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Abstract

This paper presents an analysis of noise
occurrence at a diesel engine, and a design to
prevent the noise which occurred unperiodically
with frequency over 5kHz. The mechanism of
noise occurrence was assumed to be as follows.
The noise occurred when the following
conditions were combined: (1) cavitation
appeared in the oil film at the main bearing, (2)
main journal vibration in the radial direction
induced further appearance and collapse of the
cavitation. The mechanism was verified by the
following items derived from numerical analyses
and experimental results, (a) the existence of
cavitation at the time of noise occurrence, (b) the
instability of the main journal-oil film, (c) the

simultaneous fluctuation of the combustion
pressure.

Finally, the observation of excited oil film and
the measurement of noise were conducted
simultaneously by making a test rig based on the
mechanism in order to investigate the relation
between the cavitation and noise. The noise
occurred when the cavitation reached the
atmosphere at the end of oil film. The reaching
of cavitation was prevented by cutting a ring
groove at the end of a circular piece, and the
noise was reduced. The noise reduction was
confirmed on an actual engine by using a main
bearing with grooves cut at both ends.
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1. Introduction

In recent years, attempts to reduce noise of diesel
engines have contributed to the reduction of
combustion noise and mechanical noise. However,
the insolvable problem of other noise yet exists. For
example, the noise with a high-frequency of over 5
kHz unperiodically occurred from the main bearing
of a diesel engine.

This paper presents an analysis of the noise
occurrence at the 7th main bearing of an in-line six-
cylinder diesel engine, and proposes a design to
prevent the noise from occurring. Firstly, the cause
of the noise was considered and then clarified by
EHL analysis and stability analysis. Finally, a
visualization test of the excited oil film and
measurement of the noise were conducted
simultaneously to investigate the relation between
the cavitation and noise, and prevention of the noise.

2. Condition of noise occurrence

The operational condition of noise occurrence is
shown in Table 1. The noise occurred at the 7th
main bearing in the cylinder block at the time of the
5th cylinder combustion as shown in Fig. 1. The
frequency of noise was over 5 kHz, and this noise
occurred unperiodically.

3. Assumption and verification of the cause of
noise

3.1 Assumption of noise occurrence

The cause of noise was investigated on an actual
engine. No contact between the crankshaft and
bearing was observed. On other hand, cavitation
erosion was observed on the bearing surface as
shown in Fig. 2. Therefore, the cavitation seemed to
be one factor of the noise occurrence. The
mechanism of noise occurrence was assumed by
using the following three conditions as shown in

Table 1 Condition of noise occurrence on in-line six-
cylinder diesel engine.

Engine speed 2200 rpm
Output torque 90 N-m
Crank angle 610-620 deg. ATDC (No.1cyl.)
QOil temperature 90 C
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Fig. 3, and the assumption was verified as described
in the following sections.

3. 2 Elastohydrodynamic lubrication analysis

Elastohydrodynamic lubrication analysis which
considered mass conservation of the oil flow in the
oil filled and cavitation areas™ ? was conducted for
confirmation of cavitation in the oil film. The
analysis was defined by using the relation between
the inward and outward flows which considered a
fill ratio of oil, v, in a control volume as shown in
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Fig. 1 Cylinder block vibration and noise.
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Fig. 2 Cavitaion erosion on bearing surface.
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Fig. 3 Assumption of noise occurrence mechanism.
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Fig. 4(a). The cavitation in the oil film was
calculated by considering the equation of continuity
including the fill ratio and the oil film thickness
including elastic deformation of the main bearing.
The bearing loads Wx, Wy of input data were
calculated by the engine vibration analysis.3)

The cavitation in the 7th main bearing under the
noise occurrence condition was calculated using the
load data and the calculating condition in Table 2.
A large degree of cavitation existed at the time of
noise occurrence as shown in Fig. 5(a). This agrees
with the assumption shown in Fig. 3. The cavitation
existed in the cap side of the bearing as shown in
Fig. 5(b). If the crankshaft vibrated in the radial
direction in this situation, it caused the further
appearance and collapse of the cavitation in the oil
film of the main bearing.

3. 3 Vibration of main journal in radial

direction

When the 7th main journal is unstable and an
exciting force exists simultaneously, the main
journal vibrates. Stability analysis of the main
journal was introduced to investigate the vibration of
the crankshaft at the time of noise
occurrence. The bearing oil film
model shown in Fig. 4(b) was

of the crankshaft journal was {X} and the
equivalence mass matrix was [M], the characteristic
equation could be described as shown in Eq. (3).
Here, the equivalence mass matrix of the crankshaft
was decided from the dimensions of the main
journal. The introduction of Egs. (1), (2) and (3) is
shown in the reference® in detail.

a(df,) a(df,)

K. K, |o@x) a(dy) o
a(df,) a(df,)

A(dx)  a(dy)

Table 2 Calculating condition for EHL.

