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ABSTRACT 

FACULTY OF ENGINEERING AND APPLIED SCIENCE 

INSTITUTE OF SOUND AND VIBRATION RESEARCH 

Doctor of Ph i losophy 

A PARAMETRIC STUDY OF IMPACT NOISE 

by 

Joseph M. Cusch ie r i 

The n o i s e r a d i a t e d due to impact can be d i v i d e d i n t o two p a r t s , 

t h a t p a r t which i s r a d i a t e d on ly du r ing t h e impac t , t h a t i s , du r ing 

the f o r c e d movement of t h e s t r u c t u r e and t h a t p a r t which i s r a d i a t e d 

a f t e r t h e impact has o c c u r e d , and i s due to t h e l o c a l v i b r a t i o n s of 

t h e s t r u c t u r e . The fo rmer p a r t i s termed a c c e l e r a t i o n n o i s e because 

i t o r i g i n a t e s f rom t h e sudden a c c e l e r a t i o n o r d e c e l e r a t i o n of t h e 

s t r u c t u r e . The p a r t , r a d i a t e d a f t e r t he impact has o c c u r e d , i s due 

to t h e v i b r a t i o n a l energy t h a t e s capes i n t o t h e s t r u c t u r e dur ing t h e 

impac t . This i s termed as r i n g i n g n o i s e . 

The v i b r a t i o n a l energy can be e i t h e r r a d i a t e d as n o i s e ( r i n g i n g 

n o i s e ) o r e l s e d i s s i p a t e d as h e a t in the s t r u c t u r e due to the 

s t r u c t u r a l damping. I f a b a l a n c e i s s e t up between t h e i n p u t energy 

and t h e r a d i a t e d and d i s s i p a t e d e n e r g i e s , t h e n o i s e energy r a d i a t e d 

can be e x p r e s s e d in te rms of t h e s t r u c t u r a l r e sponse a t t he p o i n t 

of i m p a c t , t h e s t r u c t u r a l l o s s f a c t o r and t h e r a d i a t i o n e f f i c i e n c y 

of t h e s t r u c t u r e and t h e i n p a c t f o r c e spec t rum. 

This t h e s i s i n v e s t i g a t e s t h i s r e l a t i o n s h i p wi th s p e c i a l emphasis 

on t h e s t r u c t u r a l r e s p o n s e and f o r c e p u l s e t e r m s . The r e sponse of 

some common s t r u c t u r e s i s p r e s e n t e d to show the e f f e c t of s t i f f e n i n g 

and o t h e r s t r u c t u r a l changes on t h e r e s p o n s e . S i n c e , i t i s not always 



p o s s i b l e t o e s t i m a t e the r e s p o n s e , a r e l a t i o n i s g iven between t h e 

p o i n t r e sponse and the r a t i o of s p a t i a l average v e l o c i t y squared to 

t h e e x c i t a t i o n f o r c e . 

S ince g e n e r a l l y in n o i s e energy measurements , no d i s t i n c t i o n 

i s made between t h e a c c e l e r a t i o n n o i s e and the r i n g i n g n o i s e , t h e 

s p e c t r a l c o n t e n t of t h e a c c e l e r a t i o n n o i s e i s i n v e s t i g a t e d . I t i s 

shown t h a t t h e a c c e l e r a t i o n n o i s e energy spectrum i s i ndependen t of 

t h e e x a c t d e t a i l s of t h e s t r u c t u r e shape and t h e impact f o r c e p u l s e , 

and i s on ly r e l a t e d t o the c o n t a c t d u r a t i o n of t h e impac t , t h e t o t a l 

s i z e of t h e s t r u c t u r e and t h e a v e r a g i n g t ime over which t h e n o i s e i s 

being measured . 

These p a r a m e t r i c r e l a t i o n s f o r n o i s e due to impact a r e 

i n v e s t i g a t e d f o r a f l a t p l a t e s t r u c t u r e and a d i e s e l eng ine s t r u c t u r e . 

The m o d i f i c a t i o n of t h e s t r u c t u r a l r e sponse f o r l a r g e n o i s e r e d u c t i o n s 

i s shown in t h e c a s e of the p l a t e . Using t h i s i n s i g h t on t h e r e l a t i o n 

between n o i s e r a d i a t e d and s t r u c t u r e r e s p o n s e , i d e a s f o r t h e r e d u c t i o n 

of n o i s e from a d i e s e l eng ine by s t r u c t u r a l changes a r e s u g g e s t e d . 

The f i n a l p a r t looks a t t h e a p p l i c a b i l i t y of a c t i v e f o r c e 

c a n c e l l a t i o n in t h e case of impact e x c i t a t i o n and comments on t h e 

e f f e c t of bending moment e x c i t a t i o n i f t h e c a n c e l l i n g f o r c e s a r e not 

c o i n c i d e n t wi th t h o s e invo lved in t h e machine work p r o c e s s . A t e s t - r i g 

i s c o n s t r u c t e d t o s t u d y the l i m i t a t i o n s and the c o n t r o l l i n g pa rame te r s 

on the t o t a l n o i s e r e d u c t i o n by t h e a p p l i c a t i o n of an a c t i v e f o r c e 

system. 
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CHAPTER I 

INTRODUCTION 

I . 1. Review of L i t e r a t u r e 

Noise g e n e r a t e d from a l l t y p e s of i n d u s t r i a l machines i s r e c e i v i n g 

a g r e a t deal of a t t e n t i o n s i n c e l e g i s l a t i o n l i m i t i n g t h e maximum l e v e l s 

of n o i s e energy t h a t an o p e r a t o r and o t h e r nearby machine o p e r a t o r s can 

be exposed to d a i l y i s becoming more imminent. The prime cause of 

i n d u s t r i a l n o i s e i s t h e s h o r t d u r a t i o n c o n t a c t of machine p a r t s ; such 

as t h e impact of t he hammer and a n v i l in drop f o r g e s , t h e punching in 

punch p r e s s e s , t he combust ion and p i s t o n s l a p in d i e s e l e n g i n e s , 

back la sh in b a l l b e a r i n g s , t h e c l a s h i n g of b o t t l e s and cans in b o t t l i n g 

l i n e s , t h e hammering of p i l e d r i v e r s and o t h e r rock d r i l l i n g e t c . 

These r e s u l t in impact e x c i t a t i o n of t he machine s t r u c t u r e and t h e 

workp i ece . Some of t h e impac ts t h a t occur in i n d u s t r y a r e not always 

n e c e s s a r y . Punch presses and f o r g e hammer impacts do useful work and 

t h e s e impacts are the operat ion of the machine. However, impacts from 

t r a n s f e r of m a t e r i a l when thrown down s h u t e s or i n t o s t i l l a g e s a r e 

u n n e c e s s a r y but t hey s t i l l c o n t r i b u t e to t he f a c t o r y n o i s e l e v e l . The 

e l i m i n a t i o n of t h e s e u n n e c e s s a r y n o i s e s o u r c e s and of t h e machinery 

n o i s e i s t o be of impor t ance because of t he coming l e g i s l a t i o n . 

The n o i s e r a d i a t e d f rom a s t r u c t u r e , i n c l u d i n g t h e s t r u c t u r a l 

damping and t h e r a d i a t i o n l o s s f a c t o r has been i n v e s t i g a t e d by a number 

of r e s e a r c h e r s in t h i s f i e l d , e s p e c i a l l y in t h e case of con t inuous 

e x c i t a t i o n . Cremer e t al [ l ] i n v e s t i g a t e d the nature and propagation 

of s t r u c t u r e - b o r n e sound and t h e e f f e c t of m o d i f i c a t i o n s in t he 

s t r u c t u r e on t h e t r a n s m i s s i o n of v i b r a t i o n a l e n e r g y . Also i n c l u d e d i s 

the development of s t r u c t u r a l damping with an i n v e s t i g a t i o n of the 

d i f f e r e n t damping mechanisms to i n c r e a s e the s t ruc tura l l o s s f a c t o r . 

Ver and Holmer [2] d id s i m i l a r work and r e l a t e d t h e n o i s e r a d i a t e d 

from a p l a t e s t r u c t u r e to t h a t from a p i s ton of the same s i z e to 

obta in a r a d i a t i o n e f f i c i e n c y curve f o r the p l a t e . Also a r e l a t i o n i s 

developed between the sound power radiated and the input v i b r a t i o n a l 



power t o t h e s t r u c t u r e . Another i n v e s t i g a t i o n i s t h e c o n t r o l of 

n o i s e from impac ts by s o f t e n i n g of t he blow. Maidanik [3] a l s o 

i n v e s t i g a t e s t h e r a d i a t i o n e f f i c i e n c y of s t r u c t u r e s , and uses t h e 

assumpt ion of an ave rage l e v e l of r e s p o n s e in t h e c a s e of l a r g e complex 

s t r u c t u r e s , s i m i l a r to machine s t r u c t u r e s , where a l a r g e number of 

modes a r e p r e s e n t . 

Morse and Ingard [4] s tudy t h e i n t e r a c t i o n between a c o u s t i c 

waves and t h e v i b r a t i n g s t r u c t u r e in very g r e a t d e t a i l , i n v o l v i n g 

high l e v e l m a t h e m a t i c s . This i s bo th an advantage and a d i s a d v a n t a g e ; 

i t g i v e s very a c c u r a t e e s t i m a t e s of t he n o i s e r a d i a t e d from a s t r u c t u r e , 

bu t g e n e r a l i s a t i o n s a r e not very easy to deduce. An i m p o r t a n t s e c t i o n 

in t h i s r e f e r e n c e i s t h e i n t e r a c t i o n of a c o u s t i c waves wi th t h e 

v i b r a t i n g s t r u c t u r e in t h e c a s e where f l u i d l oad ing cannot be ignored 

l i k e in t h e c a s e of underwate r e x c i t a t i o n . 

