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A Study on the Identification of Noise Sources of the 4-Cylinder
Gasoline Engine by using Acoustic Intensity Method
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ABSTRACT

Acoustic intensity method is applied to a 4-cylinder gasoline engine in order to identify
the noise sources and the response characteristics. Acoustic intensity is analyzed by 1/3 octave
band filter for each center frequency. Radiational characteristics of acoustic intensity at overall
and the maximum intensity level are represented by using the contour and three-dimensional
plot. It is verified that this method is effective to the assessment of engine noise.

It can be found that the maximum intensity is radiated from the front side of the engine
under idling condition and the right side of it under 2,000 rpm running with no loading con-
dition at overall level, and also that the maximum intensity is radiated from the oil pan and the
intake and exhaust manifold at the center frequency of 100 Hz.

1. INTRODUCTION ' requested to the noise problem of automobiles
due to the demand of output efficiency,
Recently, high techniques have been energy efficiency, light weight, etc. For exam-

« RAQ, YYNGL FAR T
s+ o SE Wl




58/ X

ple, more delicate techniques of noise assess-
ment are necessary, which sugpgests a rapid
consideration for the reduction of the engine
noise problem.

Conventional techniques which have been
used to identify the noise sources are as follows
[1112]; (1) lead wrapping approach, (2)
laser holography. (3) modal analysis. But these
method are time consﬁming, expensive and
unable to analyze the wanted results directly.
Therefore, the development of new techniques
for identifying and estimating noise sources
in addition to the experimental method become
indispensable.

The highly developed digital analyzer
enables to measure directly the flow of sound
[3]1[4] (5], that is, the sound strength; these
methods measure simultaneously the acoustic
pressures of two closely spaced microphones,
and calculated the acoustic intensity by the
use of the cross-spectrum of them [6][7]
(81(9].

The above mentioned analytical methods
are able to obtain exact results by using a
computer, but there are many difficulties in
applying them practically. In this study, the
acoustic intensity method is applied to the
4-cylinder gasoline engine in order to identify
the exact noise sources. Also, the' efficient
approach method is developed for solving the
noise problems, and the softwares are devised
to display the contour and three-dimensional
plot by which we can determine the noise
source visually.

2. THEORY

2.1 Basic theory of acoustic intensity

In elasto-acoustic systemn, the acoustic
intensity is a vector quanity defined as a
product of the acoustic pressure and the

corresponding particle velocity at a given
point.

When there is no flowing, the 1-dimen-
sional equation of motion is
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where p is the density of air, u(t) is the particle
velocity in r-direction. If the acoustic pressure

-are p, (t) and p,(t) measured at two closely-

spaceded points in r-direction, then the gra-
dient of acoustic pressures is approXimately
represented as

ap(t t) —pi(t

apr( ) = Pz( )Ar pl( ) (2)
where 4r is the distance between two points
where the acoustic pressures were measured.
Then the approximate particle velocity is

=_1,tap@®
u(t) pf-_w—a"lj—dt

T glA—r fm_atn (P2 () —p1(1)} dt (3)

and the acoustic pressure P at the center of

two points can be approximated as p(t)=

{p1(t)+p,(t)} /2. Therefore the acoustic inten-

sity, [ becomes

I=1 im 1
T—oee T

Su(®) « p()dt=<p(t)-u(t)>

R S 2N (32 T (3 R
p_‘<—2—fm{p2(t) p(t)}de >
“)

where < > denotes a time average. By the
stationary and ergodic process of signals <Jp,
) St py(t)d7 > becomes zero, and using the
relation of <p,(t)fL, p,(Ddr >=<_p,(t)
J oo P1(t)d7 >, the acoustic intensity of equa-
tion (4) can be rewritten as

I=_ -;E <ps(t) S, pa(r)dr> )



By computing Fourier transforms of
equation (5), intensity  I(f; —f,)
in frequency domain is expressed as

acoustic

I(fi~F2) = — o

where Im is the imaginary part of a complex
number and G,, (f) is cross spectral density
function of the acoustic pressures at the two
points,

Hence acoustic intensity can be determined
by measuring the imaginary part of cross-
spectrum between the pressures P; and P,
measured at closely-spaced points. In this
paper, the 2-channe] F.F.T. analyzer was used
to compute the acoustic intensity in frequency
domain.

