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VibrationMonitoring for Wear  Condition of  CylinderLiner and  Piston Ring  in

Marine  Diese)Engine

by Sen-ichaSasakilk

Abstract
 7'he cylinder  l'iner and  piston  rings  qf  geresent laTye mari･ne  (Zieset e7zgtzaes  a･re  

'i,n
 sevev'e  lubri-

cating  conditam  zvtth  thc tTevzd of highe?' engine  ouLput,  Sometimes  their ab7zormal  wear  due  to

sc'idi'tng  appears  in  the ear[ie'r  stage  of the 
'v(lzlage

 despite manutfttctuTerls  ajlfo7t in  Lhe  strucMm"-

at  a'nd  me't(zgtnrytcat  modtfication.  I･?z s･uch  situation  maTdy  researche7's  are  studyivzg  the 7nethod

of the  Lubricati･ng ccmditicm  w7.o'reito?"ing  frowL vieuppo'e7z.t  Qf' Conditio7z Ba･sed M{Li･nte7za,nce (CBiUr).
 The  pu?'po,se of thts st'itdy is to estabtish  tlve techntq'Lee .fbr zvear  c;ond･iti･on mo'}zZtc"'ing  QJ" czylinder

tz'ner anct  1)iseo'n 
'xings

 basecl on  line7" vibr(],t･ion sig7zals.  This r)ape7" desc7'tbes the 7'esules  of pre-
ti'm'inary test caTrted  o･at in･ shop  triaL QJ' a  2-st7'oke cycle  en.g?1'ne, and  enra77zi･nes the {Wec;ttz.,ene,ss

of the mon･i,eor'ing  metho{l  b/u the analysis  of Trib7utiovz da･ta meas7m'ed  in  the period  of ru'nn?ing-
tn  qf' the engt･ne,

1. Introduction
 Recent  large marine  diesel engines  are  operated  in the
condition  of  increased maximum  pressurc and  longer piston
stroke.  As a  conscquense  of  these  trends,  the  problem  of

abnormal  wear  of  cylindcr  liner and  piston rings (hereafter
eited  as  linerlrings) is increasingly raiscd,  and  for early
detection of  the  abnormal  wear  not  a  few studies  have bccn
done  on  the  lubricating condition  monitoring,

 Among  the monitoring  rnethuds.  mcasuremcnt  of  oil-film

thiclcncss or  oil  sarnpling  through a  ho]e made  in liner wall  
L

has high scnsitivity  in the detection of  abnormal  condition.

However  these methods  are  not  so  popular because of  thc

expensiveness  of  the equipment  and  tlie difficu]ties in
employment  for ships  in service.

 On  the other  hand  there  is an  attempt  to evaluate  the wcar

condition  of  linerlrings by vibration  mcasurcments].

Vibration monitoring  as  a  mcthod  of  condition  monitoring

is usually  applied  to genera] rotationa]  maehincs  such  as

steam  turbines,  turbo compressors,  pumps  and  so  on,  but
application  to reciprocating  machincs  such  as  diesel cngines
is rare.  This  is because vibrations  of  dicscl engincs  arc

induced by several  kinds ofexcitin.cr  forces and  thc rclation-

ship  bctween vibration  responses  and  abnormaS  conditions

is not  known  in dctail.

 While the goal of  this study  is to establish  tbe technique for
wear  condition  monitoring  using  vibration  data, at  the begin-
ning  it is to be cxamincd  whether  vibration  signal  is effbc-

tive or  not  as  a  sigr)al  for diagnosis. Because vibration  sig-

nals  jnclude several  kinds of  signals  irrelcvant to friction.

rubbing  vibrations  induced by  the  friction oflinertrings  are

to be  distinguishcd from  other  vibrations  and  the  availability

of  vibration  measurcments  must  bc  estimated.