I d e n t i f i c a t i o n of n o i s e s o u r c e s and n o i s e c o n t r o l measures a t 

Source have been developed over t h e p a s t few y e a r s . However, most of 

t h e s e i n v e s t i g a t i o n s r e s u l t e d in ad-hoc e m p i r i c a l r e l a t i o n s between 

the n o i s e g e n e r a t e d and the o p e r a t i o n of t he machine . The n o i s e 

c o n t r o l measures s u g g e s t e d , u s u a l l y t a k e t h e form of e n c l o s u r e s around 

t h e machine s t r u c t u r e , which w h i l e they may t e m p o r a r i l y s o l v e t h e 

problem, t h e y can h a r d l y be t h o u g h t of a s permanent s o l u t i o n s . This 

i s because of t h e number of problems t h a t e n c l o s u r e s c r e a t e ; a c c e s s 

to t h e machine i s r e s t r i c t e d , t h e o p e r a t o r i s r e l u c t a n t t o f i t t h e 

e n c l o s u r e back on a f t e r m a i n t e n a n c e , p a r t s of t he e n c l o s u r e do not 

s t and up f o r long p e r i o d s due to t h e ext reme c o n d i t i o n s t h a t c e r t a i n 

machine o p e r a t o r s c r e a t e , and in any c a s e they a r e e x p e n s i v e . 

Other i n v e s t i g a t i o n s s u g g e s t methods to r educe t h e n o i s e r a d i a t e d 

from machine s t r u c t u r e s by r e l a t i n g t h e n o i s e r a d i a t e d to t h e machine 

o p e r a t i o n . Evensen s t u d i e d the n o i s e r a d i a t e d from a punch p r e s s 

dur ing b l a n k i n g [5] and r e l a t e d t h e r a d i a t e d n o i s e t o changes in 

the f o r c e p u l s e shape and t o t h e shape of t h e un load ing of t h e p r e s s 

dur ing f r a c t u r e when b l a n k i n g . There i s no r e l a t i o n o t h e r than wi th 

t h e f o r c e shaping and no th ing i s g iven on how o t h e r pa r ame te r s which 

a f f e c t the n o i s e rad ia ted can be modi f i ed f o r n o i s e c o n t r o l . The 



t a i l o r i n g of t h e shape of t h e f o r c e p u l s e i s not a lways d e s i r e d by 

e i t h e r t h e o p e r a t o r o r t h e m a n u f a c t u r e r because of lower p r o d u c t i o n . 

The n o i s e r a d i a t e d from p l a t e s due to impact has been 

i n v e s t i g a t e d by Benede t to e t al [6] , where he g i v e s an e x p r e s s i o n 

f o r t h e sound r a d i a t e d from a t h i n squa re p l a t e when impacted by a 

s p h e r e , Bolgov and N i k i f o r o v [7] a l s o s t u d i e d t h e n o i s e r a d i a t e d 

from f l e x u r a l v i b r a t i o n s of an i n f i n i t e p l a t e when t r a n s v e r s e l y 

impac ted . In bo th t h e s e p a p e r s , t h e r e l a t i o n between t h e n o i s e 

r a d i a t e d and t h e pa r ame te r s of t h e p l a t e a r e very compl i ca t ed t o 

e x t r a c t and n o t h i n g a t a l l can be deduced from such r e l a t i o n s h i p s , 

excep t to e s t i m a t e t h e r a d i a t e d n o i s e from a p a r t i c u l a r p l a t e . 

Machine s t r u c t u r e s a r e seldom only of p l a t e - l i k e c o n s t r u c t i o n s and 

such compl i ca t ed e q u a t i o n s canno t t h e r e f o r e be e x t e n s i v e l y used . 

Endo e t al [8] i n v e s t i g a t e s t h e n o i s e r a d i a t e d from c i r c u l a r 

c y l i n d e r s when impacted both l o n g i t u d i n a l l y and t r a n s v e r s e l y by an 

e l a s t i c s p h e r e . Th i s paper g i v e s expe r imen ta l r e s u l t s backed by 

t h e o r y which can on ly be used f o r t h e s p e c i f i c cases of impac t s i n 

C y l i n d e r s . Al though some of t h e r e s u l t s can be a p p l i e d to o t h e r 

t y p e s of s t r u c t u r e s , h a r d l y any q u a n t i t a t i v e measures can be g iven 

to m o d i f i c a t i o n s of t h e s t r u c t u r e t o c o n t r o l t he r a d i a t i o n of n o i s e . 

The pa r ame te r s of t h e s t r u c t u r e t h a t e f f e c t t he n o i s e energy r a d i a t e d 

a r e not s p e c i f i e d and on ly changes due t o impact v e l o c i t i e s and s i z e 

of s t r u c t u r e a r e g i v e n . 

The r e d u c t i o n in n o i s e energy r a d i a t e d by a p l a t e s t r u c t u r e due 

t o t h e a d d i t i o n of damping i s i n v e s t i g a t e d in t h e paper by Holmer & 

Lagace [9] . Th i s i n v e s t i g a t i o n goes some way in d e t e r m i n i n g the 

d i f f e r e n t p a r a m e t e r s i nvo lved in t h e r a d i a t i o n of sound from a p l a t e 

bu t t h e r e a r e no g e n e r a l i s a t i o n s t o o t h e r forms of s t r u c t u r e s . The 

t h e o r y and e x p e r i m e n t a l r e s u l t s p r e s e n t e d a r e on ly a p p l i c a b l e to a 

p l a t e and a r e t e s t e d f o r a h o p p e r , and most of t h e r e s u l t s a r e 

d i r e c t e d a t t h e e f f e c t t h a t damping w i l l have on t h e r a d i a t i o n of 

n o i s e ene rgy . One r e s u l t which i s worth ment ion ing i s t h a t i f t h e 

a d d i t i o n of damping does not a p p r e c i a b l y change t h e s t i f f n e s s and 

s u r f a c e d e n s i t y of t h e s t r u c t u r e , t hen t h e r e d u c t i o n in t h e n o i s e 

energy r a d i a t e d i s d i r e c t l y dependen t on t h e i n c r e a s e of damping. 



The work by Goyder and White [10] and P inn ing ton and White [11] 

on t h e f l ow of energy from t h e p o i n t of e x c i t a t i o n to t h e r e s t of a 

s t r u c t u r e goes some way in s p e c i f y i n g t h e pa rame te r s t h a t i n f l u e n c e 

t h e v i b r a t i o n a l energy t h a t e scapes i n t o a s t r u c t u r e . The i r work 

i n v e s t i g a t e d t h e r e l a t i o n between t h e f low of power i n t o a s t r u c t u r e 

and t h e e x c i t a t i o n f o r c e and s t r u c t u r a l r e s p o n s e . In t h e work by 

P i n n i n g t o n , i t i s shown t h a t t h e e x a c t d e t a i l of t h e r e s p o n s e of t h e 

s t r u c t u r e i s not i m p o r t a n t ; on ly the mean and peak l e v e l s of v i b r a t i o n 

a r e needed. This l e a d s t o t h e s t u d y of more compl ica ted systems in 

t h e e s t i m a t i o n of power f low from one system to t h e o t h e r . The work 

main ly d e a l s wi th c o n t i n u o u s or random e x c i t a t i o n , b u t i t can be 

e a s i l y adopted f o r t h e c a s e of i m p u l s i v e e x c i t a t i o n t o e s t i m a t e t h e 

f l o w of energy f o r each impac t . Also o t h e r i n v e s t i g a t i o n s a r e done 

on t h e f low of power when t h e e x c i t a t i o n p o i n t i s not j u s t a s i n g l e 

p o i n t but a number of d i f f e r e n t p o i n t s . 

Another i m p o r t a n t work in t h e f i e l d of s t r u c t u r a l r e s p o n s e and 

mean l e v e l s of r e s p o n s e i s by Skudrzyk [12] who i n v e s t i g a t e s t h e 

mean l e v e l s of v i b r a t i o n f o r d i f f e r e n t t y p e s of s t r u c t u r e s under 

d i f f e r e n t t ypes of e x c i t a t i o n . His work does not deal with t h e 

power f low a t a l l but t h e r e i s a d i r e c t r e l a t i o n s h i p s i n c e t h e 

ave rage power f l o w i s d i r e c t l y dependent on t h e mean v a l u e of t h e 

s t r u c t u r e r e s p o n s e i f t h e e x c i t a t i o n f o r c e in t h e f r e q u e n c y domain 

i s c o n s t a n t . Th is work, t o g e t h e r wi th t h e work by Goyder & White 

and P inn ing ton and White p r o v i d e some g e n e r a l i s a t i o n in t h e s o l u t i o n 

of t h e v i b r a t i o n l e v e l s in compl i ca t ed s t r u c t u r e s . 

As one can s e e , l i t t l e work has been done on t h e r e l a t i o n of 

n o i s e r a d i a t e d by a s t r u c t u r e and t h e s t r u c t u r a l r e s p o n s e , excep t 

perhaps r e l a t i n g r a d i a t e d n o i s e to t h e s u r f a c e v e l o c i t y of a s t r u c t u r e . 

R icha rds e t al in h i s s e r i e s of pape r s [13-15] on t h e p r e d i c t i o n of 

impact n o i s e f rom machine s t r u c t u r e s goes a long way in b r i n g i n g 

toge ther s t r u c t u r a l response and radiated n o i s e . Prev ious ly , a l o t 

of work has been done on s t r u c t u r e s and on a c o u s t i c s ; the propagation 

of sound waves in d i f f e r e n t media, but never has the r e l a t i o n between 

s t ruc tura l response and n o i s e radiated been i n v e s t i g a t e d . The work 



by R icha rds does no t on ly make a good a t t e m p t a t o b t a i n i n g a 

r e l a t i o n between n o i s e r a d i a t e d and s t r u c t u r a l r e s p o n s e , bu t a l s o 

by t h e e l i m i n a t i o n of minu te d e t a i l s , he o b t a i n e d g e n e r a l i s e d 

r e s u l t s which a r e v e r y u s e f u l in p r a c t i c e . These r e s u l t s can be 

used by e n g i n e e r s w i t h o u t deep knowledge of a c o u s t i c s o r s t r u c t u r e s . 

