirect Injection diesel engine has a smoother cylinder
pressure development as compared to the Direct Injection type and this

results in a higher rate of increase in noise with speed of some 36 dB/decade

9.6
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as compared to 28 dB/decade.
In the indirect injection engine a comparison of the cylinder pressure

spectrum for various engines does not show the same similarity as is the case

with its direct injection counterpart. Fig. 9.10a shows a comparison

between three 2.5 litre high speed indirect injection engines, all with

Ricardo combustion chamber designs. For the 3.54 inch bore engine

(Ricardo Mk V chamber) the timing is further retarded in production form

as compared to the 3.688 inch bore engine (Ricardo Mk V chamber). This, and

other detail differences, produces a marked reduction in the combustion

excitation over the critical frequency range 500-3000 Hz which results in

practice in a markedly quieter engine. A 3.5 inch bore engine (Ricardo

Mk. ILI) with comparatively a&vanced timing is also shown for comparison.

For the indirect injection four stroke diesel considerable variation

in combustion excitation may be expected from very similar combustion chamber
designs. The choice of engine to represent the class is somewhat arb;trary
but has been chosen as representing an engine with perhaps a slightly high
combustion excitation, thus avoiding any possibility of exaggeration when
general characteristics of the class are discussed (the I.D.I. is classed

below the D.I.).

9.3.3 Two stroke direct injection diesel engine

Figures 9.11, 9.12 and 9.13 show the combustion and noise characteristics
of a 3.62" bore valve in head two stroke diesel engine with deep bowl
torroidal chamber utilising high swirl and a2 single hole nozzle.

The cylinder pressure development shows a fairly constant peak pressure
with changing speed and reduces some 250 psi at no load conditioms. The rate
of pressure rise varies from 60 to 80 psi/degree with increasing speed but
it can be seen that the diagram takes on a more smooth appearance with

increasing speed, This is due to the increase in compression pressure with
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speed caused by the incorporation of a Roots blower. This is a feature of
two stroke operation, and effectively reduces the acceleration of pressure
rise as the speed is increased. Figure 9.14 shows a comparison between
two stroke and four stroke compression pressures and speed, The increased
compression pressure and temperature results in a reduction in delay period
and consequent smoothing of the initiation of combustion.
The cylinder pressure spectra at full and no load are similar. The
increased low frequency levels due to the two stroke cycle of operation
are apparent and the general slope of 40 dB/decade indicates the smoothness
of combustion. However, the effect of the gradual smoothing with speed is
seen clearly in that there is virtually no difference in combustion excitation
from 1000 to 2000 revs/min in the frequency range 600 to 3000 Hz. Hence no
increase in combustion noise over this speed range would be expected.
Examination of the noise results, however, shows a general increase in
noise with speed at the rate of 26 dB/decade. Again the predominant noise
occurs in the 500 to 3000 Hz range,. In this engine 1t was found that the
noise radiated by the Roots blower casing became the predominant noise

source at higher engine speeds.

.
ROOTS BLOWER NOISE - Figure 9.15 shows the effect of Roots blower noise

on some two stroke diesel engines. The results were obtained by using a

remote Lysholm blower (Fig. 9.16) to provide air to the engines so that

they could be run without a Roots blower on the engine. The air was suppliead

via acoustically treated ducts with large volume settling tank so that noise

was reduced in the incoming air. In this way the Roots blower casing noise

could be investigated. A highly rated Roots blower (straight.lobes) with

160 ft/sec tip speed pfovided the predominant noise source on an in—-line

opposed piston two stroke with noise levels some 6 dBA higher than that of

tﬁe engine (fig. 9.15a). The noise was localised mainly to tne blower

side of the engine. Figure 9.15b shows the same type of measurement for a

moderately rated Roots bléwer (helical lobes) with 100 ft/sec tip speed.

3.8
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Here the noise increase is only 1 dBA and again this is localised to the
blower side of the engine, In figure 9.15c the~effect of a moderately

rated Roots blower (helical blades) on the noise of a Vee engine is shown.
There is no noise increase on either side of the engine, the shielding effect
of éhe cylinder banks being sufficient to counteract the blower casing noise.
Thuﬁ with moderately rated Roots type blowers the casing noise can be reduced
beléw that of the engine noise. Where blower noise is present the increased
noise is of a localised nature.

!
| The combustion and noise characteristics of a 3.4" bore opposed piston

two stroke engine run without a Roots blower but supplying scavenge air
with the Lysholm blower rig (fig. 9.16) are shown in figs. 9.17 and 9.18.
The smoothing effect of the incréasing compression pressure with speed is
apparent in the cylinder pressure diagrams and shows more clearly on the
cylinder pressure spectra where there is little increase in excitation above
1500 revs/min. The general slope is 35 dB/decade, indicating more abrupt
combustion as compared to the valve in head engine. The noise does not
increase greatly with speed in this case, the overall rate of increase in
noise being some 20 dB/decade.

A comparison of the noise increases ezpected from changes in the cylinder
pressure spectrum overall level with the measured overall noise increaseg
are: 4.0, 2,0 and 1.5 dBA from combustion and'é.S, 1.5 and 1.0 dRA for

measured noise showing that without the Roots blower casing noise tne overall

engine noise is directly controlled by combustion.

5.3.4 TFour stroke turbocharged direct injection diesel engines

Figs. 9.19 and 9.20 show the combustion and noise characteristics of a
4.5" turbocharged direct injection four stroke diesel engine witn shallow
bowl combustion chamber utilising low swirl and five nozzle holes. A

rotary injection pump is fitted. The cylinder pressure development at full

9.9
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FIG. 9-17-CYLINDER PRESSURE DEVELOPMENT FOR
3-43'BORE OPPOSED PISTON TWO STROKE
DIESEL ENGINE.
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load behaves rather like that of a two stroke, with the pressure diagram
smoothing with increased engine speed. This is due to the turbocharger
which effectively increases the pressure and temperature of compression and
hence reduces the ignition delay. The cylinder pressure spectra are also
similer in form to those of the'two stroke, the combustion excitation at
2000 revs/min being only marginally changed at 3000 revs/min. The slope is
some 45 dB/decade at full load. The measured overall noise level increases
at 21 dB/decade, however, and again a direct compariscn with the actual excita-
tion level shows better correlation., The increases expected from the
cylinder pressure spectra ars 9.0 and 3.0 dBA, the measured values 8.0 and
2.5 dBA,

Jnder no load conditions, however, the turbocharger is not providing so
much boost pressure and the cylinder pressure development and spectra are

closer to the normally aspirated four stroke characteristic. Even so at

higher engine speeds smoothing does occur. The general slope of cylinder
pressure spectrum is 35 dB/decade and that of noise 23 dB/decade. Azain

the expected noise increase from the cylinder pressure excitation agrees close-
ly with 10.0 and 1.5 dBA estimated and 9.0 and 2,0 dBA measured. The

cylinder pressure excitation levels are higher at the no load condition as

is also the measured noise.

9.3.5 Two stroke turbocharged direct injection diesel engine

Figures 9.21 and 9.22 show the combustion and noise characteristics of
a turbocharged 3.62" bore valve in nead two stroke diesel engine with deep
bowl torroidal chamber utilising high swirl and a single hole nozzle.

The cylinder pressurs development at both full load and no load are
very smooth, but with similar rates of pressure rise as for the straight

Roots scavenged engine because of the increased peak pressures. This

9.10
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FIG 9-21- CYLINDER PRESSURE DEVELOPMENT FOR
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produces very smooth cylinder pressure spectra with very high values at
low frequéﬁéy and.é general Slgpé of 50 dB/decade (same as petrol engine):
Again tine smoothing effect is apparent, this time caused by a combination of
Roots blower and turbocharger. Similar results are shown at no load.

The measured noise increases uniformly with engine speed and is agzain

controlled by the radiation of noise from the Roots blower case and inlet

trunking.

3.3.6 Fuel injected petrol engines

Figures 9.23 and 59.24 sﬁow the combustion and noise characteristics of
avfour stroke fuel injected 5.31" bore petrol engine.

The cylinder pressure development at full load has the appearance of
a 'fast burn' cycle for a normally carburetted petrol engine and a high rate
ofvpressure rise of éome 60 psi/degree is present at all speeds. The general
smoothness of the development in comparison to diesel operation is evident
and examination of the cylinder pressure spectra show that the slope of the
spectrum is some 55 dB/decade, the diagram remaining the same on a degree
basis through the.speed range (spark advance with speed).

Because an open air inlet was used, from a performance consideratiom,
the air inlet noise is present in the measured noise level. The noise shows
increasing levels with speed at the rate of 27 dB/decade. Comparison with
the expected noise increase due to combustion excitation gives figures of
15,0, 6.0 and 6.0 dBA whilst the measured values are 8.0, 5.5 and 3.5 dBA,

again indicating noise controlled by sources other than combustion.

9.3.7 Overall combustion excitation characteristics of six classes of

I.C. engine

For the purposes of this comparison the combustion excitation charac-

teristics (cylinder pressure spectrum level as a function of speed and load)

are taken to be the reference characteristic.
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The effect of turbocharging the four stroke cycle is shown in figure

9.25., The peak pressure and diagram width are increased which produces low
frequency cylinder pressure spectrum levels approaching those of the two-
stroke cycle éngine. At the same time the increase in amount and temperature
of the available air immediately prior to ignition tends to smooth the

rates of pressure rise and rates of change of pressure rise and this produces
a reduction in the combuétion noise in the important frequency range above
500 Hz. The effect of turbocharging then is to provide‘lower combustion
noise for increased power at the expense only of increased force inputs to
the structure at low frequency.