 This papcr describes thc  results  ofprcliminary  test which

was  canied  out  in shop  trial ofa  2-stroke cyclc  crosshead

engine  (uni-flow scavcnging,  rated  output:  9,156kW,  ratcd

speed:  114 rpm).  Based  on  thc vibration  data measured  in
the period of  running-in  of  the engine,  the et}fectiveness  of

the  method  is exarnined.
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Fig.1 Outlineofmeasuringsystem

2. 0UTLINE  OF  VIBRATION  MONITORING

 This monitoring  system  is mainly  aimed  atthe  measure-

mcnt  of  high  frequency  vibrations  which  are  induced by
rubbing  of  linerlrings. In preliminary test, howevcr,  cylin-

der pressure and  lift ofF.O.  needle  valve  were  additionally

measured  to clarify  the  features ofvibrations  in combustion

process. Fig.1 shows  thc  outlinc  ofthc  systcm  including all

measured  items. Vjbration  signals  werc  me,asured  by

accelerometers  and  charge  amplificrs  containing  ]ow-pass
fi]ter, and  output  signals  from the charge  amplifiers  werc

acquired  by PC  ineorporating A/D  conveTsion  board via
iselation amplifiers,
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 Represcntative locations of  vibration  mcasurements  are

shown  in Fig.2. In preliminary test, measurements  ofvibra-

tion  wcre  madc  at  several  locations on  one  cylinder  uniL

This is because the vibrations  are  induccd by the exciting
force such  as  combustion  and  cxhaust  valve  c]osing  as  well

as  the  friction of  linerfrings, and  measurements  at  othcr

location than cylinder  liner are  necessary  to spccify  thc
vibration  sourccs.  While Tnost  of  the  accelerometers  were

mounted  on  magnet  base attached  to cylinder,  fbr the mea-
surement  of  cylinder  ]iner vibration,  additional  accclcrome-

ters were  directly fitted to the exposed  liner surface  using

adhesive  cemcnt  to observe  the  difference in responscs  due
to contact  resonance.

 In tcmns of  the condition  ofAID  conversion,  the systern  is
so dcsigned that vibrations  have high responses  at  the fre-

qucncy range  ftom 5 kHz  to 30 kHz  taking advantage  ofthe

resonance  characteristics  of  accclerometcr  (shown in Fig.3).
The sampling  fi'equency was  ad.justed to 1OO kiIz per chan-
nel,  which  is higher than  usual,  considering  the  scning  of

cut-ofT  frequency of  iow-pass filter, Table  1 shows  the

specifieations  ofvibration  measuring  system.

    Tab]c 1 Specancations of  vibrat{oii  meas  uring  system

Aecelerometer

      B&Ktype4371

      Natural frequency/  4S  kHz

Clhargcamplifier

      B&K  NEXUS  type  2692A

      L.[).F. cut-off  frcqucney/ 30  kH7

      L.P.F. attenuution  slope:  40 dBi'dce

      Il,P.E cut-off  frequency/ 1 11z

A/D  eonversion  board

      NationaLInstrumentstypePCI-MIO-16li-1

      Channels/ 16 SE

      Max.  sampling  raLc: l.2S MS,'s

      Resolutlon/ 12 bits

            
1/

3. Results  of  the measurement

3.1 Features  ofwaveform

  As  aprocedure  for the  test rurming  ofengine,  in a  way  of

stepwise  jncreasq of  load, the  running  t'or proper  fit of
linerfrings was  initihted and  subsequently  various  kinds ofper-
formance test were  c'anigd  out.  The  results  ofmeasurement  at

75`>G load in the pcriod o",ruqning-in  are dcmonstratcd in Fig.4.

 The  stgrials shQwn  in this figuIe, in ord¢ r frem top to bottom,
reprcscrrt  rotation  matk  (T.D.C.)}'liift of  F.O. needle  valvc,  cylin-

der pressure and  accelemations  of  exhaust  valve,  cylinder  cover,

cytinder  1iner and  cylinder  block. At cylinder  cover  the accelera-

tion was  measurcd  in the vertical  direction and  at  othcr  locations
measured  in the horizonta1 direetion. And all acceleration  signals

shown  here arc  the results  of  measuremcnts  in use  of  magnet

base. From Fig.4, vibration  sources  are summarized  as fo11ows.

(1) Closing of  exhaust  va]ve  and  fiow  ofexhaust  gas

 In the  signal  ineasured  at  exhaust  valve,  an  excessive

vibration  due to the fiow of  exhaust  gas is observed  at the
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Fig. 3 frequency charactcristics  of  accelerometeT

crank  angle  of  approximatcly  45  degrees (beforc B.D.C.),

and  this vibration  is detected also  in othcr  locations. At  the

crank  anglc  of  approximately  90 dcgrcss (after B.D.C.), an

jmpulsive large vibration  oecurs  due to the closing  of

exhaust  valve,  that is an  impact force on  the  valve  seat.  This

impulsivc vibration  is distinguished paiticularly in the sig-
nals  measured  at  cylindcr  covcr  and  cylindcr  liner.
Naturally, the amplitude  of  these vibrations  is large at the

upper  position ofcylinder  unit.