. 2.2 Directional characteristics of microphones
for measuring acoustic intensity

Acoustic intensity is a vector quantity
which describes the amount and direction of
net flow of acoustic energy at a given point.
If the real value of acoustic pressure is Py,
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Fig. 1
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and particle velocity is U, then the acoustic
intensity component is

I=Re (p**u)cosa 7N

where p* is the complex conjugate of P, ¢ is
the angle between the direction of acoustic
radiation and normal line of surface where the
sound passes. Equation (7) represents that the
vector component of acourstic intensity in the
direction is theoretically equivalent to cosine
function of intensity vector. In practice,
acoustic intensity probe is made to measure
the acoustic pressures and the component of
pressure gradient along a line joining the
centers of the microphones. The value of
acoustic intensity passing the probe is the
vector component of an intensity. Equation
(7) shows that when « is 0o°, or 180°, then the
intensity value, I is maximum, and when a
is 90°, or -90°, then I is minimum. Fig.1
shows that the directional characteristics of
acoustic intensity makes the shape of Arabic
numeral “8”.

Directional Characteristics at 500 Hz ond 8 kHz for the intensity probe titted with
1/2” microphones and a 12mm spacer
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1/2 inch Microphone
B & K Type 4165

Interface
IEEE - 488

Impulse Precision Band Pass
Sound Level Meter []
Type 2209 -Filter

| FFT Analyzer

2 ch. Miero-Computer

(8D-375) (NEC PC ~8801)

Fig. 2

3. EXPERIMENT

3.1 Experimental apparatus and measuring
system

- A gasoline engine (GWE-80, 1500cc,
Nissan), can control it’s loading condition and
revolution speed by a dynamometer, is used
in this experiment. Fig.2 shows the block dia-
gram of the measuring system and signal
processing.

All the measurements are performed with
two 1/2” condensor microphones and a 12 mm
spacer. In this space, the measurable frequency
range is 125 Hz — 5 kHz. The two microphones
are mounted by face to face and the phase
error between the microphones is calibrated
by a piston phone. The F.F.T. analyzer and the
micro-computer are interfaced by the IEEE-
488 interface bus line.

3.2 Experimental method .

The experiment in this study is carried
out by measuring acoustic intensity about
five sides of the engine under idling (700
rpm) and 2,000 rpm running state with no
loading condition. In order to identify the
accurate source of noise, we measure and
analyze each side of the engine by dividing

|

Plotter
MP-1000

CRT

Blockdiagram of the two microphane technique used for the acoustic iniensity measurement

36(6x6) points. The results are represented by
the contour and three-dimensional plot to
identify the accurate noise source of the
éngine visually.

4. EXPERIMENTAL RESULTS AND CON-
SIDERATIONS

4.1 Directional characteristics for acoustic
intensity probe

Fig.3 represents the directional charac-
terstics at 125 Hz for the acoustic intensity
probe with a 12mm spacer.

————— theoretical

— easured

Directional characteristics at 125 Hz

Fig. 3

for the prove with a 12 mm spacer
over tha cooling fan under idling
stale
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Table 1. Differences in Ir between the theoretical and meosured for the probe orieniation
Ir | @ (degree) | o | o5 | 45 | 60 | 90 | 120 | 135 | 150 | 180
theoretical (dB) 76.4 68.1 | 58.1 44,9 0| 449 | 581 68.1] 76.4
measured (dB) 76. 4 H.1] 7.5 67.2 | 52.2 66.9 | 72.4 .31 76.6
difference (dB) 0 7 14. 4 22.3 | B2.2 22 14. 3 6.2 0.2

As shown in the figure, we come to know that
the directional characterstics for the intensity
probe makes the shape of Arabic numeral
“8" and the intensity level is minimum when
"o is 0° or 180°, maximum when a is 90° or
-90°. The comparisions between the theoreti-
cal and measured Ir for probe orientation are
shown in Table 1, and it can be estimated that
the differences are come from the sound radia-
tional characteristics at all sides of the engine.

