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ABSTRACT 

Vibra tíon analysís i s rap i dly becoming a re­
quirement rsther than a l uxury i n t urbomachinary 
development and implementation. Presented herein i s 
a discussion on rotating equipment v i bration prob­
lems - their occurrence, t heir diagnosis by analyt­
ical and experimental met hoda, and a l ook to the 
future i n t his area. 

RESUMEN 

El análisis de vibraciones está convirtiendose 
rápidamente en una necesidad más que en un lujo en 
el desarrollo e implementación de turbomaqui narias. 
En este t rabajo se presenta una discusión acer ca 
de los probl emas de v i bración en equi pos rotaci ona­
les, s u frecuencia. su iagnóstico por metodos ana­
líticos y experimentales, y una visión sobre el fu­
turo en este campo. 

1.0 INTRODUCTION 

The trend of turbomachinery, such as turbines, 
motors , compresaors, pumps, fans and etc., is 
hi gher apeeds, in order to achieve better efficien­
cy and higher power density . As a result, vibra t ion 
problems with t hesc machines are more frequen t ly 
occurring i n oil fields, oi1 reEineries and elec­
trie utility and petrochemical plants, due to l ack 
of precaution at the deaign stage . Typically ,a man­
ufacturer will "size up" the e~isting machines to 
meet the demanda of the use,. This design procedure 
very often ignores consideration of stress and vi ­
bration analyses . The new machine may be eventually 
unable t o reach its design speed and per formance 
due to a critica! speed problem, or a rotor -beari ng 
ins t ability problem . Vibrar ion problems are not 
just a nuisance which may be t olerated, or cause 
compromise, bu t rather , they are detr imenta l to rhe 
machinery reliability a neI t o che economica of t he 
user anq the manufac t ure s . 

During the pase two decades, vibration anal yses 
and f i eld trouble shoo t ing have been developed i nto 
a spec i alized ngin ering discipline . a ttr ibuted 
largely to computer and instr umentat i on technol ogy 
ievelopment • 

Based on pas t "hand -on" experiences, the au­
t hors presen t herein th~ir viewpoint s of 

-Types of v i brar ion probl ems frequently occur­
ring, 

- diagnosis oE v ibrat ion problems by experimen­
t al means , 

- computerized anal ysis of a vibration- relat ed 
des ign aud i t, and 

- the f uture t rends in thi s area of the engi­
neering. 

2. O CATEGORIES OF TURBClMACHINARY IBRATIONS 

There are i n general, two t ypes of vibrations, 
namely; struc t ural type and rotating machi ne type. 
Interest i n the struc t ure-related vibr atians in­
eludes t hose associated wi t h machine casings , ped­
estals, piping and ateel frames or concrete founda­
tions which suppor t the ro t ating machines, or can 
be excited by the machine vibrations. The main in­
teres t is in che second type which includes lateral 
and t ora i ona! vibrati ons and ro t or- struc t ure inter­
action . 

2 . 1 LATERAL V1BRATIONS 

This i s a condition in which the rotor vibra t es 
in planes perpendicular to its rotating axis. These 
are che most commonly occurring vibration problems, 
and are also separable into two modes by their cau­
ses. 

a. Synchronous Vibrations: In t his mode the 
frequency of the vibrat i on 's identical to t he ro­
tor speed. l ts amplitude is associated with the 
amount of imbalance and the critical speeds. Uneven 
mass distribution oí the roto. about its rotating 
axis , that i s called imbal ance, causes distributed 
unba+anced cent rifugal forces a l ong che axis dur i ng 
rO Lation. These forces, reacted upon by t he bear ­
ings, are transmitted ro t he casing and foundation , 
and vibrations are t hus created . The co t ar can be 
balanced by adding. or cu tt ing away sorne ma t eria l 
at one , two or even s everal l ocations on t he rotor. 
Bu t the r ota n : state oE balance i n opera t i an can be 
worsen due to corrosi on, err osion or uneven depos ­
i ts of mater ial i n t he flow s t ream. Worse yet , if 
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the r ot or i s opera ting clase to a cr i t ical speed or 
passing through a very lightly damped critica l 
speed , a normal amount of r esidual imbalance can 
cause magni f ' ed cent rifuga l forc es to be i mposed on 
t he ro tor . 1mba lance can be caused by a loosened 
wheel a t high speed; or a high spot r ub on seals. 
An improper shr i nk f i t des i gn be tween wheel s and 
shaft may cause s haf t bend i ng when passin~ 

t hrough a critical speed and change the state of 
imba l ance. 

b. Subsynchronous Vibra t ions: Many di fferent 
names have been given to t his type of vi bration , 
such as oil whir l and oil whip for r otors wi t h oi l 
bearings, steam whirl i n steam turbi ne s , ha l f f r e­
quency whirl (HFW) , or fract i onal frequency whir l 
(FFW). s ince the fre quency mostly is l ess than or 
clase to 50% of r otor speed. But general l y , these 
vibra tions can be classif ied as rotor-bearing sys­
t em i nstabi lities, A t yp ical descript i on i s , as a 
r otor has succesfully passed t hrough its f i rst nat­
ural frequency or, critical speed , and continues on 
t o higher speeds , to say, appr9x ima t ely , twice the 
Eirs t critical speed or during a load change, the 
rotor v ibra tion wil l suddenly star t to grow in a 
short per i od oE t i me a t a frequency clase to t he 
f i rst cr itical (sometÍl'j2S cal1ed first cr itical r e­
occurance). By changir,g the l oad and/or reducing 
the speed is the only way of r educing this type oE 
vibration. 

