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ABSTRACT

Piston slap is typically the major source of noise
and vibration in a turbocharged diesel engine. An investi-
gation of piston slap in a motored diesel engine has been
carried out. Vibration measurements were made on the connect-
ing rod, cylinder wall, and block surface while motoring.
Drive point and transfer mobility measurements were made on
the non-running engine. The measured mobilities are used to
construct a model of piston-cylinder wall interaction which
predicts the excitation due to piston slap. The measured
transfer mobilities are used to predict vibration transfer to
the block surface. Bending of the connecting rod is shown to
play an important role in both the excitation of vibration
and the transmission of vibrational energy to the block
surface.

Thesis Supervisor: Richard H. Lyon

Title: Professor of Mechanical Engineering
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NOMENCLATURE
A cross-sectional area
a(t) acceleration
Alw) Fourier transform of acceleration
b,B width
o wave speed
E modulus of elasticity
f circular frequency
f(t) force
F(w) Fourier transform of force
G amplifier gain
h,H thickness
h(t) impulse response
H(w) transfer function (frequency response)
i V-1
I moment of inertia
K spring constant
L,L length
M mass
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N(w) Fourier transform of noise
P | pole of transfer function
P cylinder pressure
P Legendre Polynomial



10
NOMENCLATURE (CONTINUED)

radius

Laplace transform variable
trénsducer sensitivity
time

displacement

velocity

Fourier transform of velocity
mobility matrix

element of mobility matrix
zero of transfer function
clearance

loss factor

density

angular frequency (radians)



11

CHAPTER ONE: INTRODUCTION

1.1 Piston Slap

Piston slap is the impact of the piston against the
cylinder wall in a reciprocating engine or compressor. It
arises when the resultant transverse force exerted by the
connecting rod changes direction, causing the piston to leave
the side of the cylinder it was previously held against and
impact the opposite side. Piston slap at top dead center
before the power stroke is shown in detail in Fig. 1.1 It
is seen that the axial gas pressure loads and inertial loads
are balanced by the axial component of the thrust applied by
the connecting rod. The resultant transverse component 1is
balanced by a reaction force exerted by the cylinder wall.

If the operating clearance (8 in Fig. 1.1) is small, the
kinetic energy gained by the piston while crossing the
cylinder is also small, and the impact is not significant.
Audible piston slap in a modern gasoline engine is not normal

and indicates a need for service.

In a diesel engine, however, peak cylinder tempera-
tures and pressures are higher than in a gasoline engine; and
the piston must be more robust. In addition, aluminum alloy
pistons have a coefficient of thermal expansion which is

about twice that of the cast iron cylinder block. These con-
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Figure 1.1: Piston Slap
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siderations lead to greater operating clearances which alon
with greater peak cylinder pressures result in the piston
having significant kinetic energy at the time of impact., I
a diesel engine, the vibration excited by the piston élap

impact can radiate a significant amount of noise.

1.2 Engine Noise

The noise generated by marine diesel engines has
received serious attention for many years. Data presented
Zinchenko [1] in 1957 shows why. Noise levels measured nea
the main engine are given for 34 diesel powered ships and
three steamships. For the diesels, the levels range from
96 dB to 118 dB with a median of 109 dB. For the steamshir
the measured levels are 78, 92, and 96 dB. The difference
between the median steamship and the median motorship is
17 dB, so that even relatively speaking, diesel powered shi
are very noisy. Zinchenko determines that the dominant

source of noise at low frequencies is piston slap.

For automotive engines, one might suppose that the
first complaints about noise were sxpressed shortly afte
the first successful test of an Otto engine. 1In 1876 Gas
Motoren Fabrik Deutz brought out the "Otto'" Silent gas
engine based on the four-stioke cycle suggested by Beau de

Rochas in 1862 [2]. By this time, pisten slap was recogniz
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as a source of noise and vibration, although the principle

‘instrument was a modified stethoscope which was used to dis-

cover sources rather than to measure levels.