*4.2 Response characteristics of acoustic inten-
sity for each center frequency using
1/3 octave band

Fig4 shows the results analyzed by the
1/3 octave band for the acoustic intensity
under idling and no loading state of the engine,

Loval dB

T4 8 16 3.5 € 15 &
Frompuarey

Acoustic intensity level in 1/3 octave
band over each side of the engine
under idling state

As shown in the figure, the acoustic intensity
radiated from each side of the engine has
varied a lot and radiated or absorbed at high
‘level comparatively. And the response charac-
teristics came out in order like this; the front

side, upper side, left side, right side and rear
side. The highest level of acoustic intensity
at the front side is assumed to be the effect
of the cooling fan, especially this phenomenon
is remarkable from 100 Hz to 500 Hz. At
higher than 500 Hz, the acoustic intensity
radiated from the front side, left side, right
side and upper side are in almost same level,
and the rear side is higher to the extent of 5-10
dB.

On the other hand, the frequence response
characteristics of the acoustic intensity under
2,000 rpm running and no loading state are
shown in Fig.5.

Level B

Fig. 5 Acoustic intensity level in 1/3 octave
bad over each side of the engine_-
under 2,000 rpm running state

At lower than 500 Hz, the response charac-
teristics of the acoustic intensity radiated from
each side of the engine came out in order like
this; the right side, left side, upper side, rear
side and front side. Especially from the view-
point of higher level at 100 — 500 Hz, it is
assumed that there will be important sound
sources in this range. At higher than 500
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Hz, the levels of the acourstic intensity radiated
from each side of the engine take rank with
each other. And it can be known that the
level due to the increment of revolution speed
of the engine becomes higher to the extent of
15-20dB.

Next, the comparisions of the overall
leve]l of the acoustic intensity radiated from
each side of the engine are shown in Table 2.
From the results, it can be found that the
acoustic intensity radiated at the highest
level from the front side under idling state,
the right side under 2,000 rpm running state
and that . the. increment of acoustic intensity
level due to the revolution speed was remark-
able at the left side of the engine. Therefore,
it is found that the dominant sound sources
would exist in the front, right and left side of
the engine.

Table 2.  Comparisions of overall level of the
acoustic intensity radiated from each
side of the engine under idling and
2,000 rpom running state

sound intensity level (dB)
rpm

FR | LE | RI UP RE
Idling | 71.8 | 60.3 | 65.5 | 63.8 | 66.0
2,000 822 (8.1 ] 910|891 | 845

4.3 Sound sources and sound radiational

characteristics of the gasoline engine

Fig.6 and Fig.7 show that the noise source
in the overall level and the sound radiational
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Fig. 6 Acoustic intensity plot measured with

a 12mm spacer over the front side of
the engine at overall level under idi~
ing state

characteristics of the front side of the engine
are represented as the contour and the three-
dimensional plot of the acoustic intensity
under idling and 2,000 rpm running state

respectively.
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Fig. 7 Acoustic intensity plot measured with
a 12mm spacer over the front side

of the engine at overall level under
2,000 rpm rupning state with no lead-
ing condition
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Fig. 8 Acoustic intensity level in 1/3 octave
band over the front side of the engine
under idling state

As shown in the figures, it can be known that
the acoustic intensity of the front side of the
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engine is radiated at around the cooling fan.
Also when we measure the acoustic intensity
for each center frequency using the 1/3 octave
band filter under idling and 2,000 rpm running
state respectively, the results are the same
as shown in Fig.8 and Fig.9.
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Acoustic intensity level in 1/3 octave
band over the front side of 1he engine
uvnder 2,000 rpm running state with
ne loading condition
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Fig, 10

Acoustic intensity plot measured

with @ 12mm spacer over the front
side of the engine at 125Hz under
idling state

The acoustic intensity of the front side of the
engine under idling state has the maximum
level at around 125 Hz, and the contour and
three-dimensional plot of the acoustic inten-
sity for this frequency are the same as shown
in Fig.10. As shown in the measurement
result of the acoustic intensity, it is assumed to
be the effect of the alternator located on the
left-upper point of the cooling fan that the
maximum level is shown at the engine exists at
the left-upper point.