The n o i s e r a d i a t e d i s r e l a t e d to a s i n g l e impact which thus p e r m i t s 

t h e i n v e s t i g a t i o n of p u l s e s h a p i n g , r e p e t i t i o n r a t e and t h e machine 

p r o c e s s . In i t s p r e s e n t f o r m , t h e n o i s e r a d i a t e d can be e s t i m a t e d 

in broad bands , t h a t i s , an a v e r a g e ove r a l l modes in a bandwid th , 

bu t t h i s can be f u r t h e r deve loped t o e s t i m a t e t h e n o i s e r a d i a t e d in 

narrow band a n a l y s i s . This made p o s s i b l e t h e t a c k l i n g of n o i s e a t 

s o u r c e where h igh n o i s e r e d u c t i o n can be o b t a i n e d w i t h o u t keeping 

t h e o p e r a t o r away from h i s mach ine . 

I . 2 . Development of t h e Energy Accountancy Concept 

The r i n g i n g n o i s e energy r a d i a t e d from a s t r u c t u r e when e x c i t e d 

by an impact can be e s t i m a t e d us ing an energy accoun tancy concep t [15] 

Some of t h e energy deve loped by t h e machine in t h e work p roces s goes 

i n t o t h e work done and some e s c a p e s i n t o t h e machine s t r u c t u r e and 

workp iece which a r e l e f t in a s t a t e of v i b r a t i o n a l mo t ion . 

^ i n ^work ^escape 

where i s t h e energy developed by t h e machine ; 

E ^ i s t h e work done by t h e machine; and 

E i s t h e energy t h a t e s capes i n t o t h e machine s t r u c t u r e . 
C Z) L" O M t. 

^escape e i t h e r rad ia ted as n o i s e or d i s s i p a t e d as heat 

due to t h e s t r u c t u r a l damping ( E g ^ r u c t u r e ) ' ^^ assumed t h a t t h e 

f o u n d a t i o n and workp iece can be c o n s i d e r e d as being p a r t of t h e machine 

s t r u c t u r e w i t h t h e i r own r a d i a t i o n e f f i c i e n c y . Thus 

^ e s c a p e ^rad ^ s t r u c t u r e (" '•2) 



The n o i s e r a d i a t e d from a s t r u c t u r e i s g iven by 

Erad = ft "rad 

where p c i s t h e a c o u s t i c impedance of t h e su r round ing medium, a i r ; 

A i s t h e s u r f a c e a r e a of t he s t r u c t u r e ; 

"^rad t h e r a d i a t i o n e f f i c i e n c y of t h e s t r u c t u r e ; and 

V i s t h e normal v e l o c i t y of t h e s t r u c t u r e s u r f a c e . 

< > and deno t e s p a t i a l and t i m e a v e r a g i n g r e s p e c t i v e l y . From t h e 

d e f i n i t i o n of s t r u c t u r a l l o s s f a c t o r , t h e energy l o s t due t o t h e 

s t r u c t u r a l damping i s g iven by 

^structure = P,„ A ^ ( 1 . 4 ) 

where rig i s t h e s t r u c t u r a l l o s s f a c t o r ; 

d i s the b u l k i n e s s o r t h i c k n e s s of t h e s t r u c t u r e ; 

Pî  i s t h e m a t e r i a l d e n s i t y of t h e s t r u c t u r e ; and 

f i s t h e f r e q u e n c y of r a d i a t i o n . 

From equat ions ( 1 . 2 ) , ( 1 . 3 ) and ( 1 . 4 ) an express ion f o r the 

n o i s e energy r a d i a t e d can be o b t a i n e d , v i z . 

Erad(f ) = ( 1 , 5 ) 
nf^s d pm 

°rad + p ,c 

For machine s t r u c t u r e s which have a high s t r u c t u r a l damping, 

because of the many parts which are bol ted t o g e t h e r , Opgj in the 

denominator of equation ( 1 . 5 ) can be n e g l e c t e d . However, t h i s i s 



not e s s e n t i a l in t h e u n d e r s t a n d i n g of t h e d i f f e r e n t pa rame te r s t h a t 

i n f l u e n c e t h e n o i s e energy r a d i a t e d . 

The energy t h a t e scapes i n t o t h e s t r u c t u r e du r ing t h e impact i s 

equal t o t h e i n t e g r a t i o n of t h e p r o d u c t of impact f o r c e and t h e 

v e l o c i t y of t h e s t r u c t u r e a t t h e impact p o i n t and in t h e same d i r e c t i o n 

of t h e i m p a c t , over t h e t ime of i m p a c t . In t h e f r e q u e n c y domain, t h i s : 

Can be e x p r e s s e d as 

escaoe 
| F ( f ) 

Ztrf 

Im [H( f ) ] df (1.6) 

where | F ( f ) | i s t h e modulus of t h e f o r c e d e r i v a t i v e spectrum and 

Im [ H ( f ) ] i s t h e s t r u c t u r a l r e s p o n s e a t t h e po in t of impact d e f i n e d 

as t he r a t i o of t h e v e l o c i t y in t h e d i r e c t i o n of t h e f o r c e V( f ) , 

to t h e f o r c e d e r i v a t i v e F ( f ) . I f we a r e i n t e r e s t e d in t h a t in a 

bandwidth Af c e n t r e d on f r e q u e n c y f , we can w r i t e 

' e s c a p e 
2n 

! F ( f ) | . Im . 
Af 

(1.7) 

This e x p r e s s i o n f o r E holds f o r both narrow band and wide 

C ̂  Q U C 

band a n a l y s i s . In t h e c a s e of t h e l a t t e r , an ave rage v a l u e over 

s e v e r a l modes f o r Im [ H ( f ) ] can be assumed, wh i l e in narrow band 

a n a l y s i s , t h e d e t a i l s of Im [ H ( f ) ] have to be known. 

Expres s ing t h e r a d i a t e d n o i s e energy from a machine s t r u c t u r e 

in an e q u i v a l e n t power l e v e l , assuming one impact per second , t h e 

A-weighted r a d i a t e d n o i s e in f r e q u e n c y band Af with c e n t r a l 

f r e q u e n c y f 

10 log | F ( f ) | + 10 log Im [ H ( f ) ] + 10 log 
Aa rad 

10 log rig - 10 log d + 10 log 

-IT p 
m 

Af 
(1.8) 



If N impacts occur per second, then another term 10 log N 

i s i n c l u d e d in e q u a t i o n ( 1 . 8 ) . The (A) i s t h e ave rage A-

weighted l e v e l of n o i s e r a d i a t e d . I t i s a summation over a l l 

f r e q u e n c y bands and number of impacts occu r ing dur ing t h e t ime 

of a v e r a g i n g . I f t h i s r e p r e s e n t s t h e energy r e c e i v e d by the machine 

o p e r a t o r s , i t should no t exceed 90 dBA in t o t a l over an e i g h t - h o u r 

p e r i o d by t h e p r e s e n t code of p r a c t i c e . The e q u i v a l e n t l e v e l i s 

used because of t h e impu l s ive n a t u r e of t he n o i s e . 

Equat ion ( 1 . 8 ) shows t h a t t h e energy r a d i a t e d by a s t r u c t u r e 

can be exp re s sed in te rms of such s t r u c t u r e pa ramete r s a s : 

s t r u c t u r a l r e s p o n s e , s t r u c t u r a l damping, b u l k i n e s s and r a d i a t i o n 

e f f i c i e n c y , and t h e o p e r a t i o n of t h e machine ( i f t h e s t r u c t u r e i s a 

machine s t r u c t u r e ) or t h e mechanics of t he impac t . T h e r e f o r e , t h i s 

e q u a t i o n g ive s t h e c o n t r i b u t i o n t h a t each o f t h e s e pa rame te r s has on 

the n o i s e r a d i a t e d . The change in the r a d i a t e d n o i s e due t o 

m o d i f i c a t i o n s of more than one pa rame te r can be computed by e s t i m a t i n g 

the e f f e c t due to each pa ramete r and then summing a l l t h e s e 

c o n t r i b u t i o n s l i n e a r l y t o o b t a i n t h e t o t a l n o i s e r e d u c t i o n . T h e r e f o r e , 

from t h i s e q u a t i o n , we can e s t i m a t e which pa rame te r s w i l l g ive t h e 

h i g h e s t n o i s e r e d u c t i o n and by how much. 

I . 2 . 1 . Re levan t Pa ramete r s in Impact Noise 

In t h e e x p r e s s i o n f o r t h e n o i s e energy r a d i a t e d in a bandwidth 

Af, we can assume | F ( f ) | 2 t o be c o n s t a n t and t a k e an average va lue 

of Im [ H ( f ) ] , which need no t t a k e i n t o accoun t t h e f r e q u e n c y 

v a r i a t i o n s of t h e term in each r e s o n a n t mode. Needless t o say , t h e 

h ighe r t h e modal d e n s i t y in t h e band, t he more j u s t i f i a b l e w i l l be 

t h i s app roach . 

Th i s i s an added advan tage when us ing t h e accountancy e q u a t i o n 

in t h e des ign s t a g e because t h e e x a c t p o i n t r e sponse of t h e s t r u c t u r e 

i s not needed , bu t i t may be approximated t o by an i n f i n i t e s t r u c t u r e 

of the same p l a t e t h i c k n e s s , the mean response of which i s known. The 

d r i v i n g p o i n t m o b i l i t i e s of s t r u c t u r e s and co r r e spond ing p o i n t 

m o b i l i t i e s f o r s i m i l a r s t r u c t u r e s but of i n f i n i t e e x t e n t a r e g iven 



in [10] and [12] wi th a more in depth s tudy in Chapter I I . 