'2 . 2 TORS I ONAL VIBRAT IONS 

Angul ar, or t wi st ing resonances about the rotor 
axis are poss ib1e, espec i al1y in systems w'th large 
i ner t i as , such a s , geared ro tor s, reciprocting ma­
chines , and synchronous mot or dr i ven compres sor 
tra i ns . The r otor sys.tems wi t h t ors i ona1 prob l ems 
often r esult i n coupling faHur es, crushed keys and 
keyways , gear t eet h pit t ing, ()r even cracked 
shaft s. The 45 degr ee spiral crack of a shaft i9 a 
typical hi gh-cycle t ()r sional fat i gue probl em indi­
ca ti()n. 

Industry' s emph~sis on energy effic i ency has 
recently i ncrea sed t he use of ynchronous 'motor 
dr i ven sys t ems. Thes e systems with fíxed electrical 
f requency drives , especial ly t hose with salid 
pol es, are vul ner able to a tor sional trans i ent vi­
bra t ion problem . During every start-up the machine­
ry t r ain passes t hr ough a crit ica! s peed where t he 
motor fluct uating t orque wi t h a " t wo - t imes slip" 
frequency 'coincides wi t h the f i r st system torsional 
frequency. lf the aceeleration is l ow, the vibra to­
ry torque on the r otor may exceed t he yield 
str ength and cause permanent stra in and eventually 
a l ow- cycle fatigue fai l ure. 

2.3 ROTOR-STRUCTURE INTERACTlON 

An i ncreasi ng awar eness has been in the interac 
t ion of t he ro tating machines and toeir s uppor t 
struc t ures . There are case his t ories sugges ting( l )* 

*Numbers in parenthes i s ref er to ident í cally nwn­
bered reierences i n Ref erence Sec t i on. 

"a seemingly perfect (vi bration free) ma­
chine , supported by a well designed struc­
t ure , becomes a vi bration troublesome dy­
namic system". 

The fact the machi ne and the suppor t s truc t ure , 
such as a concrete fo undation, with or without 
pilings, are dynamic systems t hemsel ves, and their 
na t ural f r :quencies are des igned to be away from 
the opera t Lng speed of t he machine . However , when 
they are tied together, the total d)~amic system 
may have resonance f r equencies clase to t he opera­
tíng speed . There f ore , it is the "dynamic interae­
tion" which may have been over looked. 

Earthquakes v i bra te fou nda tions nd machine 
casings. Large t ransi ent dynami c l oads due to 
~rthquake excitation can ruin the machi ne bearinge 
ii nat ural frecuencies of a machine/foundation sys­
tem are ins i de the earthquakevibrati on spectrum . 

3,0 VIBRATION DIAGNOSIS WITH EXPERIMENTAL MEANS 

The cause(s) of an existing vibration problem 
can be di f f i cult to pinpoint when time, available 
tools, and expertise ar e limited. The persons in­
volves, even the "old pros " tend to be subjee tive 
putting emphasis on t he causes known to their own 
f~elds o i competency. ln addit i on to an obj ective 
mLnd full of l ogie, these eng ineers should possess 
the following capability, or t raining: 

- An under standing of the vibra t ion phenomena 
obtained by acqu ir ing experiment a l uata of 
cause-rel a t ed frequencies and amplitudes by 
proper i ns trumentation. 

- An ab ility to r e l a te the data to possible 
cause (s), or t heories, and to use simpl e math­
ematica! mode l s oE Che ma chine /rotor s tructure 
to ~xp la in/verify the cause(s). 

The Eirs t eapab i l ity invo l ves a knowl edge of 
the experiment al subj ect ma t ter which fo l lows. 

3.1 VIBRATION INSTRUMENTATlON(2) 

Vibrat ion instruments may be ca tegorized into 
three ki nds according to t he ir fu nc t ions ; 

- Transducers and conditioning devi ces, 
- analyzers, 
- recorders. 

The transducers (or s ensors ) are electro - me­
chanical i n nature and are t he basic i nstr uments 
used to monitor t he vibra t i on signals from a ro ta t­
i ng shaft, machine casing or bearing block, e tc. 

