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FOREWORD

The book "Mechanical V ibration and Shock M easurem ents”  has long been 
a mainstay in Brüel & Kjæ r's series of books on the fundam entals of physical 
measurement and analysis. A lthough the basic theory is still valid, a great 
many developments have occurred since the book was last revised by Profes
sor Jens Trampe Broch in May 1972 , and it w as decided in 19 7 9  to bring 
the book fu lly  up-to-date, partly by a revision of existing m ateria l, and partly 
by adding new chapters w here relevant. It was decided to keep as closely as 
possible to Professor Trampe Broch's orig inal text, and he has had the oppor
tun ity  to approve the m odifications. Even so, it is probably as w e ll to make it 
clear how much of the present book is taken from  the orig ina l, and how 
much is completely new.

Chapter 2 was revised by Bob Randall, and follows the orig inal very 
closely. Some material has been added on d ig ita l frequency analysis, a field 
w hich has developed rapidly in the last few  years.

Chapter 3 was revised by Joëlle Courrech and also fo llow s the original 
quite closely. The discussion of non-linear systems has been expanded some
w hat, and in addition to the exact treatm ent of the vibration of continuous 
structures, as given by Professor Trampe Broch, a brief in troduction is given 
to two approximate methods w hich have increased in importance in recent 
years, viz. fin ite  element techniques and statistica l energy analysis.

The orig inal Chapter 4 has been split into tw o , both revised by John Has- 
sall. Chapter 4 covers that part of the original w h ich  considered the  effects of 
vibrations and shock on mechanical systems, w h ile  Chapter 5 discusses the 
quite d ifferent topic of the effects of vibration and shock on man (Human V i
bration). There have been included some new developments in both areas, for 
example a discussion of mean stress effects and acoustic fa tigue in Chapter
4, and more detailed inform ation on hand-arm vibration in Chapter 5, but o th 
erw ise these sections are based on the orig inals.

Chapter 6 on the selection of ins trum entation is completely new  and was 
w ritten  by David Redfern. Not only w ere very few  of the instrum ents de
scribed in the original book still available, but there has also been a consider



able expansion of the range of equipm ent available. The basic discussion of 
practical topics such as accelerometer mounting method and charge vs. vo l
tage pream plifiers is adapted from the orig inal.

Chapter 7 on the frequency analysis of shock and vibration is likew ise com
pletely new and was w ritten  by Bob Randall. Main emphasis is put on two 
topics which are considered to be cu rren tly  most relevant; on the one hand 
analogue serial analysis using battery-operated portable equipment, and on 
the other hand d igita l real-time analysis which has now  superseded analogue 
analysis in the laboratory.

Chapter 8 is a new  addition, a discussion of a rapidly developing area of ap
plication of vibration measurement and analysis, viz. machine health m on ito r
ing. It was w ritten  by Hans M æ rsk-M øller, and gives a guide to how the  op ti
mum economic benefit can be derived from the introduction of system atic 
a n d /o r permanent assessment of the vibration of operating machines.

Acoustic Emission, w hich is treated in Chapter 9, is not a mechanical v ibra
tion in the classical sense, but has been included here because of its 
connection w ith  Chapter 8 . It represents another non destructive testing tech
nique, although its application tends to be more in the  study of static stress 
s ituations, such as in pressure vessels, rather than rotating machines. 
Torben Licht, Hans Jørgen Rindorf and David Redfern all contributed to th is 
chapter.

Chapters 10 and 1 1 cover topics w h ich  were discussed in the original book, 
but the arrangement has been altered somewhat. Both chapters were 
adapted by Jonathan W ort and Philip Hollingbery. Chapter 10 discusses the 
use of electrodynamic shakers for the application of vibration and shock sig
nals to physical constructions both fo r endurance testing purposes, and also 
to measure the ir dynam ic properties. It covers basically the same topics as 
Sections 7.3 and 7 .4  of the original book on vibration and shock testing and 
also section 8.1 on mechanical impedance and mobility. Chapter 1 1 on balan
cing serves as an introduction to methods of vibration control. It has been 
adapted from the m ateria l of sections 4 .2  and 7.5 of the  original book, but in 
cludes discussions of both field balancing and special purpose balancing ma
chines.

Chapter 12 discusses the rem aining methods of shock and vibration con
tro l, viz, isolation and damping, treated in sections 7.1 and 7.2 of the o rig i
nal book. It has been adapted by John Hassall and fo llow s the original quite 
closely.

F inally, the appendices have been revised by Bob Randall or Joélle Cour- 
rech, depending on w h ich  section of the  main text they are related to. Appen
dix E on electronic integration has been expanded to include the integration



of impulses as w ell as continuous signals. The orig inal Appendices F and G 
have been dropped, the firs t (on lowest measurable v ibra tion levels) because 
th is  inform ation can best be found from the  product data of the much w ider 
range of equipment now available (if not adequately covered by Fig.6 .5) and 
the second (on the frequency analysis of impulses) because this top ic is 
covered in Chapter 7 and in more detail in the B & K book "Frequency A na ly 
s is".

It is perhaps w orth m entioning that the  subjects cross correlation, cross- 
spectral density and coherence (Section 8 .2  of the orig ina l book) have not 
been included because they are discussed in some deta il in the B & K book 
"Frequency A nalysis". L ikewise, the topic of dynamic stra in  has not been in 
cluded because it is covered in the B & K book "S tra in Measurements .

R.B. R andall
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1. INTRODUCTION

Mechanical vibrations and shock are dynamic phenomena, — i.e. the ir in
tensity varies w ith  tim e. Both the maximum in tensity, however, and the rate 
of change in in tensity w ith  tim e, spread over w ide measurement ranges and 
often require h ighly specialized equipm ent for the ir precise determ ination. 
Ground motions caused by fa r-o ff earthquakes (or explosions) may, for in
stance, be barely detectable w h ile  vibrations caused by large combustion en
gines can cause severe mechanical fatigue damage.

Although in most cases mechanical shocks and vibrations are undesired 
byproducts of otherw ise useful processes, and great efforts are spent to re
duce their effects, some vibrations are produced on purpose. Typical exam
ples are the v ibrations produced by conveying and screening m achines, me
chanical hammers, ultrasonic c leaning baths, etc., w h ile  desirable shock-ef- 
fects are built into riveting hammers and pile-drivers.

As the same methods of description and m easurement apply, in general, 
w hether the v ibrations or shocks being characterized are w anted or un
wanted, no clear distinction has been made th roughout th is book. The various 
chapters have been laid out w ith  a view mainly to describe measurement 
data and techniques necessary to characterize vibra tions and shocks and to 
evaluate their effects on a responding medium. For more comprehensive 
treatments of theoretical aspects the reader is referred to standard textbooks 
and to literature cited in the bibliography.

Chapter 2 reviews briefly the basic characteristics of mechanical vibrations 
and shocks and the various quantities used to characterize them. Section 2.1 
deals w ith periodic (discrete frequency) signals w h ile  section 2.2 extends the 
discussion to stationary random functions which m ust be described in terms 
of the ir statistical parameters. In both cases it is seen how description in 
terms of RMS (Root Mean Square) values can be advantageous because of 
the ir relation to the power content of the vibrations, and how the d istribution 
of power w ith frequency can be determined using the Fourier transform . Sec-
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tion 2.3 describes how the Fourier transform technique can also be appliecT 
to transient phenomena and shocks, although the  spectra are then in terms 
of energy rather than "pow e r". Finally, section 2 .4  introduces the concept 
of non-stationary data and gives some typical examples.

Chapter 3 deals w ith  the response of mechanical systems to v ibrations and 
shocks, starting w ith  a single-degree-of-freedom system and then extending 
the discussion to the  more general case. Firstly, in section 3.1 it is shown 
tha t for determ in istic excitation, the response of a system reduces in the fre 
quency domain to the  product of the  excitation spectrum and the  frequency 
response of the system, this corresponding in the  tim e domain to a convolu
tion  of the excitation signal w ith  the  impulse response of the system. The con
cept of resonance is introduced and tied to the num ber of degrees of freedom 
of the system.

In section 3 .2  there is a discussion of the various types of non-linearity 
and how they affect the simpler results obtained fo r linear systems. The most 
common case, of non-linearity in the spring e lem ent, is treated in most de
ta il. Section 3.3 discusses torsional vibration, dem onstrating the d irect analo
gies w ith  lateral vibration, w h ile  section 3.3 show s that the basic principles 
of section 3.1 also apply to stationary random signals, in that the power spec
trum  of a response can be obtained as the product of the input spectrum  w ith 
the  (squared am plitude of the) frequency response function .

Section 3.5 introduces another w ay of describing shock responses, the so- 
called shock response spectrum, w h ich  differs from  the Fourier spectrum in 
tha t it takes some account of the damping of the excited structure and also of 
the maximum response before the system has settled down. The connection 
between them is made clear in Appendix D.

Sections 3 .6, 3 .7  and 3.8 all discuss extensions of the basic principles to 
the continuous structures norm ally met w ith in practice. Section 3 .6  consid
ers the exact equations of motion fo r which exact solutions only exist for a 
num ber of idealised cases, e.g. sim ple bars, beams and plates. Section 3.7 
introduces Finite E lem ent techniques which a llow  numerical so lution of prac
tica l problems by modelling actual structures as assemblies of d iscrete ele
ments, while section 3 .8  briefly indicates that even greater s im plifications 
can be made in the  case where there  is a high m oda l density so tha t it is no 
longer necessary to determine the  individual modes but suffic ient to average 
over a number of them , and also to make spatial averages.

Chapter 4 describes some effects of vibration and shock on m echanical sys
tem s, in particular w ith  respect to  fatigue. It is show n how results on fatigue 
life  of metals, obtained w ith  sinusoidal excitation, can be extended to random 
excitation, but w arns at the same tim e that it may be more reliable in prac
tice to actually generate the data using random signals. A section is included
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on mean stress e ffects, since most structural e lem ents have to bear a steady 
load in addition to the dynamic one, and another section deals b rie fly  w ith 
the case of intense acoustic excitation which has been found to cause failure 
of aerospace and other structures. Section 4 .2  discusses briefly the damag
ing effects of shocks and transients, which may give sudden brittle  fa ilu re  as 
opposed to fatigue fa ilu re .

Chapter 5 sum m arises the most important effects of vibration and shock on 
man, ranging from  Kinetosis (m otion sickness) in the  fractional Hertz range, 
through Whole Body Vibration in the  range 1 — 8 0  Hz, and including Hand- 
arm  vibration in the  range 8— 1 0 0 0  Hz. Some crite ria  are included from  the 
relevant standards.

Chapter 6 is a detailed guide to the  proper selection of equipment fo r vibra
tion  and shock measurement and evaluation. A fter a brief introduction in sec
tion  6 .1, sections 6 .2  and 6.3 provide the necessary inform ation to a llow  the 
optim um  choice of accelerometer and pream plifier, now  widely accepted as 
being the best a ll-round vibration transducer, even where parameters other 
than acceleration are to be m easured. Sections 6 .4 , 6.5 and 6.6 cover the 
practical questions of calibration, choice of force and impedance transducers, 
and accelerometer mounting m ethod, respectively.

Section 6.7 discusses the choice of portable battery-operated instrum ents, 
including vibration meters, tunable filte rs, graphic recorders, tape recorders, 
transport shock or "bum p" recorders as well as stroboscopes and waveform 
analyzers. The tape recorder w ou ld  often be used fo r field recording of sig
nals which are to be analyzed in deta il on sophisticated mains-operated equip
ment as discussed in section 6 .8 . The possibilities include frequency analysis 
using either sweeping or sequential filte r analyzers and digital rea l-tim e  anal
yzers based on the  FFT (Fast Fourier Transform) or d ig ita l filte r princip les. Re
sults can be w ritte n  out graphically on an X-Y recorder, stored d ig ita lly  on a 
dig ita l cassette recorder for later processing or processed on a large scale us
ing a desktop ca lcu la tor or computer.

Chapter 7 gives specific in form ation on how to optim ise the frequency ana
lysis of vibration and shock signals, th is having already been shown to be the 
most important analysis technique. Section 7.1 gives an introduction to the 
mode of operation of typical analyzer systems, both analogue and d ig ita l, and 
to the choice of basic analysis param eters such as bandwidth and logarithm ic 
vs. linear scales. Section 7.2 deals w ith  the serial analysis of stationary sig
nals, concentrating on what is probably the most im portant rem aining applica
tion  area, viz., fie ld  analysis using portable battery-operated equipm ent. Sec
tion  7 .3 , on the other hand, discusses the use of real-tim e digital analyzers 
fo r the more detailed analysis of both stationary s ignals and shocks and tran
sients. Finally, section 7 .4  discusses the analysis of non-stationary signals by 
a moving tim e-w indow  approach, th is  being useful fo r treating non-stationari-
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ties such as changing speed (e.g. run-ups and run-downs) and w here  the sig
nal itself is made up of discrete impulses, as in reciprocating m achine vibra
tions.

Chapter 8 is a discussion of a rapidly growing area of application o f the pre
viously discussed measurement and analysis methods, viz., in machine  
health  monitoring. Here, the vibra tion signal is considered basically as a car
rier of inform ation as to the in terna l condition of an operating machine, but 
the way in which the system is set up can be decisive in whether the proce
dures yield results. This chapter concentrates on inform ation as to how to 
avoid the pitfalls w h ich  have prevented some people from realising the full 
potential of these procedures.

Chapter 9 covers a somewhat related topic, in tha t it represents another 
non-destructive evaluation technique, viz., Acoustic Emission. The basic d if
ference is that it usually provides inform ation on static stress conditions, 
such as in pressure vessels, as opposed to the condition of running machines 
discussed in Chapter 8 . Because acoustic emission is a relatively new  topic, 
for w hich specialised equipment has been designed, the chapter is se lf-con
tained, providing background in form ation, details o f transducers and instru
ments for signal conditioning and evaluation, and fin a lly  inform ation on areas 
of application, includ ing typical examples.

Chapter 10 discussed the use of electrodynamic shakers for the active gen
eration of vibration and shock for a variety of purposes. Section 10.1 covers 
vibration generation both for environm enta l testing  and for determ ination of 
the dynamic properties o f m ateria ls and structures. A fte r a discussion of the 
basic properties of exciters and the ir controls, the  relative m erits of s inu
soidal vs random excitation are discussed. Finally, the  basic concepts of m e
chanical impedance and m obility  measurement are introduced and typical sys
tem s for their measurement are show n. Section 1 0 .2  deals w ith  shock test
ing both using electrodynamic shakers and other means, and concludes w ith 
a fu rthe r discussion of the Bump Recorder introduced in Chapter 6 .

Chapter 1 1 is en titled  "Balancing of Rotating M ach ines" and serves as an 
introduction to methods of reducing vibrations. The concepts of static and dy
namic unbalance of rig id rotors are firs t introduced and the importance of the 
bearing supports b e in g '"h a rd "  or "s o ft"  made clear. A fter a presentation of 
relevant standards fo r the degree of acceptable residual unbalance, it is dis
cussed how the balancing can be achieved, either making use of specia lly de
signed universal ba lancing machines  w ith  associated electronics, or even us
ing portable equipm ent in s itu  (Field Balancing). In the  latter case the calcula
tions involved can now  be e ffic ien tly  performed by pre-programmed pocket 
calculators (at least fo r the rigid rotors so far assumed). The chapter ends 
w ith  a brief discussion of more d ifficu lt balancing tasks, viz., fine balancing,
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balancing of flexible rotors (running above the critica l speed) and m ultip le- 
span shafts, and crankshaft balancing fo r reciprocating machines.

The fina l chapter. Chapter 12, discusses the rem ain ing methods fo r redu
cing the transm ission of vibration and shocks, in cases where it is not possi
ble to elim inate them  at the source, and covers iso la tion, dynamic absorption, 
and damping.

The basic principle of vibration iso lation  consists in selecting a suitable 
spring mounting fo r the equipm ent so that the natura l frequency of the 
spring-mass system is appreciably less than the low est frequency to be iso
lated, assuring at the same time tha t the resonance w ill not be excited. W ith 
regard to shock iso la tion , also treated in section 1 2 . 1 , th is  is treated on the 
basis of the shock response spectrum  and it is found tha t sim ilar conditions 
apply. However, in th is  case the choice of proper dam ping is more im portant, 
as are the non-linear properties of the  mounts.

Section 12.2.1 discusses the application of dynamic absorbers w h ich  can 
be used to detune a resonance w here  there is one m ain excitation frequency. 
In combination w ith  appropriate dam ping, a dynamic absorber can also be de
signed to have a lim ited response over a wide frequency range (including the 
resonances) and s till attenuate at h igh frequencies.

Section 12 .2 .2  discusses the application of dam ping treatments in cases 
w here it is impossible to avoid exciting resonances because of the ir number 
and close spacing. A  guide is given as to the optim um  way to apply damping 
m aterial so as to obtain the best resu lts from a g iven amount of treatm ent, 
and fina lly  there is a discussion of the  various methods available for de term in
ing the damping properties of m ateria ls.

1.1 . GENERAL REFERENCES  

Books:

BISHOP, R E D. and 
JOHNSON, D.C.:

CREMER, L. and 
HECKL, M.:

Den HÅRTOG, J P :

Mechanics o f Vibration. Cambridge University Press, 
1979

Körperschall. Springer Verlag. Berlin /Heidelberg 
/N e w  York 1967. Also English version Structure- 
Borne Sound, 1 973

M echanical Vibrations. M cG raw -H ill Book Company, 
Inc. 1956

17



HARRIS, C M. and 
CREDE, C.E.:

JACOBSEN, L .S . and 
AYRE, R.S.:

MORROW, C.T.: 

MORSE, P.M.: 

SNOWDON, J.C.: 

TIMOSHENKO, S.: 

MEIROVITCH, L.:

Journals:

Acustica

AkusticheskH Zhurnat

Experimental
M echanics

J.A .S .A .

Jou rna l of Sound  
and Vibration

Jou rna l of the 
Acoustica l Society o f 
Japan

Shock and  Vibration Handbook. M cG raw -H ill Book 
Company, Inc. 1 976

Engineering Vibrations. M cG raw-H ill Book Company, 
Inc. 1958

Shock and  Vibration Engineering. John W iley and 
Sons, Inc. 1 963

Vibration and Sound. M cG raw -H ill Book Company, 
Inc 1948

Vibration and  Shock in D am ped M echanica l Systems. 
John W iley and Sons, Inc. 1 968

Vibration Problems in Engineering. John W iley and 
Son, 19 7 4

Elements o f Vibration Analysis. M cG raw -H ill Book 
Company, Inc. 1 975

Hirzel Verlag, Stuttgart

Published by the Academy of Science of the  U.S.S.R. 
Moscow. (Also translated and published by the  Am eri
can Institu te  of Physics as : Soviet Physics, Acous
tics)

Published by the Society of Experimental Stress Ana
lysis, U .S.A.

(Journal of the Acoustical Society of Am erica). Pu
blished by the American Institute of Physics, New 
York

Published by Academic Press, Inc. London

(Japanese) Published by the  Acoustical Society of Ja
pan, University of Tokyo, Tokyo

18



Kam pf dem Lärm

Lärmbekämpfung

Sound and Vibration

The Shock and  
Vibration Bulletin

The Shock and  
Vibration Digest

Noise Control 
Engineering

Published by Deutschen A rbeitsring für Lärmbekämp
fung, E.V. Düsseldorf

Verlag fü r angewandte W issenschaften GmbH. 
Baden-Baden

Published monthly by Acoustica l Publications, Inc., 
Ohio, U .S.A.

Published by The Shock and Vibration Information 
Center, Naval Research Laboratory, W ashington, 
D C.

Published by The Shock and Vibration Inform ation 
Center, Naval Research Laboratory, W ashington, 
DC.

Published by Ray W. Herrick Laboratories, Purdue 
University, W est Lafayette, IN. 47 9 0 7 , U .S.A.

19



2. CHARACTERISTICS OF VIBRATION AND SHOCK

2 .1 . PERIODIC V IB RA TIO N

Periodic vibration may be looked upon as an oscilla ting motion of a particle, 
or body, about a reference position, the motion repeating itself exactly after 
certain periods of tim e. The sim plest form of periodic vibration is the so- 
called harmonic m otion which w hen plotted as a function of tim e , is repre
sented by a sinusoidal curve, F ig .2 .1 . Here T is the  period of v ib ra tion , i.e. 
the tim e elapsed between two successive, exactly equal conditions of motion.

The frequency of the vibration is given by:

Turning to the magnitude of the vibration th is may be characterized by d if
fe ren t quantities, all of which have definite m athematical re lationships to 
each other as long as harm onic m otion  is considered.
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If the vibration has the fo rm  of a pure translational oscilla tion  along one 
axis (x) only, the instantaneous displacement of the particle (or body) from 
the reference position can be m athem atically described by means of the equa
tion:

x = Xpeak sin [2 n = Xpeak sin (2  n ft)  = Xpeak sin (cot) (2.2)

where

at = 2 n f  = angular frequency 

Xpeak = Maximum displacem ent from the  reference position 

t = time

As the velocity  of a moving particle (or body) is the tim e rate of change of 
the displacement, the motion can also be described in terms o f velocity (v):

dx
l/ = — = CD Xpegk cos [cat) = Vpeak COS (cot) =  1/peak sin (cot + n /2 )  (2.3)

dt

Finally, the acceleration (a) of the motion is the time rate o f change of the 
velocity:

a = —— — _ = — CO2 Xpeak s in  (cot) — —A p eak s in(cot)  = Apeak s in (co t+  n)
d t  a t 2

(2.4)

From the above equations it can be seen th a t the form and period of vibra
tion remain the same w hether it is the displacement, the ve locity or the accel
eration tha t is being studied. However, the velocity leads the  displacement by 
a phase angle of 90° (n /2 )  and the acceleration again leads the  velocity by a 
phase angle of 90° (n /2 ) .  As characterizing values for the  magnitude the 
peak values have been used, i.e. Xpeak ■ Vpeak and Apeak . The magnitude de
scription in term s of peak values is quite usefu l as long as pure harmonic v i
bration is considered because it applies d irectly  in the equations given above. 
If, on the other hand, more complex v ibrations are being studied other de
scriptive quantities may be preferred. One of the reasons fo r th is  is that the 
peak value describes the v ib ra tion  in terms o f a quantity w h ich  depends only 
upon an instantaneous v ib ra tion  magnitude regardless of the  tim e history 
producing it.

A fu rther descriptive quan tity , which does take the tim e h istory into ac
count, is the average absolute  value, defined as (see also F ig .2.2):
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Fig.2 .2 . Example o f a harm onic vibration signal w ith ind ica tion  of the peak, 
the RMS and the  average absolute value

Even though this quan tity  takes into account the tim e h istory of the v ib ra 
tion over one period [T) it has been found to be of lim ited practical interest. A 
much more useful descriptive quantity w h ich  also takes the  time history in to 
account, is the RMS (root mean square) value (Fig.2.2):

X rms = f / ~  I *x2( t )d t  (2 .5 )

The m ajor reason fo r the  importance o f the RMS-value as a descriptive 
quantity is its simple re la tionsh ip  to the pow er content of the  vibrations.

For a pure  harm onic m o tion  the re lationship between the  various values is: 

X r  m s  ~  2 ' \ / 2  veras e =  ^ y ~ 2 ^ P eak  

A more general form  of these relationships may be given by:

X  R M S  ~  Ff X / \  verag e — X p e a k  
'c

Y  Y  ( 2 ' 6 >c  — a RM S c  -  ' 'P e a k
or f v  ’ c v

A  Average A R M S

22



The factors Ff and Fc are called "fo rm -fa c to r" and "cres t-fac to r", respec
tively, and give some indication of the waveshape of the vibra tions being s tud 
ied.

For pure harmonic motion:

and Fc = \  2 = 1  .414  (= 3 dB)

Most of the vibrations encountered in daily life are not pure harmonic m o
tions even though many of them may be characterized as periodic. A typical 
non-harm onic periodic m otion is shown in F ig.2.3 (piston acceleration of a 
combustion engine). By determ ining the Peak, Average Absolute and RMS- 
value of th is  vibration as w e ll as the fo rm -factor and crest-factor a lot of use
fu l in form ation is obtained, and it can be clearly concluded tha t the motion is 
not harm onic. However, it w ill be practically impossible, on the basis of th is  
in form ation, to predict all the  various effects that the vibration might produce 
in connected structural e lem ents. Other methods of description must the re 
fore be used.

Fig.2 .3  Example o f a non-harm onic period ic motion (piston acceleration o f a 
combustion engine)

One of the most pow erfu l descriptive methods is the method of frequency
analysis. This is based on a mathematical theorem, firs t form ulated by FOU
RIER, w h ich  states that any periodic curve, no matter how  complex, may be 
looked upon as a com bination of a number of pure sinusoidal curves w ith ha r
monically related frequencies.

f( t )  = X 0 + X i sin (cut + $.,) + X 2 sin (2 cat + cp2)

+ X 3 sin  (3 cot + cp3) + .. .  + Xnsin (ncot + <pn) (2 .7 )
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Fig.2 .4 . Illustra tion  o f how  the waveform show n in Fig.2 .3  can be "broken  
u p " in to  a sum o f harm onically re la ted  sinewaves

The num ber of terms required may be in fin ite , but in tha t case as the num 
ber of elem ents in the series is increased it becomes an increasingly better 
approximation to the orig inal curve. The various elements constitu te  the vibra
tion frequency spectrum. In Fig.2 .4  the nonharmonic periodic motion of 
Fig.2.3 is redrawn together w ith  the tw o m ost important harm onic curves re 
presenting its frequency spectrum. A som ew hat more convenient method of 
representing th is  spectrum is shown in F ig .2 .5  b, w hile  F ig .2 .6 shows some 
fu rther examples of periodic tim e functions and their frequency spectra. A 
specific feature of periodic vibrations, w h ich  becomes clear by looking at 
Fig.2 .5  and 2 .6  is that th e ir spectra consist of discrete lines  w hen presented

I
f, (=— ) f2 *= ; H  Frequency, f

T, T2

b )  271261

Fig. 2 .5 . Illustra tion  o f h o w  the signal, Fig. 2 .3  can be described in terms o f a 
frequency spectrum
a) Description in  the tim e domain
b) Description in  the frequency dom ain

a)
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Fig. 2 .6 . Examples o f periodic s igna ls and their frequency spectra
a) D escriptions in the tim e domain
b) D escriptions in the frequency domain

in the so-called frequency domain (F igs.2 .5  b and 2 .6  b). This is in contrast 
to random vibrations w h ich  show continuous frequency spectra (section 2 .2 , 
Fig.2 .12 ).
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2 .2 . STA TIO NA RY R A N D O M  VIBRATION

Random vibrations are met rather frequently  in nature and may be charac
terized as vibratory processes in which the vibrating particles undergo irregu
lar motion cycles that never repeat them selves exactly, see F ig .2 .7 . To obtain 
a complete description of the vibrations, an in fin ite ly  long tim e  record is thus 
theoretica lly necessary. This is of course an impossible requirem ent, and f i 
nite tim e records would have to be used in practice. Even so, if the time re
cord becomes too long it w ill also become a very inconvenient means of de
scription and other methods have therefore been devised and are commonly 
used. These methods have the ir origin in sta tis tica l mechanics and comm uni
cation theory and involve concepts’ such as am plitude probability d istributions 
and probability densities, and continuous v ib ra tion  frequency spectra in terms 
of mean square spectral densities*.

Fig.2. 7. Example o f a random vibration signal

W ithou t going into too much mathematical detail the meaning of the above 
concepts should be briefly reviewed because of the ir importance in relation to 
practical vibration measurements.

The concept of probability is of a m athem atical origin and denotes the 
chance of a particular event happening. If the  event in question is absolutely 
certain to happen the probability of occurrence of the event is said to be 1 . 
On the other hand, if the event in question is certain not to happen the proba
bility of occurrence is said to  be 0. Thus probabilities are, in the  sense used 
here, positive real numbers between 1 and 0 .

* Mean square spectra l density is a lso often term ed "P o w e r Spectral D ens ity " (P.S.D.) because 
the mean square is a quantity p ropo rtiona l to  power.
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? A t n = A  t,  + A  t2 + A  t3 + A  t4

X

T

271262

Fig. 2 .8  Sketch illus tra ting  the concepts o f probab ility  and probab ility  density

In the study of continuous processes such as stationary* random vibra
tions it is often convenient to use the concept of probability density  instead of 
probability. Physically the probability density can be defined as the probability 
of finding instantaneous am plitude values w ith in  a certain am plitude interval, 
Ax, divided by the size of that interval (thus: density), see F ig.2 .8 . This 
means tha t w h ile  probabilities are d im ensionless quantities the probability 
density is a quantity having a certain d im ension.

M athem atically form ulated the probability density at some specified am pli
tude level, x, is:

Here p(x) designates the probability density w h ile  P(x) is the probability that 
any instantaneous am plitude value exceeds the  level x and P(x + Ax) is the 
probability of occurrence of instantaneous am plitude values exceeding the le
vel x+Ax. By plotting the value of p(x) for all values of x a probability density 
curve is obtained which has the feature tha t an integration of the curve from 
a value x) to a value x2 im mediately te lls the  probability of occurrence of in 
stantaneous amplitude values w ith in  the in terva l (x2 — X j), independent of 
the actual magnitude of x ? and x2 The presentation of experimental probabil
ity data in term s of probability density curves bears some advantages because 
it allows fo r a direct comparison of data between experiments (and between 
experimenters) independent of the w idth of th e  amplitude in te rva l, Ax, used in 
the experiment. Finally, theoretical probability data are com m only presented

Sta tionary random  v ibra tions are defined as random  v ib ra tions  whose s ta tis tic a l characteristics 
do not change w ith  tim e.

'O
( 2 .8 )
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in the form  of probability density curves and this method of presentation 
m ust therefore be considered the most generally acceptable one.

From the defin ition of probability density it follows tha t by integrating the 
probability density curve over all possible amplitude values the m agnitude of 
the integral w ill be 1 (because the probability of find ing a certain am plitude 
value w ith in  all possible amplitude values is 1). The practical procedure in 
volved in converting experim ental a n d /o r theoretical data in to probability den
sity data ensuring tha t the area under the probability density curve is 1 , is 
called normalization. The most com m only known normalized probability den
s ity  curve, the normal (Gaussian) curve, is shown in F ig.2 .9 .

Even though probability density data are very useful signal descriptions and 
give excellent inform ation on how, on the average, the instantaneous a m p li
tudes in a vibratory signal are d istributed, they give little  or no inform ation as 
to the tim e history or frequency content of the process being studied. To try  
and remedy th is, and to obtain fu rthe r descriptive data, statistical physicists 
introduced a function called the autocorre la tion function, This func tion  
describes (on the average) how a particu la r instantaneous amplitude value de
pends upon previously occurring instantaneous am plitude values in that ip(r) 
is defined as:

T

V '(t) = Hm 1-  \ 2' f ( t ) f ( t  + z )d t (2 .9 )
T-> co '  •

w here  f(t) is the magnitude of the v ibra tory process at an arbitrary instan t of

0.4

271263

Fig.2 .9. The norm alized Gaussian probability density curve
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tim e, t ,  and f ( t  +  t ) designates the m agnitude of the same process observed 
at a tim e , t , later, see F ig .2 .10.

Amplitude
fit)

f i t ,  + t )

f ( 'l> time

t! + r 269034

F ig.2. 10. Basic concepts involved in  deriv ing the autocorrelation function

In the  case of an "¡dea l”  stationary random process (w hite  noise) the au to 
corre lation function w ould consist o f an infin ite ly narrow  im pulse-function 
around zero ( t  = 0), see Fig.2.11 a), as in such a process each instantaneous 
am plitude value should be completely independent of a ll other instantaneous 
am plitude values.

However, in practice the autocorrelation functions associated w ith s ta tio n 
ary random vibrations cluster around 7  = 0, but are never " in fin ite ly  n a rro w " 
im pulse-functions, F ig .2 .1 1 b) and c). The reason for th is  spreading out of 
the curve around zero is that all practical random processes are frequency li
m ited, and the narrower the frequency lim its the more spread-out are the 
corresponding autocorrelation functions (because the rate at which a signal 
can change from its curren t value is much more lim ited).

From the autocorrelation function another, very im portant function in prac
tice, can be deduced, w hich has a certa in  resemblance to the Fourier fre 
quency spectra described in section 2.1 for periodic v ibrations. This function  
has been termed the mean square spectra l density func tion  (power spectral 
density function) and can be derived from  the autocorrelation function as fo l
lows: Assum ing that the integral of ifi(r)  from — oo to +oo is fin ite  (see 
Fig.2.1 1) one can w rite :

where f  is frequency.

From the theory of Fourier integrals it is furtherm ore known that ip (r) can 
also be found from the  above integral by inversion:

S ( f )  =  | y / ( r ) e - / 2nfx dz (2 . 10 )

( 2.1  1 )
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Fig. 2 .11 . Examples o f autocorre lation functions
a) Autocorre lation function  for an idea l stationary random  process 
conta in ing  frequencies from 0 to ® (constant spectral density)
b) A utocorre lation function  for a "p ra c tica l"  wide band stationary 
random  process
c) Autocorre lation function  for a na rrow  band sta tionary random  
process

The Fourier integral re lations between iJj(t) and S(f) are often called the 
W iener-Khinch in  relations and play a very im portant role in the  theory of 
random processes.

In physically realizable stationary processes one operates w ith  positive fre 
quencies only* and tp(r) = t//(— r) whereby the in tegral for iJj(t) becomes:

W{r) = 2 | ^  S ( / )  cos { 2 n fx )d f.0

or, if a function G(f) is defined so that

G ( f )  = 2 S ( f )  fo r f>  0

then (¡/(r) = G (f) cos (2  n fz ) d f  (2.12)

* Note tha t frequency can be in te rp re ted  as rate of change o f phase, in w hich  case the  concept of 
positive and negative frequencies is m ean ingfu l. A 2-s ided  frequency dom ain is useful ana ly ti
ca lly because o f sym m etry w ith  the  tim e  dom ain, but in p rac tica l m easurem ents it is most com 
mon to  com bine positive  and negative frequency c o n tr ib u tio n s  to  obtain a one-s ided power spec
tru m . For a more deta iled d iscussion see the  6  & K book "F requency A na lys is".
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To interpret the function G(f) consider the case w here  r  = 0:

T T

y/(o ) = Hm — | 2 + o )d t = lim  — I 2 f 2( t )d t
T-+aoT T )- 2

and V '(o) = | G ( f)d f
'o

T

thus Hm ~  I 2 T f 2(t) d t = I G ( f ) d f  (2 .13)
r^c c  T J-L  Jo

Both of these integrals are measures of the power involved in the  process, 
one in terms of the process tim e func tion , f(t), and the  other in term s of a fre 
quency function, G[f). Because of the squaring involved in the above time 
function  description, G(f) has been designated as the mean square spectral 
density function  (or power spectral density function).

Traditionally, power spectra have been measured using analog frequency 
analyzers whose mode of operation may be understood as follows:

An ideal analog frequency analyzer w ill allow  only that part of the  signal to 
be measured w h ich  has frequency components w ith in  a narrow frequency 
band, B, see F ig .2 .12 . Assum ing that no attenuation or am plifica tion  of 
these frequency components takes place in the analyzer the signal w h ich  is 
passed on to its indicating arrangem ent is:

T
i ',+ B /  f )  !

|o G (f ) d f =  G ( 0  d f = lim -  | \  fB ( t ) dt

Here fB (t) is the above-mentioned part of the complete signal, f(t), which 
has frequency components w ith in  B. If now B is made so small tha t G (f) can 
be considered constant w ith in  th is  frequency range then

\ ' +BG ( f ) d f =  G ( f)B

thus, in the lim iting  case when B —• 0, one obtains:

T

G (f)  = Hm hm 2 f  ( t)  d t (2.14)
B ^O  oo D ' '-L
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F ig.2 .12 . D eterm ination o f the m ean square spectra l density by m eans of 
idea! filte rs

This equation fo rm s the basis of most analog experim ental techniques used 
in the mean square spectral density analysis of random  signals, a lthough the 
actual bandwidth B used must of course be fin ite , in order that the  meas
urem ent time T does not need to be in fin ite . The resu lts (as a power spectral 
density) w ill only be valid, however, if B is su ffic ien tly  small that the above as
sum ption is valid, i.e. that G(f) is approximately constant w ith in  B. This w ill 
be the case for practical purposes if B is, say, less than 1 /3  of the w id th  of 
any peaks in the spectrum being measured.

A t one time, a d ig ita l alternative to analog analysis was based on the a l
ready-mentioned W iener-K hinch in  relationship. The autocorrelation function 
was firs t calculated d ig ita lly , and th is  then Fourier transform ed by d ig ita l eval
uation of the Fourier integral. It is only in the last fe w  years, however, that 
d ig ita l alternatives to analog analyzers have been competitive in the  sense 
tha t they could be incorporated as hardware in a portable standalone unit. 
One of the major factors here has been the increasing speed and m in ia turiza
tion of digital components in general, resulting in continua lly reducing costs 
fo r a given ca lcu la tion. Another m ajor factor has been the development of 
the so-called Fast Fourier Transform (FFT) a lgorithm  w hich has typ ica lly al
lowed savings of 100:1 in digital evaluation of the  Fourier integral. This has 
in fact meant that it is now quicker to  calculate the  autocorrelation function 
by inverse transform ation of the pow er spectrum, the latter being obtained by 
Fourier transform ing the time signal.
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The FFT procedure produces a constant bandwidth spectrum, but fo r con
stant percentage bandwidth (where the  filte r bandwidth is a constant percen
tage of its centre frequency) another d ig ita l analysis technique known as rec
ursive digital filte ring  is found to be better. The choice of appropriate analysis 
method is discussed in Chapter 7.

Before closing the discussion on methods used to describe and analyze ran
dom vibration phenomena some im portan t "p ractica l’ ' facts should be pointed 
out:

Returning to the equation (2.1 3)

it can be seen tha t the expression on the left hand side of this equation has a 
close resemblance to the square of the expression previously used to  define 
the RMS-value of a periodic vibration signal (Equation 2.5). This means that 
the description o f a complex s igna l in terms o f its  overall R M S-value is 
equally m eaningfu l w hether the s igna l has a periodic or a random character.

W hen it comes to spectral description, however, a periodic signal may well 
be described in term s of the R M S-values of its various components (its fre 
quency spectrum), w h ile  random v ibration signals are best described in term s 
of m ean square spectra l density functions. This is due to the fact tha t random 
signals produce continuous frequency spectra and the  RMS-value measured 
w ith in  a certain frequency band w ill therefore depend upon the w id th  of the 
band. The detailed measurement evaluation techniques w ill, in v iew  of the 
above, normally also d iffer, a fact w h ich  is more specially discussed in Chap
te r 7 of th is  book and in the B & K book "Frequency A na lys is".

2 .3 . TRA NSIEN T PHEN O M EN A  A N D  SHOCKS

Transient phenomena and m echanical shocks are, like random vibrations 
encountered re latively often in daily life . They may orig inate from such w idely 
d iffe ren t releases of energy as rough handling of equipm ent, explosions and 
supersonic motion. However, com m on for this type of energy release is its 
short duration and sudden occurrence.

A simple shock may be defined as a transmission o f kinetic energy to a sys
tem  which takes place in  a re lative ly short time com pared with the n a tu ra l pe 
riod  o f oscillation o f the system, w h ile  transient phenomena (also term ed  
complex shocks) may last for several periods of vibration of the system.

T
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Shocks and transien t vibrations may be described in terms of force, acceler
ation, velocity or displacement and for a com plete description it is necessary 
to obtain an exact tim e history record of the quan tity  in question.

In many cases the ultimate goal is not the waveform  itself, but rather a 
means to estim ate the effect tha t the corresponding shock or trans ien t vibra
tion  would have on a certain mechanical system. A  more useful method of de
scription m ight then again be found in the fo rm  of Fourier analysis. If the 
tim e function fo r a shock is f(t) then its Fourier transform  is given by:

F (f)  = I f ( t)e ~ '2n,td t  (2.15)
GO

The analogy between this expression and the mean square spectral density 
function of s ta tionary random vibrations (Equation (2.10)) is readily seen. 
There is, however, a very d is tinct difference in th a t the mean square spectral 
density function fo r stationary random vibrations is the Fourier transform  of 
an already tim e-averaged, even function, the autocorrelation func tion , w ith 
the dimensions of amplitude squared. In the above Fourier in tegral for tran
sient or shock functions the function  f(t) itse lf m ust be tim e-lim ited  and has 
the  dimensions of amplitude only. Because it in general is not an even func
tion , its Fourier transform  w ill be complex, but it is found that the  square of 
the  amplitude of the  Fourier transform  at each frequency gives a measure of 
the energy d is tribu tion  of the transien t.

It may be useful to see how th is  difference in dimensions influences the 
units in a particu la r case. Assum ing that signal amplitude is expressed in 
volts (V), then the  autocorrelation function for a stationary random signal 
w ould have un its  of volts squared (V2 ) or pow er. The Fourier transform  of 
th is  has the un its  V 2 s, or V2 / Hz, i.e. power per unit frequency or power 
spectral density. A  shock or trans ien t function, however, has un its  of Volts 
and its Fourier transform  (amplitude) units of Volt-seconds (Vs). The ampli
tude squared th u s  has units V 2 s 2 or V2s/H z, i.e . energy per un it frequency 
or energy spectra l density. A trans ien t of course has fin ite  energy w hen inte
grated over all tim e , w hile a sta tionary random signal would have in fin ite  en
ergy, though fin ite  power.

Most analyzers assume a signal is continuous and give a result in terms of 
power per analysis bandwidth. The conversion of th is  to the correct units is 
discussed in Chapter 7 and in more detail in the B & K book "Frequency Ana
lys is".

In Fig.2 .13  various shock tim e functions and the  amplitudes of the ir Fou
rie r spectra are g iven. It is seen from  the figure tha t in general a shock pulse 
contains energy spread over all frequencies from  zero to infin ity, and that the 
spectra are continuous w ith no discrete frequency components.
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Fig.2 .1 3 . Example o f shock time functions and th e ir Fourier transform s (am
plitude spectra)
a) A rectangular shock pu lse
b) A fin a l peak sawtooth shock pulse
c) A ha lf-s ine  shock pulse

In the expressions for F(f) given in the figure all the  expressions w ith in  the 
parallel brackets approach unity as f  goes to zero, so tha t at very low  frequen
cies the magnitude of the spectrum component is equal to the area (am pli
tude-tim e integral) of the shock pu lse, irrespective of the pulse shape. This 
fundam ental re lationship is of considerable practical importance, fo r example 
in shock testing. It means that so long as the shock pulse is short compared 
w ith  the natural period of the m echanical system on w hich its acts, the  sever
ity of the shock is determined by the  area of the shock pulse alone (see also 
F ig.3 .1 3  b II).
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In the case of transient phenomena the s itua tion  is som ewhat different. 
Such phenomena, in the sense used in th is book, may consist e ither of a 
single period ''shock-w ave '', or of an oscillating transient. The Fourier spec
trum  function of a typical oscilla ting transient is shown in F ig .2 .1 4  and it is 
seen that the magnitude of the  spectrum com ponents in th is  special case 
tends towards zero as the frequency f  goes to zero. Also, a m axim um  magni
tude of the spectrum  is reached around f0 w h ich  corresponds rough ly to the 
frequency of oscilla tion  of the trans ien t. This m axim um  is broader the quicker 
the  transient phenomenon ceases.

tion

If the tra n s ie n t" does not cease at all, i.e. w hen  the "tra n s ie n t"  is no 
longer a transient but a periodic phenomenon (in th is  case a harm onic vibra
tion), the frequency spectrum degenerates into a discrete spectral line (in fin
ite ly narrow m axim um  at f0).

2 .4 . N O N -STA TIO N A R Y R A N D O M  VIBRATION

Theoretically all kinds of random vibrations encountered in practice are non- 
stationary because the ir statistical properties vary w ith  time. However, from 
an engineering po in t of view th is  variation in s ta tis tica l properties may be so 
slow, or of such a character, that many of the phenomena studied can be con
sidered stationary in a practical sense.

Non-stat/onary random  vibrations may therefore, in  practice, be defined as 
random  vibrations whose sta tis tica l properties vary w ith  time w ith in  time in 
tervals considered essentia l for th e ir  proper description. To analyze and de
scribe such vibra tion data it is thus necessary to take the ir variation in statisti
cal properties w ith  tim e  into account. A typical example of seriously non-sta-
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tionary random vibrations is the vibrations induced in space vehicles during 
launch and re-entry.

To theoretically analyze non-stationary random vibrations properly it is ne
cessary to introduce the  concept of ensemble averaging. An ensemble aver
age is an average taken over a large num ber (an ensemble) of repeated exper
iments, see Fig.2 .15 . As can be seen from  the figure an ensemble average 
can be taken at any particu lar instant of tim e t j , t2 , t3 e tc., and when the av
erage values are plotted against tim e a more or less com plete description of 
the vibration is obtained. There are, on the other hand, several reasons w hy 
th is method of description is not very useful in practice. Firstly, it requires 
that the non-stationary process can be repeated a very large num ber of 
times. In the case of space vehicle launch and re-entry for instance th is  is 
not possible due to the cost of such experiments. Secondly, the am ount of 
data necessary for a thorough description is so large th a t the ir proper m eas
urem ent w ill pose serious problems.

It is therefore norm ally necessary to seek other methods of description, and 
in general some sort o f tim e averaging is used. There are, however, certa in  l i
m itations imposed upon th is  kind of tim e  averaging in tha t the response and 
averaging time of the measurement equipm ent employed should preferably

Fig.2 .15 . Illus tra tion  o f an ensemble o f random functions
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be small relative to im portant tim e trends in the non-stationary data. This 
again may lead to  considerable statistical uncerta inties in the measurements.

F ig.2.16 illustra tes some basic and im portant types of non-stationary ran
dom vibrations.

Fig. 2 .16. Examples o f some basic types o f nonstationary random  vibrations
a) Time-varying m ean value
b) Time-varying m ean square value
c) Time-varying m ean and mean square value
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3. RESPONSE OF MECHANICAL SYSTEMS TO 
VIBRATIONS AND SHOCKS

3 .1 . RESPONSE OF LINEAR M EC H A N IC A L SYSTEMS  
TO VIB R A TIO N S. RESO NANCE

The motion of a mechanical system subjected to external forces is com
monly termed the response o f the system to the particular forces in question. 
S im ilarly, the external forces acting upon the  system are term ed the exciting 
forces, or s im ply the excitation. These term s are general and have to be speci
fied closer w hen the behaviour of a particular system is being investigated.

To aid such specifications it is normally necessary to construct a somewhat 
simplified mechanical model and, on the basis of the model, to form ulate the 
equations of motion for the system. This model can then be used as a basis 
for a fu rthe r analysis.

F ig.3 .1. M odels o f a single degree-of-freedom system
a) System in  free vibrations
b) System in forced vibrations

One of the simplest models of a vibrating system is shown in Fig.3 .1 .a), 
and consists of a mass, a spring and a damper. If the system behaves linearly
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(and tim e-invariant) the  equation of free  motion of the mass is (no external 
force applied):

(3 .1 )

This system is called a single degree-of-freedom system  in that it consists 
of one mass only, w h ich  moves along one  axis only and its motion can thus 
be described by a single  second order d iffe ren tia l equation.

By applying an external force f[t) to the system as indicated in Fig.3.1 b) 
the equation of motion becomes:

The solution of th is equation gives d irectly  the displacem ent response, x(t), 
of the mass, m, produced by the excita tion, f(t). O ther response quantities 
such as the velocity response  or the acceleration response can be found from  
the w e ll known re lationships between the  displacement, velocity and acce ler
ation (see also Appendix B):

where v[t) = velocity and a(t) = acceleration of the mass, m, F ig.3.1 .b).

The force f{t), can have any dependency on time, and as long as the m otion 
of the mass can be described by a linear differential equation of the type 
given above, it is, in princip le, possible to obtain exact solutions for x(t), v (t) 
and a{t). A very pow erfu l tool in obtaining the required solutions is the super
position principle, w h ich  is applicable to linear d ifferentia l equations. It states 
that the effect of s im ultaneously super-im posed actions is equal to the sum  
of the effects of each ind iv idua l action.

Utilization of th is princ ip le  can be made for instance by considering the 
function f ( t ) as consisting of an in fin ite  number of im pulses, each w ith  an in 
fin ites im al w idth, A t , and a height f( r )  and superimposing the responses pro
duced by the action of each of these im pulses, see Fig.3 .2 .

M athem atically th is  application of the  superposition principle can be w r it 
ten:

(3 .2)

(3.3)
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where h(t — r) is the response of the system (F ig .3.1), at the tim e t to a unit 
impulse excitation acting at tim e  t . A unit im pulse excitation is characterized 
by a force w h ich  is zero except at t  = r  w here  it is in fin ite  and encloses unit 
area:

Hm I 6 {x )d x  = 1
e—>0 J -e

This is the exact response x (t) to an excitation f(t). This superposition in te
gral is called a convolution. The function f  is said to be convolved w ith h  to 
produce x. The operation is commutative and by changing the  variable we 
have the equivalent form

* ( 0 = | f h { T ) f ( t - T ) d T  (3.4)
«• — oo

where j  = f -  z

Note that in th is  case the so lu tion  is built up from  a superposition of free vi
bration solutions.

Another method of utilizing the  superposition principle is to determ ine the 
Fourier transform  F(f) of f(t) and study the response of the system to each Fou
rier component separately. The impulse response function h(t — r) defined

42



above, then transform s into a complex frequency response function, H (f), and 
x(t) is obtained in term s of its Fourier transfo rm , X(f):

X  ( f )  = ( x ( t )e ~ /2nf'd t  = I e~l2n,td t\  f ( r ) h ( t - r ) d r
J - 00 ‘ 00 * 00

= i "  dt  f  h { t -  T)e~J2nhf( T ) d x
» -  0 0  J — GO

By setting t  — t  = f  and expanding the  regions of integration rem embering 
that h { t  —  t ) = 0 w hen T > t ,  X(f) can be w ritten:

X ( f )  =  1’ °° d x T  e - '2 n f ih (Z )e -<2nf' f ( T ) d Z
J -  00 J -  00

= I h(£,)e~i2 n f id£  I 00 f { i ) e ~ i 2l t,Td i
J — 00 J - 00

Thus: X ( f )  = H ( f ) F ( f )  (3.5)

The Fourier transform  of the response is the product of the Fourier tra n s 
form  of the  excitation and the frequency response func tion .

Note tha t in th is case the solution is built up from  a superposition of 
steady state responses to simple harm onic excitations.

The complex frequency response function  H(f) of the  system show n in 
Fig 3 1 is found sim ply by solving the equation of m otion for an arb itrary Fou
rier component, F0 e i2n ,t:

m d2 l + c —  + kx  = F0 e,2nft (3.6)
d t2 dt

A t th is  point the physical meaning o f the complex frequency response fu n c
tion should be stated. A  complex frequency response function means a re
sponse w h ich  gives inform ation on b o th  the absolute value of the response  
quantity  and the phase lag between th e  response and the  excitation. The gen
eral so lution to the above equation is:

X( f )  = H { f)F 0 e '2n,t (3.7)

Here h (Ç ] = ---------—  (3-8)

\ f j  Q f0
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f0 =  J -  t/Z  the resonant frequency  of the mechanical system and
2 n  I m

Q = ^  Vkm is a measure of the system 's damping. Q is normally called the qu
a lity  factor of the  system and the  larger the value of Q the sm alle r is the 
damping. For a completely undamped system Q = co while fo r a critically 
damped system Q = 1/2.  An approximate m easure of Q is obtained in prac
tice by m easuring the w idth of the  response curve, \H(f)\, at th e  half power 
points, see Fig.3 .3 .

Fig.3 .3 . Example o f a resonance curve w ith  indication of the h a lf power 

points  [ | H ( f ) \  = V 1 / 2 \ H ( f 0) |2 = 0 ,7 0 7 \H ( fo) \̂

The half power points are the points on the curve where.

\ H { f )\2 = ! 2 \H( f 0) \ 2

If th is w idth is A f  then

The frequency difference between the ha lf-pow er points is often referred to 
as the bandw idth  of the system.



For Q-values larger than  5, the error inherent in the  approximation is 
smaller than some 3% (actually, even w hen  Q is as low  as 2 the error is of 
the order of 10%), see also Fig.3.4. Because of its d irect relationship to the 
damping, the factor Q has become a very important quan tity  in the descrip
tion of single degree-of-freedom linear systems.

Q

Fig. 3.4.  Examples o f complex frequency response functions
a) Modulus (absolute value o f the response)
b) Phase lag between response and excitation corresponding to a)

The phase lag between the response and the excitation is given by the  ex
pression:

7
<p = tan~ (3 .10)

and th is  function is p lotted in Fig.3 .4 .b) fo r various values of Q.

A num ber of in teresting facts can be seen from these curves.

F irs tly , in the case of no damping (Q = a>) the response and the excitation 
are in  phase (<// = 0) be low  resonance, w h ile  above resonance they are 180° 
out of phase. Because Q = °o the change in phase takes place in the form  of a 
d iscontinuous jump.

Secondly, when Q =£ » ,  i.e. dam ping is introduced in the system, the 
change in phase between response and excitation tends to take place gradu
ally, and the larger the  damping (the smaller Q) the  slower is the phase 
change w ith  frequency around resonance.
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Thirdly, independent of the magnitude of the damping, the  phase lag be
tween the response and the  excitation at resonance  is 90°.

If the system being studied consists of several masses interconnected w ith  
spring and damper elements the approximate measure of Q stated above can
not be utilized unless the coupling between the different masses is so small 
that a unidirectional motion of one mass does not influence the  motion of 
any of the others (or vice versa). In general, however, some coupling always 
exists, even though it m ight under certain circumstances be neglected in prac
tice.

Systems in w hich a single mass moves in more than one d irection or sys
tems w hich consist of several, elastically interconnected masses, are com
monly termed m ulti-degree-of-freedom  systems. A linear multi-degree-of-free- 
dorh system can be m athem atically described by a set of coupled second-or- 
der linear d iffe ren tia l equations and when the frequency response curve of 
the system is plotted it w ill norm ally show one resonance "p e a k " per degree- 
of-freedom. Thus a two degree-of-freedom  system shows tw o  resonance 
peaks, a three degree-of-freedom  system show s three  resonance peaks, etc., 
see Fig.3 .5 .

1X°
Frequency

Fig. 3 .5. Example o f a m u lti degree-of-freedom system (three degrees-of-free- 
dom) and its frequency response function

3 .2 . SOME RESPONSE PROPERTIES OF N O N -LIN EA R  SYSTEM S

In the previous section some important response characteristics of linear 
systems have been discussed, in particular the ir so-called frequency 
response functions. These functions can be derived m athem atically from the 
linear d ifferentia l equation of motion for the system. In the case of a single 
degree of freedom system th is  equation was given as
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where m, c and k were considered constants, independent of x and t. This re
quirem ent is not always fu lfilled  in practice and the above equation may take 
the form:

F{x) = displacement dependent "s tiffn e ss " term

f(t) = forcing function  (see Fig.3.1 ).

Because this d iffe ren tia l equation is  no longer linea r the principle o f super
position cannot be applied  and the derivations outlined in section 3.1 are 
therefore no longer valid. In p rinc ip le  each particu lar non-linear vibration 
problem has to be solved on its ow n . However, certa in general properties 
w hich are of considerable practical interest may be discussed w ith o u t actu
ally solving the equation.

Consider fo r instance the case w here only the "S tiffness”  -term  is non
linear. The motion of the mass m  is then governed by the  equation.

The term kx has been substituted by F(x) because the stiffness k w h ich  was 
constant in the linear equation depends now upon the  vibration am plitude x. 
Several possible form s of F(x) are sketched in F ig .3 .6 . In Figs.3 .6 .b, e and 
f, the system is said to possess a stiffening or hardening spring, w h ile  in 
F ig.3 .6 .c and d the system is said to  possess a softening spring.

If the system has no excitation f ( t ) and no damping term, the undamped 
free vibration is governed by the equation.

(3 .11)

where

m  = mass of the vibrating system

HxP (~ )  = velocity dependent "dam p ing" term
dt

m ~ ^  + c ^ -  + F{x)  = f { t )  
d t 2 dt

(3.12)

(3.13)
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F ig .3 .6 . Force vs displacement characteristics fo r some sym m etrical spring ar
rangem ents:
a) L inear
b) L inear p lus  cubic (Duffing)
c) S inuso id  (pendulum)
d) P retensioned springs
e) Clearance
f) Asym ptotic elasticity

The free oscilla tion is not sinusoidal unless F(x) is linear. In the linear case 
the period and the  shape of the oscillation are independent of the amplitude, 
but in the non-linear case both the  period and the  form  of the oscilla tion vary 
w ith  the amplitude.

The am plitude-period relation can be obtained by integrating Equation 
(3.1 3), by w riting

then v —— + F(x)  = 0
dx

and one can integrate from the position of peak am plitude x = a w here  v = 0 
to the general position x where

dx
dt
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—  + F{ x ) dx  = O
^  Ja

If one introduces the potential energy of the force F(x)

U ( x )  = F(Ç)dÇ  (3.14)

dx
then = v = \ / 2 [ U { a )  ~ U ( x ) ]

dt

Because of the  symmetry the  period of oscilla tion t  is four tim es the time 
interval required to move from  x = 0 to x = a

i ' d

t  (a) = 4 — —  (3.15)
Jo V 2 [ U ( a ) - U ( x ) ]

The re la tionsh ip  between amplitude and natura l frequencyi^, = 1 / t ) for the 
six types of non-linear springs from Fig.3 .6  are shown in F ig.3 .7 . Note that 
the frequency of a stiffening system increases w ith  amplitude w h ile  for a sof
tening system it decreases.

Fig.3. 7. A m plitude versus na tu ra l frequency fo r undamped free vibrations o f 
system s w ith the sp ring  characteristics shown in Fig. 3 .6
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W hen light damping and periodic excitation are added to the system, the 
steady-state response is generally periodic, w ith  the same period as the exci
ta tion unless there is subharmonic resonance, as discussed later. The wave 
shape of the response oscillation is in general different from  that of the exci
ta tion  and also d ifferent from  the free vibration wave shapes. Moreover, the 
response waveshape changes w ith the level of the excitation.

For fixed excitation amplitude and ligh t damping, the response curves have 
the form s shown in F igs.3 .8 and 3 .9 . They are like the corresponding curves 
for linear systems but the "backbones”  of the resonant peaks are the n o n -lin 
ear free vibration am plitude-frequency re lations shown in F ig.3.7.

I A  i A ,

1

AÆ11 /Âv// iVV
L.  -------- - f ^  i - f

Fig. 3 .8 . Typical resonance curves fo r various levels o f excitation for:
a) A hardening spring type resonant system
b) A linear resonant system
c) A so ften ing  spring type resonant system

263382

Fig. 3 .9 . Theoretical frequency response curve for a hardening spring type res 
onant system. The hatched areas indicate the reg ion o f instab ility
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We can see in the example show n in Fig.3 .9  tha t there is a hysteresis  e f
fect on the steady-state response. The segment between points 2 and 3 is un
stable. If the excitation frequency is slowly increased from zero, the quasi
steady response amplitude fo llow s the curve in F ig.3 .9  from 1 to 2 and 
jum ps w ith  an irregular trans ien t to point 4. Now when the excitation fre 
quency is s low ly decreased, the re  is a sudden jum p in steady-state response 
from  3 to 1. So in conclusion, the  location of the peak response fo r a slowly 
sweeping input frequency is not the  same for an upward sweep as it is for a 
downward sweep.

The response curve in Fig.3 .9  has been fo r a fixed value of the  damping 
parameter c and fo r fixed excitation amplitude. The effect of a decreasing 
damping is to extend the resonant peak fu rthe r up the free vibra tion back
bone w hile the effect of increasing the excitation amplitude is, as shown in 
F ig.3 .8 , to increase the response at all frequencies in a non-linear and non- 
uniform  manner The calculations of response curves is not s im ple and ef
forts have been made to devise approximate methods. Actual curves obtained 
from analog model studies are show n in Fig.3.1 0.

Fig. 3.10.  Frequency response curves for a hardening spring type resonant 
system. The curves w ere measured fo r various levels o f excitation 
of an analog model system

A property of non-linear systems is that they d istort the wave-shape of the 
response signal, i.e. even if the  force driving the system is purely sinusoidal 
the wave shape of the response w ill not be sinusoidal (See Appendix C). Nor
mally the response wave-shape w ill contain a number of frequency compo
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nents harm onically related to the frequency of the driving force. This can be 
confirm ed m athem atically, for instance, by approxim ating the solution to the 
non-linear d ifferentia l equation by means of a series expansion, and experi
m enta lly by analyzing the response wave shape by means of a frequency an
alyzer.

Under certain circumstances (very low  damping) a very special pheno
menon occurs in non-linear resonant systems of the  type described above. 
This is the phenomenon of subharm onics. A subharm onic is a response vibra
tion occurring at 1 /2 ,  1 /3 ,  1 /4 ,  1 /5  etc. of the frequency of the driving 
force. An intuitive explanation fo r the occurrence of subharmonics may be 
given in that the driv ing  force supplies energy to one of the harmonics of the 
non-linear system and when energy is supplied it w ill start to oscillate. The 
higher harmonic then pulls all the other harmonics w ith  it, as the specifically 
excited harmonic is an integral part of the whole m otion.

W h ile  the occurrence of subharm onics in practice is relatively rare, "o rd i
nary" harmonics (sometimes called superharm onics) are present to a greater 
or lesser extent in all non-linear system s. Even if th e ir amplitude values are 
rather small they may play an im portant role when the  vibration of complex 
(m ulti-degree-of-freedom ) mechanical systems is considered. An example 
readily illustrates th is  statement:

Consider for instance the case w here  a non-linear spring elem ent in a 
m ulti-degree-of-freedom  system produces a th ird  harm onic of the order of 
1%. If the frequency of th is harm onic by chance coincides w ith the resonant 
frequency of another resonance in the system w hich  happens to have a re
sonance am plification factor Q = 100  th is specific resonance w ill respond 
w ith  the same am plitude as the actually excited frequency even though its fre 
quency did not exist in the wave-shape of the driving force!

Another important case*, that w ill not be explained in detail is w hen the 
non-linearity  is velocity-dependent only, i.e. the equation of motion fo r the 
system can be w ritten :

A som ewhat d ifferent situation then exists.

In th is  case also the  production of harmonics varies w ith  frequency and ex
cita tion level, but the resonant frequency itself rem ains practically constant.

* The case of non -linea r masses in resona ting  systems has, to  the  author's  know ledge, not
seem ed to be of any g rea t interest in p ractice and is therefore not trea ted  in th is  text.

(3 .16)
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A special case occurs w hen the damping is negative, in that in th is  case the 
system oscilla tes. Examples of systems w here  these kinds of selfsustained os
cillations may take place are the flu tte r of aeroplane w ings, oscillations in 
electrical transm ission lines due to the action of the w ind and some cases of 
Coulomb fr ic tio n , e.g. hysteresis w h irl in machine rotors. One of the  most dis
astrous cases of damage caused by self-susta ined oscillations is the fa ilure of 
the Tacoma Bridge in 1 940 .

3 .3 . ROTATIO NAL A N D  TO R SIO N AL V IB R A TIO N S

In the previous sections of th is Chapter the vibration responses considered 
have been of the so-called transla tiona l type i.e. the vibrating masses have 
been oscilla ting rectilinearly along one (or more) axis only.

