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[. INTRODUCTION

The high frequency vibrations of IC engines are caused by 3 mmber of
sources -- combustion, piston slap, and valve clatter among others. This
vibration is a major source of engine noise, particularly for diesels. It
js also a signal that has potential for revealing intermal operating ’
characteristics of the engine for purposes of engine control and fault
diagnosis. e

He have been studying those features of engine vibration that are related

to structural excitation by combustion pressures [1,2] amd piston/cylinder
wall impact [3,4]). Our studies have enphasized these phenomena in small
diesel engines. The applications have been to engine noise reduction, and
reconstruction of combustion pressure pulses from vibration signals. This.
reconstruction would be used either for fault diagnosis or evgine combus tizm
control. . -

We have made extensive use of vibratien transfer functions -- the ratio of
vibratory response at one locaticn to force excitation at another. We

have been particularly concerned with evaluating the limitations of this
technique -- to what extent one may limit the mucber of variables, and to
what extent one can treat the engine as a Jinear time invariant structure. -

Vibrations due to piston stap {and other mechanical impacts) are determined
by the dynmamics of the impact, and the vibration transmission path. In.our
studies of piston slap, and the alleviation of this noise component, we
have made a detailed study of the colTision dymamics, and their effect on
the noise spectrum. ' ’ oy )

[

IT. CYLINDER PRESSURE AS A VIBRATION SCURCE
A major scurce of vibration in diesel engines is the ﬁpid présswé rise

during the early stages of combustion fn the cylinder. Examples of such
pressure traces, measured in a Jolm Deere 4219 diesel are shom in Fig. 1 1]
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There is a compression pressure of several atwospheres amplitode which is
relatively unaffected by the amount of combustion, on which a smaller
amplitude combustion pulse “rides™.

The spectral implications of this behavior are shown in Fig. 2, which
compares the no-load spectrum (compression-expansion cycle only} with the
spectrum for 60T and 100% load (curves B and C in Fig. 1). The combustion
pulse appears to have wost of 1ts emergy in the frequency range above 500 Hz,
dropping of f at about 12 dB/octave. Obviously, the combustion pulse has the
potential for greatly increasing engine vibration levels in the most audible
bands. Alternatively, if we wish to use vibration data to infer combustion
performance, our processing should concentrate on the frequency range firom
500 Hz to a few kilohertz [11.

Cylinder pressure also affects piston slap excitation in the engine. A
simplified diagram of the forces on a piston during the compression-firing-
power stroke part of the cycle is shown in Fig. 3. 1In this case, the cyclic
pressure plays an important role in driving the piston into the cylinder
wall, with the impact coming earlier in the cycle and with more momentum as
the combustion component of the pressure is increased [3,4].

The cylinder pressure governs primrily the magnitude of the force pulse
produced by piston slap, but the shape of the spectrum is primarily due to
the dynawics of the piston-cylinder wall collision. We have been studying
this problem, and our conclusions are as follows [4]-

(a) The piston motion is a combination of sliding and rocking

{b) The bottom skirt of the piston makes first contact with the wall,
followed by rotation of the piston about the gudgeon pin amd crowm
impact.

(c) The principal high frequency energy produced by the impact occurs when
the cromm impacts the icylinder wall.

111. VIBRATION TRANSFER FUMCTIONS

The excitation of the engine casing by the combustion pulse can occur through
two "paths® — upward through the head, and downward through the piston
comnecting-rod crankshaft assembly [2]. The tramsfer function relating
casing vibration to force -- either on the top of the piston or the com-
bustion chamber surface in-the head has been measured for a mom-running
engine ard are shown in Figs. 4 and 5. Comparing Figs. 4 and 5, we note that
this P/CR/CK path domimates below 2.5 kHz. If we add the ma itudes of

Figs. 4 and § {assume the signals cowbine by energy addition), we get the
tota) transfer function for a statiomary engine {SYTF) shown in Fig. 6.

Since we are really interested in the vibration produced during ine
gperation, we have also measured a dynamic transfer function (DYTF) between
casing vibration and cylinder pressure shown in Fig. 7 [1]. There is mot
much difference in the wagnitude of these two transfer functions, so that
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we can use the SVTF for problems related to noise control. The phase
functions shown tn Fig, 8 are quite different, however, and that

affects the utility of the SVIF in reconstructien of the cylinder pressure
waveform, as we shall see.

