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SUMMARY OF THESIS

The presen t research  is concerned with the influence of elastom ers 

on m achine behaviour. Presently, applications of elastom ers are receiving 

greater atten tion  in both academ ic and  industial com m unities, and  

hence the p resen t study is carried out. In th is thesis, the effects of 

elastom ers on dynamic behaviour of m achinery have been addressed, 

including a  review of the relevant literature and  an  overview of the 

associated techniques for property identification.

For m achinery involving elastom eric dam per, it h as  been shown 

th a t the inclusion of elastom ers can have a  significant influence on the 

dynamic behaviour of the system. Three different types of tes ts  (run­

down test, ham m er test and  shaker test) have been carried out to 

accom plish the objective of th is research  work. It w as shown th a t very 

different results were obtained when different num bers of layers of 

elastom ers were used.

An identification technique for the influence of elastom er on 

m achine behaviour has been presented. The size of elastom ers used  in 

the system  can have a  significant influence on m achine behaviour. It was 

shown th a t the increm ent of elastom ers in term s of th ickness reduced 

the n a tu ra l frequency, stiffness and dam ping properties of the system. 

Furtherm ore, it w as also shown th a t the stiffness tends to increase and  

dam ping tends to decrease on increasing the excitation frequency. The 

identification technique w as generally successful, with the m easured 

ham m er and  shaker tes t resu lts m atching very closely in m ost cases.
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NOMENCLATURE
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CHAPTER 1

INTRODUCTION

In the scientific literatu re, m ateria ls w ith long m olecular cha in s are 

often referred to a s  elastom eric polym ers. Due to the ir high deform ability, 

dam ping capacity  a n d  wide range of obtainable  m echanical properties, 

they  have n u m erous applications in v ibration control. Typically, 

e lastom ers show a  non-linear elastic an d  dissipative behaviour. This 

m eans th a t stiffness an d  dam ping properties of e lastom ers are  non-linear 

functions of d isp lacem ent and  frequencies w hen the  elastom ers are 

excited by periodic forces.

Presently, applications of e lastom ers are  receiving grea ter a tten tion  

in  bo th  academ ic and  in d u stria l com m unities. In d u stria l applications of 

elastom ers have been successfu l in several sectors including  aerospace, 

autom obile, m arine, construction , m edical an d  power p lan ts . There are 

various com panies m anufactu ring  different types com pound /ing red ien t 

of elastom ers for all types of in d u stria l application  su c h  a s  autom otive 

in s tru m en t panels, adhesives an d  sea lan t for m ach ines, build ing and  

construction , etc. However, proper selection of e lastom ers is essen tia l 

since a  difference in elastom er com pounds or ingred ien ts will provide 

different applications. These factors can  im prove specific chem ical or 

therm al properties, improve dynam ic perform ance, reduce cost, improve 

electrical properties, reduce friction or sticking, an d  m any o ther aspec ts 

of seal perform ance.

E lastom er dam pers are also a n  attractive  alternative  to the  squeeze 

film for ro tating  m achinery  due to the ir sim plicity, in h eren t com bination 

of stiffness an d  dam ping, the ir com pactness an d  lack  of need  for seals or 

oil supply. E lastom ers in the  form of O -rings or cartridges are  being
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considered for low-cost engine applications, tu rb o p u m p s an d  also for 

helicopter tran sm iss io n  shafting.

Dynam ic system s suffering from instab ility  or resonance  problem s 

often lack sufficient dam ping to reduce the  vibration  to an  acceptable 

le^el. E lastom ers are  particu larly  su itab le  to provide the  necessary  

damping for ro tors. There is a  trend  tow ards sm all light m ach ines, a  case 

in poin t being high-speed vacuum  pum ps, w hich have been considered 

recently. These are m ounted  on elastom ers, w hich provide dam ping b u t 

have properties th a t  vary with a  n u m b er of ex ternal param eters .

Considering the  high dem and on the  app lication  of elastom ers, 

accurate knowledge of the  dynam ic ch arac te ris tics  is becom ing m ore 

im portant. The available knowledge is only the  chem ical an d  sealing 

properties, for exam ple, h a rd n ess , perform ance du ring  different 

tem perature, elongation etc. Nevertheless the  dynam ic characteristic  

such a s  stiffness an d  dam ping coefficient are  n o t readily available. Two 

factors, w hich re s is t the  growth in the  application  of e lastom ers, are the 

limited availability of the  d a ta  on the ir dynam ic behaviour an d  lim ited 

qualification of the  problem s to be encoun tered  in th e ir application  l14l.

Therefore, the  m ain aim  of the project is to describe an d  quantify  

the dynam ic properties of elastom ers on m achine behaviour by using  

experim ental an d  d a ta  analysis techniques. T echniques for property  

identification u n d e r operating conditions will be developed in th is  

research  work.

In th is  research , a  sm all ro tor rig w as build  to define the  dynam ic 

properties of elastom ers. M easurem ents are  ob tained  from th is  te s t rig. 

The experim ental a p p a ra tu s  will be d iscussed  in  C hap ter 5.
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1.1 Thesis Overview

The p re sen t ch ap ter serves a s  a  general in troduction  an d  gives detailed 

objectives and  highlights the  advantages of the  p resen t stud ies. The 

o rgan isa tion  of the  thesis  is a s  follows.

C h ap te r 2 gives an  overview on the  recen t developm ents and  background 

in th e  field of e lastom er properties.

C h ap te r 3 explains the  theoretical techn iques for identifying the 

e la sto m er’s dynam ic properties from ham m er an d  sh ak er tests .

C h ap te r 4 describes the  design an d  com m issioning of the  run-dow n 

experim ental ro tor rig u sed  to verify the  dynam ic charac teristic  of 

e lastom ers. As well a s  the  developm ent of the  m achine itself, the 

assoc ia ted  d a ta  acquisition  system  and  corresponding signal processing 

issu e s  are also considered. The experim ental re su lts  of run-dow n tes ts  

are  d iscu sses  in  th is  chapter.

C h ap te r 5 gives details of the  experim ental a p p a ra tu s  for the  ham m er 

te s ts  u sed  to verify the identification m ethod p resen ted  in C hap ter 3. The 

experim ental re su lts  of h am m er/im p ac t te s t a re  d iscu ssed  in th is 

chap ter.

C h ap te r 6 gives the  details of the  sh ak er te s t experim ental te s t rig u sed  

to verify the  re su lts  of the  ham m er tests . The experim ental re su lts  from 

the  sh a k e r te s ts  are  also d iscussed  in th is  chapter.

C h ap te rs  7 d iscu sses an d  com pares the  experim ental re su lts  obtained 

from h a m m er/im p a c t te s t an d  sh ak er tests.
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C hapter 8 provides a  sum m ary  of the  w ork p resen ted  in th is  thesis
i

together with som e general conclusions an d  recom m endations for fu tu re
i

work.

4



CHAPTER 2

LITERATURE REVIEW

The m ain  aim  of th is  chap ter is to provide an  insigh t into recen t 

developm ents in the  field of e lastom er p roperties an d  lite ra tu re  relating  to 

e lastom ers. At the  p resen t tim e, research  in e lastom er properties is 

receiving greater a tten tion  in both  academ ic and  industria l com m unities. 

Industria l applications have been successfu l in several sectors including 

aerospace, autom obile, m arine, construction  and  power plant.

The factor, w hich re s is ts  the  growth of the  application of elastom er 

dam pers, is the  lim ited availability of the inform ation on elastom er 

properties. Hence, th is  research  is carried  o u t to study  and  quantify  the 

influence of the dynam ics p roperties of elastom ers on m achine behaviour.

R esearch on the  sub ject of e lastom er p roperties is vast an d  wide 

ranging. Recently, b lending of polym ers h a s  becom e a  favourite a rea  of 

resea rch  activity. B lending of two or m ore types of polym er is a  usefu l 

technique for the  p reparation  an d  developm ent of m ateria ls w ith 

p roperties superior to those of the  individual c o n stitu en t I1!.

E lastom er b lends are u sed  for m any  reaso n s su ch  a s  lowering the  

com pound cost, for ease of fabrication an d  to improve the  perform ance of 

in d u stria l rubber. There have been n u m ero u s p ap ers  w ritten  on th is  

subject. R esearch work focused on e la s to m e r/ru b b e r b lends h a s  been 

perform ed by e.g. Findik e t a l  fil, Silva et al. PI, Louis et al. PI and  Zheng  

Ming H uang et al I41. These articles focus on different k inds of research  

a re a  such  a s  m echanical an d  physical I1!, rheological PI, morphological, 

th erm al and  m echanical PI an d  s tre ss  and  s tra in  behaviours of the  

blended e la sto m er/ru b b er.
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Since th en  it h a s  been found th a t  a  m ateria l w ith un ique 

m echanical p roperties is p roduced from heated  n a tu ra l gum  mixed with 

su lp h u r. This m ateria l h ad  found a n  ind ispu tab le  role in m any 

m echanical applications. One of the  reasons is th a t  ru b b er is generally 

soft and  w ith stands high deform ation u p  to several h u n d red  percen t 

while resum ing  it original shape  after s tre ss  release. This elastic  property  

facilitates its  wide u se  a s  v ibration isolators, su sp en sio n s and  flexible 

jo in ts  in m achines.

E lastom eric m ateria ls such  a s  ru b b ers  are  com m only u sed  as  

isolators. Therefore, an  u n d ers tan d in g  of the  dynam ic properties of 

ru b b er isolators is necessary  for the  vibration analysis and  optim ization 

of m any resilient m ounting  system s. Tan and  Weng W have developed an  

identification schem e to investigate the  dynam ic behaviour of isolated 

s tru c tu re s  in w hich lam inated  ru b b er bearings are  used . A few years 

later, Richards and  Singh  l6l clarified the  non-linear stiffness 

characterization  issu es  of ru b b er isolators. A p rocess is proposed th a t 

includes experim ents in single and  m ulti-degree-of-freedom  

configurations while different types of excitation are applied. It w as found 

th a t  the  size and  shape of ru b b ers  are  giving significant influence on the 

vibration of the  system . The th ick n ess of the  ru b b e r also affects the 

dam ping charac teristics of the  system  I61. The finding of th is  paper is in 

good agreem ent w ith the  findiiigs in th is  work.

At the  sam e tim e, Kim and  Singh  p resen t a  new experim ental 

identification m ethod for extracting the  frequency-dependent m ulti­

d im ensional dynam ic stiffness of an  isolator (rubber). The proposed 

characterization  m ethod u se s  two inertia  e lem ents a n d  an  isolator, and  a  

refined m ulti-d im ensional m obility syn thesis form ulation is developed for 

estim ating  the  p roperties of the  system .

Engineering knowledge of e la s to m e r/ru b b e r p roperties is often 

ra th e r  poor, despite it being so com m only used . This is probably due to
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its complex behaviour w here m echanical properties such  a s  dynam ic 

h a rd n ess , stiffness and  dam ping are dependen t no t only on additives in 

the  m aterial b u t also on tem pera tu re , frequency an d  am plitude of m otion 

t8L This knowledge is essen tia l w hen elem ents com posed of elastom er are 

included in dynam ic system s.

The ru b b er com pound frequently  h a s  carbon  b lack  fillers added. 

Inclusion of fillers increases m ateria l h a rd n ess , ab rasion  resistance  and  

m aterial dam ping PI. Sjoberg and  Kari t8l investigated the  nonlinear 

excitation effects on dynam ic stiffness an d  dam ping of a  filled ru bber 

isolator th rough  m easurem ents.

At p resen t, the  problem  of controlling the  propagation  of vibration 

and  shock waves in building construction , car industry , aeronau tics and  

railway track  applications are  of concern  PI. The m easu rem en t of the 

dynam ic stiffness w as perform ed on recycled ru b b er based  railway track  

m ats  by Lapcik et al PI. M easurem ents were perform ed a t  th ree  sta tic  p re ­

loads, 0.0, 0 .06 an d  0.1 MPa in the  frequency range 10-100 Hz. A steady 

increase in the  dynam ic stiffness w ith increasing  frequency w as observed 

in the  sam ples studied . At the  sam e tim e, the  m easu red  dynam ic 

stiffness shifted to h igher abso lu te  values w ith increasing  sta tic  pre-load.

The analysis and  study  of the  perform ance of elastom ers in 

industria l applications is becom ing critical in term s of bo th  production 

and  m ain tenance. It is no t su rp rising  a s  fau lts in m achinery  rep resen t 

crucial aspec t of the  subject, receiving ever m ore a tten tion .

Recently, the  need h a s  increased  for vibration isolation in very 

im portan t build ings an d  sensitive sem iconductor equipm ent. An 

e lastom er/ ru b b er is widely u sed  a s  a  vibration dam per and  an  isolator. 

B ase isolation offers the  m ost effective m ethod to reduce vibration 

tran sm itted  from the ground to the  s tru c tu res . The key poin t in the
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design of an  effective base  isolation system  is the  u n d ers tan d in g  of the  

isolator characteristics.

One exam ple of an  isolator, w hich is the  lam inated  ru b b er bearing, 

h a s  gained wide acceptance in engineering applications. The m ain  

characteristic  of lam inated  ru b b er bearings is th a t  they provide high 

vertical stiffness to su s ta in  s tru c tu ra l weight while m ain tain ing  flexibility 

in the  horizontal direction, d iscussed  earlier by C hang I10!, the  lam inated  

ru b b er bearings have been m odelled using  an  analytical stiffness m atrix. 

A lam inated  ru b b er bearing consists of several layers of ru b b er bonded to 

interleaving steel shim s. The to tal n u m b er of ru b b er layers and  steel 

sh im s is changeable. The variation of stiffness w as stud ied  by changing 

the  to tal n u m b er of ru b b er layers I10!. Using the  sam e experim ental 

concept (lam inated ru b b er bearing  consists of ru b b er layers and  steel 

shim s), the  influence of the  shape  factor on the  s tre ss  d istribu tions and  

s tre ss  concen tra tions of lam inated  elastom eric bearings subjected to 

vertical load is d iscussed  by Im bim bo and  De Luca I11!.

