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t. INTRODUCTION

The measurement of engine noise ie neceasary to determine whether standards
can be met, to enable comparisons between engines to be made, and to assess
the effect of design changes and modifications. For these purposes the noise
measurement method should be as relisble and as slmple as possible, consistent
with giving results which are representative of the noise emission properties
of engines in absclute terms.

There are numerous national and internatiocnal noise measurement procedures
(Refa 1, 2, 3, L and 5) in existence, or proposed, together with various
procedures developed by individual engine manufacturers and instituticns.
Unfortunately this wide choice has led to noise levels being measured to
different procedures, mometimes to an ambiguous and misleading interpretation
of results, and difficulties in deciding the test method to use.

The main concern of this paper is to compare the available engine noise test
procedurss and show the relationship that has been fonnd between them, and
the main {actors that appear to ‘affect and limit meagurement accuracy. It is
hoped that this work will stimulate others to publish more measurement data so
that more widely agreed and valid standard methods can be achieved for the
benefit of the Industry and ite Cuatomers.

The subsequent sections examine various procedurea and technigues used for
determining the noise levels emitted by diesel engines in the 30 to 200 kW
poOWer range.

2. THE_SCURCE

Eugine noise is defined ms the noise radiated by the engine surfaces and the
ancillaries necessary for ite operation. Intake noise, exhaust gas noise,
cooling system noime are excluded, and as much as possible of the noise
radiated by the flywheel is also excluded since it 1s, in most ampplications,
enclosed in a housing.

The TA'T welghted spectrum of the noise emitted by I.C. enginee ls dominated by
the frequency range from approximately 500 Hz to about 5 kHz with the highest
spectrum levels occurring at about 2 kHz. The overall 'A' and 'C' weighted
pound levels are usually very similar.

3. MEASUHREMENT METHODS

Over the last 2% decades, during which time engine neise has been of interest,
a number of measurement methods have been developed for the determination of

engine noise levels. At first, measurements of sound pressure were mede at a
fixed distance from the surface of the engine, the distance being dictated in
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many cases, by the size of the engine test cell in which the measurenents were
made; often the unshielded dynamometer was in the same cell. Many meaguring
distances were used, eg 2 £t, 3 It and 1 metre, so that measurements could not
be compared in absclute terms, but gradually the 1 metre diestance has been
accepted as a standard.

The UK Industry in the early T0e felt the need for tighter engine noise test
specifications to ensure confidence in the aeccuracy and comparability of
laboratory memsurements., As a consequence the Industry cooperated in the
Aesign of a semi anechoic engine noise test cell. Wominally identical cellr
were built at MIRA and Ricardos,shortly followed by a test cell at Perkins
Engines. These cella were large enough to allow mound pressure measurements to
be made on & 3 metre radius hemisphere centred on the engine bed plate, to
enashle sound power to be determined with a small number of fixed microphone
positions in arder to overcome the problem of having to decide where to
pazition the microphones with respect to the engine. Trovision was made in the
cells to suppress intake and exhaust noise, a local underfloor engine cooling
pyatem was provided and the dynamometers were located in an isolated control
room. The cells provided relatively ideal conditions for measuring engine
nolse.

Au attempt was made to standardise test procedures and microphone positiocns but
thig proved to be almost imposaible at this early stage and it war resclved to
compare a number of sound pressure metheds which were in uee at the time with
methods glving a mearure of sound power. Comparisons were mode between the
sound power determined from 6 microphones on 2 3 m hemisphere (Fig 12 and
Appendix 1) and the results from procedures using various numbere of
microphones pocitioned at a variety of 1 m microphone positions. Some
indication of the varlety of specifications for 1 @ microphone positions in
varigus standards and procedures can be seen from the following examples:-

a) 1 microphones positioned at exhaust manifeld height 1 m from the surface
of an imaginery parallelepiped enclosing the engine.

b} 3 microphones positioned 1 m from the engine gurface at the height of the
crankghaft centre line, and one microphone 1 m from the centre of the top
surfrce of the engine.

¢} 3 microphones positioned 1 m from the engine surface at a height midway
between the crankshaft centre line and exhaust manifold height.

a) Ul microphones at % the height of the rectangular parallelepiped measuring
surface around the engine and S microphones on the top horizontal surface
of the parallelepiped.

2) A number (depending on engine size) of microphones pousitioned 1 m from the
eides of the engine midway between the crankshaft and the top of the
cylinder head.

