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The thesis deals with a study of the origins of in-line fuel
injection pump noise and vibration for automotive diesel engines
covering a large range of size and design configurations.

A detailed study is made on the basic exciting characteristics
of the pump hydraullc forces and the correlation of these with the
exciting propensities of the gas force. This is carried out both
from theoretical and experimental bases. Also the basic differences
between the engine structure and the injection pump structure are
determined and techniques for assesslng the contribution of injection
equipment noise to the total engine noise are established, ineluding
their particular sound radiation efficiencies.

It is found that the injection pump noise is radiated mainly
by the pump surfaces and that the pump induced vibration of the englne
structure are not a major contributing factor to overall engine noise.

Other factors which are important in generating injection pump
noise are also considered. These are mainly the effects of drive
coupling details, drive gear "back lash" and basic pump mounting systems.
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1. INTRODUCT LON
The fuel injection equipment is an integral part of a diesel

engine which, due to the extreme pressure and rapidity of the fuel
delivery process, develops impulsive exciting forces similar to
those of the rapid pressure rise resulting from diesel combustion.
Because of this similarity, noise produced by the fuel injection
equipment has (particularly of in-line systems) for many years
been a controversial subject.

For a long time there was a school of thought that the
characteristic noise of diesel engines was mainly due to the
mechanical operation of the fuel injection equipment. Subsequently,
however, this has been disproved by many‘andAvariad inﬁeégigaﬁiéhsvan&
it was found that injection equipment was seldom the predominant
noise source of the engine. With the improvements to diesel com-
bustion systems (smoother cylinder pressure development), engine
mechanical noise, and engine structure design,in some instances the
fuel injection equipment can become a source of noise of major
significance. However, this is not the general case as in perallel
with these developments considerable attention also has been paid
by the pump .manufacturers to produce quieter fuel injection pump
designs.

Even though pump noise is normally lower than the other engine
noise sources, in practice it is found that the actual difference
can vary widely according to injection characteristics, mechanical
design and methods of drive and mounting to the engine structure.
Therefore there is a need to have a clearer understanding of the
actual mechanism of generation of the pump noise itself, i.e.
radiation of noise from the pump structure and the interaction between
the pump structure and engine structure to which vibration forces from
the pump are transmitted.

This thesis is based on a study of in-line pump noise and
vibration. Investigations deal with the detailed study of the
exciting characteristics of the pump hydraulic pressure and the
correlation of these with the exciting propensities of the gas force
from theoretical and experimental bases, The exciting forces when
considered with the structural characteristics of the pump are

related to the characteristics of the emitted noise. The analysis
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of the interaction between the vibrating structures of the engine
and pump forms a large part of the thesis which includes the study
of the force paths and the relevant details of engine and pump
structure responses,

Finally a practical study is made on techniques of reducing
the noise from fuel pumps by the investigation related to pump

drive and mounting systems.
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2. LITERATURE SURVEY

2.1. Historical Review of Injection System Evolution

The satisfactory functioning of any diesel engine largely depends
on the accuracy of the fuel injection system. Both speed and power are
regulated by the quantity of fuel injected. The instant of fuel injected
controls the efficiency and economical running of the engine.

The diesel engine has progressed in accordance with the improvements
made in fuel injection., This has not only been incidental to the develop-
ment of the diesel engine, but has been the primary factor, the rest of
the improvements being based on the further opportunities presented by
jincreased efficiency in injecting fuel.

A.F. Evan (2.1) stated that although solid or airless injection was
contemplated by all diesel pioneers, Priestman (2.2); A. Stuart (2.3);
and Capitaine (2.4), R. Diesel (2.5) himself, gave it up in preference
for air injection for two very good reasons. The first was because he
could not accomplish the process properly, and the second was that he
had available means for producing blast injection, as he used blast air
in his early coal dust experiment.

McKechnie (2.6) is rightly credited with the establishment of an
air-less injection for large diesel engines and the Vickers firm turned
out a considerable number of ships' diesels with this form of injectiom.
His first arrangement was to raise an accumulator plunger by a snail cam,
then deliver the oil, the snail cam subsequently allowing the spring
activated plunger to come into action.

Hornsby's (2.7) did something of this kind, at least it appeafs 80
superficially, as they had a snail cam which raised a plunger, but it was
really a hammer and on its release it descended and struck the plunger a
hard blow; excellent for commencement of injection though its utility
ceased there.

Blackstone's (2.8) were given considerable credit for their
accumulator system. It gave quite good performance where low pressures
and moderate speeds were employed. The accumulator consisted of a
free plunger in two halves. These were thimble-shaped and enveloped a stiff
compression spring, an initial load was applied by a bolt. A metering
pump delivered oil during the cycle to the chamber of this pump, from
which there was a branch to the jet. The oil displaced the plunger

outwards by the extent of the oil delivery. A heavy lever was actuated
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by the engine mechanism and during its travel it engaged the end of
the plunger, forcing it in and compressing the spring still further.
This motion continued until the lever made contact with the admission
valve when the plunger spring expanded to its internal stop and
delivered the oil.

Over the years from around 1905 many diesel engineers developed
various types of fuel injection systems with the main emphasis on
metering the fuel and controlling the rate of injection.

In the year 1919, Robson (2.9) designed a pump which had a
conventional suction and delivery valve and a cam operated spring loaded
plunger. This pump proved to be the prototype of the majority of pumps
now in use.

Harland and Wolf (2.10) were, in 1926, responsible for a long
stroke pump, the plunger had harmonic motion and interconnecting with
this plunger was a spill valve communicating from the delivery chamber to
the suction chamber, this valve being adjustable for quantity. There
was also a separate eccentric operating suction valve which could be
adjusted in phase to time the commencement of injection. The important
feature of this particular valve was the release of pressure above the
delivery valve. ‘

For many years diesel engines had air-blast injection systems, i.e.
the fuel was injected by air pressure of higher intensity than the
compression in the cylinder. Although the system was capable of giving
good atomization and penetration of the fuel, the power required to
drive the blast-air compressors amounted to some 107 of the power of the
engine. It was, however, unsuitable for small high speed diesel engines
and so the solid-injection or air-less injection system came into being
with a separate pump and fuel spraying nozzle provided for each cylinder.

Frazer M. Evan (2.11) stated that the classis design of the
"in-line" fuel injection pump was originated by Robert Bosch Company
(2.12) in Stuttgart. The success of the Bosch injection system was
largely dependent on three basic design features, none of which was
originated by Bosch. The first of these features was the method of
pump delivery control by means of a helically-grooved slide valve formed
in the head of a rotatable pump plunger to communicate with inlet and

spill ports in the barrel wall. The second feature of the Bosch system
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was the use of a closed injector nozzle with a differential needle
valve, but this but this goes back at least as far as a patent by
Ruston (2.13) in 1909. The third feature was the so-called "Atlas'
type unloading delivery valve (2.14) patented by the Atlas Diesel
Company in 1924. This delivery valve drops the pipe line pressure at
the end of injection to give rapid closure of the nozzle valve. The
patent rights were acquired by Bosch.

Bosch's (2.12) own major contributions were in choosing the
right elements to achieve a successful system, in meticulous attention
to detail design and simplification; and in parallel development of
production techniques to enable the equipment to be produced in
quantity and economically.

In 1938 the manufacture of pumps and injectors to the Bosch design
was taken over in this country by C.A.V. Ltd, Acton, London.

Up to the present day, in-line fuel injection pumps are still
used extensively, namely on large diesel engines above say 1.5 litres
per cylinder capacity.

Significant development in recent years has been directed towards
the design of pumps of simple construction and smaller physical size
which has been necessary as the small high speed diesel engines have
become increasingly used. This, in the main part, has been based on

rotary and distribution system.

2.2. Literature Survey of Fuel Injection Pump Noise

Considerable research has been carried out to reduce noise of
diesel engines. This has been initiated because of the ever increasing
demand for diesel'driven transport vehicles which are major contributors
to environmental noise pollution problems.

Most of the moise sources appertaining to the diesel engine have
received extensive investigation with the exception of the fuel
injection pump and literature on noise produced by fuel injection
equipment is very limited.

From the work carried out by Austen and Priede (2.15) the following
observations were made.

(1) The noise produced by the operation of the fuel injection
system is comprised of (a) noise emitted by the surfaces of the
injection system and (b) noise emitted by the engine surfaces to which

vibration from the injection system is transmitted.
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(2) The force responsible for the pump structure vibration
is the hydraulic pressure in the pump chamber which acts between
the camshaft and top of the pump. The excitation is produced by
two distinct transients, i.e. the "pumping” transient and "spill"
transient, their magnitude being dependent on factors such as cam
rate, plunger diameter, injector pipe bore diameter and nozzle
discharge area.

Mounting a conventional pump on a special bracket attached to an
engine structure, Priede (2.16) considered that the hydraulic force
acting normal to the camshaft can be resolved into two components,

i.e. the horizontal force which causes bodily movement of the pump and
the vertical force producing bending of the camshaft.,  Further
investigations were carried out to reduce noise by reducing the basic
camshaft vibrations by (a) fitting a heavy flywheel to minimise the
effect of impulsive torque fluctuations; (b) by using larger cam-

shaft diameter and (c) by fitting a plain bronze bearing block underneath
the camshaft on the machined portion between the two centre cams.

Shims were placed between the block and the pump housing in order to
vary the bearing clearance. Fitting and adjusting the clearance of this
centre bearing gave noise reductiomsof some 2 to 9 dB over the frequency
range 200 Hz to 2000 Hz, In conclusion Priede states that the
predominant noise of the injection pump arises from bending vibration

of the pump camshaft, excited by rapid changes of fluid pressure in

the pump elements. The emitted noise lies in the frequency range
between 500 Hz to 800 Hz depending on the length of the camshaft.

Zimmerman (2.17) found that by running an in-line pump at various
stages of assembly (inside an anechoic chamber) the noise of the
unassembled pump in which only the camshaft turned was extremely low
and hardly protruded above the background noise level of the test rig.
Assembling the pump with tappets and tappet springs produced an increase
in the noise by some 12 dB. Assembly of the plungers and pressure valves;
together with the filling of the suction gallery with fuel, increased
the noise by a further 2.5 dB even though the delivery valves were not
operating since no fuel was being injected. When the fuel rack was
fully opened there was a further increase of noise by some 5 to 15 dB(A).

7immerman also stated that one of the decisive factors of the cam

drive was the actual cam shape which served to produce a particular
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injection law at the nozzle as required by the combustion system.
From investigations on various cam shapes an eccentric cam was the
quietest. Somewhat more noisier was the tangential and circular

arc cams. However, the general emitted noise due to the cam profile
is about equal indicating that the cam shape was not an important
parameter.

Methods of noise reduction by vibration damping the external walls
of the pump havebeen considéred. Zimmerman (2.17) showed a comparison
between a cast iron housing without centre bearing and an aluminium
housing with centre bearing. At idling and half-load conditions the
cast iron housing was found to be quieter. With full injection quantity
and higher speeds, the aluminium housing was found to be quieter. He
also found that delivery valves are known to be an important source of
vibration and noise. The greatest noise reduction was achieved by the
combination of plastic valves with steel-rubber-steel seatings.

However, it was found that these valve constructions could not be used
in production,

From measurements on a running engine Zimmerman found that the
influence of the injection pump on the total noise radiated could mainly
be observed within the immediate vicinity of the pump and the noise
emitted by the pump was chiefly due to bodily vibrations transmitted
from the crankcase.

Russell (2.18) found that the rate at which the noise of an in-line
pump increases with speed was related to the spectrum shape of the noise
generating forces. Two major components were found, one being the
hydraulic pressure pulse in the barrel, the other being impact as the
delivery valve closes.

When a triangular repetitive force, such as the hydraulic pressure
pulse, developed in the barrel, is subjected to Fourier Analysis, a
series of spectrum lines results, with the fundamental at firing
frequency. The lower harmonics are of similar level to the fundamental
The overall envelope of the harmonics falls at approximately 40 dB/
decade increase in frequency above the frequency at which the pulse
duration is half period.

From a specific investigation Russell showed four modes of pump

vibration
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(1) cambox bending in the horizontal plame at 1.0 KHz.,

(2) flexing about the mounting at or near 1.25 KHz.,

(3)  cambox plate resonances at and above 2.0 KHz. and

(4) panel modes of inspection cover at 3.5 KiHz.

All these modes were efficient radiators of noise, so increasing
their natural frequencies would not significantly affect the radiation
efficiency.

Russell concluded on noise treatments that there was little scope
for reducing the peak pumping pressure, or smoothing the barrel
pressure waveform, as both lead to excessive smoke emissions and fuel
consumption by the engine. Structural modifications to reduce high
frequency vibration response involves stiffening the cambox with large
ribs and re-timing troublesome modes to higher frequencies where there

is less excitation.
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3. BASIC ORIGINS OF INJECTION PUMP NOISE -
RELATION BETWEEN EXCITING FORCES VIBRATION AND NOISE

The injection system is required to inject fuel at a precisely

defined rate, time and pressure which is dictated by engine performance
considefations. Thus deliberate changes to the hydraulic pressure
characteristics for control of noise are basically ruled out. Since
the injection characteristics require a high rate of pressure rise and
correspondingly rapid pressure drop when injection is terminated it is
obvious that the structure of the injection pump has to be extremely
stiff. Flexibility in the drive could alter the required characteristics
of injection and therefore the drive should also have considerable
torsional stiffness. The injection pump itself cannot be vibration
isolated from the engine structure and thus when fitted to an engine

it forms an integral part of the engine structure. The same argument
applies to injectors which must be rigidly mounted to the cylinder

head to provide an adequate seal against cyiinder pressure,

3.1. Principles of Fuel Injection Pump Design and Operation

On in-line engines, the fuel injection pump is usually mounted at
the side of the engine. The pump may be base mounted to a supporting
bracket attached to the engine casing or flange mounted to the engine
timing gear case or end plate. Incorporated with the pump is the
governor mechanism, excess fuel device for easy starting, stop control
and sometimes an automatic advance device. Some types of pump are
lubricated from the engine lubricating system via drillings in the pump
mounting flange.