2.1 Previous Literature o f Dynamic Properties of  

Elastomers

D uring the  course of the  la s t half-century , e lastom er properties 

have been stud ied  in m ore an d  m ore detail. A thorough  u n d ers tan d in g  of 

the  properties of e lastom ers is essen tia l due to wide application of 

elastom ers in industry . The u se  of su p p o rt dam ping  a s  a  m eans of 

controling ro ta ting  m achinery  v ibrations is seeing increasingly wide 

application in advanced turbo-m achinery . However, there  is a  su rp rising  

lack of lite ra tu re  ab o u t e lastom er dam pers a p a r t from a  series of NASA 

reports.
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The earlier lite ra tu re  on e lastom er dam pers is reported by NASA 

betw een 1972 an d  1980 [12>13L In those early  years, a  program  had  been 

p u rsu ed  a t MTI (M echanical Technology Incorporated), the  in ten tion  w as 

to quantify  dynam ic perform ance of e lastom er dam pers, to provide the 

capability, to design for desired  charac teristics , to evaluate  the  effects of 

environm ent, to dem onstra te  the  effectiveness of elastom er in vibration 

control for h igh-speed ro tating  m achinery, a n d  to evaluate any  problem s 

w hich m ay be encoun tered  in the ir application  to ro tating  m achinery 

vibration control t12L The th ru s t  of th is  w ork w as con tinued  by Tecza e t 

al t12> 131 u n d e r th is  program .

W ithin th is  program , a  powerful te s t m ethod for determ ining 

e lastom er com ponent p roperties h a s  been  developed entitled  “The Base 

Excitation R esonant M ass M ethod” by Tecza e t al in NASA Report P art V 

I12L The investigation of the  effects of s tra in , am bien t tem pera tu re  and  

frequency on e lastom er com ponent p roperties w as executed using  the  

Base Excitation R esonan t M ass T est M ethod. This te s t m ethod employed 

a  large electrom agnetic sh ak er to apply base  excitation to a  one-degree- 

of-freedom sp ring-m ass-dam per system  l12l

The e lastom er te s t specim ens form the  spring  an d  dam per upon  

w hich a  rigid m ass  is supported  whose m agn itude  can  be varied over a  

wide range. The transm issib ility  and  p h ase  angle acro ss the  elastom er 

spring  were m easu red  in the  region of resonance  w hich allows accu ra te  

determ ination  of bo th  stiffness an d  dam ping I12]. It h a s  been tentatively 

concluded, for an  elastom er in the  rubbery  region su ch  a s  poly bu tad iene, 

th a t  the  dynam ic charac teristic  of an  e lastom er show s a  m ore consisten t 

dependence on s tra in  th a n  on frequency. Additionally, in all cases, the  

e lastom er w as effective in controlling system  vibrations I12l.

A test rig designed to m easure  th e  stiffness and  dam ping of 

e lastom er cartridges u n d e r ro tating  load excitation w as described by 

Darlow and  Smalley I13l in NASA R eport P art IV. This m ethod of
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generating  te s t d a ta  for calcu lating  dynam ic elastom er properties w as 

essentially  the  sam e a s  the  Base Excitation R esonant M ass Technique, 

except in th is  case the  e lastom er specim en w as subjected  to ro tation  

ra th e r  th a n  a  reciprocating load. An e lastom er cartridge ro tating  load te s t 

rig em ploys ro tating  un b a lan ce  in a  ro tor, w hich ru n s  u p  to 60000 rpm  

as  the  excitation m echan ism  w as u sed  to tes t the  dynam ic properties of 

the  elastom er. A variable re so n an t m ass  is supported  on elastom er 

elem ents an d  the  dynam ic charac te ristics are  determ ined  from the 

m easu rem en ts  of in p u t and  o u tp u t acceleration. Different shapes and  

sizes of e lastom er cartridge were considered in the  testing. It w as found 

th a t  the  stiffness reduces w hen increasing  the  th ick n ess  of the  elastom er, 

w hich is in good agreem ent w ith the  findings in th is  work.

Dynam ic stiffness an d  dam ping  were m easu red  for each elastom er 

cartridge and  com pared w ith predictions a t  different frequencies and  

s tra in s . In th is  case, the  dynam ic p roperties of elastom er were predicted 

from Beam  Colum n an d  Gobel equations l13l. The properties for the  ring 

cartridges were predicted a s  the  arithm etic  average of the  values obtained 

from the Beam  Colum n an d  Gobel equations. The difference betw een the 

Beam  Colum n and  Gobel equations is th e  inclusion of the  rad iu s  effect. 

In the  Beam  Colum n equation , the  rad iu s  effect w as considered. It w as 

reported  in NASA Report P art III th a t  the  prediction from these  two 

equations generally bracketed  the  ring cartridge te s t re su lts  and  th a t an  

average of the  two predictions u su a lly  p resen ted  a  reasonably  good 

estim ate  of the  ac tu a l dynam ic p roperties of the  ring cartridge I13l

However, the  prediction of the  dynam ic properties w as conducted 

bo th  including an d  neglecting the  effects of sh e a r loading on the 

elastom er cartridge, for com parison pu rposes. It w as found th a t the  

m easu red  stiffness agreed quite  favourably with the  predictions th a t 

include the  effect of shear. However, the  m easu red  dam ping  agrees with 

the  predictions only for low frequency te s t resu lts . The te s t resu lts
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com pare well w ith the  predicted values, particu larly  those from the Gobel 

equation  I13l.

Dynam ic system s suffering from instability  or resonance problem s 

often lack sufficient dam ping to reduce vibrations to an  acceptable level. 

B orm ann and  G asch t14l developed a  simplified approach  for the  proper 

selection of elastom ers and  an  optim ised design of ring geom etiy. Both 

the  non-linear sta tic  behaviour an d  the  con tac t problem  as  well a s  the  

tem p era tu re  and  frequency dependen t therm o-viscoelastic behaviour are 

rep resen ted  by equations derived from the theory of elasticity  and  these  

were proven by experim ents f14L In th is  case, the  rela tionsh ip  of the 

p a ram ete rs  w as p resen ted  in the  form at m aste r curves. Here, the  m aste r 

curve is so called a  d a ta  sheet or design c h a rt giving the  loss factor and  

frequency dependen t on the  m odu lus and  bearing  stiffness. The m aste r 

curve can  be p resen t in different way; for exam ple m aste r curves can 

ap p ea r a s  the  tim e an d  tem pera tu re  dependen t m odulus of s tre ss  

relaxation. Based on the  m ateria l's  M aster-curve, design c h a rts  for 

sim ple ro to r system s were developed a s  a  graphical app roach  in order to 

reveal the  com plicated in terre la tionsh ip  betw een elastom er stiffness and  

dam ping  properties, the  bearing  to shaft stiffness ratio  an d  the  

achievable system  dam ping a t  resonance. The num eric  solution can  be 

sim plified w ith the  help of M aster-curves, since the  relevant m odel- 

p a ram ete rs  in te rm s of in te rnal degrees of freedom  elim inate the  

frequency dependence from the  dam ping an d  stiffness m atrices. It w as 

concluded th a t the  p resen ted  design-charts , b ased  on the  m aterial 

M aster-curves, are  well su ited  for the  design of sim ple ro tor system s an d  

for the  p roper selection of the  e lastom er rings an d  the ir geom etry I14L

Torsional v ibration in the  c ran k sh a ft of an  in te rnal com bustion  

engine is a n  inheren t problem  in its  m echanical design I15L There are  

several devices th a t  can  be u sed  to dam pen  these  undesirab le  torsional 

v ibrations w hich are know n as v ibration abso rbers or dam pers. The effect 

of quad ra tic  and  cubic non-linearities in elastom eric m ateria l dam pers

11



u sed  to reduce torsional oscillations of in ternal-com bustion  engines 

shafts w as investigated by E l-B assiouny f15L In th is  work, a  non-linear 

elastom eric dam per or abso rber is u sed  to control the  torsional v ibrations 

of the c ran k sh aft in in te rnal com bustion  engines, w hen subjected  to an  

external excitation torque.

Recently, a  paper by Petrone e t a l  l16J identified a  methodology of 

study, valid for e lastom ers in general, in o rder to experim entally 

characterize their dynam ic behaviour an d  sim ulate  th is  behaviour by 

m eans of a  s tru c tu red  m athem atica l model. An elastom er w as chosen  

and  its equivalent viscous dam ping coefficient w as experim entally 

determ ined using  a  specifically designed te s t rig.

The responses to several sinusoidal excitations, characterized  by 

different am plitude an d  frequency values were analyzed to determ ine the  

stiffness and  equivalent viscous dam ping coefficient. It w as found th a t 

the  dynam ic stiffness increased  on increasing  the  excitation frequency 

and  the  sta tic  load to w hich the  elastom er elem ent w as subjected, an d  

decreased on increasing  the  am plitude of excitation itself. Furtherm ore, 

the  coefficient of equivalent viscous dam ping decreased  on increasing  the  

excitation frequency an d  increased  on increasing  the  acceleration 

am plitude and  the  sta tic  preload applied. The experim ental an d  

sim ulated  stiffness an d  dam ping were com pared; m axim um  

discrepancies of less th a n  5% were ob tained  over the  entire  frequency 

range, except for frequencies u n d e r 40 Hz due to the  experim ental system  

being less accu ra te  a t low frequencies I16L In th is  paper, it h ad  been 

reported th a t stiffness ten d s  to increase  an d  dam ping  tends to decrease 

on increasing the  excitation frequency, w hich is also in good agreem ent 

w ith the findings in th is  work.

This chap ter h a s  provided a  broad view of the  developm ent an d  

lite ra tu re  ab o u t e lastom er properties. It h a s  been seen th a t  research  in to 

the dynam ic properties is being developed in order to m eet the  dem and of
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the  increasing  application of elastom ers in in d u stria l com m unities. 

However, there  is a  lack of inform ation ab o u t the  dynam ic properties of 

elastom ers. The dynam ic properties of e lastom ers need  to be stud ied  in 

order to identify the  influence of dynam ic characteriza tion  on m achines 

due  to the  wide application of elastom ers a s  d am p ers/iso la to rs . This a rea  

still requ ires m uch  research  to be carried  out.

In th is  project, the  influence of the  dynam ic properties of 

elastom ers on m achine behaviour is stud ied  using  experim ental and  d a ta  

analysis techniques. The re su lts  obtained  are  d iscussed  la ter in C hap ters 

4, 5 and  6.
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CHAPTER 3

THEORETICAL METHOD FOR SYSTEM 
IDENTIFICATION

The background literature and developments in the field of 

elastom er properties h as  been discussed in the previous chapter. The 

m ain aim  of th is project h a s  been brought ou t in C hapter 2 and  which is 

to describe and quantify the effect of the  dynamic properties of 

elastom ers on m achine behaviour by using  a  com bination of 

experim ental and  theoretical techniques. This chapter is concerned with 

the theoretical m ethod of identifying the dynamic properties of 

elastom ers from ham m er and  shaker tests.

In the  early stages of the project, run-dow n tes ts  were carried out 

to identify the dynamic properties of elastom ers. From the run-dow n test 

resu lts  obtained, it w as found th a t the experim ental resu lts were mainly 

influenced by the flexibility of the shaft ra th e r th an  the elastomers. 

Therefore, later on in the project, ham m er tes ts  and  shaker tests  are 

carried ou t in order to verify the influence of elastom ers on m achine 

behaviour more precisely.

The bearing pedestal vibration w as m easured  using  an 

accelerom eter connected to a  charge amplifier and  m ounted in the 

horizontal direction. The position of the accelerom eter is shown in Figure 

3 -  1. Additionally, the force applied to the bearing housing is m easured 

during the experiment. It is assum ed th a t the applied force is known as 

the excitation force, which is produced by either ham m er or shaker. The
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relevant forces in the elastom ers such  as shear and tensile/com pressive 

stresses are neglected in order to simplify the model of th is work.

In th is case, the bearing housing is forced in the horizontal 

transverse direction and m otion arising is clearly a  sum m ation of the 

horizontal motion of the centre of m ass and  rotation about th is point. 

However, in the in terests of simplicity, rotation is assum ed to dom inate 

over the centre of gravity transla tion  allowing the representation  of the 

system  as a  single-degree of freedom.
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3.1 Equation o f Motion for H am m er/Shaker Test

A schem atic of the ham m er test and shaker test is shown in Figure 

3 - 1 .  The accelerom eter was m ounted in the horizontal direction on the 

bearing housing in order to m easure the vibration of the bearing housing 

when an excitation force was applied. There are two recesses on the 

bearing housing specially designed for rubber and steel p lates in order to 

provide variable stiffness and dam ping properties to the system. The 

details of the experim ental technique and rubber and steel arrangem ent 

are discussed in C hapter 4.

Impact of 
ham m er or 
shaker in 
X-direction

Accelerometer

Elastom er and 
steel plates

Screw

Figure 3 - 1  Schematic of ham m er and shaker tes t model
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Rotational motion is involved in both the ham m er and shaker 

tests, as the generalised co-ordinate could be represent in angular 

displacem ent.