(2) Combustion  and  openingtclosing  ofF.O.  needle  valve

 The  effect  ofcombustion  appears  as  a  comparatively  large

vibration  at  the  upper  positjon of  cylinder.  It can  be seen

from  carefu!  observation  of  the waveform  measured  at

cylindcr  covcr  that  the vibration  in combustion  process
includes thc  transient vibrations  

3
 corrcsponding  to the

motion  ofF.O.  needle  valvc,  and  this transient  vibrations
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are  observed  also  at cylinder  liner, These are induced by the
impact force which  occurs  with  opening  and  closing  of  F.O.
needle  valvc,  and  are  therefore esscntially  the samc  phe-
nomenon  as mentioned  in the case  of  closing  of  exhaust

valve,  lt should  be noted  that the vibrations  obscrved  in the

period of  F.O. iajection includc above  transient vibrations

as  well  as  the vibrations  due to combustion.

(3) Contact of  piston rings  with  non-continuous  parts of

   cylinder  Liner surface

 There  are  non-continuous  parts such  as  (uppcr and  lower)

cy]inder  oil grooves and  scavcnging  perts on  inner surface

of  cylindcr  liner. When  pisten rings  run  across  the non-cot-

inuous parts, impu[sive vibrations  are  gcnerated by the con-
tact with  thc parts. In Fig.4, it is noticeable  that  two  vibra-

tions  eccur  symmetrically  before and  aftcr  T.D.C,  at the

crank  angle  corresponding  to contact  of  top-ring  with  oil

grooves. When  piston rings  run  auross  scavenging  ports, in
somc  case  relevant  vibrations  occur  and  in other  case  don't;
in Fig.4, the vibrations  arc not  apparent.  This is supposed  to
be thc  phenomenon  caused  by  the  positional relationship

between scavenging  ports and  free ends  ofpiston  rings,
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(4) friction between cylinder  liner and  piston rings

 The  vibrations  due to the friction betwcen cylinder  liner
and  piston rings  appear  especially  at cylinder  liner in thc
vicinity  of  crank  angles  which  maximize  piston speed;  the

angles,  shown  as  el and  e2 in Fig.4, equal  66.7 degrees

(before and  after T.D.C,.) in measured  engine.  Amp]itude of
thc vibrations  changes  slowly  compared  with  ether  instanta-
neous  vibrations.  In comparison  between 01 and  e2, ampli-
tude  at e1 is s,cnerally larger than that at 02 though  the dig

ference is not appar ¢ nt in Fig.4. Thc  friction of  linerfrings

depends upon  thcir lubricating condition  in addition  to pis-
ton  speed.  Consequently, ifpiston is moving,  rubbing  vibra-

tions  may  appear  evcn  in coinbustion  process, which

dccrease the thickness ofoil-film.  Howcver,  it is difficult in
the time  domain to distinguish the rubbing  vibrations  fi'om

thosc induced by combustion.

3.2 Features of  spectrum  map

 When  the  wavefbrm  of  measured  signals  changes  tran-

siently  in onc  frame of  the analysis,  it is a  gencral way  to
extract the features of  the frequcncy domain using  time-fre-

quency ana]ysjs.  In this study  STFT  (Short Time  Fourjcr

Transform), which  is a  k'ind of  timc-frequcncy  analysis,

was  employed  with  fo]lowing conditions:
.  the width  of  a  data frame fbr FFT  is 1024 points (equiva-
  lent to approximatcly  1O msec);

.
 a quantity of  shift  of  data frame fbr 2D  map  is half of

 frame width;
.
 hanning window  is employed  fbr data window.