For lateral v ibrat ions, che Piezoel ectric ac­
celerometers can measure accel eration signc, ls from 
one Rz to fo r t y KHz. They need signal conditioning 
devic es such as charge amplif ier9 to boost the s ig­
nal power f or d i splaying on an osc i l loscope, or for 
determini ng t he f requency content and amp l itudes by 
use of snalyzers. The measured ampl i t udes are pro­
port ional to the square of t he v i brat i on fr equen­
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cies. Therefore , accelerometer are suitable for 
measuring high-frequency. low-amplitude type of vi ­
brations . 

The velocity probes as che name implies, mea­
sure vibra t íon velocicy . They are the most popular 
sensors used in che fie1d because of their rugged­
ness and s elf-generating capability . (No need for a 
conditioning device). But they sre made with a 
seismic principI e (large msas on sof t spring) and 
have a cut-off i requency a t 10 Hz. Below this ire­
quency the measurement is Dot accurate. Therefore, 
chey are no t sui table for l ow frequeocy measure­
ment 

The dlsp1acement probes of the eddy - currene 
type are co~on in high speed t urbomachinary for 
monitoriog shaf t motions in bearings. Oi1 film 
bearings, as will be elaborated upon later, are the 
most sensitive par t of these machines . High speed 
usually mesns high pressure and heavy casings . The 
heavy asing may no t vibrace much, or be sensi t ive 
enough to relay the s i gnal of an impending catas­
trophe or severe ro t or vibration problem. There­
fore, monitoring the journal motions with displace­
ment probes is more direct and assuring , But the 
erroneous signa l due to journal run-out ( out of. 
roundness or residual magnetism) is oi en on the 
same order as the vibracion aignal (messured by 
unies oi 0.001 inch) , and must be compensated by 
accurnte machining and elcctrically. 

Preference oi one type to another may be dicta­
ed by the circumstance and availability. Th: user 

should always bear in mind the proper mean1ng of 
the signals according to che senso»s' function. In 
Figure l . th' same vibration is represented by 
thrae types of signals, i.e., acceleration. veloci­
ty snd displacement. On the acce1eration spectrum. 
the high frequency content seems predom~nt . But 
it mav be normal such as from !I gear bax measure­
~enl. - and the real prob1em signal may be hidden in 
the low frequency level such as the first sma~l 
peak representing the synchronous vibration ampl~­
tude. 

For tor8ional vibratlon measuremeots, rhe Tor­
siograph is the cornmonly used sensor for sensing 
angular vibration veloclty . It ls made with a simi­
lar seismic principle as the velocity probe and 
thus also has a low end cut-off frequency. It ia 

8ua11y used at one end of ~ sba[t wich an exten­
sion stud. For measurementa nt middle shaft Ioca­
tions , special rigs belt drives must b~ used. This 
is not a reliable means due to possible beIt slip. 
A more recent popular method is shown in Fi~ure 2 
Here n non-contacting FM modulation principIe is 
applied. Similar measurements may be achieved using 
prec~9ion gears and magnetic pickups . The number of 
teeth or blackwhite spacings. multipled by shaft 
!Jpeed, must be t en tÍllles larger thsn the toraional 
Erequency to be measured . Strain gaging with a ra ­
dio telemetry system is cbe ultimate way for mea­
suring static and dynamic torquea on a ahaft. How­
ever. this method is expensive to implement o 

After a vibration signal ~s measured, one wants 

t o know what is the Irequency content aud what ia 
the amplitude associated with each freque~ ( Fig­
ure 3). The former is related to the causes and the 
latter ia au indication of the vibration aerioua­
ness. A portable analyzer with tunable frequency 
f ilters'and an amplitude meter ia adequate but rel ­
atively s10w when analyzing the signal. Real t~e 
analyzers or the FFT analyzers (by digitizing and 
fas t fourier transform computation) are ideal in 
that they display the whole apectrum of the aignal 
and provide a complete picture of the problem. 

The enviroment in the fielda is normaly barsb ­
- it may be t oo noiay. cold, hot or wet. Alao, when 
many signals are measured at one time, tbeir analy­
sis On site is difficult. Therefore, using a magne­
tic tape recorder to store the signals simulta­
neously on tape for laboratory analysis is a stan­
dard practice today. Two types of recording i.e., 
direct and FM are available. Direct recording is 
8uitabl e to high frequency and ~ record i ng must be 
used for low frequency and sta tic OC signals such 
as shaft torque or shaft displacements . 

3.2 SIGNATUR.E ANALYSIS 

The patteros of vibration signals measured at 
the machine c~qing, shaft, te., sre different even 
for identical machines and are called signatures. 
The purpose of analyzing these signatures is to de­
termine the vibration cause(s) and seriousness as 
they are related to the conditio~s of che mechani­
cal parts with vibration amplitude, frequency.phase 
angie , wave form, etc. Ideal situations for signa­
ture analysis would be to have the following: 

- "Baseline data" measured when the machine lOas 
new, or wirh an identical machine without VL­

bration problems , and 

- analytical information such as critical speed 
maps, imbalance response plots and stability 
analysis results. 