Compressibility factor 500 MPa
Oil viscosity 10.1 mPas
Bearing housing 205.8
Y oung's modulus GPa
Poisson's ratio 0.26
Density 7.9% 10° kg/m?
Engine speed 2200 rpm

Noise occurrence

expressed by Reynolds' equation.” « %0 :%88$$ | 2200 rpm: CA=610 deg. ATDC
The linear stiffness [K,] and damping £ 40 08 A
. . . > ' NN
[C,] of the oil film were defined as é 30 ; 06
. 04
Eqgs. (1) and (2) by deformation of  Z 20 0
. . . 2 0.2
Reynolds' equation. Two bearing £ 10 0
. >
models were defined to express the & 0 60 120 '"”"”"””””””“l!l “Width
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translational and rotational displace- Crank angle deg. ATDC Bearing angle 6 deg. ir.

ments of the main journal as shown in
Fig. 6. When the displacement vector
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(a) Control volume model (b) Bearing model

Fig. 4 Elastohydrodynamic lubrication model.
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(a) Record of cavitation volume

(b) Distribution of cavitation (1-%) in oil film

Fig. 5 Cavitation in the main bearing.

X:(horizontal direction a7, fxx, Iyy:

of the crankshaft) (mass and inertia of
crankshaft journal)
x
L » |Y:(axial direction z R Yy

of the crankshaft)

VA
Kb1 Kp2
Ch1 Ch2
[ |

"

7 |

Bearing housing

Fig. 6 Bearing model by linear approximation.
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The instability of main journal was defined by the
sign of the real part of the complex eigenvalue. The
maximum of the real part in the mode vector of the
complex eigenvalue was selected at every time step,
and the vertical component of the mode vector was
shown in Fig. 7. The eigenmode of the journal-
bearing system became unstable at the time of noise
occurrence. Therefore, when an excitation force
such as a fluctuation in the combustion pressure
acted on the crankshaft, the crankshaft probably
vibrated violently in the vertical direction.
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The combustion pressure fluctuated with high-
frequency at the time of the noise occurrence as
shown in Fig. 8. The high-frequency fluctuation of
the combustion pressure changed cycle by cycle,
which was considered to be related to unperiodical
noise. The noise occurrence condition at 2200 rpm
was constructed by combining the three conditions
as shown in Figs. 5, 7 and 8.

4. Verification of mechanism of noise
occurrence

The conditions under which the noise did not
occur were applied to the above mechanism of noise
occurrence. For example, the noise did not occur at
2000 rpm as shown in Figs. 5(a) and 7(b). The noise
did not occur unless the three parameters were
combined simultaneously, thus strengthening the
validity of the proposed mechanism as shown in
Table 3.

Noise occurrence Table 3 Verification of the mechanism applied to the conditions

0.02

without noise occurrence.

0.(:)1 b AJ B ‘_'.

Parameter A Parameter B Parameter C

0 120 240 360 480 600 720

(a) 2200 rpm

0.02

Mode coefficient in vertical dir.

0.01 | |
O ‘

0 120 240 360 480 600 720
’ Crank angle deg. ATDC

(b) 2000 rpm

2000 rpm v 4
2600 rpm 4 v
Stopping fuel supply to
. v 4
5th cylinder
Small oil clearance 4 4
Large oil clearance v 4
High oil viscosity v

Fig. 7 Mode coefficient of the most unstable
mode.

Bearing cap

No.5 Cylinder | Yibration
TDC
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Fig. 8 Cylinder pressure and block vibration.

Microphone

v . satisfies the parameter

Parameter A : Cavitationin the oil film (Fig. 5)
Parameter B : Instability of 7th main journa (Fig. 7)
Parameter C : Fluctuation of cylinder pressure (Fig. 8)

High-speed camera Glass plate
Circular piece

Piezo-actuator

Load cell

Fig. 9 Test rig for cavitation observation and noise
measurement.
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5. Experimental verification and prevention of
noise

5.1 Relation between cavitation and noise

The observation of the excited oil film and the
measurement of the noise were conducted in a test
rig based on the mechanism of noise occurrence in
order to investigate the relation between the
cavitation and noise as shown in Fig. 9. The test rig
was composed of a circular piece and a glass plate
with the same clearance as the bearing clearance,
and the clearance was filled with engine oil. The
diameter of the circular piece was the same as the
width of the main bearing of the engine. When the
circular piece was excited in the vertical direction by
using a piezo-actuator, the oil film was observed
through the glass plate using a high-speed camera.
At the same time, the noise was measured using a
noise meter through a microphone, and the oil film

load was measured using a load cell simultaneously.