Recognition of piston slap as an important source of
noise in automotive diesel engines seems to have come rather
late. While authors in the United States, the United Kingdom
and Germany [3*,4,5] recognize piston slap, Austen and
Priede [6] make no mention of it in their 1958 paper: "Origin
of Diesel Engine Noise." This apparent oversight is probably
due to the fact that Austen and Priede were considering
naturally aspirated high spéed automotive diesels while the
other authors were considering the larger marine diesels.

It has since been shown that in the former, combustion is
usually the dominant source of noise; while in the latter,
piston slap is usually the dominant source [7]. Turbo-
charging however, leads to quieter combustion and higher peak
cylinder pressures. With the applicationlof turbocharging to

automotive diesels, the balance is shifted and piston slap

®

Mercy, Ref. [3] does not specifically mention piston slap.
In a series of experiments motoring an eight cylinder in-
line two stroke marine diesel, he rates the importance of
sources by selectively operating various components. The
pistons and connecting rods are rated second after the
scavenging blower, but Mercy attributes the noise to
unbalance of reciprocating parts. He does mention large
clearances as having an influence on noise, so one may
suppose he is also aware of impacts.
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commonly becomes the dominant source [8].

1.3 Reduction of Piston Slap Noise

Although piston slap has received serious attention

for over thirty years, it continues to be a serious problem
for manufacturers who are being forced by government regula-
tions to produce even quieter vehicles. To make matters
worse, deiand for greater fuel economy and reduced emissions,
within the scope of current technology, lead to conflicting
design requirements [9]. Thus performance in all three
areas must be compromised to achieve an acceptable design.
Therefore, a review of the current understanding of the
phenomenon was undertaken to determine which aspects of pis-
ton slap are well understood and which aspects are not.

This review will separately considef the piston slap as a
source of vibration and the path which the vibration follows

from the source to external surfaces of the engine block.

1.3.1 The Source

The phenomenon of piston slap is described in
Section 1.1. There may be either two, four, or six impacts
per crankshaft revolution, depending on speed and cylinder
pressure [10,11,12]. This motion has been analyzed by many

authors using models ranging from very simple to very detaile
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[5, 10, 12, 13, 14, 15, 16, 17]. The intensity of the im-

pact is then measured by the kinetic energy of the piston at
the time of impact. By changing various parameters such as
running clearance, piston pin offset, cylinder pressure, or
engine speed, the various researchers have examined the in-
fluence of these parameters on piston slap intensity. With
the application of high speed digital computers, it is pos-
sible to identify design parameters which give minimum pis-

ton slap intensity [18].

Unfortunately, mechanica” %esign considerations place
a finite lower limit on operating clearance;-while manufactur-
ing costs limit the piece to piece tolerances. Pflaum and
Hempel in 1965 predicted 'the use of pistons with controlled
heat expansion and piston eccentricity (i.e., piston pin
offset) will in most of the cases make it possible to
eliminate the noise from the lateral piston movement
entirely." [19] Such pistons have been implemented and
shown to be quieter [20], but they have not eliminated

piston slap noise.

Piston pin offset can reduce tﬁe impact intensity,
but not enough to achieve desiréd noise levels. Offset
towards the major thrust side (see Fig. 1.1) advances the
timing of the piston lateral motion (for the impact at

T.D.C. before the power stroke) so that the cylinder pressure
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is lower. Offseting this direction leads to a higher
maximum resultant side force exerted by the connecting rod
onto the piston, which led Alvarez to erroneously conclude
that the piston kinetic energy upon impact would also be
greater [11]. Ross and Ungar [7], following Alvarez,
recommend piston pin offset away from the major thrust side.
Other authors, however, recommend offset towards the major
thrust side, and actual measurements have shown this

recommendation to be correct [12,5].

Investigation of the piston-cylinder wall inter-
action during and immediately following the impact has been
much less thorough. This interaction must be well under-
stood in order to accurately predict the spectrum of the
interaction force. Typically, the piston has been modeled
as a lumped mass which drives the cylinder wall with an
impulsive force of finite time duration [10]. The spectrum
of such an impulse would Be broad band and smooth in fre-
quency. One may use a force gauge mounted on a hammer to
produce this type of excitation, and a typical force time
history and spectrum are shown in Fig. 1.2. Experimental
evidence iﬂ support of this model of piston slap excitation

is lacking.