It is difficult to directly measure the force between the piston and
cylinder wall that results from piston slap since that force is distributed
over an area and 5 fairly nonuniform. We have measured thé spectra of
vibration velocity due to piston slap at various points on the block surface
and the transfer mobilities from the upper cylinder wall to the same points.
Typical data are shown in Figs. 9 and 10 for a four-cylinder Isuzu engine.

A comparison of these figures suggest that either the force spectrum has a
strong peak at about 1.5 kHz or there is another transfer path. Measure-
ments on the piston of a motored engine show a rocking motion at about

1.5 kHz in response to the impact. Experiments are currently being performed
which will indicate whether or not the connecting rod and the crankshaft
comprise an important transfer path for piston slap noise. A comparison of
expected vibration spectra for piston slap and combustion pulse for this
engine is shown in Figs. 11,

I¥. APPLICATIONS TO NOISE REDUCTION

Since the vibration due to cylinder pressure in the audible Frequency range
results from the combustion pulse, reduction of this noise at the source
requires modifying the combustion. We have avoided this by concentrating
on the vibration transmission, We have constructed a transfer function by
combining cemponent transfer functions. For example, the P/CR/CK/BLK chain
can be divided into a piston/connecting rod component, and crank and block
{or casing) components,

A comparison between the measured SVTF and one constructed from component
VTF's is shown in Fig. 12. The agreement is good, up to about 3 kHz. We
believe that this is due to the neglect of moments and angular velocities
at component junctions -- moments should be more important in transmitting
vibration at higher frequencies., An analysis of the admittance characteris-
tics of the various junctions indicated that the best place to put some
resilience in the system to reduce the transfer function was between the
crank bearing and the bearing support structure. This was done for the non-
running engine, and a comparison of predicted and measured reduction in

the SVTF is shown in Tig. 13. The 10-15 dB reduction in transmitted
vibration should result in a similar reductign in radiated noise dus to this
path, but, of course, would not do so with other sources present, the

total noise reduction may be less.

The reductien of vibration through this latter path should be achievable by
the same resilient bearing support as described for the combustion induced
vibration. Reduction of the high frequency components may be most
effectively achieved by modification of the cylinder wall. He are presently
studying this possibility.
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Y. APPLICATIONS TO CONTROL AND DIAGKOSTICS

Me have been studying the recamstruction of the cylinder pressure trace,
shown in Fig. I, by using the inverse of the vibration tramsfer function.
We saw from Figs. 6, 7, 8 that the magnitudes of the VIF's for statiomary
and running engines were rather similar, but there were significant dif-
ferences in their phases. Our study has shown that reconstruction of the
combustion pulse is very sensitive to use of the correct phase, but rather
insensitive to getting the amplitude spectrim just right. ‘

A typical vibration pulse on the engine casing arising from a cowbustion
pulse is shown in Fig. 14. When this pulse waveform s used to reconstruct
the combustion pulse using both correct and incorrect {wrong cylinder)
DVTF's, we get the results showm in Fig. 15. Clearly. this procedure is
able to perfom fairly well in reconstructing the pressure pulse, and in
descriminating against the wrong signal for reconstruction.

¥e are exploring the use of this procedure for diagnostics {fault
determination) and control {parameter estimation). We believe that modern

data processing can make it possible to use highly modified data for sensing

of engine behavior, procedures that have heretofore been conceivable, but
inpractical.
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Fig. 1: Cylinder Pressure Measured at 1500 RPM (a) No Load, (b) 60% Full Load
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Fig. 2: Spectrum of Cylinder Pressure at 1500 RPM and (a) Full Load,
(b} No Load, (c) injector shut off
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Fig. 3: Motion of Piston During Piston Slap
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Fig. 4: Magnitude of SVIF -- Point 2A to: (a) Piston #1, (b} Piston A4
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Fig. 7: Magnitude of Measured and Model Vibration Transfer Function of the
Operating Engine -- 1500 RPM, 60% load
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Fig. 8: Phase of Static and Dynamic Transfer Functions Measured Between
Cylinder #1 and a Point on the Engine Block.
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