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The possibilities of application of a portable system for registration of thaesdicosignal
in the frequency range of 1000-10000 Hz for diagnosing commoltsfatithe fuel injec-
tion system of the maritime diesel engine are presented. Clear diffarémtiee registered
waveforms are occurring when the records of the working fuel infesr® compared with the
other ones recorded in the injector with blocked nozzle orifice and whaeiffizient amount
of fuel is delivered. Signal signatures of the operating fuel pumpraetbperating conditions
are also presented. A procedure of comparing the acoustic signatered on the stub of
similar faulty and good engine elements is recommended by the authdfE@sntand easy
for application.
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1. Introduction

Diesel motors operating as a propulsion engines of minor maritime vessefs{e.g.
ing boats, yachts, barges etc.) make a serious diagnostic problemsakg@eanon-
itoring the combustion process or testing the fuel injection system. A similar situation
is occurring during exploitation of prime mover engines of electric poweegdars
where the stub pipes to register pressure traces from the engine cylaréarot built—
in. The authors’ impressions are that ship owners pay now increasimgiattéo the
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problem of fault diagnostics described above. There are two redsotise need of
establishing the fault detection systems in naval machinery. The first optaied to
economical losses caused by the machinery breakdown, especiallythehesssel op-
erates in a remote region, but also an important matter is to keep the crewdautger
of marine accidents.

European Agency for Safety and Health of Work [1] has issued a doideuropean
fishing boats shippers focused on safety and health prevention. Thsuanitted in
the guide estimate the number of death accidents among fishermen worldwig@Go 24
per year and also thousands of other events are leading to serioussiajudidinesses.
Machinery failure remains one of the significant categories of the adsideassen-
ger ferry transportation also suffers from lack of the proper machidiegnostics. The
modern ferryboats are designed to navigate in any weather conditions-firae and
breaking of operation for a ferry implies losses of thousands of US$.aAdso lower-
ing of combustion effectiveness causes reasonable costs whengdesgatsion engine
consumes 10-20 tons of fuel per day. International Maritime Organisatidrgovern-
ment regulations are introducing the need of reduction of the amount ofipgliygases
produced by the marine engines. Appendix VI to the international pollutionertion,
MARPOL, issued in January, 2000, obliges all the ship owners to reithecO, and
SO, in combustion products of newly introduced diesel engines, what also inthées
need of engine fault diagnosis development.

For the purpose of vibration and acoustic emission measurements, a digsed e
can be classified as the “reciprocating machinery having both rotatingeaimtacat-
ing parts” [2]. Problems of diagnostics of such machines are causedebfad¢hthat
numerous sources of acoustic signals are operating simultaneously in thermajor
signal sources in engines in-service are [3]: combustion and pistopirstglashing
of the valves, operation of the fuel injectors. The low frequency vitwaatic signal
alone (unfortunately propagating between the neighbouring engines) é®itoplex to
perform the effective fault diagnostics. Some authors propose to centifniee diag-
nostic signals: cylinder pressures, low frequency vibration and hagfuéncy acoustic
emission into an ensemble to construct more reliable fault diagnostic presefilr
Proper methods of processing the ensembles mentioned above are ntgtednypt
as a final solution. The authors of this paper have performed the casediind out if
the acoustic signal registered in optimal frequency range (i.e.: 10000188) can be
used for diagnosing common faults of the fuel injection system of the maritimeldies
engine.

2. Experimental details
The following common methods are now in use in diagnostics of diesel fuelinjec

tion systems: aural and visual inspection, cylinder temperature measuserogm-
der pressure monitoring and conventional vibration analysis — includgigteging the
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occurrence of fault signatures in the frequency range of 25-1620[b]. The latter
method was chosen by the authors of the paper to make the experimentahoweker
the analysed frequency range was modified to suppress the low fisge@mponents
generated by the crank vibrations and combustion pulses. The objexamwireation
was a 6-cylinder 3960 kW four-stroke medium speed Wartsila diesel emgésented
in Fig. 1. A custom—made portable signal monitoring equipment has been Tised.
equipment consisted of:

e a Briel and Kjeer broadband accelerometer of type 4371 and sensfvity o

0.8 mV/m s—2,

e bandpass filter and amplifier operating in frequency range of 1-10 kHz,

e |low —noise two-channel external USB soundcart of type Soundb24tat Live,

e a laptop to register the signals in the form of audio-records sampled atd4.1 k

Fig. 1. A 3960 kW four-stroke medium speed Wartsila SW 380 diesel engied in the investigation.

The bandpass filter and amplifier was equipped with a RMS converter.uxéshs
signals were registered after conversion to the RMS value in a form ohalggvelope.
The waveforms shown in the paper are presented under a system \géiiageet to
26 dB (20 X). Acoustic signal was registered in two locations: on the sttlbtaf the
injection pump (A) for monitoring the signals generated by the pump and on the stu
inlet to the injector (B) for monitoring the signals generated by the operatingtamje
Placement of the acoustic sensor is shown in Fig. 2.