L. EESULTS
h.1 Noise Cell Acoustig Conditicons

The results quoted in this paper were obtained in elther the MIRA or Perkins
noise_test cells which are to the same design. The cells have a volume of
200 o’ with 0.3 m long foam wedges on the walls and ceiling resulting in a
noninal cut-off frequency of 20¢ Az. The aconstic performance of each test
cell has been determined. The MIRA cell was evaluated by measuring the noise
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level of an engine in the cell and then repeating the measurements cutside in
true hemispherical free field conditions. The results of these tests are
plotted in Fig 2 which shows very good agreement between the two measurement
environments.

The Parkins noise cell was evaluated using a calibrated sound power source
{Bruel and Kjaer Type L205). Sound pressure levels were measured both in the
c¢ell and in true hemispherical free field conditions at 3 m radius., From the
measured sound pressure levels sound power levels were calculated {see Appendix
1) &nd compared with the calibrated levels of the sound source. The results
of this comparison are shown in Table 1. The results show good correlation
throughout the frequency range.

TABLE 1 COMPARISON OF SQUND POWER LEVELS (4B re 1 pW)

Octave Band Centre Frequency (Hz)
125 290 SOD 1000 2000 L0OO 8000

Calibrated Level of Sound

Soures 95.0 95.0 95.0 93.0 95,0 95.0 95.0

Yoise Cell 95,9 95.0 95.0 9L.7 95.0 95.3 95.8
Hemispherical Free Field | 95.0 95.L 95.0 9h.L 9L.3 9h.0 95.8

Condition

l;.2 Sound Preasure Levels at t Metre

The sound pressure level, at 1 w, emitted from an engine varies over its
surface. A typical example of this is ghown in Flg 3. The sound pressurs
level gradually decreased as the microphone was raised from ground level up to
the top of the engine. The 1 metre microphone positions mdopted for the
measurements reported in this paper are shown in Fig 1b.

4.3 Repeatability of Engine Noise Tests

To determine the repeatability, on the same engine, of engine noise tests,

Iy microphones were positioned at 1 metre from an engine as shown in Fig 1b.

The engine was Tun at a constant speed of 2000 rev/min, full load, and a total
of 10 consecutive tests were carried out during an elapsed time of 30 minutes.
The measurements were carried out with s digital real time analyser, 16 spectra
being averaged for each microphone. The resvlts from the b microphones were
then averaged {or each test, The standard deviation of the cverall dBA level
for the 10 nominally identical tests was 0.2 dBA, indicating that 95% of the
meagured data would be in the range + 0.l dBA.

The standard deviation of measured noise levels for several engines of the
game type has also been determined, The noise levels of preduction engines
were measured at their rated speed and power and the standard deviation about
the mean level caloulated. Table ? summarises the results which show the
variation in the measured standard deviations of nolse levels from samples of
a number of nominally identicel engines. The results indicate that in 9% of
cases a single example of an engine of one particular type could emit a noise
level in the range from +0,8 to +1.6 dBA about the mean. The pooled estimate
for the standard deviation was 0.59 which indicates that the noise levels of
nominally identical engines are likely to fall, in 95% of cases, within
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. + 1.2 dBA gbout the mean. The distribution of the engine neclae levels waas
shown to be Gaussian.

TABLE 2 STANDARD DEVIATIONS OF ENGINE NOISE LEVELS

Engine Type Number of Engines Tested | Standard Deviaktlons (dBA)}
A T 0.7
B 15 0.43
¢ 10 0.56
)] 10 0.70
E 10 0.42
¥ 10 0.60
G 10 0.49
Pooled Estimate 17 0.5

h.4 Measurements on 3 Metre Radius Hemlsphere

Measurements using arrays of 6, 12, 18, 2l and 30 nicrophones on the 3 m radius
hemimsphere on a number of engines have shown that increasing the number of
microphones has 1ittle effect on the mean overall dBA levela. Some typical
variations in overall levels are chown in Table 3. The effect on theyi—octave
spectra was also found to be small as can be seen from the envelope of mean
4_octave measurements shown in Fig ha.

The measurements referred bo in Section l}.1 demonstrate the good agreement
between the test cell measurements and measurements made in true hemispherical
free space in the open air. The mean overall levels diflered by less than
0.25 ABA, and at any one microphone the levels differed by less than 1.5 dBA.

.5 Comparison Between 1 m and 3 m Measurements

Comparisons were made independantly at MIRA and at Perkins Engines between the
means of measurements made at 1 m (front, top and two sides as shown in Fig 1}
and the means of pix microphones on a 3 m radius hemiephere (Fig 1a). The
results of these two sete of measurements are shown in Fig 5. 1t is to be
noted that the equations of the regression lines for determining the sound
power level of an engine from 1 m measurements given in the Figures differ
slightly. However the good agreement between the results can best be
appreciated by substituting values into the two regression equations; tn both
cellz the sound power level of an engine is given by adding 12.1 dB to the
mean 1 m meagsurements, within the important sound pressure level range of

85 - 100 aBA.

ie SWL & Average SPL at 1 m + 12.1 dBA

In both cells the standard error in predicting SWL from 1 m measurements was
approximately 0.6 dBA. The conversion factor of 12.1 dB can alro be applied
to the d-octave spectrum values ms shown in Fig Lb.

