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Turbochargers caused significant number of marine diesel engines malfunctions
especially when engine is fueled by heavy fuel oil. Vibro-acoustic diagnostic methods
which could be used on marine diesel engines with turbochargers are presented in the
paper. Vibration signals generated by turbochargers need different signal processing
methods to be effective and faultless in turbochargers diagnostics. Diagnostic methods
which based on vibration signals analysis are sensitive on engine load and speed changes.
Some results of turbocharger tests which were carried out in the Polish Naval Academy
Technical Institute of Ship Maintenance laboratory are presented in the paper with special
attention given to the practical aspects in processing the vibration signal and diagnostic
effectiveness.

Marine diesel engine, turbocharger, diagnostics, vibration, laboratory tests.

Introduction

Most of marine diesel engines are turbocharged. Turbochargers caused
significant number of engine malfunctions especially when engine is fueled by
heavy fuel oil. Heavy fuel oil not burnt to the end and severe engine working
conditions (long time idling) led to several typical turbocharger malfunctions and
damages of it in some cases. Chosen examples of turbocharger malfunctions are
shown on the figure 1.
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Fig. 1. Examples of radial-flow rotor turbine overgrown by carbon soot (left)
and axial-flow rotor turbine without turbine blades (right) [www.full-
ahead.net]

1 pav. Pavyzdys kaip uzsiterSia anglies suodziais radialinio srauto rotoriaus
turbina (kairéje) ir aSinio srauto rotoriaus turbina be turbinos menciy (desinéje)
[www.full-ahead.net]

According to turbocharger’s manuals, intake and exhaust turbocharger
sides are cleaned in hours or days intervals during engine operation [3].

Conventional maintenance methods for engine turbochargers depend on
bearings clearances checks between rotor shaft and bearing housing. Some parts of
the turbocharger have to be checked on the special stands.

Except conventional maintenance and diagnostic methods (for example
turbocharger operational parameters assessment) to choose time to clean or repair
turbocharger other methods could be used.

The most convenient and popular diagnostic method for turbochargers are
methods connected with vibration signals amplitude analysis in time and frequency
domain[4,5,7]. Results of about twenty tests carried out on engine stands in Polish
Naval Academy laboratory using these methods [6] together with some practical
remarks and suggestions are presented in this paper.

Subject of the research

The basic aim of investigations were attempt to achieve vibration
characteristic of the delivered by manufacturer turbochargers and check them in
real operation on engine stand before sending to the purchasers.

The objects of investigation were SULZER engine type 6AL20/24 with
turbochargers installed in Polish Naval Academy laboratory [6] in Gdynia-
Oksywie. The main data of the engine and turbocharger are presented in the table
no 1. Measuring systems configuration and places where vibration sensors were
installed are shown on figures number 2 and number 3.
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Fig. 2. Acoustic and vibration parameters measuring system configuration on
stand of SULZER 6AL20/24type high-speed diesel engines

2 pav. Akustiniy ir vibraciniy parametry matavimo sistemos konfigiiracija stende
SULZER 6AL20/24 tipo greitaeigiuose dyzeliniuose varikliuose

Fig. 3. Napier C-045/C type turbocharger with vibration sensor mounted on the

bearing housing
3 pav. Napier C-045/C tipo turbokompresorius su ant guolio korpuso sumontuotu

vibracijos jutikliu

Measuring system and vibro-acoustic apparatuses based on Briiel & Kjé&r
PULSE system and 2250 analyzer [2]. The '4” B&K microphone type 4189 was
used together with 3185D vibration sensor. Parallel to B&K measuring system
SVAN 946A vibration analyzer was used as a second set of equipment to verify if
such not very expensive system could be also used in every day diesel engine
diagnostics.
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Tab. 1. Basic data of the high-speed diesel engine type SULZER 6AL20/24
1 lentelé. Pagrindiniai SULZER 6AL20/24 tipo greitaeigio dyzelinio variklio
duomenys

Engine type SULZER 6AL20/24
Turbocharger type Napier C-045/C
No. of cylinders / Configuration i=6/, L”
Nominal output at 1500 rpm Pn= 420 kW
Cylinder bore D= 200 mm
Piston stroke S= 240 mm
Compression ratio e=12,7