Haddad and Fortescue [13] model piston-cylinder wall

jnteraction using a mass for the piston and two masses,
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three springs, and three dashpots for the cylinder liner.
vFig. 1.3 shows schematically their model. The parameters
for this model were chosen to match observed resonant fre-
quencies of the liner which are 1250 Hz and 2950 Hz. This
model implies poles and zeroes in the spectrum of the inter-
action force. O0il film thickness between the piston and

the cylinder wall was measured on the running engine, but
this data does not indicate how well the model predicts

cylinder wall vibration.

1.3.2. The Path

Obvisouly, piston slap noise is structureborne from
the cylinder wall to the exterior surfaces of the block and
airborne from these surfaces to the receiver's ear. Actually
the path may be more complex. Enclosures may be used to re-
duce the noise level at the receiver; or conversely, there
may be mechanical connections to the engine which provide
additional structural paths. In this work, attention will
be limited to the problem of transmission to the block sur-
face, since further transmission is common to all engine

noise problems and has received much attention [21].

The transmission path of piston slap noise has al-
ways been assumed to be from the cylinder wall to the ex-

ternal surfaces of the engine directly through the block
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and Fortescue [13]
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structure. Oguchi [22], using mechanical mobility measure-
ments, studied the transmission of piston slap induced
vibration from different cylinders to various points on the
biock surface as well as the effects of cooling water and
the presence of the cylinder head. He determined that the
major path was through the upper deck (top surface) of the
block. He does not consider the connecting rod as a possible
path, nor has anyone else to this author's knowledge. This
seems curious since the connecting rod has been shown .to play

an important role in the transmission of combustion noise

[23, 24].

1.4 Scope of this Work

For both the source and the path, areas have been
identified where more research is needed. A model which
accurately predicts the spectrum of the force applied to
the cylinder wall would greatly improve our understanding of
how the vibration is generated. If the connecting rod is
shown to play an important role in vibration transmission,
then different transmission path treatments will be required.
Finally, transfer mobilities using point driving forces must
be shown to be significant in structural vibration problems

where point contact is not obviously the case. All of these

issues will be addressed, with the goal of formulating a

model for piston-cylinder wall interaction and how the



22

resulting vibration is transmitted to the block surface.
Piston slap data taken from a motored engine will be used

to evaluate the model.

1.5 Mechanical Mobility Work at MIT

In recent years, three investigators at MIT have
made substantial use of mechanical mobility for investigating
various aspects of diesel engine vibration and noise.
DeJong [23] studied the transmission of combustion noise
through the piston, connecting rod, and crankshaft to the
engine block. This work demonstrates how measured mechanical
mobility may be used to generate a model for a vibration
path which may in turn be studied to determine ways of re-

ducing the amount of vibration transmitted.

Oguchi [22] made a number of transfer mobility
measurements on a four cylinder diesel engine to study the
effect of various parameters on the transmission of piston
slap induced vibration from the cylinder wall to various
points on the engine surface. These first two investigators

jllustrate the use of mobility to study transmission paths.

Ordubadi [25] used mechanical mobility in order to
infer a remote source of excitation (cylinder pressure) from
a vibration response measured on the engine surface. This

work illustrates the use of mobility to indirectly measure
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a source which may not be conveniently measured directly.

This investigator will make use of these techniques
and others to investigate the interaction between the piston
and cylinder wall during piston slap. The principle additional
technique to be used is the inference of source location by
taking the ratio of velocity responses at two locations to
a known force applied to the cylinder wall and comparing with
the corresponding ratio of velocity responses to piston slap
excitation. A detailed discussion of this comparison may be

found in Appendix C.
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CHAPTER TWO: MECHANICAL MOBILITY MEASUREMENTS

Mobility is a useful concept when dealing with linear
time invariant mechanical systems. It is the inverse of the
fourier transform of the differential operator which re-
lates the velocity response of a systeh to a set of forces

applied to the system. As a result of the linear time

form to linear algebraic equations in the frequency domain.