A total of 81 engines, both vee and in line, was ueed to detemine the
relationship between sound power and 1 metre sound preasure level.
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L.6 Comparison of Engine Noise Measuring Procedures

A, cylinder diesel engilne was run at 2000 rev/min, full load, and its noise
level determined to various procedures, the regults of which are summarised in
Table 3.

TABLE 3} THE EFFECT QF TEST PROCEDUEE ON ENGINE NOISE LEVELS
Number of | Average Sound Presgure Sound Power
Teat Procedure Microphones (dBA re 20 uPA) (aBA re 1 pW)
) 6 ﬂg.h 105.9
12 88.4 105.9
B3 L4196
. 106,
(3 m hemisphere) ;g gg.g at 3 wetres 186.E
i 30 88.8 106.3
MIRA/Perkins
(1 metre) L 93.5 at 1 metre 105.6
IS0 37LL
(Parnllelepiped) 9 91.5 at 1 matre 06,9
CIMAC and
DIN 45635 6 92.6 at 1 metre 108.0
(Parallelepiped)
SAR J1074 3 91.6 at 1 metre »
* A method for the determination of sound power is not given

The %-octave apectra of the engine sound power levels for the various test
procedures are plotted in Fig Lb which shows that all the procedures give
similar shaped spectra but the levele differ.

5.  DISCUSSION

From the manmufacturer and users points of view the measurement of the noise
emitted by automotive size engines is not yet satiefactory. Diflerent
measurement procedures utilizing the 1 metre measurement distance can glve
different results. An example of thie is given In Table 3 which shows that a
particular engine was apparently 2 dBA quieter when teated to the SAE J1O7L
1 metre procedure when comparsd to the tests carried out to the MIRA/Perkins
1 metre procedure. The difflerences arime becavse of the different surfaces
from which the 1 metre measurements were made, which effectively altera the
distance of the microphone from the engine. The SAE procedure stipulates
microphones at 1 wetre from the gurface of an imagirary parallelepiped
cempletely encleeing the engine whereas the MIRA/Perkins procedure uses
microphonee nat 1 metre from the surface of the engine 1ltself.

Sound pressure measurements, at approximately ¥ m from the engine surface,
vary with distance at a tate of between -3.0 %o -A.0 dBA/doubling of distance
depending wpon the engine and mirrophene position. This corremponds to n rate
of change in the measured sound pressure level of 0.4 to 0.8 dBA/0, 1m.
Unfortunately it is often dirficult to specify unambigmonsly the pogitions of
the microphones to 0.1 m.
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It was thought that the use of sound power would overcome the preoblems
encountered with the 1 metre procedures. However there are discrepanciles
among the sound poewers of an engine determined with the 3 m radlus hemlsphere
method and those obtalned using the rectangular parallelepiped method as shown
in Table 3. The detalled reasons for the discrepancies are not kmown, but cne
posgible cauge is that the surfece area of the parallelepiped may not increase
with distance, at the same rate as the sound pressure decreases. Thua, since
gound power 18 the product of the average sound pressure and the area over
which it is being radiated, 1t is possible for the sound pewer level of an
engine to vary with the messuring distance. An example of this is shown in
Filg 6 which shows that using a measuring distance 2 metres from the engine,
1lnstead of 1 metre, could change the gound power by between +1.3 to - 1.7 dBA
compared with that obtained at 1 metre. On the other hand cound power is leas
sengitive to uncertainties in the distance measurement. Unfortunately the
standarda and draft standards for determining sound power are very time
consuming to carry out because of the number of microphone positione required,
and the time taken to locate them and determine the surface area of the
resulting rectangular parallelepiped. However, the sound power of automotive
sized engines can be found easily, and with reasonable aceuracy (& 1 dB) by
adding 12,1 dB to the average 1 metre measurements. This reault will only
apply in test cells which simulate hemispheriecal free field conditions, use an
engine crankshaft height ¥ metre above the ground and use microphones
poritianed as shown in Fig 1b,

6. CONCLUSIONS

1) Tha existing procedures for rating the noise emitted by englnes are
unsatisfactory. Its determination according to existing procedures is time
conzuming, the results obtained vary significantly with the procedure used,
and not all procedures offer the means for determining sound power.