Another type of motion occurs when a body is forced to vibrate around one 
or more axes, such as is often the case for instance in rotating machinery or 
unsym m etrically loaded machine foundations. The simplest form  of rotational 
vibrations may be that of torsional vibra tions in a shaft, see F ig .3.1 1 a). As
suming tha t the  inertia of the  shaft itse lf is neglig ib le compared w ith  the iner
tia of the mass, m, and tha t the elastic behaviour of the mass can be neg
lected in comparison w ith  the torsional e lastic ity of the shaft, the  equation of
free rotational motion fo r the  system can be w ritten :

I ~  + c ' ~  + l ' ,(P = °  (3.1 7)
d t2 d t

Here I  is the  moment of inertia of the mass around its center of rotation, 
i.e. (around the  shaft), 0 is the angle of m otion, c ' is a damping constant and 
k ‘ is the angular stiffness of the shaft, w h ich  depends upon the  modulus of 
elasticity in shear and on the  physical shaft configuration.

It can be seen that the d ifferentia l equation governing the angular motion 
of the mass in Fig .3.1 1 .a) has a completely analogous form to tha t governing 
rectilinear m otion and w h ich  was given in Equation (3.1). This means that ex
actly the same mathematical treatm ent as discussed in section 3.1 can be ap
plied to the rotational vibrations of the  kind described above. The only d iffe r
ences are th a t the mass in section 3.1 must be substituted by the  moment of 
inertia, and the  (rectilinear) displacement, x, by the angle 0 . If external forces 
are applied to the system the ir effects on the rotational motion are measured 
by the Torque, M , that they produce, F ig .3.11 .b). The corresponding equation 
of motion is:

+ c ' ^  +k'<p = M  = F r  (3.18)
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a) b)
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Fig. 3. 1 7. Examples o f torsional vibration
a) Free vibration
b) Forced vibration

Thus, rotational m otions are governed by torque equations, w hile re c t ili
near m otions are governed by force equations.

A second example of rotational m otion is, as m entioned above, tha t of an 
unsym m etrically loaded foundation. This case is illustra ted in Fig.3.1 2, and 
plays an important role in the vibration and shock isolation of machines and 
equipm ent.

Fig.3 .1 2 . M odel o f an unsym m etrica lly loaded foundation, and the corre
sponding equations o f motion
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3.4 . RESPONSE OF M EC HA NICA L SYSTEM S TO STATIO NARY  
R A N D O M  VIB R A TIO N S

In section 3.1 it was shown that the response of any linear system to a pre
scribed excitation can be determined from  a knowledge of the system's im 
pulse response function  or its complex frequency response function. If now 
the excitation consists of a Gaussian random process characterized by means 
of its auto correlation function (or, w ha t may be more comm on in practice, by 
means of its mean square spectral density function) w h a t would the re la tion 
ship between the excitation and the response then be?

S tarting w ith  the auto-correlation function  representation of the response 
th is can be form ulated in terms of the system 's impulse response function:

( ( t ) x ( t  + r)  = i  f ( t -  T i ) h ( T , ) dT ,  ( f ( t  + t -  r 2) h ( r 2) d r 2
J — an J — 00

f { t -  t , ) f ( t  +  T -  T 2 ) h ( T i ) h ( T 2 ) d î i d r 2

(The form ulation of the impulse response function is here slightly d iffe ren t 
from  the one utilized previously. However, by studying Fig.3.2 and the  con
nected mathematics it is easily seen tha t the two form ulations are equiva
lent). As the auto-corre lation function is by defin ition (Eqn. 2.9):

-  I j  x( t)x( t  + t) dt 
' ~ 2

Urn 1

r J - i
f ( t  -  T i ) f ( t  + r -  r 2) h ( T : ) h ( r 2)dT dt

then

Vx ( t )  = y/f ( t +  t ,  -  T2)h( r - l ) h ( T2) d x : d r g (3 .19)

w h ich  can be seen by setting f ( t  + t  -  r 2) -  f ( t  -  r ,  + t -  t2 + t ,)
w here  r  — t 2 +  t  1 represents tim e lag in the m ultip lica tion  process used to
obtain the auto-corre lation function fo r the excitation.

The response mean square spectral density function  is found by taking the 
Fourier transform  of <//x( r):

,-ao
Sx(f)  = I i/,x (T )e - '2nfzdT (3 .20)

J — nr
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or what  is the same:

and inserting the formula given above for i/j x(t) in to this expression:

S x (f)  =  \ \ X  h( T , ) e >2 x h ' d x A X h ^ e - i ^ d x ^ S , { f )
J-O C  J -  oc J

as Sf( f )  = r  m i x  + T, -  T2 ) e i 2 K n T * x ' - ^ d x
J -  00

thus: Sx(f) = H *  ( f )  H  (f) Sf ( f )  = | / y ( / ) | 2 ^ ( 0 (3 21)

where H*(f)  is the complex conjugate of H(f). This result is one o f the most im 
portant ones in the theory of random processes and states tha t the  response 
mean square spectra l density o f a linear system at any frequency is equal to 
the excitation mean square spectra l density tim es the squared m odulus o f the 
complex frequency response func tion  at that frequency. That a re lationship of 
th is  kind was to be expected is also in tu itive ly  fe lt by considering the mean
ing of the mean square spectral density function  and the re la tionsh ip  found 
in section 3.1 between the excitation and the response in term s of the com
plex frequency response function H(f).

The response mean square spectral density function  may, from  a measure
ment point of v iew , be considered either as a frequency spectrum  or as a sys
tem response function  depending upon the problem at hand.

If the system being considered is non-linear the relationships stated above 
do, of course, no longer hold as these relationships were built on the general 
superposition principle, which is only valid fo r linear systems w hose motion 
is governed by linear differentia l equations. The mean square spectral density 
function  for the  response is therefore no longer a unique function  but 
changes w ith  excitation level. A lso  the probability density function  fo r instan
taneous response amplitudes is no longer Gaussian and in general a vast 
am ount of data is necessary to characterize the response of such systems to 
Gaussian random excitations.

If the non-linearity  is situated in the stiffness elem ent of the system  consid
ered, it is possible in some im portant cases to fo rm ula te  and solve exactly the 
stochastic equations describing the  probability density functions of the re
sponse. In general, however, some sort of linearization technique has to be
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used in a theoretical treatm ent. A considerable amount of theoretica l and ex
perimental w ork  has been laid down in th is area in the past decade or so and 
interested readers are referred to the lite ra ture  listed at the end of th is chap
ter for fu rthe r studies.

3 .5 . SHOCK RESPONSE A N D  SHOCK SPECTRA

We have defined earlier a shock as a transm ission of k ine tic  energy to a 
system, the transition taking place in a re la tive ly  short tim e  compared w ith  
the natural period of oscilla tion of the system. A rectangular shock pulse may 
therefore constitu te one or tw o  shocks depending upon the natural period of 
oscillation of the system influenced by it and the duration of the pulse. This 
is illustrated in Fig.3.13.1) and II), and it should  be noted th a t the maximum 
system response may in the  case of Fig.3.1 3.1) reach a value w hich is tw ice  
the m agnitude of the shock pulse.

b)
___________________________________271275

Fig. 3.13.  Response o f a s ing le  degree-of-freedom system to shock excitation

Spectral decompositions are the most w ide ly  used procedure for the analy
sis of shock data. The tw o  most common forms of spectral decomposition 
used are the  Fourier spectrum  and the Shock spectrum.

The Fourier spectrum  is simply the fo rw ard  Fourier transform  of a time h is 
tory. It can be calculated fo r either the excitation or the response time h is 
tory. W hen dealing w ith  shock data, it is often d ifficu lt to  measure the re 
sponse of the system under service conditions and the analysis is lim ited to 
that of the excitation tim e  history. G enerally one uses the  Fourier spectrum 
of the shock input and the  frequency response function of the system sub
jected to the shock in order to get in form ation about the system response. The
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response being calculated in the frequency domain, the inverse Fourier tra n s 
form ation operation produces the response tim e history of the  system.

The second spectral decomposition, w h ich  has proved to be of considerable 
value w ith  respect to the comparison of shock motions, to  the  design of equ ip 
ment to w ithstand shocks, and to the form ulation of laboratory tests as a 
means to sim ulate environm ental conditions, is the shock response spec
trum , or briefly the shock spectrum  (Note: This is not to be confused w ith  the  
Fourier spectrum of the forcing shock pulse!). The shock spectrum is obtained 
by le tting the shock pulse in question be applied to a series of linear, u n 
damped single degree-of-freedom systems and plotting fo r example the m axi
mum response of the system as a function of the system's natural frequency.

Various types of shock spectra are used depending upon the  intended app li
cation of the inform ation obtained. These may be the in itia l shock spectrum 
w hich  is obtained from the maximum response w hile  the shock pulse is s till 
acting, or the residual shock spectrum w h ich  is obtained from  the maximum 
response after the pulse has occurred.

Other defin itions may be the overall or maximax spectrum which is plotted 
on the basis of the maximum response w ith o u t regard to tim e , and the over
all negative maximum shock spectrum w h ich  is obtained by considering the 
maximum response of the single degree-of-freedom system in the negative d i
rection.

In practical measurement systems the requirem ent of zero damping in the  
responding single degree-of-freedom system may be d ifficu lt to  achieve, but a 
selectable damping gives the advantage th a t the effect of the shock on va r
ious structures can be judged simply by considering the influence of dam p
ing. However, for re latively small amounts o f damping the  shock spectra w ill 
not be essentia lly d ifferent from the spectra obtained w ith  no damping, since 
the response for the firs t few  cycles w ill be v irtua lly identica l. The response 
of an undamped single degree-of-freedom system to a shock pulse can be ca l
culated re latively easily fo r simple shock wave forms, using fo r example La
place transform  methods. F igs.3 .14 , 3 .1 5  and 3 .16  illus tra te  shock spectra 
obtained fo r a rectangular, sawtooth and halfsine shock pulse of duration T. 
The maximax shock spectra are found s im ply by taking the highest of the tw o  
spectrum values at any frequency.

Recently, the shock spectrum concept has been extended to multiple de
gree of freedom systems, non-linear systems etc. See the bibliography at the  
end of the chapter.

It may be w orthw h ile  in connection w ith  the discussion of shock spectra to
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Fig.3 .14 . Shock spectra fo r a rectangular shock pulse

Fig.3 .15 . Shock spectra for a fin a l peak saw tooth shock pulse

point out an interesting fact, namely tha t the Fourier spectrum of the  shock 
pulse and the undamped residual shock spectrum are related by the  form ula:

S ( f )  = 2 nf \F( f ) \  (3.22)

where S(f) designates the residual shock spectrum  and F(f) is the  Fourier 
spectrum of the shock (see also Appendix D).

Selection between the Fourier and the shock spectral methods of spectral 
decomposition is based on the application of the  data. Fourier analysis is



Fig. 3. 7 6. Shock spectra fo r a h a lf sine shock pulse

used to describe input data, response data or, if the both are measured s im u l
taneously, it can be used to describe the frequency response function  of the 
system. Once tw o of the three item s are known the  th ird  can be calculated. 
Typically, the input tim e history and frequency response function are known 
and the response tim e history is to be determ ined. On the other hand, the 
prim ary application of shock spectral analysis is to predict peak response le
vels from input measurements, w ith  only lim ited knowledge of the system re
sponse properties.

3 .6 . V IBRATIONS IN  STRUCTURES. M EC H A N IC A L WAVES

The mechanical systems considered in the preceding text have been of the 
so-called idealized lumped parameter type, i.e. masses have been assumed to 
be rigid bodies w here all points w ith in  the body move in phase, and elastic 
e lem ents have been assumed to have no mass. In practice all masses have a 
certa in elasticity and all spring e lem ents have masses. For instance a beam 
or a plate is a continuous combination of masses and springs.

As the number of degrees-of-freedom of a m echanical system w as defined 
as the number of e lastic movements o f masses (resonances, see section 3 . 1 ) 
it fo llow s that s tructures like beams and plates have an in fin ite  num ber o f de
grees-of-freedom . The in fin ite  num ber of "resonances" resulting from the  in fi
n ite  number of degrees-of-freedom are in the case of structures norm ally 
term ed "natura l m odes", or simply "m odes".

W h ile  in lumped parameter systems all points w ith in  a mass are supposed 
to move in phase, th is  is no longer true  for continuous structures. A  simple 
example illustrates th is  clearly: In F ig .3 .17  the v ibration of a beam clamped 
at one end and acted upon by an oscillating force in the other is shown. 
W hen the frequency of the oscillating force coincides w ith  one of the  beam's
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Fig.3.1 7. Illustra tion o f the response o f a beam  to an oscilla ting  force the fre 
quency o f w hich coincides w ith  one o f the beam 's na tura l vibration  
modes

modes, the  vibration pattern of the beam fo rm s a "standing w ave” , as show n 
in the figu re . It is readily seen that the po in ts w ith in  the  beam at the place 
marked x, here move in opposite phase w ith  respect to  the points at the 
place marked x2 . One of the major d ifferences between the motion o f a 
lumped parameter system and a structure is thus that in the case of s tru c 
tures each resonance is associated w ith  a (continuous) mode shape.

To describe for instance the motion of the  beam in F ig .3 .17  it is therefore 
not enough to describe the  instantaneous vibration am plitude, z, as a fu n c 
tion of t (time) only. It m ust also be described as a function  of space co -o rd i
nates, in th is  case x, i.e. z = f(x; t).

In deriving the d iffe ren tia l equation governing this motion it is necessary to 
apply partia l d ifferentia ls and the equation becomes a p a rtia l d ifferentia l equa
tion. S im ila rly  the equation of motion fo r a plate, F ig .3 .18 , w ill be of the  
type: z = f(x; y; t).

The examples shown in F ig.3.17 and 3 .1 8  illustrate transverse vibrations. 
Also compressional and torsional v ib rations may be excited in structures, 
(Fig.3.1 9) and a combination of all three types of v ibrations may take place. 
The vibrations in structures may therefore be exceedingly complex and exact 
solutions to the d iffe ren tia l equations of motion exist only fo r a few  types of 
simple structures and load configurations. Some typical mode shapes fo r 
transverse vibrations of sim ple beams and plates are given in Figs.3 .2 0  and 
3 .21 .
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Fig. 3 .18 . Shapes o f a fe w  o f the norm al m odes o f vibration o f a circular p la te  
dam ped at its edge. (After Morse)

Y A . Beam 

/
'A }< ---------►Oscillating force, F(t)

a)
P -

Beam

/
i Oscillating (rotational) torque, M (t)

v r " \JT 
b)

271280

Fig. 3 .1 9 . Illustra tion o f compressional and  torsional v ibrations o f a beam
a) Compressional vibration
b) Torsional vibration

From the theory of bending of beams and Newton's second law  of motion 
the d ifferentia l equation governing the free transverse v ib rations of a beam 
can be found.

g S ~  + ~ ( E I — )=0  ( 3 . 2 3 )
dt2 dx2 \ dx2J

where

p = Mass density of the beam material
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Beams of un ifo rm  section and un ifo rm ly  distributed load

A  . / E l
Natural frequencies f = ----- r

2-n V PSI
where E = Young's modulus

I = Area m om ent o f inertia o f beam cross 
section 

I = Length o f beam 
p = Mass density  o f beam material 

S = Area o f cross-section 
A  = Coe ffic ien t from table below

271281

Fig. 3 .2 0 . Examples o f boundary conditions and mode-shapes for various  
single un iform  beam configurations

S = Cross-sectional area of the beam 
E = M odulus of elasticity (Young's Modulus)
I  = M om ent of inertia of the cross-section.

This is a fourth-order pa rtia l d iffe ren tia l equation the solution of w hich de
pends upon the boundary conditions, i.e . the way in w h ich  the beam is fa s 
tened. F ig.3 .20  shows some examples of boundary conditions and corre 
sponding mode shapes fo r the firs t four natura l vibration modes.

The in fin ite  number of degrees-of-freedom mentioned above manifest th e m 
selves by the fact that there is an in fin ite  number of h igher natural vibration 
modes. In general, however, only a fe w  of the lower modes seem to be of 
great practical interest.

In the case of free transverse vibrations of plates the equation of motion is 
again a fourth-order d iffe ren tia l equation, s till more complicated to solve than 
the one governing the vibration of beams:
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—  + 2 — + —  + / 2 g ( / ~ l ! l ^ f f = o  (3 24)
3x4 dx2dy2 dyA E h2 dt2

where h is the thickness of the plate and v is Poisson's ra tio  (about 0 ,3  for 
most metals.

Fig.3.1 8 illustrates the shapes of some of the firs t normal modes of a c ircu 
lar plate clamped at its edges, w hile examples of nodal lines of square plates 
w ith  various edge conditions are shown in F ig .3 .21 . Note from  Fig.3 .20  and 
3.21 that the frequencies of the normal modes in structura l members are in 
general not harm onically related.

There are, however, other types of vibra tions in structures w hich are, at 
least to a firs t approximation, harm onically related. These are compressional 
(longitudinal) vibrations, and in certain cases also torsional vibrations.

In setting up the equation of motion fo r compressional vibrations in a 
beam, F ig.3 .2 2 , it is noted tha t the result is a second order pa rtia l d ifferen
tia l equation o f the type:

(3.25)
dx2 E d t2

1st Mode 2nd Mode 3rd Mode 4th Mode 6th Mode

ton/J D/pha4

Nodal lines

D/pha4

Nodal lines

/ / / / / / / / / / / / / / / ,

V / / / / /Z

¿¿////< / / / / / / / ,

j J  D/pha4

Nodal lines

777777/ '777777/ ' 7777^7?

/
% >/////

-  27rfn p = Mass density a = Plate length

D = Eh3/12 (1 -u2) h = Plate thickness 271282

Fig. 3 .21 . Examples o f m odal line  configurations for square p la tes under var
ious edge conditions. (A fte r D. Young)
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Fig. 3 .22 . Sketch show ing the derivation o f the equation o f m otion for com- 
pressional (longitudinal) vibrations in  a beam

This equation has the same form  as the so-called wave-equation which gov
erns various kinds of wave phenomena in theoretical physics. Compressional 
vibrations are therefore also often referred to as m echanical waves w ith  a 
wave velocity (v) of:

- T - T - : '“ i 1 '  13 261V 2 E f  Q

The main reason for the inclusion of th is  brief section on structural v ibra
tions in the book has been to illustrate tha t the actual vibrations measured  
on a com plicated construction may be w ide ly  different from  point to po in t 
even i f  the m easuring po in ts considered are situated a re la tive ly  short d is 
tance apart from  each other. Also, the d irection in space of the vibrations 
may vary and fo r thorough investigations it is therefore necessary to measure 
the vibrations both as a function  of frequency and as a function  of space 
coordinates at each measuring point.

3 .7 . SHOCK A N D  VIB RA TIO N  A NALYSIS U SING  FINITE 
ELEMENT TECHNIQ UES

A more comprehensive theoretical trea tm ent of structura l vibration is o u t
side the scope of th is book and can be found in many excellent textbooks on 
the subject. We w ill however discuss the  fin ite  element method for shock 
and vibration analysis w hich is becoming more and more used due to the ad
vancement in sophisticated digital com puters. Several fin ite  element pro
grams are curren tly  available from  various sources. W hile w e have until now  
only discussed the exact so lu tion of the dynam ic problems, the  fin ite  elem ent 
method is an approximate solution.
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There are tw o fin ite  e lem ent techniques available: the m a trix  displacement 
or stiffness m ethod  w here the displacements are chosen as unknowns, and 
the m atrix  force or flex ib ility  method  w here  forces are unknowns. In both 
cases, the continuum  is divided into a fin ite  number of elem ents connected 
only at the node points. Each discrete e lem ent is idealised. The displace
ments of these points are assumed and the  complete so lu tion is obtained 
com bining displacements so tha t it satisfies force equ ilib rium  and displace
ment com patib ility  at the  jo in ts of the elem ents. The m atrix  equations are 
then solved num erically by a computer. The matrix displacement method is 
curren tly  the most popular and is the one w e w ill discuss in th is  section.

Static analysis

The equation is of the fo rm ,

[F ] = [K ] [U ]  (3 .27 )

[F] = vector of forces
[U] = vector of displacements
[/<] = stiffness matrix for the  entire structure.

The m atrix [/<"] is generally singular because rigid body motion is not pre
vented.

— For one spring element

Fy = k (u y -  u 2)

F2 = k (u 2 -  u ,)

~Fy~ k -k~ ~ u :

f 2- - k  k_ P2-

where F, are forces and i/; displacements 

— For tw o spring elements

F1 = (Wi -  u 2)

F 2 = *1 (u 2 ~ u ,)  + k 2 (u 2 -  u3)

= -  /r, w, + (k , + k 2) u 2 -  k2u3 

F2 ^2 (U3 ~ u t)
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uT

f 2 =

CO

k, - k ,  O '

- /r, /c -] k 2 k 2

0 -  k 2 k 2

However, the stiffness matrix can also be assembled from  the stiffness of 
the individual elements

(1) 
[K ] =

- k ;

* i .

(2)
[,K ] =

k 2 

- k 2 NJ 
NJ 

1__
__

__
_

1

k^ - k , 0 0 0 O '

[K ] = - * 1 k. 0 + 0 k 2 -  k 2

0 0 0 r 0 1 >r- NJ k 2

Thus [K ] =

k  ̂ — k  i 0

k  ̂  k  ̂  ^ k  2 k  2

0  — kn k ?

The stiffness matrix can be obtained by assuming a un it displacement in 
one degree of freedom (keeping the o ther displacement zero) and find ing the 
force required to cause a unit displacement.

Dynamic Analysis

The dynamic equation of motion can be w ritten  in m atrix  form as,

[M ] [X ] + [C ] [ * ]  + [K ] [X ] = [F ( t ) l (3 .28)

where

[M ] = mass matrix 
[C] = damping matrix 
[K\ = stiffness matrix 
[ f ( 0] = external force vector

We see tha t tw o additional terms, the mass and the dam ping, are needed. 

The mass matrix can be found in d iffe ren t ways
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— The lum ped mass approach: the mass of an uniform bar can for instance 
be lumped at tw o  nodes and the  mass matrix becomes

m
m/ 2 0

. 0 m /2 .

or at three nodes

m /3 0 0

m  = 0 m l 3 0

_ 0 0 m/3__

This gives a diagonal m atrix w hich is particu la rly  suitable fo r computer cal
culations. However, th is approach is not accurate and the structure  has to be 
divided into a large number of elements to give reasonable results.

— The consistent mass approach: the mass m atrix is derived using the same 
displacement function as the stiffness. The m atrix here is non-diagonal and
is a better representation of the actual mass d istribution.

In these tw o  firs t approaches the mass is independent of the frequency.

— The d is tribu ted  mass approach: this uses exact mathematical expressions 
for mass d istribu tion  and yields better results but mass and stiffness matrices 
are functions of frequency and the method is therefore generally too expen
sive in com puter time.

The fin ite  elem ent method w ith  damping is complex and such assumptions 
as proportiona l damping have to be made to include the contribution due to 
the damping. This assumption is generally not realistic except in lightly 
damped structures. When damping is predom inant, the exact modal contribu
tion of damping is important and experimental modal analysis may be useful.

W hen the m atrix equations of motion are w ritten  the com puter w ill solve 
them using standard methods.

The dynamical problem can be solved using four diferent techniques:

— normal modes method
— frequency response method
— direct in tegration for transien t response
— statistical technique for response to random vibration.
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Details about these d ifferent methods and their advantages can be found in 
the references given at the end of the chapter.

To represent complex structures by using fin ite  e lem ents one m ust have 
various shapes of elem ents available. Below are listed some of the most com 
monly available elem ents in the com puter programs:

— the beam element
— shear panel (quadrilateral element)
— plane stress and stra in element (triangular or quadrila tera l shape)
— bending plate elem ent (triangular or quadrilateral shape)
— shell and ring elem ent
— solid element (tetrahedron, wedge or hexahedron elements).

The fin ite  element method is in constant evolution and newer and better 
elements are continua lly  being developed. Its im portant place is due both to 
its ease of application and its universality in solving both structural and non- 
structura l problems such as heat transfer, flu id flow  etc.

3 .8 . STATISTICAL ENERGY A NA LYSIS

It is possible at relatively high frequencies to get reasonably accurate 
predictions of the mean response by averaging over space as well as over fre 
quency bands w hich include many modes, instead of considering each parti
cu lar mode at one tim e. This method, known as sta tistica l energy analysis 
(SEA), is explained in more detail by Lyon in the reference given at the  end 
of the chapter. It circum vents problems like boundary conditions (w hich are 
not known anyway) and exact shape of the individual elements. It is based on 
the average over the structural area, a panel, for example, and the average 
over a frequency band, such as 1 /3  octave. It assumes a knowledge of the 
modal density n(f) i.e. the number of modes per un it frequency, defined as

« ( 0 = ^  (3 .29)

w here A/V is the num ber of modes w ith in  the frequency band A f.

W hen the number of modes is h igh, it is easier to  predict a response aver
aged over space than individual values but it is then d ifficu lt to predict the v i
bration at a given point. The method assumes the orthogonality of the normal 
modes and that the damping of the normal modes is very low. It should be 
mentioned that the use of statistical energy analysis fo r vibration prediction 
requires considerable experience and that the procedure is very sensitive to 
vio lation of the basic assumptions.
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4. EFFECTS OF VIBRATIONS AND SHOCK ON 
MECHANICAL SYSTEMS

4 .1 . D A M A G IN G  EFFECTS OF V IB R A TIO N S. M E C H A N IC A L FATIGUE

Even though m echanical failure due to material fa tigue  is by far the  most 
com m only known deteriorating effect of vibrations, a vibrating mechanical 
construction may fa il in practice for o the r reasons as w e ll. Failure may, fo r in 
stance, be caused by the  occurrence o f one, or a few , excessive vibration am
plitudes (brittle m ateria ls, contact-fa ilures in relays and switches, collis ions 
between tw o vibrating systems etc.), —  or by the fact tha t a certain vibration 
am plitude value is exceeded for too great a time.

Fig. 4. 7. Possible modes o f failure under practically experienced random exci
tation
a) Norm al fatigue, where fa ilu re  occurs a fte r a time which is  

dependent on the total num ber o f cycles and  the ir peak val
ues

b) Failure occurs i f  a(t) is g rea te r than a0 fo r a certain to ta l 
time

c) Failure occurs when a (t) firs t exceeds the leve l a(t) = a0
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However, the importance o f mechanical fa tigu ing  effects has initiated a con
siderable am ount of research and testing around the w orld . It has therefore 
been deemed appropriate to include a section here which deals w ith  th is par
ticu lar topic.

The fa tigue phenomenon is today deemed to  originate from  local yield in 
the m aterial or, in other w ords, from a s lid ing  o f atomic layers. This sliding is 
caused by a combination of so-called "d is loca tions" (irregu larities in the crys
ta lline s tructure  of the m ateria l) and local stress concentrations. It is now as
sumed tha t each slip, no m atter how sm all, is connected w ith  a small deterio
ration of the material, independent of the direction of the s lip . The deteriora
tion stops only when the slip  stops. Some defin ite proof fo r th is  hypothesis 
has, to the  au thor’s know ledge, not been established as yet. It gives how 
ever, a logical and reasonable explanation fo r the form ation of the m icros
copic "s lip  bands" which are the first visible signs of material fatigue.

When slip bands have been formed they are, under continuous vibration 
loading, observed to progress and form m inu te  cracks w h ich  eventually jo in  
together and produce major cracks. As soon as a crack has reached a certain 
size it w ill propagate through the material according to a mathematical law  of 
the form:

where x = crack length
N = num ber of stress reversals 

c, m, n = constants dependent upon the material properties
(a reasonable assumption seems in m any cases to be 
m  = 2 , n -  1 ) 

er = relative strain

Finally the crack w ill become so large tha t the stress in the  remaining m ate
rial becomes too great, w hereby the crack propagation becomes unstable, 
and fatigue fa ilu re  occurs.

Even though it is possible to describe a certa in part of the  fatiguing process 
by means of a relatively s im ple mathematical expression (see formula above) 
both the form ation of "s lip  bands" and the  fina l crack ins tab ility  stages are of 
a highly statistical nature. Taken as a w ho le , therefore, fa tigue  failures m ust 
be regarded as statistica l phenomena.

The statistica l nature of the  phenomenon manifests itse lf as a considerable 
spread in the results of fa tigue  experiments. As an example of the result of 
such experiments Fig.4 .2  shows a histogram  made from  investigations on
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Fig. 4 .2 . Typical histogram  obtained from  fa tigue experim ents (after B loom er 
and Roy lance)

the fatigue life of notched a lum in ium  specimens. The resu lts shown were ob
tained from  tests at a s ingle vibration stress level.

By making sim ilar tests at a number of vibration stress levels, a curve, com 
monly term ed the S-N  curve (W ôhler-Kurve) can be obtained, which shows 
the re lationship between the average num ber o f stress reversals to fa ilu re  
and the vibration stress level.

The actual S-N  curve fo r a material does not only depend upon the vibra
tional effects, but is also affected by factors such as tem perature, atm os
pheric conditions (corrosion effects), pre-treatm ent of the  material, etc. 
Fig.4 .3  illustra tes a set of S-N  curves valid fo r 434 0  steel under normal a t
mospheric conditions. The curves shown are based on pure harmonic v ibra
tion loading only. In practice, however, a mechanical part, or material, is very 
rarely, if ever, subjected to pure harmonic vibrations of constant maximum 
amplitude during its complete " life " .

In order to  take varying amplitudes into account in theore tica l estimations 
of the average fatigue life , a " ru le "  of linear accumulation of damage has 
been suggested (Palmgren, M inor):



Number o f cycles to  fa ilu re , m illions
271316

Fig.4 .3. Fatigue strength curves for notched 4 3 4 0  steel (from  M etals Hand
book)

Here n, is the actual num ber of stress reversals at a vibra tion stress level 
w hich requires a total num ber of stress reversals, N,, to fa ilu re . Failure 
should thus occur when D = 1. By using the above expression, and a mathe
matical approximation to the  S-N  curve of the  form

NSb = a (4.3)

it is sometimes possible to establish a closed mathematical formula for D. 
Two conditions which have to be fu lfilled  w hen use is to be made of the fo r
mulae for D  and the S-N  curve are, however, tha t each stress reversal has 
an approximately sinusoidal wave-shape and tha t the mean stress is zero. 
These conditions are fu lfilled , for instance, by the vibrational stresses occur
ring in a linear single degree-of-freedom system excited by random vibra
tions, see Fig.4 .4 .

Furthermore, in such systems the statistical d istribution of maximum vibra
tion amplitudes (peaks) can be mathem atically described by means of the so- 
called R ayleigh-distribution, F ig.4.5:

X 2

p (x )d x  = ^—e 2°2 dx (4 .4 )
o 2-

where p(x)dx is the probability of occurrence of peaks w ith in  the in fin ite ly
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Fig. 4 .4 . Illustra tion o f the  stress-versus-tim e trace produced in a single de- 
gree-of-freedom  system excited by random vibrations

Fig. 4 .5 . Typical peak p robab ility  density curve for narrow  band random vibra
tions (Rayleigh d istribution)

small am plitude "w in d o w " dx (Figs.4 .4  and 4.5). As the  total number of 
peaks occurring w ith in  dx is n(x) = f0 . T . p(x)dx, and the partia l fatigue dam 
age caused by these stress reversals around the vibration level x is

D x = n ^ l  = fo . T P W d x
N (x )  0 N (x)

the accum ulated damage over all v ibra tion peak levels during  the period of
tim e, T, is:
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x . n {x )  __ |'°° p (x )d x
N (x )  0 Jo N (x )

Utilizing now the mathematical approximation to the  S-N  curve as w e ll as 
the expression for the Rayleigh d istribution of stress reversals given above, 
the total tim e to fa ilu re  (0 = 1 ) can be estimated by solving the integral in the 
form ula for D :

T = --------------- a— ,------(4.5)
f0 ( V 2 o) b r ( i  + |)

where F  is the gam m a-function tabulated in most reference books on m athe
matical functions.

In the case of common engineering materials, b takes values between 3 
and 8 (Steel, b = 3 ,5 ; Tinbronze (Cu, Sn, Pb), b = 7,5).

The formula for T in the above equation has been derived on the basis of 
narrow  band random s tress/tim e histories of the type shown in F ig.4 .4  and 
constant amplitude generated S-N curves. The same fo rm ula  has also been ap
plied to wideband random signals such as shown in F ig.4 .6 , using an "ave r
age frequency" determ ined from counting zero crossings. Recent w ork, how 
ever, has shown these techniques to be anti-conservative compared w ith  ac
tual random fatigue data. This tendency increases w ith  increasing bandwidth 
leading to significant overestim ation of the fatigue life  when dealing w ith  
w ide band random data. New prediction techniques employing random vibra
tion generated S-N curves and advanced peak counting methods, w h ich  only

Fig.4 .6. Typical stress-versus-tim e trace at a "c r it ic a l p o in t"  on a complicated  
structure
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take the sign ifican t peaks in to consideration, agree more closely w ith  prac
tice. Unfortunately, much of th is  is proprietary inform ation and not generally 
available in the open literature at the time of w rit in g .

4 .1 .1 . Effect of mean stress

In practice, fatigue problems are not usually associated w ith  on ly  a single 
stress varying around a mean value of zero. The stress w hich causes a fa i
lure is usually composed of at least two major components; a mean stress, 
w ith  a varying stress superimposed upon it. A  diagrammatic stress-time 
curve for th is type of loading including a sinusoidally varying and a mean 
stress is shown in Fig.4 .7  w ith  the  important param eters labelled. The S-N in 
form ation can be expressed in a number of d iffe ren t ways using various com
binations of these parameters. S-N curves may be plotted fo r a range of 
stress ratios, R, the ratio of the  m inim um  stress (Smin) to the  maximum 
stress (Smax ), as in Fig.4 .8 , producing a fam ily of curves from w h ich  the fa 
tigue life can be found for a combination of mean and s inuso ida lly varying 
stresses over a w ide  range of ratios. The value R = — 1,0 represents the case 
of a cycle w ith  a zero mean, the condition of Fig.4 .3 .

Fig. 4. 7. Stress composed o f both steady and varying components

Several other methods of presenting this data are commonly used, one of 
w h ich  is shown in Fig.4 .9. In th is  case the number of cycles to fa ilu re  is plot
ted as a relationship between the varying stress Sv , and the mean stress Sm •

For the case of a random signal varying about a mean stress, the problems 
associated w ith  the randomness of the  signal and those associated w ith  the 
steady stress can be considered to be independent of each other. A tw o  part 
procedure is therefore normally employed; one part dealing w ith  the random
ness of the fluc tua tion , and one dealing w ith the effect of the steady compo
nent. Firstly, the randomly fluc tua ting  component is reduced to an equivalent

78



Cycles, N 800791

Fig. 4 .8. Typical S N curves for various stress ra tios fo r unnotched specimens 
(A STM)

sinusoidal stress giving the same fatigue life, as described in some detail at 
the beginning of the chapter. Secondly, the combined stresses are then evalu
ated together using curves of the  types shown in F igs.4 8 and 4 .9 , to give an 
estimate of the life tim e. Also in th is  case, more reliable results can be ob
tained using S-N data generated using random excitation.

In the practical case of a real structure, the actual mode of fa ilu re  and time 
to fa ilure are dom inated by the local physical features of the structu re  as well 
as the external factors such as corrosion, tem perature, pre-treatm ent, etc. 
mentioned previously. The fa ilu re  of a structure is therefc, 3 dom inated by the 
weakest links in the fa ilu re  chain and much e ffo rt is required to identify and 
elim inate them . Fatigue cracks may begin from stress concentrations at sharp 
corners, surface irregularities or damage, or w elds. Large welded structures 
in a corrosive environm ent under the action of continuous random excitation 
are particularly susceptible to fa ilu res em anating from discontinu ities in 
welds. Ships, offshore structures, turbine casings, and pressure vessels 
in chemical process plants are typical examples.

4 .1 .2 . Acoustic Fatigue

A rather d iffe ren t type of fa tigue fa ilure has become of particu lar interest in
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recent years; the  fa ilure of structures excited by direct acoustic radiation 
rather than by structure-borne vibration. The problem has been most acute 
in aerospace structures where acoustic loading is caused both by d irect radia
tion  from the power plant, and by the generation of intense acoustic d istur
bances in the boundary layer during high speed fligh t. For many a ircra ft and 
rocket components, the acoustic fatigue requirem ents, and not the  static 
strength requirements, determ ine the design of the  structure.

Jet exhaust noise is h ighly d irectional, having a maximum in tensity at 
angles of between 30° and 4 5 °  from the jet exhaust axis. Some parts of the 
a ir frame inevitably fall on th is  line of maximum radiation. Apart from  the un
derstandable case of engine exhaust and nacelle components, tra iling  edge 
w ing panels and rear fuselage panels are often seriously affected. As the to 
tal acoustic power radiated by a je t exhaust is proportional to the eighth 
power of the je t efflux velocity (between the cube and the fifth  power of the 
jet efflux velocity for rockets), and the square of the je t d iam eter, the magni
tude of the acoustic fatigue problem on high powered ligh tw e igh t structures 
can be readily appreciated.

The incident acoustic wave generates various modes of v ibra tion in the 
structure, causing the stress concentrations w h ich  lead to eventual failure. 
In a structural panel, the resonances are usually very lightly damped and the 
response to the excitation very peaky in nature. (See Fig.4.1 0). The mode of 
fa ilu re  is therefore very dependent upon the details of both the  excitation 
spectrum and the structure 's response to it. S uffic ient in form ation can nor
mally only be gathered from  extensive tests in a special chamber. The sound 
source must be capable of producing noise at very high levels, in excess of 
1 50  dB, usually by means of an exponential horn. Signal generation, measur
ing, and analysis instrum entation is, however, s im ilar to that described else
w here in th is volume.

Fig. 4 .10 . Response o f a panel to acoustic excitation (a fte r Y eh)



Further important areas where acoustic fatigue is a problem are air-m oving 
equipm ent, power sta tion generating equipm ent, and nuclear power plant.

The problem of random load fa tigue has been studied quite extensively 
over the past 1 5 to 20  years, and interested readers are referred to the  se
lected bibliography cited at the end of the  Chapter, in particular to the Brüel
& Kjær Technical Reviews No. 1— 196 8  and No.4 — 196 8  (included in "S e 
lected Reprints").

4 .2 . D A M A G IN G  EFFECTS OF SHO CK A N D  TR A N SIEN TS

As discussed earlie r in sections 2 .3  and 3.5, a shock is characterised by a 
sudden, not always expected, occurrence, and a short duration in re lation to 
the natural frequency of the system on which the shock is acting. A  tra n 
sient, however, may last for a time w h ich  corresponds to several cycles at 
the natural frequency of the system. W hatever param eter is used to describe 
the rapid transfer of energy which constitu tes a shock i.e. force, acceleration, 
velocity, or d isplacem ent, it is always necessary to obtain a time h istory of 
the shock in the units chosen. This inform ation is required, not as a resu lt in 
itself, but as a means of estimating the  effect that the shock has on a particu 
lar system. The engineer is more interested in the response of his system to 
the application of a shock, e.g. from rough handling, explosions, impact, co lli
sion, etc. than he is in the shock itse lf. The length, rise time, and specific 
shape of the shock pulse, all have an influence on the  ultim ate response of 
the structure in question. It is for th is reason that the concept of the shock re
sponse spectrum has been widely used to compare shock motions, to fo rm u 
late laboratory tests, and to design equipm ent to w ithstand  shock inputs. The 
m otion of the system on which the shock acts is dependent upon the fre 
quency of both the shock excitation and the  natural frequency of the system.

Mechanical shocks are of particular importance in the  design and operation 
of machinery and structures, because instantaneous input levels are fre 
quently an order of m agnitude greater than steady state levels. Shock and 
transien t analysis are norm ally concerned w ith  the design of the system to 
survive the environm ent, or w ith the attenuation of the  input to the system 
by means of packaging or isolators to reduce the damaging effect of the
shock input. Damage caused by shock loading w ill usually fall into fa ilu re
categories b) and c) in F ig.4 .1 . Category b) may be considered a form of " fa 
tig u e " fa ilu re  for w hich only shocks are counted and fo r w hich the life can be
defined simply as the num ber of shocks to failure. Category c) implies instant 
catastrophic fa ilure as soon as a0 is exceeded, i.e. the design shock occurs. 
Depending on the application, two d iffe ren t meanings can be attached to the 
word survival:
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1 . the system exhibits no permanent damage after a shock or a known or ex
pected number of shocks, or

2 . the  system suffers no deterioration of performance either during or after 
the shock or series of shocks.

Permanent damage need not necessarily take place for a mechanical or 
structura l system to fa il a shock test, so a simple test to  destruction may not 
always be suffic ient to  ensure survivability . In addition, the characteristics of 
the shock environm ent must be known w ith  reasonable accuracy in order to 
ensure that environm ental tests are valid. For th is reason, measured tim e h is
tories are often used as laboratory test excitations in order to reproduce as 
closely as possible the  actual conditions experienced in use.

Methods of isolation and control are discussed in more detail in Chapter 1 2.
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5. EFFECTS OF VIBRATIONS AND SHOCK ON MAN

5.1 . W HOLE-BO DY VIBRATIO N

The hum an body is both physically and biologically a "system " of an ex
trem ely complex nature. W hen looked upon as a m echanical system it con
tains a num ber of linear as well as non -linear "e lem en ts", and the m echani
cal properties are quite d iffe ren t from person to person.

B iologically the s itua tion  is by no means simpler, especially when psycho
logical effects are included. In considering the response o f man to v ibrations 
and shocks it is necessary, however, to  take into account both mechanical 
and psychological effects.

Because experiments w ith  human beings are d ifficu lt, tim e-consum ing and 
in extreme cases unesthetical, much of the knowledge gained to date has 
been obtained from experiments on anim als. It is, of course, not always possi
ble to "sca le " results obtained from an im al experiments to  reactions expected 
from man, but nevertheless such experim ents often resu lt in valuable in fo r
mation.

As the purpose of th is  Chapter is more to review some of the present know 
ledge than to discuss particular experim ents in detail, the  following pages 
contain a brief description of some m ajor facts which are now known about 
man's response to vibra tions and shocks.

Considering firs t the human body as a mechanical "sys te m " it may, at low  
frequencies and low vibration levels, be roughly approximated by a linear 
lumped parameter system of the type show n in Fig.5 .1 . One of the most im 
portant "p a rts "  of th is system w ith respect to vibration and shock effect seems 
to be the part marked "thorax-abdom en system” . This is due to a distinct re 
sonance effect occurring in the 3— 6 Hz range as indicated on Figs.5 .2  and 
5.3 and w h ich  makes e ffic ien t vibration isolation of a s itting  or standing per
son very d ifficu lt. A fu rth e r resonance e ffect is found in the  20 to 30  Hz re
gion and is caused by the  head-neck-shoulder system. F ig .5 .3 .
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on a vertically vibrating platform. (A fte r Coerman et a I.)

Also in the region 60 to 9 0  Hz disturbances are felt w hich suggest eyeball 
resonances, and a resonance effect in the low er jaw-skull system has been 
found between 1 00 and 2 0 0  Hz.

Above 100  Hz, simple lum ped parameter models like that show n in Fig.5.1 
are not very useful. It is then necessary to apply continuous structura l analy
sis methods w h ich  become very complex. By such methods, however, it has 
been shown tha t for the skull itse lf the fundam enta l mode of vibration seems 
to be in the region of 3 0 0  — 400  Hz w ith  resonances fo r higher modes 
around 600  to 9 0 0  Hz A t s till higher frequencies use must be made of w a 
ve theory both in the form  of shear waves and of compressional waves 
(sound waves).
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Fig. 5 .2 . Transm issibility o f vertical v ib ra tion  from table to various parts o f the 
body of a standing human sub ject as a function  o f frequency. (A fter 
Dieckmann; data for transm ission to belt, a fter Ftadke)

From a shock and vibration point of v iew  the low frequency range may be 
considered most im portant. Some very interesting measurements have here 
been made by von Bekesy and concern the attenuation of vibration along the 
hum an body. In F ig .5 .4  the results obtained at 50  Hz are reproduced and 
show tha t the attenuation from foo t to head is of the order of 30 dB. S im i
larly, the attenuation from  hand to head is roughly 40  dB.

A part from the mechanical responses mentioned above, both physiological 
and psychological effects are observed. A lthough these effects are rather com 
plex and d ifficu lt to measure, it seems that physiological results obtained 
from  anim al experiments also apply to  man to a certa in extent. These experi
m ents have been m ostly concerned w ith  changes in food assim ilation, m uscu
lar activ ity, reproductive activity etc. as w e ll as actual in terna l injury.

Psychological effects such as perception, discom fort, and pain, have re
cently been studied in some detail. M ost of the studies have been carried out 
on vehicle drivers and aircraft p ilo ts, whose ability to  perform complex tasks 
under adverse environm ental conditions, including vibra tion, is particu larly
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Frequency Hz 270159

Fig. 5 .3 . Transm issibility o f vertica l vibration from  table to various parts o f a 
seated hum an subject as a function o f frequency. (A fte r Dieckmann)

important. The data available is therefore m ain ly fo r sitting or standing sub
jects. The recent ISO 2631 — 1978 brings th is  data conveniently together 
as a set of vibration criteria curves for vertical and lateral v ibra tion over the 
frequency range 1 to 8 0 Hz. These are shown in Figs.5.5 (vertical) and 5 .6  
(lateral), and apply to vibration transm itted to the torso of a standing or sitting 
person in the axis system indicated.

V ibration at frequencies be low  1 Hz occurs in many forms of transport and 
produces effects, e.g. Kinetosis (motion sickness), which are com pletely d iffe r
ent in character from those produced at h igher frequencies. These effects 
cannot be simply related to the  three parameters of the exciting m otion, in ten
sity, duration, and frequency, as has been possible in the range from  1 Hz to 
80  Hz. In addition, human reaction to vibration below 1 Hz is extrem ely vari
able and seems to depend on a large number of external factors w hich have 
nothing to do w ith  the m otion, e.g. age, sex, v is ion, activity, odours. Despite 
th is  variability and the lim ited am ount of data available, an a ttem pt has been 
made to form ulate  tentative standards for the frequency range from 1 Hz 
down to 0,1 Hz in an addendum to the previously mentioned Standard for 
whole-body vibration i.e. ISO 2 6 3 1 . Recommendations are made only for lin 
ear motion in the vertical p lane, the acceleration — time re la tionsh ip  fo llow 
ing a "constant energy" law, i.e. accn2 x tim e = constant. It should be noted 
that th is is the case for ne ither whole-body vibration (ISO 2 6 3 1 ) nor hand-
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Fig. 5 .4 . A ttenuation  o f vibration at 5 0  Hz along hum an body. The attenuation  
is expressed in decibels be low  values at the  point of excitation. For 
excitation o f (A) hand, and (B) platform  on w hich subject stands. (A f
ter von Bekesy)

arm vibration (Draft ISO 5349), w h ich  fo llow  a non-linear acceleration-tim e 
relationship.

Above 80 Hz, the sensations and effects are very dependent upon local con
d itions at the point of application, e.g. the actual direction, position and area 
over which the vibration is transm itted, and upon the  damping at th is  point, 
e.g. due to c loth ing or footwear. These external factors heavily in fluence the 
response of the skin and superfic ia l tissue ch ie fly  affected by frequencies 
above 80 Hz. It is thus generally not possible at present to state valid criteria 
outside the stated range, 1 Hz to 8 0  Hz.

The vibration levels indicated by the curves in F igs.5.5 and 5 .6  are given 
in term s of RMS acceleration levels which produce equal fatigue-decreased 
proficiency. Exceeding the exposure specified by the  curves w ill, in most s itu 
ations cause noticeable fatigue and decreased job  proficiency in most tasks. 
The degree of task interference depends on the subject and the com plexity of
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Fig. 5 .5 . Vertical vibration exposure criteria  curves defin ing equal fa tigue-de
creased pro fic iency boundaries

the task but the curves indicate the  general range fo r onset of such in te rfe r
ence and the tim e dependency observed.

An upper bound to exposure considered acceptable (hazard to health as 
w e ll as performance) is taken to be tw ice  as high as (6  dB above) the "fa tigue- 
decreased proficiency boundary show n in Fig.5 .5  w h ile  the "reduced com
fo rt boundary" is assumed to be about one th ird o f (10dB  below) the  stated 
levels.

These criteria are presented as recommended guidelines or trend curves 
ra ther than firm  boundaries classifying quantitative biological or psychological 
lim its . They are intended only for s ituations involving healthy, norm al people 
considered fit for norm al living routines and the stress of an average working 
day.

There are, as yet, no firm  criteria fo r purely angular vibration equivalent to 
those fo r purely transla tiona l vibration as described above. In practice, angu-
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0,5 0,8 1,25 2,0 3,15 5,0 8,0 12,5 20 31,5 50 80
790538

Fig. 5 .6 . Lateral vibration exposure criteria  curves de fin ing  equal fa tigue-dec
reased profic iency boundaries

lar motion (i.e. in yaw , roll and pitch) whose centres of rotation lie at a dis
tance from the point of application to the body, can be adequately approxi
mated by purely translatory m otion. However, the re  is much curren t work 
aimed at the eventual definition of criteria  curves s im ila r to those of F igs.5.5 
and 5 .6  for translatory vibration.

Finally, F ig.5 .7  indicates the to lerance of human subjects to s ingle shock 
acceleration pulses of the type produced in the floo r near drop forges or s im i
lar equipment (results from a single study).

5 .2 . H A N D -A R M  VIBRATION

Hand-arm vibration is the second large problem area where transm ission 
into the human body is concerned. It is, however, rather d iffe ren t from 
whole-body vibration in the type of problems to w h ich  it gives rise. W hereas 
vibration transm itted into the standing or seated body normally gives rise to 
problems of a general nature e.g. motion sickness, discomfort, reduced-work-
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Fig. 5 .7 . Tolerance o f human subjects in  the standing or supine pos ition  to re
petitive  vertica l impact pu lses representative of impacts from  pile  
drivers, heavy tools, heavy traffic, etc. Subjective reaction is  plotted  
as a function  o f the m axim um  displacement o f the in it ia l pu lse  and 
its rise time. The num bers indicate the fo llow ing reactions fo r the 
areas between the lines: / a, threshold o f perception: / b, fo r easy per
ception; /  c, o f strong perception, annoying; II a. very unpleasant, po t
en tia l danger fo r long exposures; II b, extrem ely unpleasant, defin
ite ly  dangerous. The decay process o f the im pact pulses w as found  
to be o f little  practica l significance. (A fter Fie ¡her and M eister)
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ing efficiency, etc, v ib ra tion  applied to the  hand-arm m ay, in addition, p ro 
duce actual physical damage locally if the level and exposure times are su ffic 
iently high.

V ibration levels encountered in many com m only used power tools are su f
fic ien tly  high to cause damage when operated for durations common in indus
try. Typical of these power tools are chipping ham m ers, power grinders, 
hammer drills, and chain saws, found in w idespread use in the mining, con
struction, m anufacturing and forestry industries. V ib ration may be tra n sm it
ted into the body from  a vibrating tool or hand-held w orkpiece via one or both 
arms sim ultaneously, causing, at lower levels, d iscom fort and reduced w o rk 
ing efficiency. A t higher levels and longer exposure periods, diseases a ffec t
ing the blood vessels, jo in ts  and circulation occur. Severe exposure leads to a 
progressive c ircu lation disorder in the part of the body suffering the h ighest 
level of vibration, usually the fingers or hand where hand-held tools are con-
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Fig.5 .8 . Exposure guidelines for vibration transm itted  to the hand
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cerned. This is variously know n as "dead hand", vibration-induced w h ite  
finger, or Raynaud's disease. In extreme cases th is leads to perm anent dam 
age or gangrene. These diseases and the ir causes are cu rren tly  being exten
sively investigated both by medical and engineering researchers.

A very recent ISO draft publication (5349 ) attempts to gather current know 
ledge into a convenient form  and to enable conclusions to be drawn about 
the damage risk of practically measured vibration exposures. The suggested 
guideline levels are shown in F ig .5 .8 and cover the frequency range from  
8 Hz to 1 kHz. Although exposure curves fo r both third octave and octave 
bands are presented, third octaves are recommended as these are likely to be 
more stringent than octaves w hen applied to the discrete frequency spectra 
often encountered in rotating hand-held tools. Interm ittent use is covered by 
a series of curves which a llow  greater levels of vibration for shorte r exposure 
tim es, via a non-linear re la tionsh ip  which demands increasingly shorter expo
sure times at the highest levels, in a m anner sim ilar to that fo r the w hole- 
body vibration curves. Compare F igs.5.5 and 5 .8 .

Most of the data used to derive the curves were from pure sine or narrow  
band investigations and they are therefore m ain ly applicable to tha t type of ex
citation. However, they may be provisionally applied to repeated shock and 
other types of markedly non-sinusoidal excitation, in which case a measure 
of the crest factor should be determ ined.
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6. VIBRATION MEASURING INSTRUMENTATION 
AND TECHNIQUES

6 .1 . GENERAL M EA SU R EM EN T C O N SID ER A TIO N S

As indicated previously in this book there  are three quantities w hich are of 
in terest in vibration studies, the vibratory displacement, velocity and accelera
tion (peak or RMS values). These th ree  quantities are related simply, as de
scribed in Chapter 2. If the phase relationships betw een the three param e
ters are neglected as is always the case when making time-average m easure
ments, then the velocity at a given frequency can be obtained by d ivid ing the 
acceleration by a factor proportional to  the frequency, and the displacement 
can be obtained by divid ing the acceleration level by a factor proportional to 
the frequency squared. This operation is performed in electronic m easuring 
instrum ents by an integration process. The re la tionship  between the  three 
parameters as a function  of frequency is shown in F ig .6.1. Note th a t the 
axes are logarithm ic.

Fig. 6. 7. The in tegration and double in tegration o f acceleration to obta in veloc
ity and displacement respectively
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The firs t vibration pickups producing an e lectrica l output w ere  rather bulky 
velocity sensitive devices. D uring the last few  years there has been a marked 
move towards the use of acceleration sensitive transducers, ca lled acceler
ometers Reasons for this trans fe r of preference are that accelerometers are 
generally much smaller physically than velocity pick-ups and th a t their fre 
quency and dynam ic ranges are s ignificantly w ide r, even after integration to 
velocity. A w ider dynamic and frequency range is a prime requirem ent of the 
modern vibration pickup, particu la rly  to cater fo r the growing in te rest in high 
frequency vibration as a carrier of inform ation on the  running condition of ma
chinery and the corresponding w ide  range of vibration levels to be detected. 
An additional factor which underlines the benefits of accelerometers is the 
fact that an acceleration signal can be easily and validly integrated electroni
cally to obtain velocity and displacement w hereas electronic d ifferentia tion 
used w ith  velocity and displacement transducers is a more com plex and dubi
ous affa ir

In theory it is irrelevant w h ich  of the three parameters, acceleration, veloc
ity or displacement are chosen to  measure v ib ra tion . If one p lotted a narrow
band frequency analysis of a vibration signal in term s of the th ree  parame
ters, they w ould all show the same frequency components but w ou ld  have d if
fe ren t average slopes as seen in F ig.6.1. It can be seen that displacement 
measurements give low frequency components most weight and conversely 
acceleration measurements w e igh t the high frequency com ponents. This 
leads to a practical consideration that can in fluence the choice of parameter. 
It is advantageous to select the parameter w h ich  gives the fla ttes t frequency 
spectrum in order to best utilise  the  dynamic range of the measuring instru
mentation.

The nature of mechanical system s is such th a t appreciable displacements 
only occur at low  frequencies, therefore displacem ent measurements are of l i
mited value in the general study of mechanical vibrations. D isplacement is of
ten used as an indicator of unbalance in rotating machine parts because rela
tive ly large displacements usually occur at the  shaft rotation frequency, 
w h ich  is the frequency of prim ary interest for balancing purposes.

RMS velocity measurements are w idely used fo r vibration ’ 'severity ”  meas
urem ents. This is due to the fact tha t vibratory ve locity is simply re lated to vib
ratory energy and is therefore a measure of the  destructive e ffect of vibra
tion . A given velocity level also signifies constant stress for geom etrically 
s im ila r constructions vibrating in the  same mode.

Because acceleration measurements are w e ighted towards high frequency 
vibration components, th is param eter is preferred w here the frequency range 
of interest covers high frequencies.
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Vibration pickups of small size and w e igh t are desirable because the pickup 
should load the structura l member on w h ich  it is m ounted as little as possi
ble and because it is often required to measure vibration at a point on a s tru c 
ture rather than over an area.

The frequency range of interest in vibra tion measurements has been increa
sing steadily over the past two or three decades. Today many vibration m eas
urem ents are carried out up to 10 kHz, and often higher. The increased in te r
est in higher frequencies has been prompted by the development of h igh 
speed machinery and the recognition tha t high frequency vibrations carry va
luable inform ation about the condition of ro lling elem ent (ball, roller, needle) 
bearings, gear teeth, turbom achinery blading etc.

The vibration associated w ith flu id flo w , je t noise, cavitation etc. is essen
tia lly  random in nature and must often be measured e ithe r alone or together 
w ith  periodic vibration components. This again calls fo r more complicated 
measurement techniques than was common in earlier days.

To be able to predict the effects of vibration on m echanical structures and 
man, it is not norm ally sufficient to measure the overall vibration level over 
the frequency range of interest. Frequency analysis is necessary to reveal the 
individual frequency components making up the w ide band signal. For th is  
purpose a filte r is contained in or attached to the vibra tion measuring in s tru 
m ent, thus making a frequency analyzer. The filte r a llow s only frequency com 
ponents to be measured which are contained in a specific frequency band. 
The pass band of the filte r is moved sequentially over the whole frequency 
range of interest so tha t a separate vibration level reading can be obtained at 
each frequency.

The filte r section can consist of a num ber of individual contiguous fixed fre 
quency filte rs  w hich are scanned sequentia lly or a tunable filte r which can be 
tuned continuously over the frequency range. A th ird  alternative, which is be
coming rapidly w idespread due to advances in digital signal handling te ch n o l
ogy, is the use of real-tim e analyzers w h ich  present a continuously updated 
complete frequency spectrum on a display screen. A nother fundamental d if
ference between the various filte r and analyzer types is in the filte r band
w id th , narrow  or w ide and whether it is a fixed percentage of the tuned fre 
quency or is a constant number of Hz absolute bandwidth independent of 
tuned frequency.

It is very often necessary in practical vibration work to use analyzers w ith  
an exceedingly narrow  bandwidth in order to separate closely spaced s in u 
soidal components or because the structures excited by vibration often con
tain mechanical resonances w ith large Q-values (lightly damped resonances).

W hich  type of instrum entation should be used in a particu lar measurement
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situation must be decided upon by the u ltim ate  use of the data obtained and 
the measuring equipment available. This and the  follow ing chapters w ill dem
onstrate the fac ilities provided by a wide range of instrum ents and discuss 
the ir application to practical problems.

6 .2 . SELECTION OF ACCELEROMETER

An accelerometer is an electrom echanical transducer which produces at its 
output term ina ls, a voltage or charge that is proportional to the  acceleration 
to w hich it is subjected. Piezoelectric accelerometers exhibit better a ll-round 
characteristics than any other type of vibration transducer and are more-or- 
less universally preferred fo r measurements covering a w ide  frequency 
range.

The heart of the accelerometer is its piezoelectric elements w h ich  are usu
ally made from  an artific ia lly  polarized fe rroe lectric ceramic. These piezoelec
tric  elements have the property of producing an electrical charge w hich is d i
rectly proportional to strain and thus the applied force when loaded either in 
tension, compression or shear! In practical accelerometer designs the piezoe
lectric elements are arranged so that they are loaded by a mass or masses 
and a preloading spring or ring. When subjected to vibration the  masses ex
ert a varying force on the piezoelectric elem ents which is d irectly proportional 
to the vibratory acceleration. For frequencies lying well under the  resonant 
frequency of the assembly, the  acceleration of the masses w ill be the same 
as the acceleration of the base, and the ou tput signal level w ill be propor
tional to the acceleration to w h ich  the accelerom eter is subjected.

Two accelerometer configurations are in common use, the compression 
and the shear types which are shown in the schematic draw ings in F ig.6 .2.

Fig. 6 .2 . The two accelerom eter configurations in common use
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Accelerometer
Type

Weight
(gram)

Charge
Sensitivity

(pC/ms- 2 )*

Mounted
Resonance
Frequency

(kHz)

Important
Characteristics

Application
Areas

4366
A  1 28 ~  4,5 27

Delta Shear®

4367 A  J | 13 ~  2 32

Construction having 
good all-round 
characteristics and 
particu la rly  low

General shock and 
vibration measurements.

4368 A  ||J 30 ~  4,5 27

sensitiv ity  to 
temperature 
transients and 
base strains

V ib ra tion  testing 
and control.

4369 a n 14 ~  2 32

4371
*  . 1

11 1 ± 2% 35
Delta Shear® types 
as above. A lso have 
Uni-Gain®  sensitivity 
for simple system 
calib ration and 
Interchangeability

4370
a  8

54 10 ± 2% 18

General vibration 
measurements. High 
sensitivity for low-level 
measurements

4375 A  — C
2

excl.
cable

~  0,3 60
M in ia ture  size, low 
weight Delta Shear® type. 
High resonance frequency

High level and high freq. 
vibr. measurements. Ideal 
fo r delicate structures, 
panels etc. and in 
confined spaces4374 A  ß

0,7
excl.
cable

- 0 , 1 75
Subm iature size, low 
weight shear type. Very 
high resonant frequency

8309 □
3

excl.
cable

~ 0,004 180
M in ia ture  size. Integral 
fix ing  stud.Integral 
cable.

Shock measurements up 
to 1 m illion ms- 2  High 
frequency vibr.measurements

4321 A,ÜÈ 55 1 ± 2% 40
Three Delta Shear® Uni- 
Gain®  accelerometers 
com bined in one unit

V ib ra tion  measurements 
in three mutually 
perpendicular directions

8305
°  s

40 ~  0,12 30

Quartz element for 
high stab ility. Laser 
calibrated to ± 0,5% 
accuracy

Reference standard 
fo r comparison calib
ration of accelerometers

8306

° s

500 1000
1 kHz 
LP filter 
built in

Ve ry  High Uni-Gain® 
sensitiv ity. Built-in 
Preamp and LP filter. 
Requires 28V  2mA DC 
power supply

U ltra  low-level (down to  
0 ,000 002 g) and low  freq. 
v ibration measurements 
on large structures

8308 100 1 ± 2% 30

Robust-construction. 
Balanced Uni-Gain® 
output. Max. Temp. 
400° C

Permanent vibration 
monitoring. High temp, 
vibr. measurements. 
Aeronautical, industrical 
and nuclear use.
Used w ith preamp.
Type 2634

8310
100
excl.
cable

1 ± 20% 30
As Type 8308 but with 
integral high temp (800°C) 
cable

‘ Multiply by 9.81 for sensitivity in pC/g A Shear Types °  Compression Types 791117

Fig. 6 .3 . M ain  characteristics and application areas fo r B & K accelerometers

in general, it can be said that the shear configuration gives the best a ll-round 
results for general purpose accelerometers and the compression design is 
used fo r accelerometers which are aimed at particular applications.
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The table in F ig.6 .3 indicates the application and main characteristics of 
the B & K accelerometer range. A t first glance there may seem to be a confu
singly large range of accelerometers available. But it w ill be seen, after 
closer inspection, that they can be divided in to  tw o main groups. A group of 
general purpose types, w ith  various sensitiv ities and a choice of top or side 
connectors, w hich w ill sa tis fy  most needs, and a range of accelerometers 
w hich have the ir characteristics slanted tow ards a particular application.