And,  vibration  level (dB re  
=
 1O-5 m/sec2)  is represented

by  gradation pattern from  white  (70 dB) to black (130 dB).
 Fig.5 shows  the spectrum  map  of  cylinder  liner vibrations
in running-{n  of  engine  (50% load) and  in this figure thc
acceleration  signal  in use  ofadhcsiye  cemcnt  is demonstrat-
cd.  As  we  can  see  from the  spectrum,  peculiar curved

stripes appears  symmetrica]ly  wi  th respect  to the position of
T.D.C. The  piston speed  of  this engine  rises  to the peak at
the crank  angles  of  01 and  02 as shown  in Fig.6, and  thc
curved  stripcs  ef  Fig.5 aTe constitutcd  by a set of  curves

proportiona] to the piston speed.  At  e1, fbr cxttmple,  funda-
mental  frequency is approximatc]y  1.64 lcHz, and  many

peaks are  regular]y  arranged  at the frequcncies of  integral
multiplies  ofthe  fundamental frequency.

 To  examinc  the gcometric changes  of  curved  stripes  with

engine  spc ¢d, the relationship  between fundamental fre-
quency  at  01 and  engine  specds  at loads of4  cases  is shown
m  Fig.7. As  we  can  see  easily,  fundamcntal frequency is
directly proprtional to engine  specd.  It can  be therfore
understoed  that vertical  interva]s of  stripcs  expand  with  the
increase ofengine  speed.

 C}eneration of  stripes  is eonsidered  to be relatcd  to the

geonietric shape  of  inner surface  ofcylindcr  liner. To

progress a capability  to keep oil-lllm  thick  enough,  liner

surface  oflow-specd  Iarge marinc  engine  is fabricated into
corrugated  shape  (or wave  cut)  as  shown  in Fig.8, and  that

is the samc  as  measured  engine.  In this casc,  from the pitch
L  of  corrugated  shape  and  piston speed  V, it foIlows that
the piston ring  comes  into contact  with  the swclled  part of
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inner surface  at  a  period ofT  (- L/V). A.s shown  in Fig,9, if
impact forces are  applied  at  a  period efT,  responses  in the

frequcncy  domain  appcar  at  regular  intervals. which  ar ¢

represented  by the frequencies of  integral multiplics  of  fun-

damental frequency VT,  Fundamcntal  frequencies shown  in

Fig.5 ncarly  corrcspond  to thc  values  of  1/T calculated  fi/om
the piston spced  of  measured  engine,  and  hence the stripes
arc  considered  to bc  gcncratcd by the  corrugatcd  shape  of

linersurfacc.

 In contrast  with  thc  abovc,  the spectrum  of  impulsive
vibrations  induccd by  fo11owing sources  is distributed in the
shapc  of  vertical line: closing  ef  exhaust  valve,  contact  of

piston rings  with  non-continuous  parts of  liner surface,
opcning  and  closing  of  F.O. needlc  valvc.  In the case  of

vibrations  induced by combustion  and  flow ot' exhaust  gas,
a  spread  of  the distribution in the direction of  time  is
observed  in spectrum  map,  Thesc  spectrum  are  featurcd by
thc continuous  distrjbutjon in the  wide  frequcncy range.
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 As  mentioned  abovc,  STFT  enables  thc distinction of

vibration  sources.  I;rom thc  diffbrcnce in spectrum  distribu-

tion, it is possiblc to distinguish the  rubbing  vibrations  of

lincrlrings fi'om other  vibrations.

 In addition,  while  high rcsponses  are  conspicuous  in frc-

quency  rangc  between  20  kHz  and  25  kHz at  any  crank

anglc  in Fig.5, this is causcd  by the contact  rcsonance  of

used  accelcromcteT  as  described later, And,  it rrnist  be noted

that in gcnci'a] the  tbregoing strip ¢ s arc  caused  also  by the

rubbing  vibration  in the adjacent  cylinder  to measured

cylinder.  though  thc  phcnomenon is not  apparcnt  in Fig.5.

3.3 Changes  of  spectrum  with  time

 In ordcr  to cxamine  the changes  of  spectrum  with  time,

FFT  analysis  with  the averaging  of  cight  revolutions  was

canied  out  using  one  fi'ame data (1024 points) at the crank
ans,le of  q1. Fig.10 and  Fig. 1 1 show  the  spcetrum  of  cylin-

dcr lincr vibrations  measurcd  at 50%  load in mmming-in  and

after  20 hours' running  rcspectively,  and  in both figurcs
exarnplcs  in usc  of  adliesive  cement  are demonstrated. For
thc nianner  of  representation  of  data, the horizontal axis

(fi'equency axis)  with  a  logarithmic scale  is uscd  to compure

with  the resonance  characteristics  cuives  ofaccclcromctcrs.