2} Sound power provides a means for reducing the uncertainty in the rating of
the noise emltted by engines. The single figure rating provided is useful
for comparing with intensity measurcments and sound power from vibration
measurementa.

3) Sound power can be determined relatively simply and to a satisfactory
degree of accuracy on conventional automotive engines mounted at a
crankshalt height of 1 metre by the addition of 12,1 dB to the mean of
four sound pressure measurements obtalned at 1 metre from the surface of
the engine.
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APPENDIX 1

Calculation of Sound Fower Level and Directivity Index from Microphones
Poeitioned on the Surface of a 7 m Radiue Hemisphere.

2
S¥L = SPLA + M) 1051021r r {am)
vhere SWL = Sound Power Level {dB re 1 oW)
SPL, = Average Sound Pressure Level (@B re 20 pFa)

1 SPL . SPLn
= i 8y obln
= 10 log,m - [antilog'To 0 R . antllog'w 10 ]

whers n nuwber of microphones .

r =

radins of hemisphere (m)

vhen Tt = 3 met.res.

swL = SPL, + 17.5 {dB}

A

107



_Proceedings of The Institute of Acoustics

Appraisal Of Test Procedures Applicable To The Maasurement Of Diesel
Engine Noise.

)

CRANKSHAF T
CENTRE LILE —~

. 2679

A
b) 1 METRE

FIG 1

108



Proceedings of The Institute of Acoustics

Appraisal Of Test Procedures Applicable To The Measurement Of Diesel
Engine Noise.

).lPu)
S
(=]

@
&

(=)}
‘-'?O

FREQUENCY kHz

ENGINE SPEED = 2300 REV/MIN NO LOAD

MIRA NOISE CELL
— — — — HEMISPHERICAL FREE FIELD

100

o]
o

il
””J’f[

‘A WEIGHTED /4 OCTAVE SOUND PRESSURE LEVELS (dBA re 20

il d[

||
10
FREQUENCY kHz

FIG 2 NOISE CELL& HEMISPHERICAL FREE FIELD COMPARISON

]
g

109



Proceedings of The Institute of Acoustics

Appraisal Of Test Procedures Applicable To The Measurement OFf Diesel
Engine Moise.

FROM
Eoel

i

INDER 31

T

0 LEVELS: i

IGHTED SO

“WE

=
(o
P
v
o
oL
dad
e
Lo ]
2 1
o
o
o
L
b
(g
=
4
(e 4
s
o
{t
o
E
=
o

FIG 3 VARIATION IN SOUND PRESSURE AT Im FROM ENGINE




Proceedings of The Institute of Acoustics

Appraisal Of Test Procedures Applicable To The Measurement Of Diesel

Engine Noise.

FREQUENCY kHz

(Mdi 31.8P) ST3A3T ¥3MOd ONNOS 3AVLIO €/

J3LHOIBM ¥,

FREQUENCY kHz

FIG & ENGINE SOUND POWER SPECTRA

111




SINBWIINSVYIN WE WOMd O31LVINITIVI ¥3MOd ONNOS N3I3ML3E NOILVIZHH0D S Ol

(SIS0 1} 830= [ Ly S13437 VP Hv3y (SRETLISOS b S8 1Y ST YEP NYd4

= B B 5 = = B 5 ]

1180 subjied (q 180 VHINW (D

senn= g Iy S WS

SBAME IY 51T TS

860 = IN3ID13) 1) o = 31214500 ROLLVIR
¥ 1LY T = U 15
ST N T = b ! SN e LS T ke o o B

<.m..SJ.....“..n_...__:a:., 2 Coandp D bniEiEl B = J007 PR
(¥ %04 | Eutiostaey) 2re = 3o : G =4 ¢ Bonaeeniay g0y < w3 P

SINIGS DNGA3S0515H L8 : SIRICS INTA3UMSV3H B!

Proceedings of The Institute of Acouslics

P
@
[
[
g
(=]
W
o
-
=
£
@
b
=]
o
"
£
o
£
&
@
-
g
o
-
ol
<
o
4]
B
=
&
g
W
("
=
m
&
U
=]
—
o
m
|
{1
M
1]
[+
=

Engine Noise.




Proceedings of The Institute of Acoustics

Appralsal Of Test Procedures Applicable To The Measurement Of Diesel
Engine Nolise.

{ NOILISOd Wi 24)
(vaP) TMS ANV 1dS NI 3INVHD

(W1 31 @P) 03did1137IvHYd 40 YIHY FIVANNS

dBreim
MEASURING DISTANCE

FIG 6 VARIATION IN PARALLELEPIPED SURFACE AREA, SPL

AND SWL AGAINST DISTANCE FROM ENGINE