This i8 seldom the case for most vibrating 
troub eSODle machines, especially when they are old. 
Normally the vibration consiJerations were not com­
monly implemented in design or maintenance. In 
these sicuations, sorne published information such 
as , 

Vibration frequency vs. causes (Table 1), and 
Vibration measurement vs . seriousness ( Figur 
4) , 

are helpiul in analyzing che signatures. 

Additional to examinig che signal frequency 
spectrum (Figure 5) by using the anaIyzers. one can 
observe che wave form of lhe vibrations or the fil ­
cereJ signals . For examp1e, in Figure 6, large am­
plitudes resulted by the beating wave form waa ob­
vious 00 the platform of the two-shaker tower. This 
W8S aused partially by che speeds oi che shakers 
being too close to one another. Orbit analyses of 
;ournal(3) (shaft in bearing) motion as shown in 
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Flgure ? is also common practice for analyzing dis­
placement signals. These wave forro analyses are 
perforroed on the oscilloscope wiLh or without using 
filters. When synchronous vibration i' the only 
,oncern snd the measured slgnsl is cloudy wi t h aome 
unwanted sl.gnals. tracking filter plots such as 1.n 
Figure g an be made for transient vibration to 
show the effect of a crl.tical speed. 

About a decade ago, a high frequen y diagnostic 
acherne was developed for detecting impending ball 
bearing failure,(4) Basically, this problem mecha­
nism (such as ball impacting a pitting spot) gene­
rates high frequency resonance of parts, such as a 
ball irmer or outer race. The resonance has very 
smail displacements in the unaudible frequeucy 
rauge. The hall impact frequency i9 relatively low 
and not det ectable in the low frequency range . But 
the impacts modula te the resonance aud become de­
tectable i n hig frequency in a mann r like sn AH 
radio wave (Figure 9) . TIle technique sinc has be­
come a use fuI means for oetecting impacts of other 
kinds, such as gear meshes in a rransmission hoy. 
for production or maintenance pt'rposes 

To this poin t tliseussions have becn on experi­
mental Lopi~s to tht first eapabilit· needed by a 
vibration, trouble-shootl.n~ engineer. TIle aceond 
capabí lity ~s thE! abilit\' tO explain [he observed 
vibrarion ~1.lh possibl~ theory. 

In l'alitv. there is no distinet ~imple mass­
spriag syscero as vibr~[lOn textbooks oftero define 
(5', but the pl'oblem should always bOll down to nl 
ol' two major naturlll vibration modes as the pr,'­
bIero. 

Fol' example, ChE problem with th, shake- towcr 
ln Figure 6 WIlS nOl ' pur beat~n problem; because 
even with nly ont shaker operatlng. thé vibrallor 
of the plattonn "'as LUl unacceptably higb. A 
lhat tÍJ:Je El questiml was asked whether the snakers 
forc . cmtld be isolated oy resl iant pada. TIle n 
_r was no. based on considering dvnamic mo 
Wl.th two degrees of freedom. TIte botcero (frar. 
rnass is too small compared with the top mass (sh 
er hedJ for isolarion to i.lork. TIl" resilianl r 
m'lY. however. dampen parto oE the high frequenc, 
dLble nOlse aud ma~ the enVlroment quieter. 
identi y the natural mode 01 vibratlon, the 
actor ln the problem, one ma} consider he fn 
in!;: 

- TIle wnole tower with heavy ma~hinery o 
tOP half is a soft dynamic system and 
veral low frequency laters¿ sway1.og 
They were indeed identified by toueh 
the end of a cossr aololTl of che shakerf 

- !he mode causing the problem should 
frequencv clase to 880 CPM, the norm, 
speed. To bt so high in frequency, 1 

he a local v ertical deflection mode 
plattorm . 

By rurther study, one eventually cou' 
thar beams were t oo soft such that tney 

to a vertical modc ow iu frequency but close t, 
the operating speed. T.e authors have no inteoLlon 
to generalizl: he re bUl rath"r to USI< t.his f{lr il­
lustrating he mentr,l prxess oE applying siro l' 

math modela in vibratian diagnof;es. 

Shown 1.1 Flgure 10 Lfi an . ther exampl!!. oi u;ung 
simple mod>'! !> for explaiui ng vibratíon phenom\!n n. 
The compressor tra tr was 1n Il tr ublesom!!. axial re­
sonanee. Twl screW ·¡,ld·.s 101 re used .b ter::pur ry 
measures lor bracln¡; Lh,' casing to ground, and t 1 Y 
had to be tuned to achieve mioimun aA181 vibrlltl n. 
It was n"t tlifficult t xplain the functioll , r eh 
elfct of the screw .18Cks by using a model f ~W() 
degues of fr('edúm. The rtiHic,tl ty was h(lw to .1U I 
the crack3 o lh , nerete piers. Were lhey r 611t 
)f hi h axial nbratlon, üf thi! cause of lower ng 
th~ ax ~l ft !!'1uencies? '111i5 is J tvpical tllC , 

or e/5g" (....In cl1mes first) Rtl1ry onc mayo) ­
front ~1'1 th . flel . 