The term H( f ) i s r e l a t e d t o m o b i l i t y by t h e f a c t o r 1 / j w , ( l / j 2 n f ) . 

The same response as t h a t f o r continuous e x c i t a t i o n can be used, and 

t h e change between c o n t i n u o u s and s i n g l e impacts i s i n c o r p o r a t e d in 

t h e shape of t he f o r c e d e r i v a t i v e spec t rum. 

Sometimes, t h e s t r u c t u r e which i s t h e most e f f i c i e n t r a d i a t o r i s 

no t e x c i t e d d i r e c t l y but t h rough some o t h e r s t r u c t u r e o r s e r i e s of 

s t r u c t u r e s . Examples a r e t h e d i e s and d i e h o l d e r mounted on t h e 

a n v i l f o r a drop hammer, and t h e b e a r i n g caps b o l t e d onto t h e eng ine 

f rame of a d i e s e l e n g i n e . At medium f r e q u e n c i e s , t h e d i e s and h o l d e r 

a r e very poor r a d i a t o r s , but t h e a n v i l i s a good r a d i a t o r . This 

a p p l i e s a l s o f o r t h e b e a r i n g caps in e n g i n e s ; t h e caps a r e i n e f f i c i e n t 

r a d i a t o r s , w h i l e t h e eng ine f rame i s a good r a d i a t o r . Close cove r s 

wrapped around engine f r ames v ia a r e s i l i e n t i n t e r l a y e r p r e s e n t 

fur ther examples. 

Under such c o n d i t i o n s , t h e system can be c o n s i d e r e d t o be made 

up of a s o u r c e s t r u c t u r e ( in t h e p r e c e d i n g examples , t h e d i e s and h o l d e r ) , 

a r e c e i v e r s t r u c t u r e ( t h e a n v i l ) , and a form of i s o l a t o r in between, 

which i t s e l f may c o n s i s t of o t h e r t ypes of s t r u c t u r e s . This system 

Can be r e p r e s e n t e d s c h e m a t i c a l l y by a s o u r c e , i s o l a t o r , r e c e i v e r 

( f i g u r e 1 . 1 ) . The energy escape i n t o t h e r e c e i v e r s t r u c t u r e has been 

computed in terms of t h e t r a n s f e r m o b i l i t i e s and p o i n t m o b i l i t i e s of 

t h e system components [ l l ] f o r v a r i o u s combina t ions of t h e source 

s t r u c t u r e and r e c e i v e r s t r u c t u r e . The p o i n t r e sponse f o r a s o u r c e -

i s o l a t o r - r e c e i v e r system i s g iven by ( f i g u r e 1 . 1 ) 

1 1«12 
Im [H{f ) ] = Real [Mp] (1 -9 ) 



where 

Mi2 - t r a n s f e r m o b i l i t y between p o i n t s 1, e x c i t a t i o n p o i n t and 

2 , a t t a c h m e n t p o i n t of t h e source s t r u c t u r e ; 

Mg - p o i n t m o b i l i t y a t t h e p o i n t of a t t a c h m e n t of source 

s t r u c t u r e ; 

Mfj - p o i n t m o b i l i t y of r e c e i v e r ; 

M 
k 

( j + n ) - m o b i l i t y of i s o l a t o r s ; 

- l o s s f a c t o r ; and 

k - s t i f f n e s s of i s o l a t o r . 

Each of t h e s e te rms v a r i e s w i t h f r e q u e n c y and e x h i b i t s peaks and 

troughs a t the s t r u c t u r e ' s resonances and a n t i - r e s o n a n c e s . However, 

a mean a v e r a g e v a l u e s i m i l a r t o t h e mean r e sponse f o r d i r e c t e x c i t a t i o n 

can be computed, in t h i s case by frequency averaging t h i s expres s ion . 

This v a l u e f o r Im [H( f ) ] i s used in t h e accountancy equa t ion t o 

e s t i m a t e t h e n o i s e energy r a d i a t e d from a s t r u c t u r e which i s not 

d i r e c t l y e x c i t e d . 

This equation can a l s o be used to e s t imate the response when the 

s t r u c t u r e i s m o d i f i e d f o r n o i s e c o n t r o l . From e q u a t i o n ( 1 , 8 ) , one 

method t o r educe t h e n o i s e r a d i a t e d i s t o r educe t h e Egscape term, 

which can be done by lower ing t h e r e s p o n s e l e v e l of t h e s t r u c t u r e . 

If t h e s t r u c t u r e i s made more r i g i d , l e s s energy i s t r a n s f e r r e d on 

impac t , and t h e energy w i l l remain in t h e impac to r . 

The nex t pa r ame te r to c o n s i d e r i s t h a t of t h e f o r c e p u l s e . As 

in t h e f r e q u e n c y domain, t h e f o r c e term can be exp re s sed e a s i l y in 

terms of any of i t s d e r i v a t i v e s , we p r e f e r to s tudy a d e r i v a t i v e 

t h a t i s e f f e c t i v e l y f l a t a t t h e dominant f r e q u e n c y of t h e n o i s e . 

As t h e r a d i a t i o n e f f i c i e n c y i s ze ro a t ze ro f r e q u e n c y , a s t a t i c 

( ze ro f r e q u e n c y ) f o r c e g i v e s r i s e t o no n o i s e : t h u s , i t i s more 

s e n s i b l e t o work in te rms of F ( f ) o r F ( f ) o r any o t h e r 

d e r i v a t i v e t h a t i s f l a t wi th f r e q u e n c y ; thus t h e p r e d i c t i o n of t h e 

f i r s t d e r i v a t i v e i s emphas i sed . 
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The shape of t h e f o r c e p u l s e and magnitude in the t ime domain 

can be e a s i l y measured o r computed, bu t to o b t a i n t h e energy spectrum 

of such an impulse i t w i l l n e c e s s i t a t e t h e use of a f r e q u e n c y a n a l y s e r . 

In Appendix A a method i s g iven on how t h e spectrum shape and magni tude 

Can be approx imated us ing t h e f o r c e p u l s e and i t s d e r i v a t i v e s in the 

t ime domain. Th i s method w i l l a l l o w t h e spectrum of t h e p u l s e to be 

Computed from t i m e measurements . The o p e r a t i o n of a machine can only 

be d e s c r i b e d i n t h e t ime domain, t h e r e f o r e by r e l a t i n g t h e spectrum 

to measurements in t h i s domain, p o s s i b l e t a i l o r i n g of t h e p u l s e t o 

ach i eve a d e s i r e d spect rum can be worked ou t more e a s i l y . In t h e 

exper imen ta l t e s t s done, t h e t r u e spec t rum and t h e c a l c u l a t e d 

approximate spectrum obtained using the method in Appendix A are both 

p r e s e n t e d on t h e same f i g u r e s . However, f o r e s t i m a t i n g t h e sound 

energy rad ia ted the approximate spectrum i s used. 

Another r e a s o n f o r us ing the approx imate enve lope f o r t h e f o r c e 

d e r i v a t i v e spectrum i s t h a t in [ 7 ] , i t i s shown that the pulse from 

a r i g i d body ( s p h e r e ) h i t t i n g a p l a t e in an e l a s t i c i m p a c t , has a 

f i n i t e s l o p e a t t=0 . From measurements , a l l p u l s e s have a zero 

s t a r t i n g s l o p e . The Fourier t r a n s f o r m of a pu l se w i l l c o n s i s t of a 

main lobe and a s e r i e s of s i d e lobes and t h e r a t e of decay w i l l depend 

upon t h e number of d e r i v a t i v e s t h a t a r e p o s s i b l e w i t h i n t h e i n t e r v a l 

of t h e p u l s e ( s e e Appendix A). Thus , i f t h e o r e t i c a l l y i t i s proved 

t h a t t h e s l o p e a t t = 0 i s no t z e r o , t hen t h e zero s l o p e in t h e 

measurement may be due to a computer t r a n s i e n t , and i f t h i s i s 

e l i m i n a t e d , bu t keeping t h e maximum s l o p e c o n s t a n t , t h e F o u r i e r 

t r a n s f o r m a t t h e high f r e q u e n c y i n c r e a s e s in l e v e l . By us ing t h e 

maximised e n v e l o p e , t h i s problem i s e l i m i n a t e d , but wi th t h e r e s u l t 

t h a t t h e r e i s an o v e r e s t i m a t e a t t h e high f r e q u e n c y end. At t h e r eg ion 

of maximum f o r c e d e r i v a t i v e spec t rum, t h e envelope i s w i t h i n 1 dB of 

t he F o u r i e r t r a n s f o r m , f i g u r e ( 1 . 2 . ) shows the change in l eve l due to 

t h e small c o r r e c t i o n in t h e p u l s e shape a t t = 0 , and a l s o a 

comparison between the Fourier transform as computed using a d i g i t a l 

frequency ana ly ser and the approximation method. In the region of the 
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maximum l e v e l , the approximation i s w i th in IdB of the computed 

r e s u l t s . 

Another c h a r a c t e r i s t i c of t h e | F ( f ) p spectrum i s t h a t , i f 

t h e impact i s s o f t e n e d , t h e maximum of t h i s spectrum i s s h i f t e d towards 

t h e low f r e q u e n c i e s . Th i s i s shown in t h e r e s u l t s f o r t h e p l a t e 

expe r imen t s in Chap te r V. Thus, i f t h e r e s p o n s e of t h e s t r u c t u r e i s 

not a l t e r e d , t h e v i b r a t i o n a l energy t h a t e scapes i n t o t h e s t r u c t u r e 

in t h e c a s e of a s o f t impact i s at a lower f r e q u e n c y r a n g e . A l s o , 

wi th a l o n g e r c o n t a c t d u r a t i o n , t h e maximum impact f o r c e i s reduced 

f o r t h e same impact v e l o c i t y which r e s u l t s in a lower l eve l f o r t h e 

| F ( f ) | 2 s p e c t r u m . Tha t i s , l e s s energy escapes i n t o t h e s t r u c t u r e . 