For these investigations most of the work has been carried out on
a common type six element in-line high speed fuel injection pump which
is relatively compact and lightweight. The main pump housing is split
into two halves; the upper half machined from steel containing the
fuel passages and pumping elements and the lower half cast in light
alloy, housing the camshaft, tappets and control rod.

A complete pumping element - one required for each cylinder -
consists of the operating cam which is engine driven, cam follower or
tappet, plunger and barrel, return spring and delivery valve., The
plunger is rotated within the barrel by a control fork which is clamped

to the control rod which in turn is operated by the governor.
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A pumping element is shown in Figure 3.1 in the various stages
of its operating cycle. At (A) the plunger is at the bottom of its
stroke and fuel under 1lift pump pressure fills the pumping element via
the two ports in the barrel., At this stage the pressure in the barrel
is not sufficient to 1ift the delivery valve off its seating against
the action of the spring. As the camshaft rotates the plunger rises
until position (B) is reached cutting off both the inlet and exit ports.
Further upward movement of the plunger pressurises the fuel and begins to
1ift the delivery valve off its seat.

When fuel pressure is sufficient to 1lift the delivery valve
completely off its seat, and the piston clear of its guide (C) fuel
passes along the pipe line to the injector. The fuel pressure developed
by the plunger lifts the injector needle valve off its seating against
the action of the spring and allows fuel in a highly atomized state to be

sprayed in the cylinder.
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Fuel coﬁtinues to be injected until the plunger reaches position
(D) when the upper edge of the helical groove has uncovered the lower
edge of the spill port and allows fuel under high pressure to leak
back down the centre drilling in the plunger and out through the
helical grooves into the fuel galleries of the pump body. This
reduces the fuel pressure in the barrel and the delivery valve spring,
assisted by the high pressure remaining in the pipe line, causes the valve
to close rapidly. |
Valve The sudden, if slight, reduction in

pipe line pressure is sufficient to allow

id . .
Guide the injector needle valve to snap shut under

T T force of its spring, hence preventing fuel

from dribbling from the injector which would

R

cause carbon build-up on the injector tip.

N

The delivery valve, Figure 3.2, also

FIG 3.2 DILIVERY VALVE ASSEY acts as a non-return valve and maintains
residual pressure in the injector pipe line.
Figure 3.3 shows a typical indicator diagfam taken from the fuel
pipe under operating conditions. The full horizontal line is
atmospheric pressure, and the dotted line the "trapped" pipe pressure
from the previous cycle. Operations begin at point (a), where, due
to the forward motion of the fuel pump plunger, the pressure rises:

there is no opening of the injector nozzle.

FIG.

At point (b), the injector "release pressure', the needle lifts and

there is a momentary drop in pressure rate due to the suddeg_1nstantaneous,

increase in the volume of the system caused by motion of the needle. The
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magnitude of this drop in pressure is determined almost entirely by

the 1ift and diameter of the needle. The shape of the curve between
points (b) and (c) is most important and is determined by a number of
factors in combination. Bearing in mind that the needle is fully lifted
against its stop and the nozzle orifice is open, whether the pressure will
rise as shown or will remain constant or even fally depends on the outflow
from the nozzle at the rate of supply from the pump; the latter depends
on the plunger size and cam rate.

At point (c) the spill valve or poft in the pump opens and the
pressure falls. Here again, the rate of fall of pressure depends on a
number of factors, the most important of which are the type of delivery
valve used, the rate of opening of the spill port or valve and the
rapidity with which the injector needle snaps down when the pressure
at that point has fallen to the calculated closing pressure. These
three factors in combination also determine the residual pressure in the
line, from which the cycle of operation begins.

Point (d) is invariably lower than this residual pressure due to
the wave effect. From point (c) onwards the residual wave effect gradually
dies out and leaves the line charged with the trapped-pipe pressure.

An important feature in the design of a fuel injection system is
the type and magnitude of the residual pressure wave. It can, under
certain conditions, cause a secondary opening of the injector which can

cause erratic and inefficient combustion in the engine cylinder.

o Frie) Pipe Pressupe ot Pump Fnd,
e L » » Injector £nd.
re N, (not to the same scale)

—- Pressure
3= LIiTE,

FIG 3+4.
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From Figure 3.4 distance (a) represents the time for the first
pressure impulse to travel from the pump to the injector. The speed is
that of sound in the fluid corrected for pipe diameter.

Distance (b) measured at the pressure at which the needle of
the injector opens, is invariably found to be slightly greater than
(a), due to the effect of friction in the pipe as the pressure waves
build up.

The relative degree of control exercised by the pump and pipe
respectively on the injection process is shown by the phasing of the
full and dotted lines. It will be seen that due to the length of
fuel pipe the greater part of the injection takes place whilst spill
is actually in progress at the fuel pump end, the transmitted
pressure wave at the injector end being in sole control. The rapid
fall of pressure caused by the spill results in the residual waves
shown and these waves have the peculiar property that their speed is
one half of the theoretical speed of sound in the entrapped column
of 0il between the injector and the pump delivery valve. There
appears to be no doubt that the 0il column is behaving as an open
ended pipe with consequent halving of its natural frequency, due
probably to some instability of fuel pump delivery valve.

The fundamental differences between the conditions just after
spill and those obtained at (a) are that whereas in the former at the
"end" of the pipe are the injector needle and the delivery valve, in
the latter the "ends' are the injector needle and top of the pump
plunger. It is at point (c) that secondary opening of injector needle

is liable to occur.

3.2. Considerations of the Basic Principles of Generation
of iInjector, Pump Noise and the Relationship with Engine Structure

When considering the mechanism of generation of noise in a
diesel engine it is clear that both the exciting forces developed
in the engine and the exciting forces developed in the pump each
excite both the pump and engine structure at the same time, i.e.
noise and vibration attributable to either cannot be simply identified.
The clear understanding of the mechanism of vibration and noise
generation thus is very complex with interconnected vibration paths
from opne vibratory system to another. This is illustrated by comparing
a cross-sectioned drawing of an engine with its equivalent system.
(Figure 3.5).
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There are two major forces which develop within the engine

structure.

(1) Unidirectional exciting forces (rapid rise of gas force)
resulting from combustion Pg and (Pg + P1) acting during the period
around T.D.C. are responsible for combustion induced noise.

(2) Reversible forces (F) which develop in the crank mechanism
and are responsible for various impacts and thus mechanically induced
noise.

In the injection system there are three distinct forces as

illustrated in Figure 3,5,

(1) Pump chamber hydraulic pressure force Py acting on the
lower part of the pump structure and which is also responsible for
the impulsive torque of the pump,

(2) High pressure pipe line hydraulic force Py which acts only
on a small top part of the pump and throughout the pipe line up to
the injector. This pressure is variable along the length of the
pipe due to pressure waves.

(3) Mechanical impact forces Py in the injector system, namely

delivery valves seating and injector needle opening and closing.

3.6’
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The comparison of the main engine and injection system
exciting force diagrams is illustrated in Figure 3.6, plotted om
the basis of engine crank angle.

Since the engine system and the injection system are excited
almost simultaneously,as illustrated in Figure 3.6., the precise
identification of the generation of noise is almost impossible. A
series of tests, however,can be devised to understand the problem
to a reasonable extent. These are described below -

(1) The engine cannot be run with its own exciting forces
only present (i.e. with the absence of injection system forces),

In the running engine, by the lead covering technique, it
is possible to identify radiation of the injection pump noise.

Here the pump noise emitted would be the result of all the exciting
forces present in the engine. The exciting forces of the injection
system, however, may be predominant.

(2) The injection system can be run on a fuel pump test rig
and its vibration characteristics and noise determined. The mounting
structure can be made non-responsive and it is possible to obtain
accurately the radiation of pump noise.

(3) The injection system can be run on its own as fitted to
the engine structure. In this instance the engine is stationary
(non-running) and the pump is motored via its timing gear.

In this instance the lead covering technique enables the
radiation of noise from the pump alone to be determined as well as
the radiation from various engine surfaces excited by the injection
system forces. It is also possible to remove the injectors and
thus assess the contribution of the injector exciting forces. In
this case,however, the vibration characteristics of the engine would
not be wholly realistic since the damping characteristics of the
engine structure existing in the running state cannot be reproduced.

(4) The engine can be motored with fully operational
injection system., To aveid ignition a fuel resistant to ignition
can be used. This test would give more reasonable representation
of the engine structure condition as regards damping, oil temperature
and its viscosity., There are,however, additional exciting forces
being introduced, namely those responsible for the engine mechanically

induced noise.
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Based on these considerations various possible alternative test
techniques are used for the investigations presented in the thesis.

The fourth test technique however, has been omitted in this study.

3.3, Theoretical Assessment of Exciting Propensities of
Hydraulic Pump Chamber Pressures

Approximation of the actual pump chamber pressure can be made

by the sum of two saw-tooth waveforms as shown in Figure 3.7.

[ aejot—r]
FIG. 37 TwWO SAWTOOTH WAVE FORMS.

Starting from zero the pressure reaches a maximum at a certain
rate of pressure rise in linear manner determined by (a). After reaching a

maximum the pressure falls to zero, determined by (b).
p=p 15 Ut) - (t-a) Gwd) U(e-a) + EZCERD) yop o (a-l-b))} e (1)
ola ab b

For equation (1) occurring periodically, with period 2{, we have

A n¥.t nxl,t
P =F(t) = = =2 + ZAn COS[ LA ] + b 5111[ g ] e et (2)
2 a <z . n
s 22 7

where Ay = 1 F.(t).dt

/F(t) cos[. W't} dt,
nﬂT.t} e

o %IFW st [T

(]

n

M

and 24 » (a + b)
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For A, the results can be simplified

p 24 24
Ap = ‘]2{% [t-COS. [%T—%.dt. - (——- + %) [(t*a) cos[—-:z——-nw ;:} dyt
o
74
e e
awb
IRIVAN
,11 L - cos[(a+b) ] a(% + %)(1 _ Cos[a.n?f])
o o o~
Similarly: )t y
i r
Bp 7 ”29” %ft.sin [P-%—E] de '"("i"’%)j(t*a)sin Ln.w.t it
© o
4

%- (t- [a+b] sin F—%ﬁ] dt.

1
. Bp = 2 ;Esin (a+b) ] (—~+--) ii;w—r—

AT S RS A
SR NN omsih e

Amplitude of nth harmonic is given by : vV A 4 + b ¢

The amplitude of harmonics Ap and bp can be determined directly
from the equation or a computer program which has been developed by
Anderton (3.1) for harmonic analysis of cylinder pressure development
described in Appendix A. Using this derived program was found
to be a faster method and important aspects of exciting propensities
of hydraulic pressure pulse could be defined.

Figure 3.8. shows the spectra of an assumed symmetrical
pressure pulse a = b = 15° with the peak pressure of 415 bar. As
can be seen up to 8th harmonic the level is constant whereas above this
order the level of harmonics generally decay at a constant rate of
40 dB/decade. It shows the typical troughs of zero value starting

at 500 Hz and its multiples.
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Figure 3.9 shows a hydraulic pulse of the same total duration
of 30° but with the rise time a = 24° and fall time b = 6°. The
results are similar but there are significant changes in the spectrum.
The level of low frequency harmonics are exactly the same as for the
symmetrical pulse and harmonic decay at the same rate 40 dB/decade,
The typical troughs are clearly defined but are more widely
separated. The separation of troughs has increased from 600 to
1300 Hz.

Figure 3.10 shows the spectrum of a shorter pulse of total duration
of 14° with rise time of a = 9° and fall time of b = 5°, The total
duration of the pulse in this instance is not a divisor of1T., As
can be seen the shape of the spectrum is similar with the typical
decay of harmonics by 40 dB/decade. The typical troughs, however, do
not reach the low values as in the previous cases and the broad peaks
tend to be unsymmetrical.

Figure 3.1l shows the comparison of general outline of the spectra
pressure pulses considered in Figures 3.8, 3.9 and 3.10, and the
effects of various characteristics of pressure pulses.

These can be listed as follows:

(a) For a given amplitude of pressure pulse the magnitude
of low frequency harmonics decreases with decrease of the width of
the pulse, whilst the high frequency components (range of 40 dB slope)
increases in magnitude.

(b) Asymmetry for a given amplitude and width of the pulse
does not affect the low frequency components, but increases the
magnitude of high frequency harmonics.

(¢) The marked effect of the troughs occurs only when the
pulse width is integer divisor of 1V, Otherwise the troughs and
peaks are less marked and become of unsymmetrical shape.