R 10 . &\LANCll , 
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ent balancing planes and different measurements 10­
cations are pre-stored in the micro-computer for 
identi~l rotors. This seheme e1iminat es the t ime 
spent in stopping the rotor and cutting away mass 
(or adding mass) manua1l y . 

4 . OANALYTlCAL METHODS FOR VlBRATI ON PREDICTI ON 

Machinery vibration dynamics involve the fol­
lowing elements: 

1. Rotor (shaf t and attaehments sueh as wheel s) 
mass and flexibi lity, 

2. bearing (and/or seal) stiEf ness and damping, 

3. founda t ion mass, stiffness and dampi ng. 

Assuming the pedestal and íoundation are rigid 
snd massive enough, the rotor aud bearing are t he 
first order of importance in vibration ana1ysis. 

During the pas t two decadea, computer programa 
~n rotor / dynamica have been developed for access by 
most large computer center librarys is ti.le ~.S.A. 
Mathematically, the rotor is treated as d~tr~buted 
maases linked with distributed lateral or t orsional 
springs (Figure 12). Gyroscopic iner t ia effects oI 
large wheels are included as a majar difference 
from a traditional beam approach. TIle bearings are 
trested as concentrated springs and dashpots in­
cluding cross-couplings effects between the two 
perpendicular directiona. 

4.1 BEARING STIFFNESS ANO DAMPING 

Until mare recently, critica) speed calcula-
t ians frequently ignored the beariog effect. lt is 
is now recognized that baarings are a critic 1 .dy­
namic element because of their stiffn~ss contr~~u­
tion and the fact t hat chey are pr~ary damp~g 
aouLces of the dynamic system. 

Rolling element beariogs posses very little 
damping . A simple way to estimate their stiffness 
is given by availabl force-deflection relations 
(7). However cheLe are no simple formulae to e.over 
che differenc geometries fo r fluid film bearings, 
such as: 

Plain cylindLical 

Axial grooved 

Elliptical 

Off-set 

Pressure dam 

Partial arc 

rUting pad 

Basie lubr i carían computar programs usually 

generate besring data in non-demensional from, such 
as shown in Table 2. This table can be used for 
bearings of the same t ype and LID ratio. An impor­
tan t parameter i n flui d f ilm, se1f-aet ing, bearing 
analysis is the inverse Sommerfeld number defined 
as : 

.!..=~
S LD 

It is a unique set of variables a rranged to re­
pr~sent t he "normali zed l oad". The load is a fune­
tion of the bearing dimensions (L,D,C, ) , oi1 viseo­
sity ( ~ ) and j ournal apeed (N). Knowledge oí this 
number pr ovides t he key to stiffness and damping by 
interpolation from the tables. 

Hydrostatic bearings (external1y pressurized) 
are .required in certsín enviroment s sueh as sodium 
pumps for nuclear pl ants and non-oil beari ng appli ­
cations, uch as food processing plants and steel 
milIs. Simple fo rmul ae(8) for es t ima ting chis bear­
ing stiffness were devel oped . Large dedicated com­
put er programs are also available in the software 
market. 

The wear .ings in centrifugal liquid pumps(9) 
can be considered as another type of hydrostatic 
bearing. Of course the original funetion af the 
wear rings was rueant to limi t the leakage between 
high and low pressure zones. But the high axial 
1eakage f l ow (usually turbulent) produces a kind of 
Bernoulli effect called Lomakin mass effects (10) 
and tend to force the journal to a cancentric posi­
tion. The equivalent fluid-film stiffness aod damp­
ing of these rings are proportional to the pressure 
drop across the rings and the basie elements that a 
pump is ealled upon for proper dynamie behavíor . rf 
the pump is runniog dry, it's first .ritical speed 
could be very low compared to its normal speed. 
When it is pumping liquid and the rings are func­
tioníng as bearings, its critical speed may always 
be higher than running speed uncíl the rings wear 
out, (clearance opens up to larger values) . 