Generally two étroke and four stroke engines tend to run at simiiar
speeds for a gi&en application. Figure 9.26 shows:.a cdmparison of two and
four stroke cylinder pressure spectra at their rated speeds. It can be seen
that over the important frequency range above 500 Hz, there is little
diffefence in their noise exciting properties, even though peak pressures
vary by a factor of nearly two. This is largely Eecause the cylinder pressure
levels over this frequency range are controlled by rates of pressure rise
and rates of cﬁange of pressure rise (rate-of injection, number of spray
holes, swirl, etc.) rather than pureiy peak pressure,

It can therefore be concluded that the operating cycle has a p;ofound
effect on noise and that the two-stroke cycle principle can offer a substan-
tial (6 dBA) advantage over the four-stroke for a given power output. This
~is so when both engines are run at the same bmep and have the same swept
volume, but the two stroke operétes at half the spéed of the four stroke.

A comparison of the Direct Injection and Iﬁdirect Injection four stroke
diesel engine at rated speed is shown in fig. 9.27. Because the I.D.I. can
run with a more retarded injection timing, the cylinder pressure development

is considerably smoother than for the D.I. engine. This causes the cylinder

9.12
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pressure spectrum slope to be greater and consequently the combustion
excitation to be lower in the critical 500-3000 Hz frequency range.

The effect of turbocharging the two stroke diesel engine is very simi-

.
lar to that of turbocharging the four stroke except that, because the
combustion is smoother in the 'normally aspirated' form, the reduction in
high frequency excitation is not so marked.

A number of engine stfuctures are produced to run as either diesel or
gasoline engines. A comparison of the cylinder pressure spectra for one
such engine 1s shown in fig. 2.28. The spectrum for diesel operation is
higher through the whole frequency range for the same engine speed. The
reduction in excitation at high frequenciés due to gasoline operation is
very substanfial, being some 10-20 dB. If the comparison is made at rated
speed, however, then the difference is not so marked because of the higher
operating speed allowed by gasoline operation. Even so, at frequencies

above 1000 Hz the gasoline operation provides a substantial reduction in

combustion induced noilse.

9.4 Effect of Injection System Variables on Cylinder Pressure Diagram

In any combustion system considerable changes can be made by variations
which can be provided by the injection system. This includes not only the
geometry of injection, e.g., number of sprays, but aiso the injected fuel
time history (rate of injection) and the injection timing. The injected
fuel time history is purely a design feature of a particular injection
system used, the cam design and injector design (open hole, pintle, pintle
with delay, etc.).

In almost every case the fundamental aim is to reduce as far as possible
the rapid pressure rise resulting from the inflammation of premixed fuel.

In some combustion systems this.is easier to achieve, while in others it is

9.13




more difficult. In all cases the fundamental factor is the amount of pre-
pared fuel évailable, at the end of the ignition delay period, for spon-
taneous combustion.

One of the most important parameters influencing cylinder pressure
development is the injection timing. An example from a direct injection
engine is shown in fig. 9.29. With injection advance the ignition delay
increases, caﬁsing the initial pressure rise to become greater, and the
peak pressure higher. Levels of the cylinder pressure and noise spectra
are higher, generally, over the whole frequency range.

The rate of injection too is significant. A gradual initial injection
(delay nozzle) can produce pressure diagrams of extreme smooﬁhness in com—
parison with the more rapid injection characteristics of pintle type nozzles.

Another important factor is the number of sprays used. This . is logical,
since the greater the number of 'sprays for a given combustion system, the
larger is the volume of prepared fuel during the delay period and thus the
pressure rise due to inflammation is more rapid. The final choice, however,
is generally dictated by performance considerations. An example of the
effect is shown in a comparison of a single hole nozzle high swirl, two
stroke diesel and a seven hole quiescent chamber, two stroke diesel. This
is shown in fig. 9.30. The slope of the cylinder pressure spectrum for the
quiescent (seven hole) chamber is 30 dB/decade from SCO Hz upwards,>as
compared to 46 dB/decade for the single hole, high swirl engine. Conse-
quently, the combustion excitation is significantly greater in the quiéscent
type of combustion chamber.

The general relationships between combustion and injection character-
istics, and consequently noise, have been investigated by Ogegbo (9.3). His
experimental investigation showed that a reduction of the ignition:delay

period does not necessarily lead to a reduction in combustion noise. It was
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found also that combustion noise is proportional to the initial heat
release rate, which determined the rate of pressure rise. In the pre-
dominant ffequency range from 500 to 3000 Hz a 2 dB increase in combustion
noise was obtained per 10 Btu/lb air/°CA increase in the initial peak heat
release rate or 3 dB increase per 10 psi/oCA increase in the rate of
pressure rise.

A two—zone model of diesel combustion, based on modified single droplet
and simplified jet theories was coupled to the fast Fourier analysis programme
to allow direct computation of combustion noise excitation from a theoreti-
cally derived cylinder pressure diagram. The model assumed that the physical
processes, such as atomisation, vapourisation and mixing rates control
diesel combustion.

Results of the work indicate that combustion noise can be limited by
controlling the preparation of combustible mixture prior to ignition by
suitable selection of injection parameters. For example, increasing the
Sauter Mean Diameter of the fuel droplets in the range 40-80 microns reduces
combustion noise level by 4.5 dB per 10 microns throughout the 500-3000 Hz
range. The level is also reduced in the range 500-3000 Hz by an increase

in fuel cetane number at the rate of 4 dB per 10 cetane number.

9.5 General Characteristics of Combustion Noise in I.C. Engines, Taking
Account of Changing Cylinder Pressure Diagram with Speed

In section 9.1 the three main parameters of speed, size and load and
their effect on radiated noise, assuming thét cylinder pressure development
remained the same on a degree basis with increasing speed, were discussed
and illustrated in section 9.1. The results given in section 9.3 show that
this assumption is far from the trﬁth in some classes of I.C. engine.

Using this information, fig. 9.1 can be modified to show the measured

characteristics of engines, as in fig. 9.31.

9.15
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;
} It is clear that only the effect of speed on nocise is changed. The
| .
‘ relationship between noise and speed is shown to have an even more marked
‘ effect than previously; the exact relation again depeﬁding upon the class
of I.C. engine. The normally aspirated four stroke engine'characteristic
rem;ins the same, but added to this is the four stroke I.D.I. engine which
has a more rapid rate of increase of noise with speed. The two stroke cycle
dieéel and turbocharged four and two stroke diesels have, however, been
shoyn to have a much lower rate of increase in noise with speed - 20 dB/

|
decade as opposed to the 40 dB/decade when based on cylinder pressure spectrum
sloﬁe. The petrol engine remains the same.

It can be concluded that from a consideration of the measured basic
combustion excitation as expressed by cylinder pressure spectra, the general
characteristics of overall engine-noise can be predicted, provided that
mechanical noise 1s not excessive. Even if this is so, the characteristics
of engine noise due to combustion can still be predicted. Also the fact
that such good agreement exists between combustion excitation characteristics
and measured overall engine noise suggests that even now, and for most
types of automotive engine, combustion eXxcitation provides the over-riding

factor in determining the general noise characteristics of Internal

Combustion Engines.
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10.0 METHODS OF PREDICTION OF COMBUSTION INDUCED
NOISE 1IN DIESEL ENGINES.

There are four different empirical relationships availabdble in
the literature for the prediction of diesel engine noise. Except
for that due to Anderton, Grover, Lalor aﬁd Priede (2.,10) they are
all derived purely from a consideration of the statistical relations
between measured parameters. Even that of reference (2,10) depends on
an empirical constant derived from test résults, although based on a
consideration of the mechanism of combustion excitation.

The formulae for the sound intensity (proportional to sound pressure
level generally) I in logarithmic quantity of 4B are as follow¥s:-

I =Cy logyy N + C, log,, (POWER) + K, , (10.1)

1
I = 03 logy, N + c4 logy, Vg + 05 logy, 2 + K, (10.2)
I=Cg 10%10 C, + Cq logy, L + Cg logyy 2 + Ks - (10.3)

I = Cg logyy N + Cy logy, B + K, (10.4)

where N = engine revs/min
= cylinder swept volume
= number of cylinders

~

= mean piston speed
; stroke
= bore
Cn and X are constants
Equations of the type (10.1) were put forward by Slavin (2.12)
and Pflaum and Hempel (2.13), the type (10.2) by Zinchenco (2,11) and of
the type (10.3) by Cordier and Reyl (2.14) and of the type (10.4) by
Anderton, Lalor, Grover and Priede (2.10).
By using the relationships which exist between the various _
parameters the forrmmulae 10.1 to 0.4 can all be reduced to include‘

engine speed and bore as the main variable.

Equation 10,1 reduces to

I = K1 10g10 N+ K2 10g10 B + K3 10g10 (b.m.e.po)

+ K3 10g10 SR + A1

10.1




where SR = stroke to bore ratio
Kn and A1 aré constants
The terms involving stroke to bore ratio and engine loagd (which
is known to have no direct effect on hoise) can therefore te
associated with the acoustic and structural characteristics of the
engine, and the equation is therefore basically of the type (10.4).
Equation 10,2 reduces to

I-= K4 log1o N + KS log1o B+ K6 log10 SR + K7 log1o Z + A

2
(10.6)
where Kn and A2 are constants
and the same comments can be made.
Equation 10,3 reduces to
I = KB log10 N + K9 log10 B + K10 + SR + K11 10g10 Z + A3
(10.7)

where Kn and A3 are constants
and again the same comments apply.