Bearing Housing

Space for 
elastom er or 
m etal layer.

r

Figure 3 - 2  Schematic of the motion of the bearing housing

The body diagram  in Figure 3 - 2 is showing the rotation motion of 

the centre of m ass about th is point. Here it is assum ed th a t the bearing 

housing is moving round the circle from A to B which experienced an 

angular displacem ent of 6 radians. The relationship between the circular 

distance moved, x, of the body and the angular displacement, 6, is given 

by

x Equation 3 - 1

When the angle is small, x is very nearly equal to the m agnitude of the 

linear displacem ent of the body.
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The general equation of motion for a  linear m ulti-degree of freedom 

(MDOF) system  can be expressed as I17]

M r  + C tr + K r = f  Equat i ons^  

C,  =  C,  + C e

The m ass, dam ping and  stiffness are represented by M, C and K. Ct 

is the  total dam ping acting on the system, due to various external and 

in ternal sources, Ce and Ci respectively, r  is the vector of m easured 

displacem ent, / i s  the force acting on the system  in the x-direction

Figure 3 - 3  Schem atic of bearing with elastom er
model

The schem atic of the bearing and  elastom er system  model for the 

ham m er and shaker tes t is illustrated in Figure 3 - 3 .  The bearings are 

represented by direct stiffness term s, Kb. -No dam ping due to the bearing

18



housing is included. Stiffness and dam ping containing Ke and  Ce term s 

show in Figure 3 - 3  are used  to represent the elastom er dynamic 

properties. Mb represen ts the m ass of bearing and housing.

In th is  case, the gyroscopic term s are neglected, as the rotating 

disc placed in between the bearings h as  very small inertia  which is not 

significantly influencing the dynamic behaviour of the system. The 

gyroscopic effects are not significant when dealing with the type of 

turbogenerators found in power stations and  th is is also the case with 

the m odels considered here I17l. The external dam ping dom inates the 

in ternal damping, hence, the in ternal dam ping is neglected and  h as not 

been included in th is case. Additionally, gravity loads are neglected. 

Therefore, equation 3 - 2  reduces to:

Mr + Cer + Kr = /  Equation 3 - 3

The general equation of motion of a  linear system  is expressed in 

equation 3 - 3 .  Nevertheless, a s  m entioned previously, the motion 

involved in the ham m er and shaker tes t is rotational. Therefore, the 

equation of m otion for the entire rotor-bearing system  m ay be expressed 

in form as

I0+ T0+ x 0 = M  Equation 3 - 4

I  = Moment of inertia  (kgm2)

T = Torsional Damping (Nms/rad)

X -  Torsional Stiffness (Nm/rad)

M  = Moment (Nm)

6 = Angular displacem ent (rad)
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3.2 Identification of both dynamic stiffness and 
damping of the elastomer from hammer/ shaker 
test

The general equation of motion of the system  is shown in Equation 

3 - 4 .  Here we assum e th a t the angular displacem ent of the system  is 9. 

The solution of th is hom ogenous differential equation associated to the 

general equation of motion of the system  with a  single of degree freedom 

is of the type

9 = 9 eiat 
9 = io)9eia}‘

. Equation 3 - 5
9 = -co 9 eim

By substitu ting  Equation 3 - 5  into Equation 3 - 4 ,  it follows th a t

-W2I0 + e + %0 = M Equation 3 - 6

By rearranging Equation 3 - 6 ,  the general solution of the equation 

becom es

0  =------ —  Equation 3 - 7
X + icoT -1(0

The response equation is in the form of a  frequency response 

function (FRF). For an  elastom er, stiffness and  dam ping are frequency-
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icoT Idependent param eters. By introducing —— ---------   into Equation 3 - 7 ,
X ~ ic o F - I c o

the i term  in the denom ination is eliminated. Hence, the response 

equation can be w ritten as

0 =
M X  -  icoF -  Ico2

X  + icoT -  Ico2 x  ~ icoF -  Ico2 

M{x~icoT -Ico2)
( X ~ I c o 2) 2 + c o 2T 2

Equation 3 - 8

Equation 3 - 8  can also be w ritten as

6 x ~  -  Ico2
M  (x ~ I o)2)2 +(02T 2

Equation 3 - 9

In th is case, the general equation of m otion of the  system  (ILquation 

3 - 8 )  can be p u t in the complex form of 6 =a + i b . By separating the real 

and  im aginary parts, the following equations are achieved.

a  =
M (x-Ico2) 

( X - I c o 2) 2 + c o 2T 2
Equation 3 - 1 0

b = M(-Fco)
i X - I c o 2) 2 + c o 2T 2

Ekjuation 3 - 1 1

Assuming th a t Z = ( x~ Ico2 )2 + co2F2

equation 3 - 1 0  and  3 - 1 1  can be w ritten as
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a = M ( z  I®2) Equation 3 - 1 2

b = Equation 3 - 1 3

The following m ethod is u sed  to achieve two separate individual 

equations for both stiffness and  damping.

„ 2 , l2 M 2[(z - I o)2)2+T co2]a + d —---------------------------
Z2

_ M 2(Z)
Z2

-  M Equation 3 - 1 4

Rearrange Equation 3 - 1 4 ,  the following equation is obtained

2  = M  Equation 3 - 1 5
a 2 + b 2

By substitu ting  Equation 3 - 1 5  into Equation 3 - 1 2 ,  the stiffness 

of the  system  becomes

a  =
M (% - Icq2) 

M 2
a 2 + b 2

( Z ~ I c o 2) ( a 2 + b 2)

z ~ i “>2 =

M

Ma 
a2 + b1
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_  _Ma + Equation 3 - 1 6
a2+b2

Substitu ting Equation 3 - 1 5  into Ekjuation 3 - 1 3  provides an  

equation for the estim ation of the dam ping of the  system.

b = _M(cor)
M  

a2+b2

(coT)(a2+b2) 
M

. 2  , L 2 'Mb = (-o)T)(az +bz)

Mb 
o)(a2 +b2)

r  = ------ — —  Equation 3 - 1 7

Equations 3 - 1 6  and  3 - 1 7  are used  to determ ine the stiffness and 

dam ping of the elastom ers in C hapters 5 & 6.

A m ethod h as  been presented here which, along with the response 

d a ta  from ham m er or shaker test, will allow the dynam ic stiffness and 

dam ping of elastom ers to be identified. The experim ental technique and 

rig for achieving the experim ental resu lts will be d iscussed in C hapter 4.
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CHAPTER 4

RUN DOWN TEST

This ch ap ter details the  experim ental equ ipm en t an d  resu lts  

ob tained  from a  run-dow n te s t u sing  the  identification theory  given in 

C hap ter 3. The hardw are  of the  m achine itself, a s  well a s  the  associated  

m easu rem en t, in stru m en ta tio n  an d  d a ta  acquisition  system s are 

described. A sm all ro tor rig, w hich already existed in School of 

Engineering a t the  University of W ales Sw ansea, w as significantly 

modified for th is  research  study.

This rig w as modified to su it the  p resen t pu rpose  of e lastom ers 

dynam ic properties identification. A se t of bearing  su p p o rts , w hich is able 

to w ith stand  the  excitation forces produced by the rotor, were m achined  

w ith slots to allow elastom er layers to be added. The e lastom er u sed  in 

th is  project w as fluorosilicone.

There are  th ree  different experim ents in th is  project. These are ru n  

down tes ts , sh ak er te s ts  an d  ham m er tests . Figure 4 - 1  illu stra te s  the 

rela tionsh ip  betw een these  th ree  series of tes ts . E ach  k ind  of experim ent 

is done to verify the  dynam ic properties of the  e lastom er an d  study  the  

influence of the  dynam ic properties of the  e lastom er on m achine 

behaviour. The difference betw een th ree  type of te s t is the  frequency 

range beside the  experim ental equipm ent. The m axim um  frequency of 

ru n  down te s t is 50 Hz. Hence, ham m er and  sh ak er te s ts  are  carried  ou t 

in  order to verify the  dynam ic properties of e lastom er a t  h igher frequency 

range.
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4 .1  The E xperim ental Rig for th e  Run-down T est

A general view of the experim ental rig for the  ru n  down te s t is 

show n in Figure 4 - 2 .  The equipm ent w as m ounted  on a large rigid steel 

table. The rig consists of a steel shaft approxim ately 750 m m  long with 

nom inal d iam eter 12mm and  one balancing disk.

Figure 4 - 2  G eneral view of run-dow n experim ent rig

A schem atic view of the rig is show n in Figure 4 - 3 .  The rig 

consists  of a  rotor having a balance disk, w hich is suppo rted  on the base 

plate th rough  two bearings. The rotor is coupled to the  m otor th rough  a 

flexible coupling. The vibrations m easured  a t the bearing  pedesta ls in 

bo th  the vertical and  horizontal directions during  m achine run-dow n 

were u sed  for the p resen t study. Here, the bearing housing  n earer to the 

m otor is referred to bearing housing  A and  the  o ther is referred to bearing 

housing  B. The resu lts  obtained from the experim ent will be d iscussed  

la ter in th is chap ter.
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4.1.1 Bearings

The bearing housing  is one of the key fea tu res of the experim ental 

a p p a ra tu s  in th is project. It w as used  in ru n  down tes ts , ham m er tes ts  

a n d  sh ak er tests . Figure 4 - 4  show s a  general view of the bearing 

housing  used  in th is project. In th is work, the type of bearing chosen  to 

be used  w as ball bearings. Ball bearings, as show n below in Figure 4 - 5 ,  

a re  probably the m ost com m on type of bearings for sm all m achines. 

These bearings can  handle  both radial an d  th ru s t  load, an d  are su itab le 

for applications where the load is relatively small.

Figure 4 - 4  Bearing H ousing Figure 4 - 5  Ball bearings

4 .1 .1 .1  D esign  o f  B earing  H ousing

The bearing housing  d im ensions are  114 m m  x 49 m m  x 36 m m  

(length x w idth x depth). A schem atic of the  bearing  housing  is show n in 

Figure 4 - 6 .
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Bearing
housing

1 cm plate

R ubber 

Metal (Steel)

R ecesses for ru bber 

& m etal layers

B ase plate

Screw

Figure 4 - 6  Schem atic of Bearing housing  (not to scale)

The bottom  of the bearing housing  incorporates two recesses with a  

dim ension of 11 x 36 x 6 mm to allow for 3-layers of 2 m m  thick 

e lastom er or steel plate to be used . Different layers of elastom er were 

u sed  in the ru n  down tes ts  to supply  various stiffness an d  dam ping 

properties to the te s t rig, in order to study  the influence of the  dynam ic 

properties of elastom ers on m achine behaviour.
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4 .1 .1 .2  Arrangem ent o f  e lastom er and s te e l layers

The bearing housings contain  two recesses to allow accom m odate 3 

layers of e lastom er or steel plate. The different e lastom er and  m etal 

layers a rrangem en ts u sed  during  the experim ents are  show n in Figure 4 

-  7.

Case 1: (1 Rubber)

Case 2: (2 Rubbers)

Steel

E lastom er

Case 3: (3 Rubbers)

Figure 4 - 7  C om binations of steel and  e lastom er layers

Fluorosilicone (elastomer)

Figure 4 - 8  E lastom er 
and  steel layers
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4.1.2 Baseplate and clamps

The steel basep late  (1100 x 300 x 11 mm) seen  in Figure 4 - 2  w as 

supported  by 3 steel blocks of size 50 x 300 x 100 m m  to ensu re  the 

basep late  rem ained  rigid during  the experim ent. The plate consists  of a 

16mm wide slot to allow for the fixing of the bearing  housing. These 3 

steel blocks were tightened down a t both ends an d  m iddle of the base 

plate. The rigidity of the basep late  and  clam ps w as checked by 

perform ing an  im pact ham m er te s t on the plate an d  observing no 

resonance w ithin or n ear the rotor run n ing  speed range.

4.1.3 Motor and controller

The rotor w as driven by a 0.55 kW p erm an en t m agnet D.C. m otor 

(Figure 4 - 9 ) .  The m ain rotor shaft is connected to the  m otor by a  flexible 

coupling. The m axim um  operating speed of the m otor is 3000 rpm .

Figure 4 - 9 0.55 kW P erm anen t M agnet D. C. Motor

31



Al/Yo

Speed setting 

hand  control 

knob

3 -way 
sw itch

Figure 4 - 1 0  LYNX-08 T hyristor Motor C ontroller

A LYNX-08 thyristo r m otor controller show n in Figure 4 - 1 0  w as 

used  to provide the necessary  voltage supply to the  m otor. The LYNX 08 

thyristo r m otor controller can  be used  to set the ru n n in g  speeds, ram ping 

and reversing of the experim ent. It also had  overload protection. There is 

a h an d  controlled potentiom eter knob on the controller box to se t the 

m inim um  and  m axim um  runn ing  speed from 0 to 3000 rpm .

The controller could receive its in p u t from an  ex ternal source 

(potentiom eter knob) of 0 to 10 V, where 0 V and  10 V corresponded to 

the m inim um  and  m axim um  of the ru n n in g  speeds respectively. This 

was the m ain purpose of the controller. The m otor controller can  also 

allow m anual control an d  autom atic  control from an  external d a ta  

acquisition system . M anual control w as norm ally u sed  during  

com m issioning or testing  a new configuration of the  rotor. Autom atic 

control w as u sed  w hen it w as desired to collect d a ta  for analysis.

The external d a ta  acquisition system  provides an  o u tp u t voltage in 

the range 0 to 10 V, w hich is ideally su ited  for the m otor controller. There 

is a 3 -way sw itch on the controller box to allow selection of manual or
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automatic. W hen the  controller box is se t to autom atic  mode, the 

com puter will control the  ru n n in g  speed of the  m otor by follow the setting 

on the  program . More details of the  program  will be d iscu ssed  la ter in 

Section 4.1 .6 .2 .

4.1.4 Shaft

A solid steel shaft of d iam eter 12 m m  and  length  750 m m  w as used  

in th is  project. The steel shaft w as u sed  to connect bearings, d isk  and  

coupling. The schem atic  of the  te s t rig is show n below.

B earing
H ousing
B

LZY

Disk Bearing
H ousing
A

ZY
\

Coupling

Steel sha ft

Figure 4 - 1 1  Schem atic of the  rig

4.1.5 Balancing disk

A balance d isk  of inside d iam eter 12 m m, ou tside  d iam eter 74 m m  

a n d  th ickness 15 m m  w as u sed  in the  ru n  down test. The d isk  can  be 

fixed a t  any  desired  po in t along the  shaft by u sing  sm all g rub  screws. 

