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Vibration tests of marine gas turbine engines a&ndopmed as researches on-line
and off-line types. Systems on-line type generaitpnitored one or two vibration
symptoms, which asses the limited and/or the eatitivalues of parameters and they
potentially can warn and/or shutdown engines. ysteff-line types are usually used for
vibration analyzing during non-steady state of wofke paper presents comparison of
different methods of analyzing vibration symptomsasured under run-up and shut-down
processes of marine gas turbine engines. Resultestd were received on gas turbine
engine DR76 type of the COGAG type propulsion syst€he engine was not fitted with
vibration monitoring system. Main goal of reseagheas qualified of helpfulness and
unequivocally results received by methods of symebus measurement, order tracking and
auto tracking. All vibration symptoms were chosemf the methodology of the diagnosing
gas turbine engines operated in the Polish NaWed®DS (Base Diagnosing System).
Second purpose was estimation of the possibilitimgflementation presented methods of
vibration analyses of gas turbine engines for aa-thonitoring system.

Dynamics, Gas Turbines, Rotor Vibration, Run—upcpes.

Introduction

Operation of naval ships propulsion systems is mptex task due to
specific features of marine environment as welldamand of maintaining high
level of serviceability and reliability of the skipApplication of periodical or on-
line diagnostic procedures makes it possible taaipeship propulsion systems in
accordance with their current technical state. Esflg, in the case when gas
turbines engine maintenance schedule is a critéoia maintenance time
determination. Though such exploitation strategykesaearly scheduling of
maintenance operations and their logistic assurpossible, but it simultaneously
contributes to increase of costs because of itlacement system of elements
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(technically often still serviceable ones) as wadl it makes impossible to early
detect primary symptoms of failures occurring befthre end of maintenance time.

Application of the vibration diagnosing makes manggthe engine’s
operation times much more rational, especiallytatend and does not require
taking the ships out of service. It is possiblalitdde vibrations measurements of
marine gas turbine engines on:

o oOff-linetype (measurements made as a free run or synas@ampling);
e on-linetype (real time monitoring).

Both methods have their own advantages and distatyes\Off-line type
systems are usually offered as very simple anadyzedata collectors. Defined
measuring path allows in a vessels power planth witogrammed setups of
registration, use of average technical personnebse the main task is precision in
measuring procedure. Analysis of measured dataepdsc beyond the shipping
power plant, on the properly equipped laboratorgndt There are not wide
population of data collectorsf-line types enable to analyze vibration in real time
and sign the outrun of limited values of diagnossgmptoms. The main advantage
of this kind of devices is the prize, but it is essary to underline that data
collectors are mainly useful only for assessing vh®o-activity of gas turbine
engines.

The vibration, diagnostics systensn-line types ensure permanent
supervision of the technical state of gas turbingires, including recording,
analyzing, alarming and predicting. It allows toagnize primary symptoms of the
permanent, technical state changing with posgitilithe trend remarks. Vibration
systeman-line types usually work as an element of the complaxfisymptoms,
diagnosing system of vessels power plant.

Diagnosing such machines like gas turbine enginepemds on
measurement and processing of vibration signais.ah important fact that marine
gas turbine engines do not work with a constardtiartal speed of compressors
and power turbines rotors. That is the reason twheynize processing method
with selected reference magnitude, that is rotatirequency of one of rotors [2,
3]. It allows recognizing most of the typical miutiction of rotors systems. Basic,
operational inefficiency of gas turbine enginedude following question:

e in result of damage or crushing of the compresdaesle(s) or power turbines
blade(s) — more rarely;

¢ in result emerged unbalancing coming from the caudeposit or the salinity;

¢ in result of seizing of rotors sealing system agaking the lubrication oil inside
the rotor;

e in result of aero-dynamical misalignment betwees ganerator and power
turbine;

e in result of thermal damages of combustion chambeossion vibration of the
power turbine;

¢ in result of damage auxiliary mechanisms of thereng

Some of inefficiency can be recognized in the \tibraspectra as a change
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of natural frequency of rotated elements of engsteit is a reason to introduced
the synchronous sampling under variable engine itond e.g run-up or shut-
down processes. The occurrence of non-stationdegtef typical in the case of
small unbalancing, can also be the result of pssive forming of damages, even
though their intensity is slight in the early stagResults presented in the paper
compare different synchronous methods of vibratianalyzing and discuss on
obtained results similar like the PLD method [7heTpresented method can be
introduced to the gas turbine monitoring systemaraearly predictive diagnostics
tool of unbalance identification.