W hen selecting an accelerom eter for a particu lar application the acceler
ometer's parameters and the  environm ental conditions it is to be used under 
need to be considered as fo llow s:

Frequency Range: The frequency response of an accelerometer has a charac
te ristic shape as shown in F ig .6 .4. Measurem ents are norm ally confined to 
using the linear portion of the  response curve which at the  high frequency 
end is lim ited by the accelerom eter's natura l resonance. As a rule of thum b 
the upper frequency lim it fo r measurements can be set to one-th ird  of the ac
celerom eter's resonance frequency so that vibration components measured at 
th is  lim it w ill be in error by no more than + 1 2% (~ 1 dB). Sm all, low  mass ac
celerometers can have a resonant frequency as high as 180  kHz but for the 
more sensitive general purpose accelerometers resonant frequencies of 
30  kHz (giving an upper frequency lim it of 1 0 kHz) are typical.

It should be noted however tha t an accelerom eter's useful frequency range
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is s ignificantly higher, i.e. to 1 /2  or 2 /3  of its resonant frequency, where for 
example 3 dB linearity is acceptable. This may be the case w here  vibration 
measurements are being used to monitor the in ternal condition of machines 
because repeatability is there more important than  linearity.

In practice the lower m easuring frequency lim it is determ ined by two fac
tors. The firs t is the low-frequency cut-off of the  associated pream plifier, but 
th is  is not norm ally a problem as the lim it is usually well below 1 Hz. The sec
ond is the e ffect of ambient tem perature fluc tua tions (temperature transients) 
to w hich the accelerometer is sensitive. W ith  modern shear type accelerome
ters th is e ffect is typically 20  dB lower than fo r corresponding compression 
types w hich thus allows m easurem ent down to well below 1 Hz for normal 
environm ents.

Sensitivity, Mass and Dynam ic Range: Ideally, the higher the  transducer 
sensitiv ity the better, but a compromise has to be made because high sensitiv
ity norm ally entails a large piezoelectric assembly and consequently a rela
tive ly large, heavy unit w ith  low  resonant frequency. In norm al c ircum 
stances the sensitivity is not too critical a fac to r as modern pream plifiers are 
designed to accept these low -leve l signals.

Accelerometer mass becomes important w hen  measuring on light test ob
jects. The accelerometer should load the s tructu ra l member as little  as possi
ble: additional mass can s ign ifican tly  change the  vibration levels and frequen
cies present at the measuring point and invalidate the measured results. An 
approximate indication of the change in structura l response due to loading 
can be found using the fo llow ing  equations:

am = acceleration measured w ith  accelerometer mounted 
as = acceleration w ithout accelerometer
fm = resonance frequency measured w ith  accelerometer m ounted 
fs = resonance frequency w ithou t accelerometer 
ma = accelerometer mass
ms = effective mass of tha t "p a rt”  of the structure to w h ich  the  ac
celerometer is mounted.

As a general rule, the accelerometer mass should be no greater than one- 
tenth of the effective (dynamic) mass of the part of the s tructure  to which the 
accelerometer is mounted.

( 6 . 1 )

where:
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W hen it is w ished to measure abnorm ally low or high acceleration levels, 
the dynamic range of the accelerometer should be considered. Theoretically 
the output of a piezoelectric accelerometer is linear dow n to zero acceleration 
but in practice the low er dynamic lim it is determined by electrical noise from

Fig. 6.5. M easuring range nomogram for B & K accelerometers under the spe
c ific  conditions sta ted
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connecting cables and am p lifie r circuitry. This lim it is norm ally below 
0,01 ms—2 w ith  general purpose instrum ents measuring over a w ide band. 
S ignificantly lower levels may be measured w hen using a filte r fo r frequency 
analysis.

The upper dynamic lim it is determ ined by the  accelerom eter's structural 
strength. General purpose accelerometers are linear up to 50  to 1 0 0 kms- 2 
(5 0 0 0  to 1 0 0 0 0 # )  which is w e ll into the range of mechanical shocks. For 
very high shock measurements the shock accelerometer (Type 83 0 9 ) shown 
in F ig.6 .3 can be used up to 1 0 6 m s- 2  (1 0 0 0 0 0 # ) .

A typical example of how the  various factors lim it the operating range of 
B & K accelerometer types under specific conditions is shown in the nomo
gram , Fig.6 .5.

Transverse Response: The transverse sensitiv ity of an accelerometer is its 
sensitiv ity to accelerations in a plane perpendicular to the main accelerome
ter axis as shown in Fig.6 .6 . It is normally expressed in percent of the main 
axis sensitivity and should be as low as possible. The transverse sensitivity 
varies according to w hich d irection is considered, the direction of m inim um 
sensitiv ity is marked on most B & K  accelerometer types w ith  a red paint 
spot. Measurement of the maxim um  transverse sensitivity is part of the indi-

Ax is  o f 
maximum 
sensitivity

A xis o f maxim um  
Transverse 
sensitivity

Transverse sensitivity 
(ideally zero 

sensitivity at the 
calibration frequency)

Ax is  of m inim um  ^

780732

Fig. 6 .6 . Vectorial representation o f transverse sensitiv ity
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Fig. 6. 7. The relative response o f an accelerometer to m ain axis and trans
verse axis vibration

vidual calibration procedure for many accelerometer types and is always less 
than 3 to 4% according to type. It should be noted tha t the  transverse sensi
tiv ity  is typically less than 1 % of the m ain axis sensitiv ity.

Piezoelectric accelerometers also exh ib it transverse resonance as indicated 
in F ig .6 .7. W here high levels of high frequency transverse vibration are pres
ent at the measuring position th is may result in erroneous results and in th is 
case measurements should be made to establish the level and frequency con
ten t of transverse vibrations.

Transient Response: Shocks are sudden releases of energy often character
ised by having a high level, short duration and a very w ide  frequency con
tent.

The overall linearity of the measuring system can be lim ited at low  and 
high frequencies by phenomena known as Zero S h ift and Ringing respec
tive ly. These effects are shown graphically in Fig.6 .8 .

' Zero S h ift"  is caused both by phase non-linearities in the pream plifier and 
by the piezoelectric elem ent of the accelerometer reta in ing charge after being 
subjected to very high level shocks.

"R in g in g " occurs w hen the accelerometer resonance frequency is excited 
by high frequency components.

106



Fig. 6 .8 . Vibration m easurem ent system response to h a lf sine wave pu lse o f 
length T.
a) "Zero S h ift"  lim its  the low -frequency response o f the system.
b) " R inging"  lim its  the high frequency response o f the system

Fig. 6 .9 . Vibration system  —3dB  lo w e r and upper lim itin g  frequencies vs 
pulse duration T for acceleration m easurem ents on transient v ibra
tions keeping amplitude errors less than 5 and 10% respectively
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To avoid s ign ificant m easuring errors due to these effects, the  frequency re
sponse of the measuring system should be lim ited as shown in F ig.6 .9 which 
is based on measuring errors of less than 5% or 1 0%.

6 .2 .1 . Environmental Conditions

Temperature: Typical general purpose accelerometers can to lerate  tempera
tures up to 250°C . At h igher tem peratures the  piezoelectric ceram ic w ill be
gin to depolarise causing a perm anent loss in sensitivity. Up to temperature 
excesses of 50°C  above the specified lim it the loss is gradual so that after re
calibration the  accelerometer is still usable. A t even higher tem peratures the 
Curie point is reached w hich results in com plete destruction of the piezoelec
tric  element. Special high tem perature accelerometers can be used in tem per
atures up to 400°C .

A ll piezoelectric materials are tem perature dependent so th a t changes in 
the ambient tem perature resu lt in changes in sensitivity. For th is  reason 
B & K accelerometers are delivered w ith a sensitiv ity  versus tem perature ca li
bration curve so that corrections can be made w hen working in temperatures 
significantly higher or lower than the calibra tion tem perature of approxi
mately 20°C . A  curve p lotting the  variation in sensitiv ity w ith  tem perature is 
shown in F ig.6 .1 0.

Fig. 6 .10. Typical charge sens itiv ity  versus tem perature characteristic tor p ie 
zoelectric accelerometers

When accelerometers are to be attached to surfaces at a h igher tempera
ture  than the ir design maximum a heat sink and mica washer can be inserted 
between the base and the surface to reduce heat transmission as shown in 
F ig.6 .11.
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___________________________________________________________________________________________________________________________________________750890/3

Fig. 6.1 1. The use of a m ica washer and hea t sink w ill enable accelerometer 
to be used on surfaces at tem peratures ra ther h igher than the ac
celerometer's design maximum

Temperature Transients: Piezoelectric accelerometers also exhibit a vary
ing output when subjected to small tem perature fluctua tions called tem pera
ture transients in the m easuring environm ent. This is norm ally only a prob
lem where very low level or low frequency vibrations are being measured. 
Modern shear type accelerometers have a very low sensitiv ity  to tem perature 
transients.

Cable Noise: Since piezoelectric accelerometers have a high output im ped
ance problems can som etim es arise w ith  noise signals induced into the con
necting cable to the pream plifier. These spurious signals can result from  
ground loops, triboelectric noise, or e lectrom agnetic noise.

Ground loop currents can flow  in the shield of accelerometer cables be
cause of s light differences in the e lectrica l potential of grounding points 
w hen the accelerometer and the m easuring equipment are grounded separ
ately. The loop is broken by electrically iso la ting the accelerometer base from  
the m ounting surface by means of an isolating stud (max. tem perature 
250°C) and mica washer.

Triboelectric noise can be generated by the accelerometer cable due to lo 
cal capacity and charge changes between the conductor and shield as the  
cable vibrates. This problem is avoided by using a proper in terna lly graphited 
accelerometer cable and fix ing  it to avoid cable movements as much as possi
ble.

Electromagnetic noise can be a problem when the accelerometer cable lies 
in the v ic in ity  of running electrical m achinery. Double shielded cable helps to 
reduce th is problem but in severe cases a balanced accelerometer and d iffe r
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ential pream plifier should be used. The la tte r is standard practice w ith perm a
nent vibration m onitoring equipm ent on industria l machinery.

Base Strains: When an accelerometer is mounted on a surface which is u n 
dergoing dynamic deform ations a spurious output w ill be generated as a re 
sult of strain being transm itted  to the sensing element. Accelerometers have 
thick s tiff bases to m in im ise th is  effect. Note that Delta S hear® types have a 
particularly low  sensitiv ity to base strains because the piezoelectric element 
is mounted on a centre post rather than d irectly to the accelerometer base, 
and this does not so d irectly  result in shear deformation of the  elements.

Nuclear Radiation: M ost general purpose accelerometer types may be 
used under gamma radiation rates of 10 k R ad/h  up to an accumulated dose 
of 2 M Rad w ithou t s ign ifican t changes in characteristics. Types intended fo r 
perm anent installation on machines and equipm ent may also be used in 
heavy neutron radiation at rates of 1 M R ad /h  up to accum ulated doses of
1 00  M Rad. Special m ineral insulated "h a rd lin e ’ ' cables are necessary in th is  
case.

Magnetic Fields: The magnetic sensitiv ity of piezoelectric accelerometers is 
very low, norm ally less than 1 0 ms~ 2 /T  w ith  a 50 Hz a lternating field and 
least favourable orientation of the accelerometer.

Humidity: Most accelerometers are sealed, either by epoxy bonding or 
welding and are therefore impervious to m oisture. However, cable connectors 
only offer superficial protection. For short term  exposure the transducer 
socket and cable plug can be dipped in s ilicone grease before the connector 
is assembled. For exposure to high hum id ity or direct im m ersion the whole 
assembled connector should be encapsulated in an acid-free RTV silicone rub
ber compound. In wet environm ents standard Teflon insulated accelerometer 
cables should always be used.

Corrosive Substances: M ost accelerometers are encased in stainless steel, 
titan ium  or beryllium  and therefore have a high resistance to most of the cor
rosive substances encountered.

Acoustic Noise: The noise levels present in machinery are not normally 
suffic ient to cause any s ign ifican t error in vibration measurements. It may be 
expected tha t the acoustically induced vibra tion in the structure on which the 
accelerometer is mounted w ill be far greater than the airborne excitation of 
the accelerometer.

This concludes the list o f environm ental factors which need to be consid
ered when selecting and using piezoelectric accelerometers. To illustrate the 
sort of figures to be expected, the fu ll specifications of a typical general pur
pose accelerometer, B & K Type 4370 , are tabulated in F ig.6.1 2.
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Weight:*
54 grams

Charge Sensitivity:*
10 pC/ms-2  ± 2%
(~ 100 pC/g)

Typical Voltage Sensitivity:*
8,5 mV/ms“ 2 
(~ 85 mV/g)

Mounted Resonant Frequency:* 
18 kHz

Frequency Range:*
5% 0,2+ to 3500 Hz 
10% 0,2+ to 6000 Hz

Capacitance Including Cable:** 
1200 pF

Max Transverse Sensitivity:***
<4%

Piezoelectric Material:
PZ 23

Typ ical Temperature Response

+ The low frequency cut-off is 
determined by the preamplifier 
and environmental conditions

Individual values given on the 
calibration chart

• » With cable supplied as standard 
accessory

*** Axis of minimum transverse 
sensitivity indicated by red 
dot on the accelerometer

**** Re. ANSI S2. 11-1969
(American National Standard)

Configuration:
Delta Shear

Typ ica l Base Strain Sensitivity:****
(in base plane at 250 n strain) 
0,003 ms- 2 / n strain 
(0,0003 g//i strain)

Maximum Positive or Negative Shock:
(along main axis)
50 km s"2 (5000 g)

Maximum Continuous Sinusoidal 
Acceleration:

20 kms- 2  peak (2000 g)

Maximum Acce lera tion  with 
Mounting Magnet:

500 ms~2 (50 g)

Typ ica l Temperature Transient 
Sensitivity:****

(3 Hz L LF )
0,08 ms- 2 /°C (0,008 g/°C)

Typ ica l Magnetic Sensitivity:
(50 Hz -  0,03 T)
1,2 ms_2 /T  (0,012 g/k Gauss)

Base & Housing Material:
Stainless Steel A IS I 316

Typ ica l Acoustic Sensitivity:
(Equiv. Acc'n . at 154 dB SPL , 
2 -  100 Hz)
0,001 ms~2 (0,0001 g)

M in im um  Leakage Resistance:
(at 20°C)
20 Gn

M axim um  Ambient Temperature:
250° C  (500° F)

Frequency Response Curve

a Object:______________ B rü e l Si K jæ r

r Urn. F r e q ______ Hz Writing Spaed: m m /sec. Paper Spaed: m m /w c  740761/1

791132

Fig. 6. 12. Specifications of B & K accelerom eter Type 4 3 7 0
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6 .3 . SELECTION OF ACCELEROM ETER PREAMPLIFIERS

Direct loading of a piezoelectric accelerometer's ou tpu t, even by relative ly 
high impedance loads can greatly reduce the accelerometer's sensitiv ity  as 
w e ll as lim iting its frequency response. To elim inate th is  effect the acceler
om eter output signal is fed through a pream plifier w h ich  has a very high in 
put impedance and a low  output impedance, suitable fo r connection to the  re l
atively low  input impedance of m easuring and analyzing instrum entation. In 
addition to the function  of impedance conversion most pream plifiers include 
variable am plification and many o ther facilities for conditioning the signal. 
Pream plifiers are powered either d irec tly  from AC m ains or from bu ilt- in  bat
teries or external DC supplies. A sum m ary of pream plifier types is show n in 
F ig.6.1 5. The type of pream plifier used depends on w he the r the accelerom e
ter is considered as a voltage or charge source. Both voltage and charge sen
s itiv ities  of the accelerometer are stated in the specifications.

The difference can be understood by considering the  equivalent c ircu it d ia
gram of an accelerometer in Fig.6 .1 3 . W ith in  the frequency range in ques
tion , the accelerometer can be considered as a generator which is paralle l - 
coupled w ith  an in terna l capacitance C. As the charge on the capacitor is de
fined as

q = e . C
where:
q = the electrical charge 
e = the voltage across the capacitor 
C = the internal capacitance

it fo llow s that an acceleration w hich produces a certain voltage, e, also pro
duces a charge q on the  capacitor C.

Voltage pream plifiers, which work on the varying ou tpu t voltage from  the 
accelerometer, have been widely used, but have fallen from  favour in recent 
years since charge pream plifiers, w h ich  see the accelerometer as a charge 
source, have become available. The m ain reason for th is  is that w ith  voltage

791121

Fig.6 .13 . Equivalent c ircu it fo r an accelerometer
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Fig. 6 .14 . Equivalent diagram for an accelerom eter plus cable p lus charge a m 
p lif ie r

pream plifiers the  sensitiv ity calibration of th e  measuring system is dependent 
on the capacitance of the connecting cable. Increasing the  connecting cable 
length results in increased signal attenuation and whenever the cable length 
is changed the measuring system sensitivity is changed.

Charge am plifiers are now  used very w ide ly , primarily because of their s im 
p licity of use. The influence of shunt capacitances in the accelerometer c ir 
cuit is e lim inated and it is not necessary to  take note of the length of con
nected cables. A ll one needs to know for proper calibration is the charge sen
s itiv ity of the accelerometer.

An equivalent diagram of a charge am p lifie r w ith cable and accelerometer 
is shown in F ig .6 .1 4

A charge am plifie r consists basically of an operational am plifier w ith  high 
am plification, back-coupled across a condenser Cf. It can be shown tha t the 
output voltage from  the am plifie r can be expressed as:

Qa'A
u Ca + Cc + Cj -  Cf (A  -  1)

where: e0 = pream plifier output voltage
qa = generated charge 
A = am plification 
e ■ = pream plifier input voltage 
Ca = accelerometer capacitance 
Cc = connecting cable capacitance 
Cj = pream plifier input capacitance.
Sq = accelerometer charge sens itiv ity  
a -  acceleration

= e, A
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From this is obtained

e, =
Sg a_________ ___________Cg

Ca + Cc + C, -  Cf (A -  1) Ca + Cc + C, -  Cf (A  - 1 )  a 

Since in th is  equation A is very large, the expression can be reduced to

C, A Cf A
( 6 . 2 )

which is independent of the cable capacitance Cc.

As mentioned in the introduction to th is  section, modern accelerometer 
pream plifiers are available w hich include many useful fac ilities for cond ition
ing the signal in addition to the basic requirem ent of impedance conversion.

A calibrated variable gain facility is often provided to am plify the low-level 
accelerometer signal to a level suitable for input to tape recorders, com pres
sor am plifiers etc. This fac ility  is often combined w ith a secondary gain ad jus t
ment to norm alise "aw kw ard”  transducer sensitiv ities so tha t the output se n 
sitivity is a convenient " ro u n d " figure. For example an accelerometer sens itiv 
ity of 1 ,7 p C /m s —2 can be normalised to an output sensitiv ity of either 1, 
10, 100 or 1 0 0 0  m V /m s_ 2 . This greatly simplifies the setting up, ca lib ra 
tion and reading of a measuring system.

Some accelerometer pream plifiers include integrators to convert the accel
eration proportional output from  the accelerometer to either velocity or d is 
placement proportional signals. This is convenient when the signal is to be 
fed to a measuring am plifier or analyzer, w h ich  are not norm ally equipped 
w ith  integrators.

To attenuate noise and vibration signals w hich  lie outside the frequency 
range of in terest most preamplifiers are equipped w ith a range of high-pass 
and low-pass filte rs. This avoids interference from  electrical noise or signals 
outside the linear portion of the accelerometer frequency range. Other fa c ili
ties often provided are an overload indicator, reference oscillator and battery 
condition indicator where applicable.

By setting the upper and lower frequency lim its  of the pream plifier to 1 de 
cade of frequency above and below respectively the actual range of interest, 
measuring errors resulting from  phase d istortion can be avoided. Phase d is to r
tion does not effect RMS measurements on continuous signals but can pre
vent the accurate measurement of peak levels and affect the usefulness of 
waveform measurements. For integration of shocks and transients, refer to  
Appendix E.
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Measurement
Modes

Acceleration
Velocity
Displacement

Acceleration
Acce leration
V e lo c ity Acceleration Acceleration

Acceleration
Sensitivity

0,1 mV to 
10 V/pC 
( -2 0  to 
+ 80 dB)

0,1 m V  to 1 V/pC 
( - 2 0  to  + 60 dB)

0 ,1 - 1 - 1 0  m V/pC 
( -2 0  to + 20 dB)

0,9 to 10 m V/pC  
internally adjust
able (0 to 20 dB)

0,1 mV/pC to 100 
m V/pC. 100 m V/V  
to 100 V /V  
( -2 0  to + 40 dB)

Frequency
Range 0,1 Hz to 200 kHz 0,3 Hz to 100 kHz 0,003 Hz to 

200 kH z
1 Hz to 200 kH z 0,3 Hz to 200 kHz

Selectable Low 0,2; 1; 2; 10 Hz 0,3; 3; 10; 30 Hz
0,003; 0,03; 0,3; 
1 Hz

0,3 & 3 Hz 
and 2 kHz

L im its High 0,1; 1; 3; 10; 30; 
>  100 kHz

1; 3; 10; 30; 
>  100 kHz 200 kHz 1; 3; 10; 30; 

> 2 0 0  kHz

Power Supply Internal batteries 
or Ext. DC A C  Mains Ext. DC Ext. DC A C  Mains

Other
Features

Overload ind i
cator. Test 
oscillator. 
Battery con
d ition indicator.

Overload ind i
cator. Direct and 
transformer cou
pled outputs.

Input signal 
ground floating 
or grounded

Normal or d if 
ferential input. 
Can be fixed  to 
machine frames.

Overload indicator. 
Test oscillator. 
Particularly used 
for comparison 
calibration of 
accelerometers

791118

Fig. 6. 15. M ain characteristics of B & K accelerometer pream plifiers

The table in Fig.6 1 5 has been prepared to demonstrate the various fa c ili
ties available on pream plifiers and assist in th e ir selection.

6 .4 . CALIBRATION A ND  SYSTEM  PERFORM ANCE CHECKS

Each instrum ent produced by Bruel & Kjæ r has been ind iv idua lly checked 
fo r agreement w ith  published specifications before leaving the  factory. In the 
case of accelerometers the quality control procedure includes a detailed ca li
bration of the  sensitivity and response of each individual accelerometer. A ty 
pical ca libration chart is show n in Fig.6.1 6 .

The two left-hand columns give individually measured values fo r characteris
tics such as sensitivity, capacitance, transverse sensitivity etc. together w ith  
a tem perature response curve and specified representative values for the ac
celerom eter's sensitivity to various environm ental effects. The frequency re 
sponse curve on the right is individually plotted for each accelerometer.

W here accelerometers are stored and operated w ith in  th e ir environm ental 
lim its, i.e. not subjected to excessive shocks, temperatures, radiation doses

115



Fig. 6 .16 . A typ ical accelerometer calibration chart

etc., there w ill be a m in im al change in characteristics over a long tim e pe
riod; tests have shown tha t characteristics typically change less than 2%, 
even over periods of several years.

In v iew  of th is, "ca lib ra ted”  readings are obtained from  a measuring sys
tem merely by noting the transducer sensitiv ity  as recorded on its calibration 
chart, and the gain of the measuring instrum ent.

However, in normal use, accelerometers are often subjected to quite v io 
lent trea tm ent which may result in a s ign ifican t change in characteristics and 
sometimes in perm anent damage.

W hen dropped onto a concrete floor from  hand height an accelerometer 
can be subjected to a shock of many thousands of g. It is norm ally wise there-

F ig .6 .1 7 Accelerom eter C alibrator Type 4291
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Acceleration
ms-2

Velocity
mms~1

Displacement 
Id m

Peak 10 20 40

Peak-to-
40 80

Peak 20

RMS 7,07 14,1 28,3

800127

Fig. 6 .18. Table-vibration o f Accelerom eter Calibrator Type 42 9 1  in terms of 
Peak and RMS acceleration, velocity and displacement

fore to make a periodic check of the sensitiv ity calibration, th is  being nor
mally su ffic ien t to confirm  tha t the accelerometer is not damaged.

The most convenient means of perform ing a periodic calibra tion check is by 
using a calibrated vibration source as shown in Fig.6 .17 . This has a small 
bu ilt-in  shaker table and generator which can be adjusted to vibrate at pre
cisely 10 m /s 2 (1 ,0 2 g) peak. As the signal is a w ell defined 7 9 ,6  Hz s in u 
soid it can also be used fo r checking out systems measuring velocity and d is
placement, RMS or Peak. The table in Fig 6.1 8 shows the values obtained in 
these terms.

The sensitiv ity calibration of an accelerometer is checked by fastening it to 
the shaker table and noting its output w hen vibrated at 10 ms- 2  . Calibration 
accuracy is w ith in  ± 2% w hen used carefu lly. A lternative ly an accelerometer 
can be reserved for use as a reference. This is mounted on the shaker table 
w ith  the accelerometer to  be calibrated. The ratio of the ir respective outputs 
when vibrated w ill be proportional to the ir sensitivities, and as the sensitiv ity 
of the reference accelerometer is known, the unknown accelerom eter's sensi
tiv ity  can be accurately determ ined.

An equally important application for the portable calibrator is the checking 
of a complete measuring or analyzing set-up before the measurements are 
made. The measuring accelerometer is sim ply transferred from  the measur
ing object to the calibrator and vibrated at a level of 10 m s—2 . The meter 
readout can be checked and if a level or tape recorder is being used, the ca li
bration level can be recorded fo r fu ture  reference.

In order to check the frequency response of an accelerometer or measuring 
system the small calibration exciter shown in F ig.6 .19  can be used. W ith  the 
instrum entation set-up show n in F ig.6 .2 0  frequency responses may be p lo t
ted from about 200  Hz up to 35 kHz. The calibrator has a bu ilt-in  control ac
celerometer which allows the  vibration level at the exciter table to be held 
constant over a frequency range w hich covers the resonant frequency of
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Fig. 6. 19. Calibration Exciter Type 4 2 9 0

Electrical or Mechanical 
Frequency Sweep Contro l

• " i

Level Recorder 
2309 or 2307

Unknown
Accelerometer

l_ .

Sine Random Generator 
1027

Unknown Signal

Measuring Am plifier 
2610

Charge
Am p lifier

2634

• : === £

331? * ODD <§)•
Calibration Exciter 

4290

Measuring Am plifier 
2610

Drive Compressor

Fig. 6 .20 . Instrum entation set-up for p lo tting  the frequency response of accel
erometers

many accelerometers. Calibration levels are rather low, tha t is, in the order 
of 1 ms“ 2 .

Some vibration testing specifications demand that transducers used on va lu 
able test specimens are calibrated at a level equal to or h igher than the test 
level. Since the levels these transducers w ill experience are often unknown, 
a high arb itrary confirm ation level is selected, commonly 1 0 0 #  
(~ 1000  m s~ 2 ). V ibration exciters capable of exciting an accelerometer up to 
this level are far more pow erfu l than the tw o "handy" exciters previously 
shown. The 3 8 0 /4 4 0  N (8 5 /1  00  Ibf) force B & K  exciter system includes an
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Fig. 6.21 .(a) A transducer calibration exciter capable o l exciting accelerome
ters at 1000 m /s 2 (B & K Type 4 8 0 1  T + 4815)
(b) Close-up view o f the Exciter Head Type 481 5  show ing  an accel
erom eter to be calibrated m ounted on the Reference Standard A c 
celerom eter Type 8 3 0 5

Compression

Sensitivity
Comparator

2970

Control & 
Balance

1047 Exciter Contro l

Control Signal

Standard------*
Accelerometer Signal

Conditioned 
Standard Signal

2626
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Fig.6 .22. A n  instrum enta tion  arrangement fo r the rapid and accurate back-to- 
back (comparison) calibration of accelerometers

exciter head w h ich  is specially optimized to  fu lfil the demanding require
ments of transducer calibration up to these high levels. This is shown in
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F ig .6.21 (a) mounted on the system exciter body. A reference standard acce l
erom eter is bu ilt into the exciter head fo r back-to-back calibration purposes 
as shown in F ig.6.21 .(b).

An instrum entation arrangem ent em ploying the calibra tion head m ounted 
on a perm anent magnet exciter body is shown in F ig .6 .2 2 . The sensitiv ity  
comparator used in th is  arrangement is particularly valuable where many 
transducers are to be calibrated to a high degree of accuracy (better than 
± 0,5%  can be achieved).

6 .5 . FORCE A N D  IM PED AN CE TR A N SD U C ER S

The forces producing and resulting from  mechanical v ibrations are of great 
in terest in mechanical dynamics. The force acting on a mechanical s tructure  
divided by the vibration velocity it produces defines the mechanical im ped
ance of the structure.

Like the accelerometer, the force transducer also uses a piezoelectric e le 
m ent w h ich , when compressed, produces an electrical ou tpu t proportional to  
the force transm itted through it. For dynam ic force s ignals the same signal 
conditioning and measuring instrum entation as for piezoelectric accelerom e
ters can be used. For low  frequency and semi-static forces, pream plifiers 
w ith  very long tim e constants are necessary.

The force transducer is mounted in the  force transm ission path so tha t it is 
subjected to the forces to be measured. It can measure both tensile and com-

F ig .6 .23 . Construction and typical frequency response o f Force Transducer 
Type 82 0 0
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pressive forces as its piezoelectric element is preloaded. A  high overall s tiff
ness ensures that it has a high resonant frequency and tha t w hen  introduced 
into a mechanical system it has m inimal d isturb ing effect due to  deformation. 
A typical construction and frequency response are shown in F ig .6 .2 3 .

An impedance head conta ins two transducers, a force transducer which 
measures the force applied to a structure under investigation and an acceler
ometer w h ich  measures the resulting motion at the point of application. Nor
mally the output of the accelerometer is integrated to obtain a signal propor
tional to velocity so that the  mechanical impedance Z = £  can be found.

Fig. 6 .24. Construction o f Impedance Head Type 800 1
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Fig. 6 .25. Instrum entation arrangem ent fo r m easuring the impedance of an 
asphalt composite bar sample as a function o f frequency
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The construction of a typical impedance head is show n schematically in 
F ig.6 .2 4  An important feature of the construction is tha t the force transdu
cer elem ent is located very close to the  driving point to  obtain a stiff, low  
mass coupling to the test point. It should be noted that the  impedance head 
is dimensioned for re la tive ly  light loading and is there fore  suitable fo r in 
vestigating a wide range of light structures, machine e lem ents and material 
samples. In the medical fie ld  the impedance head can be used for m easure
ments on soft samples and the  human body.

Impedance measurements on heavier, s tiff constructions are performed us
ing a force transducer and a separate accelerometer as shown in Fig.6 .2 5 . 
For point impedance measurements the tw o  transducers are mounted on op
posite sides of a plate or adjacent to each other w hile the transfer impedance 
of the strycture w ill be obtained when the  two transducers are positioned 
remote from  each other.

6 .6 . PRACTICAL C O N SID E R A TIO N S  IN M O U N TIN G  ACCELEROMETERS

Having selected an accelerometer, bearing in mind the  parameters d is
cussed in section 6 .2 , a suitable m ounting position m ust be chosen. The ac
celerom eter is mounted w ith  its main sensitiv ity axis a ligned w ith  the desired 
measuring direction. As previously mentioned the accelerom eter w ill respond 
to vibration in directions other than its m ain axis. S ensitiv ity decreases as the 
angle between the main axis and the d irection of vibration increases until at 
a plane normal to the m ain axis the transverse sensitivity is a m inimum of up 
to 3 to 4% of the main axis sensitivity. The direction of m in im um  transverse 
sensitiv ity is indicated by a red spot painted on many accelerometers; in th is  
direction the transverse sensitiv ity  is v irtua lly  zero.

The reason for m easuring vibration w ill normally d ictate the accelerometer 
m ounting position. It should be chosen so as to obtain a short rigid m echani
cal path from  the vibration source avoiding gaskets etc., fo r example w ith  ro 
tating machinery, bearing housings are ideal. Valuable in form ation can be ob
tained from  measurements both in the axial direction and e ither the horizon
tal or vertical radial d irection , whichever is expected to have the lowest s t i f f 
ness.

The response of m echanical objects to forced v ib ra tions is a complex 
phenomenon, so that one can expect, especially at high frequencies, to m ea
sure s ign ificantly d iffe ren t vibration levels and frequency spectra, even at ad
jacent measuring points on the same m achine element.

The method of attaching the  accelerometer to the m easuring point is one of 
the most critical factors in obtaining accurate results from  practical vibration 
measurements. Sloppy m ounting results in a reduction in the mounted reso
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nant frequency, which can severely lim it the  useful frequency range of the  ac
celerometer. The ideal m ounting is by a threaded stud onto a fla t, smooth su r
face as shown in Fig.6 .2 6  (a). A th in layer of grease applied to the m ounting 
surface before tightening down the accelerometer w ill usually improve the 
mounting stiffness. The tapped hole in the  machine part should be su ff ic 
iently deep so that the stud is not forced into the base of the accelerometer. 
The draw ing shows a typical response curve of a general purpose accelerome
ter mounted w ith  a fixed stud on a fla t surface. The resonant frequency a t
tained is almost as high as the 32 kHz m ounted resonant frequency atta ined 
under calibration where the  mounting surface is dead fla t and smooth.

A com m only used a lternative mounting method is the use of a thin layer of 
bees-wax for sticking the accelerometer in to  place. As can be seen from the 
response curve. Fig.6 .2 6  (b) the resonant frequency is on ly slightly reduced. 
Because bees-wax becomes soft at h igher tem peratures, the method is res
tricted to about 40°C. W ith  clean surfaces, bees-wax fix ing is usable up to  ac
celeration levels of about 1 00  m /s 2

A mica washer and isolated stud are used as shown in F ig.6 .26 (c) w here
the body of the accelerometer should be electrically isolated from the m easur
ing object. This is norm ally to prevent ground loops as discussed elsewhere. 
A th in  slice should be peeled from the th ick  mica washer supplied. This fix ing  
method also gives good results, the resonance frequency of the test acce ler
ometer only being reduced slightly.

W here permanent measuring points are to be established on a m achine 
and it is not wished to d rill and tap fix ing  holes, cementing studs can be used 
as shown in Fig.6 .26  (d). They are attached to the m easuring point by means 
of a hard glue; epoxy and cyanoacrylate types are recommended as soft 
glues can considerably reduce the usable frequency range of the accelerom e
ter. Epoxy w ill be the longest lasting w h ile  cyanoacrylate is quickest and eas i
est to apply.

Double sided adhesive tape is a quick and easy medium for mounting acce l
erometers. Thin tape used on flat, sm ooth surfaces gives fa irly good results 
but it can be seen from  the response curve in Fig.6 .2 6  (e) that a s ign ifican t 
reduction in frequency range can be expected, especially w ith  thick tape.

A perm anent magnet, as shown in F ig .6 .26  (f), is a simple attachm ent 
method w here the m easuring point is a fla t ferro-m agnetic surface. It also 
e lectrica lly isolates the accelerometer. Th is method reduced the resonant fre 
quency of the test accelerometer to about 7 kHz and consequently cannot be 
used fo r measurements much above 2 kHz. The holding force of the m agnet 
is su ffic ien t for vibration levels up to 1 0 0 0  to 2000  m /s 2 depending on the
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Fig. 6 .26 . M ethods of m oun ting  B & K piezoelectric accelerometers and exam 
ples o f typical frequency responses obtained

size of the accelerometer. Note that the use of the magnet does not ensure 
absolute repeatability of positioning.

A hand-held probe as shown in F ig .6 .2 6  (g) w ith  the  accelerometer
mounted on top is very convenient for quick-look survey w ork, but can give
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Fig. 6 .27 . M echanical F ilte r UA 0 5 5 9

_ 4 Q Transverse axis response 
o f accelerometer mounted 

- 5 0  on Mechanical Filter 
50 Hz 100 200 500 1 kH z 2 5 10 20 50

Frequency 770805

Fig. 6 .28 . Typical m ain axis and transverse axis frequency response o f A cce l
erom eter Type 4 3 7 0 , dem onstrating the e ffect o f the M echanical 
F ilter UA 0 5 5 9

gross measuring errors because of the low  overall stiffness. Repeatable re 
sults cannot be expected. An electrical or mechanical low-pass filte r should 
be used to lim it the m easuring range at about 1 000  Hz.

A very useful m ounting accessory is the Mechanical Filter, which is 
mounted between the accelerometer and the  point of m easurement in order 
to prevent the accelerometer from detecting high frequency vibration. The f i l 
ter, shown in F ig.6 .27  is useful where the measuring instrum entation is not 
equipped w ith  a choice of low-pass filte rs to prevent the erroneous measure
ment of high frequency vibration components which can be amplified by the 
accelerometer's resonance. Even when using electronic integrators or low  
pass filte rs  the mechanical filte r w ill prevent overloading the  input stage of 
the pream plifier. It protects accelerometers and am plifiers against high level, 
high frequency shock transien ts in both the  accelerometer main and trans
verse axis directions. Curves demonstrating the effect of the  filte r are shown 
in F ig.6 .2 8 . It can be seen tha t the transverse and main axis resonances, 
w hich are typically 30  dB in amplitude, are substituted by a h ighly damped re 
sonance response of only 3 to 4dB  amplitude.
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Fig.6 .29 . Typical frequency response o f various B & K  genera l purpose accel
erometers when m ounted on the m echanical filte r

The filte r is in effect a butyl-rubber bu ffe r between the accelerometer and 
the vibrating surface. Its cu t-o ff frequency depends upon the  mass of the ac
celerometer mounted on it as can be seen from  the frequency response plots 
in Fig.6 .2 9 . The upper cu t-o ff frequency of any accelerometer can be fu rthe r 
reduced by adding additional mass in accordance w ith F ig .6 .3 0 .

Fig. 6 .30 . Typical cu t-o ff frequency (—3 dB) p lo tted as a func tion  o f load mass 
on the M echan ica l Filter

A mechanical filte r should always be used when sound level meters or 
measuring amplifiers (w ithou t external f ilte rs  or integrators) are used to m ea
sure w ide-band vibration as they would otherwise include the accelerome
ter's resonance frequency.

After mounting the accelerometer and connecting the cable, steps should 
be taken to avoid problems w ith  triboe lectric noise induced into the cable as 
mentioned in section 6 .2 . The cable should be fixed to prevent relative move
ment as shown in F ig.6.31 .
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The cable should leave the specimen at the point of lowest v ibration
____________________ __________________ _____________________ ___________________________ 800458

Fig 6.31. Accelerometer cables should be fastened down to avoid cable whip 
and thus, interference from triboelectric noise
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Another possible in terference effect is hum  picked up from  the mains sup
ply by ground loops as previously mentioned in section 6 .2 . F ig .6 .32  (a) illu s 
trates how a ground loop is formed. The voltage drop A  V adds directly to the 
possibly weak signal from  the  accelerometer and can pose serious problems 
especially w ith  large vibra tion measurement systems.

One way of e lim inating ground loop hum is to ensure tha t the entire meas
urement system is grounded at one point on ly as indicated in F ig.6 .32  (b). For 
this purpose it is necessary to isolate the accelerometer from  the vibration 
test specimen using the isolated stud and washer, mechanical filte r or the 
permanent magnet m ounting discussed in section 6 .6 . Grounding should 
then be carried out by connecting the earth of the mains supply to the mains 
input socket ground pin o f one of the measuring or analyzing instrum ents in 
the system. Correct grounding of the accelerometer and of the other ins tru 
ments in the system w ill be effected through the screens of the coaxial 
cables used to interconnect the input and output sockets of the equipment 
concerned.

In industria l environm ents it is recommended that a Balanced Accelerome
ter be used w ith a pream plifie r having a differential input as shown in 
F ig.6 .32  (c). These have both poles of the ir piezoelectric elem ent isolated 
from the ir housing so tha t noise common to both poles of the accelerometer 
output and preamplifier input cancels, thus greatly reducing the influence of 
electrom agnetic radiation pick-up on measurements, and also breaking the 
ground loop.

6.7 . PORTABLE BATTERY OPERATED IN STR U M ENTS

6 .7 .1 . The General Purpose Vibration M eter

A system for measuring shock and vibration consists basically of two parts. 
(1) A transducer which is mounted on the  point of m easurem ent to convert 
the mechanical vibrations into an electrical signal, and (2), a measuring and 
indicating device

The measuring and indicating device, a vibration meter, consists of one or 
more instrum ents w hich am plifies and conditions the s ignal. Facilities p ro
vided should include sw itchable  filte rs to lim it the frequency range at the up
per and lower ends, so as to avoid the measurement of unwanted signals, 
noise etc., an integrator to enable acceleration, velocity and displacement par
ameters to be measured, and a signal detector and indicating meter to ind i
cate the RMS or peak value of the signal. Facilities should also be provided 
for connecting a sw itchable or tunable f ilte r  to enable frequency analysis to 
be performed and this w ill in turn require tha t a graphical recorder can be 
connected to plot a perm anent record of vibration spectra. F ig .6 .33 shows
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Fig. 6 .33. G eneral Purpose V ibration M eter Type 251 1

Fig. 6 .34 . Block diagram  o f the Genera! Purpose V ibration M eter

such an instrum ent w h ich  has the additional feature tha t it is powered from  
bu ilt-in  rechargeable batteries. The block diagram in F ig.6 .3 4  shows how the 
fac ilities mentioned are incorporated in to  the vibration meter shown in 
F ig.6 .33 .

As can be seen from F ig .6 35 the frequency response of the General Pur
pose V ibration Meter depends on whether acceleration (no integration), veloc
ity (one stage of integration) or displacement (double integration) is chosen. 
The various high and low-pass filters lim it the frequency range of the ins tru 
ment to the range of in terest and reduce the possibility of interference from 
unwanted low and high frequency signals, noise etc.

By adding a tunable filte r the General Purpose V ibration M eter is converted 
into a frequency analyzer. This combination is available in a convenient carry
ing case complete w ith  bu ilt-in  battery chargers and is an ideal set for ma
chine condition m onitoring and the general study of m echanical vibration, 
both in the fie ld and in the  laboratory. W ith  the further addition of a portable
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Fig. 6 .35 . Frequency response o f the  General Purpose Vibration M e te r Type 
251 1 when sw itched to measure acceleration, velocity and dis
p lacem ent respectively

level recorder, "on the spot" hard-copy frequency analyses may be obtained 
sem i-autom atically. This com pletely self contained system is show n in use in 
F ig.6 .36 .

1 kHz
Frequency

Frequency

dB/Octave

The Portable Vibration A nalyzer's versatility can be further increased by ad
ding a photo-electric pickup and Trigger Unit /  Phase Meter, w h ich  can also
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Fig. 6 .36 . The Portable Vibration A nalyzer together w ith  a Portable Level Re
corder Type 2 3 0 6  produces "on the sp o t" ha rd  copy frequency ana
lysis p lots

be contained in the same carrying case. The set can then be used fo r static 
and dynamic balancing of machine rotors in-situ. This application is described 
fu lly  in Chapter 1 1.

A  battery-operated vibration meter dedicated to the  measurement of vibra
to ry  motion w ith  respect to its ab ility  to  cause d iscom fort or damage to the hu
man body is shown in Fig.6 .37 . It is equipped w ith  w eighting filte rs  fo r the 
measurement of three categories of "hum an”  vibration; "W hole Body", 
"H a rd -A rm ", and "M o tion  S ickness". The instrum ent measures according to 
standards w hich define the m easuring criteria and recommend discom fort 
and danger lim its. These are discussed in detail in Chapter 5. Several acceler
om eter types may be used w ith  the meter. Of particu la r interest is the Seat 
Accelerometer, also shown in F ig.6 .3 7 , which is placed under the buttocks 
o f a seated person and detects vibration in three m utua lly  perpendicular direc
tions.

Moving back now  to the tunable filte r which gives the vibration meter its 
frequency analysis capability, the instrum ent contains a single bandpass filte r 
w h ich  may be sw itched to either 3% or 23% (~ 1 /3  octave) bandwidth and 
w h ich  may be tuned over the frequency range 0 ,2  Hz to 20 kHz in five  sub
ranges. Tuning is e ither manually controlled by means of the knob on the 
fron t panel or swept autom atically through each frequency sub-range when 
used in conjunction w ith  the Portable Graphic Level Recorder show n in
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Fig.6 .37 . Hum an Vibration M ete r Type 2 5 1 2  and Triaxial Seat Accelerom eter 
Type 4322

Fig.6 .36 . A typical 3% bandwidth analysis of gearbox vibration made using 
the vibration analyzer set and level recorder is shown in F ig .6 .3 8 . Selection 
of m easurement parameters and sweep speeds is discussed in Chapter 7.

Another battery operated filte r which matches the general purpose v ib ra 
tion meter is the tracking filte r shown in F ig .6 .39 . In addition to being m anu
ally tunable the filter can be tuned by v irtu a lly  any periodic signal from for ex
ample a tachom eter probe on a rotating machine. This tun ing fac ility  enables 
vibration signals to be analysed during m achine run-up or on variable speed 
machinery. The filte r may be switched to e ither 6%, 12% or 23% bandwidth 
and be tuned continuously over the frequency range 2 Hz to 20  kHz via the ta 
chometer input. When tuned manually th is  range is covered w ith  two sub
ranges. A  typical analysis arrangement using the tracking filte r is shown in 
F ig.6 .40 .

Measuring Object:

Velocity
Small gearbox/motor 
3% B/W_____________

0 mm/s

2 0 - 1 mm/s

o_0 ,1  mm/s t i t
2 H i 6 10

Q P  Q 1 4 3  Pot Ranga:_

5000 10 00 0 2 0 00 0  50000 100000

m m /w c  Papar Spaad: 0.1 m m /M C . 78 0 236
50 100 200 500 lOOO 2000

Ractifiar.: RMS Lowar Lim. Frag : j  H i W riting  Spaad:

Fig. 6 .38 . Typical frequency analysis m ade using battery operated portable  
instrum ents
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Fig.6 .39 . Tracking F ilte r Type 1623 com bines w ith Vibration M eter Type 
251 1 to form  a versatile tracking analyzer

lysis

An additional feature of th is  filte r is that it can be tuned to any ratio com bi
nation of the tuning (tachometer) signal frequency between 1 /9 9  and 9 9 /1 .  
This enables order analysis to be performed, tha t is, the vibration level a ttr i
butable to the various harm onics and sub-harm onics of a machine's funda
mental rotation frequency are measured as a function of rotation speed.

The tracking filte r also provides synchronisation signals for the portable le-
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Fig.6 .41 . A n  order analysis p lo tted  on the X-Y  Recorder Type 2 3 0 8  using the  
instrum ents show n in Fig. 6 .40

Fig.6 .42 . Frequency spectrum  plotted on the Portable Leve l Recorder Type 
2 3 0 6  using the instrum ents show n in Fig. 6 .40.

vel recorder or X-Y recorder (mains operated) enabling vibration level versus 
machine speed plots to be made autom atically. Typical recordings are shown 
in Figs.6.41 and 6.42.

6 .7 .2 . The Sound Level M eter (SLM) as a Vibration M eter

W hile considering portable vibration meters it should be mentioned tha t 
some sound level meters can also be used fo r vibration measurements. A typ i
cal example is shown in F ig .6 .43 . W hile the  SLM is not by any means an 
ideal general purpose v ibra tion meter it may be economically attractive to the 
user w ho needs a precision sound level m eter and has the occasional need to 
measure vibration.
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Precision Sound Level M eter Type 
2 2 0 9  fitted  w ith  in tegrator adaptor 
ZR 0020 , 1 /3  Octave Filter Set 
Type 1616 and an accelerometer

Fig. 6 .44 . Integrator Type ZR 0 0 2 0  com plete w ith a M echan ica l F ilter UA 
0 5 5 9  and slide ru le  for converting dB scale readings to vibration 
units. Note tha t SLM  Type 2 2 0 9  has interchangeable meter scales 
allow ing direct reading in m echanica l vibration un its

Several B & K  sound level meters, as show n in the table in F ig.6 .45 , may 
be used for acceleration measurements by merely adding an accelerometer 
pickup. W ith  the further addition of the Integrator ZR 0 0 2 0 , (F ig.6.44) which
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Level
Meter
Type
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A
e a s  ®

A
f e w
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Ü T  ©

A
‘ ■ à;
■ f t

2203 2209 2210 2218

Frequency
Range
w ith Integrator 
ZR  0020 
(± 0,5 dB)

Acc. 10 Hz to 20 kH z 3 Hz to  30 kHz 31,5 Hz to 12,5 kH z

Vel. 25 Hz to  5 kHz 25 Hz to 5 kHz 31,5 Hz to 2 kH z

Disp. 50 Hz to 2 kH z 50 Hz to  2 kHz 50 Hz to 2 kH z

Detector
Modes

RMS RMS,
Impulse 
Peak Hold 
Impulse Hold

RM S
Impulse
Peak
A ll w ith or w ith
out max. Hold

R M S  
Impulse 
Peak Hold

Averaging
Times

''Fast''
"S low "

"Fast", "S lo w " , "Impulse"

Provision fo r 
Connecting 
External 
Filters

Yes

Outputs AC  Lin
A C  Lin 
DC Lin A C  Lin, DC Log

Vibration
Meter
Scales

Conversion 
from  dB 
Necessary

Yes
Conversion from  dB  
Necessary

791115

Fig. 6 .45. Sound Level M eters which may be used fo r vibration m easurem ent 
and analysis

fits  on the m eter in place of the microphone, ve locity and displacem ent meas
urements can be made.

The main lim ita tions associated w ith  using SLM 's for vibration measure
ment are in frequency range, and in dynamic range when using the  integra
tor for velocity and displacement measurements. SLM 's also have a voltage 
pream plifier input which means that the measuring sensitivity is dependent 
on the length of cable between pickup and m eter. When using SLM 's for 
w ide band vibration measurements it is im portant to lim it the high frequency 
response of the instrum ent to the linear portion of the accelerometer re
sponse curve. This is most simply achieved by using the previously-m en
tioned mechanical filte r UA 0 5 5 9  together w ith  the  accelerometer.

Fitting a band-pass filte r to the sound level m eter facilitates frequency ana
lysis. Octave and third-octave filte r sets are available which fasten directly to 
the body of the SLM's as shown in F ig.6 .43 . Narrow-band and tracking  analy
sis can also be performed w ith  SLM 's using the  filte rs  previously mentioned 
in connection w ith  the General Purpose V ibration Meter. These systems can 
all be synchronised w ith  the Portable Level Recorder so that hard copy fre 
quency analysis plots of sound and vibration can be made
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For convenience in fie ld use the SLM 's are available in carrying cases con
ta in ing  the accessories necessary fo r sound and v ib ra tion  measurements.

6 .7 .3 . The Tape Recorder in Vibration Work

It may often be more convenient to record v ib ra tion  signals on magnetic 
tape for later analysis in the laboratory rather than making on-the-spot fre 
quency analyses in the  field. This is especially the case when it is w ished to 
analyse transient vibra tion, shocks and continuous signals on sophisticated 
mains-operated laboratory-type instrum entation. In large machine condition 
m onitoring programmes it is often most rational to go from machine to ma
chine w ith  a battery-operated tape recorder, taking a short sample from  the 
many measuring po in ts involved, then making the analysis back in the labora
tory.

By replaying a tape at higher speed, very low  frequency signals can be 
brought into the frequency range of ordinary frequency analyzers and analy
sis tim e can also be reduced.

Two recording princip les are in common use, d irect recording (DR) and fre 
quency modulation (FM). Their relative merits are show n in Fig.6 .46 .

FM recording techniques are norm ally employed in order to obtain the  line
arity  and low frequency response necessary for many vibration measurement 
purposes.

A Tape Recorder of instrum entation quality, w h ich  is designed w ith  both 
fie ld  and laboratory use in mind, is show n in Fig.6 .4 7 . It has four FM record
ing channels as standard but one or more channels may be converted to d i
rect recording by exchanging certain p lug-in circu it cards (full DR specifica
tions only obtainable in a 2 channel version w ith special heads). For versa til
ity, the built-in  rechargeable battery cassette may be exchanged for a power

DR FM

Dynamic Range (narrow  band - typ ica l) 
Lower Frequency L im it 
Upper Frequency L im it (typical) 
Am plitude S tability 
Phase Linearity
Preservation of Recorded Inform ation

70 dB 
2,5 Hz*
50 kHz
acceptable
poor
acceptable

60 dB 
DC
10 kHz 
excellent 
good 
good

' P l a y b a c k  s p e e d  1 0 x  r e c o r d i n g  s p e e d

Fig. 6 .46. Comparison o f DR and FM recording techniques
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Fig.6 .47 . Portable FM Tape Recorder Type 700 3

supply adaptor enabling operation d irectly  from the AC mains, or a lte rna 
tively, the power supply may be connected by cable fo r simultaneous charg 
ing and operation.

Since the tape recorder is likely to be the  most lim iting  factor in de te rm in 
ing the dynamic range of the system, it is w ise to choose the parameter fo r 
recording (acceleration or velocity) w h ich  has the fla ttes t spectrum, regard
less of w hich is to be used for final evaluation. Conversion between the par
ameters is of course stra igh t forward once a narrow band spectral analysis 
has been carried out.

It is necessary and convenient to precede each input channel of the tape re
corder w ith  a signal am plification and condition ing device. If one of the sound 
level meters previously shown to be su itab le  for vibration measurements is 
available, th is  may be used to feed one of the four recorder channels.

An ideal input pream plifier for the level recorder is the  battery operated in 
strum ent shown in F ig .6 .5 0 . This is a general purpose accelerometer p ream 
p lifie r w h ich  includes comprehensive signal condition ing facilities. A cce le r
ometer sensitiv ity is d ialled into the th ree  digit sensitiv ity adjustment ne tw ork 
so tha t a rounded calibrated output, adjustable in 1 0 d B  steps, can be ob
tained. This feature greatly simplifies the  calibration of the tape recorder or 
m easuring/analyzing instrum ents fo llow ing  it. Am plifica tion  is adjustable up 
to 80  dB, which enables the 1 V fu ll scale level for the tape recorder to 
be achieved, even w ith  small signals. Integrators are included so that acce ler
ation, velocity and displacement measurements can be performed. A  w ide
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Fig. 6 .48. The Portable tape recorder being used to sim ultaneously record v i
b ra tion in the vertica l and two horizon ta l planes on the p illa r o f a 
ra ilw ay  bridge fo r subsequent analysis in  the laboratory. The separ
ate carrying case (KA 2000) conta ins three Pream plifiers Type 
2 6 3 5  and a Portable Calibrator Type 4291 . a ll o f w h ich  are battery  
operated

Fig. 6 .49. Back in the laboratory taped signals are examined, here using the 
N arrow  Band Analyzer Type 2031 and  X-Y Recorder Type 2308
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choice of high and low-pass filte rs can be selected so that unwanted signals, 
noise, etc. can be prevented from influencing the measurements.

For the application shown in F ig .6 .48  three pream plifiers were used to 
feed three channels of the recorder, the fourth channel was used fo r verbal 
comments via the microphone /  loudspeaker included w ith  the recorder. The 
portable calibrator also shown in Fig 6 .48  provides a reference vibration 
source for checking out the w hole measuring cha in  and allows a 10  ms- 2  
(~1 g) reference vibration level to be recorded on the  tape. The pream plifiers 
and calibrator are mounted in a convenient carrying case.

F ig .6 .50 . Battery operated Charge A m p li
fier Type 2 6 3 5

6 .7 ,4 . Stroboscopic Motion Analysis

The ability to visua lly freeze or slow-down ro ta ting and reciprocating ma
chine parts is h ighly desirable in mechanical developm ent and troub le-shoot
ing work This is possible using the  stroboscopic m otion analyzers shown in 
F ig .6 51 and 6 .5 2 . Illum inated by a high intensity lamp flashing in synchron i
sation w ith  rotary or vibratory mechanical motion, structura l supports, clear
ance between moving parts, eccentric ity of rotation and the engagement of 
meshing gear teeth can be observed in detail The flash frequency may be 
controlled from  a bu ilt-in  generator or a lternatively from  an external trigger 
source such as a vibration exciter contro ller, magnetic pickup or photoelectric 
tachometer probe. The mains operated instrum ent shown in F ig.6.51 has a 
frequency offset fac ility  w hich allow s the test object to be examined in appar
ent slow motion (0 ,3  Hz to 5,7 Hz) and also phase control a llow ing an object 
to be examined in any part of its cycle. In addition to the basic stroboscope fa 
c ility , the small battery operated un it shown in F ig .6 .5 2  has a tachom eter dis
play indicating the trigger or flash frequency.
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F ig .6 .5 1 . Stroboscopic M otion  Analyzer Type 491 1

Fig. 6 .5 2  Portable Stroboscope Type 49 1 2
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6.7.5. Waveform Studies

W ithou t dispute, the frequency analysis of vibration signals is the s ingu 
larly most useful tool fo r revealing the background to mechanical vibration 
problems. However the usefulness of waveform  analysis, that is the p lotting 
of signal amplitude versus time, should not be forgotten.

An oscilloscope is generally the s im plest method of displaying a vibration 
waveform  but in the trace fundam ental frequency components are often bu
ried in noise and the method is therefore of limited practical use.

W ith  the help of a w aveform  retriever it is possible to  plot out the am p li
tude of vibration signals as a function of time, w ith  all non-harm onically re 
lated components and noise filtered out, but w ith a selected number of ha r
monic components reta ined. This fac ilita tes the exam ination of the dynamic 
behaviour of machine parts through each phase of the ir cycle and the id e n tifi
cation of irregularities caused by, fo r example, faulty gear teeth and aerody
namic anomalies.

The waveform retriever shown in F ig .6 .5 3  requires a periodic reference s ig 
nal to trigger the sam pling circuitry w h ich  looks at the signal waveform  at a 
progressively later po in t in each cycle, i.e. like the stroboscope in "s lo w  m o
tio n " mode. W ith mechanical systems the  time reference can be conveniently 
provided by Photo-electric Tachometer Probe which gives a trigger pulse for 
each revolution of a shaft, for example. The waveform is fed out at a much 
lower frequency to a level recorder or X-Y recorder. Lowpass filters remove 
non-synchronous varia tions over a selectable effective num ber of cycles.

As the waveform re triever is battery operated and completely portable, a 
battery operated level recorder w ill norm ally be the most convenient p lotting 
device and allow w aveform  plots to be made on-the-spot, out in the fie ld . A 
typical battery operated system is show n in Fig.6 .54 . Note that the w aveform  
retriever is a two channel device so th a t differences in vibration phase and 
am plitude between tw o  d ifferent locations may be examined.

, 9

‘IBRHHIIH IW  -jjj“  _ .

ts t #  *  W

Fig. 6 .53 . Waveform Retriever Type 6 3 0 2
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Fig. 6 .54. Battery operated ins trum entation set-up for recording the time h is
tory o f periodic waveform s

Averaged orb it plots can be draw n by feeding the outputs from  X and Y axis 
transducers via the waveform retriever to an X-Y recorder.

6 .7 .6 . Monitoring for Mechanical Bumps and Shocks

Mechanical shock is a severe environm ental hazard during the  transporta
tion of many items of m achinery, equipment and more or less fragile pro
ducts. A specially designed instrum ent for continuously m onitoring and re
cording the level of excessive shocks is shown in Fig.6 .55 . It is a self-con
tained, fu lly  electronic apparatus that measures the  maximum velocity and ac
celeration together w ith  the tim e of occurrence of shocks w h ich  exceed a 
preset threshold level and records them on a reel of paper tape.

Shocks are picked up by a piezoelectric accelerometer w h ich  can be 
mounted inside the sturdy recorder case or rem otely on a c ritica l part of the 
transported item. It monitors sim ultaneously in three m utually perpendicular 
directions so that shocks occurring in any random direction are resolved into 
three vectors. These are combined in the instrum ent to represent the magni
tude of the applied shock.

Built-in  rechargeable batteries power the instrum ent for approximately 18 
days, for longer journeys an external battery pack can be connected. By con
necting a very high sensitiv ity accelerometer to the recorder its sensitivity 
can be increased by a factor of 1,000 making it suitable for recording ground 
trem ors and building shocks due to, for example, rock blasting or heavy tra f
fic. The photograph in Fig.6 .5 6  shows the bump recorder in use.
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Fig. 6 .55. Bum p Recorder Type 2 5 0 3  together w ith  a typ ica l bum p readout 
p rin ted  on a 6 m m  wide paper strip

F ig .6 .56 . Bump Recorder Type 2 5 0 3  packed in its reusable protective con
tainer, m ounted on a m achine tool. The tria x ia l accelerometer 
pickup is m ounted on the headstock o f the machine
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6.7 .7 . Portable Level Recorders

W here more than a fe w  vibration measurements are made, or frequency 
and waveform  analysis are performed, it is a severe drawback to have to m an
ually plot results on a record sheet. A level recorder fac ilita tes the autom atic 
recording of time and frequency spectra on a precalibrated paper chart, of 
w h ich  there are num erous examples show n in th is book.

Battery operated level recorders are available in both s ingle and tw o chan
nel versions as shown in F ig .6 .57. They are equipped w ith  an RMS rectifie r 
and can record AC signals in the frequency range 1,6 Hz to  20  kHz norm ally 
on a logarithm ic frequency scale or linear time axis. DC signals may be re
corded on both linear and logarithm ic am plitude scales.

Fig. 6 .57 . Portable battery operated Level Recorders Types 2 3 0 6  (single chan
nel) and 2 3 0 9  (tw o channel)

Recording chart paper is stored on a ro ll in the recorder and is fed out at be
tw een 0,01 and 30 m m /s  according to w h ich  of the e ight paper speed se t
tings are chosen. For frequency analysis work the paper feed is semi- or 
fu lly  autom atically synchronised w ith the sweep of the filte rs  previously m en
tioned.

The tw o-channel recorder is particularly convenient w here  it is required to 
plot tw o varying parameters w ith  respect to a common parameter, for exam
ple, tim e, frequency or rpm . Typical examples that can be mentioned are the 
plotting of excitation force and response vibration as a function  of frequency
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or the vibration level at tw o  different locations on a m achine as a function  of 
rotation speed.

6 .8 . LABORATORY ORIENTED M A IN S-O P ER A TED  IN S TR U M E N TA 
TIO N

The instrum ents described in the previous section are powered from  in te r
nal batteries and can therefore be run independently of AC mains power. 
Most of them can, however, be run from  the mains in laboratory s ituations 
via one of the battery chargers or power supplies available for th is purpose.

A lthough battery-powered instrum ents are already show ing a high degree 
of sophistication we still must look to m ains powered instrum entation fo r the 
most powerful measuring and analyzing systems. Research and development 
work in the laboratory and the analysis of tape recorded data is s till the do
main of mains operated instrum entation.

The firs t stages of the vibration measuring chain, the transducer and 
pream plifier discussed in 6.1 and 6 .2  apply to both battery and m ains-oper- 
ated measuring and analyzing instrum entation. From the re  on there is a w ide 
choice of mains-operated filte ring , detection and recording instrum entation 
available.

The measuring am plifie r is a central instrum ent here, it is used alone as a 
precision signal detector and level indicator and together w ith  a filte r set, to 
perform frequency analysis. A m easuring amplifier and filte r-set are often 
combined into a signal instrum ent called a frequency analyzer or spectrom e
ter.

6 .8 .1 . Measuring Amplifiers

The choice of measuring am plifier w ill mainly depend on whether it should 
be able to be additionally operated from  a DC supply, w he the r peak indication

Fig. 6 .58. A typ ical m easuring amplifier, B & K Type 26 1 0
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Fig. 6.59. M ain data for m easuring  amplifiers su itab le  for vibra tion measure
ment

in addition to RMS is required and whether long tim e constants are required, 
as is often the case when analyzing w ith narrow-band filte rs. A  typical mea
suring am plifier suitable fo r vibra tion measurement is shown in Fig.6 .58. 
The main data of th is  and s im ila r instrum ents is show n in F ig.6 .5 9 .