4,2 ROrOR-BEARlNG LATERAL DYNAMIC ANALYSRS 

Al CRITlCAL SPEED: Latera vibratian analysis 
starts with the ritical speed or natural frequency 
calcularían . !he besring damping may , or may not be 
included. A popular way is nor to include the bear­
ing damping and assume che bearing stiffness to 
vary over a large range. !he purpose of chis treat­
ment is to evaluate he effect oE beating stifEness 
on critical s peeds, UGually up to three or f~ve 
lowest critical s. Computerized - e ~jlts can be plot ­
red onto a graph sueh as Figure 13; called a criti­
cal s pee. map. The ma p can be divided into chree 
regi.ons; (a ) r igid ro tor. (b) Bof r: ro tor and (e) 
rigid - support rotor. With the bcaring stiff ness 
versus speed superimposed on the map, one can 10­
cate appr oximately the system critical speeds. The 
ritieal speed calcularion also provides rotor mode 

shapes (Figure 14) at differe nl bes tins sti ff ­
nesses . In the rigid region, rhe rotor genera lly 
has l arge mode ~lape displa~ements at the bearings 
which i s indicat.ive o E effective use. of be¿ i ng 
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f luid damping . Tbe rotor vibration probl em is more 
cont r ol l abl e al though the c r itical speed is lower . 
I n the rigid-support r egi on t he opposite i s t r ue. 
A practica lly designed r o t or-bearing system usually 
fa lIs into t he middle regi on. One cannot af ford t oo 
90f t bear i ngs because thi s would mean l arge s izes 
and power losses. One should not design t oo stiff a 
bearing because t hi s would thus dictate t hi n oil 
fi lms , l ow sys tem dampi ng, and poor v ibr a tion con­
trol . 

Cri t i cal speed cal cul at ions wi t h the compu ter 
is i nexpensive but reveals most of t he rotor / bear ­
ing sys tem characteri s t ics qua l i t a t ivel y. An ex pe­
rienced anal ys t can f or ecas t the imbalance or sta­
bili t y probl em by examini ng only the cri t ical map 
and mode shapes , er he can dec ' de what further 
anal yses (unbal ance reponse e r stability) are need­
ed. 

B) UNBALANCE RESPONSE: This analysis is con­
cerned with how l arge the synchronous v i bration am­
plitudes are at tigh t clearance l oca tions such as 
the bearings, t he l abyrinth seals snd etc., as t he 
rotor passes throuRh the crit ical peed zones snd 
operates in i ts normal speed range. ~otors are nor­
mally balanced dur i ng the manufac tuT~ng stage with 
sorne residual imbalance remaining . The acceptable 
amount of residual imbalance in industry is abou t : 

4W
for low speed machine, N' 	 oz-in balancing 

plane 

for high speed machine , 56000 	Wz oz-in bal ancing 
N plane. 

In order to excite a critical mode of vibra­
tion, imbalance must ex is t at 	locations where the 
the mode shape indicates large displacements. Since 
in practice, t he exact locat ion of imba l ance is 
generally unknown , one must judge 	where i t is like­
1y distributed . A conservative approach is to put 
the ~cceptable imbalsnce at probable locations , 
such as at center wheel and end couplings, to s imu­
late the woret possi ble practical response. A com­
puterized response calculation uses the same math­
ematical rotor model as used for the critica1 apeed 
calculation and in addition t he bearing stiffness 
and dumping is varied as a 	 function of speed 
change. Figure 15 is a typi cal response pIot indi­
cating the vibratíon smplitude of a centrifugal 
compressor and emphasizing the first damped criti ­
cal apeed. 

C) STABILITY: A rotor/bearing system operating 
much above its first critical speed may be unstable 
in t he sense that slight apeed i ncrea es or load 
changes would disturb the rotor into a l arge orbit 
whi rl with frequency very near the firse critical 
frecueney(11,12 and 13). 

By examinig the reIative pos~ t ~on be~een the 
operadng speed , the rigid suppor t -first critical 
and the flexible support first critical, one may 
predict (14 ) che possibility oi instsbili ry as 
shown by the ex~ple in Figure 13 . 

The cause of the problem can be explained gen­

erall y by the existence of t angential (or cross­
coupl ing) driving f orces on the rotor as depicted 
in Figu re 16. The t angential f orces , usua l ly i n t he 
f orward direc tion , (rot a t ional direct ion) are con­
tributed by oíl fi l m bearings, locked oi l r íng 
sea ls, labyri nt h sea ls , and submerged ro tor with a 
small clearance to the s t at i nary wall or impellers. 
The for ces cance l the damping for e in t he bea ring 
and tend to dr ive the ro t or into a l arge erbit. 