Specifically, for a system described by the motion of N
discrete velocities Vi’ i=1,N, with fi(t) the force
applied to the point at which vy is measured; then if

F(u) = Jm glut £5(t) gt (2.1)

and

o«

v, () = [ el v (¢) at (2.2)

then f(m) and V(w) are related by the mobility matrix
Y(w) by the equation:

¥ =y.F (2.3)

This equation, although not used here to define
mobility, does indicate the method commonly used to

measure mobility. A known force fj(t) is applied to point
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j while all other fk(k#j) remain zero. The velocity

response Vi(t) is measured and each matrix element Yi'

J
is computed by taking the ratio of the fourier transforms:
V. (w)
ij Fjiwi )

The diagonal elements of the mobility matrix (Yi i=j)

J‘)
are commonly called drive point mobilities while the off-

diagonal elements are called transfer mobilities.

Another important result for linear systems 1is
reciprocity. When a linear system is bilateral and passive
as well as time invariant, it can be shown that Yij = in
for all i and j. This property will be used quite often
to make transfer mobility measurements on the engine where
it is not possible to position the shaker at the desired
driving point. In such cases the engine will be driven at
the desired response point and the response will be measured
at the desired driving point. The principle of reciprocity

will be invoked to arguz that the desired result was

obtained from the actual measurement.

Reciprocity will alsc be used as a confidence
check on the data. Reciprocal measurements will be made
and compared as a check on the validity of the various

assumptions made about the engine structure.
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For a more detailed discussion of the use of
mechanical mobility in modeling vibration transmission,

see reference [23].

2.1 Instrumentation and Engine Block Assembly.

The measurement of mechanical mobility of a given
structure requires that a known driving force be applied to
a structure and that the velocity response be measured. A
convenient way of making this measurement on an engine
block is by driving with an electrodynamic shaker through
a piezoelectric force gauge and measuring acceleration
response with a piezoelectric aécelerometer. These
mobility measurements were made using a Ling Model 203
Shaker rated at 3 1bf. r.m.s. without forced air cooling,

a Wilcoxon type Z-602 impedance head using the force gauge
only, and a Bruel § Kjaer TypeA4344 accelerometer. Both
the impedance head and the accelerometer were mounted on
threaded stud bases which were in turn cemented to the

engine with quick setting epoxy cement.

The excitation for the shaker was white noise
from a B§K Type 1402 random noise generator band limited
by a Krohn-Hite Model 3550 filter and amplified by a

McIntosh 40 watt power amplifier. The output of the power
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amplifier was fused to 2 1/2 amps to avoid damaging the
shaker. The output impedance of the electrodynamic shaker
is extremely small compared to the engine block, so that the
driving force applied to the engine was nearly constant with
frequency in the range of interest. The flat force spectrum
helped to minimize noise in the form signal in order to be
consistent with the assumptions made later when estimating
the transfer function between the force and acceleration

signals (see Appendix B).

The outputs of the force gauge and accelerometer
were amplified by two Ithaco Model 452 instrumentation
amplifiers, band pass filtered from 200 to 5000 Hz by
two Ithaco Model 4112 filters, and recorded on magnetic
tape with a Nagra SJ-IV direct tape recorder. See Fig. 2.1

for instrumentation block diagram.

Each data taking session was begun by first record-
ing the same random white noise signal on each channel of
the tape and then recording mobility data for a known
calibration mass. Then mobility data was taken for the
various mobilities to be measured. The white noise signal
was not normally used to reduce data, but was helpful if
problems arose with the data reduction program or the tape

recorder.
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Since the calibration mass mobility data and
the engine mobility data were taken using the same trans-
ducers and recorded by the same tape recorder, the trans-
ducer sensitivities were not used directly in the data
reduction. If the recorded force and acceleration signals

are Vg and VA respectively, then for the measurement

Vp = FeSpeGp ' (2.5a)

Vy = A*S,Sy (2.5b)

where
F is force
A is acceleration
Sg is force sensitivity
Gp is force channel gain
Sy, 1s acceleration sensitivity