The original d isk  contain ing  2-grub  screw  w as modified to 4 -grub  screw 

in th is  project w ork to prevent u n eq u a l m ass d istribu tion . The grub 

screw s are located in holes drilled th rough  the rad iu s  an d  a t every 90° of 

th e  d isk  as show n in figure 4 - 1 2 .
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G rub Screw

Figure 4 - 1 2  B alancing Disk

The balancing d isk  con ta ins 16 equally spaced M 4-threaded holes 

a t radii of 30 m m  to allow for additional balance weights. An asso rtm en t 

of bolts, n u ts  and  grub screw s can be used  as balance weights. These 

have various m asses betw een 0.5g to 3g. The m ass of the  disk  is 0.482 kg.

4.1.6 Measurement Devices, Instrumentation, Data 
Acquisition and Order Tracking

The identification m ethod to be investigated requ ires frequency- 

based  m easu rem en ts of the rotor response m easu red  a t the bearing 

housings, during  a run-dow n of the m achine. The objective of the 

m easu rem en t system  w as therefore to record the synchronous response 

of the  rotor over the run-dow n period.
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This section is divided into th ree  sub-sections. Firstly, the 

m easu rem en t devices an d  in stru m en ta tio n  u sed  to provide the  m easured  

signal will be described; secondly, the  d a ta  acquisition  system  u sed  to 

collect d a ta  is d iscussed ; an d  finally, the  order track ing  carried  o u t on 

the  d a ta  is outlined. The inform ation is d iscussed  in m ore detail in the 

th e s is  by E dw ards I17!.

4.1.6.1 Accelerations and Reference Signal

4.1.6 .1 .1  ACCELERATIONS

The bearing  pedesta l v ibration w as m easu red  u sin g  four DJB Type 

A /20 accelerom eters w hich are  m ounted  on each  bearing  in both  

horizontal and  vertical d irections. The position of the  accelerom eters is 

show n in Figure 4 - 13. These general-purpose piezoelectric 

accelerom eters were advan tageous for the  p resen t s tudy  due  to their 

sm all size and  low m ass. The perform ance of the  accelerom eters w as 

good in cap tu ring  v ibrations produced by th is  application. The 

accelerom eters are m ounted  on the  bearing  housing  u sing  wax. The wax 

w as found to be an  ideal solution a s  it provided a  rigid m ounting  and  

allowed the accelerom eters to be rem oved w hen necessary .

A four channel D. J .  B irchall CA /04 charge am plifier w as u sed  to 

convert the piezoelectric charge produced  by the  accelerom eter into a  low 

im pedance voltage. The am plifier w as se t to the  calibration  c o n stan t of 

the  p a rticu la r accelerom eter an d  a  variable gain setting  allowed the 

desired  voltage range to be achieved. In th is  case, the  gain w as set so 

th a t  the  m axim um  reading did n o t exceed 10V, w hich w as the  u p p er lim it 

of the  in p u t voltage into the  d a ta  acquisition  system .

3 5



Horizontal
direction
accelerom eter

Bearing
housing

Vertical
direction
accelerom eter

Bearing

Recesses for 
e lastom ers 
and  steel 
layers

Figure 4 - 1 3  Position of accelerom eters

4 .1 .6 .1 .2  TACHOMETER SIGNAL

In order to perform  the signal processing required for these 

experim ents, a  reference signal w as necessary . This reference signal w as 

a tachom eter signal to allow the angu lar position of the rotor to be known 

relative to a c o n stan t location on the shaft. There are several m ethods of 

producing th is  signal. In th is project, a  more sim plistic and  cheap 

approach  w as used , w here the ro tation  of a single keyway c u t into the 

rotor w as detected by a proximity sensor. This a rrangem en t is show n in 

Figure 4 - 1 4 .

The Keyence EZ-8M on /o ff proxim ity sensor w as powered by a 9V 

supply, which provided an  o u tp u t pulse  of alm ost 9V w hen passing
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th rough  the edge of the  keyway, and  re tu rn ing  to OV once the keyway 

passed  the sensor. In th is way, the tachom eter sensor provides a once- 

per-revolution pulse. The sensor h as a  detecting d istance  w ithin 1.5 mm 

and  works in a target a rea  of 10 x 10 m m  for all ferrous m etals.

Tachom eter 
sensor „

Figure 4 - 1 4  Views of tachom eter/keyw ay  
arrangem en t (left) and  flexible coupling (right)

4 .1 .6 .1 .3  STROBOSCOPE

A Brbel and  Kjaer Type 4912 hand-he ld  stroboscope w as used. The 

stroboscope can  give an  effect of freezing the m otion of the rotor. This is 

usefu l for m onitoring the p a rts  of the rotor during  operation. The Internal 

Trigger mode allowed the frequency of the stroboscope to be se t m anually. 

Setting the frequency slightly above the frequency of the rotor will allow a 

slow m otion view of the m otion of the rotor a t a  p a rticu la r speed. Setting 

the frequency a t the frequency of the rotor will freeze the m otion of the 

rotor a t a  pa rticu lar speed. This function w as very usefu l for the purpose 

of viewing the rotor m otion a t the critical speed.
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4.1.6.2 Data Acquisition

PC -based d a ta  acquisition (DAQ) system s are com m only u sed  in 

m any applications due to the  rapid  increase  in  PC perform ance. The 

advantages of PC -based d a ta  acquisition  system s (DAQ) are the  cost and  

sim ple installa tion  process. Only m inor hardw are  is required for the  

application. There are  2 m ain  principal functions of the  DAQ system s: (i) 

to send  an  o u tp u t signal to the  m otor in  o rder to achieve e ither a  ru n  

down or a  ru n  u p  te s t over a  u se r  defined operating  period, (ii) to collect 

an d  store the  tachom eter an d  accelerom eters feedback signals produced 

du ring  the experim ent a t  a  u se r  defined sam ple rate .

A National In s tru m en ts  PCI-MIO-16E-4 PC B ased DAQ card  w as 

u sed  together w ith the  corresponding SCB-68 signal connection board  to 

m eet the  specification m entioned above. This DAQ card  h ad  16 single­

ended or 8 differential analogue in p u t ch an n e ls  w ith 12-bit resolution 

an d  a  m axim um  collective sam ple ra te  of 500 kHz, w hich is m ore th a n  

enough for th is  application.

The software selectable gain perm itted  in p u t voltage w as in the 

range ± 50 mV an d  ± 10 V. The 10 V range of gain, w hich perm its the  

in p u t voltage, w as u se d  in th is  application  to m atch  the  m agnitude of the  

signal produced by the  accelerom eters an d  tachom eter. There are  two 12- 

b it analogue o u tp u t channe ls  w ith a  m axim um  u p d a te  ra te  of 1 MHz on 

the  National In s tru m en t PC B ased DAQ card. One of these  o u tp u t 

channe ls w as u sed  for the  voltage o u tp u t to the  m otor controller. 12-bit 

reso lu tion  w as sufficient for bo th  in p u t a n d  o u tp u t channels.

The DAQ system  w as in tegrated  in to  a  Pentium  223 PC w ith 64 

RAM an d  426 MB of h a rd  d isk  space. The perform ance of the  com puter is 

sufficient for the  application. The d a ta  acquisition  card  w as completely 

software program m able. A DAQ driver software (NI-DAQ) supplied 

together w ith the DAQ card  w as used . All the functions required to
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operate the DAQ card were contained  in NI-DAQ w hich includes the 

rou tines for analogue inpu t, analogue ou tpu t, buffered d a ta  acquisition, 

waveform generation etc. A choice of program m ing language could be 

used  to create the operation using  the NI-DAQ function in order to 

operate the DAQ card. In th is  case, Microsoft V isual Basic 3.0 w as 

chosen as the program m ing language. The software program m e FlexiDaq, 

developed by Edw ards t17l during  his PhD study, controls the m otor ru n ­

down speed, d a ta  acquisition  hardw are and  sto res the accelerom eter and  

tacho signals in the PC.

The NI-DAQ functions were called via the Microsoft V isual Basic 

program . The accelerom eter and  tachom eter d a ta  w as stored on the 

com puter hard  disk. D ouble-buffered d a ta  acquisition  w as u sed  for the 

experim ent. Half of the buffer w as constan tly  stream ed to the PC hard  

disk a t the sam e time as the o ther half was constan tly  being filled with 

the fresh data . The end resu lt of the custom  w ritten program  w as the

G raphical User Interface (GUI) show n below and  w as w ritten by Edw ards
[17],

■=»__________________ D o u b l e - B u f f e r e d  I n p u t / O u t p u t  I n t e r f a c e   ^  | ^

1 4 3 9  H alf b u f fe r s  a c q u ir e d .
1 4 4 0  H alf b u f fe r s  a c q u ir e d .
T h e  w a v e fo rm  g e n e r a t io n  is c o m p le te !
C o n tin u o u s  (d o u b le -b u f fe re d )  a c q u is i t io n  c o m p le te !
C h a n n e l  3  (K e y P h a so r)  w ritte n  to  ta c h o .tx t .
C h a n n e l  4  [A cc . A  H o riz o n ta l)  w ritte n  to  a h o riz .tx t .
C h a n n e l  5  (A cc . A V e r tic a l)  w rit te n  to  a v e r t .tx t .
C h a n n e l  6  (A cc . B H o riz o n ta l)  w ritte n  to  b h o riz .tx t.
C h a n n e l  7  (A cc . B V e r tic a l]  w rit te n  to  b v e r t . tx t .
R u n  th e  m -file p l5 c h a n .m  to  v iew  th e  d a ta  —

T o ta l T im e (s) H I 1 M 7 2 0 O R u n  U p

D e lay  T im e (s) H 1 1 M 20 ©  R u n  D o w n

M ax. S p e e d  (rpm ) M 1 M 3 0 0 0 O C o n s ta n t  S p e e d

Min. S p e e d  (rpm ) M  1 1 M 6 0 0

S a m p le  R a te  p e r  
C h a n n e l  (H z) w 1 M 2 5 0 0

iS ta r t; Exit

Figure 4 - 1 5  G raphical User Interface developed for
d a ta  acquisition
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The m easu red  signal for each  senso r w as collected a t a  ra te  of 2500 

sam ples per second. This high acquisition  ra te  w as u sed  because no a n ti­

a liasing  filters were in place. The c o n stan t sam ple ra te  of 2500 Hz w as 

se t a t the  Sam ple R ate Per Channel. The du ra tio n  of the  experim ent can  

be varied using  Total Time (s). The speed of the  experim ent is in the range 

0 to 3000 rpm . This can  be se t in the  section Min. Speed  and  Max. Speed  

in  the  G raphical U ser Interface (GUI) developed for the  d a ta  acquisition. 

The period of Delay Time allowed the  ro tor to settle  down before the  d a ta  

acquisition process sta rted . The d a ta  collection s ta r ts  after the  period of 

delay time.

In the  graphical u se r  interface show n in Figure 4 - 15, it can  be 

seen  th a t  the  channel connected  to a  p a rticu la r accelerom eter and  also 

the  d a ta  file in  w hich the  d a ta  is stored  are clearly identified. For exam ple, 

the  d a ta  from the horizontal accelerom eter a t  B earing A, w hich is 

connected to C hannel 4 of the  DAQ card, w as stored  in the file w ith the 

file nam e of ahoriz.txt. The u p p er window of the  GUI supplied all the  

inform ation ab o u t the  acquisition  process to the  user.

4.1.6.3 Order Tracking of Run-down Data

The extracting of order-dom ain d a ta  from tim e dom ain d a ta  is 

know n as o rder tracking. The IX com ponent of the  run-dow n d a ta  in the  

frequency dom ain h as  been u sed  for the  dynam ic properties of e lastom er 

identification. Given the  four channe ls of tim e-dom ain response d a ta  and  

the  tachom eter signal stored, order track ing  w as perform ed on th is  d a ta  

in order to ob tain  the  IX data . Fyle an d  Munch  I18l (1997) and  B ossley  et 

al. I19! (1999) p resen t the  theory of order tracking. E ither a  com putational 

program  can  be w ritten  for order track ing  or any  com m ercial software 

code or hardw are can  be u sed  for th is  purpose.
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Here, the  software code VSI Rotate 2 .0  t2°] from Void Solutions 

(2000) h a s  been u sed  for d a ta  order tracking. VSI Rotate is a  powerful 

software package for analyzing noise an d  v ibration  in m echanical 

equipm ent. It includes a  se t of analytical functions w hich process 

m achine speed (tachom eter) an d  tim e waveform (data) signals from the 

sen so r for ro b u st analysis of ro tating  and  reciprocating m achinery. VSI 

Rotate takes raw  tim e dom ain response  d a ta  a s  the  in p u t an d  analyses 

the  d a ta  in m any different w ays to suppo rt the  c learest diagnosis.
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4 .2  Run-down T est E xperim ental R esu lts

Figure 4 - 1 6  show s the tachom eter signal from the run-dow n tests. 

The rotor speed w as ram ped down in a  linear fashion from 50 Hz to res t 

over 180 seconds.

3k 

2 .5 k

2k

Speed 
(rpm) 1 -5k

1 k 

5 0 0  

0
0 20  4 0  6 0  80  100 120  140 160 1

Time (s)

Figure 4 - 1 6  T achom eter Signal

The response d a ta  collected on the both  bearing housings (A and  B) 

during the run-dow n tes ts  are now presented . Bearing A is located nearer 

to the motor. In th is case, two accelerom eters are m ounted  on each 

bearing housing  in the vertical and  horizontal direction.
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The run-dow n te s ts  are perform ed for three different cases, all with 

a different e lastom er arrangem ent, w hich h as  been d iscussed  previously 

in th is  chapter. Here, the run-dow n tes ts  are categorized as 1-rubber, 2- 

ru b b ers  and  3 -rubbers tests . In th is case, the run-dow n te s t resu lts  are 

plotted using  the VSI rotate; unfortunately , the d isadvantage of th is 

program  is th a t the obtained phase  and  d isp lacem ent g raphs do not have 

directly corresponding frequency axes.