6 .8 .2 . Separate Filters

Add-on filte rs  fo r measuring amplifiers fac ilita te  frequency analysis; both 
constant bandwidth and constant percentage bandwidth types are available 
as shown in Fig 6 .6 0 .

The Heterodyne Slave Filter Type 2020 is tuned  in the frequency range 
1 0 Hz to 20 kHz to the d ifference frequency of tw o  high frequency signals. 
Tuning signals are obtained from  one of the B & K  Generators Types 1023
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Fig. 6 .60. Heterodyne Slave F ilte r Type 2 0 2 0  (constant bandw idth) and Third- 
Octave Bandpass F ilte r Type 1618 (constant percentage bandwidth)

and 1027 , the Heterodyne Analyzer Type 2 0 1 0  or the Tracking Frequency 
M ultip lie r Type 1901. The f ilte r  is w idely used for analysis on a linear fre 
quency scale w h ich  is best suited to constant bandwidth filte rs , and is particu
larly valuable fo r analyzing dynamic system response in conditions of high 
noise and d istortion and fo r tracking analysis w hen tuned from  the tracking 
frequency m ultip lie r.

For analysis in standard octave and th ird-octave contiguous bands, filte r 
sets such as that shown in F ig .6 .60  are used. Third-octave and octave band
w idth analysis is of lim ited value in the general study of mechanical vibration 
where narrow er bandwidth resolution is norm ally required. Third-octave ana
lysis can be of value however where it is required to correlate vibration 
spectra w ith  noise spectra and also where simple spectrum comparison is 
needed for machine health m onitoring and qua lity  control purposes.

Main data for add-on filte rs  is shown together w ith  the data for dedicated 
analyzers in F ig.6 .62.

6 .8 .3 . Frequency Analyzers

Most convenient for perform ing frequency analysis of vibration signals in 
the laboratory are the range of analyzers shown in Fig.6 .6 1 . Two types of an
alyzers are represented, serial analyzers and real-tim e analyzers. The serial 
analyzers may be synchronised w ith , and read out to, level or X-Y recorders. 
Real-time frequency analyzers provide analysis in all frequency bands s im u l
taneously giving a v irtua lly  instantaneous graphical display of frequency 
spectra on a large bu ilt-in  screen. These spectra can, of course, also be read 
out to a graphic recorder.

Looking at the analyzers in tu rn , the firs t analyzer shown in F ig.6.61 a l
lows a continuous analysis to be made by sweeping through the  desired fre 
quency range. A constant percentage f ilte r bandwidth as narrow  as 1% al-
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Frequency Analyzer Type 21 20

Heterodyne Analyzer 
Type 201 0

Narrow Band 
Spectrum Analyzer 

Type 2031

High Resolution Signal Analyzer Digital Frequency Analyzer
Type 203 3  Type 2131

Fig. 6 .61 . M ains-operated frequency analyzers used for the analysis o f m e 
chanical vibration

lows very fine resolution analyses to be made facilita ting the detailed exam i
nation of vibration phenomena.
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A narrow  constant bandw id th  analysis may often be required in develop
m ent, d iagnostic and experim ental work. Th is is especially the case w ith  v i
bration problems associated w ith ro ta ting  machines such as gearboxes
w here a fine  constant bandw idth is needed to identify m ultip le  harm onics 
and sidebands due to m odulation w h ich  occur at constant frequency in te r
vals.

The Heterodyne Analyzer shown in F ig .6.61 facilitates constant bandwidth 
analysis w ith  bandwidths between 3,1 6 Hz and 1 000  Hz and has a frequency 
range from 2 Hz to 200  kHz. Both linear and logarithm ic frequency sweeps 
may be selected.

Filters for use w ith 
measuring am plifiers

Frequency Analyzers

2020 1617 1618 2120 2010 2031 2033 2131

Classi
fication

Continuous
sweep.
Constant
bandwidth

Stepped octave and 
third-octave. 
Constant percentage 
bandwidth.

Continuous
sweep.
Constant
percentage
bandwidth

Continuous
sweep.
Constant
bandwidth

Constant- 
Real tim e

bandwidth
Octave and 
third-octave 
Real-time

Bandwidth

3,16 Hz 
10 Hz 
31,6 Hz 
100 Hz

1/1 Octave 
1/3 Octave

1%
3%
10%
1/3 Oct. 
(-23% )

3,16 Hz 
10 Hz 
31,6 Hz 
100 Hz 
316 Hz 
1000 Hz

0,25% o f 
selected 
freq. range 
ie. from  
0,025 Hz 
to 50 Hz

As 2031 
plus x 10 
zoom
(0,025% BW) 
(ie. 0,0025 
Hz to 5 Hz)

1/1 Octave 
1 /3 Octave

Centre
Frequency
Range

10 Hz to 
20 kHz

2 Hz to 
160 kHz

2 Hz to 
20 kHz

2 Hz
to 20 k H z

2 Hz to 
200 kHz

0 -1 0  Hz 
to

0 - 2 0  kH z 
in 11 ranges

As 2031 
plus x10 
zoom

1,6 Hz to 
20 kH z

Power
Supply

AC  Mains

AC  M ains 
and
Ext. D C

A C  Mains
791116

Fig. 6 .62 . M ain data fo r m ains-operated filters and frequency analyzers

In addition to its analyzer function th is  instrum ent is equipped w ith a signal 
generator w hich can be tuned over the  same frequency range as the a na l
yzer. The output level of the  generator can be controlled autom atically via its 
bu ilt-in  compressor am p lifie r so as to a llo w  the excitation level of, for exam 
ple, vibration test objects to  be kept constan t during a frequency sweep. The 
analyzer side of the instrum ent can be used at the same tim e to filte r and 
measure dynamic response signals. A typ ica l application example is show n in 
F ig.6 63.

The Analysis Bandwidth (B ) and averaging time (TA ) of the  instrum ent may 
be m anually selected or autom atically changed during a frequency sweep in 
accordance w ith  four preprogrammed sequences bu ilt-in . The significance of 
selecting optimum values of B and Ta to  obtain a short analysis tim e and a 
given accuracy is dealt w ith  in detail in  the  fo llow ing chapter. The fou r pro-
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Fig.6 .63 . A rrangem ent fo r measuring the m echanical impedance of a s truc 
ture

grammes available are as fo llow s. (1 )7^ constant, B variable; suitable for log 
frequency sweep to give approximately constant percentage bandwidth. In 
conjunction w ith  a bu ilt-in  bandwidth compensation network, power spectral 
density and energy spectral density measurements can be made. (2) B con
stant, Ta variable; approximates optimum conditions for constant bandwidth 
analysis on a logarithm ic frequency scale. (3) and (4) Two programmes giving 
an approximately constant (selectable) BTA product but using different 
change-over frequencies. These programmes give approximately constant sta- 
tistical confidence over the en tire  frequency range.

6 .8 .4 . Real-Time Analyzers

The outstanding advantage of real-time frequency analyzers is that they 
provide analysis in all frequency bands over th e ir entire analysis range s im ul
taneously. Furthermore, they give a v irtua lly instantaneous graphical display 
of analyzed spectra on a large bu ilt-in  screen w hich is continuously updated. 
Typical examples are shown in F ig.6 .64. Dynam ic and spectral changes such 
as occur w hen increasing vibration test level or machine speed can thus be 
seen as they actually happen, w hich is of particu lar benefit in vibration test 
and prototype development w ork. Also, the tim e  saved in not having to w ait 
fo r a level or X-Y recorder readout is considerable, making real-tim e analyz
ers an absolute must for quick look investigative work such as called for in 
production line testing and fa u lt find ing w ith  products.
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F ig .6 .64 . Typical real-tim e analyzer displays, (a) a 1 /3  Octave spectrum  alter
na ting  w ith  a reference spectrum held  in  the 2131 's m em ory, (b) a 
narrow -band spectrum displayed on the  203 1  's screen, (c) a time 
function on the 2031 s screen

Real-time analyzers are also particu larly w ell su ited fo r analysis o f short du
ration signals, such as transient vibration and shock. Readout and display of 
analyzed transien t and shock spectra takes place practically at the  very in
stant of capture, w hich w ith  seria l frequency analyzing instrum entation is 
¡ust not possible, as these signals must first be recorded for repetitive  play
back as a pseudo-periodic signal before analysis may be attempted. In addi
tion , real-time analyzers can store analyzed spectra, or spectra entered digi
ta lly  for a lternate display w ith  la ter incoming data. This facilitates quick, easy 
comparison of spectra as is necessary in machine condition m on itoring pro
grams as discussed in Chapter 8.

Three real-tim e analyzers are shown in F ig.6 .6 1 . Type 2131 is fundam en
ta lly  different from  the other tw o  analyzers in tha t it generates a constant per
centage, 1 /3  or 1 /1  octave bandwidth spectrum and is based on recursive 
digital filte ring  w h ile  the other types based on the  FFT procedure, produce 
constant bandwidth spectra on a linear frequency scale.
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Because the analyzer using d ig ita l filte rs  is basically designed as a 1 /3  
octave (~23%) analyzer its main applications for v ibra tion measurements are 
fo r production testing and quality contro l work as w e ll as efficient perm anent 
m onitoring of m achine condition. It should be noted however, tha t w ith  the 
additional use of an external contro lle r it is possible to generate 1 /1 2  octave 
bandwidth (~6%) frequency spectra by making four passes and changing the 
d igita l filte r coeffic ients each tim e. A  complete 1 /1 2  octave analysis cannot 
be made in real tim e  but the method is still fast in comparison w ith  stepped 
or sweeping filte r analysis. The m ethod can be used on non-stationary (e.g. 
transient) signals provided that they can be repeated exactly four tim es.

The FFT analyzers (Types 2031 and 2033) perform  narrow band analysis 
and are therefore particu larly suitable for vibration w ork. They are also able 
to display the tim e function  of the signal being analysed which is a particu
larly valuable fac ility  in the analysis of transient signals. One can thus be 
sure of analysing va lid  data. The fac t that the FFT analyzers are equipped 
w ith  tw o  memories enables two spectra to be compared w ith the difference 
displayed. For example, in the evaluation of vibration isolators, the excitation 
spectrum can be compared w ith the  response spectrum  and the transm issib il- 
ity of the isolators displayed.

The High Resolution Signal Analyzer Type 2033  is an expanded version of 
Type 2031 featuring an extended (x 10) transient recorder size, a linear am
plitude display in add ition to the log display, and probably most s ign ifican tly , 
a zoom facility. The zoom facility a llow s examination o f a spectrum in greater 
detail by expanding part of the frequency scale by a factor of 10. M u ltip le  
zooms can be made on the same data, effectively a llow ing  a 4 0 0 0  line  spec
trum  to be built up from  ten contiguous sets of 4 0 0  channels, the maxim um  
w hich  can be displayed on the screen at any one tim e . The extra sample stor
age capacity of the Type 2033 a llow s it to record m uch longer tim e  signals 
so tha t longer events, fo r example one or more com plete cycles of an engine, 
may be examined in deta il, even in high frequency ranges, where the  normal 
record length would be shorter than the  cycle time.

Together w ith a tracking frequency m ultip lie r, the h igh resolution FFT anal
yzer is valuable for studying machine vibration under variable speed condi
tions. The tracking frequency m u ltip lie r monitors the  machine speed via a su i
table pick-up such as the m agnetic transducer M M  0002  as show n in 
F ig.6 .6 5  and controls the external sam pling source fo r the analyzer. In nor
mal analysis, if the speed of the m achine varies, the  position of speed related 
components of the signal under analysis w ill change on the display screen. 
However when using the  tracking m u ltip lie r, m achine speed changes result 
in a proportional change in the analyzer sampling frequency so that speed re
lated components stay in the same channels on the  screen. This a llow s the 
re la tionsh ip  between the  amplitudes of the various sha ft speed related com po
nents or "o rders" to be studied.
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Accelerometer
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Narrow Band Spectrum  Analyzer 
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F ig.6 .6 5 . Use of the N arrow  Band A na lyzer 2031 for order analysis
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programmable 
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Computer
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Digital Cassette Recorder 
7400

Digital
Frequency
Analyzer

2031
2033
2131

X - Y  Recorder 
2308

Level Recorder 
2307

Fig.6 .66 . Spectra analyzed by a rea l-tim e  frequency analyzer may be re 
corded or processed further by a calculator or com puter

Using an external sam pling frequency means that there is a danger of en 
countering aliasing of h igh frequency com ponents if these lie above half the
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sam p ling frequency .lt is at all times possible, however, to  select an optim al
in ternal low-pass filte r, based on the cu rren t machine speed, so that at least 
60% of the total spectrum (i.e. 2 4 0  lines) would always be valid. Using 
"zoom " and concentrating on the firs t 10% of the baseband spectrum it is 
even possible to obtain 4 0 0 -lin e  order analyses w ithout the influence of a lia 
sing over a very wide speed range, but the  spectrum update time is then a 
m in im um  of 1 s, and the procedure can only be used for s low ly changing s ig 
nals.

Data analyzed by the three real-time analyzers can be transferred to X-Y or 
level recorders, or via the bu ilt-in  IEC interface to d ig ita l data peripherals 
such as tape recorder, tape punch, p rin ter or desk-top calculator. The in te rfac
ing of a real-tim e analyzer to a suitably programmed calculator or com puter 
thus facilita tes the rapid autom atic processing of analysed data. Some output 
options are shown in F ig .6 .66 .

6 .8 .5 . Digital Data Recording

W here it is required to store data in d ig ita l form, a cassette tape recorder 
such as that shown in F ig .6 .67  may be employed. The recorder shown is a 
tw o-track device used for the storage and reconstruction w hen desired, of d ig 
ital data orig inating from instrum ents having IEC/IEEE or B & K low-power in 
terface. For vibration w ork its use w ill p rim arily  be directed to the recording 
of spectra from the real-tim e analyzers previously shown. About 100 narrow  
band spectra or several hundred 1 /3  octave spectra can be contained on 
each data cassette. Stored data can be rapid ly recalled from  the cassette fo r 
display on the analyzer screen and compared w ith new spectra. New and 
standard data may be displayed "s im u ltaneous ly " on the  analyzer display 
screen using the "a lte rn a te " function. The recorder can be remotely con
tro lled from  a desk-top calculator or com puter via the IEC interface for use in 
autom atic m onitoring and analysis systems.

Fig. 6 .67 . Two-track D ig ita l Cassette Tape Recorder Type 7400
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In connection w ith  the High Resolution Signal Analyzer it is possible to 
transfe r time records consisting of 1 0 K samples (or 1 K) to and from  the  re
corder. From one such record it is possible to generate a large num ber of 
zoomed and non-zoomed spectra, including an average spectrum over the 
w ho le  record.

6 .8 .6 . Graphical Recorders (Mains Operated)

The battery operated single and tw o  channel level recorders discussed in 
section 6.6 are indeed widely used for plotting spectra from mains-operated 
instrum entation However, where a mains supply is available tw o o ther a lt
ernatives may be chosen as shown in F ig.6 68.

F ig .6.68. X-Y Recorder Type 2 3 0 8  and Level Recorder Type 2 3 0 7

The Level Recorder shown in F ig .6 .6 8  is a comprehensive instrum ent w ith 
a w ide range of useful facilities. It is equipped w ith  rectifiers w hich facilita te 
the recording of the RMS, peak and average values of AC signals from  2 Hz 
to 2 0 0  kHz In the DC mode signals from 0 to 6 ,4  Hz can be plotted. Six 
range-potentiom eters, two linear and four logarithm ic, a llow  the recorder reso
lu tion to be changed as desired. A ll B & K filte r sets and analyzers, including 
the real-tim e instrum ents, can be synchronised w ith  the  recorder chart move
ment so that spectra can be plotted autom atically on pre-printed calibrated 
paper suitable for immediate docum entation. Num erous examples are shown 
throughout this book.

The X-Y recorder is designed fo r the linear DC recording of s low  and rap
idly changing voltages, signal frequency analyses, waveforms or any graphi
cal plot requiring tw o  fu lly contro llab le axes. The sensitiv ity of each input can 
be adjusted continuously and independently so tha t the plot size can be ar
ranged to completely fill the 185 *  2 7 0  mm w riting  area. A sweep generator 
is built in, w hich can control the X or Y sweep of the  carriage and some fre 
quency generators and analyzers. Autom atic frequency analysis and response
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plots may be made on frequency graduated recording paper in conjunction 
w ith  these instrum ents.

6 .9 . A S U M M A R Y

A careful study of the preceding sections of th is  chapter should enable the 
vibration engineer to select and utilize  the m easuring equipment necessary to 
perform thorough and meaningful vibration measurements in most o f the s itu 
ations occurring in practice. Further details of the  frequency analysis of con
tinuous and trans ien t signals are given in the next chapter (Chapter 7). A fu r
the r study of tha t chapter may thus be required before measurements are 
made. On the other hand, w he the r the v ibrations consist of steady (station
ary) vibrations or shocks it may be useful at th is  stage to outline a summary 
procedure. This sum m ary is m eant as an aid in rem embering the most im port
ant factors in the setting up and use of a v ibra tion measurement system, 
rather than as a detailed "tu rn ing-o f-the -knobs”  type of procedure.

1 . Determ ine care fu lly  where to p lace the vibration transducer, and  its  possi
ble m ass-loading effects (Section 6.2).

2. Estimate w hat types and levels o f vibrations th a t are likely to be present 
at the transducer m ounting p o in t (periodic vibrations, random vibrations, 
shocks).

3. Select the m ost suitable vibration transducer (accelerometer) considering  
items 1 and 2 above as w e ll as environm enta l factors (tem perature, hu
m idity etc.). See section 6 .2.

4 Determ ine w hat type of m easurem ent w ould  be most appropriate for the 
problem at hand. (Overall m easurement of acceleration, ve locity or dis
placement, w aveform  recording, magnetic tape recording, frequency ana
lysis).

5. Select the m ost suitable e lectron ic equipment, considering frequency and 
phase characteristics, dynamic range, and convenience of operation. See 
sections 6 .1 , 6 .7  and 6.8.

6. Check and calibrate the overa ll system inc lud ing  accelerometer and con
necting cables, see section 6 .4 .

7. Make a sketch o f the instrum enta tion  system  w ith  all type num bers and 
serial numbers included.

8. Select the appropriate accelerom eter m ounting method, considering vibra-
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tion levels, frequency range, electrical insu la tion  problems and ground
loops. See section 6.6.

9. M ount the accelerometer onto the structure, ca rry  out the measurements  
and record the result.

1 0. Note down the  setting o f the various instrum ent contro l knobs.

It is good policy always to check the "back g ro u n d  no ise" level o f a vibra
tion measurement system. This can be done by m ounting the accelerometers 
on a non-vibrating object and m easuring the "apparen t vibration level of this 
arrangement.

To obtain reasonably good accuracy in the ac tua l vibration measurements 
the  " apparent"  vibrations should  be less than one th ird  of the measured vibra
tions. Or said in other words: The noise "flo o r"  of the installation should be 
at least 1 0 dB below  the vibration levels to be measured.
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7. FREQUENCY ANALYSIS OF VIBRATION 
AND SHOCK

7 .1 . IN TR O D U C TIO N

The traditional w ay of perform ing a frequency analysis is to pass th e  signal 
th rough a system consisting of filte r, detector and recorder (or display) as il
lustrated in Fig.7 .1 . The time taken to obtain a resu lt for each frequency 
(bandwidth) w ill be determ ined by the  delays involved in each of the th ree  ele
m ents, and these w ill thus be discussed in the fo llow ing . The discussion ap
plies to both analogue filters, and also to the m ore recent d ig ita l filters, 
w h ich  behave in a very sim ilar m anner to their analogue counterparts.

Fig. 7. 7. Block diagram o f basic analyzer system

The other digital frequency analysis technique in com m on use, viz. FFT ana
lysis, involves a quite d iffe ren t approach, a direct num erica l evaluation of esti
mates of the Fourier Transform , and th is  w ill thus be discussed separately.

7 .1 .1 . Response Properties of Filters, Detectors and Recorders

The response time TR of a filte r of bandwidth B is of the order of 1 / B  as i l
lustrated in Fig.7 .2 , and thus the delay introduced by the  filte r is also of this 
order. This relationship can be expressed in the form

w hich  is most applicable to constant bandwidth filte rs,
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or bnR ^  1 (7.2)

where b is the relative bandwidth (= B/10 ), nR is th e  number of periods of fre
quency f0 in tim e TR (= fQ Tr ) and f0 is the centre frequency of the  filte r. This 
form  is more applicable to constant percentage bandw idth  filters.

Thus the response tim e of a 10 Hz bandwidth filte r is approx. 100 ms 
w h ile  the response tim e of a 1% bandwidth filte r is approx. 100 periods.

Fig.7.2 also illustra tes tha t the "e ffective”  length of the im pulse (TE ) is 
also approximately 1 /B ,  w h ile  to integrate all of the  energy contained in the 
filte r impulse response it is necessary to integrate over at least 3 Tp .

The detector is used to measure the mean pow er in the filte r ou tput, and
consists of a squaring section to obtain the instantaneous power, fo llowed by 
an averaging section to smooth out fluctuations and find the mean square 
value over a specified averaging tim e TA .

There is no effective delay in the squaring section, but errors can occur if a 
true squaring is not achieved. In some instrum ents the parabola correspond
ing to squaring is approximated by piecewise linear sections, and the result 
w ill only be valid fo r crest factors up to a specified value, e.g. 5. So-called 
LMS (log mean square) detectors achieve true squaring by logarithm ic conver-
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sion followed by am plifica tion by a factor of 2, and are not likely to have crest 
factor lim itations w ith in  their dynam ic range. In both digital filte r and FFT in 
strum ents, squaring is performed numerically and is thus v irtua lly  perfect 
w ith in  the dynamic range lim ita tions.

Since there is a continuous outpu t from the filte r, the ideal averaging 
w ou ld  be a running linear average over the previous TA seconds. This is very 
d ifficu lt to achieve, however, and recourse is norm ally made to 2 a lte rna
tives.

(a) Linear averaging w ith  un ifo rm  weighting over given tim e periods of 
length TA , w here  the result is only available at the end of each period, 
and is usually held until som ething is done w ith  the result. This means 
tha t a result is not available at all times, and tha t new data may be lost 
w h ile  a result is being held.

(b) Running exponential averaging, where a resu lt is available at all times 
and represents approximately the previous TA seconds, but w here  the 
maximum w eigh ting  is on the most recent input and there is an exponen
tia lly  decaying w e igh ting  backwards in time.

1713 40 /1

Fig. 7.3. Weighting curves for equivalent linear and exponential averaging  
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Fig.7.3 illustrates the tw o w e ighting functions (effectively the averager im 
pulse response functions reversed in time) scaled so as to give equivalent av
eraging on stationary signals. This is found to be the case w hen TA = 2RC 
(where RC is the time constant of the exponential decay) and w here  the peak 
output of the exponential c ircu it is tw ice tha t of the linear circuit (i.e. + 3 dB).

The delay introduced by the  detector is of the order of the averaging time, 
but w ith  exponential averaging the most severe lim ita tion is tha t the maxi
mum rate of fa ll is 8,7 dB per averaging tim e and th is  must be set in relation 
to the steepness of filte r characteristic w hich may have to be recorded in a 
swept frequency analysis.

The influence of a graphic recorder depends on w hether AC or DC record
ing is used. For DC recording (of the DC output from  an analogue detector) a 
su ffic iently  high w riting speed can always be chosen so that the  lim itation 
comes from the detector and not the recorder. For AC recording, however, 
where the AC signal d irectly from  the filte r is squared and averaged in the re
corder, the w riting  speed may be the lim iting  factor. The w riting  speed 1/1/ is 
firs t chosen so as to give the required averaging tim e (see la ter, Fig.7.10) 
and then the analysis speed may be chosen so as not to lim it the  ability of 
the pen to fo llow  the maximum slope of a filte r characteristic.

7 .1 .2 . Digital Filters

A (recursive) digital filte r is a calculation device w hich receives a sequence 
of digital values at its input, operates on each sample in a defined manner, 
and outputs a sample for each input. The digita l operations carried out, viz. 
addition, m ultip lication and delays, mean that the  relationship between in 
put and output samples can be described by a d ifference equation, whose pro
perties can be made very s im ila r to a d iffe ren tia l equation w h ich  m ight de
scribe an analogue filte r. F ig.7 .4  shows a typical 2-pole section used in a 
1 /3 -oc tave  digital filte r analyzer (3 of these are cascaded to give 6-pole filtra 
tion).

There are tw o ways of changing the properties of a given d ig ita l filte r c ir
cu it such as tha t shown in F ig .7.4:

(a) For given coefficients (e.g. H0. B1 , B2 in F ig .7.4) the filte r characteristic 
is only defined w ith  respect to the sampling frequency. Thus, halving the 
sampling frequency w ill halve any cu t-o ff frequencies, centre frequencies 
and bandwidths, and thus maintain constant percentage characteristics 
one octave lower in frequency. This is one reason why dig ita l filte rs  are 
so w ell adapted to constant percentage bandwidth analysis on a logarith
mic (i.e. octave-based) frequency scale.
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(b) For a given sam pling frequency the characteristics can be changed by 
changing the coeffic ients used in the  calculations.

Thus, the three 1/3 -oc tave  characteristics w ith in  each octave are generat- 
ted by changing coeffic ients, w h ile  the various octaves are covered by repetit
ively halving the sampling frequency. Every tim e the  sampling frequency is 
halved, it means tha t only half the number of samples must be processed in 
a given time, and it w ill be seen tha t the total num ber of samples fo r all oc
taves lower than the highest is ( 1 /2  + 1 /4  + 1 /8  + ....) which in the  lim it 
is the same as the number in the h ighest octave. This means that by being 
able to calculate tw ice  as fast as is necessary for the  upper octave a lone, it is 
possible to cover any number of low er octaves in rea l-tim e, and th is  is the 
o ther reason w hy dig ita l filte rs  are so w e ll adapted to real-tim e constant per
centage bandwidth analysis over a w ide  frequency range.

7 .1 .3 . FFT Analysis

The FFT algorithm is an extremely e ffic ien t way of calculating the so-called 
D iscrete Fourier Transform  (DFT) w h ich  is a discrete, fin ite  approximation to 
the Fourier Transform given in Chapter 2. The actual equation for the  fo r
w ard transform  is:

N _ j  2nkn
G (k ) = - L  2  g (n )e  "  (7.3)

N  n=0
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and for the inverse t ransform is

g (n )  = 2  G ( k ) e  N (7 .4 )
k=0

where G(/r) represents the  spectrum values at the N  discrete frequencies 
k A f, and#(/?) represents samples of the  tim e function at the N discrete tim e 
points nA t.

W hereas the Fourier transform  equations are in fin ite  integrals of co n tin u 
ous functions, the above equations are fin ite  sums, but otherw ise they w ill 
be seen to have s im ilar properties. The function being transform ed is m u lti
plied by a rotating un it vector w hich rotates (in discrete jum ps for
each increment of the tim e parameter n) at a speed proportional to the  fre 
quency parameter k.

There are three "p it fa lls "  introduced by the fin ite , discrete nature of the 
DFT.

(a) A lias ing  caused by sampling of th e  tim e signal, and meaning tha t high 
frequencies after sampling can appear as lower ones (as w ith a strobo
scope). This is e lim inated by lowpass filtering the signal before sampling 
to ensure that it contains no frequencies above half the sampling fre 
quency. (This is also necessary w ith  digital filtering).

(b) Time window effect, resulting from  the fin ite  length of the record. Be
cause the resulting spectrum is calculated at discrete frequencies separ
ated by 7 /7, w here T is the record length, the tim e record is treated im 
p lic itly  by the analyzer as one period of a periodic signal of period T. The 
tim e  record can be considered to be firs t m ultip lied by a "tim e w indow  
fu n c tio n " of length T and the resu lting  segment then joined into a loop. If 
the tim e w indow  is rectangular (or " fla t") and the  original signal was 
longer than T, an unknown d iscontinu ity  can arise at the loop junction , 
w h ich  gives rise to  spurious components not present in the orig inal s ig 
nal. Actually, the m ultip lication in tim e  corresponds to a convolution in 
frequency w ith the Fourier transform  of the tim e w indow , which thus  ac
quires the role of a filte r characteristic. The solution is to use other 
smooth w indow  functions having zero value and slope at the ends of the 
record in order to e lim inate the discontinuity. One common choice is the 
so-called H anning  w indow  (one period of a cosine squared function) 
whose filte r characteristic is compared w ith a fla t w e ighting in F ig .7 .5 . It 
is seen that the sidelobes of the  Hanning characteristic fall o ff much 
more rapidly, and thus the overall characteristic is better, even though 
the bandwidth is increased by 50%.
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Fig. 7.5. Comparison o f F lat and H anning w indow  functions

Flat w e ighting is used in the  case of a trans ien t function w h ich  fits into 
the record length T. The value at each end w ill then in any case be zero, 
and no d iscontinu ity w ill arise from jo in ing  the segment in to a loop. It 
would in fact be detrim enta l to use a sm oothly shaped w indow  function 
to analyze a short transien t, because it w ou ld  give a d iffe ren t weighting 
to d ifferent sections and thus modify the result. This is not a problem 
w ith  stationary signals whose properties do not vary along the  record.

(c) Picket fence effect, resu lting from the discrete sampling of the spectrum 
in the frequency domain. It is as though the  spectrum is viewed through 
the slits in a picket fence, and thus for example peak values are not ne
cessarily seen. The possible error resulting from  this depends on the over
lapping of adjacent filte r characteristics as shown in F ig.7 .6 , and is not a 
unique feature of FFT analysis. It occurs whenever discrete filte rs are 
used such as in typical 1/3 -o c ta ve  analysis. It is eased by having a grea
ter overlap of adjacent filte rs , and w ith Hanning weighting fo r example, it 
is a maximum of 1,4 dB (compared w ith 3 ,9  dB for fla t w eighting). The er
ror can be compensated fo r where it is know n that there is only one fre 
quency component w hich fa lls  between tw o  spectral lines (e.g. w ith  a cal
ibration signal). One special case of the picket fence effect is where the 
spectrum samples fall at the zeros between the sidelobes mentioned in
(b), and the tim e w indow  effect becomes invisible (Fig.7.7). This corre
sponds w ith  an exact integer number of periods in the record length T, 
but seldom occurs in practice because the frequencies in question must
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be accurate to 1 in 1 0 6 or so. W ith an integer number of periods in the 
record length, of course, a periodic repetition does not give any disconti
nuity, and th is is another explanation of the lack of sidelobes.

A t th is  stage it can be seen that the FFT process gives very d ifferent results 
to digital filte ring . The un iform  spacing (A f  or 1/T)  of the spectral lines 
means tha t the  frequency scale is in trins ica lly  linear. A lso, the filte r charac
teristic is the  same for all lines and is thus constant bandwidth. Another ma
jor difference is that a complete time record (of N samples) m ust firs t be co l
lected before it can be transform ed, w hereas w ith  digital filte rin g  each sam
ple is processed fu lly before the next one arrives, and the tim e signal does 
not need to be stored.

7 .1 .4 . Choice of Bandwidth, Frequency Scale and Amplitude Scale

In general it is found tha t analysis tim e is governed by expressions of the 
type BT > K,  a constant, (see for example the  section on filte r response time) 
where T is the time required fo r each m easurem ent w ith bandwidth B. Thus, 
it is im perative to choose the maximum bandw idth  which is consistent w ith  
obtaining an adequate resolution, because not only is the analysis time per 
bandwidth proportional to 1 /B  but so is the number of bandwidths required 
to cover a given frequency range, altogether a squared effect.

It is not possible to give generally valid ru les for selection of bandwidth, but 
the fo llow ing discussion gives some guidelines:

For stationary determ inistic  and in particu la r periodic signals containing
equally spaced discrete frequency components, the aim is to separate adja
cent com ponents, and th is can best be done using a constant bandwidth on a 
linear frequency scale. The bandwidth should fo r example be chosen as 1 /3  
of the m in im um  expected spacing (e.g. the low est shaft speed, or its ha lf-or
der if th is is to be expected) (F ig .7 .8 .a). This assumes a fa irly  good filte r char
acteristic (e.g. Shape Factor* 5) and the bandw idth should be sm aller if the 
shape factor is poorer, or if separation is required over more than 5 0 dB.

For stationary random  or trans ien t signals, the  shape of the spectrum w ill 
most likely be determined by resonances in the  transm ission path between 
the source and the pickup, and the bandwidth should be chosen as, say, 1 /3  
of the w id th  of the narrowest peak (Fig.7 .8 .b). For constant damping these 
w ill tend to have a "constant Q " or constant percentage bandwidth charac
ter, and thus  constant percentage bandwidth on a logarithm ic frequency

* The  S h a p e  F a c t o r  o f a f ilte r  is  th e  ra t io  o f th e  w id th  o f th e  c h a ra c te r is t ic  a t —  6 0  dB  to th a t a t 
—  3 dB  ( its  3 dB  bandw id th ).
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scale w ould often be most appropriate. Som etim es it is necessary for practi
cal reasons to choose constant bandwidth in order to achieve a suffic iently 
small percentage bandwidth in part of the spectrum, since 1% is about the 
m inim um  constant percentage bandwidth available in practice and 6% (1 /1 2 -  
octave) the usual m inim um for digital filte rs.

As already mentioned, a linear frequency scale is norm ally used together 
w ith  constant bandwidth, and logarithm ic frequency scale together w ith  con
stant percentage bandwidth, as each com bination gives un iform  resolution 
along the scale. A logarithm ic scale may be chosen in order to cover a w ide 
frequency range, and then constant percentage bandwidth is v irtua lly  obliga-
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Fig. 7.9. Influence of linear and logarithmic amplitude scales
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tory. A  logarithmic frequency scale may, however, occasionally be chosen in 
conjunction w ith constant bandwidth (though over a lim ited  frequency range) 
in order to demonstrate a relationship w h ich  is linear on log-log scales (e.g. 
conversions between acceleration, ve loc ity  and displacem ent, see Fig.6.1).

The amplitude scale of a frequency analysis should a lm ost always be logar
ithm ic for a number of reasons. In fac t it is only w hen the parameter being 
measured is directly of interest (e.g. s tra in ) that there is any point in having a 
linear scale. Normally, the  vibrations measured are an indirect expression of 
in ternal forces, and then the logarithm ic scaling makes the  results less sensi
tive to the influence of the  more or less random transm ission path by w h ich  
the signal has reached the m easurement point. F ig .7 .9  illustrates th is  for 
tw o measurement points on the same gearbox (both being equally representa
tive of the internal condition). The logarithm ic representations of the two 
spectra are quite s im ila r, w hile  the linear representations are not only d iffe r
ent, but hide a number of components w h ich  could be im portant.

7 .2 . SERIAL A NA LYSIS  OF STA TIO NA RY SIGNALS

Although serial analyzers have been superseded by real-tim e analyzers for 
problems requiring a detailed analysis, it is still the m ost common technique 
used in portable battery operated equipm ent (see Section 6.7) and th is  sec
tion w ill thus concentrate on that application. The graph of Fig.7 .10 can be 
used more generally, however, and fo r more detail reference can be made to 
the B & K book, "Frequency A na lys is" fo r the selection of analysis param e
ters.

The normal procedure to be fo llowed is to choose a suitable averaging tim e 
based on the signal type and analysis bandwidth. From this an equivalent 
w riting  speed may be chosen, and fin a lly  a paper speed based on the band
w idth  or w riting speed. F ig .7 .10  conta ins the required inform ation.

7 .2 .1 . Choice of Averaging Time

For analysis of sta tionary  determ in istic  signals, w here  the filte r bandwidth
is.such that only one discrete frequency component is in the filte r at a tim e, 
the only requirement of the averaging is that it reduces the ripple of the  de
tector output to an acceptable level. This w ill be the case if the averaging 
time contains at least 3 periods of the  lowest frequency to be analyzed (see 
line fo r f  TA = 3 in F ig .7 .10). At h igher frequencies w he re  the (constant per
centage bandwidth) f ilte r  w ill most like ly  contain several frequency com po
nents at once it is best to  then treat the  signal as random .

For stationary random  signals the averaging time should be chosen so as



1. Random Signal: Dw ell tim e T D is always determ ined by averaging time TA .

From  the graph read o f f T A from  the appropriate line  fo r  B T A = 10 (horizontal lines fo r constant bandwidth, s lop ing  lines for 

constant p roportiona l bandw idth). This value w ill correspond to i  1 y d B  R M S  e rro r . Fo r a higher B T A p roduct and  consequent re

duced error, increase the value o f T A p roportiona lly . Calcu late T D = 2 TA .

For DC recording ca lcu late sweep speed S = .■d
For A C  recording, T A  is determ ined by recorder w rit ing  speed W and this can be read d ire c t ly  from  the right-hand scale. Sweep speed can 

then be calculated from  S  = (applicable to  50  dB  potentiom eter and 100 mm paper).

2. Determ inistic S ignal (period ic or quasi-periodic): Read T 0  based on filte r response t im e  from  appropriate line fo r B T D = 4 (or 2 where 

bandwidth < 1%). Read also m inim um averaging t im e T A  based on ± 1/4 dB r ipp le  fro m  line fT A = 3 (independent o f  bandwidth).

For DC recording ca lcu late sweep speed based on f i lte r  response as S =

D BWFor AC  recording read o ff writing speed W correspond ing to  TA and calculate sweep speed based on recorder response as S = The

governing sweep speed is the lesser o f  this and the  value as calculated fo r DC  recording.

In all cases where sweep speed is governed by  f i lte r  response time, increase T A  to  the  highest value which does n o t a ffe ct sweep speed, 

(i.e. T q /4 fo r D C  recording)

Note (1) Averaging tim es w ill norm ally  be constant over at least a half decade, whereas f i lte r  response times change au to m a tica lly  w ith  frequency. 

Note (2) S w ill be in  H z/s fo r  B in  Hz, but w ill be d ire c t ly  in  mm/s fo r B expressed as equ iva len t recorder paper length in  m m.

(3) Above applies to  100 mm paper w idth. Fo r 50 m m  paper substitute 2W fo r W. 2722t

Frequency f (Hz)

n bandw idth and frequency range, determ ine F ilte r  Dwell Time, Averaging T im e  and Sweep Speed as fo llow s:

SW EEP S P E E D  FO R  SW EPT F R E Q U E N C Y  A N A L Y S I S  272X4„

Fig. 7. 7 0. Sweep speed for swept frequency analysis
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to achieve an acceptable accuracy of the  result. The re la tive  standard devia
tion of the error (in RMS values) is given by the formula.

(7 .5 )

Table 7.1 gives values of e (in dB) fo r various values o f the  product BTA

b ta 10 20 30 40 50 80 1 20

e (dB) 1,5 1 ,0 0,8 0 ,7 0 ,6 0,5 0 ,4

Table 7.1. Standard e rro r e vs BTA product

Fig.7.1 0 can be used to select values of TA for various bandwidths and cen
tre frequencies for a BTA product of 10. This value of TA can then be m od i
fied proportionally for other BTA products.

W here AC recording is used, as w ill norm ally be the case w ith a portable 
analysis set because the dynamic range of the meter DC output is usually 
< 50 dB, the averaging tim e is selected indirectly by selection of the pen w r it 
ing speed. This equivalence is indicated in Fig.7 .1 0  w here  the values for 
50 mm paper w idth can be applied to the  battery operated portable Level Re
corders Types 2306  and 2309 .

7 .2 .2 . Choice of Analysis Speed

The speed at w hich the filte r can be sw ept through the  analysis range is l i
mited by one of the 3 factors:

(a) Filter Response Time — This w ill on ly  be the lim ita tion  for determ in istic 
signals where a sm all averaging tim e  is required and where the recorder 
w ritin g  speed does not dominate. The time taken to sweep one band
w id th  (Td ) is made greater than 4  filte r response tim es (i.e. BTD S* 4) in 
order that the frequency error (delay) of the recorded spectrum w ill be 
less than one-quarter bandwidth.

(b) Averaging Time — This w ill only be the lim itation fo r DC recording and 
is thus not norm ally the  lim iting fac to r w ith  portable analyzers.

(c) Recorder Writing Speed — This w ill always be th e  lim itation for AC re
cording of analyses of random signals, and may also dominate over filte r 
response time for determ in istic (discrete frequency) signals.
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For analysis w ith  a typical portable set having bandwidths 3% and 23%, a 
logarithm ic frequency axis w ith  50 mm per decade, and 50 mm paper w idth 
representing 50  dB, the options are much more lim ited. Assum ing, as for 
most machine vibration signals, that the low est frequency components (e.g. 
from shaft rotation) are stable and determ in istic. Table 7 .2  has been drawn 
up to a llow  the selection of both pen w riting  speed and recorder paper speed 
as a function of the lowest frequency to be analyzed.

Lowest Frequency (Hz) 2 - 5 5 - 1 5 1 5 - 5 0 5 0 - 1 5 0 >  150

23%
Bandwidth

\A/(mm/s) 16 16 40 100 100
P(m m /s) 0,3 1 3 10 10

3%
Bandwidth

W (m m /s) 16 16 40 100 100
P(m m /s) 0,03 0,1 0,3 1 3

800716

Table 7.2. W riting  Speed (W) and Paper Speed (PJ vs. m in im um  valid fre 
quency for discrete frequency s igna ls using Portable Analyzer 
Type 3 5 1 3  and Level Recorder Type 2 3 0 6  (AC Recording)

A t the changeover frequencies 20 Hz, 2 0 0  Hz and 2 kHz it w ou ld  be possi
ble to adjust the  parameters to achieve h igher sweep speeds if th is is indi
cated in the table. However, because at h igher frequencies the re  is a chance 
tha t several harm onics w ill be included in the bandwidth (from the 5th har
monic w ith 23%  bandwidth, and 34th harm onic w ith  3% bandwidth) it is rec
ommended tha t the increase in paper speed be no more than one step (factor 
3) w ith  23% bandwidth and 2 steps (factor 10) w ith  3% bandw idth . (The total 
analysis tim e is in any case dominated by the lower frequencies.) The writing 
speed appropriate to the new  paper speed can be seen from the  table. If the 
signal contains random components (e.g. from  turbulence, cavitation) then it 
should be checked in Table 7 .3  w hether any speedup is possible.

Lowest Frequency (Hz) 5 0 - 1 5 0 1 5 0 -  500 500 -  1,5 k >  1,5 k

23%
Bandwidth

H /(m m /s| 16 40 100 100
P(m m /s) 1 3 10 10

3%
Bandwidth

W/(mm/s) — 16 40 100
P(m m /s) — 0,3 1 3

Table 7.3. W riting  Speed (W) and Paper Speed (P) vs. m in im um  valid fre 
quency for random  signals using Portable Analyzer Type 3513  
and Level Recorder Type 230 6  (AC Recording)
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It w ill be seen that w ith  the AC recording assumed, the  m inimum valid fre 
quencies for random components are relative ly high. In order to make valid 
analyses at lower frequencies it would be necessary to use the 1 s or 10 s av
eraging tim e of the V ibration Meter Type 2511 and DC recording. Note tha t 
in th is  case the dynamic range is lim ited to 4 0 dB. Sweep speeds can be de
term ined using the general procedure of F ig.7 .10 , w ith  the  modification tha t 
dwell tim e T0 can be made equal to TA (instead of 2TA ) taking into account 
the filte r characteristic of the portable equipm ent.

7 .3 . REAL-TIME A NA LYSIS  OF STA TIO NA RY A N D  TRANSIENT S IG 
NALS

A t one tim e it was common for even detailed laboratory analysis to be ca r
ried out by serial analysis techniques as described in Section 7.2. The rapidly 
decreasing cost of d ig ita l circuitry, however, has meant tha t digitally based 
Real-Time Analyzers (RTA's) are now no more expensive than an advanced se
rial analysis system, and produce results in a very m uch shorter tim e (often 
in rea l-tim e* as the name implies). The real-tim e fea ture  is also used to ad
vantage for trouble-shooting applications in the fie ld, because of the very 
rapid response to changing conditions, and this has opened up a number of 
applications which w ere previously not possible or extrem ely difficult.

As regards the analysis of transients, the real-tim e analyzer approach is 
even more advantageous. Impulse analysis by serial analysis techniques is 
possible (and described in detail in the B & K book "Frequency Analysis” ) but 
requires the use of an additional recorder (digital or tape recorder) from  
w hich  the transient can be repeatedly played back, and th is  makes the sys
tem even more costly, w h ile  (in particu lar w ith  a tape recorder) still requiring 
a considerably longer analysis time than the real-time approach.

Of the tw o real-tim e techniques discussed in Section 7 .1 , by far the most 
im portant for vibration analysis is the FFT method, and therefore this section 
concentrates mainly on th is  type of analyzer. The prim ary advantage of FFT 
analysis lies in its constant bandwidth, linear frequency scale nature, as 
many diagnostic problems rely on being able to identify  fam ilies of equally 
spaced components such as harm onics, sidebands and inter-harm onics. 
Fig.7.1 1 is a typical example illustra ting the latter case.

The d igita l filte r analyzer finds its m ain application in the  analysis of rapidly 
changing in trinsica lly broad-band signals, prim arily in the  field of acoustics. It

* In fre q u e n c y  a n a ly s is , r e a l- t im e  opera tion  m e a n s  th a t the  e n t ire  in p u t  s ig n a l is  a na ly ze d , in  a ll 

fr e q u e n c y  band s (of in te re s t)  a ll of the  t im e , e v e n  th o u g h  th e re  m a y  be  a t im e  de lay  b e tw e e n  in 

pu t a nd  ou tpu t.
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Fig. 7. 11. Inter-harm onic com ponents resu lting  from  insu ffic ien tly  tight as
sembly o f jou rna l bearing  components

does have the advantage of covering a w ide frequency range w ith  a relatively 
small number of filters, and is thus often the  most efficient and economical 
technique to use in machine m onitoring and quality control applications. 
O ther applications include the  analysis of shocks and transients, and where 
the vibration measurements are to be compared w ith  sound spectra, typically 
presented in 1/3-octaves.

7 .3 .1 . FFT Analysis of Stationary Signals

A typical FFT analyzer has a transform  size (N  in Eqn. (7.3)) o f 1024 data 
samples, and in theory gives 102 4  frequency values. However, since the 
data values are real, the second half of the calculated spectrum (representing 
the negative frequencies less than  the Nyquist frequency* because of the im 
p lic it periodicity of the spectrum ) is determ ined by the firs t ha lf (the corre
sponding positive frequencies). For th is reason, only the 5 1 2  positive fre 

* H a lf th e  s a m p lin g  frequ en cy .
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quency values are calculated, although because each frequency com ponent is 
complex, th is  represents the same am ount of data (and occupies the same 
memory space) as the orig inal 1024  real-valued tim e samples. Not all o f the 
512  values can be used; to  elim inate the  problem of a liasing (Section 7 .1 .3 ) 
a low-pass filte r is applied w ith  a cu t-o ff frequency less than the Nyquist fre 
quency to a llow  for its fin ite  slope. For the B & K  analyzers it is typ ica l to 
place the filte r cu t-o ff so that the firs t 4 0 0  lines are va lid , and are displayed, 
w h ile  the last 11 2 lines are affected by the filter and are not operated on fu r 
ther (when the complex spectrum is converted to a pow er spectrum etc.).

Thus, the frequency resolution (Af )  is always 1 /4 0 0  of the selected fu ll- 
scale frequency ( f ,s ), and the autom atically-selected sampling frequency is 
2 ,56  tim es the fu ll-sca le  frequency ff  s . When using f la t w eighting, the  filte r 
characteristic is a s in x /x  function w ith  bandwidth equal to the resolution Af. 
As mentioned in Section 7 .1 .3 , the spectrum obtained is that of a period ic  
signal of period T (= N A t ) and the line spacing A f  is thus 1/T.

Thus, B = A f  =  — (7 .6 )

From Eqn. (7.6) it can be seen that each spectrum calculated by an FFT ana l
yzer has a BT product of 1. Even w here  for example H anning  w e igh ting  is 
used, and the bandwidth is increased by 50%

i.e.
1 5

B  =  1,5 A f = - y (7 .7 )

the effective record length TE is reduced correspondingly (by removal o f in fo r
mation towards the ends of the record) so that the BTe product is s till unity 
(i.e. fo r statistical purposes the effective length is 2 T / 3 ) .

The above re lationships mean tha t the re  is a simple inverse re lationship be
tween frequency range and record length ,

T  =  _ L  =  4 0 0
Af f,

(7.8)
f.S.

Table 7 .4  indicates the  record lengths vs. frequency range for a 4 0 0 -lin e  an
alyzer.

ffs
(Hz) 20 k 1 0 k 5 k 2k 1 k 500 2 0 0 100 50 20 10

T 20 ms 40 ms 80  ms 200 ms 4 0 0  ms 800 ms 2 s 4 s 8s 20  s 4 0  s

Table 7.4. Record length vs. Frequency Range fo r 4 0 0 -lin e  Analyzer
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Stationary Determ in istic Signal

a)"Instantaneous" Spectrum (BT  = 1

300
Frequency (Hz)

500
800076

b ) Lin. Average o f 8 Spectra (BT = 8)

300
Frequency (Hz)

800077

Fig. 7 .1 2. E ffect o f averaging w ith a sta tionary determ in istic signal

In the analysis of stationary determ inistic  s ignals it is theore tica lly  not ne
cessary to em ploy spectrum averaging, as each "ins tan taneous" spectrum
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(w ith BT product = 1) should fu lly  describe all stable, discrete frequency com 
ponents. In practice, an average over, say, 8 spectra w ou ld  normally be used 
to average out m inor fluctuations. F ig .7 .12  illustra tes a typical case, where 
the "instan taneous”  spectrum gives v irtua lly  the same result as an average 
over 8 spectra for the  discrete harm onic components, bu t the averaged spec
trum  has smoothed out the low level noise (presumably coming from tape re
cording) at around — 60 dB.

In the analysis of stationary random  signals, it is necessary to average 
over a number of spectra to reduce the  standard error e to an acceptable le
vel. Since each individual spectrum carries a BT product of 1 (whether or not 
Hanning weighting is used), the num ber of independent spectra averaged 
gives directly the to ta l BTA product to  be inserted in Equation (7.5). There is 
one small point to be noted here. W hen Hanning w e igh ting  is used, the  e ffec
tive record length is reduced to a lit tle  over one-half the  actual, and in some 
analyzers use is made of th is to shorten the overall averaging time (in particu 
lar at low  frequencies) by a 50% overlapping of consecutive time records. Be
cause of the small redundancy w h ich  still occurs, the  effective num ber of in 
dependent records is in that case 95%  of the actua l, but because o f the 
square root in Eqn. (7 .5 ) th is w ill be seen to be a very m inor effect. In prac
tice, in any case, it is not always necessary to decide in advance how  much 
averaging is to be done, as a linear average over a large number (e.g. 2048 ) 
can be started and then stopped manually w hen the  fluctuations have 
reached an acceptable level.

F ig .7 .13  illustrates the effect of averaging on a typ ica l stationary random 
signal, w ith  averages over 1, 8 and 1 28  spectra. This practical example helps 
in interpreting the m eaning of the standard error e given in Eqn.(7.5). S ta tis ti
cally, there is a 68%  probability tha t the fluctua tions w ill be w ith in  ± e , 
95 ,5%  probability th a t they w ill be w ith in  ±2e  and 99,7%  probability that 
they w ill be w ith in  ± 3e . Thus, as illustra ted in Fig.7.1 3, the peak excursions 
almost always lie between ± 2e and ± 3e.

For stationary random signals, it may be desired to express the resu lts as a 
Power Spectral Density (PSD). Because of the constant bandwidth, th is  in 
volves only a m odification by a scaling factor which is uniform  for the  w hole 
spectrum. First, the scale must be converted from dB into the equivalent 
power spectrum (am plitude squared) units. The normal internal scaling of the 
analyzer is in dB re 1 /vV so that 1 2 0 d B  represents 1 V 2 , but conversions 
can be made to other units (e.g. g2, (m s- 2 )2 , (ms—1 )2 ) making use o f the 
conversion factor from  engineering un its  to volts. It should be kept in m ind 
that for these "p o w e r”  units, each decade corresponds to 10dB. F inally, the 
power units are to be divided by the  bandwidth to convert them to power 
spectral density. The bandwidth can be obtained e ither from  Equation (7 .6 ) or 
(7.7) fo r fla t or Hanning weighting respectively. Equation (7.8) or Table 7 .4
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Stationary Random Signal

Fig. 7. 7 3. Effect o f averaging w ith a s ta tionary random s igna l

can be used fo r both. Since the scaling of B & K 's analyzers is adjusted to 
give the same (peak) level fo r discrete frequency components, the  spectrum 
level of broadband components w ill be 1 ,76dB  higher when Hanning w eight
ing is used and th is  is cancelled out when d ivid ing by the 50% greater band
w id th  (10 log-! o (1 ,5 ) = 1 ,76dB ). It should be noted that conversion to PSD 
is only valid w here  the spectrum peaks are broader than the analyzer band
w id th , and thus any peaks as narrow  as the fi lte r  characteristic (bandwidth 
1,5 lines) should be suspected as invalid.

One more point to be taken in to  account is the  question of s ta tionarity . The 
vibration signals from  high-speed machines w ill norm ally be stationary, even 
over time periods comparable w ith  the analyzer record length, provided the
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machine speed and load rem ain constant. The same applies to stationary ran
dom signals such as arise from  flu id flow  (turbulence, cavitation) provided the 
physical conditions remain constant. The v ibra tion signals from  slow-speed ro
tating and reciprocating machines have another character, however. Even 
though they may be considered stationary over tim e periods including several 
machine cycles, the signal w ith in  each cycle may be quite non-stationary, o f
ten consisting of a series o f d ifferent im pulsive events.

W here the  analyzer is operating w ith in  its real-tim e frequency range, there 
is no problem , as the en tire  incoming signal is analyzed. Above the highest 
real-tim e frequency, however, some of the incom ing signal is lost, and if the 
record length T (Table 7 .4 ) is shorter than the  machine cycle tim e, then the 
sections analyzed w ill not necessarily be representative. For example, a m a
chine w ith  a basic speed of 600c.p .m . (i.e. 1200  r.p.m . fo r a 4-stroke en 
gine) has a basic cycle tim e  of 100 ms, and th is  is to be compared w ith  the 
10 ms effective length of record (for Hanning weighting) w hen  the signal is 
analyzed in the 20 kHz range. If the analyzer has a 10 K memory length 
(200  ms in 20  kHz range) the  best way to solve the problem is to record the 
fu ll 10 K and perform a "s c a n "  analysis to obta in the averaged 400-line  spec
trum  over th is  record length , this being equivalent to a real-tim e analysis. 
This can be repeated as m any times as desired to obtain an average over a 
suitable num ber of cycles. Even though data is lost in between the succes
sive recordings, th is does not matter because each recording includes several 
machine cycles. If the analyzer only has a 1 K memory size, it is still possible 
to do som ething sim ilar if use is made of a tachometer signal (once per cycle) 
as external trigger, and variable "R ecords-A fter-Trigger" settings to move 
the section of cycle analyzed throughout the entire cycle (F ig .7.14). W ith th is  
setup it is also possible to  obtain a separate analysis for each part of the cy
cle, rather than averaging them  all together, and this is discussed fu rther in 
section 7 .4 , in the discussion on non-stationary signals.

Finally, it is w o rthw h ile  discussing the use of frequency "zoom ", w h ich  
gives the possibility of obta in ing a finer reso lu tion than tha t given by the 4 0 0 - 
line baseband spectrum. It may be best to  illustra te  the use of "zoom" by tak
ing a typical example w here  it is often required in practice, viz. the analysis 
of gearbox vibrations. These are characterized by the presence of sidebands, 
spaced around the toothm eshing frequency and its harm onics and due to 
modulation by lower frequencies, typically the shaft ro ta tiona l speeds. The 
sideband spacing  is equal to the modulating frequency, w he the r it is a ques
tion of am plitude m odulation, frequency modulation, or a combination of 
both. It is often desired to  measure these sideband spacings so as to trace 
the source of modulation in a gearbox, since th is  often indicates faults. To ob
tain an idea of the required resolution, take the case of a 50-too th  gearwheel 
modulated at its own ro ta ting  speed. A baseband spectrum covering 80  har
monics of the rotational speed would th u s  include the toothmeshing fre-
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----------------------------------------------------------------------------------------------------------------------------------------------- -- ---------------------------------------- 800068

Fig. 7.14.  Ana lys is  o f a reciprocating machine cycle

quency (50th  harmonic) w e ll w ith in  its range. The sideband spacing would be 
equal to  the shaft speed, and thus harm onics 49 and 51 w ould  represent 
m odulation by th is  frequency, 48  and 52 modulation by the  2nd harm onic 
and so on. In a 400 -line  spectrum , the sidebands would be separated by 5 
lines and th is should be adequate to identify  them. If it w e re  desired to in 
clude higher harmonics of the toothm eshing frequency, however, or gears 
w ith  larger numbers of tee th , it can be seen that the 4 0 0 -lin e  resolution 
w ould not be adequate. A zoom factor of 1 0 on the other hand, gives the 
equivalent resolution of a 4 0 0 0  line spectrum , and would th u s  cover the vast 
m ajority of practical cases. There is a lim it in the other d irection  as to how  
much zoom is practicable, since for a 4 0 0 0 -lin e  spectrum to be useful the fre 
quencies involved must be stable to 1 in 4 0 0 0 .

Fig. 7.1 5 illustrates these points. In F ig .7 .15  a) is shown a baseband spec
trum  w ith  fu ll-scale frequency 2 kHz. The toothmeshing frequency is 333 Hz 
and the  firs t fou r harmonics of th is  can be seen, although in many cases adja
cent sidebands are higher. The dom inant sideband spacing is 25 Hz (the 3rd 
harm onic of the input pinion speed) and was due to a slight "tr ia n g u la rity ”  of 
th is  gear. F ig.7.15.b) shows a zoomed spectrum centred around the th ird  
toothm eshing harmonic. The greatly increased resolution means that in addi
tion to the 25 Hz sideband spacing, an 8 ,3  Hz spacing (corresponding to the
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Fig. 7. 15. Comparison o f baseband a n d  zoomed spectra for a gearbox v ibra
tion signal

Range of zoomed 
spectrum (b)

Gearbox
Before Repair

a )  Baseband Spectrum

Frequency (Hz) 800074

(900 -11100 Hz

b) Zoomed Spectrum

Gearbox
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□  900  920.......940 960  980  1000 1020 1040 1060 1080 1100
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Manuring Obj»ct:-------- ------------------------------------------------------------------------------ --------------------------------------------------------------'800073
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pinion speed) is also now apparent. On the o ther hand, because o f speed flu c 
tuations, the m ajor peaks have spread over a number of lines, and thus a 
higher zoom factor would not give any benefit.

7 .3 .2 . Digital Filter Analysis of Stationary Signals

As mentioned previously, th is  type of analysis is more applicable to acous
tics than vibra tion studies, and therefore the  discussion w ill be kept fa irly 
brief.

For 1/3 -oc tave  analysis, it is really only necessary to choose between ex
ponential and linear averaging and to decide on a suitable averaging time. 
The 1 /3 -octave  digita l filte r analyzer Type 2131  is real-time over its fu ll fre 
quency range up to 20  kHz, and thus gives correct results even w hen the sig
nal is impulsive and non-stationary in the short-te rm .

Exponential averaging w ould tend to be used only in setting up a measure
ment, as its prim ary application is to non-stationary signals. Norm ally, a l in 
ear average over a certain averaging time TA w ou ld  derive the  maximum in 
form ation from a certain length of signal (e.g. a tape recording) and is there
fore the best to  use. The analyzer Type 2131 does have a "constan t confi
dence”  mode, w here  there is uniform  BTA product across the  w hole spec
trum , and for w h ich  exponential averaging is necessary. The on ly  advantage, 
however, is the un ifo rm ity  of accuracy of the resu lt; it is in any case neces
sary to w a it about tw ice the averaging time, TA , fo r the lowest frequency con
sidered, before a valid result can be obtained, w hereas a linear average over 
Ta would have the  same accuracy at the low est frequency, and increasingly 
better accuracy at higher frequencies.

In order to choose a suitable averaging tim e , use can be made of Fig.7 .16 , 
w hich indicates the  values of BTA product corresponding to various centre fre 
quencies and averaging tim es. For discrete frequency components the BTA 
product must be at least 1, and fo r random signa ls the suggested minimum 
value is 10. Thus, w ith  the shortest available averaging time (31 ms) the low 
est valid frequency band for a determ in istic com ponent is 1 60  Hz, and for ran
dom components is 1600 Hz.

It is also possible to make 1 / 1 2-octave (6% bandwidth) analyses using 
e ither a desktop calculator or special contro lle r to  control the analyzer. This 
makes it possible to select other f ilte r  coefficients than those used fo r 1/3 -o c 
tave analysis, but as only 3 filte rs  per octave can be calculated in one pass, it 
is necessary to make 4 passes, each time ca lcu la ting  a d ifferent set of three 
1 /1  2-octaves in each octave. The controller f in a lly  arranges the  intermediate 
results in the correct order, and can transfer (overlapping) sets o f 42  conti-
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Fig. 7. 16 BTa product vs. averaging time for the D ig ita l F ilter Analyzer Type 
2131

guous spectrum values into the  analyzer for display on the screen. F ig.7 .17  
compares a 1 /1  2-octave spectrum  obtained in th is  way w ith  the  equivalent 
1/3 -oc tave  spectrum. Note th a t even though the method is not "rea l-tim e '', 
because not all the spectrum is calculated at one tim e, the en tire  tim e signal 
is processed for each pass, and therefore any short-term  non-sta tionarity w ill 
not have any adverse effect on the results.

The appropriate scale of F ig .7 .1 6  can also be used in th is case fo r selec
tion  of a suitable averaging tim e.

7 .3 .3 . Impulse Analysis by FFT and Digital Filter Techniques

W hen it comes to the analysis of shocks and transients (single impulses) it 
is no longer so clear w hether constant bandwidth (FFT) or constant percen
tage bandwidth (digital filters) is preferable. It depends partly on the  propert
ies of the signal itself, and partly on the application to which the  results w ill 
be applied. Table 7 5 compares the main features of the two approaches.
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Bruel & Kjasr

FFT Digital Filter

Constant bandwidth

Signal processed blockwise 
Length lim ited by record length 
Linear frequency scale 
Restricted frequency range

Constant percentage bandwidth 
(Constant Q)
Signal processed sample-for-sample 
Length lim ited by averaging tim e 
Logarithm ic frequency scale 
W ide frequency range

Table 7.5. Choice o f m ethod  fo r impulse analysis

Taking firs t the case of FFT analysis, there is no problem provided the en
tire  transien t fits  in to the transform size T w ithout losing any high frequency 
components. Fig.7 .1 8  shows a typical transient and its frequency spectrum 
up to 20  kHz. There is evidently no appreciable energy above 20 kHz, and the 
trans ien t is shorter than the 20 ms record length in th is  range. "F la t”  w e ig h t
ing must be used in th is  case.

The only question is tha t of scaling the  results. This is best done in term s 
of "Energy Spectral D ensity”  (ESD) since th is  w ill be the same v irtua lly inde-
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pendent of the analysis parameters (for example changing to frequency range 
10 kHz w ould give the same results fo r the frequencies up to 10 kHz). Since 
as mentioned previously, the FFT ca lcu la tion assumes the  signal to be a peri
odic repetition of the memory contents, the resulting power spectrum values 
(obtained as described in Section 7 .3 .1  for stationary random signals) must 
be m ultip lied by the record length T (Table 7.4) to convert them to energy 
(contained in one record length). F inally, the values of energy (per bandw idth) 
must be divided by the bandwidth (Eqn. (7.6)) to convert them to energy spec
tral density. In th is  case the conversion would always be valid; provided the 
transien t fits  into record length T, its ow n intrinsic bandw idth must a lw ays be
> / / r .