It is clear that all the formulae for predicting diesel engine
noise ﬁltimately depend on the same main parameters of bore and speed,
with some variafions to take account of the acoustic and structural
characteristics,

The interesting conclusion that can be drawn is that since the

‘dependance of engine speed and bore is derived from considerations
of combustion excitation, then there is strong evidence here to
support the thesis that even in large marine diesel engines the basic
control of noise is dependent upon the combustion characteristics,
This suggestion of dependence of marine diesel engine noise on
combustion is very much against the generally held belief in the
Industry that large marine diesel engine noise is mechanically

controlled, usuvally by piston slap,



10.1 Prediction of Automotive Diesel Engine Neoise,

Based on Combustion Noise ¥odel.

It was shown in Chapter 6 that the intensity of noise in Internal

Combustion Engines, due to combustion excitation, was givenr by

' 6
I, = K N' B S50 | (10.8)

}
|
i The overall acoustic and structural factor cannot at present be

assessed and therefore a set of prediction formulae can only be

‘| obtained by an empirical method and will apply at rated speed only.
;From tests on many engines in the various classes of I.C. engine the
; following relations have to be obtained. They predict the overall

engine noise at rated speed and load measured in dBA and at 1 metre
distance from the engine surface: (N = revs/min, B = bore in inches)
Class 1 - Normally Aspirated four stroke direct injection
diesel engines
Overall Noise = 30 log1o N + 60 log10 B -~ 38,0 dBA
Class 2 - Indirect injection four stroke diesel engines
Overall Noise = 36 log10 N + 60 log1o B -~ 60,0 dBA
Class 3 - Two stroke normally aspirated direct injection _
diesel engines (10.9)
Overall Noise = 20 log10 N + 60 log10 B + 18.0 dBA

where for opposed piston engines the equivalént bore Beq = B J§

is used.

Ciass 4 - Turbocharged four stroke direct injection
diesel engines
Overall Noise = 20 log10 N + 60 10g10 B + 13,0 dBA
Insufficient data was available on which to base an empirical
valﬁe for the constant in the case of Class 5 (Turbocharged two
stroke) and Class 6 {petrol) engines.

Table 10.71 shows a comparison between measured and predicted

noise levels using equations,

10.3
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COMPARTSON OF MEASURED AND PREDICTED NOISE LEVELS

TABLE 10.1

AT 1 METRE FOR VARIOUS DIESEL ENGINES USING RELATIONS (10.9)

OVERALL NOISE LEVEL

. BORE RATED -
Egg;gE INDUCTION SPEED AT 1 METRE
INCEES REV/MIN CALCULATED MEASURED
V Form 8 Cyl. Direct Injection
Four Stroke L.625 3300 107.4 108
Normally Aspirated
" " L.625 3300 107.4 109
" " k.5 3000 107.7 106.5
" " L, 25 2800 103.2 103.5
" " 5.31 2600 107.9 109.0
In Line 6 Cyl. " 5.5 2100 106.2 106.0
" " 4.65 2600 10Lh. 4 102.0
" " 4,56 2800 105.0 105.0
" " L.,125 2800 102.4 102.5
" " 3.875 2800 100.8 103.0
" " 3.81 2800 100.4 102.0
In Line 4 Cyl. " 3.875 2800 100.8 103.0
In Line 4 Cyl. 1Indirect Injection
Normally Aspirated 3.688 4000 103.8 107.0
Four Stroke
" " 3.125 4000 99.5 101.5
" " 3.50 3500 100.4 101.5
" - 3.543 4500 10Lh.5 100.0
V Form 8 Cyl. Turbocharged
Direct Injection 5.5 2600 105.6 107.0
Four Stroke
In Line 6 Cyl. " 5.5 2100 103.9 102.0
" " 4,75 2200 101.5 100.0
" " k.30 3000 100.5 101.0
Opposed Piston Two Stroke
In Line 6 Cyl. Diesels with
Low Roots 3.4L 2L00o 106.8 103.0
Blower Noise ‘
In Line 6 Cyl. " 4.25 2100 102.2 102.0
V Form 8 Cyl. " L.25 2100 102.2 103.5
V Form 6 Cyl. " 3.875 2800 102.2 103.5

10.4



The correlation is good +the mean error being some *2 dBA.

A useful comparison can be made to Table 6.2 in Chapter 6 where
measured and predicted noise levels, based on a combustion model but
not including the effect of engine radiating area, are shewm for a
range of engines., The accuracy of prediction is slightly bhetter in
the case of equations 10.9. |

In the case of the Indirect Injection normally aspirated diesel
engines there is a greater difference between measured and calculated
_results - for instance between the 3,688 inch bore engine and the
3.543 inch bore engine which both have Ricardo pre-combustion chamber
designs (MK V).

10.2 Variation of Combustion Excitation from Engines
of Similaxr Design.

A comparison of the reduced cylinder pressure spectra for these
two indirect injection engines is shown in Fig 10.1. There is some
change in spectrum shape with speed and two straight line represent-
ations are presented in each case, one for rated speed and another
representing the average of all speeds. These lines can be defined
by two parameters:

1)  The slope in dB/decade

2) The reduced cylinder pressure level at f/N = 1.0

These parameters were developed in Chapter 6 for use with the

combustion noise prediction formulae given in equations 6.41.

For cylinder pressure spectrum

Overall noise dBA = C.P.L. + 60 log,, B - X 4B

(1000)

For reduced cylinder spectrum (6.41)

Overall noise dBA = C.P.L.p(1.0) + 60 log,, B

. * N -
+ nOn log1o ~ - X d4B

1000

The slope of the spectrum will determine the value of the

10.5



G et P w o e i et A o e e P R —

210

200

9
190 AVERAGE SIMPLIFIED AND REDUCED
SPECTRUM n=4'4, CPL. (10)»147 0

180

TN,

Cylinder Pressure Level-dB.

RATED SPEED SiIMPLIFIED AND /"\\\ 3500 revs/min.
4, (1-0)
<o REDUCED SPECTRUM n=44.CRLR0Y), o K\ V0 00 |
140 .
130
001 | 01 10
| \
190 X\ =
N SIMPLIFED AND |
' A\ \ REDUCED SPECTRUM n=4-2,C.R L t0:145-0
. 180 : ‘\ &
i \I/ 3
170 v
3600 revs/min.
160} /
. 2000
R 1000
150 7
\\/ =
140 \\'\- A —
e R : }
g-01 "~ 01 Nomalised ey 0 Hz/rev/min. 10

,.lu
'“1(D

e‘
FIG.101-REDUCED CYLINDER PRESSURE SPEC
AT FULL LOAD.

RAFOR I.DI. DIESELS




Spectrum Shape Factor X, whilst the reduced cylinder pressure at
f/N = 1,0 will determine the level of the exciting spectrum and

hence is the major determining factor for combustion noise, The
values for the Indirect Injection engines considered (at rated speed)

ére:

j Slope 43 dB/decade C.P.L.R(1.O) = 144.5 dB

for the ?.688" engine and:

Slope = 57.5 dB/decade C.P.L.R(1.O) = 133,5 dB
jfor the 3,543" engine.

Thus the combustion excitation level is some 11 4B 6veiall higher
in the 3.688" engine and conseguently a much higher noise level,as is
in fact measured, would be expected from thié engine,

This then is the major weakness of all the diesgl engine noise
prediction fornmulae so far produced. It is inherently assumed that

when using any type of equation 10.1 to 10.4 and also 10.9 that the

overall level of combustion excitation, in terms of cylinder pressure,

does not vary. This assumption is reasonable for normally aspirated
direct injection diesel engines with in line pumps but is certainly
not true for indirect injection engines,

For the level of combustion excitation to be included in the
calculation of noise levels the excitation values must be measured.

In the following sections typical measured combustion excitation
results are presented and used to calculate

1) The combustion noise level for a range of engines

2) The general characteristics of the first four classes

of Internal Combustion Engine.

10.3 Prediction of Combustion Induced Noise from
Measured Cylinder Pressure Svpectra,

Figs 10.1, 10.2, 10.3, and 10.4 show typical reduced cylinder
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pressure spectra for the first four classes of I.C. engine considered,

namely direct, indirect, turbocharged four stroke cycle and direct
injection two stroke cycle, The variations in spectrum shape at
different engine speeds become apparent with this type of presentation,
being mainly due to changes. in injection timing, fuel quantity and the
cylinder gas condition immediately before closing of the inlet wvalves
(Roots Blower, Turbocharger).

A set of Simplified Reduced spectra, in the form of straight line
representations of the actual spectra, in which the level of combustion
excitation as a function of engine speed and frequency is represented
by the slope and the value of C.P.L.R(1.O) and also shown in Figure
10.1 to 10.4k. 1In some cases, for instance for I.D.I. enginés, both
an. averagé slope and a slope for rated speed are presented.

The values of the Reduced and Simplified spectra for a range of
engines can now be used in two ways, Firstly by using the reduced
spectirum values for rated speed condition, tﬁe overall combustion
noise which would be radiated by a 'standard' engine (i.e. one with
a2 Standard Structure Attenuation Factor) can be calculated from
equations 6.41. Secondly the reduced spectrum values can be arranged
to find the general comparative combustion excitation characteristics

of the first four classes of I.C. engines.

10.3%.1 Combustion Noise at Rated Speed

From the measured cylinder pressure spectra for a range of
engines the overall noise radiated due to combustion excitation has
been calculated according to the relations (equations 6.h1).