4.2.1 1-Rubber Run-down Test Results

Figures 4 -  17 to 4 - 20 show all the response  d a ta  from the 

accelerom eters locate a t bearing A and  B. From Figure 4 -  17, it can  be 

seen clearly th a t the accelerom eter m ounted  on the bearing in the 

vertical direction is not collecting any signal except noise. This is due to a 

fau lt in the accelerom eter.
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From Figures 4 - 18, 4 - 19 & 4 - 20, it is show n th a t the system  

processed a critical speed w ithin the 50 Hz ru nn ing  range of the rotor.
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3.5E-6

2.5E-6

1.5E-6
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500 E-9

20 25 30

Frequency (Hz)

Figure 4 - 1 8  R esponses a t Bearing A (Horizontal) -  1 ru bber te s t

From the resu lts  show ing in Figure 4 - 18, the decreasing 

am plitude a t low frequency is m ainly due to the low signal to noise ratio. 

The resu lts  collected from the experim ent are actually  the com bination of 

m easured  signal and  noise. Hence, in th is  case, the resu lt is no t accu ra te  

in the low frequency range.
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Figure 4 - 2 1  show s th a t the am plitude of vibration a t bearing A 

(nearer to motor) is higher th an  the am plitude of vibration a t bearing B. 

Moreover, the n a tu ra l frequency a t bearing A is h igher th an  bearing B 

due to the different location of bearing housing  m ounted  on the baseplate.

.00045

.0004 — preen :. Bearing 

Purple: Bearing

A IHprizontalJ 

B (Horizontal)

.0003

53 .00025

Crt .0002

Q .00015

0001

Figure 4 - 2 1

Frequency (Hz)

Com parison of horizontal responses a t bearing A & 
B -  1 ru bber te s t
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Figure 4 - 2 2  com pares the horizontal and  vertical accelerom eter 

responses a t bearing housing  B; the am plitude in the horizontal direction 

is h igher th an  the am plitude in the vertical direction. The unbalance  of 

the disc generates an  ellipse type of ro tation  m otion; as a  resu lt the 

vibration of the bearing housing  is h igher in the horizontal directions.

Figure 4 - 2 2  show s th a t the n a tu ra l frequency of the  system  in the 

vertical and  horizontal direction is the sam e.
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Figure 4 - 2 2  Com parison of Horizontal & Vertical 
responses a t bearing B -  1 R ubber tes t
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4.2.2 2-Rubbers Run-down Test Results

Figures 4 -  23 to 4 -  26 show the response resu lts  of the 

accelerom eters located a t bearing A and  B. From Figure 4 - 23, it is seen 

th a t the accelerom eter m ounted  on bearing housing  A in the vertical 

direction w as no t collecting any signal except noise due to a  fault. This 

also happened  in the 1-rubber run-dow n test. Figure 4 -  24, 4 - 25 & 4 - 

26 show th a t the system  possessed  critical speeds w ithin the 50 Hz 

ru n n in g  range of the rotor. From the resu lts  obtained, it is seen th a t 

significant noise is occurring during  the experim ents. Hence, it is difficult 

to achieve an accu ra te  response from the accelerom eter a t low frequency 

due to the low signal to noise ratio.
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Figure 4 - 2 3  R esponses a t bearing A (Vertical) -  2 ru b b ers  tes t
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49



D
is

pl
ac

em
en

t 
(m

) 
Ph

as
e 

(d
eg

re
es

)
From the horizontal response a t bearing A (Figure 4 - 24), the 

decreasing response am plitude is m ainly due to the low signal to noise 

ratio.

150 --- 
100 - - -

50 - - - I

o -3 
-50 -- 

-100 - -  

-150 -

3515 20 25 30 4010
Hertz

3E-6

2.5E-6 --

2E-6 --

1.5E-6

1 E-6 --

500E-9 - --

3525 30 4010 15 20

Frequency (Hz)

Figure 4 - 2 6  R esponses a t bearing B (Horizontal) -  2 ru b b ers  test
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Figure 4 - 2 7  show s the response of the accelerom eter m ounted  in 

the horizontal direction a t both bearing A and  B. The re su lts  show th a t 

the vibration a t bearing A is h igher th an  a t bearing B. The n a tu ra l 

frequency is slightly different a t bearing A and  B due to the different 

location of bearing housings m ounted  on the basep la te  a s  in the earlier 

case.
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Figure 4 - 2 7  C om parison of horizontal responses a t
bearing A & B

51



Figures 4 -  28 & 4 -  29 show th a t the horizontal vibration a t 

bearing B is slightly h igher th an  in the vertical direction. However, the 

n a tu ra l frequencies for bearing B in the vertical and  horizontal direction 

are the  sam e.
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iS 2E_6a
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2  1.5E-6

1 E-6
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Frequency (Hz)

Figure 4 - 2 8  C om parison of horizontal and  vertical direction
responses a t bearing B -  2 ru b b ers  tes t
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Blue: Horizontal Zoom in  a t figure 
4'-"29r
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Blue: Horizontal

Red: Vertical

Figure 4 - 2 9  A zoom in of the n a tu ra l frequency peak  of
figure 4 - 2 8

4.2.2 3-Rubbers Run-down Test Results

Figures 4 -  30 to 4 -  33 show s the accelerom eter re su lts  for the 3 - 

rubbers ru n  down tests . The accelerom eter a t bearing A in the vertical 

direction is not collecting any resu lt o ther th a n  noise. This happened  

during  1-rubber run-dow n and  2 -rubbers run-dow n tests . In th is  case, 

the vertical response resu lts  a t bearing A are no t taken  into consideration.

Figures 4 - 3 1 ,  4 - 32 & 4 -  33 show th a t  the system  h as  a  critical 

speeds w ithin the 50 Hz ru nn ing  range of the  rotor. From  the response 

d a ta  obtained, it again show s th a t significant noise existed during  the 

experim ents.
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Figure 4 - 3 4  C om parison of the horizontal responses a t bearing A
& B -  3 ru b b ers  test

Figure 4 - 3 4  com pares the horizontal response resu lts  a t bearings 

A and  B. The horizontal responses a t bearing A are h igher th a n  a t 

bearing B. Since bearing A is located nearer to the operating  m otor, the 

vibration a t bearing A is h igher th an  a t bearing B. This show s good 

agreem ent with the 1-rubber and  2 -rubbers run-dow n tes ts

The n a tu ra l frequency of bearing A is slightly h igher th a n  bearing B, 

w hich is due the different location of the bearings on the baseplate . This 

w as also observed in the 1-rubber and  2 -rubbers run-dow n tests . Hence, 

there is good agreem ent betw een the 1-rubber, 2 -rubbers and  3 -rubbers
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run-dow n tes ts  th a t the  location of the bearings will affect the n a tu ra l 

frequency of the system .

3E-6

ZoOm in a t
4 -J 3 6 ____

figure
Blue: Horizontal
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Red: Vertical

2E-6

s

S

3010 15 20 25 35 40 4E5
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Figure 4 - 3 5  C om parison of horizontal and  vertical direction
responses a t bearing B -  3 ru b b ers  tes t

Figure 4 - 3 5  show s the responses d a ta  for the accelerom eters 

m ounted  on bearing B in the horizontal and  vertical direction. From 

Figure 4 - 3 5 ,  the  difference of responses is no t significant. A closer view 

of the figure is p resen ted  below in order to clarify the re su lts  obtained.
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Blue: Horizontal

Red: Vertical

Figure 4 - 3 6  A zoom in of the n a tu ra l frequency peak  of
Figure 4 - 3 5

Figure 4 - 3 6  show s th a t the am plitude response in the horizontal 

direction is slightly h igher th an  the vertical direction am plitude response 

a t bearing B. Additionally, the resu lt in Figure 4 - 3 5  show th a t the 

n a tu ra l frequency of the system  in vertical and  horizontal directions is 

the sam e.

There is good agreem ent betw een the 1-rubber, 2 -rubbers  and  3- 

ru b b ers  run-dow n tes ts  in th a t the vibration in the horizontal direction is 

larger th an  the vibration in the vertical direction. From the response d a ta  

obtained, the n a tu ra l frequency is the sam e in the vertical and  horizontal 

direction. The n a tu ra l frequency of the system  is the sam e in any 

direction (vertical or horizontal) b u t does vary a t different locations.
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4.2.4 Comparison of the results from 1-Rubber, 2- 
Rubbers and 3-Rubbers Run-down Tests

The experim ental run-dow n te s t resu lts  for 1-rubber, 2 -rubbers 

and  3 -rubbers are com pared in Figures 4 -  37, 4 -  38 & 4 -  39.
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2 rubbers
500E-9 —

3 rubbers

22 24 26 28 30 32

Frequency (Hz)

Figure 4 - 3 7  C om parison of the horizontal response  resu lts  
a t bearing A with different e lastom er layers

Figure 4 - 3 7  show s the horizontal response a t bearing  A for 1- 

rubber, 2 -rubbers and  3 -rubbers tests . It w as found th a t the 3 -rubbers 

run-dow n tes t h as  the  h ighest am plitude followed by 2 -ru b b ers  and  1- 

ru b b er tests.

Additionally, Figure 4 - 3 7  show s th a t the n a tu ra l frequency for the 

3 -rubbers run-dow n tes t is lower th an  the  n a tu ra l frequency for the 1-
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ru bber run-dow n test. Here, the n a tu ra l frequencies for the 1-rubber, 2- 

ru b b ers  and  3 -rubbers tes ts  are approxim ately 27 Hz, 26.7 Hz and  26.4 

Hz respectively. Sim ilar, the m axim um  disp lacem ents are  4.1E-6, 4.2E-6 

and  4 .25E -6 m etres respectively.

2 .5 E -6  —
ru bber

rubber$

2 E -6 rubber^
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iS'att)

1 .5 E -6  —

5 1 E -6  - - -

5 0 0 E -9

26*22

Frequency (Hz)
24 28 30 3218 20

Figure 4 - 3 8  C om parison of horizontal response re su lts  a t 
bearing B with different e lastom er layers

Figure 4 - 3 8  rep resen ts the response resu lt for the accelerom eters 

m ounted  in the horizontal direction a t bearing B. Here, it w as found th a t 

the 3 -rubbers achieved the h ighest response am plitude. Furtherm ore, the 

u se  of 1-rubber to the system  causes the least vibration.

From Figure 4 -  38, it is seen th a t the  n a tu ra l frequency of the 

system  is decreased  w hen increasing  the num ber of the  elastom er layers.
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It w as observed th a t the 1-rubbers  te s t h a s  the h ighest n a tu ra l frequency 

followed by 2 -rubbers and  3 -rubbers test. Here, the  n a tu ra l frequencies 

of 1-rubber, 2 -rubbers and  3 -rubbers run-dow n te s t a t bearing B 

(accelerom eter m ounted  in horizontal direction) are approxim ately 26.2, 

25.5 and  25 Hz respectively. Sim ilar the m axim um  disp lacem ent is 

2 .45E -6, 2 .47E-6 and  2.5E-6 m etres respectively.
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-—- 1.6 E-6 
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W 1E -6
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800E-9 

600E-9 

400E-9

Figure 4 - 3 9  C om parison of the vertical response resu lts  a t
bearing B with different e lastom er lavers

Figure 4 - 3 9  above show s the response from the accelerom eter 

m ounted  on bearing B in the vertical direction. The response  am plitude 

of the 3 -rubbers run-dow n tes t is the h ighest followed by 2 -rubbers and

1-rubber. The m axim um  disp lacem ents are 2.1E-6, 2 .19E -6 and  2.23E-6 

m etres respectively.

1 rubber!

2 ru b b ers

3 ru b b ers

Frequency (Hz)
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Additionally, it w as found th a t  the  n a tu ra l frequency of the  1- 

ru b b er run-dow n te s t is the  h ighest followed by 2 -ru b b ers  and  3 -rubbers 

test. The n a tu ra l frequencies of the  system  decrease w hen increasing  the 

n u m b er of the  e lastom er layers. Here, the n a tu ra l frequencies of 1-rubber,

2 -ru b b ers  an d  3 -rubbers run-dow n te s ts  are  approxim ately 26.2, 25.5 

and  25 Hz respectively. It w as observed in all run-dow n te s ts  th a t the  

difference of the  n a tu ra l frequencies re su lts  is no t significant.

4.2.5 Discussion of the results from the run-down tests

This section com pares an d  d iscu sses  all the  run-dow n te s t resu lts  

ob tained  from the experim ent w hen different layers of elastom er are 

applied to the  system . Good agreem ent is found betw een the  resu lts  of 1- 

rubber, 2 -rubbers and  3 -ru b b ers  tests . The re su lts  confirm  th a t the 

response  am plitude and  n a tu ra l frequency is dependen t on the flexibility 

of the  sup p o rt system . The nu m b er of e lastom ers affects the  vibration 

an d  n a tu ra l frequency of the  system . It w as found th a t  w hen m ore 

ru b b ers  are  u sed , the  flexibility of the  system  is greater, a s  expected.

From  the  run-dow n resu lts  p resen ted  in the  la s t section, it is seen 

th a t  the  vibration of the  system  increases w ith the  increm ent of the 

elastom er layers (thickness) due to increases in the  flexibility of the  

system . Therefore, h igher response  am plitude is achieved in the  3 -rubber 

run-dow n test. D uring the  test, the  e lastom er layers were added in series 

w hich is show n in Figure 4 - 4 0 .  In th is  case, the  dam ping reduces w hen 

the  th ickness of elastom er increases.
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Thickness of elastom er, t = N um ber layer of
elastom ers

Figure 4 - 4 0  Schem atic of e lastom er layers added in series

The u se  of e lastom ers a s  su p p o rt dam ping to control the  vibrations 

of m achinery  is seeing increasingly w ider application  in industry . 