GA is acceleration channel gain

similarly for the calibration data:

Ve,caL © FeaL'Sk *Gr,caL (2.6a)
Va,caL = AcanSa *Ca,caL (2.6b)
Foar = Mcan® Acaw (2.7)
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Therefore:
F Ve 5,6, 2.8
KV,  SgGg
also:
SE _ Vr,caL AcaL Ga, CAL -
5,V M. A G ‘ (2.9)
A Ya,caL McarcaL “F,caL
combining:
V./V G,/G
% =M S A F . (2.10)

CAL Vg can/Va,caL  Sa,can’/Cr,caL

As is shown here, the only additional information

needed to reduce the mobility data is calibration mass in

consistent units-and the overall force channel and
acceleration channel gains used while recording the data.
The data was reduced on a digital computer using an
algorithm described in detail in Appendix B. The source
code is not included because it is specific to the system

on which it was implemented.

The mobility measurements were made on the engine
in the same partly assembled condition used when the engine
was motored. In order to save time and improve access to
the basic engine structure, the manifolds, valve cover,

pushrod cover, injection pump, filters, and auxilaries were
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removed, Since the engine was not run, these parts were
considered extraneous. Vibratlon transmission from

the block to covers has been studied using statistical
energy analysis methods [21] and it is considered sufficient
for this research to understand how piston slap excites

the block.

2.2 Drive Point Mobility Measurements on the Piston and
Cylinder Wall

Drive point mobilities were measured on the cylinder
wall and on the piston opposite the wrist pin. The results
of thése measurements are shown in Figs. 2.2 and 2.3,
respectively. These results provide the basis for the
models formulated in Chapter 4. The vertical location
opposite the piston pin was chosen because the resultant
force which holds the piston against the cylinder wall is
applied through the center of the pin. The piston and
connacting rod assembly was removed from the cylinder
and reconnected to the crank with the connecting rod
upside down as shown ih Fig. 2.3. Since the structure is
assumed to be linear and bending of the connecting rod will be
shown to be the only important mode at the big end, the
mobility as measured should be the same as when the piston
is in the cylinder. At any rate, it is the best compromise

between providing the correct constraint at the big end and
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providing access to the piston.

The drive point mobility of the cylinder wall
was measured at a position approximately 2.5 cm below the
piston pin at top dead center where contact was assumed.
Removal of a freeze plug allowed access at this point
without radical modification of the block. Since drive
point mobilities measured at various points on the block
were similar and insensitive to location (when not directly
over ribs or stiffeners) it was assumed that the measure-
ment as made accurately represented the desired mobility.
For this measurement the accelerometer was located inside

the cylinder opposite the impedance head.

2.3. Transfer Mobility Measurements on the Block

Transfer mobilities from the cylinder wall to
selected points on the block surface were measured in order
to determine how vibrational energy reached the block sur-
face. These transfer mobilities were determined to be
sensitive to transducer location, so the selected points

were permanently marked with a center punch.

Since the shaker and impedance head could not be
mounted on the desired point on the cylinder wall, reciprocal
measurements were used. The impedance head was mounted omn

the block surface and the response accelerometer was mounted
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on the cylinder wall at the assumed piston slap drive point.
To verify that reciprocal measurements can be accurately
made as well as to support the assumption of linear time
invariance, reciprocal pairs of transfer mobility measure-
ments were made using the freeze plug hole location on the
cylinder wall and points on the block surface. A pair of
reciprocal measurements is shown in Fig. 2.4. The agree-
ment is very good. It was during this test that the
sensitivity to transducer location was discovered. Since
it was required for the transfer mobility data reduction
algorithm, drive point mobility data was taken for each

drive point used.