The expected spectrum shapes can be devised from a simplified
waveform as shown in Figure 3.12. In this waveform the amplitudes

of harmonics are of a considerably simpler form.

AK 2N
1T (N‘— K‘) cos Ka !
{
NN
where N =‘%£- 4 Q.P

FIG 317 SIMPLIFIED FORM HALF SINE WAVE,
K = Harmonic

number
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If the pulse half width is an integral divisor of /2 then the
cos Ka term becomes zero. If not then there will be no marked
troughs in the spectrum, and the density of the harmonics causing
excitation will be greater. Table I gives relevant details of
the expected shape of the spectrum for various pulse widths (a. deg's)
harmonic at which the spectrum begins to turn into a 40 dB/decade

slope (Kt) and the corresponding frequency values for various pump

speeds.
| TABLE I
Pulse | 'K/t Harmonié
hglf ) A. N = m at which Frequencies at which
width 'in rad's 2a spectrum spectrum turns for
(a. deg) turns various engine speeds
‘w2 =x% 1250 1000 ' 750 | 500
1 0.01745 90.01 No zero 90 1872 1500 1125 750
2 0.0349 45.00 45 936 750 563 375
4 0.0698 22.50 No zero 22 458 367 275 183
6  0.1047 15.00 15 312 250 188 125
8  0.1396 11.252 No zero 11 229 183 138 92
10  0.1745  9.000 9 187 150 113 75
14 0.2443  6.429 No zero 6 125 100 75 50
15  0.2618 6.000 6 125 100 75 50
30 0.5236  3.000 3 63 50 38 25
60  2.0472 1.500 No zero 2 42 33 25 17
120 2,0944  0.750 No zero 1 21 17 13 8

From this analysis it is clear that the detailed form of the chamber
pressure pulse has a considerable effect on the exact shape of the frequency
analysis spectrum. The very narrow pulse width in comparison to a cylinder
pressure development extends over the low frequency range in which high
harmonic levels occur, and thus the frequency at which harmonic amplitudes

start their rapid fall.

3.4, Experimental Assessment of Exciting Propensities of
Pump Chamber and Pipe Line Pressure and their Relation
with Emitted Noise

To assess the exciting propensities of the hydraulic forces acting

on the plunger, it is necessary to measure pressure development
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The natural frequency of the Kistler 60lA pressure transducer
is very high, of the order of 130 KHz, First order calculations
show that added plunger mass of 8 grammes reduces the natural
frequency to about 22 KHz, which is adequate for measurements over
the freqﬁency range under consideration., Other techniques which
employ passages in pressure measurement were not considered because

the effect of lowering natural frequency is greater,
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in the pump chamber. This presents

considerable difficulties

since pressure transducers of extremely small diameter (about

2 mm) were not commercially available.
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PLUNGER

PRESSURE
TR;N SCUCER

FIG. 3-13.

This system of measuring has certain disadvantages
inevitable that some leakage of high pressure fuel will

the clearance between plunger spindle and lapped hole.

It was, however, decided
to explore the shape of the pump
chamber pressure diagram by using
a Kistler 601A pressure transducer
By

use of a plunger of 3 mm diameter,

fitted to'a special adaptor.

lapped in a drilled hole through
the delivery valve holder, the
hydraulic force acting on the end
of the plunger can be transmitted
to the diaphragm of the pressure
transducer as shown in Figure 3.13.
since it is
occur through

This leakage

was minimised to some degree by machining circular grooves in the

plunger spindle. It was found, however, at low pump speeds, that 1eakagé

affected the peak pressures to some

4255 bar

PRESSURE bdar

o

Plunger preesure—Z”

Pipe line
pressure/‘,;/

FIG 3.14
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PRESSURE  DIAGRAMS Time e

3.12

degree;*

At the rated speed condition
the pressure changes in the pump
were unaffected by the presence of
the transducer system. Figure 3.14
shows the comparison of the
pressure diagram in the pump
chamber and in the high pressure
pipe line a few inches above the
delivery valve outlet. As can be
seen there i1s only slight difference
between the pipe line and plunger
pressure diagrams.

Analysis of the waveform

above and below the delivery valve
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It can be seen that there is a rapid increase of peak pressure
from 500 rev/min (310 bar) up to 1000 rev/min (400 bar). Above
1000 rev/min up to 1400 rev/min there is only a slight increase of
peak pressure reaching the valve of 420 bar.
The variation of injection duration, however, changes in an
. . \ . . . . )
irregular manner. At 500 rev/min the duration of injection is 13
. . o . :
this reduces to a duration of 9.5 at 750 rev/min. Above this speed
. . . . . , o
the duration of injection gradually increases again from 10.5  at
. 0 . . . :
1000 rev/min to 13~ at 1250 rev/min and above. It is possible that these

discrepancies are due to effects of pressure waves from the high
pressure pipe line system influencing the pump chamber pressure.

As can he seen these irregular changes in pressure diagram
characteristics with speed are clearly reflected in the corresponding
chamber pressure spectra. There are, however, significant trends which
can be clearly observed in the low frequency range (flat part of
spectrum). It can be seen that there is a general increase in the
level of the harmonics by about 5 dB over the speed range which can be
accounted to increase of peak pressure and also to some extent to the

injection duration.
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The high frequency part of the spectra, i.e. the 40 dB slope
range clearly shows the broad troughs and peaks as discussed in
Section 3.1.

If the pump chamber pressure spectra (Figure 3.17) are compared
now with the emitted noise of the pump (Figure 3,18 over the speed
range from 500 rev/min to 1400 rev/min it would be: seen that the maximum
increase of noise (15 dB) of the pump occurs in the frequency range
Qetween 500 Hz and 800 Hz. Over the lower frequency range below 500 Hz
the increase in noise is only some 6 dB which, as can be seen,

corresponds with the relevant increases in pump chamber pressure spectra.

RO ks oy
3 i
. {
50f -+ =T
m e
< ! A
N »—l/ RERETY:
- j o AN TR P M
AN ‘ AANL T REM
= S PTAN R I
1 ~; 2l ARISE g
2 T NS00,
‘C”w‘t}' ’&, : d[‘\"‘“’;"“o@o:
L) SRR ED0.
':’{") /O : 4‘_....:.?‘4,_.... ,,;...‘
7 B Ty 1
Y/ L Eod i
L& “ r * } |
(R, i |
60 N -
e i -
D H

!
o
‘
L2 | l
. mEN il

b oo b o

X 7y LS 6T 39100 Wz 2 3 A 5 6729000
13,348 FEVECT OF SPEED ON PUMP NOISE,
ENGING  LEAD COVERED. SUMP EXPOSED,

RS et

From 1000 Hz to 2000 Hz the increase is smaller which is also

reflected in the pressure spectra. Above 2000 Hz the relationship

between noise and pump chamber pressure spectra does not correlate.
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Figure 3.19 shows plots for various one-~third octave band
frequencies between pump chamber pressure level and noise level for 400 Hz,
500 Hz, 630 Hz and 800 Hz, respectively. The relationship is reasonably
close to the 45° slope which confirms that in this frequency region the

exciting force in the pump chamber controls the noise of the pump.
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As regards the high frequency region of the pump, namely from
1000 Hz to 2000 Hz, there is significant increase of pump noise with
speed amounting to some 14 dB. There are no significant increases
however, in level of pump chamber pressure as shown in Figure 3.17, A
plot, shown in Figure 3.19 at the one~third octave band of 4000 Hz
of chamber pressure versus noise level, clearly indicates a large
increase of pump noise but with negligible increase in pump chamber
pressure level. This suggests that other exciting forces should be
responsible for the increase of high frequency noise and therefore
it was decided to consider the possibility of pipe line pressure
development being the cause of the high frequency noise.

Analyses of the pipe line pressure over the speed range 500,
750, 1000, 1250 and 1400 rev/min respectively, were carried out
using a Muirhead Pametrada wave analyser and the spectra are shown
in Figure 3.20. The pipe line pressure diagrams are shown in
Figure 3.21. It can be seen that the pipe line pressure levels in

the high frequency region also increase markedly with increase in

pump speed.
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The pipe line pressure spectra are similar to those of the
pump chamber pressure spectra in the low frequency range (flat part
of spectra) but the levels in the high frequency range are considerably
greater. Figure 3.22 compares the pipe line pressure spectrum with
the pump chamber pressure spectrum at the maximum rated speed of
1400 rev/min. This clearly shows that above 1000 ,Hz the pipe line
pressure levels are progressively greater than the pump chamber
ﬁressure levels by some 5. to 15 dB., It is also of interest to mote that
the slope of the higher frequency components in the pipe line pressure
spectrum are about 30 dB/decade as compared to the 40 dB/decade slope

for pump chamber pressure spectrum.
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Figure 3.23 shows the relation between noise and pipe line
. ; . . 0
pressure levels at various frequencies which illustrate that 45
slope corresponds with reasonable accuracy in the higher frequency

region of the pump noise from 2000 Hz upwards.
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The noise in the
remaining frequency range
between 1000 Hz and 2000 Hz
(i.e. dip in the noise
spectra) is definitely not
controlled by pipe line
pressure. Despite the
féct that correlation
with pump chamber pressure
is not very precise, it can
be assumed that pump chamber
pressure here is the major
controlling factor,

The overall (dB(4))
increase of noise with
speed and the increase of
level of pump chamber and
pipe line pressure in
various frequency regions
are shown in Figure 3,24,

As can be seen the
slopes of pipe line pressure
levels with speed vary
between 31 and 33 dB/decade
in the high frequency
regions of 3150, 5000 and
6300 Hz.
slopes of the pump chamber

Similarly the

pressure levels vary
between 27 and 35 dB/
decade in the low frequency
region of 500, 630 and

800 Hz,
pump noise (overall dB(A))

The increase of

at various test conditions,
i.e., motored on the I.S.V.R.
quiet rig, base mounted

and flange méunted on the



engine, show the range between 32-34 dB(A)/decade.

This can be considered as reasonable correlation regarding

the origin of the pump noise which is therefore mainly controlled

by hydraulic pressure characteristics, i.e. both pump chamber and

pipe line

3.4.2.

pressure.

#

In~line Ten fuel injection pump force and noise

The pump chamber pressure spectra and pressure diagrams

(superimposed) for the 10 in~line fuel injection pump are shown in

Figure 3.25 for pump speeds of 500, 750, 1000 and 1250 rev/min

It can be seen that there are significant changes

in peak pressures ranging' from 300 bar at 500 rev/min to 500 bar

at 1250 rev/min.

Duration of fuel injection also changes with

speed, i.e. 9° at 500 rev/min, 12° at 750 and 1000 rev/min, and

13° at 1250 rev/min,

or less the same.

The rates of pressure rige and fall are more

Because of the general increase of peak pressure and injection

duration with speed, the low frequency harmonics have been increased

by a greater amount (8 dB) than in the previous example.
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Over the middle frequency range from 400 Hz to 800 Hz, the
pressure levels due to speed, tend to decrease with increase in
frequency. This trend tends to be reflected in the pump noise
spectra shown in Figure 3.26.

| At high frequencies, i.e. 40 dB slope range, the pressure
spectra appear to be influenced by the peaks and troughs shown in

the pressure diagrams.
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As with the 6 in~line pump, if the pump chamber pressures
spectra are compared with the emitted noise of the pump over the
speed range from 500 rev/min to 1250 rev/min, it would be seen
that the maximum increase of noise (13 dB) of the pump occurs in
the frequency range between 400 Hz and 800 Hz.
From 1000 Bz and above the relationship between noise and pump
chamber pressure spectra are difficult to correlate. Figure 3,27
shows plots of various one-~third octave band frequeﬁcies between
pump chamber pressure level and noise level at 400, 500, 630 and 800 Hz

respectively,
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This relationship is also reasonably close to the 45° slope
which confirms that in this frequency region the exciting force

generation in the pump chamber controls the noise of this pump.

3.4.3. In-line twin-five injection pump forces and noise

The pump chamber pressure diagrams of the twin 5 in-line
fuel pump are less regular with far more pressure wave effects as
shown in Figure 3.28. The peak pressures increase significantly
with speed, i.e. 216 bar at 500 rev/min to 413 bar at 1250 rev/min
and the durations over which pesak ﬁressures oCCUr are very
dissimilar. Fuel injection duration is from 12° at 500 rev/min to 14°
at 1250 rev/min. With regard to rates of pressure rise and
fall it appears that these are controlled to some extent by the
severe peaks and troughs. Again it can be seen that these
irregular changes in pump chamber pressure characteristics with
speed are clearly reflected in the corresponding pump chamber
pressure spectra (Figure 3.28) with particular refgrence over the
high frequency range above 1000 Hz.

Over the lower frequency range, i.e. flat part of spectra
there is a general increase of some 7 dB in level of harmonics,

with increase of speed. Comparing the pump pressure spectra with the
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emitted noise of the pump (Figure 3.29) it can be seen that the

increase of noise from the pump with increase of speed is significant
over the middle frequency range from 600 Hz to 2000 Hz, i.e. in the order
of some 10 to 13 dB, This trend is also reflected in the pump chamber
pressure spectra though the increase of levels with speed tend to be

in the order of 13 dB to 18 dB.