According to the  previous research  on the  dynam ic properties of 

e lastom ers, w hich h a s  been d iscussed  in  C hap ter 2, the  application of an  

e lastom er is an  effective m ethod of reducing  the  vibration of the  system . 

However, the  key poin t in the  design of an  effective dam per is to 

u n d e rs tan d  the  elastom er characteristics .

According to the  lite ra tu re  regarding the  dynam ic properties of 

e lastom ers from NASA l13l, it w as found th a t  the  size an d  shape of the 

e lastom ers affect the  dynam ic an d  dam ping properties of the  system . It 

w as also found th a t dam ping increased  w ith the  a rea  of elastom er t13l  It 

w as concluded th a t larger a reas  of elastom er provide h igher dam ping to 

the  system .

In the  work, it h a s  been show n th a t  an  increase in  the th ickness of 

the  e lastom er resu lted  in an  increase in the  am plitude of vibration an d  a  

decrease  in the  n a tu ra l frequency in all cases.

From  s tan d a rd  dynam ics theory, the  n a tu ra l frequency is 

proportional to the  square  root of the  stiffness of the  system . In th is  case,

1-ru b b er te s t achieved the  h ighest n a tu ra l frequency due to h ighest 

stiffness. Additionally, the  re su lt showed th a t  the  n a tu ra l frequency is 

different a t different locations on the  m achine.
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Here, the  run-dow n te s t re su lts  indicate th a t  the  influence of the  

e lastom ers on the  behaviour of th is  pa rticu la r m achine is small. The 

re su lts  obtained a t 1-rubber, 2 -rubbers and  3 -ru b b ers  te s ts  are no t 

significant. It w as observed th a t the  shaft is m ore flexible if com pare to 

the  bearing housing. Therefore, the  re su lts  are partly  influenced by the 

flexibility of the  shaft. Therefore, ham m er an d  sh ak er te s ts  are carried  

o u t in th is  research  project in o rder to s tudy  more a b o u t the  influence of 

dynam ic properties of e lastom ers on the  m achine behaviour and  also to 

verify the run-dow n te s t resu lts .

The advantage of ham m er an d  sh ak er te s ts  is th a t  a  h igher 

operating  frequency range can  be achieved during  the  experim ent. There 

is a  lim itation on the m axim um  frequency range for run-dow n te s t u p  to 

50 Hz. Therefore, ham m er an d  sh ak e r te s ts  are perform ed in th is  project 

to investigate the  influence of the  e lastom er th ickness on the behaviour 

of the  m achine a t h igher frequency. The re su lts  and  experim ental details 

a re  p resen ted  in the  nex t chap ters .
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CHAPTER 5

HAMMER TEST

This chap ter d iscu sses the  experim ental m ethod of ham m er 

testing . The resu lts  ob tained  from the  ham m er te s t a re  also d iscussed .

Im pact excitation is one of the  m ost com m on m ethods u sed  for 

experim ental m odal testing. H am m er im pacts p roduce a  b road-banded  

excitation signal ideal for m odal testing  w ith a  m inim um  am o u n t of 

equ ipm ent an d  se t up .

Im pact testing  is a  form of tran s ie n t testing , w here the s tru c tu re  is 

tapped  gently w ith a  specially designed ham m er, and  the  resu lting  

im pulse response  is m easure . This is the  qu ickest an d  m ost convenient 

type of excitation. Here, a n  Impulse-force ham m er  (PCB 086C03) w as u sed  

in  the  ham m er test. Impulse-force ham m ers  a re  widely u sed  in vibration 

testing  to produce sh o rt du ra tio n  (i.e. im pulse) forces to m easu re  the  

im pulse response  produced. A force tra n sd u c e r is a ttach ed  to the  

ham m er to m easu re  the  im pulse force. A schem atic  of the  experim ental 

se t-up  is show n in Figure 5 -  1.
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5.1 Hammer Test Experim ental Equipm ent

A DJB Type A /20 accelerom eter was used in the Hammer Test. 

The accelerom eter and impulse-force ham m er are both connected to a 

DJB Type CA/04 charge amplifier by BNC cables. C hannel 1 was used 

for the accelerom eter and channel 2 was used for the force transducer. 

The charge amplifier converts the piezoelectric charge produced by the 

accelerom eter and force-impulse transducer into low im pedance voltage. 

The gain setting and the calibration constan t of the particular 

transducers (accelerometer and  impulse-force transducer) were set on 

the charge amplifier to allow the desired voltage range to be achieved.

Accelerometer Bearing
m ounted
horizonta

Bearing
house

Hit the Impulse- 
Force Ham mer in 
horizontal direction

Recesses for 
elastom ers or 
steel layers

Figure 5 - 2  Hammer tes ts  on bearing housing
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The bearing housing used  in the ham m er test is exactly the same 

as th a t u sed  in the run-dow n test, which is specially designed to provide 

variable stiffness and  dam ping properties of the system. During the 

ham m er test, the impulse-force ham m er is gently tapped or h it on the 

bearing housing  to create im pact forces. The Siglab program  is then  used  

to conduct a  spectral analysis of the acquired signals.

5 .2  Signal Processing (vna - virtual network  

analyzer)

The signal-processing program  for the Ham mer Test is discussed 

in th is section. The vna (virtual netw ork analyzer) in the Siglab l21l 

program  w as used  as a  dynamic signal analyzer to process the da ta  from 

the Ham m er Test. One of the functions of dynamic signal analyzers is the 

collection of d a ta  for use in modal analysis. Modal analysis can be 

generally defined as the determ ination of an  optim al set of param eters 

th a t can be used  to describe the dynamic response of a  m echanical 

system. DSPT Siglab is a  m ulti-channel dynamic signal analyzer for 

characterizing signals and  system s. It is a  com bination of function 

generator, spectrum  analyzer and  netw ork analyzer.

For the  Hammer Test, vna (virtual network analyzer) in Siglab 

program  w as used  to collect and  process the signals from the 

accelerom eter and  impulse-force transducer. The signals from both 

accelerom eter and  force tran sducer go to the charge amplifier which is 

shown in Figure 5 - 1 .  The charge amplifier has a  norm alised gain 

com pensation function to allow the piezoelectric accelerom eter or force 

tran sducer w ithin the range 1-100 pC /g  (psi, kPa, Newton etc.) to be 

used  with the indicated scaling.
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With the correct charge sensitivity for both accelerom eter and force 

transducer set on the charge amplifier, Siglab receives the signals in 

Volts (V). In order to convert the accelerom eter signals to g (m /s2) and 

force transducer to Newtons (N), the ou tpu t setting of the charge 

amplifier was set in the vna program. In th is case, 1 N/V was set in 

channel 1 (force transducer) and 0.316 g/V was set in channel 2 

(accelerometer).

The output of the charge amplifier depends on the gain setting. In 

th is case, 0.3 was set on the gain control section of the accelerom eter 

channel and 1 was set on the gain control of the force transducer 

channel. Therefore, the ou tpu t of channel 1 (accelerometer) was 0.316 

g/V and the ou tpu t of channel 2 (force transducer) was 1 N/V.

B w =500H z

10 0V - I  DC AA Filters On

Input O ffset I R ec o rd  Length  

8 | 0.000 8164 r ~ 5 iT  8192

iL _ l  "
C hannel Label

C hannel 1

500Hz

 Q J E
Stop  a t Count

11 5| l 000
Ml ►
OvidBej 3
NoOverlap T
B oxcar

Delay

m o 100

Figure 5 - 3  vna (virtual network analyzer) program
settings
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The vna (virtual netw ork analyzer) program  settings for the 

ham m er test is shown in Figure 5 - 3. A bandw idth (BW) of 500 Hz is set. 

Only frequencies below 500 Hz are of in terest in th is experiment. In the 

stop a t count section, the num ber of averages of the tes t w as set as 5 to 

increase the accuracy of the m easurem ents. The m easurem ent stops 

w hen the selected num ber of averages is completed. In th is case, the 

program  will stop autom atically when the ham m er h as been h it 5 tim es 

on the  test specim en and  an  average m easurem ent of the 5 h its is 

produced.

A com putational program  for both ham m er and  shaker tests, for 

elastom ers dynamic properties identification using the theory given in 

C hapter 3, h as been developed in Matlab t22l. The resu lts  obtained from 

ham m er test will be d iscussed in the next section.

5 .3  Hammer T est R esults

The bearing housing and  one accelerom eter used  in the ru n  down 

tes ts  were used  in the ham m er tests. The accelerom eter was m ounted 

horizontally on the bearing housing. The ham m er w as tapped gently on 

the bearing housing horizontally to create an  im pact force to the system. 

The set-up of the ham m er test h a s  been discussed previously in th is 

chapter. The accelerom eter response am plitude is presented in Figure 5 -  

4. The response motion in th is case is rotation; therefore, the response 

am plitude is represented as angular displacem ent. The definition of 

angular displacem ent is the motion of the object ro tating in  a  common 

axis in a  circular path.
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Hammer Tests (Displacement results)

Figure 5 - 4  shows the response (rad/Nm) resu lts from 1, 2 and 3 

rubbers ham m er tests. At low frequency, the signal to noise ratio was low 

as m entioned previously in C hapter 4. In th is case, the signal obtained 

from the ham m er test was actually a m ixture of signal and  noise, 

therefore, the experim ental resu lts a t low frequency is not accurate.

Figure 5 - 4  shows th a t the 1-rubber ham m er test achieved the 

highest na tu ra l frequency followed by 2-rubbers and 3-rubbers test.
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Furtherm ore, the resu lts  show th a t the 3 -rubbers ham m er test h a s  the 

highest response am plitude followed by 2-rubbers and  1-rubbers test. 

The 3-rubbers ham m er test experiences the highest vibration response 

b u t lowest na tu ra l frequency. The 1-rubber ham m er tes t experiences the 

least vibration response b u t the  highest na tu ra l frequency.

The ou tpu t da ta  from the ham m er test was used  to define the 

stiffness and dam ping as  d iscussed  previously in C hapter 3. The stiffness 

and  dam ping resu lts  are shown in Figure 5 - 5 .
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Figure 5 - 5  Hammer Tests (Stiffness results)
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The stiffness tends to increase on increasing the excitation 

frequency. Here, the stiffness of 1-rubber tes t is the highest followed by 

2-rubbers and  3-rubbers test.
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Figure 5 - 6  Ham mer Tests (Damping results)

Figure 5 - 6  shows the dam ping resu lts  for the ham m er test. The 

dam ping resu lts  obtained under 50 Hz are not sensible. Again, th is is 

due to the  low signal to noise ratio which been discussed previously. In 

particular, the dam ping tends to decrease on increasing the  excitation
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frequency. 1-rubber test achieved the highest dam ping followed by the 2- 

rubbers and the 3 -rubbers test.

5.4 Discussion

The overall resu lts  show th a t stiffness tends to increase on 

increasing the excitation frequency and  the dam ping tends to decrease 

with increasing of excitation frequency.

The ham m er test signals obtained below 50 Hz are not accurate. 

This is due to the low signal to noise ratio. Therefore, the system  is less 

accurate a t low frequencies when the accelerations are low.

Applying different layers of elastom er to the experimental 

appara tu s  tends to produce variable stiffness and  dam ping properties to 

the system. This work aim s to study the influences of dynam ic properties 

of elastom ers on m achine behaviour. From the ham m er test results, it 

was found th a t the vibrations increase with the num ber of layers of 

elastom ers applied on the system. In th is project, the elastom er layers 

were added in series as shown in Figure 4 - 4 1 .  Increasing the th ickness 

of the elastom er layers caused more flexibility of the system. Therefore, 

the 3-rubbers tes t experienced the highest vibration and  1-rubbers tes t 

experienced the least vibration.

The response am plitude resu lts (Figure 5 - 4 )  indicate th a t the 

system  is non-linear, i.e. the response am plitude of the 2-rubbers tes t 

w as not 2 /3  of 3-rubbers test and  the response am plitude of 1-rubbers 

tes t was not 1 /3  of 3 -rubbers test. Several te s ts  have been carried out
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with different voltage inpu ts using  the shaker to verify the non-linearity 

of the system. These resu lts  will be discussed later in the next chapter.

Both stiffness and  dam ping resu lts show th a t the 1-rubber test 

had  the highest stiffness and  dam ping followed by 2-rubbers and  3- 

rubbers test. The stiffness resu lts reflect the flexibility of the system. 

Furtherm ore, the dam ping of the system  reduced due to the increase of 

the th ickness of the elastom ers.

When more layers of elastom er are added in series to the system, 

the system  becom es more flexible, thus, the dam ping of the system 

reduces. The dam ping produced will be proportional to the rate  of change 

of stress. However, dam ping increases with the area  of the elastom er l12l.

It was found th a t the  na tu ra l frequency reduced with the num ber 

of layer of elastom ers applied to the system. Here, the resu lts  showed 

th a t the  3-rubbers test achieved the lowest na tu ra l frequency followed by

2-rubbers and 1-rubbers test. The n a tu ra l frequency is proportional to 

the  stiffness of the system. The sam e outcome w as seen in the run-dow n 

tes t results.

The shaker tes t experim ental details and  resu lts  obtained are 

d iscussed in the next chapter.
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CHAPTER 6

SHAKER TEST

The experim ental re su lts  from h am m er testing  in C hap ter 5 have 

been verified by a  sh ak er test. A pho tograph  of the  sh ak er te s t rig is 

show n in Figure 6 -  1. S haker te s ts  p roduce excitation signals w hich are 

ideal for m odal testing  w ith a  m inim um  a m o u n t of equ ipm ent an d  set up . 

The sh ak er te s t rig consists  of a  v ibration  generator (shaker), bearing 

housing  with recesses for elastom ers a n d  tran sd u ce rs . The type of 

tran sd u ce rs  u sed  in the  sh ak er te s t is a  force senso r an d  accelerom eter 

in o rder to m easu re  the  force and  acceleration  of the  system  respectively.