2.4 Connecting Rod Transfer Path Measurements

In order to evaluate another possible path of
"vibrational energy transfer, the transfer mobility from the
piston (as shown in Fig. 2.2) to the block surface was
measured. The resonance in the piston drive point mobility
was determined to be due to bending of the connecting rod.
Therefore, at this frequency, one expects a peak in the
transfer mobility along this path, and the transfer mobility
of the block path is seen to be low. The comparison is
shown in Figs. 2.5 and 2.6 and the rod path is indeed

dominant between 1 kHz and 2 kHz.
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Longitudinal vibration of the connecting rod
has already been shown to be én important path for com-
bustion noise [23]. It was felt that the contribution of
longitudinal vibration to the transmission of piston slap
noise should be evaluated. A transmission loss type measure-
ment was designed for this purpose, since it would avoid
the problem of resolving forces at the small end of the rod.

This description of this experiment refers to the block

diagram in Fig. 2.7.

SOURCE Al—>| PATH A -%_ﬁ

SOVRCE B PATH B

COMBINED |+
PATH C

Fig. 2.7: Transmission Loss Experiment

Path A represents the longitudinal vibration of
the connecting rod, path B represents the cylinder wall,
and path C represents the block. Point 1 represents the
big end of the connecting rod and point 2 represents the
block surface. A random force with flat spectrum band
limited from 200 to 5000 Hz was applied to the top of the

piston (Source A). The ratio of velocity response spectrum
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at point 1 to velocity at point 2 was measured and is

shown in Fig. 2.8.

The same velocity ratio measurement was made
while driving the cylinder wall (Source B) with the same
force. The results are also shown in Fig. 2.8. If the same
velocity ratios are measured for response to piston slap
excitation, the important of longitudinal vibration of
the connecting rod may be evaluated. If this path can be
shown to be unimportant, the more difficult problem of
resolving the longitudinal force applied at the small end

of the connecting rod may be avoided altogether.

To make the actual measurement, the piston was
removed from the connecting rod, the rod was installed upside
down with the crank at top dead center (see Fig. 2.3) and the
shaker was attached to the small end of the rod. One
accelerometer was mounted on the big end of the rod, and
another was mounted on the block surface. The big end
bearing was preloaded by using surgical rubber tubing to
apply a constant force to the small end simulating cylinder
pressure. Five different points on the block surface were
actually used, but typical data is shown for only one.

The acceleration data was recorded using the same procedure
as for mobility data, and the data reduction algorithm

is described in Appendix C.
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CHAPTER THREE: MEASUREMENTS ON A MOTORED ENGINE

Measurements on running engines are difficult to
interpret because of the number of possible sources and un-
certainty as to which is dominant. Simulation of piston
slap using back-to-back connecting rods and a shaker as
shown in Fig. 3.1 [26] alters the mass distribution of the
connecting rod. This may introduce significant impacts at
the crank bearings as well as change the piston-cylinder
wall interaction dynamics. Therefore, it was decided to
use a motored engine with modest peak cylinder pressure to
simulate piston slap in a running engine. The level of
excitation is thereby reduced; but insofar as the assumption
of linear behavior is valid, piston slap in the motored
engine should accurately represent piston slap in a running
engine. The engine used was é four cylinder 2.369 litre
Isuzu Model C240 diesel. Specifications for this engine

are given in the Table of Specifications with Fig. 3.2.

3.1 Modifications to the Engine

For the purposes of this research, piston slap in-
duced vibration is the signal of interest, and all vibration
due to other sources is noise. The major source of noise
would be combustion, and this has been eliminated. Gear
and valve noise was eliminated by removing the timing

idler gear. Since this gear is the only gear meshing with
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Fiston |n
Cylinder

Crank AP at
Top Dead Center

Shaker —_—
Actuator J

Figure 3.1 Back to Back Connecting Rods for Simulating
Piston Slap with 3 Shaker [26]
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Figure 3.2: Photograph of Isuzu Engine and Electric Motor
Drive

Table of Specifications, Isuzu Model C240

Type Four stroke, four-cylinder in line
Bore 86 mm

Stroke 102 mm

Displacement 2,369 litre

Compression Ratio 20:1
Rated Power 74 horsepower at 3800 rpm
Rated Torque 116 ft-1bf. at 2000 rpm

Water Cooled, Dry Cylinder Liners
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Figure 3.2. Photograph of Isuzuy Engine and Electric Motor

Table of Specifications, Isuzu Mode] C240

Type Four Stroke, four-cylinder in line
Bore 86 mm

Stroke 102 mm

Displacement 2.369 litre

Compression Ratio 20:1
Rated Power 74 horsepower at 3800 rpm
Rated Torque 116 ft-1bf, at 2000 rpm

Water Cooled, Dry Cylinder Liners

INTENTIONAL DUPLICATE EXPOSURE
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the timing gear on the crankshaft, its removal stopped the

camshaft and valve operation, oil pump, and injection pump.
Three of the pistons were removed, leaving only the slap of
the number 1 piston (in most cases) as a significant source

of noise . The valves were sealed closed.