Problems arise w hen the transient is longer than the 1 K record length T. a l
though there are tw o  ways in w h ich  the analysis can still be made w ith  an 
analyzer w ith  1 0 K  mem ory length, provided the trans ien t can be contained in 
th is  1 0 times longer memory:

(1) Zoom FFT. Using zoom (and fla t w eighting) it is possible to obta in the 
complete 4 0 0 0 -lin e  spectrum of the  10K  trans ien t in 10 passes, each 
tim e calculating 4 0 0  lines (F ig .7 .19  a). The 10 tim es smaller bandw idth
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(for the same fu ll-scale frequency) must be taken into account when con
verting to ESD, and incidenta lly results in a 1 0  dB loss of dynam ic range.

(2) Moving windows. It is a lso possible to obta in the averaged 400-line  
spectrum over the entire record, by perform ing a "scan" analysis, i.e. 
moving a Hanning w indow  in overlapping steps along the record 
(F ig .7 .19b). Note that the equivalent record length (for conversion from 
power to energy) is 9 ,25 K because of the e ffects of the Hanning w eight
ing at each end (even though there can be a uniform w e igh ting  along 
most of the record) (Fig.7 .20 ). The transient should ideally be placed in 
the centre 8 ,5  K of the record to avoid end effects. There is no advantage 
in overlapping more than 75%  (step length 0 ,2 5  K) and in fa c t th is  would 
reduce the length of the un ifo rm ly  weighted portion.
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Fig. 7.20. O vera ll weighting in a "S can" analysis fo r d ifferent overlaps

Note also tha t the bandwidth is determined by the Hanning w eighting 
and is thus given by Eqn. (7.7). In this case it is not certain tha t the  con
version to ESD is valid, and th u s  any peaks having the appearance of the 
filte r characteristic (a bandwidth of 1,5 lines) should be suspect. The 
method does, however, have the  advantage of not losing dynam ic range 
as w ith the zoom method.

Considering now  impulse analysis by digital f ilte r techniques, the  approach 
is quite d ifferent. It is known tha t the  output of a filte r  contains th a t part of 
the energy applied to the input w h ich  fa lls w ith in  the  filte r passband, but it is 
necessary to sum over the entire filte r output. As mentioned in connection 
w ith  Fig.7.2 th is  should be at least 3 times the f ilte r  impulse response time 
(i.e. 3TR ) plus the  length of the orig ina l impulse (7)). F ig .7.21 traces the path 
of a typical im pulsive signal (an N-wave) through the  complete analysis sys
tem of filte r, squarer and averager fo r both a narrow-band filte r (i.e. low  fre
quency, for constant percentage bandwidth) and a broad-band filte r (high fre
quency).

For the narrow-band filte r, TR »  7, and the filte r  output resembles its im 
pulse response. For the broad-band filte r, TR «  T, and the filte r ou tpu t con
sists of two short bursts of length ~ TR and separated by T Thus, the 
averaging tim e m ust everywhere be given by

Ta  >  7; + 3Tr (7.9)

and w ill thus be determined by the  lowest frequency to be analyzed. The 
ideal solution w ou ld  be running linear integration (w ith  TA chosen from  Eqn. 
(7.9)) followed by a "Max. Hold”  c ircu it. The outpu t of such a runn ing  linear 
averager is shown in Fig.7 .21 , and it is seen tha t during the tim e the  entire 
filte r output is contained in the averaging time TA , the  averager ou tpu t gives 
the correct resu lt, and this would be held by the "M a x . Hold" c ircu it. As men-
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Fig. 7.21. Passage o f a trans ien t through filte r, squarer and averager

tioned in Section 7 .1 .1 ,  however, th is  is not possible, and it is necessary to 
choose between fixed linear averaging and running exponential averaging.

The problem w ith  fixed linear averaging is tha t it must be started jus t be
fore the arrival of the  impulse and thus  cannot be triggered from the  signal it
se lf (unless use is made of a de lay-line before the  analyzer). It is, however, 
possible to record the  signal firs t and then insert a trigger signal (for example 
on another channel of a tape recorder).

It may be found necessary to make the total analysis in two passes, in or
der to extract all inform ation from  a given signal. F ig .7 .22  shows fo r example 
the  analysis of a 2 2 0  ms N-wave (Sonic Boom) w ith  averaging tim e  T/\ =
0 ,5  s. This is only valid down to 5 0  Hz (T/ + 3TR = 0 ,4 8  s) but on the other 
hand includes frequencies up to 5 kHz. Fig.7 .23 (a) shows an analysis of the 
same signal w ith  TA = 8 s so as to include all frequencies down to 1 ,6  Hz (7} 
+ 3Tr = 8,3 s). Because of the 1 2 dB loss of dynam ic range w ith  th is  longer 
averaging time, all the frequency components above 500  Hz have been lost. 
This result (w ith scaling adjusted by 12 dB) is given as a dotted line in 
F ig .7 .22  and shows tha t the tw o results are identical over the m u tua lly  valid 
range. Fig.7 .23  (c) shows a 1 /1  2-octave analysis obtained by 4 passes of 
the  same signal, w ith  TA = 8 s. This gives a 6dB  loss of dynamic range and 
is only valid down to 6 ,3  Hz [T/ + 3TR = 8,5 s) but in the frequencies from 
6 ,3  — 250 Hz it gives more detail o f the  spectrum than the 1/3 -o c ta ve  analy
sis.
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W here 1/3 -o c ta ve  analysis is to be carried out in real-tim e on random ly oc
curring im pulses it is possible to use exponentia l averaging followed by 
"M ax. H old", but there is now  the added com plication that the  averager 
"leaks" energy at a (max.) rate of 8 ,7  dB per averaging time, and thus the to 
tal impulse length must be short w ith  respect to  TA . If the ratio TA /T E > 10 
where TE is the  effective total length of the f ilte r  output signal, the  detector
output resembles its impulse response and the  error w ill be < 0 ,5 d B
(e in Fig.7.21 ). For th is  purpose, TE can be obtained from

Te = T , + Tr (7.10)
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This means that even w here TR » T t , TA must always be such that TA >10T r 
or in other words BTA > 10 . The frequencies for w h ich  th is  applies can be ob
ta ined from Fig.7.1 6 as for stationary random signals.

Note tha t as illustra ted in Figs.7 .3  and 7.21 the peak output of an exponen
tia l averager is 3 dB higher than from the equivalent linear averager and thus 
the equivalent averaging time to be used in converting from  power to energy 
is TA /2 .

F ig .7 .2 3  (b) shows an analysis made w ith  TA = 8 s, exponential averaging,
and "M ax. Hold", and th is confirm s tha t the result is approx. 3 dB higher 
than fo r linear averaging over most of its range, but the difference reduces 
down to 2,5 dB at 8 Hz, the lowest va lid  frequency (7/ + Tr = 0 ,76  s).

7 .4 . ANALYSIS OF N O N -S TA TIO N A R Y  SIGNALS

The type of analysis considered in th is  section is the  use of a m oving time 
w indow  to see how  the short-term  frequency spectrum varies w ith  time 
(F ig.7 .24). It is assumed that the w in d o w  length can be chosen so tha t the  in 
dividual w indowed sections are quasi-stationary, w ith o u t being so short that 
the  attainable resolution is too coarse.

Two main application areas are envisaged:
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(a) Analysis along a single record, such as a m achine run-up or run-down.

(b) Cyclic signals, such as obtained from low-speed reciprocating machines, 
where the signal w ith in  each cycle consists of a series of impulsive 
events, but w here the results for each w indow  position can be averaged 
over a num ber of sim ilar cycles. (Fig.7.1 4).

Many considerations are common to both cases, since case (a) can be con
sidered a special case of (b) w ith  an average over one cycle only. Conse
quently, it is p rim arily  case (b) w h ich  w ill be discussed in detail, though any 
special considerations applicable to case (a) w ill be discussed w here  appropri-

7 .4 .1 . Choice of Analysis Parameters

In order to m in im ise the am ount of data to be handled, the tim e w indow  
should be chosen as long as possible, though not so long tha t the signal 
changes appreciably w ith in  the w indow  length. In case (b) above the  w indow 
length should be chosen so as to separate the individual impulses, but ideally 
should be appreciably longer than the individual events so tha t the  weighting 
function does not d istort the ir spectrum when they are located in the centre 
of the w indow . This choice also optim ises the frequency range and resolution 
of the results, because the bandwidth is approxim ately the reciprocal of the 
effective w indow  length (Eqns. (7.6), (7.7)). The bandwidth also sets the m in i
mum frequency for w hich m eaningful results can be obtained. W ith  an FFT 
analyzer the w indow  length is determ ined by the  Full-scale Frequency (Table 
7.4) and in some cases the latter w ill have to be chosen higher than neces
sary in order to  obtain a su ffic iently  short w indow , but in tha t s ituation the 
upper frequencies outside the desired range can simply be discarded. In rare 
cases, it may be necessary to accept a lower fu ll-sca le  frequency than de
sired in order to obtain a suffic iently long w indow .

The type of w indow  function is not very critica l; for an FFT analyzer, the 
natural choice w ould be the internal Hanning w indow , w hile fo r a digital f i l 
ter analyzer a prem ultip lication of the signal by a gaussian-shaped w indow  is 
suggested (F ig.7 .25).

The step length w ith  which the w indow  is displaced should be chosen as a 
suitable proportion of the w indow  length w ith  regard to the fo llow ing  factors:

(1) Choosing the  "h a lf amplitude leng th " (F ig .7 .24 ) of the w in d o w  (= half
the total length for a Hanning function) w ou ld  give v irtually uncorrelated 
results and reduce the amount of data 'to a m inim um , but could give an 
error of up to 6 dB for extremely localised transients between tw o w in 
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Fig. 7 .25 . Analysis set-up w ith  d ig ita l f i l te r  analyzer

dow positions (c.f. the "picket fence effect" in the  frequency domain).
This choice w ould often be made fo r condition monitoring applications 
w here the aim is to detect changes w ith  time and w here the am ount of 
data to be compared is to be m inim ised.

(2) A reduction of the steps means tha t successive spectra are correlated, 
but th is  helps in visualising the spectrum changes, fo r example in 3-d i- 
mensional landscape representations (e.g. F ig.7 .26 ). Steps of between 
20% and 50% of the "ha lf-am plitude length" have been found suitable.

The number of spectra to be averaged in each w indow  position should be 
chosen so as to obtain stable repeatable results, and depends greatly on the 
variab ility  of the signal from  one cycle to another. It can best be found by tria l 
and error, by storing one result and comparing w ith  others, obtained w ith  the 
same parameters.

7 .4 .2 . Example

In order to illustrate the general procedure, the example w ill be taken of v i
bration signals (velocity) measured on the cylinder head of a 4 -cylinder, 4- 
stroke diesel engine running at 1 5 0 0  r.p.m . (750 cpm or 80  ms cycle time). 
The measurement and recording system were linear up to 10 kHz, but the s ig 
nals contained in form ation up to 2 0  kHz. The signals were recorded at 
1 5 i.p.s. on an FM recorder, in parallel w ith  a once-per-cycle tacho signal ob
tained w ith  a photo-electric pickup from  the cam shaft. The analyses w ere 
made w ith  the FFT analyzer Type 2 0 3 1 .

V iew ing the tim e signal on the screen of the analyzer it could be de te r
mined that individual impulses had a length of » 2 ms, and for th is reason it 
was desirable to have a w indow  length as short as 8 ms (i.e. half-am plitude
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length 4 ms w ith  Hanning weighting). This could not be achieved d irectly, as 
the shortest w indow  length available (in 20 kHz range) is 20 ms (Table 7.4), 
but by slowing down the tape recorder 10:1 on playback it was possible to 
achieve the desired parameters in the  5 kHz range ( T = 80  ms). This meant 
that the  effective fu ll-sca le  frequency w as now 50 kHz, but only the firs t 1 60  
lines (< 2 0  kHz) were utilised in d isplaying the results. The total cycle tim e  of 
80  ms could be covered by varying the "Records-After-Trigger" setting 
(Fig.7 .14 ) between 0 ,0  and 9,8 m em ory lengths w ith  increments of 0 ,2  (i.e. 
e ffective ly 1,6 ms steps or 40% of the  half-am plitude length). An average 
over 64  cycles was found to be necessary, partly because of a slight " j i t te r "  
of the tacho pulses w h ich  could have been elim inated by a more elaborate 
set-up.

F ig .7 26 shows a 3-dimensional representation of the results as a fre- 
quency-tim e landscape. The measurements were perform ed autom atically us
ing a desktop calculator to control the  analyzer, store the results, and later
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plot them on a digital plotter. The results as plotted have a linear frequency 
scale, but the calculator could be used to convert them to constant percen
tage bandwidth on a logarithm ic frequency scale.
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8. VIBRATION MEASUREMENTS FOR MACHINE  
HEALTH MONITORING

8 .1 . BASIC C O N SID ER A TIO N S

A ll machines vibrate. In the process of channelling energy in to the  job to 
be performed forces are generated which w ill excite the individual parts of 
the machine d irectly or via the structure. Some of the parts in the trans
mission path are accessible from the outside so tha t we can easily measure 
the vibration resulting from the excitation forces.

As long as the  process is constant or only varying w ith in  certain lim its  the 
vibration measured w ill be practica lly constant. Furthermore, it is found for 
most machines that the vibration frequency spectrum  has a characteristic 
shape when the machine is in good condition. W hen faults begin to  develop 
in the machine some of the dynamic processes in the machine are changed 
and some of the  forces acting on parts - or the mechanical properties of the 
parts themselves - are changed, thereby in fluencing the vibration spectrum. 
This is the basis for using vibration measurements and analysis in machine 
health m onitoring.

Unfortunately it is possible w ith  a few  wrong choices of param eters and 
procedures to end up w ith  systems unable to give reliable results. It is hoped 
the fo llow ing comm ents w ill clear up these matters.

8.2 . THE RELATIONSHIP FORCE - VIBRATION

As already mentioned, machine vibration is usually measured at points ac
cessible on the outside of the m achine. How does th is  relate to w h a t is going 
on inside?

In Fig.8.1 a rotor is exerting a varying force on the bearings of a machine. 
As rotor forces are mostly transm itted through bearings, th is is a preferred lo
cation for measurements. These forces result in both a relative vibration of 
the rotor to the  bearing housing and an absolute vibration of the w ho le  bear-
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F ig .8 .2. The re la tionsh ip  Force-Vibration

ing housing. In both cases the v ibra tion is the product of force x m obility  (= 
the w illingness to be set in motion), see Fig.8 .2. It can be seen that to get a 
stable vibration reading, the force spectrum and the  associated m obility  must 
be stable, and luckily th is  is the case w ith  most machines. W hen the  force 
doubles the vibration measured doubles.

For the relative m otion of the ro tor journal in its bearing, the m obility  is 
dominated by the oil film  properties, whereas for the  absolute bearing hous
ing vibration the m obility  is made up of components from both oil film  and 
bearing support m obilities. The m ob ility  can change considerably from  ma
chine to machine so it is often recommended that one measures it in order to 
correlate the actual vibration level w ith  the internal forces.

In a journal bearing the forces are transm itted through an oil wedge 
pumped in by the high relative speed of the journa l to the bearing shell. As 
the m obility of the oil film  is norm ally rather high, it is possible to get a good
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measurement of the re la tive vibration betw een journal and bearing: the so- 
called Shaft V ibration. Due to  the lim ita tions in dynamic range of relative d is
placement transducers (typ ically 100:1) one seldom obtains much in form a
tion above 3 x  the running speed, but fo r phenomena m anifesting themselves 
w ith in  tha t range relative displacement measurements are find ing a w id e 
spread use (see Bibliography VDI 2059, API 670). See Fig.8 .3 .

The absolute vibration as measured on the bearing housing is often 2 -4  
times sm aller due to the low er mobility of the  bearing housing, but because 
of the much larger dynam ic range of the  accelerometers typ ica lly used here 
(1 0 0 ,0 0 0 ,0 0 0 :1 ) and the possibility of se lecting any of the parameters: abso
lute acceleration, velocity, or displacement, one is able to fo llo w  the vibration 
spectrum and any changes in it up to very high frequencies.

It is sometimes argued th a t because o f instability, com pliance and reson
ances in oil film s it is impossible to use bearing vibration measurements on 
many journa l bearings. If these problems w ere  important the  oil film  m obility 
as seen by the journal w o u ld  not be stable and the relative measurements 
would su ffe r even more, but in fact experience shows th a t both types of 
measurement can be made w ith  good repeatability.

Note tha t any vibratory forces not actua lly  being absorbed in exciting the ro 
tor must be transm itted to  the bearing housing. Should bearing loading be in 
creased, the  oil film  gets th inne r (and s tiffe r) so that the re lative vibration dec
reases. The decreased ro to r motion m eans that more force is transm itted to 
the bearing housing, w hose vibration th u s  increases (as overall mobility, dom 
inated by bearing supports, remains practica lly  constant). As higher loading
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F ¡g. 8 .4 . Rolling e lem ent bearing

w ould tend to accelerate bearing fa ilu re , the bearing housing vibration here 
gives the right tendency.

In a ro lling  element bearing the oil film  is extremely th in  as there is no re la 
tive velocity between the surfaces at the  points of contact. The rolling e le 
ments are s tiff so the inner mobility and outer m obility are v irtua lly  the same. 
Relative vibration between shaft and housing is usually negligible even fo r 
large vibration forces, so here the bearing housing vibration is quite dom i
nant. Accelerometers w ill clearly give the largest dynam ic range and fre 
quency range (Fig.8.3):

8.3 . FREQUENCY RANGE - D YN A M IC  RANGE - PARAM ETERS

One of the most im portant requirements of vibration instrum entation fo r 
m aintenance is that it is able to register the  entire vibration spectrum in a su f
fic iently w ide  frequency range that all im portant components are included. 
This includes frequencies associated w ith  unbalance, m isalignm ent, ball-pass- 
ing, gear-m eshing, blade-passing, blade resonances, bearing element radial 
resonances; often a frequency range requirem ent of 1 0 - 1 0 ,0 0 0  Hz or more. 
It is often found that the higher frequencies contain in form ation on fau lts 
developing w e ll before they influence the actual ability of the  machine to do 
its job, whereas the low er frequencies show  the faults w hen they have oc
curred. To be able to predict breakdown, the  higher frequencies therefore be
come very important.

The vibra tion level of most machines usually varies w ith  frequency. The 
range in w h ich  the instrum entation must be able to present the values w ith  
an acceptable accuracy (the dynamic range) must include all values w ith in  
the frequency range (Fig.8.5).
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Fig. 8 .5 . Frequency and  dynamic range requirements

It is not enough tha t only the highest peaks are measured, for some of the 
important indicators may have a low  level. For example, the force signal from 
the blade-passing frequency in a turb ine has to be transm itted through the 
heavy rotor, through the bearing and bearing housing to the accelerometer 
and in this transm ission the signal is attenuated by a large factor. However, 
should the forces acting in th is area double, the attenuation rem ains largely 
the same and the  measured v ibra tion doubles. This change by a given factor 
represents a change by a corresponding number of decibels (e.g. a doubling 
w ould give 6dB) and this is one of the reasons w hy a logarithm ic amplitude 
(or decibel) axis should always be used when representing vibration levels for 
machine monitoring. This is also reflected in the fact that all common vibra
tion criteria are expressed on logarithm ic amplitude axes, meaning tha t equal 
changes in vibration severity represent changes by a certain number of dB.

In Fig.8.6 a vibration spectrum is shown using tw o different parameters 
out of the three usually used to  describe vibration: D isplacement, Velocity 
and Acceleration. They describe the same machine condition, so if a line is
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Fig. 8.6. A vibration spectrum  described w ith  2 different param eters

201



drawn through the bottom  of each spectrum it can be seen that the relative 
heights of the peaks are the same. If the  vibration force at any frequency dou
bles then the magnitude of the v ibra tion component doubles, in both parame
ters, so both are useable for m aintenance purposes. However, Parameter I 
happens to give a horizontally aligned spectrum w hereby the dynam ic range 
requirements become the  smallest. This is therefore called the "Best Parame
te r "  fo r such measurements.

It can be further noted that no single component in the spectrum of Par
ameter I needs to increase by more than Range I to give a measurable 
change in the overall vibration level. For Parameter II the change o f some 
components must be equal to the much larger Range II. Therefore if one at
tem pts to use overall vibration levels for indication of machine condition, 
rather than frequency analysis, it is imperative tha t one uses the Best Par
ameter for such measurements.

For many machines the Best Parameter is velocity and this is one reason 
w hy many standards (e.g. VDI 20 5 6 ) specify th is param eter. Standards such 
as VDI 2059  relying on relative displacement m easurement put main em pha
sis on unbalance and m isalignm ent and are forced to  disregard large parts of 
the spectrum.

In F ig.8.7 are shown results from  a machine w ith  a fau lt developing in one 
component. Following the  machine w ith  5 periodic measurements it can be 
seen tha t the overall level measured suddenly jum ps up at the last m easure
ment. Does this indicate that the machine is in the m iddle of a breakdown or 
can it be operated fo r another period before the vibra tion level reaches the li
mit? This cannot be determ ined from  the overall levels. If we instead fo llow  
the  development of the affected frequency component over the 5 periodic 
measurements we can extrapolate w ith  reasonable accuracy and find  out 
w hen the vibration level w ill reach the lim it, thereby predicting the tim e  be-

F ig .8 .7 . Development o f a machine fa u lt as seen by overall m easurem ents  
and by analysis
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fore maintenance is necessary. W ithout th is periodic spectrum analysis the 
prediction capability is seriously impaired.

The presentation of the data in a measuring system greatly affects its 
usefulness and the fo llow ing is a further explanation of w hy logarithm ic am 
plitude axes are preferable to linear (see also Appendix F).

a) Lin. b) Log.
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Fig. 8 .8. Presentation range o f an instrum ent in  linear and logarithm ic  mode

Fig.8.8 illustrates an instrum ent having a scale w ith  an accuracy and reso
lution of 1% of Full Scale, so tha t there are 100  known d iffe ren t values possi
ble. Fig.8 .8 .(a) gives a linear presentation 0 - 100% of Full Scale. Accepting 
a maximum error in the resu lts of 10% of the reading, the scale can be used 
down to 10% of fu ll scale as 1 step in 10 gives 10% accuracy. This means 
tha t a dynamic range of 10:1 (20  dB) is covered on this scale. Very often th is 
is not enough to cover the vibration spectrum of a machine even if the Best 
Parameter is used. Another point is that constant factor changes give d iffe r
ent deflection in different parts of the scale. A  factor 10 is 9 0  steps in the up
per end and less than 1 step in the lower end.

Assuming the same instrum ent but letting each of the 100  steps represent 
an 11 % (1 dB) change from the  previous step (Fig .8 .8 (b)), then 20  steps down 
gives a factor 10, 20 more another factor 10, and so on. The 100  steps w ill 
in th is way cover a range of 100,000 :1  (1 0 0 d B ) w ith the desired accuracy. 
This dynamic range ensures tha t all parts of the  spectrum are w ith in  range, 
and it can be seen that constant factors represent a constant num ber of steps
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on the scale. This greatly eases the w ork  of the maintenance engineer as he 
can quickly locate the  components w ith  the highest changes in force levels 
even if the m obility involved is very sm all.

8.4 . USE OF V IB R A TIO N  M EA SU REM EN TS FOR M A IN TEN A N C E

Vibration measurements should only be used w here  they w ill give a de fi
nite advantage or cost saving so the m aintenance engineer should base the 
decision on the ir use on a careful evaluation:

1. Does it suit the maintenance system and machines in use?

2. Can the m easurem ents be performed w ith  personnel already available?

3. How few  instrum ents are needed to give the most economical system?

4. Can the use of v ibra tion measurements reduce operation costs or m a in te 
nance costs to give a definite improvement in plant economy?

8 .4 .1 . Maintenance Systems

A. Run-to-Break M aintenance
In industries runn ing many inexpensive machines and having all im portant 

processes duplicated, machines are usually run until they break down. Loss 
of production is ins ign ifican t and the spare machines can take over in the us- 
uallly brie f repair period. There is little  advantage in know ing when machines 
w ill break down, so vibration measurements are just used to check the qua l
ity of the repair.

In some industries (e.g. chemical plants) the product often has such a high 
value tha t there is a tendency to som etim es let even large unduplicated ma
chines run to break. In th is  case it is valuable to know  w ha t is going w rong 
and w hen the fina l breakdown can be expected. This inform ation can be ob
tained by analyzing spectrum trends from  regular measurements. However, 
the consequential damage resulting from  such breakdowns often greatly in 
creases both the cost of repair and the production loss during the extended 
shut-down period. Using the condition m onitoring techniques described in 
Section 8.4.1 .C these extra costs can be considerably reduced, w hile the pe ri
ods between shutdowns can still be kept to the maximum.

B. Time Based Preventive Maintenance
W here important machines are not fu lly  duplicated, or w here safety of per

sonnel is involved, m aintenance work is often performed at fixed time in te r
vals such as every 3 0 0 0  operating hours. The intervals are often determ ined
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statistically as the period in w h ich  no more than 2% of the machines w ill fa il 
from being in new or fu lly  serviced condition. By having 98% of the machines 
statistically surviving the m aintenance periods, the machines are believed to 
have been "prevented”  from  fa ilu re .

However, it has been found  fo r many machines (See Reference, Kent & 
Cross) tha t if they are run fo r another in terval of the same length w ithout 
any maintenance between the  intervals the number of m achines failing in 
the second interval w ill be less, or no higher, than in the firs t and less than if 
maintenance had been perform ed between the  intervals. There is therefore a 
marked tendency to replace the fixed interval servicing or renovation of ma
chines w ith  fixed interval measurements of each individual m achine's condi
tion and only when the measurements indicate that the particu la r machine 
needs it, w ill service be perform ed before breakdown.

C. On-Condition M aintenance
When vibration measurements and analysis are performed system atically 

and in te lligently  (termed condition monitoring) they w ill not on ly a llow  deter
mination of present machine condition but also perm it (by fo llow ing  trends 
fo r individual components in the spectrum) prediction of w hen such compo
nents most like ly w ill have reached unacceptable levels. This is called Predic
tive M aintenance and allow s a long term planning of work to be done. For ex
ample it perm its the engineer to purchase the necessary spare parts ahead of 
tim e and thereby avoid a perm anent large spare part stock. Furthermore, the 
maintenance personnel can be actually tra ined fo r the type of repair coming 
up so that they can effect it in a m inimum of tim e  w ith  a m axim um  of re liab il
ity. Used together, Condition M onitoring plus Predictive M aintenance permits 
e ffic ient On-Condition M aintenance w ith a m inim um  of m aintenance cost 
and a m inim um  of unscheduled production stops.

8 .4 .2 . Maintenance Staff

When vibration measurements are introduced into a maintenance system it 
is most common to use personnel already in the  system. This is possible be
cause the skills required are easily learned and developed from  experience, 
and good instruction material is available.

Two types of personnel are usually employed. One is the operator who w ill 
perform the actual measurements fo llow ing a fixed measurement procedure. 
In a fu lly  developed scheme he has only to record the vibration signals w ith 
preset instrum ents and tu rn  over the data in the form of taped signals or 
graphs of spectra to the maintenance engineer at the end of the day for later 
analysis or evaluation. The m aintenance engineer is responsible fo r preparing
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the m easurement procedure and often perform s analysis and evaluation h im 
self, particu larly during the development period.

The measurement procedure should include which points on the machines 
should be measured in w ha t sequence, the  manner in w h ich  the instrum ents 
should be used and the  desired runn ing  conditions of the  machines. The 
points on the machines should be prepared for easy attachm ent of the v ib ra 
tion transducer and marked w ith a reference number. The engineer should in 
struct the operator in the  purpose and the  execution of the  programme. It is 
advisable to gain experience by measuring many times on a small number of 
machines. This w ill also reveal the repeatability of the procedure.

The engineer should also gather technica l details to help him later d iag
nose any fau lts  detected. These are de ta ils  such as ro ta tiona l speeds, bearing 
geometry, numbers of ro lling elements, gear teeth, tu rb ine  blades etc. This in 
form ation can be set up in a diagnostic reference sheet fo r each machine. He 
w ill also compile available information on acceptable v ibra tion lim its (relative 
or absolute) from m anufacturers and o ther organisations.

8 .4 .3 . Instruments for On-Condition Maintenance

Looking over the instrum ent systems in use today w e find  that they can be 
grouped in 3 classes:

Class 3: is a vibration meter making a simple overall v ibration reading in a 
single frequency band (F ig .8.9). Most of the standardized vibration m easure
ments fa ll into th is  category. The readings may a llow  detection of major 
fau lts  tha t have already developed but w ill not a llow  diagnosis (what w en t 
wrong) or reliable trend prediction.

General Purpose
V ib ra tion  Meter

2511

Accelerometer F r l?
r

. .  ' *  •

800434

Fig. 8 .9. Typical instrum ent fo r simple overall measurements

Class 2: uses tw o levels of instrum entation. First, the  Class 3 instrum ents 
are used until they indicate that levels have exceeded the standardized m axi
mum levels or have changed drastically. Then an analyzer is brought in to ac
tion to analyze the cu rren t spectrum w h ich  is then compared w ith a re fe r
ence spectrum taken at the same point w hen the m achine was known to be
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General Purpose 
V ib ra tion  Meter 

2511

Accelerometer h r
j_£

Accelerometer

Charge Am plifier 
2635

Accelerometer

c

•  p . .

Narrow Band Spectrum 
Analyzer 2031

Tape Recorders 
7003

EsE t
• u  „ „ >Ov W 1

Portable V ib ra tion  Analyzer 
3513

Level Recorder 
2306

Fig. 8 .10 . Instrum ents fo r sim ple overall m easurem ents fo llow ed by analysis 
when changes have been indicated

in good condition (Fig.8 .10). This procedure w ill reveal w ha t changes have 
taken place but the analyzer is only brought into play, either d irectly  or via a 
tape recorder, when the simple w ide band measurements show  a change, 
and as we have previously seen th is  may be very late - or too late in some
cases.

Regarding trends, it is seen that th is  procedure gives only 2 points on the 
trend curves, which is too little  to give the shape. Predictive capability has 
been lost by a too sparing use of the analyzer.

Class I: means fu ll analysis and comparison w ith  reference spectra each 
tim e. This gives fu ll in form ation on the condition of a machine together w ith 
the best predictive capability. The cost per measurement need not be higher 
than for the other classes thanks to the new e ffic ien t instrum entation avail
able today. Narrow band analyzers able to provide a hard copy of measured 
spectra are found in tw o versions. One is a portable battery operated serial 
analyzer w ith  all facilities, w hich plots out a vibration spectrum in any par
ameter (acceleration, velocity, displacement) on the spot for each measuring 
point (Fig 8.1 1). Comparisons may be done visua lly using a transparent refer
ence spectrum.

W hen large numbers of machines are to be monitored the operator uses a 
tape recorder to record a short sample of the vibration signal at each measur
ing point. Typically, 4 samples can be recorded in less than a m inute. The
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Accelerometer

a».. > l< H  f ■'§N • I1
• • 
•%

Portable V ibration Ana lyzer 
3513

Level Recorder 
2306

Fig. 8 .1 1 . Instrum ents fo r analysis in  the fie ld

taped signal is later played into a rea l-tim e analyzer and compared autom ati
cally (e.g. using a desktop calculator) or m anually w ith  the  previously esta
b lished reference values (Fig.8.1 2).

Calculator Narrow Band Spectrum 
Analyzer 2031

X -Y  Recorder 
2308

Accelerometers Charge Am plifiers
4369 2635

3

Tape Recorder 
7003

Fig 8 .1 2 . Instrum ents fo r rapid analysis o f signals from  a large num ber o f m a
chines

This approach benefits from the speed and sophistication of laboratory type 
instrum ents, gives improved detection and diagnosis, and reduces the cost 
per measurement.

The measurements described until now  have all been periodic. The usual 
mean operating tim e between fa ilu res dictates the m easurement intervals. A t 
least 6 measurements should be planned for th is period to give reasonable 
prediction capabilities.

8 .4 .4 . Permanent Monitoring

Permanent m onitoring is a system w hereby a set of instrum ents is con tinu 
ously checking machine condition at a lim ited number of measuring points.
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In the basic system, a single vibration m onitor continuously measures the 
best parameter in a s ingle frequency range or a parallel set of 3 frequency 
bands. If lim its  are exceeded alarm relays can activate shutdow n, or give a 
w arn ing indication (Figs.8.1 3 and 8.14).

The continuous m easurem ent w ill usually begin to show  high levels hours

Fig. 8 .1 3 . M ulti-purpose M onito r Type 2 5 0 5  and M u ltip lexe r Type 5 8 3 3

M on itor

Q  *
Data Cable r H5674

----  Recorder Outputs

Junction Box 2505

791037

Fig. 8 .14 . Basic m on ito r system

Fig. 8. 15. M u lti-channe l basic m onitor system
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Junction Box

Accelerometer

Accelerometer
5674

Accelerometer

Junction Box

i~ t~ i

Accelerometer 
5674

Junction  Box

Mon itor + 3 Multip lexers

Narrow Band Spectrum 
Ana lyzer 2031

X —Y  Recorder 
2308

= • •

Calcu lator D isc Memory 791039

Fig. 8. 7 6. M u lti-channe l basic m onitor system  w ith  fu lly  autom atic spectrum  
m onito ring  added

before actual fa ilure , and most machines cannot be stopped immediately any
way, so it is often possible to let a single m onitor scan over many channels 
via a m ultip lexer (Fig.8 .15). W hen all the measurement channels come from 
one machine group, only one shutdown relay is required. This greatly re 
duces cost but the system is quite flexible as individual shutdow n levels can 
be set fo r each channel. But the lim itation of one or a fe w  frequency bands 
remains.

For fu ll spectrum m onitoring a spectrum analyzer plus a ca lcu la tor is added 
to the output of the m onitor (F ig.8.1 6). In such a system individual lim its can 
be set for each measuring point, and if the analyzer is to be used for other 
purposes, the  monitor s till protects the machines in the m eantim e using the 
simple pass-band measurement.

M onitors including m ultip lexers w ith  pream plifiers are in general no more 
expensive than the equivalent number of pream plifiers.

8 .4 .5 . Cost Effectiveness

Equipment for vibration measurement should only be bought if it can be ex-
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pected to yield a clear profit, so the question often arises as to how  the  econ
omic gain can be assessed.

In a report made in 1975 fo r the  British Departm ent of Industry (see Bibl.), 
later revised w ith  1978  values, M .J. Neale & Associates evaluated the ben
efits from introducing On-Condition M onitoring into British industry. They 
found tha t if jus t 2 0 0 0  factories employed these techniques instead of what 
they were doing in 1 975  a m in im um  annual saving of £1 80  m illion  could be 
expected w ith  operating plus investm ent costs of £ 3 0  m illion - ensuring  a net 
pro fit of £ 1 5 0  m illion or 500%  re turn . This saving corresponds to  roughly 3% 
of the total annual investment in Brita in for machines and equipm ent.

The savings arise mainly from  the higher availability  factor o f the ma
chines, giving few er production losses.
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9. ACOUSTIC EMISSION

9 .1 . IN TR O D U C TIO N

M inu te  im perfections in loaded structures and m ateria ls, which could lead 
to u ltim ate fa ilure, can be revealed by several non-destructive testing (NDT) 
methods in common use. Typical examples are m icroscopic and X-ray inspec
tion , strain measurements and fla w  detection by dye penetrants, eddy cur
rents and ultrasonic transm ission or reflection.

These methods are common in one respect; they reveal imperfections 
w ith o u t d ifferentiation between irre levant "passive”  irregu larities w h ich  have 
no influence on the ab ility  of the s tructure  to perform  its intended task, and 
"a c tive " developing fau lts  which, if le ft, could seriously threaten the integrity 
of the structure. Results obtained from  these tests require a high level of 
judgem ent in determ in ing their s ignificance. Furtherm ore, for critica l s truc
tures, tests have to be made regularly and extensively to ensure tha t new 
fau lts , for example caused by corrosion, overloading and wear, have not oc
curred.

Acoustic Emission (AE) is a re la tive ly new NDT technique w hich differs 
from the above-mentioned techniques in that it is able to detect when  a flaw  
or a crack occurs and where  it occurs i.e. it detects "a c tive ”  flaws. Once the 
existence of a flaw  has been established by AE its nature can be investigated 
by the other methods. For critical structures, AE measuring instrum entation 
can listen continuously to warn of fa u lts  immediately they occur.

9 .2 . DEFIN ITION

AE (sometimes called Stress Wave Emission SWE) can be defined as:

The elastic wave generated by the  release of energy internally stored in a 
structure.

A lthough this defin ition includes many kinds of waves, (e.g. earthquakes and 
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microseism ic phenomena) AE-systems are designed to handle only a small 
part of the fu ll spectrum. M echanical shocks and clicks are not included, a l
though AE-systems are used in some cases to detect loose parts in m icroelec
tronic devices.

9 .3 . AE SOURCES

AE "S ources" which can be described as processes em itting elastic waves, 
can be basically classified in 4 different groups:

1. Dislocation movements
2. Phase transform ations
3. Friction mechanisms
4. Crack form ation and extension.

The signals emitted may be broadly divided into two types i) continuous 
emission (resembling w h ite  noise) and ii) burst-type em ission, mostly de
tected as single decaying sinusoids due to resonances in the structure and 
the transducer. The tw o types of signals are shown in F ig.9.1 . A  clear d is tinc
tion between the two types cannot be made however, as there  is no logical 
transition point.

Fig. 9 .1 . Continuous and B urs t Type signals

For comparison purposes the relative amplitudes of the emitted signals 
from the d ifferent mechanisms are shown below:

Dislocation movements 1 - 1 0
Phase transform ations 5 - 1000
Crack form ation 20 - 1 0 0 0

The energy released by a single dislocation movement (displacement of a 
particular type of line im perfection through the crystal lattice) is normally too 
small to be detected by AE equipment. However, many dislocations often com 
bine to form  an avalanche of movements giving rise to a continuous AE-sig- 
nal w h ich  can be detected. A typical phase transform ation source is marten-
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site form ation in carbon steel; a single burst signal can be detected for every 
grain transform ed.

Crack form ation occurs at surface notches or at points inside a material 
where local stresses exceed the fracture stress. Crack form ation results in 
the creation of new surfaces, strain energy is released and th is  is partly tra n s 
formed into AE signals. The AE signals generated by crack formation are of 
the burst type and are o ften emitted at a very high rate.

Friction also occurs in cracks, and the sudden sliding mechanism releases 
burst type signals. Crack form ation and fr ic tion  burst signals are very useful 
for detecting and localizing cracks.

9 .4 . PROPAGATION

AE-sources behave in a manner s im ila r to  a radio antenna w ith a specific 
radiation pattern for the d ifferent wave types (shear-waves and compression- 
waves); however the position and properties of AE sources are only known in 
special rare cases.

If the source emits a spherical wave packet, it w ill on ly be propagated as 
such in an in fin ite  isotropic, homogeneous, ideally elastic medium. In real 
s tructures the propagation w ill be affected by surfaces w h ich  create re flec
tions and form ation of surface waves (Rayleigh or Lamb). Inhomogeneities 
(e.g. welds) may also create reflections and d istort wavefronts.

An im portant example is waves propagating in a plate, especially on large 
structures like pressure vessels where source location techniques are used. 
These waves are subject to dispersion as shown in F ig.9 .2 . an and sn denote 
the antisym m etric and sym m etric waves of the  n th order.

It can be seen that the dispersion re lationships are complicated, making it 
d ifficu lt to predict the exact group velocity involved. Furtherm ore, dispersion 
changes the waveform w h ich  introduces ambiguities w hen tim e differences 
have to be measured for localization.

The above mentioned factors make it extrem ely d ifficu lt to  study the source 
mechanisms except under conditions especially designed fo r the purpose. 
However, research is s till being carried out in th is field, and th is  w ill fu rther 
enhance the usefulness of the  AE technique.

It should  be noted, tha t in  most of the present applications it is not neces
sary to have a detailed know ledge of the source mechanisms and the propaga
tion. These applications include, for example, the determ ination of the typical
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Fig. 9 .2 . Surface wave modes in a s te e l plate

AE pattern from a specimen prior to  fracture so tha t fu tu re  activity on sim ilar 
objects can be evaluated, and fa u lt localization on large steel structures 
w here  a certain am ount of am biguity can be tolerated.

9 .5 . AE TRA NSD UC ER  PRINCIPLES A ND  CALIBRATION

W hen the em itted stress waves reach the transducer position via a propaga
tion  path as shown in Fig.9.3 (a to e) the stress-strain condition is converted 
into an electrical signal which can be treated by e lectron ic means.

Piezoelectric (PZ) transducers are by far the m ost w idely used. They are 
m ostly undamped, having very high sensitivities at resonance. A sim ple pie
zoelectric disc w ith  electrodes m ounted on its faces, perpendicular to the  pola
rization direction is often used fo r AE and ultrasonic transducers. For a plane 
in fin ite  disc adjoining a structure and coupling (damping) materia l, the re
sponse to an incom ing plane wave w ith  normal incidence can be calculated. 
It m ust be stressed that this is a typical situation fo r ultrasonic applications, 
but n o t for AE signals which are in most cases m ain ly  surface w aves, (Ray
leigh or Lamb).

U ltrasonic transducer calibration methods are there fore  not suitable fo r AE 
purposes. This is illustrated in F ig .9 .4 . A PZ-disc, 1 ,9  mm thick and 9 mm in 
diam eter is mounted directly on a steel structure. The thickness mode can be 
calculated to be 1 MHz, but a surface wave of 1 MHz (A = 3 mm) w ill not

215



Fig. 9 .3 . Propagation o f a stress wave in  a specimen

Fig. 9.4. Coupling o f surface waves to two d iffe ren t transducers

2 1 6



give any ou tput as seen from  the symmetric deformation show n in the figure, 
whereas a wave corresponding to h /2  = 9 mm, ( f = 167  kHz) w ill couple 
strongly.

To overcome this problem the  disc can be made small; however the capacit
ance of the  disc is then reduced considerably resulting in a much lower sensi
tiv ity  w hen loaded w ith external capacitances from cable etc. If a large wear 
plate is used for coupling to  the structure, it is d ifficu lt to ensure coupling at 
the point opposite the piezoelectric disc. If a small plate is used tilting may be
come a problem.

Fig. 9 .5 . (a) Constructional details of B road band AE Transducer Type 8 3 1 2
(b) Broad-band Transducer Type 8 3 1 2  together w ith Resonance 
Transducers Types 8313  and 8 3  14

The transducer construction shown in F ig .9.5 (a) overcomes these prob
lems and therefore can be used over a broad range of frequencies. The in te 
gral pream plifier ensures a small capacitive loading, the membrane suspen
sion gives an appropriate coupling force and the slightly spherical wear plate 
ensures adequate coupling regardless o f tilting . This transducer, together 
w ith  tw o  others, which are of the sim ple resonance type and intended to de-
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teet AE over a narrow frequency band around their resonance, are shown in 
the photograph in Fig.9 .5  (b).

Some precautions should be taken in the mounting of transducers to e n 
sure good results. The surface on w h ich  the transducer has to be mounted 
must be fla t and clean to perm it effective coupling. Scale and rust must be 
removed e.g. by grinding. Even though the surface may be fla t and clean on ly 
a few  points w ill be in in tim ate  contact w ith  the wearplate.

By using a drop of o il, grease or h ighly viscous "goop" (e.g. Dow Chem i
cals 276-V 9), the voids are filled out enabling the stress waves to be tra n s 
m itted to the transducer. If a permanent insta lla tion is desired, various adhe
sives may be used. Transducers coupled w ith  flu ids must be kept in place by 
elastic bands, adhesive tape, springs or fix tu res as may be practical. The 
transm ission of plane waves through the coupling layer can be calculated in 
the same manner as the frequency response. In general, it is desirable to 
make the coupling layer as th in  as possible to get maximum sensitivity.

Several methods have been proposed fo r calibration. M any of these are in 
spired by the AE phenomenon itself and use transient pulses generated by 
breaking pencil leads, glass capillaries or by spark impact. O thers use con tinu 
ous sources like gas jets (broad band random signal) or transducers used as 
transm itters.

If these "sources" have a suffic iently broad frequency spectrum  and if the 
transm itting  structure perm its transm ission of the whole spectrum w ithou t 
d istortion, they may be used fo r sensitiv ity comparison and re lative frequency 
response determ ination of AE transducers. If an absolute calibration is de
sired a detailed knowledge of the source and structure is necessary.

Basic research is undertaken at several institu tes to find suitable calibra
tion methods but no genera lly acceptable method has yet been proposed. 
Most commercial transducers available today are calibrated in the same way 
as ultrasonic transducers in a face to face configuration w here  no surface 
waves are generated at a ll. These calibrations are of lim ited value if the trans
fe r function from  surface waves to electrical signals is required.

A d ifferent method proposed by Hatano & M ori (see Bibliography) is used at 
Bruel & Kjær. This method is based on the reciprocity princip le which is w e ll 
known in network theory, and also used fo r calibration of m icrophones, hydro
phones and vibration transducers.

F ig.9 .6  shows the set-up used for the reciprocity calibration. A warbled 
tone signal is applied to a transm itting transducer which excites Rayleigh 
waves in the medium. These surface waves are detected by the receiving 
transducer norm ally positioned 200  mm from  the transm itter. The output sig-
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Fig. 9 .6. Set-up fo r Reciprocity Calibration

nal is am plified and a DC voltage proportional to  the RMS value of the signal 
is supplied to the V input of an X-Y recorder. A  voltage proportional to the 
centre-frequency of the warbled tone signal is fed to the X -input of the X-Y re
corder. The current to the transm itting  transducer is measured using the 
same set-up.

Fig. 9. 7. Typical frequency response curves fo r the acoustic em ission transdu
cers Types 8312 , 8 3 1 3  and 83 1 4

Absolute calibration is achieved using three transducers, one of w h ich  can 
function  either as a transm itte r or receiver. Three consecutive measurements 
are made, as described, w ith  a specific interchange of transducers between 
each measurement. Typical ca libra tion results are shown in F ig.9 .7 .
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9 .6 . S IG NAL A M PLIFICA TIO N

The transducer is fo llow ed by a pream plifier - am p lifie r combination giving 
up to  100dB  total am plifica tion. The pream plifier stage, w h ich  has a low  ou t
put impedance and can therefore feed long cables, may be bu ilt into the trans
ducer as shown in F ig .9 .5 . Otherw ise a separate pream plifie r, as shown in 
Fig.9 .8 , is placed near to the transducer. Pream plifier gain is fixed (e.g. 
40  dB) and the pream plifie r may also be fitted  w ith  bandpass filters.

For m eaningful comparison of pream plifiers, the ir noise level should be 
measured and compared when the input is loaded by the  transducer im ped
ance. If suitable modern electronic components are used, the noise level w ill 
be determ ined by the  therm al noise of the piezoelectric disc. Because of 
noise the m inim um  detectable AE am plitude for a transducer in the 2 0 0  kHz 
range is in the order of 1 0 —14 m at room tem perature.

The signal from  the pream plifier is fed into a condition ing amplifier w ith  ad
justable gain, e.g. from  0 to 6 0 dB in 1 dB steps. F ig.9 .9  shows an am plifie r 
w h ich  is especially suitable for AE w ork and which has selectable frequency 
filte rs  so as to suppress interference from  low frequency electrical noise and 
mechanical vibration.

9  AE Preamplifier %
Type 2637

Fig. 9 .8 . AE P ream plifie r Type 2 6 3 7

Fig. 9 .9 . Conditioning A m p lifie r Type 2 6 3 8

9 .7 . DATA A NA LYSIS  A N D  PRESENTATION

A variety of methods are available fo r analysis and presentation of the  am 
plified AE signal. These are summarised in Fig.9 .1 0 . Some guidelines about 
the choice of the most suitable m easuring principle can be given as fo llows:

220



7 9 1 0 9 6

Fig. 9 .10 . M ethods o f AE data analysis and presentation

The oscilloscope is a lways very useful to get an immediate impression of 
AE activity.

For continuous emission the  RMS value is most suitable and physically 
also most m eaningful.

For burst type signals an indication of to ta l damage or rate of damage oc
curring is indicated by ring down counting or pulse area measurements. 
Three a lternatives are show n schematically in F ig.9 .11.

A high frequency pulse analyzer m easuring the time a threshold is ex
ceeded w ill give the approximate pulse area of an AE signal (Fig.9.11 (a)). 
The approximation can be improved by the combination of several thresholds. 
The principle is illustrated in Fig.9.11 (b). Both of these analysis methods can 
be carried ou t w ith  the AE pulse analyzer show n in Fig.9.1 2.

Ring-down counting, illustra ted  in Fig.9.1 1 (c), is another w ay of assessing 
pulse area. The method is very approximate as it takes no account of time but 
the instrum entation is s im ple and widely used.
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Methods of A E  pulse assesment 
4429 "  4-ch”  mode

1 2 3 4 5

7 9 10 2 0

Fig. 9 .1 7. M ethods o f pulse magnitude assessment

F ig.9 .12. A coustic  Emission Pulse Analyzer Type 442 9

A linearity  comparison between actual pulse area and the  analyzer "c o u n t"  
is shown in Fig.9 1 3. The curves are typ ical and may depend upon the shape
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Area under AE  Curve (d B )----- ► 780722

Fig. 9 .13 . Relationship between area under the AE  curve and output count for 
various methods o f quantising AE  activ ity. The curves are separ
ated fo r clarity

of the AE signal. For the AE pulse analyzed the ring-dow n count method (d) 
is approximately linear over a 1 5 dB range and the  one-threshold time-based 
method (c), over a 20  dB range. By using 4 thresholds (b), the linea rity  range 
of the time-based method can be improved to 3 0 dB.

The tape recorder, which is normally a modified videorecorder or special in
strum entation recorder, -is useful for storing AE signals for later analysis, or 
w hen analysis of m ultiple channels is desired. However, the dynam ic range 
is often very lim ited (~ 30  dB).

The transient recorder is useful when single pulses have to be analysed. 
The stored signal can be played back at d iffe ren t rates either to an oscillo
scope, or a level recorder and it can be frequency analysed. Dynamic range 
and memory size are lim ited (eg  8 bits resolution ~ 48 dB and 1 - 2K  
words).

A peak detector w ith  a short rise time (0 ,5  ps) and a comparatively slow de
cay time perm its interconnection w ith level recorders and sim ilar equipment. 
In th is way a level recorder can give a tim e p icture of the peaks of AE activity 
w hich is useful to assess trends. The condition ing am plifier shown in Fig.9.9 
is equipped w ith  a suitable peak detector. An example of an AE activ ity  ver
sus time plot made using th is  set-up is shown in the upper half of F ig .9 .18.

A statistical processor is used to count the num ber of events fa llin g  w ith in
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d iffe ren t amplitude w indows. A loudspeaker connected via the peak detector 
converts the AE bursts to audible "c racks".

9 .8 . ACOUSTIC EM ISS IO N  SO U R C E LOCATION

M ultichannel systems are used fo r AE source location, for example on 
large pressure vessels. W ith su itab le  control, location systems can d iscrim i
nate between signals coming from  a certain area of interest and s igna ls a rriv 
ing from  other areas.

W ith  tw o transducers a source location can be determ ined in one d im en
sion. W ith  three transducers the source location can be calculated in tw o d i
mensions. Usually an extra channel is added enabling the system to au tom ati
cally ignore inconsistent data.

The time difference between the  arrival tim e of the signal at two 
transducers determ ines a hyperbola in a plane if the  propagation velocity is 
know n. The intersection of hyberbolas obtained from  other transducer pairs 
defines the location of the source. This is shown schem atically in F ig .9 .14 .

Fig. 9 .1 4 . System fo r localization o f A E  sources
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9.9 . FIELDS OF APPLICATION

The study of plastic deformation and crack formation and extension are tw o 
of the frequently reported application areas of AE measurement. F ig .9 .1 5  
shows sketches of tw o  typical results from  plastic deform ation of test pieces.

Liiders deformation Homogeneous deformation
________________________________________________________________________________________________________________________________________________ 7 9 0 4 5 2

Fig. 9 .1 5 . Stress and Acoustic  Emission activity as a fu nc tion  o f strain fo r tw o  
types of p lastic  deformation

The decrease in stress at the start o f the Liiders range is due to the fo rm a 
tion of slip-bands (Liiders bands) associated w ith high AE activity. This co n tin 
ues un til the end of the  Liiders range when w ork-hardening starts and the 
AE activ itiy  decreases. During homogeneous deform ation dislocations occur 
th roughout the test piece until they are fina lly  trapped and the AE activ ity dec
reases.

On account of the AE-activity associated w ith crack form ation this was one 
of the firs t areas of application for AE techniques. If the  AE-activity increases 
s ign ificantly  before fa ilu re  it can be used as a direct w a rn ing . Fig 9 .16  shows 
results obtained from a fatigue test on a notched specim en, where the  in 
crease in AE activity long before fa ilu re  is quite noticeable. M etallurgists and 
scientists working w ith  fracture m echanics have adopted AE as a valuable 
tool fo r estimating certa in fracture-toughness parameters.

Because AE signals are generated by most materials when deformed, and 
may be detected over the entire surface of a structure , AE analysis has a 
large number of applications limited on ly  by the detection possibilities.

In industria l applications the AE techniques are used fo r testing and m oni
toring of structures The purpose of AE analysis in these application areas is 
to detect, locate and evaluate flaw s, fractures and o the r faults. W h ile  the 
evaluation is still a d ifficu lt area w here  other NDT methods are norm ally
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Fig. 9 .16 . Im pulse Rate as a function  o f load cycles for a fa tigue  test on a 
notched specimen

used, the unique detection and localization capabilities of AE m onitoring are 
generally recognized.

Methods and instrum entation developed fo r AE can also be used for other 
applications. Faults in bearings, w hich often cause expensive breakdowns in 
industry, resu lt in mechanical noise dependent on the type of fa u lt and may 
be detected on the outside of the  bearings and analysed as AE signals. Other 
examples of related applications are loose partic le  detection and leak testing. 
A list of industria l application areas is shown in Table 9.1.

Fabrication Later Inspection

Duration
Fabrication

Final test Proof testing
Continuous
m onitoring

W elding Pressure testing  of Vessels and Vessels and
vessels and pipelines pipelines p ipelines

Heat treatm ent Bridges Build ings — 
bridges

Hardening Construction Rotating
m achinery

Phase
transform ation Bonding M ines

Table 9. 1. Some in d u s tria l application areas of AE techniques
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Some of the  advantages and lim ita tions m entioned are summ arized and 
listed in Tables 9 .2  and 9 .3 . On account of the low  attenuation of AE signals 
in the 100 kHz range in m etallic structures, flaw s may be detected several 
meters from the  transducer. For concrete and masonry structures low fre 
quencies should be used or higher attenuation has to be accepted.

Acoustic em ission is generated by releasing the stored energy. This energy 
has to be supplied, usually in the form  of the norm al working s tructu ra l loads 
or by applying extra load as in proof testing.

9.9.1 . Advantages and Limitations

Remote detection and location of flaw s.
Integral method (The entire  structure is covered). 
The measuring system can be set-up quickly. 
High sensitivity.
Requires only lim ited accessibility to test objects. 
Detects active flaws.
Only re lative ly low loads are required.
Can sometimes be used to forecast fa ilu re  load.

Table 9 .2. Advantages

The structure has to be loaded.
AE activity is highly dependent on materials.
Irrelevant electrical and mechanical noise can interfere w ith  measure
ments.
Limited accuracy of localization.
Gives lim ited inform ation on the type of flaw .
Interpretation of results may be d ifficu lt.

Table 9 .3 . L im ita tions

9 .1 0 . EXAMPLES OF APPLICATION

Some examples are given to indicate the application of AE measurements 
and the interpretation of the results.
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A tensile test was carried out on a brass specimen (Fig.9.17). The cross 
section was 45 mm2 and the alloy w as Muntz metal (60% Cu and 40%  Z n ). 
The recording (Fig.9.1 8) plots the ou tput from the peak level detector of the 
Conditioning A m plifie r Type 2638  and the weighted sum count from  the  AE 
Pulse Analyzer Type 4 4 2 9 . The applied force has been drawn on the  same 
chart.

9 .10 .1 . Tensile Test on a Brass Specimen

F ig .9 .1 8 . Load, peak output and "w e igh ted  sum "  as a function o f tim e fo r a 
brass specimen
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In the firs t run the tensile force was raised from 0 to 1 1 kN and then re
leased. The yeild point was expected to  be reached at a force of about 6 ,5  kN 
and th is  is in fact very clearly confirm ed in the AE activ ity charts. In the 
"w e igh ted  sum coun t" plot the peculiar stepwise rise characteristic of th is  
m ateria l can be seen.

In the  second run the load was raised from  0 until fracture  which occurred 
at about 1 6 kN as compared to an expected value of 17kN . The specimen 
was qu ie t below the yield point. This phenomenon, tha t the acoustic em is
sion, once taken out of the material, is not repeated, is commonly known as 
the Kaiser effect. Above the yield point the Kaiser effect no longer applies. 
The level of acoustic emission is again high after the yield point but moderate 
during the plastic deformation.

9 .1 0 .2 . Tensile Test on Carbon-Fibre Braid

A  tensile  test on a specimen of carbon-fibre braid of 2 x 10 mm cross sec
tion w as performed w ith  the set-up show n in Fig.9.1 9. Three recording chan 
nels w ere used, one registering the load applied to the specimen and tw o  re
gistering the AE activ ity. Fig.9 .20  show s the plots obtained. It can be seen 
tha t in th is  particular example the w e ighted sum output from the Pulse A n a l
yzer is easier to in terpret than the peak detector output from  the Conditioning 
Am plifie r.

F ig.9. T9. Instrum entation set-up fo r a tensile test on a specimen o f ca rbon -fi
bre braid
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Fig.9 .20 . Load, peak output and  "w eighted s u m " as a function o f time for 
carbon-fibre braid

The curves show  that w h ile  the tensile load is increased linearly, AE activ
ity increases at an even "exponen tia l" rate w h ich  reflects the pattern as f i 
bres break leaving fewer in tact fibres to support an ever increasing load.

9 .1 0 .3 . Test on a Pressure Vessel

Part of the instrum entation set-up used fo r location, as described in the 
next example and shown in F ig .9 .22 , was used to monitor a proof test on a 
pressure vessel. A  single AE channel consisting of a transducer and a condi
tioning am plifie r fed one channel of the level recorder. A pressure transducer 
connected to the  second level recorder channel monitored the w ater pressure 
applied to the vessel.

It was known that the previous maximum pressure applied to the vessel 
was 170 atm . The Kaiser e ffect is clearly demonstrated in the AE plot ob
tained (F ig .9 .21). S ignificant activ ity  is observed firs t when the applied pres
sure exceed 1 7 0  atm. Note tha t a logarithm ic amplitude scale is used where
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a linear scale was used in the previous example. It can be seen tha t activ ity  
decreases when the pressure is kept constant.

F ig .9 .2 1 . Pressure and Acoustic Em ission activity as a function o f tim e  illu s 
tra ting the Kaiser effect

Fig. 9 .22 . M easurement se t-up  for localization o f sources
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9.10 .4 . AE Source Location on a Pressure Vessel

The same vessel as used in the  previous example was m onitored by the 
eight-channel system shown in F ig .9 .22  in an attem pt to locate fau lts  during 
a proof test. Calculations on AE pulse arrival tim es were carried out by a 
desk top calculator. The calculated AE 'so u rce s '' are plotted on a folded out 
plan of the tw o vessel ends in F ig .9 .23 . S ign ifican t AE activity w as found in 
the vicin ity of a welded seam near transducer 5 (T5 ), this enabled further ef
fo rts  to be concentrated here.

Fig. 9 .23 . Locations o f the sources o f emissions on the two ends o f the pres
sure vessel I folded out)

9 .1 0 .5 . AE Source Location Using Two Measuring Channels

W hen a test specimen such as tha t shown in F ig .9 .24  is loaded, acoustic 
emission is generated, both at the  loading points due to deformation and fric-
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tion , and at the crack tip. To be able to distinguish between the tw o  sources 
of acoustic em ission, a theoretical analysis was firs t carried out to  determ ine 
the relative tim e of arrival at the transducers, fo r signals o rig inating at any 
part of the test piece.

Fig.9 .25  (a) shows theoretically calculated regions w ith  different band num 
bers corresponding to the various tim e differences. For practical measure
ments a pencil lead was broken at various locations on the specimen to gen
erate an artific ia l source and the tim e differences fo r the signals to arrive at 
the tw o transducer positions w ere  measured. The results are show n in 
F ig,9 .2 5  (b) and are found to be in good agreement w ith  the theore tica l val
ues. The instrum entation set-up show n in Fig.9 .26  was used to store and dis
play the tim e differences.

The test piece was then clamped and loaded above the expected fracture 
load. The acoustic emission was measured and found to be mostly in channel 
numbers ± 1 3 as shown in Fig 9 .2 7  (a) confirm ing tha t the activity w as gener
ated at the loading points. To ensure tha t no deform ation and fr ic tion  occurred 
at the loading points when the clam p was removed, the specimen w as loaded 
once again above the expected frac tu re  load w ith  the  clamp on. F ig .9 .27  (b) 
shows again the acoustic emission in channels ± 13 and some in channel 9. 
The clamp was now  removed and the test performed by applying a suitable 
load. The acoustic emission measured is shown in Fig.9 .27 (c). It can be 
seen tha t most of it lies in channel 0 indicating th a t the activity is generated 
at the crack tip.

233



_________________________________________________________________________________________________________________________________________________ 790456

Fig 9 .25 . Time differences (band numbers) for the s ignals to arrive from  the 
regions show n to the tw o transducer pos itions
(a) Theoretical
(b) M easured
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10. VIBRATION AND SHOCK TESTING

1 0 .1 . VIBRATION TESTING

One of the earliest workers to use a systematic form  of vibration testing 
w as W ohler, w ho used special apparatus for his experiments on the  fatigue 
of metals over 100  years ago. However, most modern vibration testing  tech
niques have been developed since the  start of W orld W ar II.

A t that time it was important to  develop parts and equipment capable of 
w ithstanding the service environm ent in aircraft. Problems were encountered 
not only w ith  mechanical s tructura l fa ilu re , but also w ith  sophisticated elec
tron ic  and electromechanical instrum entation and contro l systems, w hose per
form ance and re liab ility  was sensitive to the vibration encountered in service. 
Furthermore, it was appreciated th a t theoretical prediction of the v ib ra tion  re
sponse of a piece of equipment in service could be extremely d ifficu lt.

The development of such test techniques has taken place prim arily  in the 
aerospace industries, but vibration testing has a much wider application to 
day in other areas such as the autom obile , construction, electronics, machine- 
too l, packaging and ship building industries. The most common uses are for:

1 . Production Control
2. Frequency Response /  Dynamic Performance Testing
3. Environmental Tests

The most common types of v ibra tion testing are:

1 . Sinusoidal Testing; fixed or sweeping frequency
2. Random Testing; wideband or narrow  band characteristics
3. Force Testing; using m echanical impedance or mobility concepts and 

structural response measurements.

Electronic equipm ent is used w ide ly  for the generation of vibration signals, 
and for the provision of essential control functions. Fundamental features of 
re liab ility , stability  and reproducib ility are obtained, and electronic safety c ir
cu its can be bu ilt in to safeguard objects under test and the test equipm ent it
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self. Furthermore voltage analogues of frequency and vibration variables and 
mechanical param eters can be used readily to provide hard copies of test re
su lts using ancilla ry recorder or p lo tter equipments.

1 0 .1 .1 . The Exciter

Any vibration test system requires a device w h ich  can be activated to sub
ject the test object to the mechanical motion required. This transducer is the 
exciter. Useful operating regions fo r the two principa l exciter techniques are 
shown in Fig.10.1 .