H am m er te s ts  an d  sh ak er te s ts  are  sim ilar b u t w ith som e 

im portan t differences. One difference is the  excitation force produced to 

the  te s t rig. For a  ham m er test, the  h am m er is u sed  to create  an  im pact 

force to the system . However, a  v ibration generator (shaker) is u sed  in 

sh ak er te s ts  to supply  an  excitation force to the system . In th is  case, the 

excitation supplied from the sh ak e r m ay be a  sw ept sine excitation. 

Swept sine m easu rem en ts are am ong the  m ost com m only u sed  tools for 

the  charac terisa tion  of the  dynam ic behav iour of m echanical system s. 

Two types of sw eeps are well know n, firstly th e  linear sweep an d  secondly 

the  exponential (or logarithmic) sweep. In  th is  work, a  linear sweep is 

chosen  to perform  the  sh ak er test. The response  am plitude an d  force is 

recorded a s  the  excitation frequency is sw ept across the  range of in terest.

The in s tru m en t described herein  is p resen ted  a s  a  sim ple 

alternative th a t can  be u sed  for bo th  field an d  laboratory  m easu rem en ts 

w ith high accuracy.
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6 .1  Shaker T est E xperim ental Apparatus

Figure 6 - 1  Picture of shaker te s t

Figure 6 - 1  show s a bearing housing  m ounted  on the base plate 

a ttach ed  to a  shaker, w hich is the vibration generator. The shaker 

applied different forces to the bearing. An accelerom eter is m ounted  on 

the bearing housing  vertically to m easure  the angu lar acceleration of the 

bearing housing  during  the test. D uring the experim ent, the bearing w as 

excited u n d er the sw ept-sine excitation supplied by the sh ak er s ta rting  a t 

1 Hz an d  going up  to 300 Hz.
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Figure 6 - 2  Power Amplifier u sed  to drive the shaker

A Ling Dynamic S ys tem s  (LDS) shaker system  m odel V406 (Figure 

6 - 1 )  w as used  as a v ibrator to produce force to the bearing housing. The 

LDS PA100E power am plifier w hich w as u sed  to drive the  LDS 400 series 

Vibration G enerator is show n in Figure 6 - 2 .  There is a  ro tary  m aste r 

gain control on the power amplifier, w hich is able to se t the level of the 

am plifier o u tp u t signals.

The sw ept-sine excitation signal is supplied  by a  sine wave 

generator via a  power am plifier to the exciter, which harm onically  drives 

the bearing housing. The u se  of sw ept-sine excitation provides a  high 

excitation level com pared to random  excitation and  a  sh o rt testing  

com pared to stepped-sine excitation. In th is  case, a  frequency value 

ranging from 5 -  300 Hz w as selected to te s t the dynam ic behaviour of 

the elastom ers. By varying the frequency and  am plitude of the  exciting 

signal, the corresponding force and  acceleration signals are  m easured  

and  stored in the com puter. The signal is th en  observed using  the Siglab 

program . The details of signal processing will be d iscussed  later in th is 

chapter.
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EZ

Figure 6 - 3  Siglab hardw are (DSPT Siglab 20-22)

SigLab is a lab-quality  m easu rem en t system  w ith ou tstand ing  

front-end signal conditioning, including program m able gain, offset, 

coupling, overload detection. DSPT Siglab w as chosen  as the  dynam ic 

signal analysis system  for the ham m er and  shaker te s t in th is  project. 

The Siglab hardw are (DSPT Siglab 20-22) is show n in Figure 6 - 3 .

As m entioned previously in C hapter 5, DSPT Siglab is a  m ulti­

channel dynam ic signal analyzer for characterizing  signals and  system s 

in the lab. It is a  com bination of function generator, spectrum  analyzer 

and  netw ork analyzer. One of the advantages of the S iglab/M atlab  

in tegration is the ability to add ress un ique  application requ irem ents by 

program m ing Siglab w ithin the M atlab environm ent. Siglab is routinely 

used  to estim ate transfer functions associated  with dynam ic system s 

including control system s. To m ake a  tran sfe r function on a  dynam ic 

system , an  excitation is supplied to the system  and  the system ’s response 

to th is  excitation is m easured .

Siglab com es with two software applications for tran sfe r function 

estim ation: sw ept-sine and  broad-band  random  FFT based  netw ork 

analyzer. In th is case, the sw ept sine technique is used . The advantage of 

the sw ept-sine estim ation  technique is its rejection of noise and  n o n ­

linear system  behaviour.
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A schem atic of the  sh ak er te s t experim ental se t-up , including the  

general a rrangem en t of the  experim ent in stru m en ts , is show n in Figure 6 

-  4. The whole a p p a ra tu s  w as m ounted  on a  m assive rigid steel table. The 

bearing  housing  w as m oun ted  on the  steel basep la te  seen  in Figure 6 -  1. 

The installa tion  of the  bearing  housing  on the basep la te  w as exactly the  

sam e as  the run-dow n te s t and  the  ham m er test. The sh ak er w as 

a ttach ed  to the  bearing  housing  w ith a  force tran sd u ce r m ounted  

horizontally.

The force tran sd u ce r m easu red  the  excitation produced by the 

shaker. An accelerom eter w as m ounted  on the  o ther side of the  bearing 

housing  to m easu re  the  response  of the  bearing  housing. Both 

accelerom eter and  force tran sd u ce r signals go p a ss  the  charge am plifier 

to th e  Siglab box. In order to get the  resu lt in the  correct scale, the  

accelerom eter an d  force sensitivity need to be scaled w ith the charge 

amplifier. Here, the p a rticu la r calibration c o n stan ts  for both  

accelerom eter and  force tran sd u ce r were se t on the  charge amplifier.

6.2  Signal Processing (i/ss -  virtual swept-sine)

The v irtual sw ept sine (yss) w hich is a  sw ept sine m easu rem en t 

techn ique in Siglab w as u sed  in  the  sh ak er test. Sw ept stepped sine 

(more precise) is a  m ethod of m easu ring  the frequency response  function 

(transfer function) of a  dynam ic system . It is the  oldest netw ork 

m easu rem en t technique b u t is still the  best for a  system  w ith high noise 

o r one w hich is linear w ithin a  narrow  range. In the  absence of these  

problem s, the  fft-based tran sfe r function technique u se d  by vss  is the  

b e s t choice because it is faster.

A sine wave is u sed  in the  sw ept sine tes ts , a s  the  system  

excitation will step  th rough  the  frequency range of in te rest. The reference
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channel (channel 1) m easu res the excitation signals while the response 

channel (channel 2) m easu re  the o u tp u t of the system . In th is case, the 

force tran sd u ce r w as connected to channel 1 and  the accelerom eter w as 

connected  to channel 2. The ratio of the sine wave am plitudes (response 

channel /  reference channel) is displayed as the tran sfe r function 

m agnitude.

As m entioned previously, the advantage of a sw ept-sine estim ation 

technique is th a t it is the least affected by noise and  non-linear system  

behaviour, since there is a  tracking  filter function in the v s s  program  th a t 

is able to reduce the noise in the system .

O utpu t  Offset
- i o  | o T i  i o

4 I I ►

D w e l l

Cntrl T o l e r a n c e  
0.1

Max Drive

Figure 6 - 5  r>ss (virtual swept-sine) program  -  se tup  d isp lay
m ode
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0 867660| Phase

Figure 6 - 6  vss  (virtual swept-sine) program  -  graphs
d isp lay  mode

In the vss  program , te s t variables for exam ple upper and  lower 

lim its, num ber of frequency steps, excitation am plitude, in p u t gain 

setting, tracking  filter bandw idth  and  n um ber of averages need to be 

specified in the se tup  d isp lay  m ode  (see Figure 6 - 5 ) .  In th is  case, a  

frequency range of 1-300 Hz w as specified in the v s s  program . Linear 

sweep type of v ss  program  w as chosen  during  the test. The Number of  

averages  w as specified as 10, w hich can improve the accuracy  of the 

m easurem ent. Increasing th is num ber of averages also reduces the 

effects of the system  noise a t the expense of increased  m easu rem en t time. 

v s s  h a s  a g raphs display m ode, as show n in Figure 6 - 6 .
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The tran sfe r function data , coherence d a ta  and  also the frequency 

d a ta  are all saved u n d e r a file/save operation. Their M atlab variable 

nam es are XferDat, CohD at and  Fvec. There are several m ethods to 

access the data . In th is case, a  M atlab program  w as u sed  to retrieve and  

plot the  resu lt d a ta  produced by the shaker and  ham m er tests.

6 .3  Shaker T ests  R esu lts

From Figure 6 -  7, it can  be seen th a t the 3 -rubbers tes t 

encoun ters the h ighest vibration followed by 2 -rubbers an d  1-rubber test. 

The response am plitude is dependen t on the flexibility of the rig s tru c tu re  

arrangem ent. More ru b b ers  will in troduce higher flexibility to the rig. 

Therefore, higher response am plitude is obtained from the 3 -rubbers tes t 

due to its h igher flexibility.

x 10'3

Blue: 1 - rubber 
Red: 2 - rubbers 
Magenta: 3 - rubbers

3.5

0.5

250 300100 150

Frequency (Hz)
200

Figure 6 - 7  Shaker tes t (displacem ent results)
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It w as also found th a t  the 1-rubber tes t achieved the h ighest 

n a tu ra l frequency followed by 2 -rubbers and  3 -rubbers test. It is also due 

to the flexibility of the rig. Higher stiffness will induce higher n a tu ra l 

frequency.
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Blue: 1 - rubber 
Red: 2 - rubbers 
Magenta: 3 - ru b b ers
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Figure 6 - 8  Shaker tes ts  (stiffness result)

Figure 6 - 8  show s the stiffness resu lts  from the sh ak er test. The 

stiffness tends to increase on increasing  the excitation frequency. From 

the above figure, the 1-rubber te s t h a s  the h ighest stiffness resu lt follow 

by 2 -rubbers and  3 -rubbers test.
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Figure 6 - 9  Shaker tes ts  (Damping results)

Figure 6 - 9  show s the dam ping resu lts  for the  sh ak er tests. 

D am ping tends to decrease with increasing  excitation frequency.

8 6



6 .4  Non-linear S ystem  V erification

In th is project, several te s ts  have been carried  out, using  the 

shaker, to verify the linearity of the system . In th is case, 1-rubber, 2- 

ru b b ers  and  3 -rubbers tes ts  are perform ed a t different voltage inpu ts , 

which are 0.25V and  0.5V. The resu lts  obtained a t different voltage in p u t 

are  com pared. The voltage rep resen ts the force applied to the system .

8

1-rubber t e s t
7

Voltage inpu t
6

Black: 0.25V 
Red: 0.5V

5

4

3

2

1

0
100 150 200 300250

Frequency (Hz)

Figure 6 - 1 0  Different voltage in p u t shaker te s t
(1-rubber test)
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Black: 0.25V 
Red: 0.5V4
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Figure 6 - 1 1  Different voltage in p u t sh ak er tes t
(2-rubber test)
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Figure 6 - 1 2  Different voltage in p u t shaker tes t
(3-rubber test)
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The overall re su lts  indicate th a t  the  acceleration of the  system  is 

slightly different w hen a  different voltage in p u t w as applied to the  system . 

Theoretically, the  acceleration increases w ith increm ent of force supplied. 

The resu lts  ob tained  are  a  tran sfe r function  (g/N) of acceleration over the  

excitation force. Therefore, for a  linear system , w hen the  applied force is 

changed, the  tran sfe r function (g/N) shou ld  rem ain  the sam e. 

Nevertheless, in th is  case, it w as found th a t the  tran sfe r function (g/N) 

decreased w hen the  force applied is increased . Here, it w as concluded 

th a t the  system  is non-linear an d  th is  explained why the  response 

am plitude d idn 't increased  linearly w hen m ore ru b b ers  were applied to 

the system .

|
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6.5 Discussion

R esu lts ob tained  u sing  the  identification theory given in C hapter 3 

together w ith  the  d a ta  acquired  from the sh ak er te s t have been d iscussed  

in th is  chap ter. Here, the  overall re su lts  show ed th a t  stiffness tends to 

increase  on increasing  the  excitation frequency. In addition, dam ping 

tends to decrease  on increasing  the  excitation frequency.

The experim ental re su lts  indicate th a t  the  noise is less if com pared 

to the run-dow n an d  ham m er test. This is due to the  tracking  filter 

function in  the  vss  program  th a t  is able to reduce the  noise of the  system . 

Due to th e  reduction  of noise during  the  experim ent, the  re su lts  obtained 

are accu ra te  even w hen the  excitation frequency is low. In th is  case, the  

s igna l/no ise  ratio  is high, therefore, the  experim ental re su lts  of shaker 

te s t is a ccu ra te  even w hen the  acceleration is low. It w as m entioned 

previously th a t the  re su lts  from ham m er te s t an d  run-dow n te s t are less 

accu ra te  a t  low frequencies because  the  accelerations are  low w hich lead 

to low sig n a l/n o ise  ratio. Furtherm ore, in th is  case, for the  ham m er test, 

the  time averaging is low; hence it w as more affected by system  noise.

From  the  se t of re su lts  p resen ted  in  Figure 6 - 7 ,  the  response 

am plitude for the  3 -ru b b ers  te s t is the  h ighest followed by 2 -rubbers and  

1-rubbers. F urtherm ore, the  1-ru b b er te s t achieved the  h ighest n a tu ra l 

frequency followed by 2 -rubbers  and  3 -ru b b ers  test. This can  be 

explained by the  flexibility of the  system . The elastom er layers were 

added in series, w hich is show n in C hapter 4. Therefore, the  flexibility of 

the  system  increased . The vibration increases on increasing  the  flexibility 

of the  system . At the  sam e tim e, the  n a tu ra l frequencies decrease on 

increasing  the  flexibility of the  system . From  the  general dynam ic theory, 

n a tu ra l frequency is varying w ith the  stiffness (flexibility) of the  system . 