Total displacement volume Vss= 45,2 dm®
Mean piston speed cSr= 6 m/s
Firing order 1-4-2-6-3-5
Effective specific fuel consumption ge= 212 g/kWh
Number of valves per cylinder =4

Fuel injection pressure pw= 24,5 MPa

Vibrations signals measured on bearing housing of the turbocharger are
disturbed by engine crankshaft and pistons operation but there are reliable methods
in vibration signal processing to separate these disturbances. Measuring the
vibration signals one should have awareness how important is method of vibration
sensor mounting on the tested machine. To present these phenomenon in the fig. 4
the acoustic signal spectrum of the turbocharger and its environment and for the
same turbocharger in the fig. 5 vibration signal spectrum in frequency range from 0
kHz to 4 kHz are presented. The vibration sensor was mounted on the turbocharger
casing by magnetic holder which was the reason to cut-off higher signal
frequencies over 1,5 kHz — fig.5. In examples presented in the next paragraph
vibration sensors were mounted on the turbocharger casing using screw holder.
Other method which could be used in ship environment without losses in signal
spectrum is method with glue mounted holders.
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Fig. 4 Acoustlc S|gnal spectrum of the
turbocharger in frequency range from 0 kHz
to 4 kHz

4 pav. Turbokompresoriaus akustinio
signalo spektras nuo 0 kHz iki 4 kHz daznio
diapazone

Fig. 5 Vlbratlon S|gnal spectrum of the
turbocharger in frequency range from 0 kHz
to 4 kHz — magnetic sensor holder

5 pav. Turbokompresoriaus vibracinio
signalo spektras nuo 0 kHz iki 4 kHz daznio
diapazone — magnetinio laikiklio apkaba
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According to technical specifications of turbocharger manufacturers values
of the vibration level on bearing casing are the one of the most important
diagnostic parameters.

Results of vibration signals investigations — the SULZER type 6AL20/24
diesel engine with the Napier C-045/C turbochargers

Up to now more than twenty turbochargers type Napier C-045/C were
tested on the same stand in Polish Naval Academy laboratory. If it was possible
Sulzer engine type 6AL20/24 was loaded up to nominal output at nominal speed
750 rpm. In situations when technical conditions of tested turbochargers were very
bad and carrying tests could endanger the engine and turbocharger operation tests
were stopped and turbochargers send to workshop for repair. After repairs tests
were carried out again. Vibration sensor was mounted on the turbocharger bearing
housing using screw bolt as it seen in figure 3. Some chosen results from these tests
are presented in this paragraph on figures from 6 to 12. In the figure no 6 tests
results of three turbochargers is presented. At the axis of abscissae the turbocharger
speed in rpm and at the axis of ordinates the value of vibration acceleration
amplitude of first harmonic in [g] scale are presented.
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Fig. 6. Vibration acceleration amplitude of

turbocharger rpm

Fig. 7. RMS amplitudes for three

first harmonic for three turbochargers. Blue
and violet line - turbochargers in good
technical condition. Red and green lines —
turbocharger in bad technical condition
(red) and after repair (green)

6 pav. Pirmosios harmonikos vibracijos
isibégéjimo  amplitudé  trims  turbo-
kompresoriams. Mélyna ir violetiné linijos
— turbokompresorius  geros techninés
buklés. Raudona ir zalia linijjos -
turbokompresorius blogos techninés biiklés
ir po remonto (zalia).
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turbochargers. Red line — turbocharger in bad
technical condition. Blue, violet and green —
turbochargers in good technical conditions

7 pav. Trijy turbokompresoriy RMS
amplitudés. Raudona linija -
turbokompresorius blogos techninés biiklés.

Meélyna, violetiné ir zalia linijjos —
turbokompresoriai labai geros techninés
buklés



Vibration acceleration amplitudes of I harmonic of two turbochargers (blue
and violet line) have such a value that is acceptable. Third turbocharger at first test
had very high value of amplitude (red line) which enforced to stopped test and send
the turbocharger to workshop to repair. After repair third turbocharger was tested
again and this time results (green line) were in acceptable by manufacturer
regulations zone. Very popular measuring indicator in vibro-acoustic
measurements — RMS — (Figure 7) is not such effective and clear tool for
diagnostics as I-st harmonic as it is seen in figure 7. In RMS mode values of
vibrations amplitudes are very similar and not such recognizable as it is for I-st
harmonic.