0,1 1 10 100 1 000  10000
Frequency Hz 267002/1

Fig. 10.1. U sefu l operating regions o f modern hydrau lic  and electro-dynamic 
vibration machines (after C.B. Booth)

For low-frequency testing, typ ica lly in the range 0 Hz to 20 Hz, where a 
large displacement stroke is required, the "e lectrohydrau lic" vibrator is 
w ide ly used. The use of an electronic servo-control system allows the  vibra
tion signal to be derived and regulated easily, w h ils t the hydraulic drive sys
tem  can be designed to give long stroke and high force capabilities.

For frequencies above 10 Hz, and to match com m on vibration test specifica-
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Moving table Upper

790502

Fig. 10.2. Basic construction o f an electrodynam ic exciter

tions, the electrodynam ic vibration exciter is in general use. Its basic con
struction is shown in F ig .10.2. A moving coil assembly, which is connected 
to the work table, is positioned in a magnetic field. The electronic contro l sys
tem provides the exciting signal, w h ich  is amplified and fed to the moving 
coil to excite the test object mounted on the work tab le . For excitation forces 
up to about 200  N, a permanent magnet may be used to provide the  mag
netic fie ld, w h ils t fo r higher force requirements an electro-m agnetic sta tor as
sembly is desirable.

The work table of any exciter should be rigid, such tha t all points move in 
phase, and the moving element m ust be suspended so as to a llow  motion 
along one axis only.

1 0 .1 .2 . Characteristics of the Electrodynamic Exciter

To ensure uni-axial translatory m otion of the w ork-tab le , and to enable 
high force ratings or acceleration levels to be delivered to suit individual test 
specifications, severe constraints are placed on the design of an exciter. Inevi
tably, the effect of mass (moving assembly), springs (flexures), and damping 
gives every exciter its own frequency response characteristic. D ifferent re
gions of the response are dominated by the stiffness of the flexures, the  mov
ing mass, and, at very high frequencies, the resonances of the m oving ele
ment itself. These regions can be seen clearly from the  acceleration charac
te ristics measured on a typical exciter when the drive current to the moving 
coil is kept constant fo r a frequency sweep (Fig. 10.3).

Many power am plifie rs operate as constant voltage sources. The accelera
tion response characteristic of a voltage-fed exciter depends on the  imped
ance of the moving coil w inding, and on the m echanical damping present in 
the system. For a typical low-impedance, w ell-dam ped vibration exciter
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Frequency Hz 7g0s04

Fig. 10.3. Idealized acceleration characteristics o f electrodynamic vibration ex
citer p lo tte d  as a func tion  o f frequency fo r constant drive curren t

driven at constant voltage, the suspension resonance is e lim inated owing to 
the  damping e ffect introduced by the low output impedance of the power am
p lifie r: the back-e.m .f. generated in the moving coil is short-c ircu ited through 
the  amplifier. Back-e.m .f. is proportional to velocity (ead<p/dt), and therefore 
the  moving-element characteristic in the flexure-controlled region w ill be ve
locity-lim ited and the acceleration-against-frequency characteristic w ill show 
a rising slope of 6 dB /  octave in th is  region (Fig. 1 0 .4 ).

Above the flexure  resonance frequency, w here the motion is mass con-

B r iie l &  K jæ r Measuring O b je c t:_______________ B ru e l &  K jæ r

Recording N o.:------------------ S ign.:------------------------------ D ate :---------------------------Potentiometer:-----------------------Zero Level:

2 Hz 5 10 20  50 100 20 0  500 1000 2000 5000 10000 20000 5 0 00 0  100000

Q P  1 1 4 3 Po< R w fla:---------dB Ractjfiar. D C  Lower Lim. Frag.: _ H i  Writing Speed m m /ie c . Paper Soaeri: m m /i* < 7 6 0 5 4 5 /t

Fig. 10.4. Example o f the acceleration characteristic o f a p ractica l exciter re
corded as a function o f frequency fo r constant drive voltage
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tro lled, the acceleration level available a w ill be lim ited  by the rated force of 
the exciter F (N), the mass of the test object M  (kg), and the mass of the mov
ing element M e (kg), such that:

F
M +  Me

ms 2 (10.1)

The nominal force rating for a given exciter design w ill be dependent on 
the maximum current capability of the  moving coil. This is seen from  the  ba
sic relationship

F = [B L ] I  (10.2)
where

F = force in N
B = magnetic flux  density in air gap in W bm —2 
/ = current in moving coil in A 
L = length of conductor in air gap in m

The product BL is called the "head constant" as it is fixed for a given de
sign. It has fu rthe r significance in consideration o f the "dynam o" perfor
mance of the moving coil, which produces a back e .m .f. according to:

E b a c k = [ B L ] v  (10.3)

w here

e B A C K  ~ back e m -f- across moving coil in V 
v = velocity of conductor in air gap in m s—1

For a constant-voltage source it can be seen that th e  flexure resonance w ill 
be largely velocity-lim ited, w h ils t an integration o f the back-e.m.f. may be 
used to provide an analogue of displacement for contro l purposes. This fea
ture  may be included in more sophisticated exciter contro l systems.

The ultim ate low-frequency perform ance w ill be lim ited  by the physical d is
placement travel available for the moving element. It is usual to include me
chanical bump stops in the design to a llow  occasional maximum trave l excur
sions w ithou t perm anent damage.

Since these constraints are functions of the m oving element construction, 
additional versatility  may be achieved by the provision of interchangeable 
moving elements. In th is  way the moving mass /  w o rk  table /  flexure charac
te ris tics can be optim ised to su it particu lar requirem ents for high accelera
tion , large test objects, long stroke, etc. by in terchanging exciter heads w h ils t 
reta in ing the same basic body (F ig .10 .5  and 10.6). General-purpose vibration 
exciters w ith  fixed heads offer comprom ise specifications for performance par
ameters, based on the ir force ratings.
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Frequency

F ig .10.5. D iagram  o f the perform ance lim its  o f an exciter show ing  con
stra in ts  imposed by displacement, ve locity and acceleration bounda
ries

Fig. 10.6. E lectrodynamic vibration exciter together w ith interchangeable  
heads
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1 0 .1 .3 . The Influences of the Résonances on the Vibration Signal

During a vibration test, the test object w ill be secured to the w ork tab le , or 
to a light-w eight fix tu re  which itse lf is bolted to the table. When a vibration

Frequency (Hz)
264479

Fig. 10.7. Example o f a recording o f the acceleration measured at the table of 
an electrodynamic exciter loaded by a test object having a s ing le  de
gree o f freedom

20 50 100 200 500 1000 2000 5000

Frequency (Hz)
790503

Fig. 10.8. Example o f a recording o f the acceleration measured at the table o f 
an electrodynamic exciter loaded by a test object and excited w ith  a 
wide-band random signal
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signal is fed to the exciter the e lectrical drive required to maintain a constant 
vibration am plitude w ill not be constant, but w ill be a function of the  drive fre 
quency. This e ffect arises because of the in te ractions between resonances in 
the test specimen, and in the exciter itself. It can be demonstrated by using a 
sinusoidal signal of different frequencies (F ig .10 .7 ) or by using a w ide-band 
random signal of uniform  power spectral density (Fig. 10.8). In all fo rm s of v i
bration testing it is important to include some method of ensuring that the 
characteristics of the test signal can be reproduced at the work table.

1 0 .1 .4 . Sinusoidal Excitation

When it is required to maintain a constant v ib ra tion  level w ith  a sinusoidal 
drive signal, the output level from  a vibration sensor mounted on the work 
table may be used in a servo loop to control the  input level to the  exciter 
(Fig. 10.9). In th is  w ay the effects of the system resonances are regulated by 
the control sensor, w h ils t behaviour of the test objects is studied using a re
sponse accelerom eter connected through a pream plifie r to a m easuring am pli
fie r or a graphic level recorder, or using a stroboscopic motion analyzer.

The circu it used to regulate the excitation signal is known as a compressor, 
and the servo-loop of which it fo rm s a part is know n as a compressor loop.

Fig. 10.9. Example o f a servo-contro lled sw ept-frequency test arrangem ent
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In such testing, it is common to include an autom atic frequency sweep 
fac ility  in the control oscillator. Then the regulation speed in the contro l loop
m ust be greater than the speed w ith  which resonances are built up, fo r any 
selected frequency sweep rate.

The upper lim it to the regulation speed in an unfiltered loop is set by its in 
teraction w ith  the vibration frequency. At low vibration frequencies the  com
pressor must not react so quickly tha t it attempts to regulate the instantane
ous motion of the test object, since th is  tendency d istorts the excitation sinus
oid.

The regulation speed should be adjustable to perm it optim ization of the au
tom atic frequency sweep. A utom atic  variation of regulation speed w ith 
excitation frequency is a useful fa c ility  on a vibration test insta lla tion.

Since some test objects contain a variety of non-linear elem ents, control 
and response signals may be seriously distorted, even if the signal input to 
the vibration exciter is a pure s inusoid. To ensure correct regulation using 
the fundam ental frequency, a tracking band-pass filte r centred at the  excita
tion  frequency may be used to ensure that the correct control signal reaches 
the control c ircu it (F ig.10.10). This filte r should not be tuned too sharply, as

Exciter Control 
1047

Power Am p lifier 
2707

V ib ra tion  Exciter 

4805  + Head
______________________780264/1

Fig. 10.10. Example o f a servo-contro lled swept-frequency test arrangem ent 
in  w hich the contro l and  response signals are filte red  at the excita
tion frequency
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very selective filte rin g  of the contro l signal reduces the effective regulation 
speed and the stab ility  of the servo loop.

The most convenient vibration sensors for both contro l and response meas
urem ent are piezoelectric accelerometers. This type of device generates an 
e lectrical output signal proportional to instantaneous acceleration. If th is sig
nal (suitably am plified by a conditioning am plifier) is fed to the compressor, 
then it is the mean acceleration level of the test object which is kept con
stant. However, the signal may, if required, be integrated w ith  respect to 
tim e, using an e lectronic integrator. One stage of integration gives a signal 
proportional to instantaneous velocity; a second gives a signal proportional to 
instantaneous displacement. Thus the  incorporation of one or tw o integrators 
in the compressor loop permits regulation of ve locity or displacement respec
tive ly. If the effects of mechanical or electrical noise cause the signal to be 
non-linear, filte ring  may be required.

It is sometimes required to cross-over from  one required variable to 
another as recommended in certain standardised vibration test programmes, 
e.g. IEC 6 8 -2 -6  Test F. Autom atic frequency-contro lled cross-over sw itching 
is then necessary (Fig. 10.11).

Frequency

V ib ra tion  
Programmers 

ZH  0100

Exciter Control 1047

Cond ition ing
Am p lifie r

2626

1—1 * I —  I “ I I

« •

1 ^ 1 ?  ?

•  •  •  •
Drive • *'—  ' 

* • •  •  •  *
-  1 " ■' Signal

Power Am p lifie r 
2707

Fixture

V ibration Exciter 
4801 + Head

Fig. 10.11. Example o f an arrangem ent fo r program m ed swept-sinewave test
ing

24 6



^Accelerometers 
e.g. 4371

Control
Signals

Charge Am plifiers
2651nm
«

V ib ra tion  Programmers 
ZH  0100

€

Power Am p lifier 2708

EB: * :E3

•  •

7
Two Channel 

Tracking Filters 
5716 

______ ^ _________

•  *

•  •  •  •  •
« •  •  •  •  •

Excite r Contro l 
Control 1047 
Signal

2307

Level Recorder 
Records actual 

test level

Control Signal Selector

Power
Supply
2805

Fig. 10.12. Example o f a test arrangem ent w ith provis ion for up to s ix control 
positions (only fou r are illustrated)

W hen large, complex test specimens are bolted to the work table, control 
from  one point may not be su ffic ien t, owing to irregular motion in different 
parts of the test object. It is desirable in such cases to be able to select the 
control point required, or to average over a num ber of points, in order to 
avoid over-testing (Fig.10.1 2).

W here it is required to perform  vibration tests up to high frequencies, and 
a very low exciting-force is acceptable, it is in some situations advantageous 
to use a piezoelectric accelerometer as an exciter (Fig. 1 0.1 3). This is feasible 
because the accelerometer is a passive device obeying the reciprocity theo
rem. The un ifo rm ity  of its frequency response as a sensor can be exploited 
when it is used, in reverse, as an exciter, to achieve excitation w ith o u t a re-
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2713 
Power Am plifier

Fig. 10 .13 . A rrangem ent for h igh-frequency response-m easurem ent o f gram o
phone cartridges using a piezoelectric accelerom eter as a vibra
tion exciter

gula tion loop. The vibration level can be predicted from  the values of applied 
voltage, accelerometer capacitance, and mass.

1 0 .1 .5 . Random Vibration Testing

Sometimes components or sub-assemblies exh ib it fa ilure  mechanisms 
w h ich  can be in itia ted  by random vibration but not by sinusoidal vibration ow 
ing to nonlinear in teraction between d iffe ren t frequency components.

W ideband random testing is therefore w idely used. The drive signal has 
characteristics w h ich  approximate closer to the sta tistica l characteristics of 
comm on vibration environm ents in service than does a pure sine signal: all 
specimen resonances are excited sim ultaneously, so that im portant in terac
tion  effects are accounted for.

V ibrations occurring in service, in an a ircraft w ing  member or in a car stub- 
axle fo r example, have power spectra whose characters d iffer w idely. The de
velopm ent of a rea listic test specification can be extrem ely d ifficu lt. A  com
mon approach is to  collect environm ental data by recording and analysis, and 
to derive "envelope”  lim its  to specify the  vibration test spectrum (Fig.1 0.14).
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Fig. 10.14. Example o f the derivation of vibration test level specifications 
from  environm enta l data

W hen a random type of input signal is applied to a vibration te s t system, 
the effect of system resonances can be avoided by using a suitable spectrum 
shaper, consisting of a bank of paralle l band-pass filte rs  w ith ind iv idua lly  ad
justable attenuation (Fig. 10.15). A  real-time frequency analyzer can be used 
to compare the resulting excitation spectrum w ith  the  desired excita tion spec
trum , and the attenuators of the spectrum shaper can be adjusted to achieve 
the spectrum desired. The same arrangement can be used to " lin e a rize " the 
response of the exciter system, using a random noise source as a reference, 
w h ich  is replaced subsequently by a tape recorder to reproduce the  measured 
environm ent at the  w ork table.

This system has the disadvantage that it is passive and provides no control 
or regulation of the test w h ils t it is in progress. Broad-band equalizer /  anal
yzer systems w h ich  include compressor loops fo r many narrow  band fre
quency components have been manufactured using analogue e lectronics, but 
they tend to be complex and bulky owing to the large number o f electronic 
components used. Current generation systems make extensive use of digital 
techniques, w here comparison of the  measured signal w ith the desired signal 
a llows the required signal to be synthesized.

A  vibration testing technique w hich eases the problems associated with the
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Piezoelectric 
Accclerom eter 4370

Cond ition ing D igital Frequency
Preamplifier 2635  Ana lyze r 21 31

Fig. 10.15. Example o f an arrangem ent for w ide-band random tes ting
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Frequency
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□
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X-Y  Recorder 
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Fig. 10.16. Example o f an arrangem ent fo r narrow -band random tes ting  using 
autom atic frequency-band sweeping
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generation and contro l of w ide band random test s ignal, w h ils t re ta in ing the 
statistical character of a random signal, is sweep random vibration testing 
(F ig .1 0.1 6). The narrow  band nature of the signal means that the same regu
lation and program m ing facilities can be used fo r the  sweep sine w ave test. 
Sweep random test specifications can be w ritten  as fo r sweep sine tests, di
rectly from the measured or estim ated vibration environm ent.

1 0 .1 .6 . Force Testing and Structural Response

For certain types of vibration tes t a force transducer may be m ounted be
tw een the w orktable and the test object. By comparison of the resu lting  vibra
tion w ith the force input, the "resistance to be set in m o tion " or the 
"w illingness to be set in m otion" of the test object can be investigated. When 
used to relate vibratory motion at a point to its exciting force, these parame
ters are called point mechanical impedance and po in t mechanical m obility  re
spectively (Fig.1 0.1 7). These concepts can give an insight into the equivalent 
mechanical system of a complex structure, thus being useful in mode stud
ies, determ ination of dynamic properties, and evaluation of compliance. The 
expressions can be w ritten:

Z = -  (Mechanical Impedance) (10 4)
i/

and M  (Mechanical M obility) (10.5)

where F is the complex force vector, and i/ the complex velocity vector. Fur
the r defin itions apply to transfer mobility, when th e  response is measured at 
a different point to  the  applied force.

800374/1

Fig. 10.17. The concepts o f p o in t and transfer impedance and m ob ility

Mechanical impedance ideas grew from lumped-param eter concepts as 
used for e lectrical circu its. It w as required to try  to model the behaviour of a 
structure in term s of discrete mechanical e lem ents. For simple mechanical
elements excited at a fixed excitation frequency such that F = F0 e lu t  and ve
locity v = v0 eJw l, the equation of motion for a mass is governed by:

F = ma = jw m v

Point Impedance ----- !-----► / \  Transfer Impedance -----—

0
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since a -  j t jv  for vibration at fixed frequency co.

Thus mechanical impedance:

Zm = jw m  (10.6)

and mechanical m obility

=  - 1—  (10.7)/ t o m  '

S im ila rly  for a spring element of s tiffness k.

F = k d  = ~ v
JO)

since v = jcod  for vibration of fixed frequency co.
Thus mechanical impedance

and mechanical m obility

M m = Ĵ  (10.9)
k

where:

a = a0e i (Ot -  acceleration 
v = v0e iwt -  ve loc ity  
d  = d0e IU)t -  d isp lacem ent 
m  = mass (kg) 
k  = spring constant (N /m )

For a damper element of damping c (N s /m ),

F -  cv
Thus mechanical impedance

Zc = c (10 .10 )
and mechanical m obility

M c = — (10 .11 )

Furthermore, m echanical impedances and m obilities can be represented 
vectoria lly in the complex plane (Fig. 10 .18 ). Note tha t other parameters such 
as apparent mass and dynamic s tiffness may be defined when force is mea
sured relative to acceleration or to displacement respectively. The equivalent
m obility  terms w ou ld  be inertance, and com pliance or receptance
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Fig. 10 .18 . Vector representation o f m echanica l impedance and m obility:
(a) M ob ility
(b) Impedance

(Fig .10 .19 ). The use of velocity as the  motion param eter gives resonance 
peaks w h ich  occur close to  the undamped natural frequencies, and usually re 
quires less dynamic range from the measuring equipm ent used than the use 
of acceleration or displacement.

For practical force and structural response testing, a vibra tion exciter drives

(a) (b) 79 05 00

Fig. 10 .19 . Frequency dependence of lum ped impedance and  m obility param e
ters
(a) M obility
(b) Impedance
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Fig. 10 .20 . Example of arrangem ent fo r m aking automatic graphic record
ings o f point m echan ica l impedance as functions o f frequency

F ig . 1 0 .2 1 .  P o in t  im p e d a n c e  m e a s u r e m e n t s  o n  th e  c u t t in g  t o o l  o f  a  la th e :

(a) T o o l in  n o r m a l  p o s i t io n  (b) T o o l in  o u te r  p o s i t io n
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the object through an impedance head (F ig.6.24). This device incorporates 
two sensors, one delivering a signal proportion to the force being applied to 
the test object, and the second m easuring the motion of the  point at w h ich  
the force is being applied. Where larger forces are required to be transm itted 
it is best to separate the  functions by using separate force and motion sen
sors. Since the motion transducer is usually an accelerometer, the signal o u t
put must be integrated electrica lly to produce a velocity s ignal.

For mechanical impedance measurements the velocity level of the m easur
ing point is kept constant, whereby a recording of the  force level indicates 
the modulus of the impedance a s |Z | = | f i | / | v |  (Fig. 1 0 .2 0 ). This representa
tion is particularly useful where properties of sub-systems must be combined
to give the impedance m atrix of a complete system. F ig .10.21 shows a typ i
cal application of m echanical impedance measurement.

S im ilarly, to measure the  mobility, the  driving force should be kept con
stant and the velocity level recorded as \ M \=  \ v \ / \ F \ .  This representation is 
particu larly useful w hen modal parameters of a system are to be found.

The phase difference between force and velocity signals can be measured 
by means of a phase m eter. Where signal harmonics or extraneous noise in 
terfere w ith  measurements, tracking filte rs  can be used (F ig .10.22).
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Add itiona l
measuring

Accelerometer
positions

Accelerometer 
4370 

Force \ J  
Transducer

ö

••• i— ►

Charge
A m p lif ie r

2635

m - -  '  : < f r s |
Power

A m p lifie r
¥ •

2708 m  •  

i  #

<§? •  

©

Excite r Contro l 
1047

•  ##

Two Channel 
Tracking F ilte r 

5716 

Frequency 
tracking 
signal

•  •

Phase Meter 
2971

m .

Voltm eter
2425

Response
Signal

Force
Control
Signal

Phase difference 
L  B -  A  

Graphic 
Level Recorder 

2307

ï

F i g . 1 0 .2 2 .  E x a m p le  o f  a r r a n g e m e n t  f o r  m a k in g  m o b i l i t y  m e a s u r e m e n t s  o n  

th e  r u d d e r  o f  a  s h ip
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10.2. SHOCK TESTING

Shock testing of equipm ent is a method of qualification testing  to ensure 
that delicate equipm ent w ill operate satisfactorily  in the practical shock envir
onment. A ll equipment experiences some kind of shock during handling or 
transportation, w h ils t equipm ent mounted in vehicles may be exposed to a 
w ide variety of shock conditions in service.

10 .2 .1 . Laboratory Testing

In general, it is im practicable to reproduce the actual shock environm ent in 
a test It is better to ensure tha t the effects of the test shock upon the tested 
equipment are sim ilar to those of the shock(s) occurring in practice, and to en
sure that these shock effects are completely reproducible. The latter is of 
prime im portance when comparisons are made between test results obtained 
at different institu tions, or w hen different product designs are evaluated.

One method of specifying a shock test is to  define the instantaneous accel
eration of the  shock pulse as a function of tim e (IEC Recommendation 68-2 - 
27), together w ith  a llow able tolerances on pulse shape and total velocity 
change produced by the pulse (Fig. 10.23).

Fig. 10.23. IEC pre ferred  pulse form s for shock testing
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___________________________________________________________________________________________________________________________________ 27 15 35

Fig. 10 .24 . Example o f a shock pu lse  upon which a certa in  amount o f ripple  
is superimposed

Tolerances a llow  fo r the fact tha t a certain ripple (caused by resonance e f
fects in the shock machine and test fix ture) is often superimposed upon the 
test pulse in practice (Fig.10.24). The extra damage potential m ight inva li
date the test results, if it were s ign ifican t.

An alternative method of testing is to  specify the type or m anufacture of 
test machine to be used. The s im plest design is the  drop-test m achine, 
w here  a test specimen is bolted on to a carriage and dropped from a certain 
he ight (Fig.10.25). The shape of the  shock pulse is determ ined p rim arily  by 
the material and shape of the im pacting surfaces. Shock pulses up to 
8 0 0  kms—2 have been obtained in th is  way. Further types of test m achine u t
ilize hydraulic or pneumatic princip les, and do not depend upon the action of

169094

Fig. 10.25. Construction o f a drop-test machine
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269066

Fig. 7 0 .2 6 . Construction o f a pneum atic shock-test m achine

gravity (Fig. 10 .26 ). Operation o f such machines can be autom ated, and a 
brake can be actuated immediately after the im pact so that rebounding of the 
carriage, and consequent distortion of the shock pulse, does not occur.

W hen a shock test is specified, the  mounting method to be used, the maxi
mum allowable transverse motion (< 30% of the  nominal peak value), and 
the number of test shocks to be applied in each direction of th ree  mutually 
perpendicular axes are normally stipulated. Furtherm ore, the phase character
istics of the measuring and m onitoring equipm ent m ust be uniform  over a re l
atively wide frequency range to ensure the correct frequency re lationship be
tw een the various frequency components of the measured pulse (Fig. 1 0.27).

Owing to the response of certa in  systems, a specified overall shock spec
trum  could be produced by a varie ty of shock pulse shapes. There is no 
unique time function  associated w ith  a specific shock spectrum. Damage due 
to accumulation of stress cycles (mechanical fa tigue) may therefore d iffer be
tw een the tests, w h ils t peak acceleration levels and peak stress levels w ill us-
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Frequency

27 15 34

Fig. 10 .27 . Frequency characteristics requ ired  from shock measurement sys
tems (I.E.C.)

F ig .10 .28 . A rrangem ent o f equipm ent for a th ird-octave shock-spectrum  
synthesis system

ually be sim ilar. As a shock test is devised to test the  resistance of equ ip
ment against short-duration peak stresses, th is a llow s fo r the possib ility  of 
specifying the test in term s of its shock spectrum rather than acceleration-ver- 
sus-tim e characteristic. Furthermore, many shock-induced motions observed 
in service have waveform s which are predom inantly oscilla tory in character.
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In practice, a shock-testing arrangem ent can be realised using an electrody
namic vibration exciter connected to specially-ta ilored e lectronic excitation 
sources (Fig. 10 .28). Typically, a short duration impulse, or " u n it ”  impulse, 
from a pulse generator, excites a bank of para lle l filters (e.g. 1/3 -o c ta ve  set). 
The time function  of the summ ed output from  the  filters is term ed a synthes
ized shock.

If the response of the object to  th is synthesized shock is analyzed, it is 
found that the  peak response is roughly five tim es larger than th e  peak of the 
exciting trans ien t (Fig. 10 .29). Actually, to  produce a specified shock re
sponse in a specimen, a considerably lower input force is required than 
when using a conventional test machine. This occurs because the  specimen 
is subjected to an oscillating transien t, rather than to a single im pulse.

Often the bandwidth of 1/3 -o c ta ve  filte rs  is too wide to equalize narrow
band test specimen resonances, w h ils t manual adjustment of m u ltip le  filters 
can be proh ib itive ly time consum ing. Testing has also been carried out using 
autom atic narrow  band test systems, but these are considerably more com-

Fig. 10.29. Time function o f a third-octave synthesized shock
(a) Overall v ibration table m otion (sum m ed output from  the third- 
octave filte r bank o f Fig. 10.28)
(b) Shock spectrum analyzer (narrow  band) output o f  the signal 
show n in (a)
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plex in operation. As in the case of broad band v ib ra tion  test system s, anal
ogue signal generators have largely been superseded by digital systems in 
th is  field.

Oscillatory shock motions, such as those described above, are often termed 
complex shocks. W h ile  the possib ility of producing a large variety of complex 
shocks is offered by a shock synthesis system, some "s im p le r”  machines do 
exist w hich produce specific complex shocks. These are in general designed 
according to the pendulum  principle (F ig .1 0.30).

Fig. 10.30. Shock testing  by means o f a pendulum -type shock m achine
(a) Construction o f the machine
(b) Typical trace o f acceleration versus tim e  produced by the ma
chine

1 0 .2 .2 . Service Testing

The transport m edium  or packaging method has to  be specified fo r a piece 
of vulnerable equipm ent, so that it w ill not be damaged by shocks occurring 
during shipping or handling. This s ituation might arise in the delivery of con
signments of delicate products such as filam ent devices, as w ell as for the
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transport of high capital cost equ ipm ent such as large electrical transform ers 
or turb ine assemblies produced to fine  tolerances. A lternative ly, it may be ne
cessary to m onitor the shocks induced in the equipm ent at specific handling 
points (e.g. dock loading) or by specific transport media (e.g. belts and convey
ors).

In these cases a special m easuring unit can be used to measure the maxi
mum shock values occurring in service. Typical m echanical devices are sim
ple, and usually w ork  on an inertia  principle; they are made up of an assem
bly of a mass and springs or mass and magnet (Fig .10.31). However, they 
su ffe r the major disadvantages tha t they are single-event devices in general, 
and that their threshold  levels of operation tend to exhib it considerable to ler
ance spread. Once they are tripped, subsequent shock inform ation is lost: fu r
therm ore the m axim um  value of shock experienced and the tim e at w hich it 
occurred is unknown. The usual principle is tha t the  mass is dislodged when 
the  threshold level is exceeded.

The use of an electronic measuring device, activated only w hen a threshold 
shock level is exceeded, enables the inform ation concerning the  tim e at 
w h ich  shocks occur and the ir m axim um  values to be retained. In a typical 
bump recorder, the  sensor (w hich may be sensitive to shocks in all three 
axes) is mounted on the equipm ent under test (Fig. 10 .32), or else the  whole

7 9 0 7 7 9

Fig. 10.31. Typical m echanical shock-trip  device
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Fig. 10 .32 . Example o f application o f an electronic Bum p Recorder

assembly may be packaged together. The recorder may m onito r the progress 
of the cargo over several weeks, printing out on an integral p rin ter the tim e 
and shock value on each occasion the preset threshold level is exceeded 
(Fig.1 0 .33 ). The inclusion of an integrator in the device enables the shock ve
locity values to be obtained fo r use in those cases where the consignm ent is 
particu larly sensitive to impact velocity. A  much more precise assessment of 
the maximum shocks occurring in service and their tim e of occurrence can 
thus be obtained using an apparatus of th is  kind.

D<V Veloc 
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Minute
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ty  (m/s)

Acceleration (m/s2 ) 

|

n
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Fig. 10.33. Typical p r in t out obtained from  B & K 2 5 0 3  Bum p Recorder
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11. BALANCING OF ROTATING MACHINES

1 1 .1 . IN TRO DU CTIO N

Unbalance in rotating m achinery has become an increasingly im portant fac
to r in the developm ent of modern equipment especially where the  needs for 
speed and /o r re liab ility  are h igh. Techniques fo r balancing such equipment 
have advanced s ign ificantly in recent years, enabling both production and 
fie ld balancing to be executed system atically and w ith  a m in im um  of fuss and 
experimentation. Balancing of machines is im portant to prevent fatigue fa i
lure in associated structures, to  prevent excessive loading of support bear
ings, to prevent transm ission of excessive external noise and v ibra tion, and 
to  improve the durab ility  and usefulness of the machines in service.

1 1 .2 . UNBALANCE OF R IG ID  ROTORS

The simplest case of unbalance can be considered for a un ifo rm  th in disc

2 6 8

Fig. 11.1. Illustra tion o f the three d ifferent kinds o f unbalance



of mass M  (kg), ro ta tiona lly  symmetrical about its axis of rotation. W hen a 
small mass m  (g) is fixed to the disc at a distance r (mm) from  that axis, the 
disc is said to be in a sta te  of "unbalance” . This type of unbalance can be de
tected by supporting the  axle on a pair of knife edges to  find the "heavy 
spot": fo r th is reason it is often called static  (or single-plane) unbalance 
F ig.1 1 .1(a)). The centrifuga l force F generated by the uncompensated mass, 
when the disc rotates a speed 10 (rad/s), is given by

F = mra>2*  H 1-1)

This force is equivalent to  the force generated by a small eccentricity e of the 
centre of mass of the d isc from  the axis o f rotation:

F = M e w 2 (11 .2)

The unbalance of the disc, or rotor, is defined as u g-m m, where:

u = m r (1 1 3 )

It is also possible to e lim ina te  F between (1 1.1) and (1 1 .2) to  see that the ec
centricity term  e in m also represents the  specific unbalance of the rotor in
g-m m /kg:

The term fo r specific unbalance is particu la rly  useful for reference and com 
parison purposes, as the  effects of unbalance in practice are found to be de
pendent upon the mass o f the rotor itself.

From expression (11.1) certa in important conclusions can be drawn. Unbal
ance effects are:

(i) synchronous w ith ro ta tion  speed
(ii) radial in their line of action
(iii) vector quantities possessing both size and direction
(iv) the result of a discrepancy between the  geometric- and mass-symmetries 

of a rotor.

As such, unbalance is the  most common source of vibration in rotating equip
ment: common rotors include electric armatures, turbom achinery, drive 
shafts, grinding wheels, machine tool e lem ents, and crankshafts. In principle

* F, r  have a defin ite  line of a c tion  w ith  respect to  th e  geom etry of the  ro to r, and are thus denoted 
as vector qua n titie s , cj = 2 n n  /  6 0  *» n /1 0 ,  w here  n  is ro ta tion speed in r /m in .

The units quoted are consis ten t w ith  ISO 1 940 .
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the procedure of balancing involves an adjustm ent of the mass d istribution of 
the rotor, so that the resu lting geometrical and inertial axes m ore nearly co in
cide w ith  one another. The task is to m inim ise

F =
/= 1

Many practical machines, such as grinding wheels, industria l blowers and 
flywheels, can be considered as though the ir mass were concentrated in a 
single disc, but the m ajority  of rotors have mass d is tribu ted  along the ir 
length. This gives the possib ility  of a second form  of unbalance. For the case 
of a right cylinder, it is possible to have tw o  equal uncompensated masses 
sym m etrically placed about the  centre of mass, but positioned at 180° to one 
another. The rotor is in s ta tic  balance, yet centrifugal forces w ill produce a 
moment about the centre of mass when the  rotor turns. This type of unbal
ance is called couple unbalance (Fig. 11 1(b)), and it results in a tiltin g  or pend
ulum action of the principal inertia axis about the shaft axis at the centre of 
mass. To counteract the couple it is necessary to make corrections on tw o 
planes.

The general condition w hen both static and couple unbalance are present 
is called dynamic  unbalance (F ig. 1 1.1(c)). The principal inertia  axis is now in 
clined to the geometric shaft axis, but there is also an eccentric ity  at the cen
tre of mass. This unbalance condition can be resolved by su itab le  instrum en
tation for correction in tw o  planes. Correction is made by mass addition (weld
ing, rivets, etc.) or mass rem oval (boring, p laning etc.), using ancillary equip
ment.

11 .3 . ROTOR SUPPORT SYSTEM

In an assembled machine, the  rotor is supported by a bearing and base as
sembly. This must restrain the  unbalance-excited motion of the  rotor journal. 
For the case of a single bearing, the ro to r/support assembly may be modelled 
as a single degree of freedom system. The d ifferentia l equation of motion can 
be expressed:

M x + cx + kx = m rw 2 sin cot (11.5)

For sinusoidal motion the displacement x can be written:

x -  x0 sin (tut -  <j>)

giving the solution:
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Relative Rotation  Speed/

Fig. 11.2. Characteristic response o f a single bearing suspension system, illus 
tra ting  the d istinction between a hard-bearing (rigid) ba lancing ma
chine and a soft-bearing one



and oj0 = natural (angular) frequency of suspension, in ra d /s , 
k = stiffness of suspension in N /m , 
c = damping of suspension in N /m s ~ 1

n = rotation speed in r /m in

The solution indicates different regimes of interest, depending on the  rela
tive  values of rotor angular velocity, w, and the natura l frequency of the su
spension system co0 (Fig. 11.2). W here the support resonance is much higher 
than the rotation speed ( c j  «  u g ) unbalance forces are reacted by elastic fo r
ces in the supports (hard supports) as given by expression (11.1). W here the 
support resonance is much lower than the rotation speed (oj »  oj0 , soft sup
ports), unbalance forces are reacted by inertia forces in the rotor itse lf as 
given by expression (11.2). In the general case unbalance forces are reacted 
by some combination of the tw o effects depending on the characteristics of 
the  supports and foundation.

For a rotor moving in one plane, but possessing tw o  degrees of freedom 
(F ig. 1 1.3), the geom etry and the  m om ent of inertia o f the rotor become im 
portant. That is, the existence of unbalance in one plane w ill excite vibrations 
in both suspension systems depending on geometric location of the  unbal
ance on the moment of inertia of the  rotor, and on the support characteris
tics. This interaction is called the cross effect between the tw o support sys
tem s. For rotation at a fixed frequency th is  relation can be w ritten  as a matrix 
of complex terms:

Left Support Plane R igh t Support Plane

Unbalance 2

Unbalance 1

'L 'R

7T7T7T7TT 7ft 7777777' 790519

Fig. 1 1.3. Unbalance of a rotating body vibrating with two degrees of freedom



where [a] is called the influence coeff icient matrix and

a — *L1 (XL2
_a /?7 a/?2

1, 2 refer to unbalance planes 1 ,2 .

L, R refer to support planes L, R.

In th is way, it is possible to build up increasingly more sophisticated mod
els of the dynamic system. However, the simple s ingle- and two-degree of 
freedom models can be very useful fo r describing the  behaviour of real ma
chines.

11 .4 . SETTING THE STA N D A R D S

Ideally, a completely balanced machine would show  no unbalance at all. In 
practice, though, ow ing to m achining tolerances, mechanical play, run-out, 
m isalignment d istortion etc. perfect balance can never be achieved. In any 
production or m aintenance situation an appropriate residual unbalance, "ba l
ance qua lity" or vibration tolerance must be selected which depends on the 
performance required from the machine and the economics of the  balancing 
process.

In the fifties  much work was done in West G erm any to collect the  experi
ences of engineers w orking in th is  field. VDI 2 0 6 0 , "Beurteilungsm aßstäbe 
fü r den Auswuchtzustand rotierender, starrer K örper", has now been adopted 
internationally as recommendation ISO Standard 1 9 4 0 , "Balance Quality of 
Rotating Rigid Bodies". The recommendations re late acceptable residual un
balance to the maximum service speed of the ro tor, and associate various 
types of representative rotors w ith  ranges of recommended qua lity  grades 
(Figs. 1 1 4 and 1 1.5). The quality grade, G, (equivalent to the product ew for 
an unrestrained rotor) is introduced, as it enables the  physically observed be
haviour of machines running at d ifferent speeds to be compared. The values 
of G in the Standard are num erically equivalent to  the  eccentricity e in /um for 
a rotor running at 9 5 0 0  RPM. The quality grade, or unbalance, of a rotor can 
be assessed using a calibrated balancing machine.

For machines in service, unbalance vibrations are influenced considerably



Balancing Grades for Various Groups of Representative Rigid Rotors

Qua lity
grade
G

m  <2) 
mm/sec

Roto r types -  General examples

G 4000 4000 Chrankshaft-drives o f r ig id ly  mounted slow marine diesel engines w ith uneven number 
o f cy linders (4).

G  1600 1600 Crankshaft-drives of rig id ly m ounted large two-cycle engines.

G 630 630 Crankshaft-drives o f rig id ly mounted large four-cycle engines. Crankshaft-drives o f 
e lastically mounted marine diesel engines.

G 250 250 Crankshaft-drives of r ig id ly  m ounted fast four-cylinder diesel engines

G  100 100 Crankshaft-drives-of fast diesel engines w ith six and more cy linders <4>. Com plete engines 
(gasoline or diesel) for cars, tru cks  and locomotives <5>.

G 40 40 Car wheels, wheel rims, wheel sets, drive shafts. Crankshaft-drives o f elastically mounted 
fast four-cycle engines (gasoline or diesel) with six and more cylinders*4). Crankshaft- 
drives fo r engines o f cars, tru cks and locomotives.

G 16 16 Drive shafts (propeller shafts, cardan shafts) with special requirements. Parts o f crushing 
machinery. Parts of agricultural machinery. Individual com ponents o f engines (gasoline 
or diesel, fo r cars, trucks and locom otives. Crankshaft-drives o f engines w ith six and 
more cy linders under special requirements.

G  6.3 6.3 Parts o f process plant machines. Marine main turbine gears (merchant service). 
Centrifuge drums. Fans. Assembled aircraft gas turb ine rotors.
F ly  wheels. Pump impellers. Mach ine-too l and general machinery parts. Normal 
e lectrical armatures. Individual com ponents o f engines under special requirements.

G 2.5 2.5 Gas and steam turbines, inc lud ing  marine main turbines (merchant service). R igid 
turbo generator rotors. Rotors. Turbo-compressors. Mach ine-tool drives. M edium  and 
large electrica l armatures w ith  special requirements. Sm all e lectrical armatures. 
Turbine-driven punps.

G 1 1 Tape recorder and phonograph (gramophone) drives. Grinding-machine drives. 
Small e lectrical armatures w ith special requirements.

G 0.4 0.4 Spindles, discs, and armatures o f precision grinders. Gyroscopes.

Notes:

1. co = 2 7r n/60 n/10, if n is measured in revo lu tions per minute and co in radians per second.

2. In general, for rigid rotors w ith two correction planes, one half of the recommended residual unbalance 
is to be taken fo r each plane; these values app ly  usually for any two a rb itra rily  chosen planes, but the 
state o f unbalance may be improved upon at the bearings. For disc-shaped rotors the fu ll recommended 
value holds for one plane.

3. A  crankshaft-drive is an assembly which includes the crankshaft, a flyw hee l, clutch, pulley, v ib ra tion  
damper, rotating portion  o f connecting rod, etc.

4. Fo r the present purposes, slow diesel engines are those with a piston ve lo c ity  o f less than 9 m/s; fast 
diesel engines are those w ith a piston ve lo city  o f greater than 9 m/s.

5. In complete engines the rotor mass comprises the sum of all masses belonging to the crankshaft-drive 
described in footnote 3 above.

800624

Fig. 7 1.4. M axim um  residual unbalance corresponding to recom m ended Bal
ance Q uality Grades, G, as la id  down in ISO 1940  (1973 )
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Fig. 11.5. M axim um  res idua ! unbalance as la id  down in ISO 194 0  (1973)
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by the physical characteristics of the bearings and base. Consequently it is 
most convenient to assess the run quality of the machine using vibration le
vels as recommended in standards such as VDI 2 0 5 6 , "B eurte ilungs
maßstäbe fü r mechanische Schwingungen von M aschinen” , adopted in te rna
tiona lly  as ISO 2 3 7 2 , "M echanical V ibration of M achines w ith  Operating 
Speeds from 10 to 2 0 0  re v /s " . These standards give guidance as to w hen 
maintenance might be required on a machine in service (Fig. 11.6). W here 
the major source of v ibra tion is unbalance the Standard can be used as a ba
sis for specifying the acceptable residual vibration level.

45 

28 

I  18

I  11'2 
0)
>  7,1w
£

*  4,5

2,8 

1,8 

1,12 

0,71 

0,45 

0,28 

0,18

Other useful Standards related to balancing equipm ent itse lf include ISO 
2 9 5 3  "Balancing M achines — Description and E valuation" and ISO 2371 
"F ie ld Balancing Equipm ent — Description and Evaluation” .

In all cases, these Standards represent committee decisions made by 
groups of engineers fo r the  guidance of others: experience is often required 
to indicate how they can be interpreted best for any given balancing problem.

1 1 .5 . BALANCING M A C H IN E S

A dynamic balancing machine consists of a bed assembly (Fig. 1 1.7) and an 
associated m easurement un it (F ig.11.8). Instrumented support pedestals 
carry the rotor to be balanced, which is driven at constant speed by a motor

Not permissible

Not permissible

Not permissible
Not permissible

Just tolerable

Just tolerable

Just tolerable Allowable

— Just tolerable Allowable

Allowable Good

Large machines ope
rating a t speeds above 
foundation natural 
frequency.
(eg. Turbo—machines)

— Allowable Good

Large machines w ith  
r ig id  and heavy foun
dations whose natura l 
frequency exceeds 
machine speed.

Good

M edium machines 
15—75 kW or up to  
3 0 0  kW on special 
foundations.

— Good

Small machines, up to 
15 kW.

27 3 2 6 8

Fig. 11.6. V ibration criterion chart (from VDI 2 0 5 6 )
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F ig .1 1.7. A n  example o f a soft-bearing universal balancing machine, the 
B & K  Type 3 9 0 5

; a * r

m , 

9 9

S i l l
Fig 1 7 8 A n  example o f the console fo r a dynamic balancing machine, B & K  

Type 250 4

and drive system. Most two-plane m achines operate w ith  the rotor axis horiz
onta l, and are described as ''un ive rsa l". Typically, drive to the rotor is pro
vided via an axial cardan shaft or a c ircum ferentia l belt arrangement, depend
ing on the size and specification of the balancing requirem ent. The support 
pedestals can be set at any convenient position along the  bed to suit d iffe ren t 
rotor geometries w ith in  the mass range of the m achine, w h ils t the m easure
ment head, or console, is designed to accommodate any likely com bination of 
measuring and correction planes presented to it. The electrical signals 
sensed at the supports are analysed in the console to display d irectly  the 
am ount and angle of unbalance to be corrected on the  tw o correction planes 
selected for the rotor. The balancing bench and the console complement one 
another; if they are used correctly, an unbalance reduction ratio  of 80  
90% m ight be typical for a single run.
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Balancing machines may be designed w ith  soft bearings or w ith hard  
bearings. These descriptions refer to the characteristics of the  support sys
tem s as discussed in Section 1 1.3. In a soft-bearing m achine, sensors are 
used to measure the vibratory motion at the  journa ls. The moving element, 
operating above resonance, is decoupled from  external vibra tion effects, en
abling the bed and support posts to be of re la tive ly  ligh t-w e igh t construction, 
to give a transportable machine offering high sensitiv ity over its mass range. 
Hard-bearing machines measure force at the bearings. To restra in  the rotor 
adequately, a stronger, heavier form of construction is necessary to give the 
high mechanical impedance required at the bearings. This form  of construc
tion has the disadvantage of greater sensitiv ity to  extraneous vibrations.

W hichever type of transducer is used in the supports, the console must pro
cess the raw unbalance signals to yield calibrated correction values. In prac
tice, the signals from  the sensors must be filte red  to elim inate higher-order 
effects and noise. The resulting cleaned-up sinusoidal signals are processed 
through a ne tw ork of sensitiv ity and mixing potentiom eters so tha t appropri
ate calibrated correction values, for the correction planes to be used, appear 
and are held on the  display. The display is usually selectable to indicate mass 
addition or mass removal on the  chosen correction planes. Single-variable an
alogue displays are less common than the vector-m eter display, w hich gives 
a pictorial representation of the state of unbalance: alternative ly, the use of 
dig ita l e lectronics permits very consistent and stable operation and lends it
se lf to application to a digital d isplay for clear, unambiguous interpretation in 
the industrial workplace.

The front panel controls of the  console are adjustable by the  operator to 
achieve plane separation  and calibration of the  unbalance, measured in 
term s of mass corrections (practical correction units). In th is w ay the operator 
can obtain independent readings fo r each correction plane, and the  confusing 
correction plane interference, or cross effect, is e lim inated. A dynamic calibra
tion  procedure is used to set up soft-bearing m achines, whereas geometric d i
mensions are d ia lled-in  statically to set up the hard-bearing m achine. Once 
the balancing machine is calibrated, unbalance corrections can be found for 
any subsequent rotor in the series w ith  a single balancing run.

1 1 .6 . FIELD B ALA N C IN G

Sometimes access to a balancing machine is not available; the rotor to be 
balanced is too large to suit a balancing m achine, or the rotor m ust be bal
anced in its norm al service conditions. In these cases " fie ld " or " in -s itu "  bal
ancing can be carried out using suitable portable instrum ents. Generally, 
such instrum ents require more know -how  on the  part of the user than a bal
ancing machine, but are more versatile in application owing to th e ir portabil
ity and the range of d ifferent transducer sensitiv ities which can be used w ith

2 7 8



Fig. 11.9. Three-point m ethod for single-phase balancing - S iebert's C onstruc
tion

the same instrum ents. Such instrum ents are also usefu l for machinery condi
tion m onitoring, vibration spectrum analysis, and fau lt diagnosis.

For a machine in operation, it is norm ally only possible to mount sensors 
externally, for example on the bearing housings. Thus it is the motion of the 
bearing housings w h ich  is measured. In practice, th e  dynamic system has 
many degrees of freedom , as the spring /dam per characteristics of each of 
the tw o bearings w ill be different not only from each other but also in the 
tw o orthogonal radial directions at each bearing. By analogy w ith  equation 
11 .6  fo r the single degree of freedom system, the on ly  way of ca libra ting the 
dynamic system is to  introduce a value of known unbalance to the system, 
and measure the transfer characteristics between the  unbalance plane and 
the measuring position. If linearity and phase fid e lity  between unbalance 
changes and corresponding vibration changes (at least over a lim ited range) 
can be assumed, corresponding correction values can be calculated. It is im 
portant, though, tha t the machine should be run up to  the same speed, and 
that the sensors should not be moved, during the balancing runs.

One method of determ ining the size and position of the unbalance for a
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single plane is to use a simple vibration meter connected to an accelerometer 
mounted on the bearing. First the  in itia l unbalance is measured. Then a trial 
mass is used to introduce a know n unbalance by attaching it to  the  rotor at 
the same radius to be used fo r the final correction mass. Three te s t runs are 
carried out w ith  the tria l mass placed at 0°, 1 2 0 ° , 240° on the ro tor. Geom
etrically, Siebert's construction  (F ig. 1 1.9) can be used to evaluate the correc
tion  values. Three vectors of equal length, corresponding to in itia l unbalance 
V0 , at 0°, 1 2 0 °, 2 4 0 °  respectively, are drawn out from the o rig in . Vectors 
corresponding to V j (0°), V j (1 2 0 °), Vj (240°) are constructed by centring a 
compass point on each of the V0 vectors in tu rn : the point of in tersection of 
these arcs enables the vectors corresponding to  the trial mass alone to be 
constructed. The correction mass can be calculated directly.

Usually it is impracticable to carry out three tr ia l runs; fu rtherm ore  it is ne
cessary to use a filte r synchronised to rotation speed, to ensure th a t the un
balance component of the vibra tion signal can be isolated from o the r mechan
ical influences. The inclusion of some form of phase-measuring device in the 
system enables a more practical procedure to be implemented. One way of 
determ ining the phase is to tape or mark a scale graduated in angu lar units 
on the rotor, and illum inate the scale during the tr ia l balancing runs  w ith the 
ligh t from a stroboscope triggered by the filtered vibration signal. A n  example 
of such a system is shown in Fig .1 1 .1 0 .

Purpose-built fie ld-balancing sets, however, em ploy a non-contact tachome
te r probe to tr igger an a ll-e lectron ic phase ind icator from a s ing le  arbitrary 
mark on the rotor. The example show n in Fig. 1 1.11 is designed to  be equally 
suitable for m onitoring and analysis tasks as m entioned above.

For single-plane balancing, such as for a g rind ing wheel, an in it ia l reading 
of vibration am plitude, \ V0 \, and phase angle, a0 (w ith reference to  a fixed

Fig. 11.10. F ie ld  balancing w ith  a stroboscopic motion analyzer
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Fig. 11 .11 . Example o f a portable fie ld  balancing set, g iv ing  direct d ig ita l in 
dication o f phase by the use o f a non-contacting probe

Fig. 11.12. S ing le-po in t phase-angle method for s ingle-p lane balancing  
V0 = in it ia l unbalance 
V1 = resu ltan t of V0 + VT

point on the rotor) are obtained (Fig. 1 1.12). The machine is then stopped and 
a tr ia l mass M T is fixed to the rotor at some arbitrary position. Running the 
machine at the same speed as before yields a new v ibra tion amplitude, \ V i\ ,  
and phase angle, a^ , enabling a vector diagram to be constructed directly.
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Fig. 11.13. Vectorial representation o f vibration levels fo r tw o-p lane balan
cing

The difference (V r — V0 ) represents the effect of tria l mass, M T , on the mea
sured vibration. Thus the size of the correction mass is given by:
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M c = , , M r  (11 .8)
\V ,~ V j

placed at an angle a c to  counteract Va . Where non-linearities, or incorrect 
choice of tria l mass, do not allow acceptable residual unbalance to be 
achieved in the first run, it may be necessary to repeat the procedure.

W here fie ld balancing in tw o planes is to  be carried ou t, two tria l runs 
must be made, introducing known unbalance in tw o correction planes and 
making measurements on tw o  bearing housings. These runs are necessary to 
enable all the terms of the  influence coeffic ient matrix, defined in equation 
(1 1 .7), to  be generated (Fig. 1 1.1 3).

In run 0, the in itia l condition of unbalance is assessed measuring | V/i 0 1
La0 and 1V2o I ¿Po • (P s ign ifies phase in the  second m easuring plane).

In run 1, a tria l mass /WT1 is placed on correction plane 1, measuring 11/-, ■, | 
La 1 and | V2i I ¿/Si

In run 2, a tria l mass M 12 is placed on correction plane 2, measuring | V 1 2 I 
¿02 and | V22 \ ¿-P2 ■

It can be seen that:

(I/-I! — V^io ) = effect of M j-\ at measuring position 1.
(I/12 — V-\q ) = effect of M j2  at measuring position 1.
(V/21 — V 20 ) = effect of /W-p at measuring position 2.
(V 22 — ^20 ) = effect of M j 2 at measuring position 2.

To balance the rotor, correction masses should be placed in planes 1 and 2 
to generate vibrations equal in magnitude but opposite in direction to V 10 
and V 2o- A  graphical so lu tion  is possible, but manipulation of the six vector 
values in the two m easuring planes is tedious. It is much easier to execute 
the required calculations on an electronic computer (Fig. 1 1 .14) or calculator. 
The widespread ava ilab ility  of programmable pocket calculators now makes it 
possible for balancing-set users to obta in commercial magnetic card-pro- 
grams pre-programmed specifically for balancing. These can be fed d irectly  
into the user’s own ca lcu la tor to solve balancing equations autom atically w ith 
out any involvement on the part of the operator in program m ing or m athem at
ics. Mathem atically, it is required to calculate correction values /Wc1 , M c2 
w hich satisfy the equations:
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Fig. 11.14.  Computer programme in Basic for dynamic balancing
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( ( 1 1 9 )

W hen a phase meter and an accurate num erical ca lculation technique are 
used, the residual unbalance is often reduced to acceptable levels after the 
firs t run. W here d ifficu lties are experienced, it may be necessary to verify the 
linearity and phase reproduceability between trial unbalance placed on the 
correction planes and vibra tion measurements in the m easuring planes. In 
th is case, some experim ents w ith positioning of the sensors, or selection of 
correction planes, may enable a technique to  be evolved to give more satisfac
tory results.

11 .7 . DIFFICULT B ALAN CING  TASKS

1 1 .7 .1 . Fine Balancing

To achieve unbalance qua lity  grades as low  as G1 and GO,4 for equipm ent 
such as record players and gyroscopes, special techniques are required. For 
example at GO,4 a rotor runn ing at 6 0 0 0  r /m in  w ill requ ire  an eccentricity 
of the centre of mass of less than 0 ,6 3 ¿/m. Considering tha t instrum ent ball 
bearings may themselves be manufactured to a radial run -ou t tolerance of 
1 /jm , w h ils t the typical tolerance on fine  machining (boring, turning, g rind 
ing) is 25 /um, it is clear tha t the unbalance introduced at all stages of produc
tion and assembly must be controlled to achieve precision. This w ill necessi
tate balancing at the fina l stage.

Simple support ro llers, or prismatic blocks which are used to support the 
rotor journa ls for general-purpose tasks on industrial balancing machines, are 
inadequate in these cases. For grades better than G1 the  rotor should be 
mounted in its own support bearings on the balancing machine; for grade 
GO,4 the rotor should be driven as it w ou ld  in service, so tha t the actual ser
vice environm ent in term s of electrical and aerodynamic effects may be repro
duced. Examples are gyroscopes excited by a half-stator assembly, and tu rbo 
chargers driven by compressed air.

1 1 .7 .2 . Flexible Rotors

At high rotational speeds, the rotor can no longer be regarded as rigid. For 
rotational speeds greater than 50% of the firs t critical speed it may be said to 
be flexib le (Fig. 1 1.15). The axial d istribu tion  of unbalance along the rotor w ill 
tend to excite the various mode shapes o f the rotor, depending on its speed

285



_________________________________ C° c r ' t________________________ _______________________________________________  790521

Fig.1T. 15. Relationship betw een cen trifuga l force, sha ft deflection and  
shaft speed fo r one critica l speed

of rotation and form of support. Theoretically, such a shaft possesses an in fi
nite num ber of principal modes, each w ith  its corresponding natural fre 
quency. In the absence of damping a n d /o r non-linear effects the deflections 
at these critica l frequencies would become in fin ite ly  large, and destroy the 
machine. Balancing is now  a process to "dynam ically s tra ig h te n " the rotor to 
re-align its principal inertia  axis w ith the axis of rotation in order that the m a
chine can be run up safely to  its operating speed (Fig. 1 1 .16). One technique 
is to perform  a sequence o f balancing operatings in the v ic in ity  of each of the 
critical speeds in tu rn , to reduce the in te rna l bending mom ents for each 
mode to zero. The procedure is to start at the  firs t critical frequency, and pro
ceed to each of the others in turn  until service speed is achieved. This is sa
tisfactory w here service speed is less than 50% of the subsequent critical 
speed. A t each speed, correction mass sets are fitted on selected planes, 
such that unbalance is not introduced w h ich  would excite the  lower, previ
ously balanced, principal modes.

For example, to correct the firs t (V-) principal mode, a correction mass M  
w ill be located at the centre , w ith  two masses each of M / 2  at 180° posi
tioned adjacent to the support bearings in order not to effect the  rigid balance 
condition. Corresponding mass sets a llow  compensation of higher modes.
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Fig. 11 .16 . Dynamic stra ighten ing o f firs t and second p rinc ipa l modes

This technique is called modal balancing. W here computing fac ilities are ava il
able the "in fluence coe ffic ien t”  matrix may be used, but th is  w ill require re la 
tive displacement transducers to establish the deflections at intermediate 
points between support bearings. A typical example of th is  type of rotor is the 
automotive cardan shaft, balanced by w eld ing sheet-m etal compensating- 
weights. As the shaft does not run at un ifo rm  speed it is possible to achieve 
only a compromise solution to the balancing problem.

11 .7 .3 . Crankshaft Balancing

Crankshafts are used to convert the reciprocating motion of a piston into ro 
tary motion of a shaft For design purposes the moving e lem ents can be d i
vided into purely rotary components (big-end pin, connecting rod big-end) and 
purely reciprocating com ponents (piston assembly, connecting rod small-end). 
Therefore suitable counterbalance w eights can be devised and incorporated 
in the crankshaft webs, w h ich  balance the rotary components plus a propor
tion (or factor) of the reciprocating components (Fig. 1 1 .17). In the production 
process, such crankshafts can be balanced on balancing machines, sophisti
cated automated handling and correction equipm ent is w ide ly  used in the car 
industry fo r th is purpose. In certain configurations such as in V -4  and V -6 de
signs, the component of unbalance at tw ice  the rotation frequency of the
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Big-End
Pin Counterbalance

Pin ______ 790523

Fig. 11 .17 . Twin-cylinder crankshaft w ith  counterbalance weights

shaft, ow ing to the complex motion of the connecting rods, can be unaccept
able. In these cases, balance can be achieved by provision of a contra-rotat- 
ing balance shaft driven at tw ice  engine speed. These shafts are fabricated 
w ith  specially calculated counterbalance webs.

1 1 .7 .4 . Multiple-Span Shafts

The m ajority of current techniques have evolved for use w ith  single-span ro
tors, supported in bearings at each end. The problems of rotor assemblies 
supported in three or more bearings is the subject of current research 
(F ig.11 .18).
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For a rig id rotor, measured values w ill depend not only on rotor unbalance, 
but also on the accuracy of the alignm ent of the bearings and on the run -ou t 
at the journa ls. In contrast to unbalance forces, the latter effects are predom i
nantly speed-independent, causing a constant centre-of-m ass eccentricity. Re
building of the machine (e.g. for line-boring of the bearing housings and rotor 
balancing) w ould be necessary to correct such a fault. For flexib le rotors, it is 
extremely d ifficu lt if not impossible to predict how the bearing systems w ill a f
fect the mode shapes and vibration response at the critica l speeds. It is com 
mon to consider the rotor spans in tu rn , as separate simply-supported sys
tems. The shaft-stiffness is often such th a t intermediate bearing assemblies 
are assumed to decouple separate rotor spans. A lternative ly , where linearity  
and phase fide lity  is observed between unbalance added on any correction 
plane and the vibration measurements on every support bearing, then the in 
fluence coeffic ient method may be used. In general, one extra correction 
plane is required for every extra bearing measurement. Portable measuring 
equipm ent may be used fo r th is work, w ith  switches to a llow  connection of 
extra vibration sensors: but, as the num ber of bearings increases, the so lu 
tion of the  resulting m atrix equations becomes increasingly complex and calls 
for substantia l computing facilities.
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12. FUNDAMENTALS OF SHOCK AND VIBRATION
CONTROL

12 .1 . ISOLATION OF V IB R A TIO N  A N D  SHOCK

Undesired vibration and shock may orig inate from a w ide variety of 
sources, such as unbalance and reciprocating motion in mechanical m achin
ery, aerodynamic turbu lence, rough sea movements, earthquakes, road and 
rail transportation, rough handling of equipm ent, etc.

Even though ideally all undesirable v ibrations should be elim inated at the 
source it is obvious from  the above " lis t"  o f sources that th is  may be possible 
only in very few  cases. In other cases, however, it may be possible to " is o 
la te " the source by means of shock and vibration isolators, or to reduce the 
shock and vibration effects by means of effectively designed vibration absorb
ers, or the use of damping treatm ents.

On the other hand, "n a tu ra l"  vibration sources like aerodynamic tu rbu 
lence, rough sea movements and earthquakes cannot be "iso la te d " in the us
ual sense of the word. The only way to d im in ish undesirable vibration effects 
orig inating from these types of sources is to " iso la te " the  equipment to 
w hich the vibrations may cause serious damage.

Now, w hether it is the source or the equipm ent that is going to be isolated, 
the physical principles involved are sim ilar.

1 2 .1 .1 . Vibration Isolation

Fig. 12.1 shows the "u n ive rsa l" solution to isolation problems, i.e. the 
proper mounting of the source (machine), Fig. 12.1 a), or the equipment, 
Fig. 1 2.1 b), on springs and dampers. (If the springs consist of cork or rubber
like materials damping is autom atica lly bu ilt-in to  the spring in the form of in 
ternal material damping).

Consider firs t the vibration isolation o f the source, Fig. 1 2.1 a).

The equation of motion fo r the mass, m, in the system, Fig. 1 2.1 a), was for-
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j— ■ , Cl X
F f = kx + c -dT

27 1 5 0 6

a) b)

Fig. 12.1. Illustra tion o f the basic p rinc ip les involved in vibration isolation, i.e.
The m ounting o f the machine producing the vibration, or the equ ip 
m ent to be iso la ted  from the vibration, m, on springs and dampers

mulated and solved in Chapter 3, section 3.1, for an arbitrary sinusoidal 
force, F0 e i2nft\

In the  case of vibration isolation, one is not normally interested in x(f) but 
in the force transm itted to the foundation. This force is the vector sum of 
the force transm itted through the spring element and that transm itted 
through the damper, i.e.:

x { f )  = H {f)F 0 e i2*ft

1

, 4 n 2f02m
where H [f)  = ------------—

F (f) = kx + = k x ( f)  + c d - Xd\ —  = Ff e / l2* 't + ■>

Ff eH2*ft + «) = [k H (f)  + j 2  n fc H  (f)]F0 ei2n,t

whereby:
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where T is the force transm issibility. Manipulat ion of this equation results in

Here f0 is the natural undamped resonant frequency of the spring-mass sys
tem and j j  is a measure of the  system damping:

f  = damping ratio
cc = critica l damping coeffic ient (cc = 2\Z~km)

Fig. 12.2  shows a graphical representation of the formula given for 17"| for 
various dam ping ratios.

The basic princ ip le  of vibration isolation n o w  consists in se lecting a spring  
m ounting so tha t the na tu ra l frequency, f0 , o f the spring-mass system is con
siderably lo w e r than the low est frequency com ponent in the fo rc ing  spectrum  
produced by the machine.