The flexibility, w hich m eans the  stiffness of the  system , is show n in 

Figure 6 - 8 .  The re su lts  show  th a t  the  1-rubber system  is the  stiffest 

w hen com pares w ith 2 -rubber an d  3 -rubber system . The 3 -rubbers
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system  is the m ost flexible system ; hence, the  vibration th a t occurred in 

the  3 -ru b b er te s t is the  highest.

The corresponding dam ping  re su lts  are show n a s  dam ping ratio  in 

Figure 6 - 9 .  Here, the  dam ping ratio  decreases on increasing  the 

excitation frequency. From  both  stiffness and  dam ping resu lts , it is seen 

th a t  1-ru b b er te s t h ad  the  h ighest stiffness an d  dam ping followed by 2- 

ru b b e rs  and  3 -rubbers  test. The reason  h a s  been d iscussed  in C hapter 5. 

W hen the  e lastom ers are added  in series, the  reciprocals will add  and  

therefore the dam ping will reduce. Hence, w hen m ore layer of elastom ers 

are applied to the  system , the  system  becom es m ore flexible and  the 

dam ping  reduces. This explains w hy the  3 -rubber system  h ad  the  lowest 

dam ping  properties.
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CHAPTER 7

VERIFICATION OF THE HAMMER TEST 

RESULTS

In th is chapter, the corresponding ham m er tes t and  shaker test 

resu lts  are com pared in order to verify the ham m er test results. It h as 

previously stated th a t the shaker test is a  far more accurate  way of 

m easuring dynamic response. However, it is a  relatively complex process 

w hereas the ham m er test is relatively simple, b u t possibly less accurate. 

Also the space required for a  ham m er test is far less th an  th a t for a  

shaker test. The aim here is to com pare the resu lt in order to confirm, or 

otherwise, th a t reasonable resu lts  can be achieved by the ham m er test 

and  hence validate its u se  in these circum stances, where space may be 

limited.

The response am plitude resu lts  of 1-rubber, 2 -rubbers and 3- 

rubbers tes ts  performed using ham m er and shaker tes ts  are shown in 

Figure 7 -  1 to Figure 7 -  3. As m entioned in previous chapter, the 

motion involved in ham m er and  shaker tes ts is rotational motion (to a  

first approximation), hence, the displacem ents are presented in rad ians 

(rad) ra th e r th an  m illimetres (mm).

The difference between the ham m er te s ts  and  the shaker tes ts  is 

the type of excitation forces applied to the system. For the ham m er test, 

im pact excitation is supplied to the system  by using a  specially designed 

ham m er. For a  shaker test, swept-sine excitation produced by the
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vibration generator (shaker) is applied to the system. Both ham m er test 

and shaker test response am plitude resu lts are presented.

x 103

1-RUBBER TEST

M agenta -  shaker test 
Black - ham m er test

0.6

0.4

0.2
150 200

Frequency (Hz)

250100 300

Figure 7 - 1  1-rubber tests (Hammer and shaker tests)
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2.5

2-RUBBERS TEST

M agenta -  shaker test 
Black - ham m er test

250 30050 100 150 200

Frequency (Hz)

Figure 7 - 2  2-rubber tes ts  (Hammer and shaker tests)

100 150 200 250

Frequency (Hz)

3-rubber tes ts  (Hammer and shaker tests)Figure 7 - 3

3-RUBBERS TEST

Magenta -  shaker test 
Black - ham m er test
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There is good com parison between the experim ental resu lts from 

the ham m er test and  those from the shaker tes t and  th is  justifies the 

precision of the experim ental resu lt obtained. For the sets of resu lts 

presented  in th is section, the resu lt obtained from ham m er and  shaker 

test are  approxim ately identical. This will be d iscussed fu rther in the 

next chapter. Both ham m er and  shaker tes t resu lts are showing a  similar 

trend  of curve. In conclusion, the resu lts  obtained from the simple 

ham m er test are reliable.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1  Sum mary o f R esults

In th is p resent study, topics of im portance to the research  into the 

dynam ic properties of elastom ers in academ ic and industrial 

com m unities have been addressed  including a  review of the relevant 

! litera ture  and  an overview of the associated com bination of experimental
j
1 and  theoretical techniques.
i
i

Using m easured  bearing responses and  known excitation forces, it 

! is possible to estim ate the influence of the dynam ic properties of

elastom ers on m achine behaviour. The models showed some predictive 

capacity with respects to the  th ickness of elastom er used  in the system; 

however, the response am plitude a t low frequency w as often seriously in 

error. It is believed th a t th is is due to noise. The signal to noise ratio is 

very sm all when the  acceleration is low. Therefore, the  experimental 

resu lts  obtained a t low frequency in th is work are less accurate.

It h a s  been shown th a t the dynamic characteristics of elastom ers 

can have a  significant influence on m achinery. Having designed a  

suitable rig for the experim ents, the m easured  response am plitude and 

excitation force together with the identification theory was used  to 

determ ine the  stiffness and  dam ping properties of an  elastomer. The
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influence of elastom ers on m achine behaviour h as  been quantified in th is 

project.

Different experim ents were carried out to accomplish the aim of 

th is  project. The resu lts  obtained from run-dow n, ham m er and  shaker 

te s ts  are sum m arised. Here, the accuracy of the ham m er test resu lts  was 

verified by the shaker tests. It was found th a t the simple ham m er test 

resu lts  are com parable with the more complex shaker test results.

From all the experim ental resu lts  obtained, a  sta tem ent is m ade 

th a t the  vibration tends to increase w hen more elastom ers are applied to 

the  system . The system  becom es more flexible when more layers of 

elastom ers are used. Here, the  stiffness resu lts  represent the flexibility of 

the  system . In th is case, the resu lts  showed th a t the stiffness reduced 

when the  num ber layer of elastom ers increased, which is in good 

agreem ent with the resu lts  obtained by Chang I10L In the early years, the 

litera ture  from NASA I12l stated  th a t the  size of the elastom er h as a  

significant influence on the dynamic stiffness of the system. It w as found 

th a t stiffness reduces with the increm ent of height (thickness) which is in 

good agreem ent with the findings in th is  work. Furtherm ore, the overall 

resu lts  show th a t the na tu ra l frequency of the system  increases with 

stiffness. This is in good agreem ent with the work reported by Borm ann 

and  G asch (141 who obtained similar findings using  different m ethod as 

illustra ted  in their paper.

In particular, the stiffness increased on increasing the excitation 

frequency and the dam ping decreased on increasing the  excitation 

frequency. F. Petrone et al. I16l had  reported th a t stiffness tends to 

increase and dam ping tends to decrease on increasing the excitation 

frequency, which is a  good agreem ent with the trend of graph in th is
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work. The resu lts  obtained by F. Petrone are shown in Figures 8  -  1 8b 2 

which support the findings in th is work. Furtherm ore, Lapcik et al. 

reported th a t the dynamic stiffness of recycled rubber increases with 

frequency. The stiffness resu lt obtained by Lapcik et al is shown in 

Figure 8 - 3  th a t also supports the findings of th is  work.

Presently, applications of elastom ers are receiving a  great deal of 

atten tion  in both  academ ic and  industria l com m unities. Dynamic 

system s suffering from instability or resonance problem s often lack 

sufficient dam ping to reduce the vibration to an  acceptable level. 

E lastom ers are particularly  suitable to provide the necessary dam ping for 

rotors. However, applications of elastom ers m u st be appropriate, 

especially in term s of the shape and size of the dam pers (elastomers) 

which is one of the m ajor factors th a t affect the m achine behaviour. 

R ichards and  Singh W reported th a t the size and  shape of rubbers have a  

significant influence on the vibration of the system . In th is  work, it was 

found th a t the num ber layers of elastom er (or thickness) affect the 

dam ping characteristics of the system. An increase of the num ber layers 

of elastom ers is actually reducing the dam ping of the system.

Here, it w as also suggested th a t the system  m ight be non-linear 

from observations of the experim ental resu lts  obtained. Hence, several 

tes ts  are carried ou t to verify the linearity of the system. A shaker test 

was perform ed for th is purpose a t different voltage inpu t (force applied). 

The resu lts  showed th a t the system  is non-linear. This explained why the 

case 2 (2-rubber test) is not exactly 2 /3  of the am plitude of case 3 (3- 

rubber test). Case 1 is not exactly 1 /3  of the am plitude of case 3 because 

of non-linearity. There are m any factors th a t can cause non-linearity to 

the system. For example, in th is case, a  layer of steel p la te /sh im  was 

applied to the system  between the elastom ers; th is prevented the
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elastom er layers from experiencing high lateral deform ation l10l. Because 

of th is  characteristic, the bearing h as a  high vertical stiffness when the 

elastom ers are bonded to the interleaving steel p la te /sh im . A layer of 

steel shim  between the rubber layer can actually increase the vertical 

(lateral) stiffness while m aintaining the horizontal flexibility I10!. 

Therefore, the more interleaving steel p la te /sh im s are applied to the 

system , the lower the elastom ers deform ation occurs.

Typically, elastom ers show a  non-linear elastic and  dissipative 

behaviour. These m ean th a t the stiffness and  dam ping properties are 

non-linear function of the displacem ent. The sam e non-linear behaviour 

occurs with respect to frequencies when the elastom ers are excited with 

periodic forces [16L Friction between the rubber and  steel shim  occurred 

w hen a movement takes place, which decreases the stiffness of the 

system . A friction force is required to overcome the resistance offered by 

the friction between the surfaces. The total reaction forces in between the 

elastom ers and  steel p la te /sh im  have different expressions according to 

w hether there is adherence on both sides, sliding on both sides, or 

adherence on one and  sliding on the other side I16l. This reaction force 

will reduce the  stiffness of the  system  by a  certain factor depends on the 

adherence or sliding case t16l . This is a  further explanation for the non- 

linearity of the  system.

The identification of the dynam ic properties of elastom ers h as  

been successfully achieved, with m easured param eters m atching very 

closely in m ost cases. The identification m ethod w as tested  in a  wide 

range of conditions. The influence of dynamic properties on m achine 

behaviour w as studied, and  found to be significant. The resu lts obtained 

in th is  work are sum m arized in Table 8 - 1 .  Table 8 - 1  shows th a t the 

response am plitude of 3 -rubbers tes t is the highest follow by 2-rubbers
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and  1-rubbers tests. The n a tu ra l frequency of 1-rubber tes ts  is the 

highest follow by 2 -rubbers and  3-rubbers tests. Dam ping decrease when 

the  num ber layer of elastom ers increases. Stiffness decreases when the 

num ber layer of elastom ers increases.
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Figure 8 - 1  Dynamic stiffness versus excitation frequency 
(Result obtained by F. Petrone et.al 1161)
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Figure 8 -  2 Viscous dam ping coefficients versus excitation frequency 
(Result obtained by F. Petrone et.al l16l)
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8.2  C onclusions

In th is thesis, the effect of the dynam ic properties of elastom ers on 

m achine behaviour h as  been addressed, including a  review of the 

relevant literature. An overall sum m ary of the experim ental resu lts 

obtained h as also been presented. As discussed in th is  thesis, the 

application of elastom ers in industry  is extremely broad, for example, as 

dam pers and  isolators. Therefore, the influence of elastom ers on m achine 

behaviour is an  im portant issue. However, their qualification is still an  

ongoing research topic. Hence, techniques for property identification 

un d er operating conditions were developed in th is research work. 

Broadly the studies have been concentrated on the objective of studying 

and quantifing the influence of elastom er th ickness on m achine 

behaviour.

An identification m ethod for estim ating both stiffness and dam ping 

properties h a s  been presented. For the objective, the proposed m ethods 

have been qualified initially on a  run-dow n test. Later on, it proceeded to 

ham m er test and  shaker test. A total of three types of experim ent were 

performed in th is study. For m achines involving elastom ers, it h a s  been 

shown th a t the  inclusion of elastom ers in m achinery can have a  

significant influence on the dynamic behaviour of the system. Here, a  

conclusion is m ade th a t the size of elastom ers, in term  of thickness, h as 

a  significant influence on m achine behaviour. Stiffness and  dam ping 

properties of the system  reduced with the increased of num ber layers of 

elastomer.

The response of the system  was observed for a  num ber of layers of 

elastom er in the system. The vibration increases when more layers of 

elastom ers are applied. It h as  been shown th a t the system  is non-linear,
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as the response am plitude of the system  does not increase linearly with 

the num ber of layers of elastomer. As expected, the  n a tu ra l frequencies 

of the system  vary with the stiffness properties, while the system  is 

flexible, the n a tu ra l frequency is lower.

As h as also been shown th a t the  ham m er tes t resu lts  com pared 

reasonably well w ith shaker tes t resu lts. Therefore, the identification 

m ethod may be regarded as having been broadly successful with further 

work required to improve the predictive capacity of the  estim ated models. 

It is hoped th a t the  work discussed above, which is of practical relevance 

to the application of elastom ers as dam pers in m achinery, will form a  

basis for the im plem entation of these ideas and  resu lts , and  th u s  play a  

p a rt in improving the  vibration conditioning of m achinery.
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8.3 Recommendations for Future Work

As far a s  fu ture work in th is field is concerned, the following

recom m endations are made:

(i) Extension of the work to larger, m ulti-degree-freedom models. The 

motion of the system  can be considered as both horizontal and 

rotation allowing for the representation of the system  as a  two- 

degree-of-freedom system.

(ii) The proposed m ethod should be performed for a  higher range of 

frequencies.

(iii) Shear and  tensile/com pressive effects should be included in the 

identification method.

(iv) The identification of a  m odal model for the objective of th is  work 

should be developed and the usefu lness of the  identified model 

should be com pared with the present m ethod.
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