Lubrication was provided by an external electric
powered oil pump. The oil was pumped from the sumpthrough
a filter fitted with a relief valve and delivered to the o0il
gallery at 50 psi. A 5W non-detergent oil Qas used since it
was readily obtainable and had; at room temperature, a
viscosity approximately the same as 10W-40 engine oil at

100°C [27].

The crankshaft was driven by a three horsepower A.C.
electric motor through a variable speed cone drive. The
speed range v :s 600 rpm to 3600 rpm., A special front cover
was made for the variable speed drive which mounted on the
engine bell housing in place of the transmission. The
clutch was replaced by a flexible coupling which took up any
misalignment. The final misalignmen. between the crankshaft
and the variable speed drive was estimated to be less than
.003" parallel and .001"/1" angular. The engine was motored
without pistons to demonstrate that the vibration level due
to sources other than piston slap was low enough that good

data could be taken. A photograph of the experimental set-up
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shown in Fig. 3.2.

As has been described, the major piston slap takes
place as the crankpin moves tnrough top dead center between
the compression and power strokes. In order to get signifi-
cant pressure at top dead center, it was necessary to seal

the combustion chamber during the compression stroke.

The Isuzu is designed to have a 20:1 compression
ratio with a Ricardo type pre-combustion chamber in the
cylinder head. The bottom of this spherical chamber is
formed by a hot plug which is pressed into the head. Since
neither the cone drive nor the AC electric motor have good
starting torque characteristics, the hot plug was removed 1in
order to reduce the compression ratio. Even with the re-
duced compression ratio, it was necessary to start the engine
from top dead center. In order to provide sufficient peak
pressure to assure a pronounced piston slap impact, com-
pressed air was supplied through a small orifice to the

cylinder.
3.1.1 Instrumentation

The orifice and compressed air reservoir acted as a
low pass filter so that an ordinary bordon tube pressure
gauge was used to measure the mean cylinder pressure. The

AC component of cylinder pressure was measured by a Kaig
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piezoelectric cylinder pressure gauge which was mounted in
place of the injector. These details are shown in Fig. 3.3.
The peak cylinder pressure was determined by adding the mean

and time varying components.

An MTI Model KD38 Fotonic Sensor was used to detect a
white timing_mark painted on a black background on the pulley
on the front end of the crank. The timing mark was used to
determine the time of impact. A Bruel § Kjaer type 4344
accelefometer mounted in the water jacket on the impacted
~ side of the cylinder through a freeze plug hole as discussed
in Chapter 2 was used to measure cylinder wall vibration.

The representative points on the block surface already
chosen for the mobility measurements were used to locate
accelerometers for simultaneous cylinder wall and block sur-

face acceleration measurements.

For the measurements of longitudinal vibration of the
connecting rod, an accelerometer was mounted on the big end
of the rod. Special handling was required to lead the
accelerometer cable from the moving rod to the crankcase.

A two-beam linkage was built and connected by a pin joint to
the connecting rod at one end and to the oil pan at the
other end as shown in Fig. 3.4. In order to provide room in
the crankcase for the linkage, the oil pan was turned so

that the sump was at the front of the engine. The splash
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baffle was also removed from the oil pan. The clearance
between the bottom of the oil pan and the cable carrying
linkage was minimal, so that it was necessary to prevent the
accumulation of oil in the oil pan. A second oil pump was
used to strip oil from the engine to an external sump where
any entrained air would separate from the oil. The oil was

then pumped into the engine as before.