In some situations for example when there is probability that compressor or
turbine rotor’s blades are damaged higher groups of harmonics equivalent numbers
of rotors blades could be better indicators. In the figure 8 the amplitude of 13-th
harmonic vibrations (equivalent of turbine blades number) and in the figure 9 the
15-th harmonic (equivalent of compressor blades number) are presented. As it is
seen for these the same three turbochargers — three in good technical conditions
and one in bad technical condition — vibration method which using blades
harmonic is not effective for technical condition assessment for malfunctions
occurred in this case — unbalanced turbocharger rotor. For such malfunction the
best tool for turbocharger test is the I-st harmonic measurement in whole
turbocharger speed range or at list in whole engine output range.
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400 9.00
150 8.00
A }\

600 !
200 / \ 400 2 :{r)\/ ‘\
AN
901 ;/ \\ Y 200 / ‘\‘\ // / “‘ \ »
050 -I/ \ 100 ‘QXAY%QL\J _\.

0.00
000

24000 26000 28000 30000 32000 34000 36000
turbocharger rpm

24000 26000 20000 30000 32000 34000 36000

turbocharger rpm
Fig. 8. Value of 13-th harmonic vibrations  Fig. 9. Value of 15-th harmonic vibrations of
of acellerations equivalent of turbine acellerations equivalent of compressor blades
blades number number
8 pav. 13-tosios harmonikos vibracijy 9 pav. 15-tosios harmonikos vibracijy
isibégéjimo reik§mé ekvivalentiné  jsibégéjimo reik§mé ekvivalentiné
turbinos menciy skaiciui kompresoriaus menciy skai¢iui

The FFT signal processing is very popular tool in rotary machines
diagnostics. In the fig. 10 and in the fig. 11 vibrations signals transformed into
frequency domain by using FFT technique are presented. In the fig. 10 the
vibration signals in frequency domain for turbocharger in good technical conditions
is presented. In the fig. 11 for this same turbocharger in bad technical conditions
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10 pav. Vibracijy jsibégéjimy amplitudé
turbokompresoriaus techninei buklei
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Fig. 11. Amplitude of vibrations accelerat
turbocharger in bad technical conditions

11 pav. Vibracijy jsibégéjimy amplitudé
turbokompresoriaus techninei biiklei

values of vibration signal amplitudes are signiffica
10) which was propably involved by lubricating oil
bearings.

During the research done in PNA connecte
conditions assessment several turbochargers were te

ions in frequency domain for

dazniy srityje esant blogai

ntly higher (fig. 11 versus fig.
vortex or/and radial run-out in

d with turbochargers technical
sted. In the figure no 12 one of

chosen results of these tests are presented. The I-st harmonic for twelve
turbochargers tested on the same diesel engine stand varies from less than 0,50 [g]

to more than 2,5 [g] in one cases. Only turbochar

gers with this parameter value

below 1[g] were accepted by classification societies to use on ships and stationary

power plants. Much more reliable in operation are

off course these turbochargers

which are in lower region of acceptable vibrations amplitude zone.
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Fig. 12. Vibrations acceleration amplitude — I harmonic measured on turbocharger
bearing casing versus turbocharger rpm — twelve turbochargers in different
technical conditions tested on the same marine diesel engine stand

12 pav. Vibracijy isibég¢jimy amplitudé — I amplitudés, iSmatuota ant
turbokompresoriaus guolio korpuso, kitimas priklausomai nuo turbokompresoriaus
sukimosi daznio — dvylika skirtingos techninés biiklés turbokompresoriy,
iSbandyty ant to paties laivy dyzelinio variklio stendo

Conclusions

Diesel engines technical condition assessment is a very complex process.
Some of the malfunctions and troubleshooting in diesel engine installations are
generated by turbochargers. There are some tools available in signal analysis which
gives opportunity to trace changes in signal patterns in real time online monitoring
systems. Presented in the paper vibration methods are reliable enough to asses
technical condition of the turbocharger in operation and give opportunity to change
the whole engine maintenance philosophy connected with turbochargers
maintenance process. Values of vibration acceleration amplitudes of I-st harmonic
are especially valuable to asses malfunctions connected with turbochargers rotors
unbalance. It is possible using on-line vibration monitoring systems to go from
scheduled to condition based [1] turbochargers maintenance without fear about real
operating engine conditions.
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N