The relation between the cavitation and noise was
shown in Fig. 10 when the circular piece was
excited with half the maximum clearance and the
frequency of 60 Hz. When the clearance was
maximum, the oil film load was negative and
cavitation appeared as shown in Fig. 10(a). Next, as
the clearance became small, the cavitation size also
became smaller as shown in Fig. 10(b) and the
cavitation collapsed by the positive oil film load
which was observed to be "lightning shape” as
shown in Fig. 10(c). However, the noise did not
occur because the collapsed cavitation had not yet
reached the outer edge of the circular piece. When
the cavitation reached the edge of the circular piece,
noise occurred as shown in Fig. 10(d).

5.2 Prevention of noise

Preventive methods were presumed: (1) preventing
the appearance of cavitation, and (2) preventing the

S tgtus “P i

(a) Cavitation appeared in the oil  (b) Cavitation was compressed, (¢) Cavitation ?0113})58(1_ near
film, oil film load was negative.  oil film load was positive. the end of circular piece.
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(d) Cavitation reached the end of
circular piece, noise occurred.
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Experimental Condition

Test sample  : Plane surface
Frequency : 60 Hz
Displacement : 1/2 of clearance
Engine oil : 10W-30

Oil temperature : Room temperature

High-Speed Camera
NAC MEMRECAM Ci-3-j
Film speed : 500 /sec

Fig. 10 Relation between cavitation and noise.
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collapsed cavitation from reaching the atmosphere.
Firstly, an experiment to prevent the appearance of
cavitation was conducted using modified shapes of
the surface of the circular piece. Several kinds of
modified shapes were tested, for example, making a
hole, micro grooves, concave shape and others.
However, the cavitation and noise still occurred for
all the surface shapes.

Secondly, a ring groove was cut at the periphery of
the circular piece and filled with engine oil to
prevent the collapsed cavitation from reaching the
atmosphere. The cavitation stayed in the groove and
did not reach the outside atmosphere, as shown in
Fig. 11(a). As the result, the noise did not occur.
Figure 11(b) shows the noise reduction for
frequencies over 4 kHz which was achieved by
using the ring groove.

Finally, the bearing with grooves was made and
applied to an actual engine to investigate the effect.
The grooves were cut at both ends of the bearing, as
shown in Fig. 12(c). The noise which occurred
unperiodically at the bearings without the grooves as
shown in Fig. 12(a) did not occurred at the bearings

The "lightning shape"
collapse cavitation

Groove  Circular piece

,,,,,,,,,,

Enlarged

Catches the cavitation

(a) Collapsed cavitation caught in the groove
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with the grooves as shown in Fig. 12(b), confirming
the preventive effect of the grooves.

6. Conclusions

(1) Cavitation noise occurred only when the
following three conditions were combined: existence
of high-frequency fluctuation of the cylinder
pressure, existence of unstable eigenmode of the
crankshaft journal-bearing system, and appearance
of cavitation in the main bearing oil film. Therefore,
the noise occurrence can be estimated using these
three conditions.

(2) Cavitation appeared at the negative oil film
load and collapsed at the positive oil film load,
which was clarified by the visualization test of the
excited oil film based on the above mechanism.
Noise occurred when the collapsed cavitation
reached the atmosphere.

(3) The noise was prevented by cutting ring
groove at the periphery of the circular piece and
filling with engine oil to prevent the collapsed
cavitation from reaching the atmosphere. The
cavitation stayed in the groove and the noise did not

—(a) : Concave cone
(b) : (a) with groove

L L L L L
0 2000 4000 6000 8000 10000 12000

Frequency Hz
(b) Effect of the piece with groove on noise

Fig. 11 Observation of cavitation in the groove.

Grooves

Bearing metal
10 T il
21 1l | | 9 ]y
z z
2db} 2db}
0 2 4 0 2 4
Time Time
(a) Without grooves (b) With grooves (c) Bearing with grooves

Fig. 12 Effect of the bearing with grooves on noise.
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occur. Bearings with grooves cut at both ends were
applied to an actual engine, and tests showed that the
noise did not occur, thus confirming the noise-
preventive effect of the grooves.

1)

2)

3)

4)

5)
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