Overall Noise
due to = CaPoLo

y 60 log10 B - X dBA
Combustion

(1000
where C.P.L. = level of cylinder pressure

(1000) spectrum at 1000 Hz

B = engine bore in inches




X = Spectrum Shape Factor (Fig 6.13)

for a range of engines in the first four classes of I.C. engine, A
comparison of these vélues is given in Table 10,2, and a surprisingly
good agreement with the measured overall noise obtained,

, In some engines the predicted combustion noise level is so
much below that of the measured engine that it is safe to conclude
‘that mechanical noise sources are controlling noise,

This simplified approach indicates the general trends in an
. engine, However, by utilising the computed cylinder pressure spectrum
:values, the exact combustion noise, for a 'standard engine structure!',
can be calculated using the precise cylinder pressure spectrum shape.

10.,3%.2 General Prediction of Combustion Noise
Characteristics in I.C. Engines.

The overall combustion excitation characteristics of engines
can be represented by their Reduced and Simplified cylinder pressure
spectra, Fig 10.5 shows the full load reduced and simplified cylinder
pressure spectra for a range of engines. The level of excitation varies
by some 20 to 25 dB indicating the great variation obtained from engine
to engine and depending primarily on form of combustion and injection
characteristics, -
Fig 10.6 shows the range of values associated with the form of
combustion, as represented-by the engine class, There are four
distinct groupings for normally aspirated diesel injection, four
stroke normally  aspirated indirect injection four stroke, two stroke
Roots scavenged and turbocharged direct injection four stroke diesels.,
The average full load reduced and simplified cylinder pressure
spectrum for each class of engine is shown in Fig 10.7, and forms a

convenient basis on which to compare the present day levels of

combustion excitation. In general it will be seen that the two stroke
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cycle provides the highest excitation, with the four stroke direct

injectién engine next and both indirect injection and turbocharged
four stroke providing the lowest excitation. The relative level
differences depend greatly on speed of operation, but as a general
trend it can be seen that the differences become smaller at higher
engine speeds, except in the case of the two stroke. The comparative

levels of the 1000 Hz cylinder pressure level (C,P,L. )) over

(1000
typical operating speeds for each class of engine are also shown in
Fig 10.7. A comparison eof direct injection engine and indirect
injection four stroke levels shows that the basic advantage of low
combustion noisé in the indirect engine is offset in practice by
using a higher operating speed (for more power) and consequently the
resultant noise levels of the two types are virtually the same in
practice. _It is clear that operation of an indirect injection engine
at lower speeds would provide a very substantial reduction in
combustion induced nbise.

A similar comparison of the engine classes at no load shows a
markedly different picture., Fig 10.8 shows the Reduced and Simplified
cylinder pressure spectra for a range of engines, At no load there is
no clear distinction in characteristics between engine classes and it

must be concluded that at no load the effect of injection character-

istics is more important +than the form of combustion.
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11.0 CONCLUSIOES

Many detailed conclusions have been drawn frcm the informaticn presented
in the foregoing chapters and these appear in the relevant sections. Even

so, it is useful to summarise briefly the more impertant among them.

1. As regards the assessment of the exciting propensities of cylinder
pressure development it has been found that smail piezo-electric pressure
transducers give accurate results. It is shown that engines cf any size
can te satisfactorily instrumented for cylinder pressure by novel installa-
tion techniques. The accuracy of results could be improved for heat
release measurements by attentiocn to

(a) Increased pressure transducer linearity

(b) Reduction in flame.sensitivity.

A Fast Fourier Analysis computational methcd has been developed for use
in the frequency anslysis of pressure develcpments. Two novel features afe
involved. Firstly the speed of computation has been increased over straight-
forward nethods by a factor of 20 by émploying a computational algorithm to
reduce the number of sine and cosine calculations. Secondly the assumpticn
of a linear variation between input data points has allowed the computaticn
of any number of hermonics from a given number of these data points.
Accurate results with reasonable times of computation have been obtained

up to 2000 harmonics.

2. The developed computer programme has enabled the assessment of the
basic characteristics of combustion excitation offered by the varicus
'operating cycles. It has been shown that:

(a) A fundamental difference exists between the combustion excitation

of four and two strcke and turbocharged four stroke operatirg cycles. At

11.1



equal firing frequency the excitation of the two stroke cycle, above 200 Hz,
is € @B lower then for the four stroke. As a consequence a two cycle engine
can always be designed with a 6 dBA overall noise level lower than a four
cycle engine, for a given power output. The turﬁocharged four strcke is
shown to approach nearer to the two stroke characteristics as the degree of
turbccharging is 1ncreased.

(b) That the harmonics of cylinder pressure development responsible

for transmission of engirne power are the first two in the two stroke cycle

and the 2nd and Lbth in the four stroke cycle.

(c) Increasing the diagram width in relation to the repetition length
has the effect of increasing the level of the first few harmonics of the
cylinder pressure spectrum substantially. In the case of the two cycle and
four cxcle engines the level of the fundamental is doubled in twc stroke

operation.

3. It was fcound that the complete form of the cylinder pressure develcpment
is required to specify the full cylinder pressure spectrum. However, tnree
paremeters can be‘taken‘as representing the major influencing factors.
These are:

(a) Peszk pressure

Rate of pressure rise

(¢) Lcceleration of pressure rise.

The effect of these parameters was founa to vary between diesel
petrcl operaticn and alsc tc vary with engine speed.

For the twc types of diagram the following harmonic rarges were

‘to be affected:




Diagram  Peak Pressure Rate of Pressure Acceleration of

P Rise - ap/at Pressure Rise - dzp/dt2
Diesel 1 - 20 20 - 120 100 and above
Petrol 1 - 10 10 - 90 80 and above

{

i

Thus for a typical diesel at rated speed of 2500 revs/min the following

i
fregquency ranges will be affected:

|

Four strcke P ap/at a%p/at?
Diesel at .
2500 revs/min 21 - L20 Bz LOC-2520 Hz 21C0 Hz anéd above

and at idling (6CO revs/min)

Four stroke z 2
Diesel at P dp/at d"p/at
600 revs/min 5-100 Ez 100-60C Hz 500 Hz and sabove

For a typical petrol engine at rated speed of 5000 revs/min the follow-

ing frequency ranges will be affected:

Four strcke - o
Petrol &t p dp/dt a“p/at
5000 revs/min ho_L20 Hz L420-3780 Hz 3360 Hz and above

and at i1dling (600 revs/min)

Four strcke r “dp/at 2 2
Petrecl at d"p/at
€00 revs/min 5-50 Hz 50-450 Kz LCO Hz and above

L, Two methodas of obtaining high power cutputs are the variable compressicn
‘ratic piston, where peak pressures are limitec, and a fixed compression ratioc

employing a very streng structure to withstard@ the very high peak pressures.




A comparison of the combustion exciting propensities of these two tyces

at 350 b.m.e.p. shows that by using the variable compression ratio piston
lover cylinder pressure spectrum levels result throughout the whole audio
frequency range. However, at normal engine speeds and rates of pressure
rise, it is found that the acceleration of pressure rise at the discontinuity
around initiation of combustion still controls the spectrum levels above

about 1000 Hz, even with peak pressures of 3,300 psi.

5. In considering the characteristics of six classes of I.C. engine:
(i) normally aspirated four stroke direct injection diesel
(ii) " " " "  indirect injection diesel
(iii) turbocharged four stroke direct injection diesel
(iv) two stroke direct injection diesel
(v) turbocharged two stroke diesel
(vi) fuel injected petrol engines
an assessment of the general characteristics of combustion excitation and
overall noise shows that at full load conditions the combustion character—
isfics, as expressed by cylinder pressure spectra, are the major single
controlling factor determining the engine overall noise characteristies.
Use of the concept of reduced cylinder pressure spectra has enabled the rela—
tive combustion excitation levels of the six classes of engine to be
assessed. In descending order of excitation,
(a) two stroke N.A.
(b) four stroke D.I., N.A.
(c) four stroke I.D.I., N:A.
(d) turbocharged four and two stroke D.I. equally

(e) petrol.

11.4




6. The investigations reveal that the pressure diagram can only be assumed
to remain tﬁe same on a degree basis for normally aspirated direct injection
diesels employing an in-line pump with no speed or load advance and run at
moderate speed. With the introduction of more varied control for injection
characteristics, turbocharging and two stroke operatién this assumption is
no more valid. As a result of this finding, the mechanism causing increase
‘in noise with speed, based on the slope of the cylinder pressure spectrum,

has been modified.

T. The combustion noise model shows that the combustion noise radigted
is dependent on:

(a) the level of cylinder pressure exciting spectrum

(b) the surface area of the engine

(¢) the acoustic radiation ratio of the engine

(d) the structural impedance linking force input with engine

surface vibration. |

The ratio of overall acoustic radiation to overall structural impedance
is found to be nearly constant for current productioﬁ diesel engines.

Three different methods for predicting the level of combustion noise
in diesel engines have'reéulted from the combustion noise model.

(2) In conjunction with empirically found constants, prediction

formulae based on bore and speed only have been formulated for rated speed

conditions. Very good agreement between predicted and measured levels is
obtained.
(b) The use of a'standard structural attenuation factor and the

combustion noise model provides a method of calculating combustion induced

11.5




noise levels at any speed or load condition. A simplified form is presen-—

ted vhich enables the combustion noise to be predicted simply from the

average level and slope of the cylinder pressure spectrum and the engine

bore size.

|
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APPENDIX I - THE FAST FOURIER ANWALYSIS COMPUTER PROGRAMME

The general method used for the calculation of a large number of Fourier

coefficients has been described in Chapter 5. During the period of the
work reportéd in this thesis a.considerable number of computer programmes
were developed as requirements for certain items, such as indicated power
calculations, eté., became obvious. In this Appendix the initial simple
straight line assumption programme (V1TE) is described and presented in full.
Also two later programmes are listed. Fifstly, programme V17J, which was a
complex programme in which the straight line or polynomial approximation
could be called, a constant percentage analysis of any bandwidth, the

computation of Fourier transform values and also the indicated power could

.

be calculated. The third programme is a modification of the original V1TE

programme, and is the simplest programme used in which only the straight line

approximation appears, a 1/3 octave fixed frequency analysis is carried out

and the input data, calculated input data and resultant spectrum is displayed

graphically. A job statistics card for the computation of two Fourier

analyses up to 1200 harmonics from two sets of 350 input data points is also

shown, giving the computer store requirement and typical running times and

costs.