Many decades ago , engi neers observed"oil whirl" 
in l ight ly- loaded er vertical j ournal bear i ngs. 
This i s a kind of rotor-bearing i ns t ability con­
t ributed ma i nly by t he cros s - coupl íng f orces in t he 
bearing . I t was expl ained t hat as t he jour nal speed 
(a) r ea ched twice t he critical speed , the oil pump­
ed i nto the wedge equals the oi l swept out of t he 
wedge. Thus the oil f ilm could not be ma i ntained 
and the j ur nal orbit grew. One of t he cures was t o 
load the bearings art ificial y by preload or a 
pressure darn pocket , or t o cu t grooves in an at ­
t emp t to decrease the cross-coupl ing forces. Al­
though oil bearings are generaIly loaded in t urbo­
machi nar y, ,t hey still r emain as the main source of 
cross-coupling f or ces. For high speed machinery, 
the til ting pad bearing became_ popular, bec use 
theoret'cal ly there exists no cross-coupling force 
i n this type of moving pad beari ng . Locked , fIoa t ­
ing r ing seal s Eunc tion as plain j ourna1 beari ngs 
(15 ) and have caused many instabi1i ty problems in 
hig h pressure centrifuga1 compressors . Other sour­
ces of instability were observed in rhe impeller 
narrow clearance area including the interstage lab­
yrinth seals(16 and 17) . The magDit~de of these 
forces are still DOt well defined and generally use 
oi load balanced seala and anti-swirl flow devices 
are used to offset che forces. A current design ap­
proach is to calculate the "stability margin" of 
rotor system including ~e~ing cross-coupling for­
ces oo1y. Another name used for stability margín i s 
the log decrement of t he first system natural mode 
when the rotor is running -at operating speed. Note 
tbat the frequency of the firsr mode is close to 
the firs t critical speed, no t necessari ly, exac t ly 
the same. In mathematical terms, the mode is asso­
ciated with a set of Eigenvalues/Eigenvectors 6f 
the dynamic system with multi-degree of freedom.The 
real part of the Eigenvalue, i.e.,the &rowth factor 
(a) is aterro r epresenting the modal damping. The 
imaginary part is the natural frequency (2nf). The 
log decrement oi this mode is defined as 

- a ., f 

A design guideline from numerous experiences is 
te require the l og decrement be greater than 0.3. 
Physicall y the log decremenr is a measure of how 
fast the system can dampen the vibration in this 
mode due to any disturbance . 

4.3 TORSIONAL VlBRATION ANALYSES 

Torsional vibration modes are usual light l y 
damped - les s than 5% of critical damping. The 
bearings do Dot provide damping to the torsional 
sya tem , unless the design is a geared rotor with a 
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large gear aotion due to torsional vibration. For 
these high "Q" natural modes, engineers are uBuaU, 
oo1y concerned with their frequencies. If the fre­
quencies are not 'close to che operating speed or 
speed range, and che system does not bave a chance 
to dwell at auy of these modes of vibration it 
shou1d be safe. Therefore , on1y uudamped torsiona1 
frequencies are calcuLated. 

!he results are commonly presented in a Camp­
0011 diagram formar (Figure 17). Ibis diagram indi­
cates. possible interfences with shaft speed and its 
harmonics. l.arge motor driven fans with a variable 
operatiag speed frequencly suffer frem chis type of 
problem. !he resultt are often failed couplings. 
To detune a natural torsional frequency away from a 
fixed operating speed can often be easily accom­
plished by changing the coupling torsional stiff ­
ness. I f the operating speed ia variable in a large 
range, the detuning may involve two or three natu­
ral vibrations modes. 

Computerized torsional frequency calculations 
use similar mathematical rotor models as in the 
lateral analyses, but they are simpler and less ex­
pensive to perform. 

Por large geared rotor systems driven by syn­
chronous motors, exrra analysis of the torsional 
transient response i s required ro predicr the maxi­
mum fluctuaring torque during start-up . !he motor 
oscillaríng torque ar cwice slip frequency , 

f 2 (l - rotor speed) (line frequency) 
s synch. speed 

will excite the first rorsional frequency,f 1 short ­
ly befare rhe motor goes into its syncnronous 
speed. If fs coincides with El at ~ time when the 
morar average accelerat~on torque l.S 101<1, and che 
oscillating torque is high, che ligh(ly damped 
firsr roode can build up 1ts energy and become a 
violene twisting vibration. To calculate this tran­
sient response involves : 

- Condensation of the distr~buted model into a 
lumped inertia model with much less degTees of 
freedorn • 

- Tuníng of the condensed fiodel to yie1d appro­
ximately Lhe same rorsíonal natut"al frequencíes as 
the distributed madel. 

- Integration of the condensed madel with small 
rime sreps (by the Runge-Kutta methad or Newmark­
method) and prescribed initial condicions, motor 
torques. and load-speed funccioos. 

Typical results o[ che sha[t torque when pass­
ing thraugh the cril:Ícal speed area is shown in Fi­
gure 18. 

Computerized calculations of chis kind can .be 
very expensive. The Buchors have devel~ped a S1m­
plified and less expensive approach u91ng mod~ da­
ta from the frequency analysis and a pre-l.nte­
grated, non-dimensional plot. !he new mechad is t o 
be published in the near future. 