3.5. Conclusions

The investigation of the three injection pumps show that hydraulic
pressure exerted on the pump casing agrees with reasonable accuracy
with theoretical waveforms,

The pressure spectra in the pump chamber show similarities, i.e.
all the pumps tested show a typical decay by 40 dB/decade in the high
frequency range. The pump noise in the low and mid-frequency range
tends to be controlled by pump chamber pressure.

In the high frequency range the controlling factor, most probably,
is the pipe line pressure when exciting only the top part of the pump
structure. Pipe line pressure shows higher levels of excitation in
the high frequency range by some 10 dB and the rate of increase of pump
pressure excitation with speed corresponds more closely with increase
of overall noise level with speed.

This finding does not exclude the effects of other exciting
forces such as delivery valve, drive coupling and needle seating impacts.

These effects will be discussed in later chapters,
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4, VIBRATION CHARACTERISTICS OF FUEL INJECTION PUMP STRUCTURE
4.1. Description of Test Apparatus

In order to investigate the noise and vibration characteristics
of the fuel injection pump without influence of noise and vibration
transmitted from the engine, the pump was installed on a special
"quiet" rig (Figure 4.1). The test rig was a converted Hartridge

test machine, i.e. sound-proofed with a héavily damped bed plate.

1 inch thick Chipbeoad. /75,m,m. thick Foam.
Fibre gloss wool.\zf; , P LD
Lead sheeting. i;‘

FIG 4-1 FUEL INJECTION PUMP TEST RIG. (LSVR)

The machine enclosure was made from 25 mm thick chipboard. In order
to minimise the build-up of noise inside the enclosure, it was lined
with sheet foam of 75 mm thickness, The outside of the enclosure

was covered with lead sheeting lined with 25 mm thick fibreglass wool,
The noise of the running machine was reduced by 30 dBA.

The drive-shaft and coupling were enclosed using lead sheeting
lined with fibreglass wool formed as a tube. The fuel injection pipes
were enclosed in thick rubber tubes and led outside the test cell to
the injector distribution block.,

Various techniques were employed to establish some understanding
of what elements in the pump structure determine the characteristics
of vibratbn and noise. These included the measurement of camshaft and

pump-body vibration,

4.1,



4,2, Study of Camshaft Bending using Capacitance Transducer

Oscillogréphic studies of pump vibration were made on a six
element in~line fuel injection pump to assess the nature of vibration
from the application of hydraulic impulse loads. Since the camshaft
is the first component of the pump which receives the application of
the hydraulic load it was considered necessary to initially establish
camshaft bending vibration.

In order to study the camshaft bending waveform, a capacitance
transducer was designed. This consisted of an insulated brass shoe,
with a turned radius at the toe equivalent to that of the camshaft
and located in a housing attached to the base of the pump casing, as
shown in Figure 4.2. Since the camshaft rotates it was essential to

grind the centre part of the shaft to minimise any eccentricity.

RADIUS OF INSULATED
CAMSHAFT BRASS SHOE C]
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A southern Instrument F.M. System as shown in Figure 4.3
was used to obtain an electrical signal proportioned to the change
of capacitance proportional to displacement. Since the capacitance
gauge was fixed to the base of the pump casing, the resultant
vibration oscillographs would truly represent only the relative
vibration between the)camshaft and the base of the pump casing.
A typical oscillogram is shown in Figure 4.4 which also shows the

pump chamber pressure in No.6

1400, revs/min.
o | pRess ) element. It will be seen that
v k the measured relative deflection
{\ “{&' Vidn follows the form of the hydraulic
? f % force and the vibrations of any
Q‘ !Li ] it*ﬁi j !-g | significance are see? to be
}Aﬂ ?”F”?”‘UL i "Y'QWMV%EEQ induced by the drop in the .
A 7 ‘Y T pressure, Also they are heavily
% SR O P ; damped and thus reduced to a
ST AR T Deg. negligible value before the

FIG4-4 CAMSHAFT ViBRaTion DXt impulse is applied.
The frequency of vibration
when determined from the oscillo-
gram is around 700 Hz and thus corresponds to the broad band peak of
the noise spectra (Figure 3.18, Section 3.4). The amplitude of the
oscillatory part of the displacement diagram is about one-fifth of
the total deflection which occurs during the time of hydraulic loading.

This suggests that the forced components (particular integral) are

considerably greater than the oscillatory components (complementary

function).

- The magnitude of deflection is dependent on the individual
plunger operation. Near the cam shaft bearings, minimum deflections
are produced by the working plungers while in the middle of the cam-
shaft the working plunger produces considerably greater deflection
amplitudes, this difference being in the order of some 2:1.

Figure 4.5 illustrates the distribution of deflection
amplitudes as measured on the centre of the camshaft from the

operation of the plﬁngers.

4.3
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4.4

Similar results were obtained
with a velocity type transducer.
Figurev4.6 illustrates the deflection
and veloeity deflection in comparison
The

system also shows the presence of

with applied force diagram.

high damping, thezQ factor was between
8.9 and 9.5,

The narrow band spectra of the
velocity waveform and deflection wave-
form, obtained using a Muirhead Pametrada
wave analyser are shown in Figures 4.7
and 4.8 respectively.

As can be seen the spectra

contain predominantly the firing



harmonics, although the rotational harmonics can be detected but
are of small amplitude. (The rotational harmonics are the result of

known vibration amplitude resulting from different plungers operating).
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If the general outline (envelope of harmonics) is drawn and
compared with force spectrum, as shown in Figure 4.9, they show
very close similarity which suggests that pump vibration is stiff-

ness controlled.
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4,4, Study of Camshaft Bending - One Plunger only Operating

An experiment was carried out operating only one plunger. The
spectrum is shown in Figure 4.10. It can be seen in this case that

although the spectrum consists of harmonics of single plunger

operation, the spectrum is similar. It was found also, that the noise

was in no way different.
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Comparison between force and vibration spectra is shown
in Figure 4.11 which indicates the same mechanism of stiffness
control. The damping in the pump is only marginally reduced,

i.e. Q factor is rlduced from 9.6 to 10.8.
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4.5. Study of Camshaft Bending Using Electro Magnetic Shaker

Camshaft vibration
characteristics were investigated
using a vibration generator
attached to the centre of the cam-
shaft via a drilled hole in
the pump casing as shown in
Figure 4.12, The vibratory

response of the camshaft is
’ shown in Figure 4.13 indicating

predominant frequencies of

1250 Hz, 1400 Hz, 2500 Hz and

vy : 5000 Hz respectively. The
)| VIBRATOR

ACCE!LEROMETER

CUTPUT response of the 700 Hz component

.
TR

is small, i.e. there is no
FIG 412 evidence of resonance in this
frequency region.
The pump casing:response to camshaft vibratory force is shown
in Figure 4.14., One~-third octave band spectra wereobtained in two

horizontal planes (A and B) and one vertical plane (C). As can be
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seen in both planes the 700 Hz component is very predominant.
The horizontal components are some 5 to 11 dB higher than the

vertical component.
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From the vibration spectra taken on the pump casing along
two horizontal rows and one vertical row, G.e. A, B, C, 1~5) the
indication of a fundamental bending mode is observed at 700 Hz.
At 2000 Hz there is indication of a second bending mode and a

possible torsional mode. These results are shown in Figure 4.15.
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FIG.415. PUMP CASING VIBRATION SPECTRA.

4.,6. Pump Structure Vibration Using'Proximity' Type Transducer

Pump housing vibration oscillogmms were obtained at various
positions on the éump casing using a "proximity" type velocity pick~-
up. As can be seen from Figure 4,16 the waveforms are very similar
to those taken on the camshaft and clearly illustrate the effect
of individual injectors and subsequent vibration.

Vibration spectra were obtained at twenty points on the pump
casing. At each one-third octave band the vibration levels were
summed and averaged, thereby producing one spectrum. This result is
shown in Figure 4.17 which indicates a distinct broad band peak
centred around 700~800 Hz. Above 1000 Hz the vibration levels are some

13 dB lower.

4,7. Conclusions

Vibration measurements between camshaft and base of the pump show
that the measured relative deflection follows the form of the hydraulic
force., Vibrations of any significance are seen to be induced only by the

drop in pressure. The frequency of these vibrations is around 700 Hz.
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Narrow band spectra of velocity and deflection waveforms
contain predominantly the firing harmonics. Comparing the general
outline of the harmonics with the pump chamber force spectrum results
shows a very close similarity, indicating that pump vibration is stiff-
ness controlled. Operating one plunger only, the narrow band spectrum
shows harmonics of single plunger operation to be predominant above
300 Hz., Comparison between force and vibration spectra indicates the
samL mechanism of stiffness control, The damping in the pump is
marginally reduced.

The vibratory response of the camshaft (using external vibrator)
shows predominant frequencies of 1250 Hz, 1400 Hz, 2500 Hz and 5000 Hz
respectively. The response at 700 Hz is small.

Response of the pump casing to camshaft vibration force, however,
gshow that in both horizontal and vertical planes on the pump casing
the 700 Hz component is clearly predominant. Vibration spectra taken
on the pump housing indicate a fundamental bending mode around 700 Hz.
At 2000 Hz there is indication of a second bending mode and possibly a

torsional mode.
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5. COMPARISON OF GENERAL VIBRATION
CHARACTERISTICS OF THE PUMP AND ENGINE

There is a considerable similarity between the injection pump
and engine structure design. Both structures are complex castings,
and as shown by Lalor (5.1) the mode shapes are complex. In particular
in the higher frequency range, the modal density (number of
modes per unit bandwidth) can be very high. It has also been found
experimentally by Lalor and Croker (5.2) employing a vibration
generator to excite an undamped engine structure crankcase /block
without running parts fitted, that even the slight damping present
prevents the full identification of all the individual modes. The
existence of all modes can only be determined by the finite element
modal analysis of the engine structure.

Figure 5.1 illustrates the mode shape at ome particular
frequency in the high frequency range of a simplified engine block
casting showing the amplitude, phase and modal lines.

Another way to compare and identify structure vibration is
by measurement of the distribution of vibration level over the
structure at a large number of points in one-third octave bands.
This provides a time average vibration level of the engine or the
pump. These data do not give any more detailed modal information
but provide general information as to which parts of the structure
are responsible for radiation of noise in a particular frequency
range. The variation in vibration level over the structure is
considerable largely up to 10 to 15 dB.

A technique for measurement of vibration distribution has been
defined at I.S.V.R. On the engine block the practice is to divide
the surface into grids of approximately 50 mm square and thus on
average some 65 measuring points are used. On the pump structure
(smaller physical size) the measuring grid is considerably finer,
i.e. the structure is divided into a grid of about 25 mm square and
thus on average some 25 measuring points are used. The photograph
(Figure 5.2) illustrates the positioning of measuring grids on the
pump and the engine.

Investigations by Anderton and Chan (5.]) have shown that
radiated noise in a particular one-third octave band is directly
related to the mean vibration level averaged over the whole surface

of the engine. They have also shown that radiated noise in the same

5.1
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way can be calculated from individual surfaces of structure, for

example valve cover, block, exhaust and inlet manifolds, crankcase and

sump, thus assessing quantitatively the noise making potential of

each of these engine components.

In the present investigation therefore the basis of mean

vibration levels distributed over the frequency range will be used

for comparison of the characteristics of engine and pump vibration.

TABLE 2

ENGINE DATA AND PUMP DATA

ENGINE
A

ENGINE

ENGINE

ENGINE

ENGINE

E

ENGINE

Bore
Stroke
Capacity
HP

Bore
Stroke
Capacity
HP

Bore
Stroke
Capacity
HP

Bore
Stroke
Capacity
HP

Bore
Stroke
Capacity
HP

Bore
Stroke
Capacity
HP

107.18 mm

120.7 tmm

6.54 litres

125 HP @ 2400 rev/min

125 mm

130 mm

15.95 litres

330 HP @ 2500 rev/min

130 mm
150 mm
11.98 litres
350 HP

120 mm
130 mm
8,822 litres

182 HP @ 2400 rev/min

104,.7 mm
114,.7 mm
5.89 litres
113 HP @ 2800 rev/min

115 mm
120 mm
12.6 litres
286 HP @ 2800 rev/min

6 in-line N.A.

vV 10 N.A.

6 in-line T.C.

6 in-line N.A,

in-line N.A.

vV 10 N.A.

Six engines of power range from 110 to 350 HP as employed in

medium to heavy trucks, were chosen for the investigation. All these

engines

fitted with in~line injection pumps.

Four of the

engines are in-line 6 cylinder engines, two are V 10 engines. One

of the six in-~line 350 HP engines is turbocharged.

The chosen engines

also represent relevant differences in pump drive and pump mounting

arrangements.

The data of engines and pumps are given in Table 2.

5.2



5.1. General Vibration Characteristics of Injection Pump /

Most of the detailed study was carried out on the Engine (E)
fitted with a flange mounted injection pump as shown in the
photograph (Figure 5.2). The vibration spectra plotted along the
horizontal rows A, B, C and D, are shown in Figure 5.3. As can be
seen in some frequency bands the variations in vibration level
along the lines are quite large, i.e. about 10 dB, while in others they
;are as small as 2 dB. The spectra, however, exhibit certain
;imilarities; they all have broad peaks in the frequency range
from 800 Hz to 1000 Hz and in the high frequency range from 3000 Hz
upwards,

The distribution of vibration,from the spectra shown in
Figure 5.3,can be defined by plotting the variations of the
vibration levels along the horizontal lines A, B, C, D, in each of
the one~third octave bands as shown in Figures 5.4a,b,c,d. From
these it is possible to identify the shape of the vibration in a
horizontal direction. In the same way plots can be made in vertical
planes as shown in Figures 5.5a,b, indicating the distribution of
vibration in the vertical direction.