W ith regard to the choice of damping ra tio  th is  should be selected w ith  a 
view both  to give a relatively low  transm iss ib ility  amplification at the spring- 
mass resonant frequency, and  to  give satisfactory isolation (low  transm issib il
ity) at frequencies well above resonance.

There are, however, other factors w h ich  enter the p icture in practice. 
Some of these are briefly discussed in the fo llow ing .

A rigid m achine which is mounted on fo u r springs as show n in F ig.12.3 
may exhibit more than one degree-of-freedom in its motion. Generally speak
ing it is a six degree-of-freedom system, in th a t it may have translatory mo
tions in three directions, as w e ll as rotary m otions about three mutually per
pendicular axes. (See also section 3.3). In selecting a proper isolation moun
ting the lowest frequency component in the forc ing spectrum of the m achin
ery must then be considerably higher than the  highest resonant frequency of 
the (m ulti-degree-of-freedom ) mounting system.

Another factor to be considered is the la te ra l stab ility  of the mounting sys
tem. This, in many cases, sets a lim it to how  soft the mounting springs can 
be chosen. In practice a resonant frequency of the simple spring-mass sys
tem, Fig. 12 .1 , of the order of 5 — 1 0 Hz is often used.
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Undamped natural frequency, f0

2 7 15 07 /1

Fig. 12.2. Curves show ing the absolute transm issib ility  as a function o f the  
frequency ra tio  f / f 0 for various damping ratios

A t high frequencies so-called "wave effects  may sometimes occur in the 
mounting springs. These are due to long itud ina l standing waves (chapter 3, 
section 3 .6) in the springs. They seem, however, not to pose too serious prob
lems in practice when the  springs are produced from m ateria ls w ith re lative ly 
high in te rna l damping. A  curve illus tra ting  theoretically the  concept of w ave- 
effects is shown in Fig. 1 2 .4 .

Another effect w hich may be of some concern in the design of practical v i
bration isolation m ountings is the e ffect o f foundation reaction. In the above 
discussion the foundation has been assumed to be in fin ite ly  rigid, i.e. the  m o
tion of the mass, m. in F ig . 1 2.1 a), is completely taken up by the spring and 
the damper. This is not always the case, although in many practical s itu a 
tions it may represent a proper approxim ation.
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Fig. 12.3. Sketch o f a machine m oun ted  on four springs
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Fig. 12.4. Curves show ing wave-effects in isolators

A somewhat better approximation is to represent the foundation in the 
form of a mass which is able to move in the X-direction, F ig .12 .5 . By solving 
the d ifferentia l equations of motion for th is sytem one finds tha t the resonant 
frequency is now:

fo = f0 |A ~ 4
m
~B (12.3)
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w here f0 is the "o rig in a l"  resonant frequency of the  system w ith  mass, m, 
and stiffness k (B = »). If the foundation is best represented by a plate, a the
oretical treatm ent of the situation involves the theory of structures (chapter 
3, section 3.6) and may become extremely complicated.

Machine m

1
Foundation, B

Fig. 12.5. Illus tra tion  o f the approximation of the  machine foundation by a 
mass, B

A practica l approach to vibration problems of the type sketched in 
Fig 12.1 a), is to frequency analyze the vibrations produced by the machine. 
From the measured (or estimated) spectrum the low est frequency component 
to  be "iso la ted”  can be determined.

By then utiliz ing the curves, F ig.12.2 , the resonant frequency of the 
mounted system, as w ell as the damping, necessary to provide su ffic ien t iso
lation, can be estim ated.

To find the stiffness required from  the isolation m ount (spring) w hen  the de
sired resonant frequency has been determined the  form ula:

k 3 9 ,2  P f02 N /m  (12.4)

can be used. Here P is the w e igh t of the machine to be isolated in kilograms 
and f0 is the resonant frequency of the machine and isolation m ount system. 
F igs.12.6, 12 .7  and 12.8 illus tra te  a practical case. In F ig .1 2 .6  the fre
quency spectrum measured on a rotating electrical machine is show n, while 
Fig. 12.7 shows the measuring arrangement used. From the spectrum. 
Fig. 12.6  it is seen tha t the major vibrations (acceleration) are found in the 
frequency range from  around 2 0 0  Hz to just above some 1000 Hz. Although 
there are some disturb ing vibrations also at frequencies lower than  100 Hz, 
an effective vibration isolation is re latively easy to obtain in this case.

If the resonant frequency of the isolated system is chosen around 10 Hz 
the isolation of frequency components higher than 1 0 0  Hz w ill be nearly per
fect, and th is is taken as a basis fo r the isolation design. Since, in general it
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Fig. 12.6. V ibration frequency spectrum  produced by a rotating e lec trica l ma
chine

791021

Fig. 12.7. M easuring arrangem ent used to determine the frequency spectrum  
shown in Fig. 12.6.

is necessary to use at least four v ib ra tion  isolators in practice, Fig. 1 2 .3 , each 
of the isolators carries only one quarte r of the tota l w eight of the machine. 
For the machine in question w hich has a total w e igh t of 8 kg th is means that 
each isolator w ill carry a w eight of 2 kg. The required isolator s tiffness then 
becomes (see Equation (12.4)):

k = 3 9 ,2 - 2 -1 0 2 = 7840 N /m

From the m anufacturer's catalogue it was found, however, that he did not 
supply a vibration isolator w ith exactly th is  stiffness, and use therefore had to 
be made of isolators w ith  a stiffness o f 1 1 800  N /m .
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Actually, it should be m entioned here that most vibration isolator m anufac
turers do not publish their data in terms of stiffness but rather in term s of the 
static deflection corresponding to a certain (maximum) static load. If it is as
sumed that the isolator in question behaves linearly the stiffness can, on the 
other hand, be readily estim ated from the m anufacturer's data by means of 
the simple relationship.

, _  P (max)
K  —

d [max)

W here P is the weight of the machine per isolator and d is the static deflec
tion produced by th is load. In the above example the maximum w e igh t per iso
lator was given by the m anufacturer to be 3 ,6  kgf, and the corresponding def
lection 3 mm thus

k = 3,6 kgf = 3,6 ~ 9,S-  N/m = 11800 N/m 
3 mm 0,003

It is now necessary to check how this influences the resonant frequency of 
the isolation system. Rearranging Eqn. (1 2.4) gives:

. /  ^  . /1 1800
fn = V ---------  = V ----------  = 12,3 Hz
0 V 39 2 P y  39,2 ■ 2

Brual & K)<»r Mraurfns Obt«c*: R o ta t in g  e le ctrica l machine BrUal “

□  □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ O O D O D O O D D O D D O O D O  
dB (¿»cording No.: __________  S*orv M .M ----------------------Do«»: 5 /5 /7 8 ------------------- Lml: ------------------------------

M ach in e  V ib ra t io n

b) Fou nd a tion  V ib ra t io n  a fte r Iso la tion

Int. No ise " F lo o r '

50000 »0000

Fig. 12.8. Curves show ing the  e ffect o f vibration isolation
a) Vibration frequency spectrum produced by the machine
b) Vibration frequency spectrum m easured on the foundation after 
iso lation of the m achine
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Considering that the  major frequency components to be isolated are consid
erably higher than 1 2 ,3  Hz this change in resonant frequency is quite accept
able. The resulting iso lation can be seen from the curves, F ig.12.8. Here the 
curve a) corresponds to  that shown in F ig .12.6, w h ile  the curve b) was mea
sured on the foundation after isolation of the machine.

Note that it has been assumed here tha t acceleration was the im portant v i
bration parameter to  isolate. In many cases it w ould be considered tha t veloc
ity is more relevant, and that would change the p icture somewhat. The dom i
nant frequency com ponent would then be at 1 5 Hz w h ich  would require a 
considerably lower m ounting resonance frequency to isolate it, but the same 
principles can be used.

Before leaving the subject of vibration isolation of mechanical (or e lectrical) 
m achinery a few  fu rth e r considerations should be b rie fly  touched upon.

Firstly, it is im portan t that the vibra tion isolators are placed correctly w ith  
respect to the m otion of the center of gravity of the m achine, see F igs.12.1 1 
and 12.9 .

1 --------------1— ^
Machine

I 1
•

| Center o f gravity |

^  V ib ra tion  <  |
<  isolators >

/ / / / , Foundation V / / /
V / / / / / / / / / / / / / / Z / / / / / / / ,^// / / / / / /  /

271510

Fig. 12.9. Illustra tion o f proper m ounting o f the m achine. The vibration iso la 
tors shou ld  be placed sym m etrica lly w ith  respect to the center o f 
gravity o f the  motion

Secondly, the center of gravity of the machine should be located as low  as 
possible. If serious "ro ck in g " effects (section 3.3), or other instabilities, be
come a problem in the  mounting, the effective center of gravity may be low 
ered by firs t m ounting the machine on a heavy mass and then isolating the 
mass + machine, Figs. 1 2.1 0 and 1 2 .1 1 . F ig.12.11 actually also illustrates 
the principle of the " flo a tin g "  floor.

Thirdly, it is possible by means of a compound v ibra tion isolation system, 
Fig . 1 2.1 2, to obtain a force transm issib ility  characteristic w hich gives greater 
attenuation for frequency components above the (compound) system reson-

3 00



Fig. 12 .10 . Sketch show ing the center o f  g rav ity  of a m achine can be "a r t if i
c ia lly " low ered by adding m ass (weight) d irec tly  onto the m a 
chine
a) M achine
b) M achine w ith  properly added mass (weight)

Fig. 12 .11 . Sketch show ing how the add ition  of mass is utilized in the so- 
called  " flo a tin g "  floor
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ances than does the "s im p le " system discussed above, see Fig. 12 .13 . The 
design of such compound systems is, on the  other hand, more complicated 
and critica l than the design of a "s im p le " v ibra tion isolator.

For readers who are fam ilia r w ith e lectrica l filte r theory and electro-m e- 
chanical analogies the design problems involved may, however, not seem too  
form idable.

Fig. 12.13. Transmissibility curves illu s tra tin g  the difference in  transm issib il- 
ity  between the sim ple and the compound system

Returning now  to the second "case”  of vibration isolation, i.e. the case 
where equipm ent is to be isolated from a vibrating foundation, Fig 12 1 b), 
the equation of motion for the mass, m, is:

Again solving the equation fo r an arb itrary sinusoidal foundation vibration
xo = X 0e i2n,t results in

\

0,1 0,2 0,5 1 2 5 10 20 50 100
Frequency ratio f/f-|

271514

(12 .5 )
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1
4 n * f *

— +
m + 1 m

j f _
Qfo y

2 n f c \

Î -, 1 I f
1 + œ \  To

2 1 I f
+ oAfa

= \T\ ( 1 2 . 6 )

Thus the displacement transm issib ility  is now  given by exactly the  same re
lationship, \T\, as was the force transm issib ility in the case w here  the vibra
tion source was to be isolated from the foundation. Simple manipulations 
w ith  the above formula show  that the same relationship is also obtained for 
the velocity and acceleration transm issib ility  of the system of F ig . 1 2.1 b).

The transm issib ility  fo rm ula (and the curves shown in Fig. 12 .2 ) are there
fore generally valid in vibra tion isolation problems. This again means that the 
same procedures as outlined in the foregoing are involved in designing a v i
bration isolation system w he the r it is the source or equipment tha t has to be 
isolated.

There is, however, one s ign ifican t d ifference w hich should be borne in mind. 
In determ ining the vibration frequency spectrum of the source, F ig .12.1 a) 
and F ig .12 .6 , the effects of in ternal resonances in the machine are autom ati
cally taken into account. As the  foundation on w hich the m achine (and isola
tor) is placed is assumed to exh ib it no d isturb ing resonance the  isolation prob
lem consists here simply in selecting an iso la tor/m achine  configuration w ith  
a resonant frequency, f0 , w h ich  is low enough to ensure su ffic ien t isolation 
of the forcing frequency components.

When the vibrations orig ina te  in the foundation and are transm itted to 
equipment F ig .12.1 b), it is not only im portant to know the forcing vibration 
frequency spectrum, but also the internal resonances in the  equipment. 
These may be excited and could cause serious damage, even if the exciting 
frequency components are heavily attenuated by the vibration isolation sys
tem. This is due to resonance amplification effects w ith in  the  equipment i t 
self. It is therefore necessary when an effective vibration iso lation system is 
to be designed also to take such in terna l equipm ent resonances in to  account.

If these resonances cannot be predicted theoretica lly the equipm ent may be 
subjected to a vibration test (see Chapter 10) prior to the design of a proper 
vibration isolation system. By means of suitable vibration tes ting , dangerous
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resonances and the ir effects can be detected experim entally, and correspond
ing isolation criteria established.

1 2 .1 .2 . Shock Isolation

Even though the princip les involved in shock isolation are very s im ila r to 
those involved in vibration isolation some differences exist due to the tra n 
sient nature of a shock. The reduction in  shock severity, which may be ob
ta ined by the use o f isolators, results from  the storage o f the shock energy  
w ith in  the isolators and its  subsequent release in a "sm o o the r" form i.e. over 
a m uch longer period  o f time. However, the energy storage can only take 
place by deflection of the isolators.

Fig. 12 .14 . Maximax (overall) undamped shock response spectra for rectan
gular, fin a l peak sawtooth, and  half-sine shock pulses

304



As a shock pulse may conta in  frequency components ranging from  0 to ® it 
is, generally speaking, not possible to avoid excitation of the iso la to r/m ass re
sonance. On the other hand, i f  the duration o f the shock pu lse  is short in  
comparison w ith  one ha lf p e riod  o f the iso la tion  system resonant frequency 
(f0 ), the response of the system  may not have serious consequences. This 
may be best illustrated by means of Fig.3.1 3, section 3 .5 , and the  shock re
sponse spectrum type of description, also outlined in section 3 .5 .

In this case the shock response spectrum of greatest in te rest is the so- 
called maximax, or overall, spectrum (section 3.5). Fig. 12 .14  shows the max
imax shock spectra for the th ree  types of shock pulses discussed in section
3 .5 . From the  figure it can be seen that as long as the resonant frequency, 
f  of the iso lation system is considerably low er than j j  w here T is the dura
tion of the shock pulse, the shapes of the maximax spectra are quite sim ilar. 
This is in conform ity w ith the  statement made in Chapter 2, section 2 .3, that 
"w hen  the duration of the shock pulse is short compared w ith  the natural pe
riod of the mechanical system on which it acts, the severity o f the shock is 
determ ined by the area o f the shock pulse a lone". In Fig. 1 2 .1 5  the state
ment may be illustrated even clearer in tha t here the three maximax shock 
spectra shown in Fig. 1 2.1 4 are redrawn to scales where the ordinate is no 
longer S (f) /F  but

s w / f J V  m * .

So F(t) dt is the area of the  shock pulse and jS jF ( t)  dt is the "effective 
pulse he ight” , see Fig.1 2.1 6. Fig. 1 2.1 5 may actually be used as basis for 
the design and evaluation o f an undamped shock isolation system, as de
scribed below. Consider firs t the system show n in Fig. 1 2.1 7 a), w hich is actu
ally the same system as show n in F ig .12.1 a), but w ithou t damping. Let the 
tim e dependency of the force F (t), in th is  case be as indicated in
Fig 12 18 a).

The maximum force acting on the foundation Fr, can now  be found from 
Fig 12 18 b) and Fig.1 2 .1 5 , provided tha t the  resonant frequency, f0 , of the 
system F ig. 1 2 .17  is known. Assuming tha t th is  is f0 = 1 /1 0  T the maximum
force acting on the foundation is found from  Fig. 1 2.1 5 to be approximately
0 ,6  times the  "e ffective”  force, Fig. 1 2 .18  b), i.e.:

M axim um  force "response" = 0 ,6  F0 = Fr

The maximum displacement of the mass, m , is equal to the force divided by 
the stiffness, k, of the isolator:

= Fl  _ 0,6 Fp 
* '  k k
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27 15 16

Fig. 12 .15 . The firs t p a rt o f the maximax to d ifferent scales. The spectra are 
here norm alized to pulses o f the same "e ffe c tive " height

___________________________________________________________________________________________________________________________________ 27 15 17

Fig. 12.16. Illus tra tion  o f the concept o f "e ffec tive " pulse height

As the motion of the mass w ill consist of an oscilla tion w ith  a frequency 
equal to the natural frequency (resonant frequency) of the isolation system,
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Fig. 12.17. Sketch o f basic spring-m ass systems fw ithou t dam ping

Fig. 12.18. Shock force pulse acting upon the system shown in Fig. 12 .17
a) A c tua l shock pulse
b) "E ffec tive " shock pulse

the maximum velocity and acceleration of the mass, m , can then be found d i
rectly from the relationships:

and

vr =

ar =

dx
dt

d 2x
d t2

= 2n f0 xr = 2nf0~  = 1,2 n f „ F°

= (2n f0)2x r = 4 n 2 f 2 £  = 2 ,4 k 2 f 2 ^

W hen the forcing function, F(t), is unknown, or d ifficu lt to measure, it is 
often convenient to measure istead the acceleration, a, of the mass, by 
means of an accelerometer. Calculations may then be performed "back
w ards" to determ ine the "e ffective " force, F0 , as w e ll as other quantities  of 
interest.

If viscous damping is included in the isolation system, and it norm ally is, 
the above calculations must be modified.

Starting again w ith  the maximax shock spectrum for a damped system, 
such a "spectrum ”  is shown in Fig. 12 19 for ha lf sine shock pulses. In this 
case, Fr , is found from Fig. 1 2.1 9, utilizing the curve which corresponds to
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Fig. 12.19. D am ped shock response spectrum fo r h a lf sine shock pulses

the damping included in the system. The re lationship between Fr and xr is 
however, in this case no longer qu ite  so simple, because Fr is the vector sum 
of the forces transm itted through both the spring element and the  damper 
(F ig.12.1 a)).

Also, because of the  damping, f„ is no longer s im ply equal to but
„ . 2 t t  » m

*) In e ffect th is  d iffe rence  in resonant fre q u en cy  between dam ped and undamped resonances also 
applies to vibration  iso la tion.system s. H ow ever, the dam ping inc luded in these system s in prac
tice  is often so sm all ( f  «  1) that the resonance sh ift is n o rm a lly  neglected.

rather*):

where c c 1
cc 2 \ / k m  2Q
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Taking these factors into account the maximum displacement, xr , o f the 
mass, m, becomes:

x = -----— (12  7)
r k\/1 + {2^y

U tiliz ing the relationships between xr , vr and ar one has:

V / - i 2 F, 
+ k

1 - Z 2 Fr ( 1 o o ,
and a' _ v / i W i

W hen the shock pulse duration is no longer short compared w ith  one half 
period of the isolation system motion, utilization of the  shock spectrum tech
nique becomes somewhat more complicated.

It seems, however, that utilization of the  "spectrum '’ shown in F ig .1 2 .1 9  
and the method of estim ation described above for damped systems may re
sult in reasonably good approximations to actual practical problems.

In conjunction w ith  the practical application of shock isolators certain facts 
should be noted:

Firstly, as mentioned above, reduction in shock fo rce  transm iss ib ility  can 
only take place by a llow ing the isolator to deflect, i.e. by motion w hich allows 
the shock energy to be dissipated over a much longer period of time than that 
occupied by the shock itself. Thus certain space clearances must be allowed 
for the isolated equipment.

Secondly, if the resonant frequency of the isolation system is chosen incor
rectly the isolator may "a m p lify " the destructive e ffects of the shock rather 
than provide the desired isolation. This requires tha t the  resonant frequency 
of the isolation system is away from all resonances w ith in  the m achine or 
equipm ent to be isolated.

Thirdly, if the isolator tu rns out to have unexpected non-linear characteris
tics (and many practical isolator m ateria ls do perform  non-linearly) a great 
number of "e x tra " response effects may take place at harmonic or sub-har
monic frequencies.

In some cases isolators are, on purpose, designed to be non-linear. If, for 
instance, space lim ita tions do not a llow  for the required (linear) m otion of 
equipm ent one may be temped to employ non-linear isolators of the "ha rden 
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ing”  spring type (see also Chapter 3, section 3 .2). This kind of isolator w ill, 
when deflecting into the non-linear region, firs t ly  change the resonant fre 
quency of the isolation system (f0 increases w ith  increasing iso la tor deflec
tion), and secondly produce a number of harm onic force components which 
may excite in terna l resonances in the isolated equipm ent. A lso the  peak ac
celeration of the equipm ent may be considerably increased by the use of 
"harden ing" spring type isolators.

On the other hand, i f  the iso la tion  system conta ins a fa ir am ount o f damp
ing, the deteriorating effects m entioned above are drastically reduced. Thus, 
a heavily damped, "h a rden ing " spring type iso la tion  system m ay in some 
cases provide the appropriate so lu tion  to a d ifficu lt isolation problem .

BASIC TYPES OF ISOLATORS

Material Frequency Range O ptim um  Frequencies Damping L im ita tions Rem arks

Metal Springs: 
Helical Compression 
Springs

A l l  (theoretically) L o w  frequencies 
(w ith  high static 
deflections)

Very  low 
0.1% of 
critica l

Read ily  transmit 
high frequencies

W ide ly  used and easy 
to  p roduce  w ith  
requ ired characteristics

Helical Tension Springs A l l  (theoretically) Low  frequencies Very  low - L it t le  used
Leaf Springs Low Low Fairly  good 

(due to  fr ict ion )
- L im ited  to  specific 

app lica tion s
Belleville Washers High w ith

parallel
stacking

Sub ject to  fatigue: 
m ore complicated 
assembly

Com pact. S tiffness 
depends o n  m ethod o f 
stacking. Con tro lled  
non-linear stiffness

Rubber:
(i) In Shear

(ii) In Compression
(iii) Shear-Compression

depends on 
composition 
and hardness

High Increases 
I w ith  rubber 
| hardness

I lim ited  
> load-carrying 
| capacity

(i) Sm a ll energy storage
(ii) N o  change in volume

(iii) H as secondary 
snubb ing action

Cork Depends on density High Low  (6% of 
critical)

Practica l lim it to 
m in im um  natural 
frequency attainable

H igh ly  com pressib le 
w ith ou t lateral 
expansion

Felt Depends on density 
&  thickness. Extends 
in to  audio-frequency 
range

H igh (usua lly above 
4 0  Hz

High Practica l lim it  to 
m in im um  natural 
frequency dependent 
on load &  thickness

1/2" to  1"  thickness 
no rm a lly  used

Sponge Rubber Low Fair L o w  stiffness with 
high com pressib ility

Used in the  fo rm  of 
m oulded pads or 
cu t slabs

Steel Mesh ~ Lo w Fair to  high L im ited  load-carrying 
capac ity

Used in  fo rm  o f pads; 
also as inserts

Pneumatic (Cushions, 
A ir  Bellows)

Frequency contro lled 
by  air volume

Low R e la tive ly  undeveloped

Rubber Com posites Depends on design & 
rubber hardness

H igh Depends on 
design

M ou lded rubber mounting 
pads w ith  m eta llic  casings 
and/or inserts

Spring and Rubber 
Composites

W ide range depends 
on  design

Depends on design Low Basica lly  m etal springs 
encased in  rubber. May 
incorpo rate damping

Rubberised Fabric 10 12 Hz typical 6—8% typica l Properties in termediate 
between rubber and 
steel springs

Cork-Rubber High Low - A lte rn a tive  to  rubber 
or co rk

Studded or R ibbed 
Rubber Mats

M odera te ly  low depends 
on rubber 
hardness

Properties s im ila r to  
so lid  rub be r bu t w ith  
increased s ta tic  
deflections

Steel-Bound Cork Depends on density High Up to  6% o f 
critical

..

C o rk  com pos it io n  w ith 
bonded m eta l faces. 
P a rticu la r ly  applicab le 
fo r iso la tion  o f concrete 
m oun ting b lo ck s

Table 12 1
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Another type of non linear shock isolator is that w ith  "softening spring 
characteristics. These are found less frequently  in practice, but the ir main ad
vantage is tha t they very effectively reduce the  transm itted force via large de f
lections. In cases w here equipment is to be protected against one severe 
shock only, use may profitably be made of "soften ing or collapsing spring is
olators. The landing system of the american Lunar Excursion Module (1969) 
is a good example of the use of this type of isolator.

It should also be m entioned that, in analogy w ith  v ibra tion isolation sys
tems, shock isolation may also be provided in the form of compound systems 
(Fig. 1 2.1 2). This seems, however, to be less frequently utilized in practice 
than is the  case for compound vibration iso la tion systems.

Finally, to  give the reader an idea of some important characteristics and fe a 
tures of commonly used isolators the table 12.1 above has been reproduced 
from R.H. W arring (ed ): "Handbook of Noise and V ibration Control (1 9 7 0  
edn.).

12 .2 . D Y N A M IC  V IB R A TIO N  CONTROL A N D  V IB RA TIO N  DAM PING

In the previous section the basic aspects involved in the  isolation of v ib ra
tions and shocks were outlined. There are, however, practical cases where v i
bration isolation is not suitable, or d ifficu lt to arrange, and other methods of 
vibration reduction m ust be sought. One way of reducing the vibration may 
then be to utilize the principle of the dynam ic vibration absorber. This p rin c i
ple can, in general, only be used effective ly when the "o rig in a l”  vibrations 
contain one major frequency component only (or they consist of a very nar
row band of frequencies such as a ligh tly  damped, random ly excited single re 
sonance).

If v ibration reduction is to be achieved in cases of random ly excited m u lti- 
degree-of-freedom systems (plates and beams) the application of dynamic v i
bration absorbers is norm ally complicated and use is then preferably made of 
some sort of general damping treatment.

1 2 .2 .1 . The Dynamic Vibration Absorber

The basic physical princip le of the dynam ic vibration absorber is that of a t
taching to a vibrating structure a resonance system w h ich  counteracts the 
orig inal vibrations. Ideally such a system w ould completely elim inate the v i
bration o f the structure, by its own vibrations.

Fig. 1 2 .2 0  illustrates these ideas. The mass, M , is here assumed to be the 
mass of a (rigid) machine structure producing the vibrating force, P0sin (2w ft).
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Absorber system í  m"

k

Machine M |  P0 sin(27r ft)

x 2 = X 2  sin(27r ft)

Isolator

TV ^77 
Foundation

K

x 1 = X t sin(27r ft)

/ / r o u n a a iio n/ / / / / / / /
2 7 1 5 2 1

Fig. 12 .20 . Illustra tion o f the princ ip le  o f the dynamic vibration absorber

The machine is mounted on a vibration isolator w ith  a stiffness, K. Attached 
to the machine is a resonance (dynamic absorber) system consisting of the 
mass, m , and the spring elem ent, k. It is now  a simple m atter to w rite  down 
the equations of motion fo r the complete system:

Assum ing tha t the stationary solutions to these equations can be w ritten  
(where X j and X2 can be e ither positive or negative)

* i  = X , sin (2 n f t )

rJ2x .
M  ~̂ 2 + Kx^ -  k [x 2 -  x, ) = P0 sin (2 n ft)

( 1 2 . 10 )

and x 2 -  X 2 sin (2 n f t )

then

and (12 1 1 )

where resonant frequency of the attached (absorber) system

By setting
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the m otion, X J , of the m achine w ill be zero, i.e. the m achine w ill not vibrate 
at all. The maximum am plitude of the mass, m , is in this case:

This again means that by tuning the absorber system resonant frequency to 
equal the "d is tu rb ing ”  frequency, the v ib ra tion  of the m achine can be e lim i
nated.

A ctually, in practical cases the "d is tu rb in g " frequency region often covers 
the resonant frequency of the m achine-isolator system, and both the ab
sorber and the  isolation system contain some mechanical damping. The equa
tions of m otion for the com plete system then  become considerably more com 
plex, and so do their so lu tions.

Figs. 1 2 .2 1 , 1 2 .22 and 1 2 .2 3  illustrate th e  effects upon the  vibration trans- 
m issib ility of a m ach ine /iso la to r system w h e n  the machine is supplied w ith  a 
dynamic vibra tion absorber.

From F ig .12.21 it is seen that when the  complete system contains no 
damping at all and the absorber system is tuned to the resonant frequency of 
the m ach ine /iso la to r system the transm issib ility  at th is frequency is zero, in 
conform ity w ith  the above statements and mathematical derivations. H ow 
ever, on both "s ides" of the  resonant frequency two, theore tica lly  in fin ite ly

269109

Fig. 12 .21 . Theoretical transm issib ility  curves for a v ibration isolated system  
supplied w ith  an undamped dynamic vibration absorber, see also 
Fig. 12.20
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Fig. 12.22.

Fig. 12.23.

Frequency ratio (r )
To
2 6 9 0 8 2

Effect o f extrem e absorber dam ping upon the transm issib iiity  ra 
tio  o f an undam ped m ach ine /iso la to r system

2 715 2 2

Transm issibiiity o f a m ach ine /iso la to r system w hen the machine 
is supplied w ith  a damped vibration absorber. The degree o f 
damping is ind ica ted  on the curves. (Snowdon)
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high, transm issib ility  "peaks" are found. The shape of the curve is caused by 
the dynamic coupling between the m ach ine /iso la to r system and the  absorber 
system. Coupling effects of th is  sort are quite common in many branches of 
physics.

If the absorber damping is in fin ite , the absorber mass is v irtua lly  clamped 
to the machine and the absorber system does not function at a ll. Fig. 12 .22 . 
In practice, w hen a damped vibration absorber is applied to a m ach ine /iso la 
to r system the  transm issib ility  curve must lie between the tw o  extremes 
sketched in F ig .12 .22 . This is illustrated in F ig .12 .23  for various values of 
absorber damping ratio.

Theory has shown that w hen  damping is added to the absorber the "o p ti
m um " performance conditions*) are, in general, no longer obtained by tuning 
the resonant frequency of the  absorber system to equal the resonant fre 
quency of the  m ach ine /iso la to r system. Actua lly  the most favourable tuning 
depends upon the ratio between the absorber mass and the mass of the ma
chine i.e. m /M .  It has been found that when the damping is of the viscous 
type then the ratio between the  absorber resonant frequency, fa , and the ma
ch ine /iso la to r resonant frequency f0 , should be:

2 6 9 0 7 6

Fig. 12.24. Curve show ing "o p tim u m " viscous damping factor as a function  
o f the mass ra tio  ~  (Snowdon)

*) "O p tim u m " cond itions are assum ed to  be those w h ich  ensure  a m axim ally " f la t ”  peak-notch re- 
gion of the  transm iss ib ility  cu rve . Fig. 1 2 .2 3 , to  be obta ined.
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From th is  equation it is noted that w hen m /M  is sm all the difference be
tween the two resonant frequencies is negligible, w h ile  for an increasing

Frequency ratio (t-)
T1

2690 75

Fig. 12 .25 . Theoretical transm issib ility  curves fo r a system o f the type 
shown in  Fig. 12 .20  supp lied  w ith a viscously damped dynamic 
vibration absorber. O ptim um  absorber tu n in g  and damping for 
mass ra tios o f j f i  = 0.1, &  = 0 ,2 , m = 0 ,5 . (Snowdon)

Fig. 12 .26 . Dynamic vibra tion absorber app lied  to:
a) Machine (source)
b) Equipment
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mass-ratio the  "de -tun ing " o f the absorber may become very significant. A lso 
the "op tim um ”  viscous dam ping factor depends upon the mass-ratio, see 
F ig .12.24 . Finally, F ig.1 2 .2 5  shows some theoretical transm iss ib ility  curves 
calculated fo r various m ass-ratios and "op tim um  damping. Note the dec
rease in resonant am plifica tion w ith  increasing mass-ratios.

As pointed out in section 12.1 the theoretica l treatm ent of the vibration 
transm issib ility  from a v ib ra ting  source (machine) to its foundation, and tha t

Vibration of 
specimen mass

afija:__
v 25 mm/sec

10000

V ib ra t io n  of 
specimen mass 
w ith  absorber 
attached_______

!5 mm/sec 
1 mm/sec

10000 269121QP1123

Fig. 12 .27 . Curves show ing  a practica l example of the e ffect o f applying a 
dynamic v ibra tion absorber to a simple vibra ting system
a) Transm issibility curve fo r the system before the dynamic v ib ra 
tion absorber was applied
b) Transm issib ility curve fo r the  system w ith absorber
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of the vibration transm iss ib ility  from a vibrating foundation to a mounted 
equipm ent is more or less identical. This, of course, also applies w ith respect 
to the use of dynamic v ibra tion absorbers see, Fig. 1 2 .26.

To illus tra te  this s tatem ent consider a rig id  equipment (mass: M) elastically 
mounted on an electro-dynam ic vibration m achine (see also section 10.1). The 
transm issib ility  curve fo r th is  system w as measured and autom atically re 
corded on a Bruel & Kjær Level Recorder, Fig. 12 .27  a). By attaching a 

damped dynamic absorber system (mass: m  = 0 ,5  M ) to the mass M  the trans
m issib ility curve was changed into the one shown in Fig. 1 2 .2 7  b). The effect 
of the absorber is clearly noted. For the sake of completion the vibration of 
the absorber mass, m, w as also measured and recorded, Fig. 12.28. Before 
fin ish ing th is  brief discussion of the dynam ic vibration absorber it should be 
mentioned tha t the princip le  of the absorber may be used not only to reduce 
resonance effects in v ibra tion and shock iso lation systems, but also to reduce 
the vibration of beams and plates v ib ra ting  in one of th e ir fundamental 
modes. Thereby the acoustic radiation from , fo r instance, a plate, may be re
duced, m aking the dynamic vibration absorber an effic ient tool in the "b a ttle ”  
against acoustic noise.

Fig. 12.28. Vibration o f the absorber mass, m, in the system  used to obtain 
the transm issib ility  curve show n in  Fig. 12 .27  b j

12 .2 .2 . Application of Damping Treatments

As pointed out in section 3 .6 , structural elem ents like beams and plates ex
h ib it a, theoretica lly in fin ite , number of resonances (normal modes). If these 
elements are subjected to vibrations of variable frequency (m otor w ith vari
able speed), or to w ide band random vib rations, a num ber of resonances
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might be excited and the application of separate dynamic vibration absorbers 
becomes impractical. Because most engineering m ateria ls like steel, a lu m i
nium , copper etc. contain little  inherent damping, resonant vibrations m ust 
be reduced by some "e x te rna l" means. In the case of plates, use is som e
tim es made of some sort of "s tiffe n in g " arrangements. These arrangem ents 
do, however, not damp the resonances, they merely sh ift them tow ards 
higher frequencies. If the resonances can be shifted to  frequencies w h ich  
w ill not be excited during normal operation of the equipm ent th is solution to 
the problem of reducing plate vibrations may be acceptable.*)

On the other hand, in complicated machinery, the sh ifting  of resonant fre 
quencies in one elem ent may cause serious vibration troub les to occur in 
some other element. The most general solution to the problem w ill therefore 
be, in some way or other, to apply some sort of external damping to the e le 
ments considered.

External damping can be applied in several ways: (1) By means of in terface 
damping (friction), (2) by spraying a layer of material w ith  high internal losses 
over the surface of the vibrating elem ent or (3) by designing the critical e le 
ments as "sandw ich" structures.

Interface damping is obtained by le tting tw o surfaces "s lid e ”  on each other 
under pressure, see Fig 1 2 29 a). If there is no lubricating material between 
the surfaces the damping effect is produced by dry fr ic tio n  (Coulomb dam p
ing). The force versus displacement relationship for th is  type of damping is 
shown in Fig. 12.29 b), and the total dissipated vibrational energy (damping 
energy) is given by the area enclosed by the curve B — C — D — E — B. 
Even if dry friction can be a very effective means of dam ping excessive v ib ra 
tions it has the disadvantage that it may lead to fre tting corrosion of the tw o  
surfaces. To avoid the fre tting  corrosion use is sometimes made of an adhe
sive separator The arrangem ent then, however, turns in to  w hat is com m only 
termed a sandwich structure , a type of damping arrangem ent which is fu r 
ther discussed later in th is  section.

One of the "s im p les t" methods of applying damping to  a structural e lem ent 
vibrating in bending is to spray a layer of viscoelastic m ateria l w ith high in te r
nal losses over the surface of the e lem ent. This kind of damping technique 
has been w idely used in the autom otive industry for many years. The most 
w e ll-know n materials, solely made for the purpose, are the so-called m astic 
deadeners made from an asphalt base.

*) A c tua lly  because in te rna l m a te ria l damping o ften  increases w ith  fre q u en cy  a certain "d a m p in g "  
e ffec t may also be achieved by sh ifting  the  resonan t frequencies.
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Fig. 12.29. Example o f in te rface  damping
a) Sketch show ing  a physical system  producing dry friction type 
o f interface dam ping
b) Force versus displacement re la tionsh ip  for th is  type o f damp
ing

Other types of ''deadening '' materials are at present com m ercia lly avail
able. Common to all of them  are that they are made from high polymer mate
rials possessing optimum dam ping properties over certain frequency and tem 
perature regions. These regions may, however, fo r some m astic materials, be 
fa irly  wide.

To obtain optim um  damping of the com bination structural e lem ent + damp
ing material, not only must the  internal loss factor of the dam ping material 
be high, but so also must its modulus of e lastic ity  (Young's modulus).

An approximate formula governing the damping properties of a treated 
panel in practice is given by the  expression:

2

where (see also Fig. 1 2.30):
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= Loss factor of the  combination structure elem ent (panel)
+ damping m aterial 

tj2 = Loss factor of the damping m ateria l
E1 = Modulus of e lastic ity  (Young’s modulus) of the s truc tu 

ral element
E2 = Modulus of e lastic ity of the damping material 
d j  = Thickness of the structura l e lem ent (panel) 
d 2 = Thickness of the  layer of damping material

One fact, w hich is immediately obvious from the above formula, is th a t the 
relative thickness of the layer of damping material, (d2 / d j ) ,  plays a very im 
portant role in the resu ltant damping. In practice the ra tio  is normally chosen 
to be of the order of three to one. A lso, it can be seen tha t it is generally ad
vantageous to apply one (thick) layer of damping m ateria l rather than dividing 
the layer in tw o by using doublesided coating.

A  th ird  method of applying damping to structura l elements is the  use of 
sandwich structures, F ig .12 .31 . Several types of such constructions exist: 
The original structure may be supplied w ith  a constra ined viscoelastic layer,
i.e. the damping m ateria l is covered w ith  a thin metal sheet, F ig.12.31 a): a
th in  visco-elastic layer is placed between two equally th ick plates (adhesive
separator), Fig 12.31 b); or fina lly  use may be made of a thick visco-elastic 
layer between the tw o  plates, Fig. 1 2.31 c).

A considerable num ber of theoretica l and experim ental investigations have 
been carried out to a llow  the prediction and comparison of damping propert
ies of sandwich structures. The general results of these investigations indi
cate that, contrary to the above discussed application of mastic deadeners, 
the thickness of the  visco-elastic layer is not a factor of prime  importance. It 
seems, however, tha t the overall geometry of the construction (sym m etrical, 
unsymm etrical) is im portant, the symm etrical construction showing the  most 
favourable overall damping properties. On the o ther hand, when the th ick
ness of the visco-elastic layer is increased, the tem perature and frequency 
ranges w ith in  w h ich  optimum damping can be obtained also increases.

E 2 ;r)2

Viscoelastic

layer

:
d2

Panel — ►

E j  2 7 1 5 2 5

Fig. 12.30. Sketch illus tra ting  the use o f a s ingle visco-elastic layer to ob
ta in the required vibration damping e ffect



Thin metal sheet

Viscoelastic layer Panel ?

Panel -

a)

V iscoelastic layer 

b)

Panel - Viscoelastic layer

c)

Fig. 12 .31 . Examples o f sandw ich structures
a) Use o f a constra ined visco e lastic layer
b) Sandwich structure w ith a th in  visco-elastic layer
c) Sandwich structure w ith a th ick  visco-elastic layer

To illustrate the  general d ifference in damping obtained between a system
using single-layer mastic deadening and a sandw ich construction, some mea
sured results (Cremer and Heckl) are reproduced in F ig. 1 2 .32.

The measurement of m aterial damping properties is normally carried out by 
one of two basic measurement methods:

1 . The frequency response m ethod, and

2. The decay-rate (reverberation) method.

The practical application of the  frequency response method norm ally  con- 
s its of cutting a bar-shaped sam ple from the m ateria l to be tested, clamping

50 100 200 400 800 1600 Hz 3200 6400

Frequency, f
2 7 1 5 2 7

Fig. 12.32. Results o f loss fac to r measurements on a sandw ich structure  
w ith  a th in  visco-elastic layer, and on a plate supp lied  with  
sing le -layer m astic deadening (d2 / d 1 ~ 2,5). (A fter Crem er and 
Heckl)
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Fig. 12.33. Complete frequency response curve obtained from m easure
m ents on a sample bar dam ped at one end

the sample bar at one end, or both ends, and exciting it into bending vibra 
tions w ith  a variable frequency, sinusoidal force.

The amplitude of the response vibrations is then plotted as a func tion  of fre 
quency, see Fig. 1 2 .33 . From such a curve, at a resonance peak, the  loss fac
tor can be calculated as

r, = A fn t fn (12.14)

w here A /„ is the  bandwidth at the half power po in ts (3dB  points) and fn is 
the resonant frequency. The index n is the order of the resonance, or mode 
number. The m odulus of e lastic ity*) (Young's modulus) can be found from  the 
resonant frequency and the mechanical dimensions of the bar:

E = 4 8 n 2 Q ^ j 2 N /m 2 (12.15)

/ is the active length (m) of the bar,
h  is the th ickness in the plane of vibration (m)
p is the m aterial density (k g /m 3)
Kn depends on the  boundary conditions of the bar:

*) The m odulus of e las tic ity  found accord ing to  the  described te chn ique  actually is th e  real part of 
a com plex m odu lus of e lastic ity  (dynam ic m odu lusl. In m ost p ractica l cases, how eve r, the  d iffe r
ence between th e  m odulus of e las tic ity  found from  the fo rm u la  given here and Y oung 's  modu
lus is neglig ib le .
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both ends free or clamped:

K, = 4 ,73; K 2 = 7 ,853; K3 = 10,996

n > 3

one end free, one end clamped:

K, = 1,875; K 2 = 4 ,694 ; K3 = 7 ,855

n > 3

This measuring method is su itab le  fo r values of r j  between about 0 ,6  and
0 ,0 0 1 . When the loss factor is large it w ill be im possible to measure the am
plitude because no standing waves w ill be present, and if it is too small the 
resonance peaks w ill be too narrow  to allow the bandwidth to be measured 
w ith  reasonable accuracy.

For the second method mentioned above, i.e. the  decay rate m ethod, the 
external exciting force is tuned to a resonant frequency of the sam ple which 
w ill start a forced oscillation w ith  steady am plitude when equ ilib rium  is 
reached. If the exciting force is stopped instantly, the  vibration am plitude de
cays exponentially w ith  time. (Thus linearly w ith tim e  if plotted out logarithm i
cally.) The loss factor r j is found from

w here  D is the decay rate in d B /s  and fn is the resonant (modal) frequency. 
The modulus of e lastic ity, E, is found as described above for the frequency re
sponse method (Eqn. (12.1 5)).

In the decay rate method, the upper lim it for m easuring the loss factor de
pends on the measuring instrum ents. There is no theoretica l lower lim it.

A  type of decay-rate measurement w hich has been extensively used in the 
past, especially in the U .S.A., is the  so-called Geiger thick-plate test. The ba
sic principle of th is  test is the same as already ou tlined  for cu t-ou t sample 
bars, only that the sample in th is  case consists of a suspended plate, see 
F ig .12 .34 .

Normally decay measurements according to the Geiger test are made at 
one frequency only. As th is test has been used m ain ly in conjunction w ith  au
tom otive panels the frequency has com m only been chosen around 1 6 0  Hz.

D
(12 .16)1 =
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Fig. 12.34. M easuring arrangem ent suitable fo r use in con junction w ith the 
Geiger th ick-plate test

Fig. 12.35. Sketch show ing how  the attenuation o f progressive mechanical 
waves may be m easured

So far the decay-rate type of tests discussed have been based on the inter
ruption of a steady state normal mode (resonant) vibration, i.e. tim e decay 
measurements. Other types of decay-rate measurements are sometimes 
used: the determ ination of the decay-rate of progressive waves. This is based 
on decay-rate determ inations in space rather than in time, as described be
low. W hen a long strip of m aterial is excited in transverse vibration at one 
end, and term inated at the other end in such a w ay that practically no reflec
tion takes place. F ig .12 .35 , one-dimensional mechanical waves progress
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along the strip. The attenuation of these waves may then be used a measure 
o f the damping properties of the m ateria l strip:

7 = 2 7 ,3  (12 .17 )

w here D^ is the attenuation along the  strip  in dB per wavelength.
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APPENDICES

A PPE N D IX  A

On the Statistical Interpretation of the RMS-Value

In conjunction w ith  the brief discussion in Chapter 2, section 2 .2 , on the 
probabilistic description of random v ibration signals it m ight be of consider
able in terest to relate the concept of the signal RMS-value to th is  k ind of 
data.

The defin ition of probab ility  density  given in section 2 .2

im m ediate ly leads to the fo llow ing expression for the probab ility  of find ing  in 
stantaneous amplitude values w ith in  the  (small) am plitude interval, Ax:

, . Hm P ( x ) — P ( x + A x )
P(*) = ... ------- Ljx —>o Ax (A. 1 )

P (x ) — P (x  + Ax) = P (x ;  x  + Ax) = J  p (x )d x

W hen x is a function of tim e as indicated in Fig .A. 1, then

f x +  Ax
P (x ; x  + Ax) =

X

Defin ing now the sta tistica l quantity

OC

x 2 p (x )d x
X

(A .2)

th is  may be expressed as follows.

f *  Hm x
(T2 = x 2 p  (x) dx — Yj X2 P {x , x  + Ax)

J — oc A x * 0  —oo

(A .3)
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Fig.A. 1. Example o f a sta tionary random tim e function (vibration)

Fig.A. 2. Illustra tion  o f the re la tionsh ip  between the instantaneous magnitude 
values in a Gaussian random vibration s igna l and the Gaussian prob
ab ility  density curve

( j 2 is, in the literature on statistics, com m only termed variance  and the 
square-root of the variance is called the standard deviation, a . However, 
when the statistical phenomenon being studied is a stationary tim e-function 
as shown in Fig.A. 1, then
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(A. 4)

w h ich  is nothing but the expression used in engineering dynamics for the  s ig
nal RMS-value. Thus, besides being related to the pow er involved in the pro
cess, the RMS-value is also directly related to the process statistics. This may 
be best appreciated by considering the  fact that most probability density 
curves are expressed in term s of standard deviations (RMS-deviations), see 
also F ig.2 .9 .

Finally, F ig.A .2 illus tra tes the re lationship between the  instantaneous am 
plitude values in a Gaussian random vibration signal and the  Gaussian proba
b ility  density curve.

Response Versus Excitation Characteristics for Linear Single Degree-of- 
Freedom Systems

In Chapter 3, section 3 .1 , the d iffe ren tia l equation of m otion for a force-ex
cited, linear, single degree-of-freedom system was form ulated (see also 
F ig.3.1 b) and Fig.B.1 a) below):

By Fourier transform ation it was show n, furtherm ore, tha t the displace
m ent response, x, of the  mass, m , to a sinusoidal exciting force can be w r it 
ten:

A PPEN D IX  B

x  = H  (f) F0e i2nft (B. 1)

w here  H(f) was term ed the  complex frequency response function.

H ( f )  =
7

(B.2)

330



Fig.B. 1. Models o f a single degree-of-freedom system
a) System excited by a force acting upon the mass
b) System excited by m o tion  o f the foundation

from w hich

l« ( 0 l / Q 2 V o

(B.3)

d>(f) = tan 1
1

Q \ j
(B.4)

where \FI(f)\ is the absolute value of the  displacement frequency response 
function and cp(f) is the phase lag between the displacement of the mass, m , 
and the exciting force.

By u tiliz ing  the relationships

dx
v(t) = dt

a(t) =
d 2x
W

the velocity and acceleration frequency response functions can be readily 
found. The results are given in the firs t tab le and the corresponding functions 
are graphically illustrated in Fig.B.2.

If the excitation of the system is not a force, but a m otion o f the foundation  
Fig.B. 1 b) a large number of response versus excitation functions can be fo r
mulated. The response of interest may, fo r instance, be the  absolute motion 
of the mass, m , or it may be the relative motion between the mass and the- 
foundation (the loading on the spring element).
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Fig.B.2. Curves show ing the  displacement, velocity and acceleration re 
sponse o f a force-excited single degree-of-freedom system. Note tha t 
the curves for velocity and acceleration response can be found s im 
p ly  by adding respectively 6 and  12 dB/octave to the  displacement 
response

Force-excited, linear, single degree-of-freedom system

Response quantity Frequency response function

Displacement of mass, m, 
Fig. B. 1a)

H A f)  = -  
k Hrl

Velocity of mass, m, 
Fig. B. 1a)

/ A —' V v /
k K r : *  Ur)

Acceleration of mass, m, 
Fig. B. 1a)

-  4 n 2f 2
' 'a y >

k ' - ( 0 ] * b(f)
8 0 0 12 9
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Response versus excitation functions fo r the absolute m otion  of the mass 
are tabulated in the second table.

Response 
Quantity, 
Fig.B. 1 b)

Excitation Q uantity  Fig.B. 1b)

Displacement V e locity Acceleration

Displacement 
x  ft) \H ( f) \ -  % = 2 n fD 2 |WW| -  J p D ,

Velocity 
vx (t) \H (f)\ = lH W l *  2 M ,

Acceleration
\H {f)\ -  4 n l 2D' \ m n \  = ^ L !« ( / ) !  -

where

and

S im ilarly  respi 
tween  the mass

8 0 0 1 3 0

e re la tive  motion be- 
th ird  table:

jnse versus excitation func tions  for th 
and the foundation are tabu la ted in the

Response 
Quantity, 
Fig.B. 1b)

Excitation Q uantity  Fig.B. 1b)

Displacement,
x 0 (t)

Velocity , 

vxo ^

Acceleration,

axo M

Relative 
Displacement 
x (t)  -  x 0 (t)

\H {f)\ -  f L
' 0 2 lH W l '  2 , / k |WOTl -  J t i o ,

Relative 
Velocity 
vx M  -  Vxo (t)

\H (f)\ =
0 2

\H { f ) \  -  f L
J 0 U 2 '  2 , 'H D 2

Relative
Acceleration

aJ t ) ~ ax o (^
\H {f)\ =

0 2 '0 2
\H ( f) \  -  [  

J 0 U 2

800131

where D2 has the same meaning as before.

3 3 3



By studying the three tables it is readily noticed that when one of the de
sired response versus excitation functions, \H (/)|, has been formulated the 
other follows immediately by manipulating with the quantity 2 nf, see also 
the curves, Fig.B.2. That th is  must be so fo llow s  immediately from  the m athe
matical re lationships between the displacement, velocity and acceleration.*)

A PPEND IX C

On the Wave-Shape Distortion in Non-Linear Mechanical Systems

W hile a linear resonance system may act as a signal "w ave filte r"  sup
pressing possible harm onic d istortion a non-linear resonance system actually 
produces waveform distortion. The degree o f distortion depends on the type 
of non-linearity and upon the excitation of the  system.

As a firs t example consider a non-linear, single degree-of-freedom system 
of the hardening spring type, Fig.C.1 (see also Chapter 3, section 3.2). A s 
sume fu rthe r that the foundation of the system moves sinusoidally at a fre 
quency close to the system resonance. The waveform of the  displacement o f
the mass may then look as shown in Fig.C.2 a).

2 7 1 5 4 6

Fig.C.1. Model of a single degree-of-freedom system containing a non-linear 
spring element

---------------------- D<
*) For the  specia l case | W(/)l = = — , see also F ig .1 2 .2  of the  text.

2
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Fig.C.2. Typical resonance wave shapes fo r the m otion o f the mass in  a 
single degree-of-freedom system conta in ing a hardening spring type 
stiffness element
a) D isplacement
b) Velocity
c) Acceleration

By d ifferentia tion of the displacement signal w ith  respect to tim e  one finds 
tha t the corresponding velocity of the mass w ill have a wave-shape as ind i
cated in Fig.C.2 b). Finally, a second d ifferentia tion yields the acceleration 
wave-shape shown in Fig.C.2 c).

Fig. C. 3. S im ila r to Fig. C. 2, the stiffness elem ent in  th is case being o f the sof
ten ing spring type
a) D isplacement
b) Velocity
c) Acceleration
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As a second example of non-linear resonance d is to rtion , assume tha t the 
system , F ig.C.1, is of the softening spring type. Under the same excitation 
conditions as stated above the m otion of the mass then produces w ave
shapes as shown in Fig.C.3. A lthough the wave-shape distortion is here not 
nearly as heavy as in the  hardening spring case it can be clearly noticed.

Fig.C.4. Model of a two degree-of-freedom system containing one non-linear 
stiffness element of the hardening spring type

□ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □ □  
Bm.1 8, C,OK Brti«l 4 K|<w Bftid&Klw

Fig C. 5. Frequency response curves for the motion of the second mass in the 
system sketched in Fig.C.4. Curves are shown for different levels of 
excitation of the foundation
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Wave-shape d is tortion w ill also be produced when the  non-linearity is s itu 
ated in the damping elem ent of the system . It seems, however, that the m ost 
pronounced d istortion effects are p roduced by the harden ing  spring type reso 
nant non-linearities. This is important to remember as the  use of hardening 
springs in practice is not at all uncomm on (Chapter 12, section 12.1).

Before closing th is  b rie f discussion on waveform d isto rtions in m echanical 
systems it should be mentioned that non-linearities in one or more e lem ents 
in a m ulti degree-of-freedom system may cause many "unexpected" e ffects 
in the response. As an example of such effects the response of the second 
mass in a tw o degree-of-freedom system , Fig.C.4, to a sweeping sinusoidal 
excitation of the foundation is illustra ted in Fig.C.5. The sweep was here ca r
ried out w ith  increasing frequency and both the change in wave-shape and 
the " ju m p ”  phenomenon, described in section 3.2, are demonstrated.

A PP E N D IX  D

Connection Between the Fourier Spectrum  of a Shock Pulse and the Resid
ual Shock Spectrum

To demonstrate the  relationship betw een the Fourier spectrum of a shock 
pulse and the undamped residual shock spectrum consider the fo llow ing.

Fig.D. 1. Example o f a shock excitation waveform illu s tra tin g  the p rinc ip le  o f 
superposition in the time dom ain
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Fig.D.1 show s an arbitrary acceleration shock amplitude as a function of 
tim e.

Assuming a linear resonance system, its response to such a shock can be 
calculated as the  superposition of the responses to a number o f step func
tions approxim ating the shock pulse.

The change in excitation velocity  per step is

Av  = a (x) Ax

where a ( r ) is the  value of the  acceleration excita tion at time r  and A t  is the 
w id th  of the step.

The partial ve locity response at some time t a fte r the step has occurred is

A vr = h ( t — T )a (r) Ax

where h(t — r)  is the velocity response to a u n it velocity step. The total re
sponse at a tim e  t after the shock has occurred is then

vR = L h ( t -  x )a {x )A x

Letting the w id th  of the steps. A t, approach zero, the sum tu rn s  into an in 
tegral

|-r
vR = I h ( t— x) a ( t )  dx  (D.1)

‘  —  X

Now, the ve locity response to a unit velocity step can be found  by solving 
the linear d iffe ren tia l equation fo r the system under consideration (single de- 
gree-of-freedom, undamped system), utilizing the  boundary conditions given 
by the unit ve loc ity  step. The so lu tion  is simply:

h(t- x) = 1 -  cos[2nf(t- r)]

thus:

I't
v r =  V  — cos{2nf(t— x)}]a(x)dx

.  —  X

f f I7a(x)dx—\ cos{2nf(t—x))a(x)dx
X  J -  X

r t
= a(x) cos\2 nf ( t -  x) }dx
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Letting f —•« (residual spectrum) then v(t) = Const, (see Fig.D.1) and

vR = — | a ( r )  cos \2 n f ( t— z ) \d z  + const (D.2)

This is also the  expression fo r the  Fourier spectrum  of the acceleration
shock pulse except fo r the phase (see Chapter 2, section 2.3). Thus

M a x vR = \Fa(f)\ (D.3)

For each frequency component in the response "spec trum " the relationship 
aR = 2 n fv R is valid, whereby

Sa(f)  = 2 n f\F a(f)\ (D.4)

A PPEND IX E

Electronic Integration of Accelerometer Output Signals

It was stated in Chapter 6, section 6.1, that it does not norm ally matter 
w h ich  of the three quantities acceleration, velocity or displacement is actually 
measured in an experimental vibration study, because they are all interre
lated by simple d iffe ren tia ting  and integrating operations. It was furtherm ore 
mentioned that these operations can be readily performed e lectronically on 
the output signal from the transducer.

There are, however, certain practical restrictions imposed upon these state
ments.

Firstly, as w ill be obvious from the  succeeding description of e lectron ic inte
gration, th is cannot include zero frequency (D C), and a certain lo w  frequency 
does therefore always exist in practice below w h ich  no in tegration takes 
place. S im ilarly, electronic d iffe ren tia to rs must exh ib it a certain upper fre
quency lim it.

Secondly, e lectronic d iffe ren tia to rs are very sensitive to high frequency 
noise, and to the  high frequency performance of the  transducer used for the 
actual measurement.

Due to the preference given today to acceleration sensitive transducers 
only the problem of electronic in tegra tion  is considered in detail in the  fo llow 
ing.
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If an arbitrary Fourier component, a = A0e i 2 nft , o f an acceleration signal 
spectrum is integrated the result w ill be the corresponding Fourier compo
nent of the corresponding velocity signal spectrum:

v = I a d t  = I A 0e i2nft d t = ei2nft = V0e<2nfl 
J J j Z n t

Thus:

K) j 2 n f
(E.1)

S im ilarly, a second integration of the  acceleration signal com ponent yields 
the  displacement signal component:

x = 11 a d td t = I v d t = I V0e i2n,'d t  = ~^~—ei2n,t = — e i2nft =  X 0e i2n,t
J J  J J J 2 n f  ( 2 n f ) 2

Thus:

Y -  K> _  ^ 0  / c  O)
X° j2n f  (.2nf)2

Note that for the continuous sinusoidal components assumed above, the 
constants of in tegration have been assumed to be zero. This assum ption is 
not valid for transient signals w h ich  are discussed later.

Now, if the output signal from  an accelerometer (or rather accelerom eter + 
pream plifier), ea , is fed to an e lectron ic circuit of the  type shown in Fig.E.1, 
the voltage across the  capacitor C, i.e. the circuit ou tpu t voltage, ec , is:

7
e.

j2 n fR C a

Thus when 2n fR C  »  1 then

RC j2 n f  (E 3)

By comparing the expressions (E.1) and (E.3) it is readily seen th a t when 
ea represents a particu la r acceleration signal com ponent then ec m ust repres
ent the corresponding velocity signal component, i.e. an e lectronic in tegra
tion  has taken place in  the ne tw ork, Fig.E.1. (The m ultip lying factor 1/RC  is 
taken care of in the internal ca libra tion of the integrator).
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Fig.E. 1. Typical e lectrica l in tegration netw ork o f the simple RC-type 

The absolute value of the expression

k 7
7 + j2 n fR C

(E.4)

is plotted in F ig.E .2 and demonstrates clearly the  meaning of the condition 
2-rrfRC »  1 stated above. It also illustrates the fact tha t a certain low  fre 
quency lim it, fL, exists below w h ich  no in tegration takes place. Between fL 
and fT , i.e. in the  frequency region around fn = 1 /(2  ttRC), the signal is only 
"p a rtly " integrated.

ec 1

ea 1 + j2 n fR CFig.E.2. Graphical illus tra tion  o f the function

ind icating the frequency region where true  integration o f the input 
signal, ea , takes place

341



The low frequency lim it for " t ru e "  integration, fT, is in the in tegrators pro
duced by Briiel & Kjær taken to be the frequency at which an in tegra tion  er
ror of 1 ,5dB  (=15% ) exists. To ensure true integration of the signal it must 
therefore not contain frequencies below  f j .

If frequency components lower than f T exist in the signal to be integrated 
the  problem can sometimes be solved by the use of magnetic tape recording 
and tape speed transform ations.

As mentioned previously, the above discussion does not apply fu lly  to the 
integration of transients.

As an illustra tion of general princip les, the example w ill be taken of a 
single "period" sine pulse as the acceleration signal w hich is to be integrated 
to both velocity and displacement.

Fig.E.3 a) illustra tes the transien t w h ich  may be described by the form ula:

a (t) = A 0 sin ( 2 7i f t ) , 0 < t < T ,  f  = f

= 0,  o therw ise  

The corresponding velocity signal is obtained as fo llow s by integration:

v ( t)  = |a ( f ) c f r=  A 0 sin (2 n fx )d x

— ~ -^ c o s  (2 n fx )
'0 = 1 7 f [ - cos ( 2 H (E.6)

fo r 0 <  t <  T

i.e. a raised cosine because of the  constant of in tegration. This is illustra ted 
in Fig.E.3.b).

Thus, the peak value is 2A 0 / 2 n f  w h ich is tw ice  tha t obtained fo r a con tin 
uous signal in Equation (E.1).

Continuing in the same way the displacement may be obtained by a fu rthe r 
integration:
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a) Acceleration:

a(t) = A 0 sin 27rft; f  = *~r 

fo r 0 < t  <  T

a(t) = 0 t < 0  , t  >  T

a(t) ; 

A

V /  ■
b) Velocity:

i
v(t)

k 2A

A .

v (t) = — —  (1 -  cos 27rft) 
27rf

i.e. raised cosine

T t

c) Displacement:

X  (t) ' .  A 0T ---------------

2nf X , /
x(t) = (t -  — si n 27rft) 

2ttt 2irf

i.e. — sine on linear slope

T  t
8 0 0 465

Fig.E.3, Integration o f an acceleration pulse to velocity and  displacement

1 — cos (2 n fx ) d r

2 n f
x — -r̂ —.sin (2 n fx )

2 n f t -  ~2^fsm  (^ n f t) (£ 7 )

w hich is a negative sine superimposed on a linear slope as depicted in 
Fig.E.3.c).

Fig.E.4 shows the resu lts  of some actual measurements made w ith the in 
tegrator Type ZR 0 0 2 0  w ith  single period sine pulses of 10  ms (100 Hz) and 
1 ms (1 kHz) duration respectively, w here  the main frequency in the pulse is 
respectively a factor of 10 and 100 above the nominal cu t-o ff frequency of 
the integrator. The resu lts are normalised so as to com pare directly w ith  the 
theoretical result in each case. It is seen that both resu lts  for peak velocity 
are acceptable (max. e rro r 8% for the 10  ms pulse), bu t tha t the 16% error 
on double integration of the 10 ms pulse may not be acceptable. It is empha-
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Fig.E.4. P ractica l in tegration o f 2 different leng th  acceleration pu lses to veloc
ity  and  displacement us ing  the same in tegration cu to ff frequency

Fig.E.5. Ideal and practica l im pulse responses fo r an in teg ra to r w ith single 
and double in tegration
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sized tha t it is only m eaningfu l to ta lk of peak displacem ent when the "D C " 
component of the acceleration transient is zero, so tha t the  fina l velocity is 
zero.

It can be seen tha t the  problem is very sim ilar to tha t discussed in Section 
7 .3 .3  in relation to the  exponential averaging (RC integration) of impulses, 
and th is  gives a guide to the way in w hich the error can be estimated. The ac
tual impulse response of the integrator can be compared w ith  those for ideal 
single and double in tegrators (Fig.E.5), and the deviation estimated fo r the 
tim e delay of the measured peak value. Assum ing a un ifo rm  (or at least sym 
metrical) energy d is tribu tion  along the transient, the erro r w ould be approxi
mately half th is deviation. This procedure w ould only be valid  where the m axi
mum velocity (or displacement) comes after the firs t lobe of the acceleration 
(or velocity) impulse, and where the deviation is small.