This can be e x p l a i n e d as f o l l o w s : t h e c o n t a c t time i s i n c r e a s e d by 

p l a c i n g a r e s i l i e n t i n s e r t a t t h e p o i n t of impact. During t h e 

impact, t h e r e s i l i e n t pad i s compressed and s t o r e s t h e energy l o s t by 

t h e impac tor in coming t o r e s t . Some of t h i s s t o r e d energy i s 

t r a n s f e r r e d t o t h e s t r u c t u r e and t h e r e s t i s t r a n s f e r r e d back to t h e 

impac tor which r e b o u n d s . Thus , t h e s t r u c t u r e i s l e f t w i th a lower 

energy as compared t o a d i r e c t impact. 

The remain ing p a r a m e t e r s to be d i s c u s s e d a r e t h o s e of t h e 

s t r u c t u r a l l o s s f a c t o r ng and of t h e m o d i f i e d r a d i a t i o n e f f i c i e n c y 
Aa 

10 log — . The l o s s f a c t o r ng i s t h e r a t i o of t h e energy l o s t 

in hea t in t h e s t r u c t u r e per c y c l e to t h e maximum s t r a i n energy of 

the s t r u c t u r e , and can be measured or es t imated in the case of s imple 

s t r u c t u r e s . In r e f e r e n c e [ l4 ] , v a r i o u s curves f o r opad a g a i n s t 

f r e q u e n c y a r e p r e s e n t e d f o r d i f f e r e n t s t r u c t u r e s in v a r i o u s forms 

of v i b r a t i o n a l mo t ion . 
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CO 

f i g u r e 1 . 1 . S o u r c e - I s o l a t o r - R e c e i v e r s y s t e m . P o i n t f o r c e e x c i t a t i o n ; (a) sou rce , 

(b) i s o l a t o r wi th complex s t i f f n e s s k( l + j n ) , ( c ) r e c e i v e r . 
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CHAPTER II 

THE STRUCTURAL RESPONSE OF MACHINE COMPONENTS 

I I . 1 . I n t r o d u c t i o n 

I t was shown in t h e p r e v i o u s c h a p t e r t h a t t he n o i s e r a d i a t e d 

from a s t r u c t u r e , a s a r e s u l t of an impac t , can be exp re s sed g e n e r a l l y 

as a summation of a s e r i e s of terms, one of which i s t h e s t r u c t u r a l 

r e sponse term which i s the r a t i o of t he v e l o c i t y , a t a g iven f r e q u e n c y , 

and a t t he p o i n t of e x c i t a t i o n t o t h e r a t e of change of f o r c e a t t he 

same frequency ( V ( f ) / F ( f ) ) . Thus the no i s e radiated can be contro l l ed by 

lowering the l e v e l of the s t ruc tura l response , to a given e x c i t a t i o n f o r c e . 

This chapter i s t h e r e f o r e concerned with the response of s t ruc tures 

to e x c i t a t i o n s a t f r e q u e n c i e s which rad ia te e f f i c i e n t l y . Such 

f r e q u e n c i e s are o f t e n well above those which e x c i t e the s t r u c t u r e in 

i t s most b a s i c modes, and the well known methods of c a l c u l a t i n g natural 

f requenc ie s and i n v e s t i g a t i n g the response in each of these modes i s 

not p a r t i c u l a r l y p r o f i t a b l e ; there may well be several modes in a 

s i n g l e th ird oc tave band and each of these modes may well incur large 

movements in comple te ly d i f f e r e n t parts of the s t r u c t u r e . We there fore 

search f o r more g e n e r a l i s e d response methods using s t a t i s t i c a l power 

f l o w , l e a d i n g t o t h e use of a mean va lue f o r t he response of the 

s t r u c t u r e . Using these s t a t i s t i c a l power f low methods we need to 

recogni se when a s t r u c t u r e i s under f o r c e or moment e x c i t a t i o n and 

when, and at what frequency ranges , can the s t ruc ture be t r e a t e d as 

a p l a t e , f l a t or c y l i n d r i c a l , or as a beam, e t c . In t h i s chapter the 

mean l eve l of the response f o r some typ ica l s t r u c t u r e s , under d i f f e r e n t 

forms of e x c i t a t i o n are analysed and compared. Thus one can choose 

the optimum s t r u c t u r e with the minimum response f o r a p a r t i c u l a r 

a p p l i c a t i o n . 

The s t r u c t u r a l response l e v e l can be reduced by inc lud ing some 

r e s i l i e n c e in the s t r u c t u r e , say , by the in troduct ion of r e s i l i e n t 

material in the c o n s t r u c t i o n of the machine s t r u c t u r e . However, in 

many machines, there are l i m i t a t i o n s placed on the a c c e p t a b i l i t y of 

e x c e s s i v e r e s i l i e n c e , even though t h i s reduces the response a t the 

higher f r e q u e n c i e s . The impacting e lement , whether i t be a hammer, 

s h u t t l e , cam, gear too th or , f o r t h a t matter , the housing which holds 
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i t , o r t h e s t r u c t u r e i t s t r i k e s , needs t o p rov ide p o s i t i v e p o s i t i o n i n g 

and a lack of f l e x i b i l i t y , so that the f o l l o w i n g impact meets the 

machine s t r u c t u r e w i th g r e a t accu racy and t i m i n g . In some machines 

such as drop s t amps , s low punch p r e s s e s , and s lowly r e p e t i t i v e sys tems, 

t h i s r e s i l i e n c e may no t m a t t e r , but on o t h e r s i n v o l v i n g very high 

s p e e d s , such as g e a r s , cams e t c . , t h e r e s i l i e n c e needs to be s t r i c t l y 

c o n t r o l l e d t o p r e v e n t e x c e s s i v e bounce and m a l f u n c t i o n i n g . Under 

t h e s e c i r c u m s t a n c e s , t h e s t r u c t u r a l r e s p o n s e s have t o be c a l c u l a t e d 

more c a r e f u l l y and r e s i l i e n c e s chosen to be a c c e p t a b l e a t t h e low 

f r e q u e n c i e s d e s c r i b e d by t h e r e p e t i t i o n r a t e , but so des igned to 

r educe r e s p o n s e a t t h e h i g h e r f r e q u e n c i e s a s s o c i a t e d wi th the maximum 

n o i s e o u t p u t . 

I I . 2. S t r u c t u r a l Response 

The p o i n t r e s p o n s e Im [ H ( f ) ] f o r a s t r u c t u r e can be o b t a i n e d by 

f o u r d i f f e r e n t methods . They a r e , (1) t h e c l a s s i c a l method which 

d e t e r m i n e s t h e n a t u r a l f r e q u e n c i e s and a s s o c i a t e d mode shapes of t he 

s t r u c t u r e . The s t r u c t u r e i s compared t o a m u l t i - d e g r e e of f reedom 

system and t h e s o l u t i o n i s t h e i n f i n i t e sum of t h e c o n t r i b u t i o n s from 

a l l modes, (2) a s t a t i s t i c a l method by which t h e most i m p o r t a n t modes 

a r e de t e rmined and then on ly t h e s e modes of v i b r a t i o n c o n t a i n i n g t h e 

h i g h e s t energy c o n t e n t s a r e c o n s i d e r e d , (3) t h e f i n i t e e lement method 

in which t h e s t r u c t u r e i s broken i n t o a number of c e l l s and the 

s o l u t i o n i s a r r i v e d a t n u m e r i c a l l y by c o n n e c t i n g each i n d i v i d u a l c e l l 

by t h e boundary c o n d i t i o n s , (4) t h e i n t e g r a l t r a n s f o r m method, where 

a comple te s o l u t i o n i s found t o t h e d i f f e r e n t i a l e q u a t i o n of motion 

f o r t h e s t r u c t u r e , us ing t h e boundary c o n d i t i o n s of t h e sys tem. 

All t h e s e methods g i v e t h e p r e c i s e r e s p o n s e which may not always 

be n e c e s s a r y . To d e t e r m i n e t h e n o i s e energy r a d i a t e d from a machine 

s t r u c t u r e in frequency bands , only t h e mean va lue or c h a r a c t e r i s t i c 

r e s p o n s e i s needed t h r o u g h o u t t h e whole f r e q u e n c y r a n g e . 

The t o t a l e s cape e n e r g y , r e p e a t i n g e q u a t i o n ( 1 . 6 ) i s g iven by 

E escape 

,2 

Zwf 
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and i f t h e term | F ( f ) | 2 / Zuf does not change very r a p i d l y wi th 

f r e q u e n c y , then t h i s term can be taken o u t s i d e t h e i n t e g r a l . 

T h e r e f o r e , t he t o t a l e scape energy w i l l depend on t h e i n t e g r a l of 

[Im H ( f ) ] . This i s t h e same as t h e i n t e g r a l of a mean l i n e , t he 

g e o m e t r i c a l mean va lue between t h e peaks and t r o u g h s , pa s s ing through 

t h e cu rve f o r Im [ H ( f ) ] . Thus in c o n s i d e r i n g t h e energy in p e r c e n t a g e 

f r e q u e n c y bands , i n s t e a d of t a k i n g i n t o accoun t t h e f r e q u e n c y 

v a r i a t i o n s of t h e r e s p o n s e , a mean v a l u e , f r e q u e n c y averaged can be 

used f o r Im [ H ( f ) ] , p rov ided t h e r e i s more than one mode i n each band. 

This mean v a l u e i s t h e r e s p o n s e of a s i m i l a r s t r u c t u r e but of i n f i n i t e 

e x t e n t . There a r e no r e sonances and t h e s t r u c t u r e has no mode shapes . 