Al.1 The Programme V1TE

A block diagram of the programme is given in Fig. 1. Data is fed into

block 1. In block 2 the input data points required for a Simpson's rule

integration are calculated. In block 3 this data is used to calculate the

harmonic values. In block 4 these values are printed out. Block 5 tests

the data and if more harmonics are required then more calculated input data

points can be computed and the programme is then run through again. If the

correct number of harmonics have been computed, then the programme either




ends or returns to block 1 to accept a new data set, depending on the value

of an integer fed in as part of the original data set.

Al.2 Programme Results

Each input value is discussed below in the order in which they are fed
intp the computer.
i) L
j l Tells computer whether to expect more data. If L > 5 computer
J expects more data cases.
i1) X
This is the number of equally spaced Y ordinates used in the numerical
" integration (in this case Simpson's Rule). The value of IX must satisfy
two conditions:-

(a) IX 2 (IB) x (5). This ensures that the highest harmonic needed
can be specified adequately.

(b) /D(IXX) - D(l)//iX must be smaller than the minimum value of
/D(J) - D(J - 1)/ present in the input data in order to utilise
fully the input data.

iii) Iy

If IY =1 harmoniecs 1, 2, 3, «...., IB calculated

If IY 2 harmonies 1, 3, 5, 7 ..., IB calculated
iv) IXX

Number of input data cards. (One set of D(J) and E(J) to a card).
v) 1 CASE

i Data case number for identification.

vi) IYA, IYB, IYC

Used as for IY when more input coordinates have been calculated.




vii)

AFAC and AFAG are Scaling Factors

AFAC

Input data E(J) peak value (for pressure diagrams p.s.i.).

AFAG

Equivalent number for peak value of E(J) in arbitrary units.

If AFAC = AFAG then value of E(J) is assumed to be in lb/in2 for

calculation of harmonics re 2 x lO_u wbar.

viii) AL the Repetition Length

ix)

Al.3

i)

ii)

iii)

iv)

AL = (IX - 1), written as a variable.

X and Y Coordinates of Input Data

D(J) and E(J) are input coordinates of repetitive pulse to be analysed.
For computation E(J) is multiplied by ten and then harmonic values
corrected for this before being printed out. There is no limitation on
the number or spacing of these input coordinates as the equi-spaced

data is computed from this input by the programme.

Programme Output

The outputs from the programme are:

On Line Printers

A(K) -

This is the value of the cosine component of the Fourier series.

This is the value of the sine component of the Fourier series.
R(X)

R(K) = ((A(K))2 + (B(K))2)% and is therefore the modulus of the
harmonic amplitudes.

DB(K)

R(K)
2.94 x 10”

DB(K) = 20 log o if R(X) is in 1b/in?




v)

DB(K) is expressed in dB relative to 2 x lO-h

.S

This i1s the harmonic number.

. the cylinder pressure spectrum level at the Kth

ubar and is therefore.

harmonic.



Fig. 1

=IYA,IX =3xIX, AL=3xAL

" PUT 1Y

1 DATA INPUT

Y

CALCULATION OF ADDITIOMAL
2 INPUT DATA POINTS ON

¥ LINEAR VARIATION ASSUMPTION

e K

—

<

(&)

=

L § W

_ pd

5 CALCULATION OF HARMONIC »
AMPLITUDES (MODULUS) .

= Lt

O

Q

<

A

) -4

4 | PRINT oOuUT R

Y

EITHER RECALCULATE MORE
5 INPUT POINTS OR ACCEPT

NEW INPUT DATA OR GO ON

6 END

Block diagram of Fourier Analysis Program
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MASTFD FODHIATER ANALYSIS DA
_DIMENSION $R(2R)
TUDIMENSION C€4100).0(1001)EC1001),0BCe00T1)sALANC1009), R(sno1)._
__ﬂRFO(som),Aa(zoo).quoo).CD(Z\,M.AHOON-8\1001%?1‘1‘“001)

_sr€i1), F;zuz\ :a(‘-B) FR(‘L) 9:(1<3 fzﬁm FqH?).Fp( Ry,
. !Q(19),FR(20),:R(21);$R(22),FR(2§) FR(24) ,FR(25),FR(25),
!R(Z7).FR(285/70.0;23.0.!1.5,40;0.50.0.63.0.80.0-100.0. .
L %25.0+460.0,200.04250.0+315.0,400.0+300.0:630.0:B00.6,1000:0+
$252.0,1600,0,2000,0,2500, 0 3150, 0 AOOO 0 5000 0 6300 0:
ﬁQ -5ﬁ 8000,.0,10000.0/ - :
_EQUIVALENCE (D(1). OR(S)),(E(1).AXAN(15)

: XEIT Y (ATT=4, 00 #DIVeFL _ oo o T
Sutip=0 .
A CALL. TIME (7).

B . NRITE(6,16)7
.16 FORMAY(//16X THE TIME IS NOW,A8) N

.. READ(S:00YICASE,L.1Xs1Y,1Bs1IXX, NEB.LAHBrJA° NAH.!COT.130CT
.99 FORMAT(1S) A .

c _1F I130CT=¢ PROGRAM RIVES 4/3 oc* BAND ANALYSIS .

c IE {>S FXDECTS MORE DATA.IX=N0. ORDINATE POINTS CHOSEN.IYSHARMONIC.
¢ ?c SEPERATION TB=HIGHEST HARMONIC TO BE CALCULATED Ixx=NUMRER INPUY
€ = - DAYA CARDS.ICASF=2CASE NUMRER,IYA,IVYB,1YC ARE KARMOMIC NUMBER .32
£ ___ SEDERATIOMS ON RECAICULATING MORF ORD!NATE POIhTS(3*l¥ IN EACH__

c CASEY. < iz sheed :
C_____THIS pROGRANM REVISSD SO THAT vow INTEGER VALUFQ or ( CAN BE. Uszo

C .. MNER=RATIO OF PULSE IEYGTH TO HARMONIC REPETITION LENGTH . S.ire==

¢ D(4) MUST ALWAYS RE 2ERO. _ .

READ (5,299) AFAC,ATAG AL, FUND,TUOF/POJ RO\ XLCRs XXX APER7AREAD:
_ARE3IABS (APEAD)
7299 FORMAT(F12.8)

C____ _IF _AREAPSD TNDICATEN aouca 18 CALCULA ED_

€... _INDICATED POMER 1S CALZULATED USING THE PREVIOUS CASEZAND TYHE-

[4 .?,CURRENT PISTON MOTION CASE . _ . _ . e e )

c . AFAC=PEAK PRESSURE 1Y ».S.1. AFAGRPEAY PRESSURE IN DIGITS(FROM -
C - OSEAR RFADER) LALSREDRTITION LENGTHR(IXw1),FUND=ENGINE R.P.M. _
€ . YHOF=1.0 £22 TUO STROKF AND =0.5 FOR tOUR STROKE ENGINE .. - -27%<
€_____NER] 1F NEB=z1 FOURIFR AMALYSIS COMPLETEDIIF NER>1 FOURIER TRANSFOR

2 M COMPLETED WITH EVERY T/NEB. VALUE CALCULATED. WHERE- T=TOTAL.TIME =c===
£ OF TRANSIFHNT e .
€ 2= - LAMB: 1F 14#3<S FOURIFRR rnEF$!cx MYS GALCULATED WITH STRAIGHT LINES
APPROXIMATION BEYWEEFN INPUY DATA POINTS)IFS<LAMBCI0 THIRD ORDER_

| 5 . POLYNOMIAL ASSUMED RETWEEN INPUT BATA DPOINTSIIF LAMB>10_PROGRAM._:

L. _CALCULATES ANXD ANALYSES PISTNN MOYICN. I

€ JADP; EASYREAD PRINTOUY OF CALCULAYED INPUY DATA AT % DEGREE . - .

€ ___INTERVALS.1¢ JA° 361 FOR TUO STROKF CVCLE JAP=721.. FOR REQUR STROKL

[

C_ 1FMAN=0 PAPER TAPE OUTPUT 0fp. A!AN(K).Duch).n(K).B(K) IF__
c,fa"myAv>o PAPER TADE OCUTPUT OF) ATAN{K)Y, ANDDB(K) ONLY, =
€.....POJi PHASE OF. INPUT DATA IN.THE SAME. _UNITS &S X.COORDINAT E_0F_ THE*___" -
€ ... DATA. ; e ——zzsoooE
L .. RO _CRANK aaoxus &Y 1nc4=s.__ﬂﬁz," N N

CONNECTING ROD LENGTH IN INGHES, I S e
PHASFE ANGLE Of B1SYAMN MOTION PFLATIVE 70 B.D. c.~1N bEGPEES
HALF CERAENTAGE BANDWIDYH OF ANALYSI!S, s -
ET; (LA“B 67210y GO YO 849 _ .. . o .. g g
IFCICOT.EC.1) GO TO 3 ; Lat -
. IF 100T= 1 > OGRAM RFADS 1NDUT DA!A FROM p)959 *APE IF
__INDUT DATA §R0M CARDS. ATl L
... READ(S.219)(DCJY,ELS} .J=1.1xx) S e e
7219 FORMAT(F6.1,1X,87.2) NN T=E
B(1)eX COORNINATE 5F INPUT DATA. E(J)=Y COCRDINATYE OF INPUY DATA.
GO TO 669

ol
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669

400

1 TRAMSIENT UAVEFO2MS )

422
A7
3T

CFORMAT (F5.0)

FORMAT(45%,3H U .7x JLH lx .8x.4H iy .