On the other hand, as the acoustic inten-
sity of the front side of the engine has the
maximum level at 125 Hz as shown in Fig.9
under the 2,000 rpm running state, $0 it can be
known that the dominant noise source of the
front side of the engine exists at around 125
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Acoustic intensity plot measured with
a 12mm spacer over the front side
of the engine at 125Hz under 2,000
rpm running state with no loading

Fig. 11

condition

Fig.11 shows the contour and three-dimen-
sional plot of the acoustic intensity for 2,000
rpm running state at around 125 Hz, As shown
in the figure, the sound is absorbed from four
points and radiates from three points around
the center, then it can be estimated that the
sound radiation is caused by the rotating
noise of the cooling fan, alternator and crank
shaft.

Besides, from the experimental results
over the left side of the engine, it can be known
that the intake and exhaust manifold are the .
dominant noise sources and the absorption of
sound is occurred around the air cleaner duct
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Fig. 12  Acoustic intensity plot measured with

a 12 mm spacer over the left side
of the engine at 100 Hz idling state

under idling state. Also that the dominant
noise source is formed around the exhaust
manifold under 2,000 rpm running state.
The acoustic intensity for each center fre-
quency using 1/3 octave band filter under
idling and 2,000 rpm running state are analyz-
ed. Under idling state, the acoustic intensity
of the left side of the engine have the maximum
level at 100 Hz and the contour plot for this
frequency, as shown in Fig.12, shows high
level of sound radiation at the intake mani-
fold. Also under the 2,000 rpm running state,
the maximum level at 100 Hz and the highest
level of sound radates at the intake and ex-
haust manifold. Thus it is found that the
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dominant noise of the left side of the engine
is caused by the effects of the intake and ex-
haust manifold.
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Fig.13
a 12mm spacer over the right side
of the engine at 200Hz under idling
state
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Acoustic intensity plot measured with

Fig. 14

. a 12mm spacer over the right side
of the engine at 100 Hz under 2,000
rpm running state with no loading
condition

Identification ‘of noise sources and sound
radiational characteristics are carried out under
idling and 2,000 rpm running state for overall
level on the right side of the engine. Acoustic

intensity radiates constantly from the whole
right side of the engine under idle running
state and some higher sound level radiates
from around the flywheel of the left center.
The oil pan located at the lower side is evaluat-
ed as a dominant noise source at 2,000 rpm.
Under idling state, the acoustic intensity of the
right side of the engine have the maximum
level at 200 Hz and the contour and three-
dimensional plot for this frequency shows
high level of sound radiation at the upper part
of the flywheel and sound absorption at the
center part as shown in Fig.13. Also under
2,000 rpm running state, the maximum level
at 100 Hz and very high level of sound radia-
tion is occurred at the right part of the oil
pan as shown in Fig.14. Therefore, the domi-
nant nojse source on the right side of the engine
with the partial absorption and radiation of
sound results to the oil pan.

5. CONCLUSIONS

The important thing to reduced noise level
of the gasoline engine is to identify the prin-
cipal noise source by analyzing the coherence
and radiational charscteristics of each noise
source. From the considerations of the experi-
mental results, following conclusions were
obtained.

(1) By identifying the noise source and
sound radiational characteristics of the gasoline
engine visually using acoustic intensity method,
it was verified that this method was useful to
the engine noise problem.

(2) From the results of noise source
identification for GWE-80 gasoline engine,
it was shown that the cooling fan at the front
side, the intake and exhaust manifold at the
left side and the oil pan at the right side were
the dominant noise sources of the engine,

(3) At overall level, the highest level of



the acoustic intensity were radiated from the
front side under idling state and the right
side under 2,000 rpm running state. And in
the center frequency of the highest intensity
level, the oil pan and the intake and exhaust
manifold radiated the highest level of the
acoustic intensity at 100 Hz.
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