For f i n i t e s t r u c t u r e s t h i s c o n d i t i o n i s s a t i s f i e d i f t he s t r u c t u r e i s 

e i t h e r h i g h l y damped o r f o r high f r e q u e n c i e s when the modal d e n s i t y 

i s h igh . For a h i g h l y damped s t r u c t u r e , t h e bandwidth a s s o c i a t e d 

w i th each mode i s l e s s than t h e bandwidth s e p a r a t i n g s u c c e s s i v e modes, 

and a l s o t h e s t r e s s waves in t h e s t r u c t u r e moving away from t h e 

e x c i t a t i o n p o i n t w i l l decay to ve ry low ampl i tudes by the t ime they 

r each t h e edge of t h e s t r u c t u r e and thus the r e f l e c t e d wave i s very 

weak, t hus t h e r e a r e no r e f l e c t e d waves as i f t h e s t r u c t u r e i s 

i n f i n i t e . However, t h i s f r e q u e n c y averaged r e s p o n s e g ive s the escape 

energy in f r e q u e n c y bands and no t a t a p a r t i c u l a r f r e q u e n c y . T h e r e f o r e , 

us ing t h i s method, t h e n o i s e energy r a d i a t e d from a s t r u c t u r e cannot 

be e s t i m a t e d a t d i s c r e t e f r e q u e n c i e s . This i s no t a l i m i t a t i o n on t h i s 

method because machine s t r u c t u r e s u s u a l l y have a h igh modal d e n s i t y 

and a r e l a t i v e l y high l o s s f a c t o r . A l so , even f o r s t r u c t u r e s wi th low 

modal d e n s i t y a r e a s o n a b l y good e s t i m a t e f o r t h e energy escape l ead ing 

to n o i s e r a d i a t e d can be o b t a i n e d [16] . 

F i g u r e ( 2 . 1 ) shows a comparison of t h e d i f f e r e n t s l o p e s of t h e 

mean v a l u e f o r t h e s t r u c t u r e r e s p o n s e f o r p l a t e s and beams f o r e i t h e r 

f o r c e or torque e x c i t a t i o n . 

In some c a s e s the f i r s t r i n g i n g f r e q u e n c y of t h e s t r u c t u r e i s 

w i t h i n t h e f r e q u e n c y r ange of high n o i s e l e v e l s . Below t h e fundamenta l 

f r e q u e n c y t h e s t a t i s t i c a l energy method and modal d e n s i t y t r e a t m e n t 

break down and we have t o look a t o t h e r methods t o e s t i m a t e the l eve l 

of t h e r e s p o n s e . This may be o b t a i n e d us ing t h e method of summation 

of modes but only the f i r s t mode need be cons idered . This approximation 
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can be used up t o a f r e q u e n c y of o n e - h a l f t h e fundamenta l f r e q u e n c y . 

At f r e q u e n c i e s j u s t above t h e fundamenta l r i n g i n g f r e q u e n c y , t h e 

s t a t i s t i c a l mean l e v e l i s not very s a t i s f a c t o r y because of t h e low 

modal d e n s i t y , bu t t h e g e n e r a l l e v e l s of impact energy can s t i l l be 

o b t a i n e d u s ing t h i s l e v e l . 

T h e r e f o r e , t h e r e s p o n s e of a s t r u c t u r e can be d i v i d e d i n t o t h r e e 

r e g i o n s . The f i r s t r e g i o n i s below o n e - h a l f t h e fundamenta l f r e q u e n c y . 

The l e v e l in t h i s f r e q u e n c y range i s u s u a l l y l o s s f a c t o r dependen t . 

The second r e g i o n i s between o n e - h a l f t h e fundametna l f r e q u e n c y and 

the f u n d a m e n t a l . In t h i s f r e q u e n c y r ange t h e r e i s a sudden i n c r e a s e 

in the response l e v e l . This sudden jump i s s t ruc tura l damping 

dependen t . At f r e q u e n c i e s above t h e f u n d a m e n t a l , t h e t h i r d r e g i o n , 

t h e l e v e l i s g iven by t h e s t a t i s t i c a l method and i s i ndependen t of 

damping. 

I I . 3. Low Frequency Response 

Using t h e summation of modes method, t h e r e sponse of a s t r u c t u r e 

i s g iven by 

™ f 2 
Im [ H ( f ) ] = 2 . 9 (2 .2 ) 

n=l ( f^z - f 2 ) 2 + HgZ 

where mn and nsn are the mass and the s tructura l l o s s f a c t o r r e s p e c t i v e l y 

a s s o c i a t e d wi th t h e nth mode, mi = M, the t o t a l mass o f the s t r u c t u r e . 

For f << f i ( f r e q u e n c i e s below the f i r s t resonance) only the 

f i r s t term of t h e s e r i e s needs t o be c o n s i d e r e d and n i s t h e 
Sl 

s t ruc tura l l o s s f a c t o r f o r the f i r s t mode. Therefore 

Tm [ H ( f ) ] = = ( 2 . 3 ) 
+ Si^) 

Thus, the s t r u c t u r a l response a t f r e q u e n c i e s well below the f i r s t 

r ing ing frequency ( f i ) of the s t r u c t u r e w i l l have a constant l e v e l 
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given by equation ( 2 . 3 ) . At a frequency of one-ha l f the f i r s t 

r ing ing frequency , the response v a r i e s from the constant l e v e l 

response a t the very low f requenc ie s by about 2dB. Thus up to 

t h i s f r e q u e n c y t h e low f r e q u e n c y approx imat ion f o r t h e r e sponse 

can be assumed to apply . The low frequency approximation i s 

dependent on damping whi l e above the f i r s t r ing ing mode the response 

i s i ndependen t of damping. T h e r e f o r e , the sudden i n c r e a s e between 

t h e f i r s t r i n g i n g f r e q u e n c y and o n e - h a l f t h i s f r e q u e n c y i s i n v e r s e l y 

dependent on the l o s s f a c t o r of the f i r s t mode. Figure 2 . 2 . shows 

t h e measured imag ina ry part of t h e s t r u c t u r a l r e sponse of a b o t t l e 

e x c i t e d on the s i d e f o r two d i f f e r e n t va lues of damping. The damping 

of the b o t t l e was increased by f i x i n g v i s c o e l a s t i c material on the 

o u t s i d e . The t h e o r e t i c a l r e p r e s e n t a t i o n of the s t ruc tura l response 

i s shown in t h e same f i g u r e . The low f r e q u e n c y agreement i s 

p a r t i c u l a r l y promising, e s p e c i a l l y when cons ider ing the d i f f i c u l t y in 

obta in ing these r e s u l t s because of the low amplitudes i . e . high no ise 

to s igna l r a t i o a t o f f resonances . 

I I . 4. C y l i n d r i c a l She l l S tructures 

A very important p a r ame te r in s h e l l theory i s t h e r a d i a l or 

c i r c u m f e r e n t i a l r e s o n a n c e f r e q u e n c y given by f ^ = c / (2wa) Hz where 

c^ i s the l o n g i t u d i n a l wave speed and 'a' the radius of the s h e l l . 

Thus the response c h a r a c t e r i s t i c s of a s h e l l s t ruc ture can be 

separated in ta regimes or regions ( f i g u r e 2 . 3 ) . Below t h i s 

c i rcumferent ia l resonance , the v i b r a t i o n s of the she l l are c o n t r o l l e d 

by membrane f o r c e s wh i l e above t h i s frequency the v ibra t ions are 

c o n t r o l l e d by bending f o r c e s , i . e . the s h e l l w i l l behave l i k e a f l a t 

p l a t e of t he same t h i c k n e s s . The response of a s h e l l f or p o i n t f o r c e 

e x c i t a t i o n at any frequency i s g iven by 

1 . [H(f ) ] . ( 2 . 4 ) 

16nfV Bp 

where J ( f / f ) i s a f u n c t i o n of the r a t i o of any f r e q u e n c y to t h e 

c i rcumferent ia l resonance frequency , and i s given by 



f < f . 

l og . 
/ 48 a 

f = f,. 

f < f . 
( 2 . 5 ) 

where h i s t h e t h i c k n e s s of t h e s h e l l w a l l ; 

B t h e bending s t i f f n e s s g iven by B= E I / ( l - v 2 ) ; 

E i s Young's Modulus; 

I the second moment of area about an a x i s in the neutral plane; 

V i s P o i s s o n ' s R a t i o and 

Pg i s t h e s u r f a c e d e n s i t y . 

Therefore the mean value of the response of a c y l i n d r i c a l 

s t r u c t u r e i s lower than that of a p l a t e of the same th ickness below 

the c i r c u m f e r e n t i a l resonance frequency whi le at t h i s frequency the 

response takes a d i s c r e t e value which i s grea ter than that for a 

f l a t p l a t e . Above t h i s frequency the response i s e x a c t l y l i k e that 

of a p l a t e . 

I I . 5 . S t i f f e n e d S t r u c t u r e s 

I I . 5 . 1 . P o i n t Force E x c i t a t i o n 

Other types of s t r u c t u r e s , very common in machine cons truct ion 

a r e r i b - s t i f f e n e d s h e l l s and p l a t e s . I f t h e p o i n t e x c i t a t i o n i s 

between two r i b s , t h e s e a c t l i k e imperfec t r e f l e c t o r s , but the r i b s 

have a ve ry small e f f e c t on t h e mean va lue of t he r e sponse from t h a t 

of a p l a t e [12]. Although in t h i s ca se some of t h e i n p u t energy i s 

used in t o r s i o n a l v i b r a t i o n s of the r i b s , t h e s e are poor r a d i a t o r s , 

and t h e r e f o r e , the n o i s e rad ia ted would only be s l i g h t l y reduced. 

When the e x c i t a t i o n po int c o i n c i d e s with one of the r i b s , t o a f i r s t 

approximation, the response w i l l be the add i t ion of the indiv idual 

point responses f o r the rib and s h e l l or p l a t e , as i f the two systems 
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a r e in p a r a l l e l . S ince they a r e r i g i d l y f i x e d both have t h e same 

d i s p l a c e m e n t . For a b e t t e r a p p r o x i m a t i o n , vie have to t a k e i n t o 

accoun t t h e r e a c t i o n between t h e r i b and t h e p l a t e . S ince t h e r i b 

i s much s t i f f e r i n t h e d i r e c t i o n a long i t s a x i s , t h e bending 

wavelength a long t h e r i b i s no t d i f f e r e n t f rom t h a t of t h e r i b a l o n e . 