 In Fig.1O, many  peaks corresponding  to stripes  shown  in
Fig.5 are  prominent.  Howcvcr,  if thc fluctuations are

neglected,  the responsc  cun'e  is similar  Lo the fi'equency
characteristics  of  accelerometers  in use  of  adhesive  cernent

shown  in Fig,3, and  is of  the shape  on  which  the contact

resonance  ofapproximately  25 kHz has a strong  effect. On
the  other  hand, in Fig,11, thc significant  decrease of
responses  can  be seen  at  the higher frequency rangc  than 3
kHz, though  the  existenee  of  contact  resonance  is con-

timned.

  Since the principal differencc bctwccn both figures is run-
ning  hours of  enginc,  this dccreasc is supposedly  caused  by

the  change  of' rubbing  of  lincrlrings. It is said  that  the

abnormality  such  as scuffing  of  cylinder  liner brings the
increase of  responses  at  higher frequencies". In this mea-

surement,  to the  contrary,  the  decrease of  the responses

with  timc was  vcritied  taking  advantas.e  of  running-in  of

the engine,  in which  linerfrings are comparative]y  in severe

condit-ionofrubbing.
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cylinder,  though  the phenomenon  is not  apparent  in Fig.5.

3.3 Changes  of  spectrum  with  time

 ln order  to examine  the changes  of  spectium  with  time.

FFT  analysis  with  thc averaging  of  eight  revolutions  was

carried  out using  onc  frame data (1024 points) at  the crank

ang]e  of  ql. Fig.10 and  Fig.11 show  thc  spectrum  of  cylin-

der ]iner vibrations  measured  at  50%  load in running-in  and

after 20 hoursi running  respectively,  and  in both figures

examples  in use  of  adhcsive  cement  are  demonstrated. For
the  manner  of  representation  of  data, the horizontal axis

(frequency axis) with  a logarithmic scale  is used  to compare

with  the resonance  characteristics  curves  of  accelerometers.

 In Fig.10, many  peaks corresponding  to stripes  shown  in
Fig.5 are prominent. Howevcr,  if the fluctuations are

neglected,  the response  curve  {s similar  to the frequency
characteristics  ofaccelerometers  in use  of  adhesive  cement

shown  in Fig.3, and  is of  the shape  on  which  the contaet

resonance  of  approximately  25 kHz has a  strong  effect.  On
the  other  hand.  in Fig.11, the  significant  decrease of

responses  can  be seen  at  the higher frequency range  than 3
kHz.  though  the  existence  of  contact  resonance  is con-
firmed.

 Since the principal diilbrcncc between  both figures is run-

ning  hours of  engine,  this decrease is supposedly  caused  by
the  change  of  rubbing  of  lincrfrings. It is said  that the

abnormality  such  as scuffing  of  cylindcr  liner brings the
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increase ofresponses  at  higher frequencies". In this mea-

surcment,  to the contrary,  the decreasc of  the  responses

with  tirne was  verified  taking  advantage  of  running-in  of

the engine,  in which  linerfrings are  comparatively  in severe

condition  of  rubbing.

 Thus, changes  of  spectrum  in lower load, 25{va and  50%,

were  notabLe,  but the changes  in highcr load than  those

were  not  remarkable.  This is considered  to  be related  to the

way  ofloading;  that is, tbe engine  was  initially operated  at

step-up  loads, 25%, 50%,  75[va and  90[%. and  alse  20 hours
later at  the same  stcp-up  loads, It is therefore assumed  that

the rubbing  of  liner!rings at  the first load of  25`va and  50%

was  in severe  condition,  but subsequently  slight  rubbing

lasted.

4. Conclusion
 For the purpose of  establishing  the monitoring  technique

for wear  condition  of  linerlrings in large marine  engine  of

2-strokc cyc]e, the method  using  vibration  signals  of  cylin-

dcr liner was  examined,  and  for the first step  preliminary
test was  earried  out  in shop  trial ofengine.  Measurements

made  it c]ear  that vibration  signa]s  include several  kinds of
vibrations  induced  by  closing  of  exhaust  valve,  flow or

exhaust  gas, combustion,  openinglclosing  ofF.O.  needLe
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