-

5 • O FUTURE 'lUNDS 

Figure 19 shows a high speed pump rotor with 
four stagea which has che smne outpuc as a l arge 
low apeed pUlllp rotor with nine atagea, it typifies 
che turbomachine.ry. de.sign trend of the future. 
Since high !lpeed and SIIlall size goes with high 
pressure and small clearances, che deaigo analysis 
consideration of rotor-bearÍDg-seal dynamics will 
be inevitably among che top prioricies in early 
stage of new designs. In other words, rotor dynamic 
analyses snd the basic machine funetion analyses 
such 8S theraa! cycle and efficiency become equally 
important. Dynamic analysis was once a luxurYi it 
is now becoming a necessity·. At the time of a llew 
design concept pla~ on the drawing board artd when 
the appro~imate rotor dimensiona and bearing typel 
size are chosen, a rotor/bearing dynamic audit must 
be llerforaed . A typicsl audir process(18) is shown 
in Pigure 20. If a vibrarían problem is identified, 
tbe rotor design must be modified, even if a sacri ­
fice of performance is required. 

Large rotor/besTing dynamics computer programa 
containing all the baaic analyses capability, em­
phasizing machine I foundarion interaction, (19) 
stresmlined input/output witb graphics are being 
developed for large compurer users. Software pack­
ages fo r chese basic analyses will be available for 
micro-computer users and designers. 

!he machinery user, who .is buying a new variet) 
of turbomach~nery, should request rhar the design 
comply with published guidelines, such aS API(20) 
specifications or the equivalent in the rotor dy­
namics ares, or, assure this i9 accomplished by 
naviog ao independent third-party audit performed. 

On-line computerized vibration monitorin~ sig­
nature analysia, vibration trend analysis, shu~­
down vibration daca aquisition aud analysis for 
important equipment are all on the horizon. A coin­
ed name ''Down Time Managemenr tl (D'iM) has appeared 
recencly. !he goal oí D'IM is to plan shur-down time 
by predictiou of impeding vibration problema. 

!he machinery users will need more specially 
trained technicians and engineers dedic ted to vi ­
brarion relaced mainrenance work. Tbe ' personnel 
with proper machinery. computer and instrumenration 
backgrollllQ will be trained in vibrarion short cour­
ses and seminara which are becoming more available 
and popular . 
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VIBRATION IOENTIFlCATlON TABLE 

CoIuse Ampllludl Frcquenc)' Phn. Rcmark, 

UnbalanCl Proponionll! lo 
unbalanc•. 

Largut in · (¡¡dial 
direetlon 

1 xrpm Single referenee 
m¡¡rk 

Most commol1 eiluse 01 vibrallon 

Mlullsnment 
couplings or 
beltings and 
bent shaft 

Larga in nial 
direcllon 

50 % or more 01 
radial vibratíon 

1 x rpm usual 
2 &3 x rpm 

somellmes 

Single 
double 
or triple 

Best found by Ippearal1ce 01 lafge 
axial vibrilion. 

Use dial Indlcalors or olher 
mathod for positivl diagnosIs. 

If sleeve belring milchine and no 
couplin¡ misal ignment billllnce 
the rotor 

Bild bearin¡¡:s 
anll·lrlclio 
type 

Unsleady , usa 
velocity measurl· 
menl II pouible 

Very "ilh 
several time s rpm 

útillie Sudn, tesp~ns¡ble most likely 
the 0111 ntares! poln 01 largest 
hl¡¡:h·frequeney vibriliol1 

Eceen!r;!: 
Journal¡ 

Usually not larll 1 x rpm 5111¡18 mark 11 on gun lar¡est vibralion In !inl 
with gear cllnters. Ir on motor or 
¡enerator vibration disappurs 
when powe r is tumed 011. 11 en 
pump ot blower attemp! lo 
balance 

BiI~ ¡ears or 
gear noise 

Low • use veloclly 
measure if 
possibll 

Very hign I urallc 
¡ear teelh x fpm 

Mechanical 
'oo~neS5 

2x.rpm Two reference 
marks 

Slíghlly erratic 

Usually aceompanied by ul1bal· 
lIne. and/or mlsa li gnment 

Sad drive bells Erral,c or pulsing 1, 2, 3 & 4 x rpm 
01 bells 

One or two de · 
pendin¡ 011 freo 
quency. Usually 
unsteady 

Strob Ii¡ht best 1001 to freul 
faulty belt 

Eledric:.al Disappears when 
power Is turned off 

1 x rpm or 
1 or 2 x synehro· 
nous frequen¡;y 

Singla or rotatin¡ 
double mark 

Ir vibration amplitude drops 0/1 in· 
stantly when po ""e r 15 lurned 
off cause is efectric:.al 

Aerc.:lJ' namic 
hydraulic 
forres 

1 x rpm or l1umber 
of blade s en tan er 
impeller x rpm 

Rare as a cause 01 trouble except 
In cases 01 resonanee 

Reciprc:ating 
forces 

l. 2 & higher orders 
lO; rpm 

Inherenl il1 reciprocaling machil1!S 
c:.an enly be reduc;ed by d~sign 
changes or iselatiel1 

Vibra tinn Identifica tion TabIe (Ref.22) 

TabIe 1 
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Dars for a Fluid Film Bearing 
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