However, normal t o t h e r i b , t h e bending wavelength w i l l be t h a t of 

t h e p l a t e . Hence t h e p l a t e behaves as i f i t i s o r t h o t r o p i c and t h e 

r e s p o n s e f o r t h e p l a t e i s g iven by 

H(f) 

16nf 
'p ' 4 . 

( 2 . 6 ) 

where f o r r i b and i s t h e mass per u n i t l e n g t h of t h e r i b . 

For t h e r e a c t i o n of t h e p l a t e on t h e r i b , t h e d e n s i t y of t h e r e sonances 

in t h e r i b i s i n c r e a s e d by a f a c t o r which i s t h e r a t i o of i n c r e a s e d 

mass due t o t h e a d d i t i o n of p l a t e , t o t h e r i b mass , i . e . 

Mb + M_/2 

Mu 
(2.7) 

where i s t h e t o t a l mass of t h e r i b and M i s t h e t o t a l mass of t h e 

p l a t e . Thus t h e c h a r a c t e r i s t i c a d m i t t a n c e of t h e r i b becomes 

H(f) 
1+j 

Bnf (Bb P,3)% 

( 2 . 8 ) 

These two e q u a t i o n s f o r t h e r e s p o n s e of t h e p l a t e and t h e beam 

( 2 . 6 and 2 , 8 ) must be added ( p a r a l l e l a d d i t i o n s ) to g e t t h e more 

a c c u r a t e r e s p o n s e f o r t h e r i b b e d p l a t e . The l eve l of t h e r e s p o n s e 

changes as compared t o a p l a t e on i t s own because of t h e i n t r o d u c t i o n 
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of t h e r i b s , i . e . , t h e l e v e l i s lowered . However, f o r t h e p o i n t 

e x c i t a t i o n of r i b - s t i f f e n e d p l a t e s wi th t h e po in t e x c i t a t i o n 

c o i n c i d i n g wi th one of t h e r i b s , t h e r e s p o n s e does not change a t a l l 

i f t h e number of r i b s in t h e s t r u c t u r e i s i n c r e a s e d ( f i g u r e 2 . 4 ( a ) ) . 

The r e s p o n s e i s h i g h l y dependen t on t h e s t i f f n e s s of t h e beam as 

compared t o t h a t of t h e p l a t e . From f i g u r e ( 2 . 4 ( b ) ) , i t can be observed 

t h a t i f t h e r i b i s l e s s s t i f f than t h e p l a t e , t he r e s p o n s e i s t h a t of 

t h e beam, and i t goes down a t 15dB per f r e q u e n c y decade and i s h ighe r 

a t low f r e q u e n c i e s . A l s o , t h e l e v e l of t h e r e s p o n s e i s reduced wi th 

t h e i n c r e a s e of t h e r i b s t i f f n e s s . At high f r e q u e n c i e s , t h e r e s p o n s e 

of t h e combined s t r u c t u r e approaches t h a t of t h e beam [ lO] . 

In t h e c a s e of r i b b e d s h e l l s , t h e r e s p o n s e of t h e s h e l l i s used 

i n s t e a d of t h e r e s p o n s e of t h e p l a t e . 

I I . 5 . 2 . Torque E x c i t a t i o n 

In the case o f torque e x c i t a t i o n the energy escape term in the 

accoun tancy e q u a t i o n does not change a t a l l , from t h e c a s e of p o i n t 

f o r c e e x c i t a t i o n . The s t r u c t u r e r e s p o n s e f o r t o r q u e e x c i t a t i o n i s 

used i n s t e a d of t h e r e s p o n s e f o r f o r c e e x c i t a t i o n , and t h e spect rum 

of t h e t o r q u e d e r i v a t i v e i n s t e a d of t h e f o r c e d e r i v a t i v e . That i s 

l T ( f ) P ^ ^ 
E e s c a p e ( f ) = — — ' "» P ( f ) ] ( 2 . 9 ) 

CTTT 

where T i s t h e a p p l i e d t o r q u e and H ( f ) i s t h e r a t i o of t he a n g u l a r 

v e l o c i t y 8 ( f ) t o t h e r a t e of change of t o r q u e a t t h e same p o i n t and 

f r e q u e n c y ( 8 ( f ) / T ( f ) ) . 

Torque e x c i t a t i o n of a ribbed s t r u c t u r e may be e i t h e r 

symmetrical or asymmetrical . In the symmetrical c a s e , the torque 

i s appl ied perpendicu lar to the r i b , t h a t i s , no t o r s i o n a l waves are 

induced in the r i b . The motion of the s t r u c t u r e in t h i s case i s 

symmetr ica l on e i t h e r s i d e of t h e r i b . From t h e power f low e q u a t i o n 

[6] t h e p o i n t r e s p o n s e i s g iven by 

1 
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Im [ H ( f ) ] 
( 1 - c ) 

4(6^3 )* 
(2.10) 

where 

"d. + (®p »s„ ®b " l >' + ®b "s. 

(Bb P s _ ) ' + (Bp p ,^)2 

f *p la 1 

I Y 

(2.11) 

where i s the beam ( r i b ) bending s t i f f n e s s ; 

Bp i s t h e p l a t e bending s t i f f n e s s ; 

p i s the mass per u n i t area of the p l a t e and 
P 

i s t h e mass p e r u n i t l e n g t h of t h e beam. 

This response depends on the coupling term (B b P 

and a t h igh f r e q u e n c i e s t h i s term i s small and t h e r e s p o n s e i s s i m i l a r 

to that of a beam with torque e x c i t a t i o n , the beam v ibra t ing in 

f l e x u r a l wave mot ion . At low f r e q u e n c i e s , t h e c o u p l i n g i s s t r o n g and 

t h e r e s p o n s e l e v e l i s reduced and approaches t h a t of an o r t h o t r o p i c 

p l a t e under t o r q u e e x c i t a t i o n . 

F i g u r e ( 2 . 5 ) shows a comparison between t h e l e v e l of t he r e sponse 

f o r a p l a t e under t o r q u e e x c i t a t i o n and t h e same p l a t e r i b - s t i f f e n e d 

wi th d i f f e r e n t s t i f f e n e r s . I t can be observed t h a t t h e r e sponse of 

t h e combined s t r u c t u r e r e d u c e s with t h e i n c r e a s e of t h e s t i f f n e s s of 

t h e beam. The l a r g e s t r e d u c t i o n in t h e l e v e l of t h e r e sponse o c c u r s 

a t high f r e q u e n c i e s . The shape of t h e r e s p o n s e curve changes and 

i n s t e a d of be ing i n d e p e n d e n t of f r e q u e n c y as in t h e case of a f l a t 

p l a t e , t h e r e s p o n s e has a s l o p e of 5dB per f r e q u e n c y decade due to the 

i n f l u e n c e of t h e r i b . 

As shown in f i g u r e ( 2 . 6 ) an i n c r e a s e in the number of r i b s does 

no t a l t e r t h e r e s p o n s e of t h e s t r u c t u r e a t a l l when e x c i t e d on one of 

t h e r i b s . 

In the asymmetrical c a s e , the torque i s in the same d i r e c t i o n as 

t h e beam, t h a t i s , t o r s i o n a l waves a r e induced in t h e beam and the 
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s t r e s s waves in t h e p l a t e , on e i t h e r s i d e of the beam, a r e comple te ly 

ou t of phase . The p o i n t response f o r t h e s t r u c t u r e in t h i s c a s e i s 

g iven by 

Im [H( f ) ] 

where 

A -

; . f (GQjp)^ 

V \ S «b 

i + 
4n2f2 

(2 .12 ) 

(2.13) 

and 
( G Q J p ) , 

(2.14) 

where t h e s u f f i x b d e n o t e s p r o p e r t i e s of t h e r i b ; 

Gb 

Jb 

Qb 

Pb 

i s t h e s h e a r Modulus of t h e r i b ; 

i s t h e p o l a r second moment of area of t h e beam; 

i s t h e t o r s i o n a l s t i f f n e s s f a c t o r t o a l low f o r t h e f a c t 

t h a t t h e r i b i s seldom c i r c u l a r ; and 

i s t h e m a t e r i a l d e n s i t y of t h e beam. 

Th i s e q u a t i o n i s t h e same as t h a t f o r a beam, excep t f o r 

a d d i t i o n a l t e rms due t o t h e i n f l u e n c e of t h e p l a t e . At high 

f r e q u e n c i e s , t h e bending s t i f f n e s s of t h e p l a t e i s small compared to 

t h a t of t h e beam and t h e r e s p o n s e approaches t h a t of a beam under 

t o r s i o n a l e x c i t a t i o n . At low f r e q u e n c i e s , t h e t o r s i o n a l s t i f f n e s s of 

the beam and i t s i n e r t i a are small and t h e r e f o r e the response of the 

combined s t r u c t u r e approaches t h a t of an o r thogona l p l a t e . 

This r e l a t i o n of t h e r e s p o n s e a p p l i e s on ly above t h e f r e q u e n c y 

at which the t o r s i o n a l waves in the beam have the same v e l o c i t y as the 

f l e x u r a l waves in the p l a t e . The t o r s i o n a l wave v e l o c i t y i s 

p r o p o r t i o n a l t o t h e s q u a r e r o o t of t h e f r e q u e n c y . Thus a t some 

f r e q u e n c y t h e s e two wave v e l o c i t i e s a r e e q u a l . Below t h i s f r e q u e n c y , 
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no r e l a t i o n f o r t h e r e s p o n s e can be o b t a i n e d . In most modern 

s t r u c t u r a l c o n s t r u c t i o n s us ing I-beam s e c t i o n s , t h i s f r e q u e n c y i s 

lower than 100 Hz. 