Tomasz Lus, Marek Lutowicz, Jarostaw Listkowski

DYZELINIY VARIKLIY) TURBOKOMPRESORIU DIAGNOSTINIALI
TYRIMAI LABORATORINIAIS STENDAIS

Reziumeé

Turbokompresoriai sudaro didelj skaiciy laivy dyzeliniy varikliy gedimy,
ypa¢ kai varikliai yra maitinami sunkiomis degaly frakcijomis (mazutu).
Straipsnyje pateikiamas vibroakustinis diagnostikos metodas, kurj galima
panaudoti  laivy  turbokompresoriniams  dyzeliniams  varikliams tirti.
Turbokompresoriy generuojami vibraciniai signalai reikalauja skirtingy signalo
apdorojimo metody siekiant kad jie buty efektingi ir veikty nepriekaiStingai
diagnozuojant turbokompresorius. Diagnostiniai metodai, kurie paremti vibraciniy
signaly analize, yra jautrQis variklio apkrovos ir sukimosi daznio pokyciams. Kai
kurie turbokompresoriy tyrimo rezultatai, gauti Lenkijos Karo Jury Laivyno
Akademijos Laivy Techninés Priezitiros Instituto laboratorijoje yra pateikiami
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straipsnyje, kuriame ypatingas démesys praktiniams vibraciniy signaly apdorojimo
ir diagnostikos efektyvumo aspektams.

Laivy dyzelinis variklis, turbokompresorius, diagnostika, vibracija,
laboratoriniai bandymai.

Towmac Jlyc, Mapexk JIyrosuy, fpocnas JIuTkoBcku

AVATHOCTUYECKHE NCCIIENJOBAHU TYPBOKOMIIPECCOPOB
JU3EJIbHBIX JIBUI'ATEJIEM HA JIABOPATOPHBIX CTEHIAX

AnHOTAIMA

TypOGokoMmpeccopsl  COCTAaBISIOT OOJBIIOE YHCIO OTKA30B  CYHOBBIX
JM3ENbHBIX JBUTaTeNIe, OCOOCHHO KOTJa ABHTATeIH pPaOOTal0OT Ha TSDKENBIX
¢pakuusx TorumBa (Ma3yte). B cratbe mnpuBeleH MeToA BUOpanMOHHON
AKyCTHYECKOW JIMarHOCTHKH, KOTOPBIH MOXeT OBbITh HCIOJb30BaH IS
UCCIEJIOBAaHUS  CYHOBBIX  TypOOKOMIIPECCOPHBIX  JH3EIBbHBIX  JIBUTATENEH.
Bubpanuonnbsie akycTH4ecKWe CHTHAbl, TeHEpUpyEeMbIe TypOOKOMIIpECCOpaMHu,
TpeOYIOT pa3IMYHBIX METOJOB OOpaOOTKM CHTHAJIOB, YTOObI OHH OBLIH
3¢ (heKkTUBHBIME W O€3YyNPEeYHBIMA TPU AWMATHOCTUPOBAHUH TYpPOOKOMIIPECCOPOB.
JIMarHOCTHYeCKHEe METOIbl, KOTOpble OOOCHOBAHBI AHAJIM30M BHOPALMOHHBIX
CUTHAJIOB, SIBJISIOTCS YyBCTBUTEIBHBIMH K H3MEHCHHUSIM HArpy3KH M YacTOTHI
BpaIleHHs JIBUTATEIIS. Hexotopsie pe3yIbTaThl UCCIIEIOBAHUS
TypOOKOMITpECCOpOB, MONydeHHBIE B saboparopun HWHcturyra TexHmueckoro
VYxomna Cynos, [lonbckoit Akanemun Boennoro Mopckoro ®@nota npeacraBieHbl B
CTaTh€ TMPH OCOOCHHOM BHHMAHHMU YJCJICHHOM MPAaKTUYECKUM acIlleKTaM
00pabOTKHN BHOPAIIMOHHBIX CUTHATIOB U 3P (QEKTUBHOCTH JTHArHOCTHPOBAHUSI.

Cy00601i Ouszenvhbilli 0gueamenv, mMypoOOKOMAPeccop, OUASHOCMUPOSAHUE,
subpayusi, 1a60pamopHvle UCCIEe008aAHUSL.
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