CWRITF(6,606)_

CURITE (G, 633)”E8 LAMR.J

KT ctikh 6T.10) GO T0 444 -

_ 00 3002 1=iiIXX .
o C(1yen(l).

TAd=TAm2

READ (4,220 (E(JY,J=1,Ixx) .
TRESCIXXY.NELE(T)Y FOIXXYSE(Y)Y .
00 1 Jat,IXX .
f)( ') J 1 o nmEz rricao -
CONTINVE  _____. __.
A"ULTaFUNPtTHOr/(éO 0)_
WRITF(E,40D)
FORMAT(77H PROGRAY V1?J FDUQIEQANALYSIS OF REP;ATING HAVEFORHS AND,M

WRTITF(6,622y .. =
FORMAT (204 n.ANRERTON 1.8.V,R.)
FORMAT(12% CASE NUMRER,IS) . . o oETEACC
WRITF(6,17)I1CASE._ _

FORMAT(SAX,?23NH TAQUIATION OF !NPUT DATA)"
WRITF(6,470y .

WRITE(6,508Y . . ____ .

FODMAY(40Y,15,7%,15,7%X,15, 9x !S T XS)
WRITF (6, 553}_L.tx,IY.JBJIXX-M‘__ﬂ
FORMAY (28X, 5H FUND, 95X, 4H AL :16X.kHAFAC:jéX:AHAFAG¢J6X¢SHAMULT)ZET

FORMAT(ASX.5F20.5) -

MRTTF(6,666) FUND. AL,A:Ar AFAG, AMULT e
ORMATULSY ZHNER, 7X, GHLAMB.BX, 4K JAP, 10X, 4H, MAN, 7X, 4R NARY = i

threfé 6256y . __

FORMAT (40X, 15,7%,15,7%, 15 9x,1s 7X, 183

WRITE(64607)
FnMAT(60X s LH, an 10X.24R0 18X JHLER)
FORMAY (10X, sran 5) e
vusz (6 6087

CFORMAT(//750Xe30H X_ AMD Y COORDIVATET
WRITE(6.238) : e
HRITECE . 2{)4)(0(‘):E(J)0J=1JYXX)
FORMAY{1X,25HX AND Y INPUTY cnnRQINATEs)’
1F (ARS(POJY, LT, .1E= 7) _GO_TO 223

COiXx+1YaE(L) ___ -
n{t)=0.0.
no 3003 1=1 S IXX - 2
184 (ABS(C(I)-POJ) LT..1E 7) 60 YO 3006
1E CAE1).6T.P0JY GO_TO 3085 . ..o o=
COMTINUE_
TAaley _Z:i=
E(1)=2(1). .
IMpa) ..

GO T0_ 3006
14sl __ _
IHpaq . -
TAT3TAm . _ e S
E(N) =B (IAY S (E(IAYmFECIAI YR (POS=DLIAYYY/(DIIAYADLTAL))
Jup
DO 3007 ya1A,1XX. -
D(JIBC (1Ym0
Faysr(letyyy
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J=g+1
JAw=4,.9
TE CTAY1.LT.2) 60 TO 3040
53 3na8 1=2,144
Dludenfyxyd+L(y)
ECIY=C(I+Ixy)
3008 Jzged
3010 Feay=r(d) L
DCHY=r{IXYY .
TXX=1¥Xe)MD .
PHASEaPO S« /D, 0/(7unf*o<xxx)) i
WRYTE (6,3009) DHASF,(D(IYLE(SYodgst¥X) B
73009 FoRmaT (///30X,374X Aub Y yNpUT DATA bHASE CORRECTED YO
TR12,4/7/7CL0X,2F20,5))
223 URITF (7,902)_ . __
910 ForMar(/)y

VRITE(7,910)__ =0 S
LURITF(7, 90‘)(P(J) E(J).J 1.1xx>
T CAIL PUNOUT (7)Y . - 3
... ENNFYLE 7
.. MRYTE(6, 2600) s
2600 FORMAT(///60X /16, INPUT OATA TESY
oo 1eTv=4 . -
e FVADE :L/(AL\_ B
B2 CTFCARS(E(T1)w E(Ixx)) LY. 1Fe7y GO T0_2002 =
WRITE(6,2008)
2008 FORMATILZH ¥ COORNINATES E(1) AND_ECIXX)_DO_NOT_ _MATCH) -
2002 TF_{1COT.FO.4). 60_7n_75
D0 2007 g=2,1KX .' :
— TECIDEII=D(I=4)) 6T 3.0) GO TO 2003
CHRITE(6,2004) J,0(J=1y,D(Jy -~ - &

_2094 $ORMA?(55H tIrS* NATA CHEGK= D(J)'S_AT <3 0. Uh!TS SEPARAT!ON
cree Y15L02X 2CE 66,5 SIS i
s ~DAVESD{J)eD(J=T) . ——
ST IR (DAVE,LT.EVAD) WRITE(S, 2500) -
L2083 .Fr\D(J) DCJ=iYY. 6T.2.0).60 10O, ZOOS
o L MRYTF(A,2004) J,D(J~1),.DCdY . " UEE
_.2006 FORMAT(55H SECOND DATA CHECK= o(J)'s A7
S YIS, 2% 2CE14.6,8%)) . ==
75 LONTY NUE. _
S DAVESD(JYeaD(dety ot 32
e — _IF(DAVE.LT.EVAD) URITE( «2500)
2590 FOQMAT(EOX,29H ERROR IN CHOOSING 1X):
22005 1F((B()=DCI=1)Y.6T. . 48E=2) Gp TO. 2007
T HRITE(G, 2001) J, D(J 1, D(J) e &

T 1CT=40
CONTINUE . .
i CAUL TIME (7)o oio..:
- HRITE(6,16) T. - —
il TECIRT.GY.S) wnxrc(s.zoss) R
..2015 FORMAY(4OX.22H DATA ERROR. t*ttt*ﬁt**)
_ 1FCICY.GT.3) GO To 18 e
CIF(ICTYL LT 2 ug:7s(6,201ox__t>4‘
FORMAT (50X, 164 INPUT DATA 0.K.H..
CONTINUE _ . . . __ .
KTh=20 . omrzosoon
ApY=0 .
- FLaD(EXYY=D (1Y o ..
— . CAFA=AFAC/ABAG ___ . . e -
.~ . FACA= CAFA/(D.00000000294) BN N S S B R N Ty B Yo N Ry
. 58 CONTINUE .
1§5%=0
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23 CONTINUE - L ms s hEsTh T A TR
- TECISOX.G6T.S).. Gn TO 27 i
e 18SAGsEX R
e IXzJap
= ALSAsAl
L. At=JSapmt _

22 CONTINUE :
ITOR={IX= 1)/(5)
_DIV=4.0/ Ay
_BEFR=(, 13333*01v
IXT3(IXet)_
. C(iy=r(1y
—=_CALL TIME (1)
WRITF(6,16) T _
1F (LAMR.GT.10Y GO Y0 667
. IF(LAME, GT E)AFO
T KTh=p - T =
e FLEDCIXX) =D (1)
.- CAFA=AFAC/AFAS
e 1TCHE(IX= 1)/<$) _

DIvs1 _0/¢ALYy - =
_:IXT=(!Xf1):"~ﬁ
___C{iy=r () oL

~bpD 3060 1722, <tx 1)

LATTSFUOATCIT) -
DO 3001 J=2, Ixx —
;_1510(3) LT.XC1T)) G0 Y0 3001
L TR(DCT)., Ea X(IT))C
18sted
IP(D(J)
o gi)}_.__ = sain S ST
....60 T0 3000_______
3001 CONTINUE == o
CONTINUE

- b0 S LH:Z.(!XXwZ)_
. _LY=leet | e —
T2 EATan(LB+4)=D(LRY -
oo ERTaD(LR42)~D(LB)Y_
LFECY2DlLB+2Y D LRY) |
CAAYEDCLRYISD(LYY
__ ABTaD(LR+1)=D(LTY. . :
CACT=EDLRE2I-D(LTYY . | _ P
EETSD(LR42)+D (LAY m2 0wD(LY)
. rb(Lnas((F(LB)-F(Lr)>/(AATaEAT*FBT))-((E(La¢1)-E(LT))/(ABTtEATtECT
1))#((F(LR‘-2)-E(LT))/(ACT*EBT*FCT))
. BCILBYB((E(1LB+2) F(LT))/(ACT*FBT))n((F(LB)—F(LT))/(AATtEB‘
1BYYEE?™) -
..... AB(LRYS((E(LB)~ F(LT))s(BF(LB)tAAT*AAT)-(CD(LB)oAATﬁAAT*AAT>)/(AAI)
S CONTINUE U s iIi B R ok = i
EATaID(2) -
EBTaD(3). —- . ..o ==
ECT3D(3)~ a(z) R
DEITen (Ixy)=-D(1xXXmt) =2
AATaDPLTY . -
ABY®D (2)+DELTY
_ ACTan{3)+DELT
N EET=D(3)+2,0%DFLY " -
rbt1>-((c(1)--~yxx-1))/(AAT*FATfrer))-C(E(z) E(xxx 1))/(ABT~EAT¢EC
TTIV4(CE(D)uF(Ix=1)Y/CACT4ERTSECTY) -
RF(1)a((F(S)"(IXV~1))/(APT'rBT))-((F(1)-t(XXK 1))/<AA7tEn?))-CD(1
1)YepY e

It
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ABLIY o ({F 1Y uE(iXXm i)Y m (Bl IYRAATH#AATY M (CD (1Y RAATHAATCAATYIYI/(AAT)Y
FATINELY
ERY=D(2Yy+DELT
ERT=N(D) o
ZaTAN(IXY~1) =D XYnD)
AQr=D(lyx)=D{lxy=2)
ACTED(2y+ 0 (IXYY=R{IX¥n2) far
FET=A(2 4 p 01X aplIvXep)4n(IX¥X=4)= o(!wx 2) o
COLIXY= 3= ((C uxmt N mE (X% e2) )/ CAATCFATRERTI) e (LECIRXI e ECIXXe2) )/ (

TARTSFAT#EOTA) S ((EL2Y~FLIXVY=2) )Y/ CALT#FRT&ELT)) .
BCOIXY a1y =B (23=F{IXAn2) Y/ CACTHFEY) ) ((F(IUXe9)mE{IXXw2))/ (AATHER -
1YY= (XX~ ) eEETY _ . N R S

ABLIXX =) = ((E(IUXm 4 ~E(IXX=2) ) m (BCLIXX2q) #AATH#4AT) e (CD{IXX=4)®AAT =
T#AAT+AATY Y/ CAAYY

909 FORMAY(1X,215) - = - -

. CAarL TIME (7Y ... ..