Object of investigation

Monitoring vibration signals coming from rotated chines is a common
diagnostics procedure, well known all over the @wd@, 5, 7]. Most of rotated
machines like marine gas turbine engines are amtet as supercritical machines
so analyzing of vibration parameters in the stesidye are technically limited.
Therefore it was decided to analyze rotors dynamigsarine gas turbine engines
in non-steady states usindf-line method. It was expected to take information on
the following areas: rotor unbalancing, rotors digganent, natural frequencies,
critical speeds etc.

Fig. 1. Longitudinal section of rotor system gas turbingiea DR76 typewhere:

1 — low pressure compressor (LPC), 2 — auxiliariwed, 3 — high pressure
compressor (HPC), 4 — burning chambers, 5 —higbspre turbine (HPT), 6 — low
pressure turbine (LPT), 7 — power turbine (PT)

1 pav. Rotorirgs sistemos duj turbininio variklio DR76 tipo iSilginis mivis,
kuriame: 1 — maZo &jio kompresorius (LPC), 2 — papildomos pavaros, 3 —
didelio skgio kompresorius (HPC), 4 — degimo kameros, 5 -el@idkgio turbina
(HPT), 6 — maZzo sbio turbina (LPT), 7 — galios turbina (PT)

The object of researches was a marine gas turbigge DR76 type
mounted in the COGAG type propulsion plant of HolMdavy Tarantula class
corvette. The scheme of longitudinal section obr®tsystem presents Figure 1.
The investigation presented below covered analgdegbration velocity (order
tracking) during run-up and shut-down processekérturning of engine process.
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Non — steady states vibration signals analyzing

For realization of the first type of measuremenhis &analyzer of Briel &
Kjeer 3560B was used, while collecting and processih measured data were
made possible by using the program PULSE [8]. Tweasnring transducers
(accelerometers ICP type) were fixed to steel s located on the flange over
the front strut of the LPC. The fixing cantilevecharacterized of a natural
vibration resonance frequency value different ehofrigm harmonic frequencies
due to rotation speed of the given rotors so iansimportant of the recording
procedure. The measurements were taken perpentycialahe rotation axis of the
rotors. Such choice was made on the basis of theareconsideration of
excitations due to unbalanced shaft rotation, amdults of preliminary
investigations of the object [2, 4, 7].

Vibration analyzing of the run-up process

First test was analyzing the run-up process irtuhgng of engine process,
often called the cold start process. The cold siestess is useful for vibration
analyses due to the elimination disturbances frér@ tombustion process.
Characteristic of acceleration of the LPC rotorspres Figure 2.

Synchronous signal was collected from the tachometapled with the
auxiliary drive gear box where the transmissioioraverage=0,125, so the LPC
rotor had 8 times higher rotational speed thangmtesl in the Figure 2. The main
goal of the synchronous analyzing vibration sigmilgng the run-up process was
the identification of dynamics disturbances. Thtugnce of “other” signals is
presented in the Figure 3.
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Fig. 2. Rotors LPC rotational speed characteristics dumnimgup process
2 pav.Rotoriy LPC sukimosi gre&io charakteristikos esaidibegejimo procesams
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The run-up process was started in point t = 7 st¢see Figure 3) so all
vibration signals recorded before start point ciontather” signals coming from
dynamics of another rotated machines in the povamtpnatural frequencies of
engine or their combinations. It allows to identifyain “other” signals likef; =
305 Hz,f, = 600 Hz,f; = 1,6 kHz,f, = 2 kHz which originate from the natural
frequencies of the engine foundation. The mostgatir signal in the domain of
the velocity of vibration, recorded during rotorseleration is the 1 harmonic.
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Fig. 3. Synchronous spectra of the velocity of vibratieming run-up process with
using the band — pass filter of 0,1Hz — 3,2 kHg®an

3 pav. Sinchroninis vibracijos gréio spektrasisibégéjimo proces metu kai
naudojamas juostinis 0,1Hz — 3,2 kHz dazZnio pratsidfiltras

The synchronous spectra recorded after 7 seconds confirms the

difficulty of the unambiguous identification of tlepectral components including |
harmonic as well.

Vibration analyzing of the shut-down process

Next test, connected with analyzes of vibrationapasters, was the shut-
down processes in the turning of engine process. Qtder Tracking lies in the
fact that tacho signal delivering the tracking refeee must be selected from
rotating shaft. Tacho, speed level and speed iatérggers are available when a.
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Fig. 4. Autospectrum of velocity of vibration in the shiwn process with the
use of order tracking procedure, in the domainmétfunction

4 pav. Vibracijos gretio autospektras stabdymo progesetu panaudojusiklés
nustatymo proceia kaip laiko funkcijos iSraiSka

Tachometer is inserted in a measurement setup. Thaybe used for
triggering measurements and starting, updatingoanstopping storage of time
signals and/or spectra to multi-buffers. Order yreais can measure time (revs)
signals, autospectra for signals and the crossispetselected pairs of signals.