A clearer illustration can be provided by the construction of
asymmetric diagrams of vibration distribution over the whole pump
surface (three dimensional plots) in various ome-third octave bands
as shown in Figures 5.6a,b,c,d,e,f,g. These graphs illustrate that,
based on Lalor's classification of engine modes in two groups
(namely plate type modes and panel modes,) the pump appears to exhibit
only plate type modes over the whole frequency range from 100 to
8000 Hz. These, as can be seen, are a combination of bending and
torsional type modes.

At the broad peak around 800 Hz at the free end of the pump
there is high vibration at the top and bottom surfaces while in
the middle it is low, suggesting a torsional mode of the whole pump
body. 1In the high frequency range from 2000 Hz upwards there is a
general increase of vibration from the top part of the pump towards
the lower part, thus resembling a '"conical mode' where from the
applied forces the lower part of the pump structure distorts

considerably more. The top part of the pump is extremely rigid and
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thus vibrations are low., Due to the complexity of pump vibration
a clearer indication of characteristics of vibration can be obtained
by averaging vibration.

Figure 5.7 shows the vibration spectra averaged along the lines
A, B, C, D. This illustrates how the four horizontal elements of
the pump, i.e. top structure, inspection cover plate and the two
sgctions of the cambox, vibrate. There is little variation of
vibration in the vertical direction while in the high frequency
range it is very clear that at the top of the pump the average
vibration is about 10 dB lower than the lower part, i.e. clearly
indicating the conical mode shape as it was observed from asymmetrical
plots.

In the same way average spectra can be obtained along the
vertical lines which enable the assessment of average distribution
along the horizontal axis. Using the averaged lines, (i.e.
horizontal elements of pump structure) average vertical plane
vibration patterns can be obtained as shown in Figure 5.8. These,
to some extent, provide somewhat clearer conclusions which enable

one to classify vibration patterns as follows -

(1) At 400 Hz more or less uniform vibrationm in

the vertical plane.

(2) At 500, 650, 800 minimum along the line B (inspection
and 1000 Hz cover - where the pump structure is
weak) and high levels at the top and
the bottom.

(3) 1250 and 1600 Hz high levels along the line (C)
middle of the cambox decreasing

towards top and bottom.

(4) 2000 and 2500 Hz low levels at top and linear increase
towards bottom of the pump.

(5) 3500, 6000 and low levels at top, uniform vibration
5000 Hz of the rest of the pump.
(6) 6000 and 8000 Hz low level at the top increases

gradually towards bottom of the pump
by some 15 dB.

5.4
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Finally, it is possible to arrive at and represent the pump
vibration by average vibration spectrum as shown in Figure 5.9.
Vertical lines on the spectrum indicate the maximum and minimum
variation of vibration in a particular frequency range. The minimum,
is about 8 dB (amplitude variation 13:1) while the maximum is about

30 dB (amplitude variation about 22:1).

{ 5.1,1. Conclusions

| From the three-dimensional plots of vibration distribution
over the pump surface, the pump structure appears to exhibit plate
type bending modes over the frequency range 1000 Hz to 8000 Hz,
These are a combination of plate bending and torsional modes.

At around 800 Hz at the free end of the pump, high vibration
levels at the top and bottom of the structure with low levels of
vibration in the middle, suggest a torsional mode of the whole pump
body.

Increase in vibration levels from the top part of the pump
towards the bottom of the pump, over the frequency range above
2000 Hz suggest a conical mode, i.e. where the applied forces tend
to be more effective at the lower part of the pump

The variation in vibration plotted in a vertical plane down
the pump structure shows that over the high frequency range the
average vibration levels, at the top of the pump, (stiff section)
are some 10 dB lower than the lower part of pump indicating a conical

mode as observed previously.

5.2, Vibration Characteristics of Engine Block

The engine vibration characteristics (in this instance only
the block and crankcase) have been investigated in a similar manner
to the pump. Figure 5.10 shows the vibration spectra plotted along
the lines A,B,C and D, each group representing 11 spectra from
individual measuring points along the particular line.

The spectra show  strong broadpeaks around 315 Hz and also
significant levels of vibration in the high frequency range from
1000 Hz upwards. Figures 5.1la,b,c,d,e,f,g, show.three dimensional

plots of engine block and crankcase vibration.

3.5
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FIG. 511.b  THREE DIMENSIONAL PLOTS OF ENGINE BLOCK AND CRANKCASE VIBRATION.



THREE DIMENSIONAL PLOTS OF ENGINE BLOCK AND CRANKCASE VIBRATION.

FIG 5-11¢



FIG.5:11d. THREE DIMENSIONAL PLOTS OF ENGINE BLOCK AND CRANKCASE VIBRATION.



THREE DIMENSIONAL PLOTS OF BLOCK AND CRANKCRASE VIBRATION

FIG 5-11e



THREE DIMENSIONAL PLOTS OF BLOCK AND CRANKCASE VIBRATION.

‘ FIG.5.11.1.
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It is not intended to define in detail the engine vibration
characteristics but it can be clearly seen that plate type modes
of vibration occupy the low frequency range up to 1250 Hz., A
very clear free-free beam type mode can be seen in Figure 5.lla at
315 Hz. Above 1250 Hz the structure breaks up in typical panel
modes with the modal lines situated along the heavy sections of
the casting, i.e. bulkheads, top and the bottom decks of the
engine structure.

Comparing these asymmetric plots with those of the injection
pump it is obvious that the injection pump has no panel modes present.

Figure 5.12 shows the vibration spectra averaged along lines
A,B,C and D, respectively, of the engine structure and Figure 5.13
represents the engine vibration by average vibration spectrum. The
vertical lines indicate maximum and minimum variations of vibratiom
in each particular frequency range. The minimum, as can be seen,
is about 10 dB variation in vibration level while the maximum

is about 37 dB variation in vibration level.

5.3. Conclusions

Vibration spectra plotted along the block and crankcase show
a very strong broad peak around 315 Hz. The vibration levels over
the high frequency range from 630 Hz to 5000 Hz increase significantly
with increase in frequency.

The three~dimensional plots of the block and crankcase vibration
show a well defined free-free beam type mode. Over the high
frequency range above 1250 Hz the structure breaks up into typical
panel modes with modal lines situated along the heavy sections, i.e.
bulkheads, top and bottom decks of engine casting.

Comparing these three-dimensional plots with those of the
injection pump it appears that the injection pump has no panel modes

present.

5.4, Comparison of Average Engine and Pump Vibrations

Figure 5.14 shows the average vibration spectra of the pump
and engine block and cramkcase., The pump vibration is significantly

higher than that of the engine except for two regions (a) one at

5.6
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315 Hz where engine vibration is high due to its fundamental
bending mode and (b) other at high frequencies from 2000 Hz to
4000 Hz where pump vibration is only marginally higher, 5-8 dB,
than the engine vibration.

The same analysis was carried out for all other engines and
pumps tested and the results in terms of average spectra are
summarised in Figure 5.15. Pump vibrations in this instance
were measured on the running engines.,

In general, in all the normally aspirated engines the mean
vibration levels of the pump are higher than those of the engine
block. On the turbocharged engine (C) the pump vibration levels
are higher than the block vibration levels over the low frequency
range up to 400 Hz, but above 400 Hz the pump and engine block
vibration levels are of the same magnitude.

The main reason why pump vibration levels are somewhat lower
is that engine (C) was fitted with a low noise Maximec pump
developed by C.A.V. Ltd., (5.3).

On the normally aspirated engine the pump vibration levels
are on average about 10 dB to 15 dB higher than the engine block
vibrations over most of the frequency range up to 3000 Hz. Above
3000 Hz the difference between the engine block and the pump in
general becomes smaller and is about 3 to 6 dB. Only on one of
the engines, i.e. engine (A), does the engine block vibration
exceed the pump vibration in the higher frequency range over 2000 Hz
by some 3 to 7 dB. On this particular engine the mounting arrange-
ment of the pump appears to be responsible. Since the general
trend is for the pump to have higher vibration levels than the
engine, an attempt was made to find a basic explanation and relate
the injection pump and engine structure vibration to the characteristics
of the relevant exciting forces.

Engine (E) was chosen for the detailed analysis to explain the
basic reasons why the pump surface vibrations are generally
significantly higher than the engine surface vibrations. The analysis
is based on comparing the characteristics of the engine exciting
forces with those in the pump and relating them with relevant

structural characteristics.

5.7
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Figure 5.16shows the cylinder pressure spectrum of engine E
and the hydraulic chamber pressure spectrum of its in-line pump.
The spectra indicate that excitation per unit area of the pump is
higher by 10 dB over the low frequency range up to 150 Hz,and
20-30 dB higher over the frequency range from 200 Hz to 1000 Hz,
and some 20 dB higher over the high frequency range above 1000 Hz.
Since the respective areas of the pump plunger and engine piston
are different (area ratio 40 dB) itis more meaningful to consider
the spectra of the forces acting on the pump structure and engine
structure., The pressure spectrum shown in Figure 5.16 thus requires
correction by 40 dB in order for comparisons in terms of relative

force to be made.

i.e. AdR= L plunger -~ L cyl. pressure

A dB = 30 dB
Thus 20 log, . i-BLUBBEL _ 3o 43
10 Ppiston

the pressure ratio is therefore

P plunger _,, 30 _
P piston AL 20 31.3

The ratio of respective areas of piston and plunger are

Area of piston _ 100
Area of plunger 1

The ratio of force

_ F piston _ P piston A piston _ 100
F plunger P plunger A plunger 31.5

and the ratio of forces in terms of force levels in dB

F Eiston - 100
20 1og10 F plunger 20 10310 31.5

= 20(2-1,5) = 10 dB

The plotted modified force spectrum is shown in Figure 5.17 which
indicates that the level of combustion exciting force is higher than

the pump exciting force over the whole frequency range. In the low

5.8



For this simplified analysis, only vertical forces are considered
for both systems. For the engine horizontal forces acting on piston
and main bearings do exist but these are an order of magnitude lower
than the vertical ones. On the fuel injection pump any horizontal
force can only be transmitted via the roller/cem interface and this

must always be considerably smaller than vertical force.



frequency range it is higher by some 32 to 28 dB up to 100 Hz,
about 10 dB around 500 Hz to 800 Hz and some 15 to 20 dB over the
high frequency range above 1000 Hz,

The basic reasons for the observed higher vibration levels on
the pump, despite the considerably lower levels of exciting forces,
can be shown by the following simple analysis.

; The strength of the structure is proportional to the typical

dimension L.¥
. Force Force
Deflection = orfress -

The bore of the engine is about 10 times the pump plunger bore
(B). The actual forces which are calculated on the engine and pump
are therefore :

Force F on piston = 174,2 N calculated from Figure 5.1

" F " plunger= 50,2 N at 400 Hz

If the principal dimension L is taken as diameter of the bore

then ratio deflection

um - _50.2/B
engine ’ T7ZT§7T6§

2.88

Expressing this ratio in decibel units the difference in

vibration levels between engine and pump can be derived thus::

Vibration level pump casing

20 10810 Vibration level engine structure

20 1og10 2,88 = 9,2 dB

This analysis indicates, for example,that at a frequency of 400 Hz,
the average vibration level of the engine should be some 9.2 dB below
that of the pump. The difference, as can be seen,is somewhat greater
which may be due to the fact that comparison is made between an
aluminium structure (pump) and a cast iron structure (engine). The
trend indicated by this simple calculation, however, shows clearly

the basic fundamental principle involved,
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5.5. Injection Equipment Excited Engine Structure Vibration

Numerous tests were made on stationary engines with only the
injection pumps motored by means of a hydraulic motor. Figure 5.18
illustrates typical results. Spectrum (A) represents the mean pump
vibration when it is driven by the running engine while the spectrum
(B) shows pump vibration when driven from an external source.

There are some discrepancies, but the general shape of the spectra
are very similar and the differences between the two spectra from
500 Hz upwards do not exceed 2 to 3 dB. The running engine condition,
however, does indicate that the pump vibration is by a small amount
greater which may suggest that the engine mput torque, which is
transmitted through a series of timing gears, may be more impulsive
and thus contributes to the slightly higher excitation. Similar
findings were obtained on engine (F) (base mounted) as shown in
Figure 5.20,

Spectrum D shown in Figure 5.18 shows the mean vibration of the
engine block resulting from excitation from the injection system
alone. As can be seen the block vibration is on average about 25 dB
lower than in an actual running condition. This corresponds
with the lower magnitude of exciting force generation in pumps
(comparison of force level spectra, Figure 5.16, Section 5.4). It
is of interest to note in this instance some éimilarity between
the mean pump vibration spectra and the mean engine vibration spectra
(spectrum B and D). The engine, tends to exhibit the broad humped
peak around 800 Hz., On the running engine (spectrum C) this is not
obvious due to generally higher levels,

The response of other engine components due to injection system
excitation are also illustrated, namely sump (spectrum E) and valve
cover (spectrum F)., It is generally found on a running engine that
both these components show considerably greater response, and as can
be seen the response is also greater due to injection system
excitation. These spectra show typical resonant peaks which correspond
with the natural frequencies of lightweight covers of the engine., The
response of the inlet and exhaust manifold tends to be some 10 dB
lower.