- WRITF(6,16) T -~ -7

17s9. -

43 prarTat o

A!v::;oAT(lr) R
 XITICATTLT D) DIV AFL-

_908 FORMAY(1X, F?O,

JEy o

_..18= 0
12 Jmg+1al18 -
TF(DCS), L7 XIT)GO T0 38 .
IE(D(IY . EC, XITYC(ITY=E(dY .
IFlD(J) FQ.XITIGO . TO 90
TUR(I.RQO,.2) 60 TO 35
18adey .
. 188n18mYs
. X1TT=X17-D(1SS)
. GO TO 34
35 1821 _ _
L 188=(IXX=1Y &
e XITT=XITHDELT.
324 C(1TY= E(!@S)*(Aa(!S)*XITT)*(BO\ls)*XlTT*XlTT)*(CD(!S)'XITT*X!YY°X!
___m_1175_”.._"1_“7,,____“,
. .. GO0 TO %90 . L
__ 88 1F(J=1XX)12, 12,89 _ o
90 TFCIT=TYTYS 3,13, R0
. 667 DELTPH1=360. 0/(YX-1L_.
670 FORMAT(35Y,33H CALCULATED PISTON MOTION CASE NO;18).
LMRITF (6, 670)ICAS&__
HypaxXXX . . o Gl
XLfR1=XLCR/R0A_____
XLERY2=XLLRI*XLCRY
e . DO 66R 1=141X .
N HluH!P'3.141S°25536/180 0. i
o __ SINP=SIN(HIY . _. e R
Cl1)=00% (1=¢0S (KT YaXLER1¢(4m QRT(4=SINP*SINP/XLECRY2I D). bt
. COSPELOS(HIY
831 rOnMeT(Yx,7E16,8y_ oF
LC(1y=100000(TY _ —
- IF (£aS(HIP=340. 0).!7..1EE?) Hireg 0=
- HIP=HIP*OELTPHIE
668 CONTINUE -
&9 co~Txuue,,_“T_T_
- . CALL TIME (7)Y .. .
e — HRITFLO6,16). Y _
= .. . 1F(ISOX.6T.S) GO.TO. 2;-'
903 FORMAY(F12.1:2X) .
FORMAY(S50%,58H TABUIATION OF CALCULATED,'EQUI~SPACED' INPUT COORDI

~
—
-t
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TNATES )
CURITF(6,611)
WRYITF¢6,237y :.. _ .7 __
(206 FORMAT(LOX,2F20.5).
‘s DO 25 J=1s3AP =
DA LAY S
URITFL(6, 204) OOJ.C(J) _
25 _CONYINUF
- .. WRITE(?,237y =
URITE(?7,010Y
CURITE(7,G06Y(Ct) s Tl dAPY
906 FORMAT(F14.5, zx)
o CALL rUNOUT (7) i
___FMDFIVE 7 ___
24 150Xs180X41
IX=18AG e
- AL=AL 84" : T TR T
. YECISEX. LT.45). GD TO 23 _ _ ___
.. POLYNOMIAL VARIATION BETWSEN POINTS ASSUMED, 7=
r(YT)uAﬂ(IQ)*X(!TT)+FF(IS)*X(ITT)*X(lTT)‘CD(IS)*
__TY.WHERF AR(IS),RG(TSY,CDLISY ARE COMSTANTS,
CDLISYIsY A/ XA (X2=X1) (X3=X1ImY2/X2(X2~ !1)(!3 x2)*Y3/X3(X3 X1)(X3-x2

U -
BC(I8§Y=aY3/X3(K3a AX1Y=¥1 /X1 (X3=X1) co(le)(XS
L ACCISYEXT/ (YIRS IXIXT=CD(18), X1, XY X )=

- 91 po 92 LA-:;(IX-1)/(2)
_.J0rstae? -
C(iotscr(JOT)t

L CCIXYal(IXY/7(2.0)
) —TECKTD.GT.3). 6
B o CALL TIME (T) =
URYTF(6,16) T ___ o
320 FORMAT(3I%,3IH AR,25Y,3H BC, 25X, 34 £D) -
_ 237 FORMAT(//I/S59X%, 3AhC~LCULAT:D. COORDINAT
310 FoeMaAT(20X,3F20.5). - ol
6 aEuarLOAT(%rS)
- M= Lo
. KTh= xrn‘>
: —.. IPAZKMAYSIY it
e ._ DD 45 K=1DA,IX,1Y .
o AMPKeRLOAT(K) _
e AKTAMDK/ (REN)
Tl (KIGT. IR GO TO 201 = il
IF(K 6T ((1X- 1)/(5))) GO ro Ao
: ST F1=0 [i} D 2 =
.. . F22D.0
hArRK=(6, 22314 3512*AK)/(AL)
.. CO0OKefOS{DARK)
- .. .- ACOC=2,0«C00%
SOND=8IN(DARKY . . ..
-2 PO 19 172=21,0X EoomsToci
s e IMEIXYR1Z ,
= T, FO:C(!d)#Ft*ACOC-FZ
= F2=;1 :
Fiaf0
.. 1% CONTINUE
A MeM+q S
. 1F (ARE.LT. . 1F=7)
= - 460 TIF (ARS(TVWiE=1.0).
M2E2eM
Agai(u?)
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T 462 Agadmy

461 COYTINUE

466 FORMAT(4H Sd“P:.Ei? 6) .
15 CONTINUE . . =T

hC,_"

2401 1XeIX .

. MMAXaM : o

a9

73

= = DO 43 Kz, MMAX..

e 78
L3

8990

901

26{0 FORMAT(35Y,5LKEAURTER COEFF!C!ENY% (MODULUS>
1M8Yy - . - -~ LT

1ms) -~ i
— 77 uurr;¢6.7aa_n_~h_,i_"
79 CONTINUE T T : h T ; .
— 499 FORMAY(///4X, 154R.M7S. HARPON!F,EX 9HFREQUENCY SX:1SHHARMON!C"MMHB
TERI2X,14HEEAX HARMONTC, 7X  SHPHASE 13X 6HCOSINE, 12X 4HSINEY
CWRITF (6,499) . . . . .__..

:_.1ZLX:QHCOMPO“ENT;?X:ONCOMPONFNT

TALEY 15X, aHR (K)o
CWRITEC6, 700y

CWRITF(7,499) i =il
_CALL RUNODUT (2

BS=R(UP)
GO Y0 461

RSzB (M)
M2aM

A(MY=(FN=(F2+0DNKyYaCAFA*BEER
BEMI=EP4SNON+CAFA+REER ) )
PRY(MIBATINCA(MY/R(M)III8N,0/3,14159256
R(MYI=SORT (A el (My+3 (M) «R(M))
DREMYSR(MY/ (O.800000002946y . - .
TEEDR (MY LT 1.0) Da(IY=1.0
DACMYB2N . (i=dL0GI0(NR(N))=3 0. 5
ATAN(MYeS) G#ALNGYINCAK) S ——
FRFQ(M) ZACANULT CoTE e SoTETR T
18 (APE.GT, {Em?) jyMp= squ‘nzacn\u)«As A(H)*BQ)
1F (A9E_GT. 1€=7) WPITE (6:466) SUMp | s

CAICUTATION OF necks SIHPLIF{ED ALD. o r¢u1ﬂ

SUMps qUupa! 161S?ZoS}S*AREADiFUVD/3°6000000 d
EMAX =K

CALL YIME (T)E
WRITEC6,163 T
TF(NED.GT.1) GO TO 7?_.wwa

URITF(é 2610)_nﬂ__._
IF(NER.ED. Y)Y GO TO 79

TRANSI

FORMAT(4X,1SHAMPLITUDE IN DB, BX 3HE/S. 24X 1 BHAMPLITUDE LB/§0, 1N

WRETF (6, L¢1) P

WRYITE(?,400) _ ... -~
WRITE(?,17Y1CASE_____

CONTINUE oI

GAGA((K-1)%TY+IPAY _ G b E =
URtTE (4.2890) ba(K). FREO(K):'AGfR(K).ﬁHI(K):A(X):B(K)
CONTINUE —_— ps
FOQMAT (11X, 7:17 7)m__,b‘A,
FORMAT(2F52.1,2X)

1f (ARS(SHWP) LY, .18=7Y GO. TO Aéa
WRITE (64463) SUMD
FORFAT(1?VOINDIFATED DOUER=:F12 6)
SUMP=20.0 _ ___ - = ol
couTINUE
CALL FIME (7)) ==x .
WRITELG,16) T

1F (1%0CT.£0.4) GO TO 7
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113 11a]
_ Fnacru-(100 0~ Aobp)/(ioo 0)
L FRACTDP=(100.0¢APERY/ (100,02
_1eounTsy .
CTOUNT= FLOAT(ICOUN7)
__ Sums= 911)*0(1)

. 1e?
105 peERi=FF= ﬁ(il)tFﬂACTD

____1COURTY ~xrﬂ MT61 B
T YCQUNT=FLOAT(ICOUNYY
. Sltm=z gqua(x)*a(x)
ERs £ 2 1
ThE=1iKe4
S S 4 SN IB) GO 10, 10?
_;~__*50 T0 100
TTA01 nafzsartvI(Su/TOURTY o o
_DEC=DRC/(D, 00000000?9&)
L 1F¢DRELLT.A.0) DBC=1,.0.- e
___DB(IKY=20, '*ALOG10(DRC) -3 0
CAYANC(YIY=FREQ(ILY
_TLaSY=1!