The Figure 4 presents autospectrum of signal 3etdcity of vibration
with the use of Order Tracking procedure [8]. Cheangf parameters are presented
in the domain of time function — fig. 4. In contyaio run-up process the main
vibration signal in the shut-down process of ragasubharmonic (1/2 of harmonic)
— presented as a 4 Order. Gradient slope of preessaracteristic of the lubrication
oil in the radial bearing brought the upgrowth thisalignment between of HPC
and LPC rotors (HPC shaft rotated inside the LP&tshsee Figure 1) and typical
in the technical diagnostics domination of subharito

Upgrowth of stiffness of bearing system confirm thght-hand branches”
of harmonics appeared from the time point equadcbsd from 4, 8 and 12 orders
when the pressure of lubrication oil fall down.

Analyses of gas turbine rotors dynamics in the si@ady states with the
use of PULSE system should be made in both prosedde start-up process
allows to recognize “other” signals but the iddntifion of dynamics features is
very difficult regard to the high rotors accelevati Identification of dynamics
features of rotors system is well recognized inetlration as main orders
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characteristics — Figure 5 and 6. Both charactesistonfirm results of modes of
the rotor system calculated with the use of FEM [6]

Analyze of the 1 harmonic (8 orders) enables toenlss changes of
dynamics features as a trends. Application of th@aln of rotors rotational speed
function is the most important thing in basic osda@nalyze during shut-down
process. It allows to identify changes of naturadgfiencies without any
disturbances signals coming from thermo- dynamicscgsses typical for “hot
work” of gas turbine engine — Figure 5.

[m/s] Autospectrum(Signal 3) - Input- slicel
Working : Input: tacho : Order Analyzer
im
800u |
700u )

W/
N

400u A J /\
ol NAA VNN T

N/ VoY
\/ v

100u

400 600 800 1k 1,2k 1,4k 1,6k 1,8k 2k
[RPM](Speed Signal 1)

Fig. 5. Autospectrum of 8 orders (I harmonic) of veloaityvibration in the shut-
down process of LPC rotor stoppage

5 pav. Vibracijos gretio 8 laipsnio (I harmonikos) autospektras iSjungipnoces
metu stabdant LPC rotayi

Analyzes of subharmonics signals are very useful vadl. The
autospectrum of 4 orders (subharmonic) of veloaityibration in the shut-down
process of LPC rotor shows individual features radlgzed rotor system. Increase
of subharmonic value in the domain of rotors rotadi speed is like fingerprints of
rotor system.

Every changes of technical state like changes ifihess and damping,
unbalancing or misalignment caused changes inttheacteristic of subharmonic —
Figure 6.
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Conclusions

The realization of the investigations with the usfe Order Tracking
procedure made reliable verification of the invgstion results possible. The
following detail conclusions were drawn for furtheiagnostic inference of
compared method:

e Both programs — start up and stoppage, have them advantages and
disadvantages but they can fulfill all technicatjueements for diagnosing
rotors systems of marine gas turbine engines.
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Fig. 6. Autospectrum of 4 order (subharmonic) of velodityibration in the shut-
down process of LPC rotor stoppage

6 pav. Vibracijos gretio 4 laipsnio (pusiau harmonikos) autospektrasnigiono
proces metu stabdant LPC rotari

e The synchronized measurement of vibration signdlswa to recognize
specified symptoms of resonance and changes ofahdtequencies during
processes of run-up and stoppage of rotor systems.

e Application Order Tracking procedures for monitgrinystem of gas turbine
engines enables recognize changes of technica& sketracteristic for modes
changes. Identification of foundation stiffnessraiag or unbalancing coming
from impurities of the rotor system implicates matufrequencies changing
which are observed in Order Tracking waterfall thar
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Anmxkent I xang3uena