Engine structure response can be expressed in terms of structure

attenuation. This method was proposed by Austen and Priede (5.4),

5!10
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i.e. structure acoustical attenuation which was defined as
differences between the exciting force level and emitted noise.
Since the introduction of the principal of mean vibration levels
of structure, in this study, it is possible to define attenuation
itself from combustion exciting force and the injection pump
exciting force. Thus two graphs of structure attenuation have
been calculated;

(A) Structure attenuation EC = combustion force level -

its mean block vibration level

(B) Structure attenuation EP = pump force level - its mean
engine block vibration level
Figure 5.19 shows a line diagram of engine and pump illustrating
the gas and hydraulic forces. As shown in Figure 5.20 both attenuation
curves are of almost the same magnitude and shape. This indicates
in effect that the engine

block vibration ig primarily

,AaJF%‘ determined by the force level
£

irrespective of its origin, i.e.
either gas force or hydraulic

pump force. For comparison,

structure attenuation curves

of the injection pump are

ghown in spectrum C. This shows

AN ANE NN
=
iy
4

AN TR

.
\
ot

that the pump attenuation is

considerably lower than that

j v &<%§ﬁ> of the engine block as already
” F_ Ve discussed in the previous
w? 5;f 777 section (5.4) (Figure 5.16).
FIG 5419 (b) Lé: There is, however,

indication that pump excitation
and engine attenuation curves
of the block are not exactly of the same magnitude. There are
frequency regions where the differences may be as great as 10 dB
but generally the ordersof magnitude are the same. There ig one
aspect which still requires consideration and that is excitation from
the injector. Injector operation in these comparisons is the same
whether the engine is running under its own power or the injection

pump is motored.
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6. INVESTIGATION OF VIBRATORY FORCE PATH
BETWEEN INJECTION PUMP AND ENGINE

From studies made on two types of in-line fuel injection

pump mounting systems namely "flange" and '"base' fixing, it is
apparent that instrumentation with force transducers on the
flange mounted pump would present some problems since it is
difficult to define the directions of the force inputs and thus
triaxial force transducers would have to be employed. This would
present unsurmountable problems related to necessary modifications
to the timing gear drive system for driving the pump.

The base mounted pump, however, offered possibilities where
only minor modifications to the mounting bracket were needed and

a Kistler washer type force transducer was installed on engine A

as shown in Figure 6.1.
The transducers were

=
—c:Lr1 . 1 -~

calibrated dynamically using

a "Dawes' shaker., This consisted

of a small vibrator operated at

o (o)

the mains supply frequency where

the electro-magnetic circuit

of the vibrator could be tuned

to resonance by an external

——
FORCE control,
O TRANSDUCERS Calibration was achieved
_ ‘ by attaching the force transducer
o 6 to a mass loaded system,
‘ (o] FIG.61 including an accelerometer, as

shown in Figure 6.2.
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The same bolts as used for the calibration system were also
used for pumps mounting on the bracket. The torque on the bolts was
kept constant at 21 N.m in both applications. A line diagram of

the calibration system is shown in Figure 6.3
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FIG.6:3 LINE ‘DIAGRAM "FORCE  TRANSDUCER CALIBRATION.

With the system operative, four sets of readings were obtained
for each respective transducer, i.e. for each change in vibration
level, the corresponding output from the transducer was recorded.
The charge amplifier sensitivity setting was kept constant through-
out the tests. The calibration curves obtained for the four
transducers are shown in Figure 6.4

Measurements were carried out on the fuel injection pump with
engine running, (G.e. normal pump operation)and also with the pump

driven via an hydraulic motor as shown in Figure 6.5

ENGINE TIMING
%v G?M% ﬁﬁhmmmj
/ /4 , 1%
/[ , ﬁ M [[’A I ( o) o !
1
rquuuuc S— e -
MCTOR T
" TFORCE
TRANSDUCERS
g
i} ’ .
ENGINE.

FIG.6-S. LINE DIAGRAM PUMP MOTORING SYSTEM.
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Figure 6.6 shows the force oscillograms at No.l and No.4
positions on the bracket together with pipe line pressure diagrams
and timing marks at pump speeds of 1200, 1000, 800 and 600 rev/min.
The oscillograms clearly show the triangular peaks correspond-
ing to the shape of the injection pressure diagrams, The
impulsive peaks, as can be seen, induce transient force oscillations
which are transmitted through the bracket.

The firing sequencés of the pump are marked on the oscillograms
ihdicating which of the elements is pumping at any particular
instance. It will be noted that the amplitude of the force impulses
from pumping are different for each plunger element, i.e. No.l
plunger which is nearest to camshaft bearing has the lowest impulse,
whereas No.6 plunger, nearest to the centre of the camshaft,has a
maximum force impulse.

The frequency of the waveform oscillations between each impulse

are calculated as follows:-

1200 rev/min 480 Hz; 500 rev/min 492 Hz;
1000 rev/min 510 Hz; 600 rev/min 506 Hz.

These results indicate a strong resonant frequency of the pump
bracket system, centred around 500 Hz which is reflected in the
structure attenuation curves (Figure 5.20) and force spectra
(Figure 6.8). The distribution of the individual force impulses is
shown in Figure 6.7 at various speeds, which, as can be seen, follows

the same pattern observed in the study of camshaft bending.

vy
E 2 ’/‘k
oo | 1200F aE 'y N
B -
g A/:W e — 800 IR " ::’:_’1%
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< e, SETI '
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g 2 4 5 Pump °
T FIG 67 DISTRIBUTON OF FORCE IMPULSES. Element
Figure 6.8 shows the spectra of the force at position 1, at
pump speeds of 1200, 1000, 800 and 600 rev/min. Force

in Newtons is plotted on a logarithmic scale (a scale defining force
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level in dB re 1 uN is also included). The maximum force trans-
mitted occurs in the frequency range from 100 Hz to 1000 Hz. Above
1000 Hz the transmitted force level decreases rapidly at about

40 dB/decade.

In this frequency region from 100 Hz to 1000 Hz there are
definite broad peaks in the spectra which are closely related to
the characteristics of the pump vibration. The frequency regions
of the broad peaks are between (a) 100 to 160 Hz; (b) 300 to 400 Hz
and (c) 800 to 1000 Hz, and are identical to the pump body vibrations.

As shown in Figure 5.3, Chapter 5, since the harmonic density
of the exciting force in the low frequency range is low, the peaks (a)
and (b) show irregular changes with speed. The higher frequency peak
(¢) from 800 Hz to 1000 Hz shows a constant steady increase with speed.

The increase of force transmitted at the mounting point also
shows the same trends as observed in pump vibration with speed.

Figures 6.9 to 6.12 compare the force and level at each of the
respective fixing points at pump speeds of 1200, 1000, 800 and 600
rev/min respectively. The shape of the spectra at each of the points
is similar. The force level at the points 2,3, and 4, are more or
less identical, but force transmitted from the fixing point, 1, is of
the order of some 10 to 15 dB higher over the whole frequency range.
This indicates that the force "flow'" is largely occurring through
one fixing point, i.e. No.l, on the drive end of the pump near the
engine structure. At frequencies above 3000 Hz, the force flow shows
a maximum at position No.l, followed by position No.4, then 3, with
lowest force flow at position No.2Z.

This phenomenon was observed during the tests and in order to
eliminate experimental error, No.l transducer was fitted in turn to
the other three positions. The results verified the original findings.

It is to be expected that the front two mounting points at
Nos. 1 and 4 positions (i.e. nearest the input drive) could take the
greatest torque reaction load because the flexibility of the pump body
in torsion prevents this load being shared equally. Since mounting
point No.l is nearest the engine side the bracket support will be
stiffer than at No.4 position, Therefore by similar reasoning No.l

support will take the greatest load.
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Since correlation between hydraulic force spectrum (pump
chamber force spectrum) and the vibration amplitude spectrum of
the pump showed similarity (Chapter 4, Figure 4.9) it was of interest
to correlate the mounting point force spectrum with the hydraulic
force spectrum.

This comparison is shown in Figure 6.13.
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FIG. 6.13. PUMP AND BRACKET FORCE SPECTRA

The one~third octave band spectrum of the mounting point
force has been corrected for 1 Hz bandwidth. The basic shapes of
" the two force characteristics are similar. This therefore indicates
that the force generated in the pump chamber is fed into the engine
structure without any appreciable modification, thus supporting the
findings of the previous section, whence the spectrum of the pump

vibration amplitude follows closely the force spectrum shape.
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7. ASSESSMENT OF FUEL INJECTION PUMP NOISE
FROM SURFACE VIBRATION MEASUREMENTS

Assessing noise of various engine components by lead covering

techniques can, in some cases, be misleading, i.e. exposing

the individual components often involves exposing other radiating
sections of the engine. Also it has been found that the lead
jacket enclosing the engine vibrates as a result of the forces
transmitted through the lead jacket absorbent. Furthermore small
leaks through overlapping sections of lead and joins allow more
engine noise to reach the microphome than intended. Accumulation
of these defects lead to inaccurate results with particular
reference to pump radiated noise.

For the assessment of one particular 10 element in-line pump,
noise tests were carried out using the facilities at C.A.V. Ltd,
London. The pump was motored on a special 'quiet’ rig in an
anechoic chamber.

On the 'quiet' rig every effort was made to ensure that the
pump noise could be measured without interference from other
vibration sources. The rig was constructed so as to radiate little
noise in respomse to pump vibration. The pump was mounted via
solid blocks to a massive cast iron table which was supported on a
stiff frame. The pump body was rigidly held. The drive torque was
supplied from a motor outside the soundproof cell in which the rig
was situated. The pump driveshaft, running in stiffly mounted
bearings, was equipped with a large flywheel. It was connected to
the camshaft of the pump via special couplings with high torsional
stiffness. The coupling consisted of thin spring discs separated
by a length of shaft which allowed misalignment between pump and
camshaft to’be taken up.

The investigation into the noise radiated by a 10 element fuel
injection pump showed that pump radiated noise,when the pump was fitted
to the engine, (all other engine surfaces lead shielded) was up to
10 dBA noisier than the same fuel pump motored on a quiet rig for the
same fuelling and speed conditions. This is shown in Figure 7.1la.

The differences between noise apparently radiated by the pump

on a running engine, and the noise when the pump is driven on the

7.1



quiet rig, can be seen more clearly from the spectra of the two

noise measurements in Figure 7.1b,

7.1. Calculating Radiated Noise from
Vibration Spectra Russell's" Method

In order to assess the validity of these results, a further
measurement of noise radiated from the pump surfaces was made. To
obtain this estimate, one~third octave band vibration spectra were
measured at 29 points oﬁ the side of the pump and governor, on the
side facing the microphone. These measurements may be conveniently
made with the pump mounted upon the engine or on the quiet rig.

The mean square values of vibration acceleration were estimated in
each one-third octave band was estimated from the expression:

=2
i“p o rad) + D

1/3 0B SPL = 10 logy, { 5o

where 1~ 1is the mean square vibration
veloeity, calculated from
the measured acceleration
values (a) u = a/2nf

o is density of air
¢ 1is speed of sound in air

A is area of noise-radiating
surface

o rad is the radiation efficiency
of the normal modes of
surface area A

r is the radius, from the pump
" centre, to the measurement
microphone position

D is the directivity factor
expresses in decibels

The noise spectrum derived from spatial mean square vibration
levels 1is compared with the noise radiated by the exposed pump on
a lead jacketed engine in Figure 7.lb. As can be seen there is reasonable

agreement over the frequency range 800 Hz to 2.5 K and at 8.0 kHz.
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7.2. Calculating Radiated Noise from
Vibration Spectra 'Anderton's' Method

Another method of calculating the radiated noise from structure
vibrations, though very similar in application,was devised by
Dr. Anderton, I.5.V.R. (5.6).

His method of calculating radiated noise is as follows:-

Noise dB re., 2 x 10”5N4ﬂ2 is given by

S{trav)
10 10g10 S(rad)

i

dB(f) = L¥(f) + K

S(rad) = radiating area of surface
(i.e. top, sides, front, etc)
for the pump used in test
S(rad) = 0,176 m2

S(trav) = area of imaginary transverse

of spherical microphone array 1lm from

} y surface
" ((-—-———-S<md)> . 2 ) m 2
T

it

2
S(trav) = 15.71 m

Lv(f) = average mean square
surface velocity for the specific radiating
area. This was obtained from acceleration

spectra dB re lg.

For one~third octave bands 20 loglo (é& is as follows ~

1/3 OB 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6300 8000
20 log,(5) 42 44 46 48 50 52 54 56 58 60 62 64 66 dB

For example, if acceleration is lg at 1000 Hz then

acceleration = 0 dB re lg and velocity = -48 dB

For this to be so0 the reference velocity is 0,39 m/sec
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For this reference velocity the value Kj becomes

Ky = 20 log,, (pe %%} where Uo = 0.39 m/sec, Po = 2x10 ° Nﬂﬂz
1.21 343 0.39 m/sec
= 20 log 2y X e % 138,16 4B
10 (Kg/1m*) = m/sec 9.10 SN/ﬁ
S(trav)

SPL dB(f) = L:\;(f) - 10 1og10 m + 138,16 dB

It should be noted that in this calculation the acoustic radiation
ratio is assumed to be unity,

In order to assess Anderton's method for calculating pump radiated
noise, tests were carried out on a six in-line fuel injection pump
for conditions of (a) motored on the stationary engine, and (b) motored
on the "quiet" rig at I.S.V.R.