On the Use of Decibels

Modern day engineering requires tha t accurate measurements are made 
over w ide dynamic ranges.

W hen the dynamic range considered covers more than one or two decades 
the graphical presentation of the measured results on linear scales often be
comes impractical. The m ajor reason for th is  is that the accuracy of the graph 
near the zero axis becomes extremely d ifficu lt to in terpret. A commonly used 
solution to the problem is then to present the data in te rm s of logarithm ic  
scales. One such logarithm ic scale w h ich  is becoming increasingly popular in 
various fields of engineering is the decibel (dB) scale. A lthough the decibel 
scale orig inates from transm ission line theory and telephone engineering it is 
at present w idely used not only in the general field of e lectronic engineering 
but also in the fields of sound and vibration engineering.

The orig inal defin ition of the decibel is based on pow er ratios:

where W0 is a reference power. However, as the power measured across a 
certain impedance is related to the square of the force acting upon this im ped
ance, Z, a more com m only used defin ition is

A PPEND IX  F

(F. 1)
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dB  = 7 0 /o ^ 10( ^ | ) =  2 0  log ,

Actually, as long as the m easurem ents are re la ted to one and  the same im 
pedance the decibel-notation in  the form 2 0  log w  (X /X 0 ) m ay be used as a 
convenient re lative m agnitude scale for a variety o f quantities, not only fo r
ces. X  may, fo r instance, be an RMS displacement, a velocity or an accelera
tion. X0 , however, must a lways be a reference quantity of the  same type as 
X. That is w hen X  represents a displacement then X0 represents a reference 
displacement, and when X  represents an acceleration then X0 represents a 
reference acceleration.

A useful application of the  decibel scale is evident in the frequency analy
sis of mechanical vibrations where large changes in am plitudes occur at re
sonance. The use of decibels (dB) compresses a range of displacem ent or ac
celeration magnitudes of 1 : 100 0  to 0 - 6 0  dB, at the same tim e attaining 
constant re lative accuracy in the graphical presentation. A  fu rthe r conse
quence tha t arises from the decibel scale is tha t m ultip licative factors become 
additive term s in the ir logarithm ic equivalents.

Also, w hen the ratio X /X 0 is smaller than 1 ,0  the logarithm  to the base 
ten of the ratio , and thus the  decibel value, becomes negative. In the table 
given below only ratios X /X 0 larger than un ity  have been considered. The 
same table can, however, also be used in cases where X /X 0 is smaller than 
unity rem embering that

20 /w , 0( ^ ) - 2 0 to s , 0( ^ ) - - 2 0 / w , 0§ )

i.e. by find ing  the decibel value for the inverse ratio (X0/X )  and assigning to 
it a negative value.

Example

Find the num ber o f dB corresponding to:

where F and Fa are the RMS (root mean square) values of the forces.

As X /X Q is smaller than one it is necessary to calculate the inverse ratio:
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From the table the corresponding decibel value is found to be 6,021 dB, 
and because of the inverting operation the actual decibel value is — 6,021 .

To find X /X 0 when the decibel value is g iven, the nearest dB-value is 
sought in the table and the corresponding ratio read off the le ft hand and top 
columns.

Examples

a) Find the ra tio  corresponding to 3 ,5  dB.
From the table it is seen tha t the nearest dB-value tabulated is 3 ,5 2 2 , 
corresponding to a ratio of 1 ,5.

b) Find the ra tio  corresponding to — 3 dB.
The nearest dB-value given in the table is 2 ,9 8 4  corresponding to a ratio 
of 1 ,41. However, as the dB-value stated above has a negative sign it is 
necessary to invert the ratio  1 ,41, i.e. — 3 dB corresponds to a ratio of

W hen the ratio  is > 1 0  it may be possible to  use Table F.2 directly, or in 
fact Table F.1 may be used if the ratio is divided by 10 a su ffic ien t number of 
tim es to bring it into the range 1 — 10. To the result for th is  factor is added 
20  dB for each factor 1 0 by w h ich  the original ratio  was divided.

Examples

a) Find the num ber o f dB corresponding to:

Y- = 3 2 ' 5Ao

Either: from Table F.2 the dB value is approx.

30.103 + 30.370 = 30  2 3 7  dB
2

or: 32 ,5  = 3 ,2 5  * 10 and from  Table F.1 the dB value for 3 ,2 5  = 10 ,238  
/ .  for 32 ,5  it equals 1 0 ,2 3 8  + 20  dB = 3 0 ,2 3 8  dB.

b) Find the ra tio  corresponding to 68  dB.

68 = 8 + (3 x 20)

Ratio = 2,51 x 103

Since ratio 2,51 in Table F.1 gives 7 ,993  dB (= 8 ).
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Table F. 7. Table o f (Amplitude) Ratio-to-Decibe! Conversion

( i r ) .00 .01 .02 .03 .04 .05 .06 .07 .08 .09

1.0 .000 .086 .172 .257 .341 .424 .506 .588 .668 .749
1.1 .828 .906 .984 1.062 1.138 1.214 1.289 1.364 1.438 1.511
1.2 1.584 1.656 1.727 1.798 1.868 1.938 2.007 2.076 2.144 2.212
1.3 2.279 2.345 2.411 2.477 2.542 2.607 2.671 2.734 2.798 2.860
1.4 2.923 2.984 3.046 3.107 3.167 3.227 3.287 3.346 3.405 3.464

1.5 3.522 3.580 3.637 3.694 3.750 3.807 3.862 3.918 3.973 4.028
1.6 4.082 4.137 4.190 4.244 4.297 4.350 4.402 4.454 4.506 4.558
1.7 4.609 4.660 4.711 4.761 4.811 4.861 4.910 4.959 5.008 5.057
1.8 5.105 5.154 5.201 5.249 5.296 5.343 5.390 5.437 5.483 5.529
1.9 5.575 5.621 5.666 5.711 5.756 5.801 5.845 5.889 5.933 5.977

2.0 6.021 6.064 6.107 6.150 6.193 6.235 6.277 6.319 6.361 6.403
2.1 6.444 6.486 6.527 6.568 6.608 6.649 6.689 6.729 6.769 6.809
2.2 6.848 6.888 6.927 6.966 7.008 7.044 7.082 7.121 7.159 7.197
2.3 7.235 7.272 7.310 7.347 7.384 7.421 7.458 7.495 7.532 7.568
2.4 7.604 7.640 7.676 7.712 7.748 7.783 7.819 7.854 7.889 7.924

2.5 7.959 7.993 8.028 8.062 8.097 8.131 8.165 8.199 8.232 8.266
2.6 8.299 8.333 8.366 8.399 8.432 8.465 8.498 8.530 8.563 8.595
2.7 8.627 8.659 8.691 8.723 8.755 8.787 8.818 8.850 8.881 8.912
2.8 8.943 8.974 9.005 9.036 9.066 9.097 9.127 9.158 9.188 9.218
2.9 9.248 9.278 9.308 9.337 9.367 9.396 9.426 9.455 9.484 9.513

3.0 9.542 9.571 9.600 9.629 9.657 9.686 9.714 9.743 9.771 9.799
3.1 9.827 9.855 9.883 9.911 9.939 9.966 9.994 10.021 10.049 10.076
3.2 10.103 10.130 10.157 10.184 10.211 10.238 10.264 10.291 10.317 10.344
3.3 10.370 10.397 10.423 10.449 10.475 10.501 10.527 10.553 10.578 10.604
3.4 10.630 10.655 10.681 10.706 10.731 10.756 10.782 10.807 10.832 10.857

3.5 10.881 10.906 10.931 10.955 10.980 11.005 11.029 11.053 11.078 11.102
3.6 11.126 11.150 11.174 11.198 11.222 11.246 11.270 11.293 11.317 11.341
3.7 11.364 11.387 11.411 11.434 11.457 11.481 11.504 11.527 11.550 11.573
3.8 11.596 11.618 11.641 11.664 11.687 11.709 11.732 11.754 11.777 11.799
3.9 11.821 11.844 11.866 11.888 11.910 11.932 11.954 11.976 11.998 12.019

4.0 12.041 12.063 12.085 12.106 12.128 12.149 12.171 12.192 12.213 12.234
4.1 12.256 12.277 12.298 12.319 12.340 12.361 12.382 12.403 12.424 12.444
4.2 12.465 12.486 12.506 12.527 12.547 12.568 12.588 12.609 12.629 12.649
4.3 12.669 12.690 12.710 12.730 12.750 12.770 12.790 12.810 12.829 12.849
4.4 12.869 12.889 12.908 12.928 12.948 12.967 12.987 13.006 13.026 13.045

4.5 13.064 13.084 13.103 13.122 13.141 13.160 13.179 13.198 13.217 13.236
4.6 13.255 13.274 13.293 13.312 13.330 13.349 13.368 13.386 13.405 13.423
4.7 13.442 13.460 13.479 13.497 13.516 13.534 13.552 13.570 13.589 13.607
4.8 13.625 13.643 13 661 13.679 13.697 13.715 13.733 13.751 13.768 13.786
4.9 13.804 13.822 13.839 13.857 13.875 13.892 13.910 13.927 13.945 13.962

5.0 13.979 13.997 14.014 14.031 14.049 14.066 14.083 14.100 14.117 14.134
5.1 14.151 14.168 14.185 14.202 14.219 14.236 14.253 14.270 14.287 14.303
5.2 14.320 14.337 14.553 14.370 14.387 14.403 14.420 14.436 14.453 14.469
5.3 14.486 14.502 14.518 14.535 14.551 14.567 14.583 14.599 14.616 14.632
5.4 14.648 i 14.664 14.680 14.696 14.712 14.728 14.744 14.760 14.776 14.791

5.5 14.807 14.823 14.839 14.855 14.870 14.886 14.902 14.917 14.933 14.948
5.6 14.964 14.979 14.995 15.010 15.026 15.041 15.056 15.072 15.087 15.102
5.7 15.117 15.133 15.148 15.163 15.178 15.193 15.208 15.224 15.239 15.254
5.8 15.269 15.284 15.298 15.313 15.328 15.343 15.358 15.373 15.388 15.402
5.9 15.417 15.432 15.446 15.461 15.476 15.490 15.505 15.519 15.534 15.549

6.0 15.563 15.577 15.592 15.606 15.621 15.635 15.649 15.664 15.678 15.692
6.1 15.707 15.721 15.735 15.749 15.763 15.778 15.792 15.806 15.820 15.834
6.2 15.848 15.862 15.876 15.890 15.904 15.918 15.931 15.945 15.959 15.973
6.3 15.987 16.001 16.014 16.028 16.042 16.055 16.069 16.083 16.096 16.110
6.4 16.124 16.137 16.151 16.164 16.178 16.191 16.205 16.218 16.232 16.245
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Table F. 1. (continued)

Ratio

( — ) 
V xo 1

.00 .01 .02 .03 .04 .05 .06 .07 .08 .09

6.5 16.258 16.272 16.285 16.298 16.312 16.325 16.338 16.351 16.365 16.378
6.6 16.391 16.404 16.417 16.430 16.443 16.456 16.469 16.483 16.496 16.509
6.7 16.521 16.534 16.547 16.560 16.573 16.586 16.599 16.612 16.625 16.637

6.8 16.650 16.663 16.676 16.688 16.701 16.714 16.726 16.739 16.752 16.764
6.9 16.777 16.790 16.802 16.815 16.827 16.840 16.852 16.865 16.877 16.890

7.0 16.902 16.914 16.927 16.939 16.951 16.964 16.976 16.988 17.001 17.013
7.1 17.025 17.037 17.050 17.062 17.074 17.086 17.098 17.110 17.122 17.135
7.2 17.147 17.159 17.171 17.183 17.195 17.207 17.219 17.231 17.243 17.255
7.3 17.266 17.278 17.290 17.302 17.314 17.326 17.338 17.349 17.361 17.373
7.4 17.385 17.396 17.408 17.420 17.431 17.443 17.455 17.466 17.478 17.490

7.5 17.501 17.513 17.524 17.536 17.547 17.559 17.570 17.582 17.593 17.605
7.6 17.616 17.628 17.639 17.650 17.662 17.673 17.685 17.696 17.707 17.719
7.7 17.730 17.741 17.752 17.764 17.775 17.786 17.797 17.808 17.820 17.831
7.8 17.842 17.853 17.864 17.875 17.886 17.897 17.908 17.919 17.931 17.942
7.9 17.953 17.964 17.975 17.985 17.996 18.007 18.018 18.029 18.040 18.051

8.0 18.062 18.073 18.083 18.094 18.105 18.116 18.127 18.137 18.148 18.159
8.1 18.170 18.180 18.191 18.202 18.212 18.223 18.234 18.244 18.255 18.266
8.2 18.276 18.287 18.297 18.308 18.319 18.329 18.340 18.350 18.361 18.371
8.3 18.382 18.392 18.402 18.413 18.423 18.434 18.444 18.455 18.465 18.475
8.4 18.486 18.496 18.506 18.517 18.527 18.537 18.547 18.558 18.568 18.578

8.5 18.588 18.599 18.609 18.619 18.629 18.639 18.649 18.660 18.670 18.680
8.6 18.690 18.700 18.710 18.720 18.730 18.740 18.750 18.760 18.770 18.780
8.7 18.790 18.800 18.810 18.820 18.830 18.840 18.850 18.860 18.870 18.880
8 8 18.890 18.900 18.909 18.919 18.929 18.939 18.949 18.958 18.968 18.978
8.9 18.988 18.998 19.007 19.017 19.027 19.036 19.046 19.056 19.066 19.075

9.0 19.085 19.094 19.104 19.114 19.123 19.133 19.143 19.152 19.162 19.171
9.1 19.181 19.190 19.200 19.209 19.219 19.228 19.238 19.247 19.257 19.266
9.2 19.276 19.285 19.295 19.304 19.313 19.323 19.332 19.342 19.351 19.360
9.3 19.370 19.379 19.388 19.398 19.407 19.416 19.426 19.435 19.444 19.453
9.4 19.463 19.472 19.481 19.490 19.499 19.509 19.518 19.527 19.536 19.545

9.5 19.554 19.564 19.573 19.582 19.591 19.600 19.609 19.618 19.627 19.636
9.6 19.645 19.654 19.664 19.673 19.682 19.691 19.700 19.709 19.718 19.726
9.7 19.735 19.744 19.753 19.762 19.771 19.780 19.789 19.798 19.807 19.816
9.8 19.825 19.833 19.842 19.851 19.860 19.869 19.878 19.886 19.895 19.904
9.9 19.913 19.921 19.930 19.939 19.948 19.956 19.965 19.974 19.983 19.991

Ratio

(=■)
0 1 2 3 4 5 6 7 8 9

10 20.000 20.828 21.584 22.279 22.923 23.522 24.082 24.609 25.105 25.575
20 26.021 26.444 26.848 27.235 27.604 27.959 28.299 28.627 28.943 29.248
30 29.542 29.827 30.103 30.370 30.630 30.881 31.126 31.364 31.596 31.821
40 32.041 32.256 32.465 32.669 32.869 33.064 33.255 33.442 33.625 33.804

50 33.979 34.151 34.320 34.486 34.648 34.807 34.964 35.117 35.269 35.417
60 35.563 35.707 35.848 35.987 36.124 36.258 36.391 36.521 36.650 36.777
70 36.902 37.025 37.147 37.266 37.385 37.501 37.616 37.730 37.842 37.953
80 38.062 38.170 38.276 38.382 38.486 38.588 38.690 33.790 38.890 38.988
90 39.085 39.181 39.276 39.370 39.463 39.554 39.645 39.735 39.825 39.913

100 40.000 - - - - - - - - -

Table F.2. Am plitude Ratios > 10
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A P PEN D IX  G

C O N VER SIO N  C HA RTS, TABLES etc. 

Conversion of Length

m cm mm ft in

1 100 1000 3,281 39,37

0,01 1 10 0,0328 0,3937

0,001 0,1 1 0,00328 0,03937

0,3048 30,48 304,8 1 12

0,0254 2,54 25,4 0,0833 1
800184

Conversion of Velocity

m/s km/h ft/m in mile/h

1 3,6 196,85 2,2369

0,2778 1 54,68 0,6214

5,08 x 10“ 3 1,829 x 10“ 2 1 1,136 x 10“ 2

0,4470 1,6093 88 1

8 00185

Conversion of Acceleration

9 m/s2 cm / s2 f t / s 2 in /s2

1 9,81 981 32,2 386

0,102 1 100 3,281 39,37

0,00102 0,01 1 0,0328 0,3937

0,03109 0,3048 30,48 1 12

0,00259 0,0254 2,54 0,0833 1
800186

3 5 0



Conversion of Area

m2 cm 2 f t 2 in 2 y d 2

1
10“ 4
9,29 x 1 0 -2 
6,452 x 10“ 4 
0,8361

104
1

929
6,452

8361

10,764 
1,0764 x 1CT3 
1
6,944 x 10“ 3 
9

1550
0,1550

144
1

1296

1,196
0,0011
0,1111
0,0008
1

8 0 0 18 7

Conversion of Volume

m3 I = (dm)3 f t 3 gal (UK) gal (US) yd 3

1
10“ 3
2,8317 x 10“ 2 
4,546 x 1 0 "3 
3,785 x 1 0 -3 
0,7646

103
1
28,317
4,546
3,785
764,56

35,315
0,035315
1
0,1605
0,13368
27

219,98
0,21998
6,2290
1
0,8326
168,16

264,28
0,26428
7,4805
1,2011
1
201,97

1,308
0,0013
0,0370
0,0059
0,0050
1

80 0 182

Conversion of Mass

kg tekma g lb oz

1
9,807
1 0 - 3
0,45359 
2,835 x 1 0 -2

0,102
1
1 ,0 2 x 10“ 4 
4 ,6 2 5 x 10-2 
2,8908 x 10~3

1000
9807
1
453,59
28,35

2,2046 
21,6205 
2,205 x 1 0 " 3 
1
6,25 x IQ “ 2

35,274
345,93
3,527 x 10“ 2 
16 
1

80 0 18 3

Conversion of Specific Mass (density)

kg/m 3 lb / f t3

1 6 ,2 4 3 x 10-2
16,0185 1

8 0 0 18 1
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Conversion of Force

Conversion of Pressure

Pa mbar mm H 2 0 atm in W G Ibf/in2

1
100
9,807
1,013 x 105
249,10
6908,9

1 0 -2
1
9,807 x 10-2 
1013 
2,491 
69,089

0,102
10,917
1
1,0332 x 104
25,4
704,49

9.869 x IO“ 6
9.869 x 10-4  
9,678 x 1 0 -5  
1
2,453 x 10“ 3 
6,805 x 10~2

4,02 x 10-3 
0,402
3,937 x 10-2 
406,77 
1
27,736

1.4504 x 1 0 -4
1.4504 x 10-2
1,4223 x 10-3 
14,696 
3 ,605 x 1 0 -2 
1

800630

Conversion of W ork, Energy and Heat

J  = Ws kWh kpm kcal Btu ft Ibf

1
3,6 x 106
9,807
4187
1,055
1,3558

2 ,778  x IO -7 
1
2,7241 x 1 0 "6 
1,163 x 103 
2,93 x 104 
3,766 x 1 0 -7

0,1020 
3,6710 x 105 
1
427
107,59
0,1383

2,39 x 1 0 -4 
860
2,3423 x 10 -3  
1
0,25198 
3,239 x 10“ 4

9,48 x 10 "4 
3413
9,2949 x 10-3 
3,9685 
1
1,285 x IO "3

0,7376 
2,655 x  106 
7 ,233 
3087,4 
777,97 
1

800629

Conversion of Power

kW kpm/s hk kcal/h f t  Ibf/s hp

1 102 1,36 860 738 1,34

9,81 x 10-3 1 1,33 x 10 -2 8,44 7,23 1,32 x 10-2

0,735 75 1 632 542 0,986

1,16 x 10-3 0,119 1,58 x 10 -3 1 0,858 1,56 x IO "3

1,36 0,138 1,84 x IO“ 3 1,17 1 1,82 x 10-3

0,745 76 1,014 642 550 1

2,93 x 1 0 -4 2,99 x 10-2 3,99 x 1 0 -4 0,252 0,216 3,93 x 10“ 4

3,52 35,9 0,479 3024 259 0,471
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Temperature:

F = - C + 32  C = - ( F -  32)
5 9

Single Degree of Freedom System

m  = mass (kg) 
k = Stiffness (N /m )

Resonant frequency

where

g  = gravitational acceleration 
A st = static deflection of the mass

For Single Frequency (Sinusoidal) Vibration

Acceleration Velocity Displacement

a0 cos 2  n f t -J —?an sin 2 n ft  
2 n f  u -  4 n 2 f2 ao c° s 2 * f t

-  2 n fv 0 sin 2 n ft v0 cos 2 n ft 1 o ,——-v n sin 2 n ft  
2 n f  0

-  4 n 2f 2d0 cos 2 n ft -  2 n fd 0 sin 2 n ft d0 cos 2  n f t

800180
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Frequency, acceleration, velocity, displacement nomograph
(SI Units)

i 10 too 1 k Hz 10  k

V e lo c ity , Displacement and A cce le ra tio n , R M S  values (or peak values) F requency
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APPENDIX H

Standards Related to 
Vibration and Shock Measurements

H. 1. G e n e ra l

A u s tr ia Ö sterre ichisches N o rm u n gs in s titu t 
Leopoldsg 4 
1 0 2 0  W ien

S 9001 M echan ische  S chw ingungen; E rschütte 
rungen

S 9 1 0 0 S chw ingungslehre; K inem atische  Be
g riffe

C .S .S .R . O ffice  fo r S tandards and 
M easurem ents,
1 1 3 4 7  Praha 1, 
Véclavské Némésti 1 9

¿SN 01 1 31 2  
1 97 5

Q ua n tities  and units p e rta in in g  to 
m echan ica l vib ra tion  and shocks

¿SN 01 1 3 9 0 M ethods of M easurem ents of 
m echan ica l v ibrations

¿SN 01 1391 M echan ica l v ibra tion m easuring  
equ ipm ent. General te rm in o log y

¿SN 01 1 4 0 0  
1975

M echan ica l v ibra tions and shocks. 
Term ino logy

¿SN 01 1401 Balanc ing  of ro tating m ach ine  
e lem ents. Term inology

¿SN 02  8 9 0 2 C h aracte ris tic  data fo r des ign  o f elastic 
bearing  elem ents

¿SN 12 3 0 6 2 M easurem en t of noise and  vib ra tion  
fro m  ventila tors

F rance L 'Associa tion  Française de 
Norm a lisa tion  (AFNOR)
Tour Europe, 92 Courbevo ie

NF E 90-001  
1972

V ib ra tio n s  et chocs m écaniques — 
vocabula ire

C 2 0 4 0 8  
Jan. 1974

M éthodes d 'essais Essais généraux 
c lim atiques  et m écaniques. G uide pour 
l ’essai de chocs spectres de chocs et 
a utres caractéristiques des form es de 
chocs

G e rm a n y
(BRD)

Beuth  Verlag GmbH 
Burggra fenstr 4 — 10 
1 0 0 0  Berlin 30

DIN 131 1 S chw ingungslehre
Teil 1 K inem atische B eg riffe
Teil 2 Einfache S chw inger
Teil 3: S chw ingsystem e
Teil 4  Schw ingende K on tinua

DIN 41 5 0  T 1 E rschütterungen im B auw esen , G rund 
sätze

DIN 4 5 6 6 7 K lassierverfahren  fü r das Erfassen 
rege lloser S chw ingungen

G e rm a n y
(DDR)

A m t fü r S tandard is ie rung , Meßwesen 
und W arenprü fung  der D eutschen De 
m okra tischen  Republik 
1 0 2 6  Berlin 
W a lls traß e  1 6

TGL 0 -1 3 1 1 /0 1  
196 3

S chw ingungslehre; B enennungen

TGL 0 -131  1 /0 2  
1963

S chw ingungslehre; E in fache  S chw in 
ger

TGL 0 -131  1 /0 3  
1963

S chw ingungslehre; S chw ingungssy
stem e m it endlich v ie len  Fre iheitsg ra 
den

TGL 2 2 3 1 2 /0 1  
1971

Arbeitshyg iene ; W irku ng  m echani
scher S chw ingungen a u f den M en
schen; Begriffe

TGL 2 2 3 1 2 /0 2  
1971

Arbeitshyg iene ; W irku ng  m echan i
scher S chw ingungen au f den M en
schen; Grenzwerte fü r  Ganzkörper
schw ingungen

TGL 2 2 3 1 2 / 0 3  
1971

A rbeitshygiene; W irkung  m echan i
scher S chw ingungen  auf den M e n 
schen; M eßm ethod ik  fü r G anzkörper
schw ingungen

TGL 2 2 3 1 2 / 0 4  
1 9 7 2

Arbeitshygiene; W irku ng  m echan i
scher S chw ing u ng en  auf den 
Menschen; G re nzw erte  fü r Te ilkörper
schw ingungen

TGL 2 2 3 1 2 / 0 5  
1 97 2

A rbeitshygiene; W irkung  m echan i
scher S chw ingungen  auf den M e n 
schen; M e ß m e tho d ik  fü r Te ilkörper
schw ingungen

TGL 2 2 3 1 2 / 0 6  
1 97 4

A rbeitshygiene; W irkung  m echan i
scher S chw ing u ng en  auf den 
Menschen; B ew ertu ng s filte r fü r Ganz- 
und Te ilkö rperschw ingungen

G re a t B r ita in  British Standards Institu tion , 
2, Park S treet,
London W . 1

BS 301  5 
1 9 5 8

G lossary o f te rm s  used in vibration 
and shock tes ting

H i i n n a r v  M agyar Szabvàngügyi Hivatal, 
"  Y Budapest 1X,

Ü llu l u t.2 5
M.Sz 4 9 0 0 /2  
-7 8

Fizikai m ennyiségek neve és je le . Rez- 
gések

N e th e r la n d s  Nederlands N o rm a lisa tie -Ins tituu t, 
Polakweg 5,
R ijsw ijk  (Z-H)

NEN- ISO 1 9 2 5 Same as (ISO 1 9 2 5 -1 9 7 4 )

NEN- ISO 2041 Same as (ISO 2 0 4 1 -1 9 7 5 )

NEN 1 0  0 5 0 (2 0 ) Same as (IEC 5 0 (2 0 )-1 9 5 8 )

P n lanH  Polski K om ite t Norm a lizacji i M iar, 
ul. Elekt0ralna 2,
0 0 -1 3 9  W arszaw a

PN 75  
M -5 3 5 2 7

Instrum ents fo r m echanica l v ibration 
m easurem ents. Term s and defin itions

S w e d e n  Sveriges S tandard iseringskom m ission, 
Box 329 5 ,
1 0 3 6 6  S tockholm

SS 4 01  1 401  | O rdlista, V ib ra tio n e r och Stot

M C A  Am erican N a tion a l S tandards Institu te , 
1 4 3 0  Broadway,
New York, NY 1 0 0 1 8

S1 1 -1 9 6 0  
(R 1 9 7 6 )

Acoustic Te rm ino logy  (including M e 
chanical Shock and  V ibration)

ANSI S 2 .6 - 
1 9 6 3  (R 1 97 6 )

Nom enclature and  Symbols for Specif
ying the M e ch an ica l Impedance of 
Structures

ANSI S 2 .7 - 
1 9 6 4  (R 1 97 6 )

Term inology fo r  Balancing  Rotating M a 
ch inery

ANSI S 2 .1 0 - 
1971  (R 1 97 6 )

Methods fo r A na lys is  and Presentation 
of Shock and V ib ra tio n  Data

ANSI S 3 -W — 39 
- 1 9 6 0

The Effects of S hock and V ibration on 
Man

11 ^  c; R K om itet S tandartov,
Leninsky P rospekt 9 b,
1 1 7 0 4 9  M oskva  M -4 9

Gost 1 3 7 3 1 -6 8 M echanica l v ib ra tion . General 
requirem ents fo r m easurem ent 
perform ances

G ost 1 6 8 1 9 -7 1 V ibrom eters.
Terms and d e fin it io n s
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In te rn a t io n a l In ternational O rgan iza tion  for 
r- ~  , S tandardization.

( l . b . L . )  1. Rue de Varem b^,
Geneva. S w itze rland

50 Inte rnational E lec tro techn ica l 
Vocabulary

5 0 (20 ) (1 9 58 ) Scientific  and in d u s tria l m easuring 
instrum ents

50(41 1) (1 9 7 3 ) Rotating m achines

In te rn a t io n a l In ternational O rgan iza tion  for
Standardization,

(I S O .) 1' Rue de Varem be,
Geneva. S w itze rland

R .1 9 2 5 -1 9 7 4 Balancing — V ocabula ry

R 2 0 4 1 -1 9 7 5 V ibration and shock —  Vocabulary

DP 4 8 6 3 Flexible couplings — G uide for 
specifications, se lec tion  and 
application

DP 4 8 6 5 A nalog analysis and  p resen tation  of 
vib ra tion  and shock data

DP 4 8 6 6 Evaluation and m easurem en t of 
v ib ra tion  in bu ild ings

DP 5 3 4 5 Defin itions re la ting  to  ro ta ting  rigid 
bodies

DIS 5 8 0 5 Vocabulary of m echan ica l V ibration 
and shock a ffecting  m an . Supplem ent 
to  ISO 2041 1 9 7 5

DIS 5 9 8 2 V ibration and shock —  M echanica l 
d riv ing  point im pedance of the  human 
body

H .2 . V ib ra t io n  R a tin g  R e c o m m e n d a tio n s

A u s tr ia Ö sterreichisches N o rm u n gs in s titu t 
Leopoldsg 4 
1 0 2 0  W ien

S 9 0 1 0 W irkungen von E rschü tte rungen  auf 
den ganzen M enschen

S 9 0 2 0 W irkungen von E rschü tte rungen  auf 
Bauwerke

C .S .S .R . O ffice  for S tandards and 
M easurem ents.
1 134 7  Praha 1. 
Våclavské Nàmësti 1 9

CSN 01 1 4 1 0  
1 971

Perm itted lim its  fo r unbalanced  solid 
m achine elem ents

D e n m a rk A rbejdsm iljø fondet 
Vesterbrogade 69 
1 6 2 0  København V

Hvide Fingre
Vibrationsskader fra  håndvæ rktø jer

F in la n d V altion  Painatuskeskus 
PL 516 . 00101  H e ls in k i 10

Y leiset kone tekn illise t 
turvallisuusohjee t

F ra n c e L'Association F rançaise de 
Norm alisation (AFNOR),
Tour Europe, 92  C ourbevo ie

E 9 0 -4 0 0  
1971

Exposition des in d iv idu s  aux vibra tions 
e t aux chocs — guide  pou r l'es tim ation  
de l'exposition des in d iv idu s  à des 
vib ra tions globales du  corps

E 9 0 -6 0 0  
1 9 7 0

Equ ilibrage  et m achine à é qu ilib re r —  
qua lité  d 'éq u ilib ra ge  des ro tors rig ides

E 9 0 -60 1  
1 9 7 3

D escrip tion , caractéristiques et 
p oss ib ilités  des machines à é qu ilib re r

G e rm a n y  Beuth Verlag  GmbH 
/O D i-M  B urgg ra fen s tr 4 — 10 
( b n U )  1 0 0 0  B erlin  30

DIN 4 1 5 0 E rschü tte rungen  im Bauwesen 
T 2: E in w irku n g  auf M enschen 
T 3: E in w irku ng e n  auf bau liche  A n la 
gen

VDI 2 0 5 6 B eurte ilungsm aßstäbe  fü r m echan ische  
S chw ing u ng en  von M aschinen

VDI 2 0 5 7 B eu rte ilu ng  der E inw irkung 
m echan ischer S chw ingungen a u f den 
M enschen 
+ N e ue n tw urf

B latt 1 G rund lagen . G liederung, 
B eg riffe

Blatt 2: S chw ing u ng se inw irku ng  a u f 
den m enschlichen Körper 

B latt 3: S chw ingungsbeanspruchung 
des M enschen

G re a t B r ita in  B ritish  S tandards Institu tion , 
2, Park S tree t,
London W  1

DD 23 G uide to  sa fe ty  aspects of hum an 
v ib ra tion  experim ents

DD 32 Guide to  th e  evaluation of hum an 
exposure o f w h o le  body v ib ra tion

DD 43 G uide to  the  evaluation o f exposure o f 
the hum an h a n d /a rm  system to 
vib ra tion

H u n q a rv  M agyar Szabvéngügyi Hivatal 
Budapest 1X 
Ü llü l ü t.2 5

KGST 7 1 5 -7 7 Motoros kéziszerszåmok rezgésje llem  
zöinek m egengedett értékei és höszige- 
telö védôbevonata

KGST 1 9 3 2 -7 9 M unkahelyen  megengedett rezgés szin- 
tek

N e th e r la n d s  N ederlands N o rm a lisa tie -ln s tituu t, 
Polakweg 5,
R ijsw ijk  (Z-H)

NEN- ISO 1940 Same as (ISO 1 9 4 0 -1 9 7 3 )

NEN- ISO 2 37 2 Same as (ISO 2 3 7 2 -1 9 7 4 )

NEN 22  373 Same as (ISO 2 3 7 3 -1 9 7 4 )

NEN- ISO 2631 Same as (ISO 2 6 3 1 -1 9 7 4 )

P o la n d  Polski K om ite t Norm alizacji i M ia r, 
ul E lekto ra lna  2,
00-1  3 9  - W arszawa

P N -73
E -0 6 0 2 0

Rotating e lec tr ica l m achines. V ib ra tio n  
lim its

U .S .A . A m erican  N ationa l S tandards Ins titu te  
1 4 3 0  B roadw ay 
New Y ork. NY 1 00 18

ANSI S 2 .19 
—  1 9 7 5

Balance Q ua lity  of Rotating Rigid 
Bodies

U .S .S R K om ite t S tandartov,
Len insky Prospekt 9 b, 
M oskva M -4 9

G ost 1 7 7 7 0 -7 2  
G ost 1 3 7 3 1 -6 8  
G ost 1 6 5 1 9 -7 0  
G ost 168 44 -7 1  
G ost 1 6 4 3 6 -7 0

Hand too ls . Acceptable v ib ra tion  levels
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GOST 2 3 5 5 2  
-79

C ivil aeroplanes. A cceptab le  levels of 
sound shock in tens ity  on the  ground 
and m easuring methods

In te rn a t io n a l In te rna tiona l O rgan iza tion  fo r 
S tandard ization,

( I.S .O .) 1, Rue de Varem b6,
G eneva, Sw itzerland

R .1 9 4 0 -1 9 7 3 Balance qua lity  of ro ta ting  rig id  bodies

2 3 7 2 -1 9 7 4 M echan ica l vib ra tion  o f m achines w ith  
opera ting  speeds from  1 0  to  2 0 0  
re v /s  — Basis fo r specify ing 
eva lua tion  standards

2 3 7 3 -1 9 7 4 M echan ica l vib ra tion  o f ce rta in  
ro ta tin g  e lectrical m ach inery w ith  
sha ft heights between 8 0  and 
4 0 0  mm — M easurem ent and 
eva lua tion  o f the  v ib ra tion  severity

R 2 6 3 1 -1 9 7 4 G uide  fo r the  evalua tion  o f hum an 
exposure to  w hole-body v ib ra tion

DP 4 8 6 7 Code fo r the  m easurem ent for 
reporting  of shipboard — V ib ra tion  
data

DP 4 8 6 8 Code fo r shipboard — Local v ibra tion 
m easurem ents

DP 5 3 4 3 C riteria  fo r flex ib le  ro tor balance

DIS 5 3 4 9 Princip les fo r the m easurem ent and 
the  evaluation of hum an exposure to 
v ib ra tion  transm itted  to  th e  hand

DP 689 7 G uide to the  evaluation o f the  
response of occupants o f fixed 
stru c tu re s , especia lly b u ild in g s , and 
o ff-sho re  structu res to  lo w  frequency 
horizon ta l m otion (0 ,0 6 3  Hz to  1 Hz)

H .3 . V ib ra t io n  M e a s u r in g  E q u ip m e n t

C .S .S .R . O ffice  fo r S tandards and 
M easurem ents.
1 1 3 4 7  Praha 1 
Vàclavské Namésti 19

CSN 01 1391 
1 9 7 0

M echan ica l v ib ra tion  m easuring 
equ ipm ent General te rm ino logy

ÔSN 35  6 8 5 0  
1972

Ins tru m e n ts  for v ib ra tion  
m easurem ents. Technica l 
requ irem ents

ÓSN 35  6 8 5 8  
1975

Ins tru m e n ts  w ith  p iezoe lectric  pick-ups 
fo r service v ib ra tion  m easurem ents. 
M e tro log ie  testing

F in la n d Suom en S ta n da rd iso im is liitto  
PL 2 0 5 , 0 01 21  H e ls ink i 12

SFS 288 2 Sam e as IEC 1 84  (1 9 6 5 )

SFS 2 8 8 3 Sam e as IEC 2 22  (1 9 6 6 )

F ra n ce L’A ssociation  Française de 
N orm a lisa tion  (AFNOR),
T our Europe, 92 Courbevoie

E 9 0 -1 0 0  
1 97 3

Ins trum en ts  de m esure des 
ca racté ris tiques d ’ in ten s ité  v ibra toire  
des m achines tou rnan tes  ou 
a lterna tives

E 9 0 -1 1 0  
197 3

D escrip tions et ca racté ris tiques des 
appareils pour l’équ ilib rage  in situ

E 9 0 -2 0 0  
1 97 0

A baque destiné au tracé  des 
ca racté ris tiques des ensem bles 
générateurs de v ib ra tions  (Exp.)

E 9 0 -2 1 0  
1 9 7 0

Caractéristiques des ensembles 
générateurs é lectrodynam iques de 
vibra tions (Exp.)

E 9 0 -2 1 1  
1 9 7 0

Caractéristiques des générateurs 
é lectrodynam iques de vibra tions (Exp.)

E 9 0 -2 1 3  
1 9 7 0

Caractéristiques des am plifica teurs de 
puissance pour générateurs 
é lectrodynam iques de vibrations (Exp.)

G e rm a n y  Beuth Verlag GmbH
Burggrafenstr 4 — 10 

( B n U )  1 0 0 0  B erlin  3 0

DIN 4 5 6 6 1 S chw ingungsm eßgerä te ; Begriffe, 
Kenngrößen, S tö rg rößen

DIN 4 5 6 6 2 E igenschaften von S chw ingungsm eß
geräten, A ngaben in Typenblättern

DIN 4 5 6 6 4 Ankopplung von S chw ingungsm eßgerä 
ten und Ü berprü fung  auf S töre in flüsse

DIN 4 6 6 6 6 S chw ingstärkem eßgerät; A n fo rd e run 
gen

DIN 4 5 6 6 9  
Teil 1 
E n tw u rf

Messung von
S chw ingungsim m iss ionen
(S chw ingungsm esser)

G e rm a n y  A m t S tanda rd is ie rung ,
M eßwesen und  W arenprüfung der 

( D D R )  Deutschen D em okratischen Republik 
102 6  Berlin 
W a lls traße  1 6

TGL 2 2 7 4 7 /0 1  
1 9 7 5

Geräte und E in rich tungen zur M e s
sung n ich te le k tr isch e r Größen; S c h w in 
gungsm eße in rich tungen ; Begriffe

TGL 2 2 7 4 7 / 0 2  
1 9 7 5

Geräte und E in rich tungen  zur M e s
sung n ich te le k tr isch e r Größen; S c h w in 
gungsm eße in rich tungen ; Kenngrößen

N e th e r la n d s  Nederlands N o rm a lisa tie -Ins tituu t, 
Polakweg 5,
R ijsw ijk  (Z-H)

NEN 1 0  2 17 Same as (IEC 2 1 7 -1 9 6 7 )

NEN - ISO 2371 Same as (ISO 2 3 7 1 -1 9 7 4 )

NEN - ISO 2 9 5 3 Same as (ISO 2 9 5 3 -1  975)

NEN - ISO 2 9 5 4 Same as (ISO 2 9 5 4 -1 9 7 5 )

NEN 10  3 4 8 Same as IEC 3 4 8 -1  9 7 1 ,3 4 8  A -1  9 74 )

S p a in  Ins titu to  Naciona l de Racionalización y 
Normalización 
(IRANOR)
Zurbano, 46  
M adrid  10

21 3 2 8 7 5 (1 ) Características re la tivas a los tra nsd u c 
tores e lectrom ecánicos destinados a la 
medida de choques y vibraciones

21 3 2 8 7 5 (2 ) Clases de captadores de vibración y 
e lem entos sensib les empleados en 
estos captadores

21 3 2 8 7 5  (3) Métodos para la especificación de las 
características re la tivas al equipo a u x i
lia r para la m edida de choques y v ib ra 
ciones

U S A  A m erican N a tiona l 
Standards Ins titu te ,
1 4 3 0  B roadw ay,
N ew  York, NY 1 0 0 1 8

ANSI S 2 .2 - 
1 9 5 9  (R 1 97 6 )

Methods fo r the  Calibration o f Shock 
and V ib ra tion  P ick-Ups

ANSI S 2 .3 - 
1 9 6 4  (R 1 97 6 )

Specifica tions fo r H igh-lm pact Shock 
M ach ine  for E lectron ic  Devices
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ANSI S 2 .4 - 
1 9 7 6

M ethod o f Specify ing  the  C haracte ri
stics of A ux ilia ry  E quipm ent for Shock 
and V ibration M easurem ents

ANSI S 2 .5 - 
1 9 6 2  (R 1976)

Recom mendations fo r Specifying the  
Perform ance of V ib ra tin g  Machines

ANSI S 2 .11  — 
1 9 6 9  (R 1978)

S election of C a lib ra tions and Tests for 
E lectrical Transducers used for 
M easuring Shock and V ibration

ANSI S 2 .1 4 — 
1 9 7 3  (R 1978)

Methods for Specify ing  the 
Perform ance of Shock M achines

ANSI S 2 .1 5 - 
1 9 7 2  (R 1977)

Specifica tions fo r the  Design, Construc
tion  and Operation o f Class HI Shock- 
Testing M achines fo r L ight-W eight 
Equipment

ANSI Z 2 4 .2 1 - 
1 9 5 7  
(R 1 97 8 )

M ethods for Specify ing  the  C haracte ri
stics of Pick-Ups fo r Shock and V ib ra 
tio n  M easurem ents

Instrum ent Society o f Am erica 
4 0 0  S tanw ix S treet 
P ittsburg, PA 1 5 2 2 2

ISA  S 3 7 .2  
1 9 6 4

G uide for S pecifica tions and Tests for 
Piezoelectric A cce le ra tion  Transducers 
fo r Aerospace Testing

U.S.S.R. K om ite t S tandartov, 
Len insky Prospekt 9 b,
1 1 7 0 4 9  Moskva M -4 9

G ost 5 .2 9 5 -6 9 E lectrom echanica l v ib ra to r type LV-22  
(pow er 0 ,8  kw) fo r genera l use

G ost 5 .3 0 4 -6 9 E lectrom echanica l v ib ra to r type IV -1 9 
(power 0 ,2 7  kw) fo r general use

G ost 1 5 9 3 9 -7 0 V ib ra tion  m easuring equ ipm ent w ith  
p iezoelectric transducers

Gost 1 6 8 2 6 -7 1 V ibrom eters 
Basic param eters

International Inte rnationa l O rgan iza tion  for 
S tandard ization,

(I.E.C.) 1, Rue de Varem b6,
Geneva, S w itze rland

1 8 4 (1 9 6 5 ) M ethods for specify ing  the  
characte ristics o f e lectro-m echanica l 
transducers for shock and vibra tion 
m easurem ents

2 1 7  (1 9 6 7 ) E lectron ic vo ltm ete rs

2 2 2  (1 9 6 6 ) M ethods for specify ing  the 
characteristics of a u x ilia ry  equ ipm ent 
fo r shock and v ib ra tion  m easurem ent

2 2 5  (1 9 6 6 ) O ctave, half-octave and th ird-octave 
band filte rs  in tended fo r the  analysis 
o f sounds and v ib ra tion s

3 4 8  (1 9 7 8 ) S afety requirem ents fo r e lectron ic 
m easuring apparatus

International Inte rnationa l O rgan iza tion  for 
S tandard ization,

(I.S.O.) 1 ' Rue de Varem be,
Geneva, S w itze rland

R 2 3 7 1 -1 9 7 4 Field balancing e qu ip m e nt — 
descrip tion  and eva lua tion

R .2 9 5 3 -1 9 7 5 Balancing m achines — descrip tion  and 
evaluation

R 2 9 5 4 -1 9 7 5 M echanica l v ib ra tion  o f ro ta ting  and 
reciprocating m ach ine ry  — 
R equirem ents fo r in s tru m en ts  for 
m easuring v ib ra tion  severity

DIS 3 7 1 9  2 Balancing m achines —  Symbols for 
fro n t panels

DIS 5 3 4 4 E lectrodynam ic test equ ipm ent fo r 
generating  v ib ra tion  — M ethods of 
describ ing the  characte ristics o f the  
equ ipm ent

DP 5 3 4 7 S tandard m ethods for the  ca lib ra tion  
of v ib ra tion  and shock pickups

DP 5 3 4 8 M echan ica l m ounting  o f vib ra tion  
transducers (pickups)

DIS 6 0 7 0 C haracte ris tics  o f aux ilia ry  tab les fo r 
v ib ra tion  generators

H . 4 .  M e a s u r e m e n t  o f  V i b r a t i o n  o f  M a c h i n e s

A u s t r i a ö s te rre ich isch e r A rbe itsring  fü r
Lärm bekäm pfung,
Regierungsgebäude,
1 0 1 2  W ien

O A L-R ich tlin ie  
Nr. 4

K örperschallgedäm m te A u fs te llu ng  
von M a sch inen

O A L-R ich tlin ie  
Nr 7

Schw ingungsgedäm m te  M a s c h in e n a u f
ste llung

B u l g a r i a In s titu t de Norm a lisa tion, 
8, rue Sveta Sofia,
Sofia

BDS 5 6 2 6 -6 5 M easurem en t of vib ra tion  on e lec tr ica l 
ro ta ting  m ach ines

C . S . S . R . O ffice  fo r  S tandards and 
M easurem en ts,
1 1 3 4 7  Praha 1, 
Véclavské Nam ésti 19

¿SN 02  8 9 0 2  
1971

Elastic fou n da tion  characte ris tics  o f 
e lastic m o u n tin g  and isolators

CSN 12 3 06 2  
1961

M easurem en t of noise and v ib ra tion  
from  ven tila to rs

¿SN 12 3 0 6 3  
1971

Fans. P rescrip tion  for m easurem ent o f 
v ib ra tion

F r a n c e L 'A ssocia tion  Française de 
Norm a lisa tion  (AFNOR),
Tour E urope, 92  Courbevoie

E 9 0 -3 0 0  
1 9 7 3

V ib ra tions m écaniques des m ach ines 
ayant une vitesse de fonc tionnem en t 
com prise en tre  10  et 2 0 0  tou rs  par 
seconde —  éva lua tion  de l'in te n s ité  
v ib ra to ire

E 9 0 -3 1 0  
1 9 7 3

V ib ra tions m écaniques des m achines 
é lectriques tou rnantes de hau teu r 
d'axe com prises entre  8 0  et 4 0 0  mm 
— éva lu a tion  de l'in te ns ité  v ib ra to ire

H 0 0 -0 4 2  
1971

Essais de choc vertica l par chute  lib re

H 0 0 -0 4 3  
1971

Essai de v ib ra tion

NFC 2 0 6 1 6  
AVR 197 3

Méthodes d 'essa is applicables aux 
com posants. Essais généraux 
clim atiques e t mécaniques. V ib ra tions

G e r m a n y

( B R D )

Beuth V erlag  GmbH 
B urgg ra fenstr. 4 — 10 
1 0 0 0  B e rlin  30

DIN 4 5 6 6 5 S chw ings tä rke  von ro tie renden e le k tr i
schen M asch ine n  der Baugrößen 8 0  
bis 3 1 5 . M e ß ve rfah ren  und G re n 
zwerte

3 5 8



DIN 4 5 6 6 8 A nkopplung  fü r S chw ing u ng sau fne h 
m er zur Überwachung von G ro ß m a 
schinen

DIN ISO 2 3 7 3 M echanische S chw ingungen von 
um laufenden e lektrischen M a sch ine n  
m it A chshöhen von 8 0  — 4 0 0  m m

VDI 2 0 5 9  
E n tw u rf

W ellenschw ingungen von Turbosä tzen  
Bl l :  G rundlagen fü r die M e ssu ng  und 
B eurte ilung
Bl 2: Dampfturbosätze fü r K ra ftw e rke  
B l.3: Industrieturbosätze 
Bl 4 Gasturbosätze

VDI 2 0 6 0 B eurte ilungsm aßstäbe fü r den  A u s 
w uch tzus tand  ro tie render s ta r re r K ö r
per

G r e a t  B r i t a i n  B ritish  S tandards Ins titu tion , 
2 Park Street,
London W . 1

B S .4 6 7 5 : 1971 Recom m endations for a basis fo r 
com parative  evaluation o f v ib ra tio n  in 
m ach inery

BS 4 9 9 9 : 1 97 2 Part 50: M echanica l perfo rm ance- 
v ib ra tion

H u n g a r y M agyar Szabrényügyi H iva tal, 
Budapest IX 
Ü llü l u t.25

M .S z 1 9 4 2 6 -7 7 Forgogépek rezgéserôsségének m érése

KGST 7 1 6 -7 7 M otoros kéziszerszémok rezgésje llem - 
zôinek m érési môdszerei

N e t h e r l a n d s Nederlands N o rm a lisa tie -ln s tituu t, 
Polakweg 5,
R ijsw ijk  (Z-H)

NEN - ISO 3 0 8 0 Same as (ISO 3 0 8 0 — 1 9 74 )

NEN - ISO 3 94 5 Same as (ISO 3 9 4 5 — 1 9 77 )

P o l a n d Polski K om itet Norm alizacji i M ia r, 
u l. E lektora lna 2,
00-1  39  - W arszawa

PN 73 
E 0 4 2 5 5

E lectrica l ro tating  machines. 
M easurem en t of v ibra tions

R o u m a n i a O fic iu l de stat pentru S tanda rde. 
S tr Edgar Q uinet 6,
Bucarest 1

STAS 7 5 3 6  66 M easurem en t of vib ra tion  fro m  
e lec tr ica l ro tating m achines

U . S . A . A n ti-F ric tio n  Bearing M a n u fa c tu re rs
Associa tion
6 0  East 42n d  Street
New  York. NY 1 00 17

AFBM AStandarc 
No. 1 3 (1 9 6 8 )

Rolling bearing v ibra tion and no ise

U . S . S . R . K om ite t Standartov, 
Len insky Prospekt 9 b, 
Moskva M -4 9

G ost 1 2 3 7 9 -6 6 M easurem en t of vib ra tion  on e lec tr ica l 
ro ta ting  m achines

G ost 1 6 5 2 9 -7 0 A g ricu ltu ra l mounted m ach ines, 
m ethods o f determ ination o s c illa tin g  
and noise characteristics

Gost 2 3 7 1 9 -7 9 Passenger and transport aerop lanes 
and helicopters. Methods o f m easuring  
v ib ra tion  parameters in sa loons  and 
crew  cabins

I n t e r n a t i o n a l  In te rna tiona l Organization fo r  
S tandard ization,

( I . S . O . )  1, Rue de Varembé,
G eneva. Sw itzerland

R 1 9 4 0 -1 9 7 3 Balance qua lity  o f ro ta tin g  rig id  bodies

R 2 3 7 2 -1 9 7 4 M echanica l v ib ra tion  o f m achines w ith  
operating speeds fro m  1 0  to 
2 0 0  re v /s  —  Basis fo r  specify ing  
evaluation standards

R .2 3 7 3 -1 9 7 4 M echanica l v ib ra tion  o f ce rta in  
ro tating e lectrical m a ch ine ry  w ith  
shaft heights be tw e en  8 0  and 
4 0 0  mm — M e a su re m e n t and 
evaluation o f the  v ib ra tio n  severity

R 3 0 8 0 -1 9 7 4 G uide for the  m e ch an ica l balancing of 
m arine main steam  tu rb in e  machinery 
fo r m erchant service

3 9 4 5  - 1 9 7 7 M echanical v ib ra tion  o f large rotating 
m achines w ith  speed range  from  10 to 
2 0 0  re v /s  —
M easurem ent and eva lu a tion  of 
v ibra tion severity in s itu

DIS 5 4 0 6 The mechanical b a lanc ing  o f flexible 
rotors

H . 5 .  V i b r a t i o n  T e s t i n g

B e l q i u m  B I N. (Belgisch In s titu u t voor Norm alisa tie) 
VZW
Brabançonnelaan 2 9
1 0 4 0  Brussel Tel.: 0 2 /7 3 4 .9 2 .0 5

I.B.N . (Institu t Belge de N o rm a lisa tion ) ASBL 
Avenue de la B rabançonne  29 
1 0 4 0  Bruxelles Te l.: 0 2 /7 3 4 .9 2 .0 5

C 0 6 -2 0 6 Fundaméntele k lim a to lo g isch e  en 
mechanische beproevingsm ethoden: 
Deel II: Proeven; P roef Fc: 
(S inusvorm ige) t r il lin g e n

Essais fondam entaux c lim a tiq u es  et de 
robustesse m écanique: Partie  II:
Essais; Essai Fc: V ib ra tio n s  
(sinusoidales)

C 0 6  2 2 9 Idem: Proef Eb: T rilp roe f 
Idem: Essai Eb: Secousses

F r a n c e  L'Associa tion França ise  de 
Norm alisa tion (AFNOR),
Tour Europe. 9 2  C ourbevo ie

UTE C 2 0 -4 0 8  
1974

G uide pour l ’essai de chocs — 
Spectres de chocs e t a u tres  
caractéristiques des fo rm es de chocs 
(11 pages)

NF C 2 0 -5 0 8  
197 5

—  Essai 8: Chocs (Enr.) (1 0  pages)

NF C 2 0 -5 2 3  
1 97 5

—  Essai 23: A ccé lé ra tio n  constante 
(Enr.) (8 pages)

NF C 2 0 -5 2 4  
197 5

—  Essai 24: Secousses (Enr.) (7 
pages)

NF C 2 0 -5 2 6  
1975

— V ib rations a léa to ire s  (Essai Fd) 
(Enr.) (1 7 pages)

NF C 2 0 -5 2 7  
1975

—  V ibrations a léa to ire s  (Essai Fda) 
(Enr.) (25 pages)

NF C 2 0 -5 2 8  
1975

—  V ibrations a léa to ires  (Essai Fdb) 
(Enr.) (25 pages)

NF C 2 0 -5 2 9  
197 5

— V ib rations a léa to ires  (Essai Fdc) 
(Enr.) (14  pages)

NF C 2 0 -6 0 8  
197 4

—  Essai 8 B: Chocs (E nr.) (1 0  pages)
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non-stationary signals ................................................................. 3 6 — 3 8 , 181, 184
non-stationary signal analysis .................................................................... 1 9 2 — 196
normalized Gaussian curve ........................................................................................ 28
Nyquist frequency ....................................................................................................... 176
o il-film  properties .............................................................................................  1 9 8 ,1 9 9
on-condition maintenance ..................................................................  2 0 5 , 206 , 211
orb it plots ......................................................................................................................  144
order analysis .................................................................................................... 154, 155
oscillator .......................................................................................................................  245
peak probability d e n s ity ................................................................................................  75
periodic signals ......................................................................................  2 0 , 168, 177
permanent monitoring ............................................................................................... 208
phase meter ............................................................................................ 2 5 5 , 280 , 285
picket fence effect ............................................................................................ 166, 194
piezoelectric accelerometers ..............................................................  100 , 246 , 247
plastic deformation, detection of ..........................................................................  225
point impedance ........................................................................................................  251
point m obility ............................................................................................................... 251
portable battery-operated equipm ent .......................................................  129— 147
power a m p lif ie r ..........................................................................  239, 2 4 4 — 248 , 250
preamplifiers ......................................................  1 1 2 — 1 1 5 ,1 3 8 — 1 4 1 ,2 1 7 ,2 2 0
pream plifier table ....................................................................................................... 115
predictive maintenance ............................................................................................  205
preventive maintenance ............................................................................................  204
probability density .................................................................................... 2 6 — 28, 328
production control, quality contro l ........................................................................ 237
pulse height, effective .................................................................................  3 0 5 — 307
pulse shape .................................................................................................................. 256
pulse-area measurements .........................................................................................  221
quality control ...............................................................................................................  176
quality factor, Q-factor .......................................................................... 4 4 , 168, 186
R.M.S. value ..............................................................................................  2 2 , 33, 328
random testing ...................................................................................  2 3 7 ,2 4 8 —251
random signals ..................................................................  26, 174, 1 84 , 244 , 328
Rayleigh d istribution ......................................................................................................  75
Raynaud's disease (white finge r, "dead hand” ) .................................................... 94
real-time analysis ..........................................................................................  175— 196
Real-Time Analyzer (RTA) ............................................ 152— 156, 1 7 1 , 175, 249
real-time frequency .....................................................................................................  181
receptance .....................................................................................................................  252
reciprocating machines ...................................................................................  181, 193
recorder ........................................................................................................................  1 60
reduced comfort boundary ............................................................................................  91
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regulation speed ........................................................................................................  245
relative vibration, d isp la ce m e n t............................................. 197, 199, 200 , 201
residual shock spectrum  ................................................................................. 58 , 337
resonant frequency ...................................................................................................... 44
response, acceleration .....................................................................................  4 1 ,3 3 1
response, displacement ..................................................................................  4 1 ,3 3 0
response, force ............................................................................................................. 305
response, shock ..............................................................................................................  58
response, velocity ...................................................................................  4 1 ,3 3 1 ,3 3 8
ring-dow n counting .....................................................................................................  221
rocking effects ..............................................................................................................  3 0 0
rolling element bearings ..............................................................................  2 00 , 226
rotational vibrations .......................................................................................................  53
run-to-break m aintenance ........................................................................................  2 0 4
running exponential average ......................................................................  1 62 , 1 90
running linear average ........................................................................  162, 189, 190
S-N curve ...............................................................................................  74, 75, 7 7 — 79
sampling frequency ........................................................................................  165, 177
sandwich structures ......................................................................................... 3 2 1 ,3 2 2
scan analysis ......................................................................................................  1 8 1 ,1 8 8
scan average ................................................................................................................. 188
serial analysis (swept frequency analysis) ..................................  171— 1 7 5 ,2 0 7
shape factor, filte r ...................................................................................................... 1 68
shock .............................................................................................................  33, 1 85 , 337
shock isolation ................................................................................................  3 0 4 — 311
shock machine ................................................................................................  2 5 7 — 261
shock response ...................................................................................................... 57 , 58
shock spectra ......................................................................................................... 5 7 — 60
shock synthesis ...........................................................................................................  260
shock testing ...................................................................................................  2 5 6 — 261
short-term  frequency spectrum ...............................................................................  192
sidebands ........................................................................................................... 1 75, 181
sidelobes ............................................................................................................  1 65, 1 66
S iebert's construction .................................................................................... 279 , 280
single degree of freedom ..............................................................  41 , 45, 330 , 334
sinusoidal testing ................................................................................  237, 2 4 4 — 248
six degree of freedom ................................................................................................. 294
slave filte r ......................................................................................................................  148
slip bands .........................................................................................................................  73
softening spring .........................................................................................  47, 31 1, 336
sonic boom, see N-wave
Sound Level Meter ........................................................................................  135— 138
specific unbalance ........................................................................................................ 269
spectral density, power .................................................................... 26, 29, 34, 179
spectral density, energy ....................................................................................  34, 186
spectrum equalization ................................................................................................. 249
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spectral line ..................................................................................................................... 36
spectrum averaging ...................................................................................................  178
spectrum shaper ............................................................................................... 2 4 9 , 259
squaring c ircu it .....................................................................................  161 , 189, 190
standing wave .................................................................................................................  61
static unbalance ..........................................................................................................  269
stationary process ..................................................................  26, 27, 30 , 180 , 329
stationary signals .....................................................................  166, 168, 1 7 1 — 185
statistical energy analysis ........................................................................................... 69
stiffness matrix ...................................................................................................... 66, 67
stress concentrations ....................................................................................................  73
stress ratio ..............................................................................................................  78, 79
stress reversals ....................................................................................................  73 —77
stress-wave em ission (SWE) ...................................................................................  212
stroboscope ...................................................................................  141, 142, 2 4 4 , 280
structural response testing .........................................................................  2 5 1 — 255
subharmonics ......................................................................................................... 50, 52
superharmonics .............................................................................................................. 52
superposition principle .............................................................................  4 1 , 4 7 , 338
suspension resonance .............................................................................................. 240
swept frequency analysis ........................................................................................  163
tachometer .............................................................................................. 181, 194 , 280
tape recorder ................................................................................  138, 175, 2 0 7 , 249
temperature transients ............................................................................................  109
thorax-abdomen system ............................................................................................... 85
tim e averaging ................................................................................................................  37
tim e history ...................................................................................................................... 28
tim e w indow, fla t ..........................................................  1 6 4 — 165, 177 , 186 , 187
tim e w indow, Hanning ......................................................................  164— 165 , 177
tim e w indow, tim e weighting function ..........................................  165, 192 , 193
torque ................................................................................................................................  53
torsional vibrations ........................................................................................................  53
tracking filte r .......................................................................................... 134, 2 4 5 , 255
transfer impedance ...................................................................................................  251
transfer mobility ..........................................................................................................  251
transform size ..............................................................................................................  176
transient analysis ...........................................................  166 , 168, 175, 176 , 185
transient phenomenon .................................................................  3 3 —36, 1 8 7 ,3 4 2
transient response ....................................................................................................  106
transm issibility, displacement ................................................................................  303
transm issibility, force ...............................................................................................  294
transverse sensitiv ity (accelerometer) .................................................................  105
transverse vibrations (beams) ....................................................................................  61
transverse vibrations (plates) .....................................................................................  63
tria l mass ......................................................................................................................  280
tribo-electric effects .........................................................................................  109 , 127
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tunable  f i l t e r ..................................................................................................................  130
tun ing , absorber ..........................................................................................................  315
unbalance ......................................................................................................................  273
velocity ....................................................................................................... 9 7 , 3 3 5 , 339
vibration absorber .......................................................................................... 3 1 1 — 318
vibration calibrator ........................................................................................  1 1 6 — 120
v ibration exposure crite ria  .........................................................................  9 0 , 91 , 93
vibration measurement scheme (su m m a ry ).........................................................  158
vibration meter ..............................................................  1 2 9 — 135, 175 , 20 6 , 280
vibration testing .............................................................................................. 2 3 7 — 255
vibrator, e lectrohydraulic ...........................................................................................  238
vibrator, electrodynamic ..............................................................................  2 3 9 — 242
viscoelastic materials ....................................................................................  3 1 9 — 322
voltage amplifier ..........................................................................................................  112
voltage sensitivity ......................................................................................................... 112
wave effects ..................................................................................................................  295
wave-shape ............................................................................................... 51 , 3 34 , 335
wave-shape distortion ................................................................................................  334
w aveform  analysis ........................................................................................  1 4 3 — 144
w h ite  finger ......................................................................................................................  94
whole-body vibration .........................................................................................  8.8, 132
w ide band test ..............................................................................................................  248
W iener-Khinchin relations ...........................................................................................  30
W ohler Kurve .......................................................................................................  74 , 237
X-Y recorder ................................................................................................................... 157
zero sh ift .........................................................................................................................  106
zoom analysis ...................................................................................................  181 , 187
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