noacowuA aAjist AMATHOCTUKU POTOPHBIX CUCTEM B
HECTAIIMOHAPHOM COCTOSHINU

AHHOTaUs

VdeHble BBITIOTHSIIOT mpAMOro MW aBTOHOMHOTI'O THIIA HCCICOOBAHUA

BUOpalMU CYAOBBIX Ta30TypOUHHBIX ABUraTeneid. CUCTeMBl IPSMOTO THIIA OOBIYHO
KOHTPOJIMPYIOT OOWH WM JIBa CHUMITOMBI BHOpalnWd, KOTOPBIE OLIEHUBAIOT
BEJIMYMHBI OTPAHUYCHHBIX /MM KPUTHYECKUX MApaMeTpOB M OHH MOTECHIUAIBHO
MOTYT TIPEAyNpeAuTh omeparopa W/WIN BBIKIIOUUTH jaBUrarend. CHcTeMbl
ABTOHOMHOI'O THIIA 4Yalle BCEro MNPHUMEHSIOT Ul aHajiu3a BUOpauud mpu
HEyCTaHOBHBIIEMCSI paboueM pexxume. B mccienoBaHMsIX NMpHUBEAEHO CpPaBHEHHUE
Pa3IMYHBIX METOJIOB MPUMEHSAEMBIX Ul aHAJIH3a CUMIITOMOB BHOPALH, KOTOPBIE
NOJY4YEeHBl TPU TMPOXOKACHUW TPOLECCOB pasroHa U TOPMOXKEHHUS CYIOBBIX
ra3oTypOWHHBIX JBUratenei. Pe3ynpTaTel HCCIEAOBAaHHWA TONYYEHBI NPH
UCIBITAHUY Ta30TypOMHHOIO aBurareis tuna DR76 ¢ cucteMoit QBMKHUTENS TUIIA
COGAG. Cucrema KOHTpOJIsI/MOHUTOPUHIa BHUOpAalliM Ha [BHUTraresic He OBUIO

63



YCTaHOBJICHO. [ JIaBHOW  TENBIO  WCCIENOBaHHMA  OBUIO  TOJTBEPXKICHUC
3 PEKTHBHOCTH M HECOMHEHHOCTH PE3yJbTAaTOB, KOTOPHIC OBLIN IMOJYICHBI IIPH
MOMOIIM CHHXPOHHBIX METOJOB W3MEpPEHHus, T.e. IMyTeM HX OOHAPY>KEHUs
HOPMAaTHUBHBIM ITyTEM U OINPEACICHIEM aBTOMAaTHYECKU. Bce cuMnToMBl BUOpaIiuu
OpTM TOMOOpaHBI B COOTBETCTBHE ¢ JcicTByromeidt Ha Ilombckom BoenHo-
Mopckom DjoTe METOAMKOW IHAarHOCTHPOBAHUS Ta30TYPOWHHBIX TBUTATEICH,
HaspiBacMoii BDS  (basoBas [ImarHoctmueckas Cuctema). Jlpyras 1enb
WCCIICIOBAHNUS OBUIO OICHUTH BO3MOXKHOCTH TPUMEHCHHS TPEICTABICHHBIX
METOJIOB TPSAMOM, T.€. CBSI3aHHOH C OCHOBHBIM IIPOIIECCOPOM, CHCTEME
JTUArHOCTHUKH Ta30TypOMHHBIX ABUTATENICH.
Hunamuxa, 2azo8vie mypouHvl, 8UbpayUs pomopa, npoyecc pa3eond.

Andrzej Gradziela

NESTACIONARIOS BJKLES ROTORINI SISTEMJ DIAGNOZAVIMO
PRIEMONES

Reziune

Mokslininkai atlieka tiesioginio ir autonominio tiplaivu duju turbininiy
varikliy vibracijos bandymus. Tiesioginio tipo sistemos rpafi kontroliuoja
vieng arba du vibracijos simptomus (pozymius), kuiertina apribotas ir/arba
lemiamas paramatr reikSmes ir jos potencialiai galspsti operatory ir/arba
iSjungti variklius. Autonominio tipo sistemos dadusiai naudojamos vibracijos
analizei esant nenusistgusiai darbo bklei. Tyrimuose pateikiamas skirting
metod; naudojam vibracijos simptomams analizuoti palyginimas, kugmatuoti
vykstant laiwg duju turbininip varikliy isibégéjimo ir stabdymo procesams.
Bandymy rezultatai buvo gauti tiriant DR76 tipo dujurbinin; varikli su COGAG
tipo stimimo | priel§ sistema. Vibracijos kontréd/steljimo sistema variklyje
nebuvo sumontuota. Pagrindinis tytintikslas buvo patvirtinti naudingumir
nedviprasmiSkumrezultaty, kurie buvo gauti panaudojant sinchroninio matavim
metodus, t.y. nustatant juos normatyviniadb ir aptinkant automatiskai. Visi
vibracijos simptomai buvo parinkti pagal Lenkijosarhiame dry Laivyne
galiojartia dujy turbininiy varikliy diagnostikos metodik vadinam BDS (Baziré
Diagnostikos Sistema). Kitas tikslas buvertinti galimyl® panaudoti pateikiamus
metodus tiesioginei, t.y. susijusiai su pagrindipitocesoriumi, duj turbininiy
varikliy kontroks sistemai.

Dinamika, dug turbinos, rotoriaus vibracijajsibégéjimo procesas.
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