Some 35 vibration measurements were taken from the pump casing
and governor housing for each respective test. The pump was run at its
maximum speed of 1400 rev/min, full rack condition. The results are

shown in Figure 7.3,
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It can be seen over the predominant noise frequency range
800 Hz to 3150 Hz, that the calculated noise levels are within
1 to 3 dB of the measured noise levels. Over the low frequency
range below 800 Hz and over the high frequency range sbove 3150 Hz
the calculated noise values differ by some 2 to 5 dB.

One further test was carried out on the 10 in-line fuel
injection pump mounted on the engine as shown in Figure 7.4a.
The engine was fully lead covered with the exception of the pump.
The pump speed for this test was 1400 rev/min. Using Anderton's
formula the results are shown in Figure 7.4b. The calculations
are shown below :-

SPL dB(f) = LT(f) ~ 10 loglo<§%§§%¥l + 138.16

LT(£) 500 630 800 1000 1250 1600 2000 2500 3150 4000 5000 6500 8000
-42 =44 46 -~48 50 =52 154 ~56 ~58 =60 ~62 =64 ~64

From vib~

ration

spectrum 0 5 9 11 12 15 14 15 13 13 14 14 16

re g

-42 ~39 =-37 -37 ~-38 =~-38 -40 ~41 45 47 46 ~50 =50

]

S(rad) total surface area of pump + governor = O.37231n2
} 2
S(trav) = = [(ﬁiEEélJ + 2 = 17.24m?
T
For }{ area as shown in Figure 7.4
S(trav) = 1752& = 4.316m?
_ (s(trav)) _ 4,316  _  _
10 10810 “stray T 70 B0 03723 T 2R

(£) dB

500 ~ 42 ~10.5 + 138.16 85.6

630 ~ 39 ~10.5 + " 88,6

800 -~ 37 - '™ + " 90.6

1000 - 37 - " + ' 90.6

1250 - 38 -~ % * " 89.6

1600 ~ 38 = " + " 89.6

2000 - 40 - " + " 87.6

2500 -~ 41 - " + " 87.6

3150 - 45 -~ " + " 83.6

4000 ~ 47 - " + " 81.6
5000 ~ 48 -~ " + " 79.6
6300 -~ 30 ~ " + " 77.6

8000 -~ 50 ~ " * " 77 .6 7.6



From the mean vibration spectra shown in Figure 5,15 which
have been derived for the six engines covered in this investigation
it is possible to compare the level of radiation of noise from the
pumps and from the engine blocks. As can be seen the pump radiated
noise in general is of lower magnitude than the engine block radiated
noise. In some engine designs,however,in certain limited frequency
ranges the radiation of noise from the pump may exceed the radiation
of noise from the block.

This comparison, however, does not take into account the overall
noise of the engine structure and it does not include radiation of
engine noise from covers (sump, valve cover, timing cover) bellhousing
and front pulley. These sources are sometimes greater than the noise
from the block,.

43/
80 -
S0 6. 789,100, 2. Hz 3. 4 5. 6 7 891000
a. b. CO
C167.4 MPARISON NOISE SPECTRA

These results also show reasonable correlation between
measured noise and calculated radiated noise. It is apparent
that the limitationms of this method of assessing noise from
individual components are that, as in this particular case
(a) all other noise radiating surfaces on the engine, must
be éompletely enclosed such that the noise from the structure
must be reduced to a minimum, and (b) consideration must be
given in the calculation of S(trav), e.g. in this case due
to the pump being mounted in the vee of the engine at angle
in line with the plane of the cylinder bank. It was assumed

that the noise wss radiated into a quarter of a sphere.
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7.3. Comparison of Engine and Pump Radiated Noise

From the mean vibration spectra shown in Figure 5.15, which
have been derived for the six engines covered in this investigation,
it is possible to compare the level of radiation of noise from the
pumps and from the engine block. The pump radiated noise in general
is of lower magnitude than the engine block radiated noise. In some
engine designs, however, in certain limited frequency regions the
radiation of noise from the pump exceeds the radiation of noise from
the block.

This comparison, however, does not take into account the overall
noise of the engine structure since it does not include radiation of
engine noise from covers (sump, valve cover, timing cover) bellhousing
and front pulley. These sources are sometimes greater than the noise
from the block.

Figure 7.5 shows the comparison of mean vibration spectra of the
pump and engine block on a non-running engine (Engine E) with motor
driven pump. Using these data the radiated noise from both pump and
block can be calculated and the results are shown in Figure 7.6
These results clearly indicate that contribution to the noise from the
pump induced engine block vibration is negligible in comparison with

the radiated noise resulting directly from pump surface vibrations.
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8. INVESTIGATIONS OF PUMP MOUNTING, DRIVE
COUPLING AND HIGH PRESSURE PIPES ON PUMP NOISE

_ As already described in Chapter 3 the pump structure as a
whole, and in particular the thin sections of the pump surfaces,
respond to vibration which originates from within the pump by
deflecting under the applied forces (or when resonating in a
multitude of normal modes when the forces are suddently removed at
spill). These normal modes may be excited also by vibration
originating from within the associated engine via the pump mounting.
Similarly vibration originating in the pump may be transmitted via
the mounting to the engine.

This investigation has considered the exciting forces which
develop by the operation of the injection system, with main emphasis
on three vibratory transmission paths between the engine and the
pump:

(a) the pump mounting,

(b) the pump drive coupling,

(c) the pipes connecting pump outlet to injector inlet.

This has been carried out to assess the effect of these vibratory

forces on the noise emitted by the pump.

8.1. Comparison of Pump Radiated Noise with
Alternative Mounting Brackets and Drive Couplings

Noise levels derived from pump surface vibration measurements
were compared for two pumps with similar injection characteristics
mounted to two engines of similar size and rating, but of different
manufacture. The pump was mounted to one engine by the flange part of
the governor chamber end-plate which was bolted to a cast aluminium
timing cover. The camshaft of the pump carried a gear wheel, which
acted as a flywheel, and which meshed with the timing gear idler as
shown in Figure 8.1. '

The base-mounted pump was secured to the engine crankcase via
an inverted 'L’ shaped aluminium alloy bracket which was stiffened by
two webs. Six bolts secured the bracket to the engine crankcase
panels and four bolts secured the base of the pump to the bracket.

This pump was driven via a short shaft from the timing gear case
via a coupling. The drive and driven lugs of the coupling were |

connected by means of a plate fitted with hard rubber bushes to

8.1






accommodate any misalignment between gear and camshaft centre line.
Details of the pump mounting on both engines are shown in Figure 8.2.

The spectra of noise radiated by the pumps, estimated from
pump surface vibrations, for both pumps running at 1200 rev/min at
full fuelling, are shown in Figure 8.3. The base mounted pump
radiates less noise than the flange mounted pump when driven either
from the running engine (Figure 8.3a) or driven via an hydraulic motor
(Figure 8.3b) on a non-running engine; i.e. the noise levels are
reduced by some 3 to 10 dB in the frequency range from 630 Hz to
8000 Hz. This indicates that the base-mounted pump is superior to
the flange mounted pump.

It was considered, however, that the mounting may not be the
only contributing factor, therefore it was necessary to obtain a
comparison between flange and base-mounted pump arrangements on the

same engine with the same pump using similar drive arrangements.

8.2, Comparison of Flange and Base
Mounting Arrangements on Engine E

The mounting of the fuel injection pump on engine E was
changed from the original flange mounting arrangement to a base
mounted arrangement by fitting a special pad to the crankcase of
Engine E, as shown in Figure 8.4a. This pad was made to take the
pump bracket which was removed from engine A. The base of the pump
from Engine E was drilled for bracket mounting. The base mounted
pump and coupling drive assembly is shown in Figure 8.4b.

In order to minimise the effect of backlash in the pump drive
coupling a Lucas CAV CR 100 coupling was used for these tests. The
importance of coupling backlash on pump noise and vibration characteri-
stics is detailed in the Section 8.4,

The noise radiated by the pump was calculated from surface
vibration measurements for the following conditions:

(a) with the pump operating as for normal engine

running, and
(b) driven by an hydraulic motor via the pump
drive gear.
This provided a base/flange mounted comparison in which the drive,
pump and engine were the same and the pump was not influenced from

torsional vibration generated from the crankshaft and valve gear.
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Figure 8.5b shows that when the base mounted pump was motored
on the non-running engine the spectrum of the pump radiated noise
is some 5 to 10 dB lower in the frequency range from 700 Hz to
8000 Hz than the noise radiated from the flange mounted pump.
However, when the pump was driven by the engine under normal
running conditions, the noise radiated by the base mounted pump was
similar to that radiated by the flange mounted pump, as shown in

Figure 8.5a.

8.3 Effect of Engine Structure Vibration on Pump Radiated Noise

Figure 8.5a compares the radiated noise from the base and flange
mounted pumps on a running engine. The spectra show that the base
mounted pump noise levels are increased by some 1 to 3 dB in the
frequency range from 1250 Hz to 1600 Hz. This indicates that
vibration originating from the engine structure had increased the
pump surface vibration over the levels measured when the pump was
motored on a non-running engine.

A comparison of the crankcase vibration spectra (Figure 8.6)
measured on the bolts securing the base mounting bracket shows that
the crankcase of Engine E has higher vibration levels than the crank-
case of Engine A (normally fitted with a base mounted pump). The
vibration levels measured have been converted into equivalent pump
radiated noise. The differences between the vibration spectra of
the engine crankcases of Engines A and E, is similar to the difference
between the noise spectra of the base mounted pump driven on Engines
A and E; i.e. within some 3 dB in the low frequency range from
3150 Hz (Figure 8.5a).

These test results showed that the base mounted pumps on
Engines A and E radiated less noise than the flange mounted pumps
when the excitation was from internally generated pump forces alone.
As already stated the vibration levels measured on crankcase E were
much higher than those measured on Engine A, therefore when the pump
was base mounted to the crankcase of Engine E excitation of the
engine structure increased the noise levels of the pump to match

those of the flange mounted pump arrangement.
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8.4 Effect on Pump Radiated Noise Due to Coupling

At all times during the investigation into noise from the pump
the drive coupling was enclosed in order to minimise any noise
from that source. With the aid of a stroboscope it could be seen
that as pumping torque is applied, i.e. when the pump begins to
force fuel to the injector, there is an impact due to backlash being
taken up. The coupling itself does not radiate noise as stated by
Russell and Pullen (57). This is a separate problem and has been a
wéll known source of noise on pump test benches,

On Engine E an Oldham coupling, which had been in use for some
time, was noted to have
discernible backlash due to
excessive clearances of the
mating slots in the Tufnol
disc., An Oldham coupling is
shown in Figure 8.7,

When the Oldham coupling
was modified with a new Tufnol
disc with mating slots
machined such that the dogs of

the drive plate were a light

CR 100 OLDHAMS push fit, the effect of back~
F1G.8:7 TYPES OF FUEL PUMP lash was then explored more
COUPLINGS. thoroughly.

Results of the tests carried
out on a base mounted pump

driven via an hydraulic motor on a non-running engine compares the
calculated noise radiated by the pump fitted with a sliding fit
coupling and force fit coupling and are shown in Figure 8.8b. These
results were calculated from vibration levels measured at some 29 points
on the pump apd governor casing. As can be seen the radiated noise from
the pump has been significantly reduced by some 2 to 23 dB in the
frequency range from 200 Hz to 8000 Hz.

Replacing the Oldham coupling with a CR 100 coupling, showm in
Figure 8.7, the radiated noise spectrum shape was similar to that of

the spectrum with the tight fit coupling. However there was a slight

increase in noise levels of some 2 dB over the frequency range from

8.4
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1000 Hz to 8000 Hz. This small difference could be the effect of
changes in coupling stiffness rather than backlash.

Further tests were carried out on the flange mounted pump
motored on Engine E with two types of coupling, (a) the tight fit
Oldham coupling and (b) the CR 100 coupling. From the results shown
in Figure 8.8a it can be seen that the CR 100 coupling reduces the
radiated pump noise levels by some 1 to 4 dB in the frequency range

from 1000 Hz to 4000 Hz.

8.5 Effect of High Pressure Pipes on Noise

Tests have shown that the radiated noise of the fuel injection
pump can be influéenced by the vibrating forces generated in the pipes
due to the opening and closing of pump delivery valve and injector
needle impacts.

Considering the mass of

the engine in comparison with
TIMING GEAR g P

] CASE that of the pump and, as in
:%ii 73 // this particular case, the flange
M—.\' _
= 2 “mﬂ - A{ ﬁ? mounted pump is fixed as a
T c ”’ﬂﬂ cantilever (Figure 8.9), the
| ]ﬂﬁﬁ' ] 'free' end of the pump would
™ HYDRAULIC be susceptible to forces due
h MOTOR .
to the pressure pulses in the
Poosd
pipes. It is also possible that
Y
ENGINE ! these forces that are set up
\ in the pipes may be enhanced
~,~.~M--ﬁ~L’ by the cylinder head vibration
FIC. 89 A . due to operation of injectors
EXTERNAL NQRQAL and combustion, i.e. the pipes

would respond to the bodily

- ? movement of the cylinder head,
OIR
= '“‘fg
NN
FI G 810,

| noise are due to spring surges

A paper publish@& by

Austen and Priede on the origins
of injector noise states the
noise is mainly produced by the

sudden closing of the needle

and two main components of the




in the frequency range around 2.0 kHz and to neadle impacts
around 5.0 kHz.