3.2 Cylinder Wall and Block Surface Velocity

The engine was motored at 1000 rpm with a four bar
mean cylinder pressure. The peak pressure indicated by the
cylinder pressure transducer was 15 bar for a total of
19 bar. The piston operating clearance is approximately
0.004" (0.1 mm) which gives a piston slap impact at 8°
after T.D.C. Simultaneous cylinder wall and block surface
acceleration data was recorded en a Nagra SJ-IV tape recorder

using the following procedure:

1. A 1.0 volt rms pure tone at ~ 1 kHz was
recorded simultaneously on each of the
two channels for level calibration.

2. For each block surface point, cylinder wall
acceleration data was recorded on Channel I
and block surface acceleration data on

Channel II.



51

Signal conditioning was identical to that described in
Chapter 2 for the mobility data. This data was used to
compute velocity energy spectra and velocity ratios using
the algorithm described in Appendix C. The velocity energy
spectra are averages of data from ten more impacts and are

..... )2

presented in dB re 1 or more explicitly, for the

average impact:

J vi(t)dt = [ V(E)VH(£)df

-0 0
where v(t) is the time history of the average response to
a piston slap impact (and therefore a signal with finite
energy), and V(f)V*(f) is the velocity energy spectrum.
Typical velocity spectra are shown in Figs. 3.5 and 3.6 for
the cylinder wall and block surface, respectively. Back-
ground noise levels are included on the same plots. Back-
‘ground noise was measured by motoring the engine without
pistons. Interpretation of the data is discussed in

Chapter 4.

3.3 Connecting Rod Vibration

Simultaneous connecting rod big end and block surface
acceleration data was recorded using the same procedure as
described in Section 3.2Z. The connecting rod and block

surface acceleration time history is shown in Fig. 3.7. It
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is readily seen that the piston slap impact does not cause
significant longitudinal vibration of the connecting rod.
Relatively minor impacts are discernable at bottom dead
center (note scale). These impacts are due to a change in
direction of the axial load on the connecting rod. The

block surface acceleration time record shows no corresponding
impacts, so these impacts are apparently not important

sources of noise.
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CHAPTER FOUR: MODEL FOR PISTON SLAP

4.1 Lumped’Parameter Models for Piston and Cylinder Wall

Simple lumped parameter models were constructiu
which would predict the measured drive point mobilities of
the piston and cylinder wall in the frequency range of
interest. For piston slap, this frequency range is approxi-
mately 500 Hz to 3000 Hz. Below 500 Hz combustion ncise is
dominant, assuming adequate intake and exhaust silencing
[28]. Above 3000 Hz, A-weighting reduces the contribution

to overall sound power.

The cylinder wall can be adequately modeled as a
linear spring. Figure 4.1 shows the magnitude and phase of

a 1.58%108

nt/m spring compared with the measured drive
point mobility of the cylinder wall. Agreement is excellent
between 500 and 2500 Hz. The behavior of the cylinder wall
in this frequency is locally determined since it shows no
influence of modal resonances of the block. The zero at

300 Hz is due to the mass of the engine block (v90 Kg), and

resonances below that frequency are rigid body modes of

the engine on its stand.

The drive point mobility of the piston (Fig. 2.3) 1is
substantially more complex. This behavior is modeled by a

rational polynomial transfer function with four poles and
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four zeroes as listed in Table 4.1. A lumped parameter model
- using two masses and two springs is synthesized which has the
desired drive point mobility. This model is shown in
"ig. 4.2, The drive point mobility of the model is shown in
Fig. 4.35. The measured drive point mobility is included for
comparison. Although no dashpots are shown explicitly in
the model, the zeroes and poles at finite frequency have
nonzero real parts to give a small amount of damping. As
is common practice when dealing with physical systems with
small damping, the actual damping mechanism is not regarded
as important. Damping is added in a mathematically tract-
able way, which in this case involves choosing the finite
Poles and zeroes to be in the right half of the s-plane in
complex conjugate pairs. In this way, the system response
is guaranteed to be finite and causal. The masses and
springs in the model have important physical significance

which will be discussed.

The first im