The acoustic waveforms of the registered signals presented below aed stdo-
cation A and location B are different, what is a proof that a sensor piadedation A
registers the signatures of the operating fuel pump and that placed in foBategisters
the signatures of the working injector.
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A

Fig. 2. Placement of the acoustic sensor for monitoring the signalsajeddny the fuel pump (A) and
the injector (B).

3. Experimental results

A fault was recognised in one injector of the tested engine. The nozzlesooifithe
injector was blocked with products of fuel combustion — the obstructioneslent50%
of the orifice area. This fault had no effect on the operation of the estiggne because
its governor section would attempt to increase the fuel supply to the remaiflinders
in order to produce the same amount of power. That procedure distadgemusly rises
the overall engine fuel consumption. A pressure trace from the faulitydey demon-
strates the pressure pulse delayed in time domain when compared to thedistezad
in the healthy one (vide Fig. 3).

Figures 4 and 5 present the comparison of the acoustic signals registetbe
stub inlet to the injector working correctly and on the injector affected withdhé tle-
scribed above. Two sets of a burst consisting of three distinct pulsessile in Fig. 4.
They represent four revolutions of the crank, i.e. two complete combusgidas. The
authors of the paper have made identification of the crank angular posgiiog the
method of inserting an optical marker on the shaft surface. These testgdwealed
that the first two pulses are caused by inlet and exhaust valve closargtimms. The
last pulse arises during fuel injection and combustion. The latter pulser@ed dur-
ing fuel injection and combustion) is missing in Fig. 5. The average sighal RM3
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Fig. 3. A pressure trace registered in the faulty cylinder (upper cuwamd)the trace registered at cor-
rect injector operation (lower curve). The records produced witHicgipn of UNITEST 205 diesel
engine tester.

is therefore by circa 30% weaker when the nozzle orifice is blocked trarstiown
in Fig. 4. The strategy of finding this engine fault requires to complete dagtof
acoustic signals at all working injectors and detection the faulty one emittingakere
signal. Additional confirmation of the recognition of the blocked injector issjies
when acoustic signals registered on the stub outlet of the fuel pump aracetnpig-
ures 6 and 7 present the comparison of the acoustic signals registetfezisinb outlet
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Fig. 4. Two consecutive waveforms of acoustic signal registeredesttib inlet to the injector working
correctly — generated at two complete engine combustion cycles.
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Fig. 5. Two consecutive waveforms of acoustic signal registeredeosttii inlet to the injector with nozzle

orifice partially blocked with products of fuel combustion. Signal amplitisd#0% lower than that shown
in Fig. 4, the last one of the three pulses shown in Fig. 4 is missing.
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Fig. 6. Acoustic signal registered on the stub outlet of the pump leading tojéwtor working correctly.
Mark “1” denotes a pulse to compare with that shown in Fig. 9, generateédgithe beginning of the fuel
compression process.
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Fig. 7. Acoustic signal with increased amplitude registered on the stub ofitleé pump leading to a
blocked injector. The effect of a contraction to the fuel flow causesdatgle (30%) increase of the pulse
generated in the fuel pipeline system when the pump delivers the higfetion pressure.
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of the pump leading to the injector working correctly and the other one on thestu
let of the pump leading to a blocked injector. The pulse marked “1” in Fig. Gused
during the beginning of the fuel compression process and the otherka&bfapulse
arising 40 milliseconds later is generated in the fuel pipeline system whenitine qhet
livers the highest injection pressure. The effect of a contraction diugsleflow causes
a readable (30%) increase of that second pulse seen in Fig. 7.

Figures 8 and 9 present acoustic signals registered in locations (ABarid the

situation when the fuel pump was out of trim and supplies the injector with ingarifi
fuel volume.
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Fig. 8. Acoustic signal registered on the stub inlet to the injector in the situatiemthe fuel pump was
out of trim and supplies the injector with insufficient fuel volume. The digngplitude is smaller than that
shown in Fig. 4.
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Fig. 9. Acoustic signal registered on the stub outlet of the pump in the situatien the fuel pump was
out of trim and supplied the injector with insufficient fuel volume. A pulseked “1” in Fig. 6 does not
appear in this faulty situation.

4. Conclusions

The experimental results presented above allow the authors to state thait fzerits
of high power diesel fuel injection system can be localised using the mefiedister-
ing and comparing of acoustic signals in the frequency range of 1000018z. The
engine operation events identified by the authors are:
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e inlet and exhaust valve closing operation,

e fuel injection and combustion,

e beginning of the fuel compression process in the pump,

e onset of the highest injection pressure delivery.

The amplitude of the vibroacoustic pulses generated by these events dfiedringd
the engine faults described in the paper what makes the faults detectidblgnoBke
presented method is non-invasive and therefore convenient to apply abjcts being
in service. Both the software and experimental results reside in a lightweigfup
computer enabling to improve the controlling procedure.
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