To assess the effect of these transmitted forces, hence the
noise of the pump structure, the ?ump was flange mounted on the
engine as for normal operation but driven by an hydraulic motor as
shown in Figure 8.9.

Noise was measured for the following conditions (&) injectors
normal, as for running engine and (b) injection external ffom the
cylinder head of the engine as shown in Figure 8.10.

For each test the engine and high pressure pipes were enclosed
with lead sheeting lined with fibreglass wool, leaving the pump exposed.

The speed of the pump was measured using a Dawe stroboscope.
Noise of the hydraulic motor was at least some 15 dB below the noise
of the pump over the predominant frequency range. To minimise any
coupling backlash and noise a CR 100 coupling was used. The drive
shaft and coupling were also enclosed by lead sheeting.

Noise spectra taken at various speeds for injectors normal
and external are shown in Figure 8.11,

It can be seen when the injectors are external to the engine
structure, the noise levels at the maximum rated speed of the pump,
i.e. 1400 rev/min, full rack condition, have been reduced by 2 dB to
5 dB over the frequency range from 630 Hz to 2000 Hz and by some 1 4B
to 7 dB over the higher frequency range from 2500 Hz to 8000 Hz.

At pump speeds of 1200,

‘_ld. NOR“AL WJEChOé5i¥ } 1000 and 750 rev/min, the
o k-0 EXTERNAL INHE?TQR% noise levels have been reduced
| é g 1 by some 2 dB to 10 dB over the
90 é ':‘§ﬂ’ frequency range from 160 Hz to
Nl 8000 Hz.
< % JlﬁL The significance of these
5% f,ﬂr,;/figﬁﬁ results is more clearly seen
;80 ‘/4//7// )3<9&¢ T _j by a plot of overall noise
Q .c,/”' | 14V ‘ ; j level versus speed as shown in
uz T | Figure 8.12. The overall
Zg il noise levels over the speed
7C2 SR T TS 15_ 72100 range have been reduced by

&

FgG‘ng: PUMP SPEED r-p.m 2 dBA to 5 dBA when the injectors

were operated externally.
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8.6, Vibration Assessment of Pump Structure -
Injectors Normal and Externally Mounted

Vibration spectra

T s 2;22? GEAR were obtained for each
‘ of the 29 accelerometer
’ pick-up points on the
et e | : 7 . .
A s 4 4 + ¢ + <é* //L r r4 j( pump casing including
rs———a—m\ &
B—f+ & + ¢+ « governor housing as
- + s 4 B A o .
1 g MMMt E%Ef: ] shown in Figure 8.13,
: o
The pump was motored at
123456 \ HYDRAULIC pump
i MOTOR its maximum rated speed
lw ‘ . of 1400 rev/min full
fuelling.
FI1G. 813

From the spectra
taken at each respective
point on the pump, the general variation in vibration levels for
normal and externally mounted injectors are illustrated by (i) the
three~dimensional plots for ome~third octave band frequencies at
500 Hz, 800 Hz, 1250 Hz, 2000 Hz, 2500 Hz and 4000 Hz,

(as shown in Figure 8. 14 ), and (ii)by the plots of vibration patterns
in a vertical plane on the pump casing (Figure 8.15).

In general these results show operating the injectors externally,
the vibration levels of the pump casing have been reduced over a wide
frequency range with the exception at 2500 Hz where levels of
vibration have slightly increased.

From the spectra obtained from the pump casing (29 positions)
the vibration levels for each respective one~third octave band were
'summed and averaged' producihg a single spectrum for each operating
condition, i.e. injectors normal and injectors externally operated.

(Figure 8.16),
These results indicate the vibratory forces transmitted to the

pump structure via the high pressure pipes are reduced by some 2 dB
to 5 dB over the frequency range from 500 Hz to 8000 Hz with the
exception of 2500 Hz where the levels have increased by 2 dB., With
reference to Figure 8.11 it can be seen that the noise spectra at

1400 rev/min also show an increase at 2500 Hz.
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In order to verify the measured noise results, noise levels
were calculated from the pump surface vibration levels (detailed
in Chapter 7). Figure 8.17 compares the measured noise spectra

- for normal and externally operated injectors for (a) the measured

and calculated noise levels for injectors normal; (b) calculated
and measured noise levels with injectors external; (¢) and (d)
compares the calculated noise levels of the injectors normal and
externally operated.

These results show that the calculated noise levels conform to

within a few dB of the measured noise levels.

8.7. Vibration Characteristics of Engine Structure
Injectors Normal and Externally Operated

In order to assess the response of the engine structure due to
the operation of the injectors, vibration acceleration levels were
taken at 30 points on the engine block and crankcase as shown in
Figure 8. 18 .

The pump was driven by an hydraulic motor on the stationary

engine, at its maximum rated speed of 1400 rev/min full fuelling.
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As found by Austen and
Priede (2:-15) the injector

structure, similar to that

( of the pump is being excited
o © 0o o o 0O s L .
e by two distinct transients.
(G
+ & s+ & 3 ( The noise produced by lifting
M + M the needle is negligible,
¢ & + b ¥ L 4 .
6:9 but a large proportion of

the noise results from the
needle striking the seat.

Due to the oscillatory nature

g i} of the injection in this
FIG. 818. ACCELEROMETER STUD instance, the needle strikes
POSITIONS,. the nozzle twice, but the
predominant noise impulse
will coincide with the
seating of the needle,

It can be shown that other parts of the engine structure, far
removed from the cylinder head, responds effectively to injector
vibrations.

From each respective point on the engine structure a vibration
acceleration spectrum was(obtained. The one-~third octave band levels
from each spectrum were 'summed' and 'averaged' hence producing a single
spectrum indicating the general response of the structure when the
injections were operated both normally and externally.

Figure 8.19 indicates that when the injectors were operated
externally the vibration response of the engine structure shows little
change in the low frequency range from 100 Hz to 1000 H z, In the
high frequency range, however, the vibration levels reduce significantly
by some 2 to 25 dB from 1000 Hz to 8000 Hz,

The 'averaged' vibration spectrum of the engine structure is also
shown in Figure 8.19 for the engine running condition of 2800 rev/min,
full load. The broad band peak in the low frequency range, centred
at 315 Hz is due to the fundamental bending of the engine structure.

In the high frequency range above 1000 Hz the rate of increase of
vibration levels with increase in frequency is very similar to the
response of the engine structure with the injection pump being

operated by hydraulic motor. However the amplitudes of vibration levels

8.9
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are some 11 dB to 24 dB lower over the whole frequency range.

8.8. Conclusions
It has been found that one of the major factors influencing the
noise radiated by the pump is backlash in the pump drive coupling.
When the backlash is taken up the vibration levels of the pump surfaces
can be significantly reduced by some 10 dB in the high frequency range
from 1000 Hz to 8000 Hz,
With regard to crankcase vibrations affecting the pump radiated
noise, when a particular engine crankcase was modified to enable
the normally flange mounted pump to be base mounted, the crankcase
vibrations were responsible for an increase of pump radiated noise
of some 5 dBA when compared with another engine fitted with a base
mounted pump. It is therefore essential that the pump bracket is
secured to the engine structure where vibration levels are at minimum.
From tests made to compare the effect of base and flange
mounting on the radiated noise from the pump, it is indicated that
the pump radiated noise, due to vibration excitation originating
from the pump, is greater when the pump is flange-mounted than when
the pump is base mounted.
Tests carried out to assess the effect of the high pressure pipes
on the pump radiated noise show that when the injectors are
operating externally from the engine (i.e. removed from the cylinder
head) the noise levels, at the maximum rated speed of 1400 rev/min
are reduced by some 2 to 5 dB in the frequency range 630 Hz to
2000 Hz and by 1 to 7 dB in the high frequency range 2500 Hz to 8000 Hz,
The overall levels over the speed range are reduced by 2 dBA to 5 dBA.
Tests carried out to assess the vibratory response of the engine
structure due to the operation of the injectors, (pump being driven
by an hydraulic motor) show that when the injectors are operating
externally the 'averaged' vibration levels of the engine structure
are reduced by some 2 to 25 dB in the higher frequency range from
1000 Hz to 8000 Hz, indicating injector needle impacts can in some

cases significantly influence the vibration of the engine structure.
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9. CONCLUSIONS

From the investigations presented in the thesis on various
aspects of the origins of the noise of in-line injection pumps coupled
to their appropriate engine structures, the following general conclusions
can be drawn,

(1) The basic cause of injection pump vibration and emitted
noise is the sudden application and removal of pump chamber hydraulic
force of short duration which is applied via the injection pump camshaft
to the pump body structure. The induced vibrations are of a transient
nature similar to diesel engine block vibrations which are induced by
rapid pressure rise resulting from diesel combustion.

The exciting propensities of the injection pump hydraulic force,
which have been defined theoretically and experimentally, differ in
characteristics from those of the gas force exciting propensities.

The injection hydraulic force harmonics of constant amplitude extend

to about the 20th harmonic above which there is a general decay of
higher frequency force harmonics at about 40 dB/decade. At engine

rated speeds, the range where harmonics are of constant amplitude thus
may extend up to a frequency of 1000 Hz. For the gas force spectrum

of a typical normally aspirated diesel engine the low frequency harmonics
of constant magnitude are only few (4 or 5 harmonics followed by a
steady decay by 30 dB/decade,

The increase of vibration and noise with speed is controlled by
the force spectrum. In injection pumps it is due to two major .
parameters, the general increase of peak hydraulic pressure with speed,
which causes a steady increase of the low frequency (below 1000 Hz)
portion of the force spectra, and the increase in excitation levels due
to a parallel shift of the force spectra along the frequency axis
resulting from an increase of repetition rate (speed). In the engine
the increase of excitation applied to the engine structure (peak cylinder
pressure) remains constant with engine speed. Only the second effect
is prominent and the slope of the gas force spectrum controls the rate

of increase of noise with speed.

(2) The characteristics of the pipe line hydraulic force, which

acts only on the top part of the pump structure, is more or less
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identical to the pump chamber hydraulic force in the low frequency
part of the spectrum., The high frequency part of the pipe-line
hydraulic force spectrum is primarily controlled by the oscillatory

- pressure waves in the high pressure pipes. The general rate of decay
is about 30 dB/decade. The experimental evidence shows that the

high frequency range of the pump noise is controlled by these

oscillations in pipe-line pressure.

- (3) The pump structure vibration in the audio frequency range
exhibits only solid body modes. The typical panel modes which control
the engine block vibrations in the high frequency range from 1000 to
10,000 Hz are not important in pump structure vibration, These modes
may be present but they are at very high frequencies and are thus of

no specific interest,

(4) The evidence of various experimental tests and theoretical
considerations indicate that pump vibration is primarily stiffness
controlled. The pump structure is heavily damped (Q = 9), resulting
in the vibration amplitude spectrum being of identical form to the
force spectrum. Narrow band frequency analysis shows that pump
Qibration and noise contain mainly the firing frequency harmonics,
Measurements made with various pump elements operating show that the
elements further away from the camshaft bearings produce greater
amplitudes of vibration in the pump structure.

A simple theoretical model based on general stiffness considerations
of the pump structure and engine structure as excited by their relevant
forces confirms the experimental results on six engines, that vibration
levels of the pump are in general higher by about 10 dB than those

of the engine block.

(5) Pump chamber hydraulic pressure not only excites the pump
structure but also the whole engine structure. The measurements of
the mean vibration levels of engine structure under running conditions
and with injection pump motored on the engine show that the response
of the engine structure expressed in terms of attenuation levels (force
level dB/vibration level dB) is basically the same for both types of
excitation. It is also found that the characteristics of the forces
transmitted via the pump mountings are similar to those of the pump

chamber hydraulic forces.
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(6) Investigations on radiation of noise confirm that
injection pump noise is emitted mainly by the pump surfaces and
that the pump induced vibration of the engine structure is not a major

contributing factor to overall engine noise.

(7) There are numerous other factors which control the noise
emitted by injection systems and it was found that the back—~lash in
the drive coupling is very important. Methods of pump mounting
produce considerable effects on emitted noise. The mass, stiffness and
damping of the system to which the pump is mounted, whether on an
engine or a test rig, influence significantly the pump body vibration.
The very high frequency part of the spectrum tends to be controlled by
injector needle impacts and in some cases the injection pipe configuration

also affects the emitted noise.
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DETAILS OF DATA CONTROL CARDS

L = Z program only accepts one data set
Ix = Number of calculated data points

= "~ 10 if it expects another data set

(Ix) = 5 x number of harmonics caleculated
Iy = Harmonic spacing. One gives every harmonic
IB s Number of harmonics to be calculated

2 gives every other harmonic

Ixx = Number of input data points

I case = Identification number

AFAC = Peak pressure in PSI

AFAG . = Peak pressure in digits on input data
AL = Ix - 1 non integer number

EMB = 2 for four-stroke, 1 for two-stroke

RPM = rev/min