_ Icnuurcﬁ._
o TOUNT=FLOAT(ICOUNTY ==
103 PER2zFRFA(CIN*FRACTM e
Soo.o.o  YF(PFR2.GT.PFRTY GO.TO 104:
L SUM=SUM+R(IY*R(1)._
= TCNUNTSICOUNTSY . -
TYOUNTaFLOAT(1COUH
B3 E L BT
1JK=1JK+1
TFCTIIK.GT.
e e G070 103
104 BETIEXE
o KaKei .
TIECIT.NE.ILAST) GO 70 405
Tat+t
CTJKEI KA
IS 5 5§ E X By
; . Stius n(!l)*R(lI)
_?ﬁ___“lcouur-xrouurﬁ1 _
e . _TOUNTaFLOATCICOUNTY . 2
L 60 TO 105
.. 200 FORMAT(14%,39H COHSTAHT PERCENTAGE BANDHXDTH ANALYS!S)
V07 ArANCGRY=FREQOIDY o - .
o 60 V0 100 o ce T EE
_.__A08 Koxed . S
— ALAN(KY=FREO(CIBY .
109 DBA=SCRT{CHUM/TOUNT)
T DRE=DRC/G.000000002904  _
e FEOCRRCOLTO1,0) DBRC=1.0.
ion bB(KY= 20 0% 4L0G1O(DACI3. D0

. MAXK=g .
P 17 (K_E0,2) GO v0 4002 7.
.820 FORMAT(1%,2F22.7) .
WRITELE,20]) .
] CURITFELEG, AT (DBLKY, AIAQ(K)cK 1:MAXK)
6002 CALL SIMFLTY . . b - e
WRITF(6,16) 7
1R ENDFILE ?
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60 Y0 221

7 CONYINUF

INK=4

PO 14 1=1,28
ICOUNY=D
SUM=0. 0 o
YAaY=zFR(FY=+.4915
PFRY=FR{TY=HAT
PER2=FR{1)&uAT
hO 6 JsTHY, 18 e
15 (FRPERCJIY LT PERYY 60 TO 6 7 -
IF (FREC(JY . GT PER2Y 60 TO 8
SUMSSUMR I »R(I)_ -2 - - -2 - -
JCOUNTRICOUNT+Y
COMTINUE. _ _..oo0-

INKsY
tF (yFOUNT FO 0y g0 10 1
BRESSNRT (SUH/ICONUNTY ___
- DBE=DARC/0.HN0000002945

IF (MRC.LT.1.0) DRC=1.0 _
DRCIYE2D, Gral0G10(DRCINS. 0.
L G0.TD. 14
PRACIYal,
CONTINUE _ =
. HRITE (4, ?>2) L =5

222 FORMYMAY ('/1&x.24n1/3 ocr RA&D CENTRE FREQ 10X, 40HRAND
__§6MIN €/8,20%,21UDR RE 24EaL MICRO BAR//)
URITE (6,20) (FR(1),DR(1M71=1,2
FORMAT (15X,F12.6, 12X.F1? 6)._
CONTT NUE ... .

e CCALL YIME(TY -
. MRITELG,96) .T. -
S o CTFCL.6T,S) GO TH 44 =
.. STOP...
. END._

EVD OF SEGHFNT:

LENGTH 3737, NAME..f
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LUv?Pay Jin KEeletdd FIPR N VR
Cuvisy Jur RELVUEST  1al7t mix0S

PURTHAN CURPILATIUN oY EXEAT Mo &C IATE  2uluarl6  TIME ULi¢d74L

.

[IACA7R] LESTLLP) -
vvud prutRAn{UINULYA) . - - .- e - - -

yvos pnFul 59( Ry .

Vvl suY vl C3LPT - . J .- -

Uvud YnTPUI feTPO

Ovle C2Eeft o0xv](/{GRAPNPLCTITER)

oy TsaCz ¢

(IR ) END - e -

S MODIFIED. V1Tn

VUoy AASTEN FUUKIER ANALYSES DA

vy ———— ClrénsStUs FRUCE) - . e, .
[ITAR] DIrFENS]IUN L(OU&&)cU(LOO),E(Avﬁ),A(1£UOIuﬁ(1ZvU)195(1200)r*lﬂh(13 .- .
AR N PR 1v9)'ﬂk(1€09):‘(‘tuai,x&cubv),YlT(7).5“2?(1(?9),DC(#1U>,EC(J1U) P

gl DIMERSTOS  AIANTRIZUC) pLBT(TCE0)

Uvie - iAlAFK(1);Fi((),iR(}}47*(&),!i(5),$‘(6),?ﬂ(7),FR(&):PR(9)1FR(1U?i ———
Ovts 1 FRCIT1D e FREIC) Fatt8), Fatl1e) s FREIS)IFREVO) (FRUTI/IFR(VE),

ovie  _ L l fR(IG),FP((v),F:(¢1),FR(!:),(R(Zb’riRith),iK({b);SR(Zo), L, -
(TR 4 3 FRUZFD s F# L) /8y 0rdS Ve 31,560, 0yd0, Uy03,0r30,Ve100,0r

Ovig e & 12),0,10U.04200,0,£>0.U:51>,ﬁ,kvO,U,>0u.U,béO.v‘500|0,1000.0.

uviy bY 11:;,0.1ocn,u,¢vuu.0,¢>vu,u,51>u,u,buov.0,>voo,u,¢3v0,v,

vvey N - [ BUUY, U ICVUY L/ - - JOUR -
ovel 1% Cale Yire (T2

Uved - NRETELS41I6DT e - e e e e e e .
oves 15 EDRVAT(//7106% Tat TImME IS KOWyA3)

Uvie KEADCY p9 7L X g Y e lB XX g1 CADE . e e e e e
vves 99 FORYAT(1ID)

vves L REATUICYPIAFACIRFAG AL EXNBIRPM B e e e
ovey 25Y FOR nT(F12,8)

oves REAGLS,¢192(DCIY ELY) 9 d3Y BN} o R - - -
ovzy 1Y FOKIRT(FD>, U1K, ba,u)

Uv3g ¢ Y CouRpIaATE INPUT FOKMAT CKANGED TO ACCCMQODATE © FIGURE IxPUT o

vy ¢ PR

vvsd 1PARY i . U e - o s .
Ovds A%31,0

Vv3e YUQ BURSATLIN¢SnX £aD Y JAPUT CUORDINATES) .. - -

Vesy Wil Tetory0d)

uelo wT [TECOIF01IIOCI) ECI) iy, JAK) J— e et e e o e .
Uvsy CAFRSAFAC/AFAY .

uv3g YO YU JRY QXA B . . e e e e e e =
Vvsy ECJIcE(J)eCAFA

Gusy 9V CCaTinvE . . - -

Vve Ul 93 Is1aixa

Vveg D(J)tD(J)ﬁéeJ,U'tNEI(O(IXX)J

Uves 93 CUNTISUE

Uvées 12 -

Uvéed wQFTECS) D)Es I XX IN

Ovéed ATCay - -

Uveys FLECLEXX)=0 ()

Ovey S5 xT10=alQe2 [ . -

Vuiy PTCRatIReY )/ LY)

Vi Y Olvel, u/siaL)

budy 1XxT=C1xsY)

vd¢ CC1)EE(Y)

UVl A{Y)=D{Y)

Uvda DY b7 lled,Ulxet)

vl AlTasrLQaT (i)
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uvss ALITI3LeiTel U alvert

VeS? Vi 7Y 2500
yuvd s TR 20 ,LT 38210000 YU a6 . .
(19 . TP 0d ) ee kUITIICCiTIRERY) : . -
Uvey fSsy=t

Uvol SRt T KT 2T IR LI ) eCEC I we (I e(aCEY)=D1S))/C0CS)eDt}S

ove¢ )

vus s GOTL v

Ovoe ko CONTINVE . .. . .. L

Uve) (56 COnNTl.aut

Uvoo IASREEFRLN] -

vvbe? AEiTIsaAC)T)oScy, Urbnb/ (ALY

VUvba 8y COMTiNUE : - -

vvsy NElXxel

vy vEgYII=RY) .

v/ tC(1)2Fe(Y)

vvire 1#AS314/7¢0

vurs 0 8 Jsc,ImAS

Cvle 13Jrey _ . . - o I

' 1 AT REIES ]

0vre e . eCtur=L () R e e e e e e e v~ = o o e e e s
'R &4 3 CCrTIINVE
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