The r e s p o n s e in t h i s ca se i s a l s o much lower than t h a t f o r a 

p l a t e ( f i g u r e ,2.7) and in t h i s c a s e , i t has a s l o p e of 10 dB per 

f r e q u e n c y decade c o r r e s p o n d i n g t o t h e s l o p e of t o r s i o n a l v i b r a t i o n s 

in t h e beam. F i g u r e ( 2 . 8 ) shows t h a t t h e r e sponse i s i n f l u e n c e d by 

t h e p l a t e i f t h e s t i f f n e s s of t he r i b i s of t h e same o r d e r of 

magni tude as t h e bending s t i f f n e s s of t h e p l a t e . However, i f t h e 

beam i s made w i t h a high t o r s i o n a l s t i f f n e s s f a c t o r , a p a r t from high 

s t i f f n e s s , t h e r e s p o n s e l e v e l i s even lower . 

I I . 6. Line E x c i t a t i o n of F l a t P l a t e s 

The p o i n t r e s p o n s e of an i n f i n i t e p l a t e under l i n e f o r c e 

e x c i t a t i o n , can be o b t a i n e d from t h e e x p r e s s i o n f o r t h e power f l ow 

per u n i t l e n g t h a s g iven by Nayak [ l7 ] and Skudrzyk [18] 

Im [H( f ) ] = — !. r (2 .15) 
4 / ( 2 n f ) 3 (B pg3)* 

P 

This e x p r e s s i o n f o r t h e r e s p o n s e i s f o r an i n f i n i t e p l a t e and 

the l i n e f o r c e a c t s c o n s t a n t l y along one d i r e c t i o n . There fore , f o r 

a f i n i t e l i n e of e x c i t a t i o n , the response as given by equation ( 2 . 1 5 ) 

i s m u l t i p l i e d by t h e l e n g t h of t h e l i n e of e x c i t a t i o n , i . e . 

L 
Im [ H ( f ) ] = ===:===: r (2 .16 ) 

4 / (2%f)3 (Bp pg3)s 

where L i s t h e l e n g t h of t h e l i n e f o r c e . 

The e scape energy i n t o t h e p l a t e s t r u c t u r e i s then g iven by the 

p roduc t of t h i s r e s p o n s e and [ F ( f ) | 2 where F i s t h e f o r c e per u n i t 

l e n g t h . S ince the f o r c e i s constant along a s t r a i g h t l i n e , the 

v i b r a t i o n p a t t e r n i s u n i d i r e c t i o n a l , p e r p e n d i c u l a r to t he l i n e of 
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e x c i t a t i o n . Thus the p l a t e behaves l i k e a beam and the response i s 

the same as that of a beam. For a f i n i t e s t r u c t u r e , the beam has a 

mass per u n i t l e n g t h of M/L, where M i s t h e t o t a l mass of t h e p l a t e 

and L i s t h e l e n g t h of t h e p l a t e in t h e d i r e c t i o n p e r p e n d i c u l a r to 

t h e l i n e of e x c i t a t i o n [18 ] . 

S i m i l a r l y , t h e r e s p o n s e of a p l a t e when e x c i t e d by a l i n e t o rque 

can be o b t a i n e d by c o n s i d e r i n g t h e p l a t e t o be a beam, s i n c e the 

waves on ly p r o p a g a t e a long one d i r e c t i o n . The r e s p o n s e f o r an i n f i n i t e 

p l a t e under t o r q u e e x c i t a t i o n i s thus g iven by 

1 
Im [ H ( f ) ] = — = r (2-17) 

4 A2TTf (B 3 p )" 

P 

and t h e r e s p o n s e f o r a s t r u c t u r e wi th a f i n i t e l i n e (L) of t o rque 

e x c i t a t i o n i s g iven by 

Im [ H ( f ) ] = r (2 .18 ) 
4 / 2nf (B 3 p )4 

S i m i l a r to t h e c a s e o f • f o r c e e x c i t a t i o n , t h e escape energy i n t o 

a s t r u c t u r e under t h i s t y p e of e x c i t a t i o n i s g iven by the p roduc t of 

t h i s re sponse , equat ion ( 2 . 1 8 ) , and | T ( f ) | 2 where T ( f ) i s the torque 

per u n i t l e n g t h a p p l i e d t o t h e s t r u c t u r e . 

I I . 7 . Double Beam S t r u c t u r e s 

Another t y p e of s t r u c t u r e common in machine c o n s t r u c t i o n i s a 

doub le beam s y s t e m , w i th on ly s t r u c t u r a l damping, and i n t e r c o n n e c t e d 

by s e v e r a l webs which can be c o n s i d e r e d as s e v e r a l s p r i n g s . The 

r e s p o n s e of t h i s t y p e of s t r u c t u r e has been i n v e s t i g a t e d by I r i e e t al 

[19] and t h e r e s p o n s e cu rves f o r some t y p i c a l examples from t h i s 

r e f e r e n c e are shown in f i g u r e s ( 2 . 9 ) and ( 2 . 1 0 ) . 

The p o i n t impedance of a double beam system wi th a s p r i n g 

c o n f i g u r a t i o n in between i s lower than t h e impedance f o r a beam of t h e 
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same t h i c k n e s s as t h e combined t h i c k n e s s of t h e two beams in the 

double beam c o n f i g u r a t i o n . For both of t h e ca se s i n v e s t i g a t e d -

t h e end e x c i t a t i o n of a c a n t i l e v e r beam and t h e m i d - p o i n t e x c i t a t i o n 

of a s imp le s u p p o r t e d beam - a t low f r e q u e n c i e s t h e mean r e s p o n s e i s 

t h e same as t h a t f o r a beam of equal t h i c k n e s s . In f i g u r e ( 2 . 9 ) 

comparison i s made between t h e mean r e s p o n s e o f a s i n g l e beam and 

t h e r e s p o n s e f o r t h e doub le beam system wi th h i g h e s t s t r u c t u r a l 

damping, s i n c e t h i s w i l l approx imate c l o s e l y t h e mean impedance of 

t h e sys t em. In t h e f i g u r e s n s u b s c r i p t deno tes n=l f o r one beam and 

n=2 f o r t h e o t h e r beam, b^ i s t h e width of t h e beam, h t h e d e p t h , 

P o i s s o n ' s r a t i o , t h e d e n s i t y , EI^ t h e bending s t i f f n e s s , A t h e 

c r o s s - s e c t i o n a l a r e a , L t h e l e n g t h , S t h e s l e n d e r n e s s r a t i o g iven by 

(AL^/I) , i s t h e s h e a r c o e f f i c i e n t due to t h e shape of t h e c r o s s -

s e c t i o n of t h e beams, N t h e number of s p r i n g s , K i s a d i m e n s i o n l e s s 

spring s t i f f n e s s , where the s t i f f n e s s i s g iven by K (EJ/L^), 6^ i s 

t h e l o s s f a c t o r of t h e s t r u c t u r a l l y damped s p r i n g s , t h e e l a s t i c i t y 

l o s s f a c t o r of t he beams and 6q t h e s h e a r l o s s f a c t o r of t h e beams. 

At high f r e q u e n c i e s t h e p o i n t r e s p o n s e i s h i g h e r ( lower impedance), 

which s u g g e s t s t h a t doub le beam systems a r e worse o f f as r e g a r d s to 

power f l ow f o r high f r e q u e n c i e s . 

I f t h e two beams a r e of d i f f e r e n t m a t e r i a l , c o n s i d e r i n g t h e curve 

f o r t h e d r i v i n g p o i n t impedance of t h e s imply s u p p o r t e d double beam 

system e x c i t e d a t t h e c e n t r e , t h e mean l e v e l of t h e impedance i s aga in 

lower than t h e mean l e v e l of impedance of a s i n g l e composi te beam. 

From t h e s e r e s u l t s , i t can be observed t h a t doub le beam systems 

a r e worse o f f as compared to s i n g l e beams f o r n o i s e r a d i a t i o n . When 

t h e beam i s d i v i d e d to accomodate t h e s p r i n g s in b e t w e e n , t h e s t i f f n e s s 

i s r educed e s p e c i a l l y in t h e c a s e of o u t of phase v i b r a t i o n of t h e 

two beams. For i n phase v i b r a t i o n , t h e s t i f f n e s s of t h e composi te 

system i s n e a r l y t h e same as f o r a s i n g l e beam. 

I I . 8 . Honeycomb S t r u c t u r e s 

A new t y p e of s t r u c t u r e which i s i n c r e a s i n g l y be ing used nowadays, 

e s p e c i a l l y in space v e h i c l e c o n s t r u c t i o n a r e honeycombed s t r u c t u r e s . 
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These a r e c o n s t r u c t e d f rom two f a c e p l a t e s which a r e u s u a l l y ve ry t h i n 

compared t o t h e c o r e . The c o r e i s of t h e honeycomb c o n s t r u c t i o n and 

i s u s u a l l y s t e e l o r some o t h e r m e t a l . The c o r e i s g lued to t h e f a c e 

p l a t e s ( f i g u r e ( 2 . 1 1 ) ) . T h i s t y p e of c o n s t r u c t i o n makes t h e s e 

s t r u c t u r e s v e r y s t i f f , w i t h a h igh s t i f f n e s s t o w e i g h t r a t i o . 

Honeycombed p l a t e s have been i n v e s t i g a t e d in I . S . V . R . [20] f o r t h e 

modal d e n s i t y and i t s r e l a t i o n w i t h a r e a and w e i g h t , From t h e s e 

r e l a t i o n s f o r t h e modal d e n s i t y , an e x p r e s s i o n f o r t h e p o i n t r e s p o n s e 

of t h e s t r u c t u r e can be o b t a i n e d . 

Th i s e x p r e s s i o n f o r t h e p o i n t r e s p o n s e of a honeycombed p l a t e 

i s g i v e n by 

and 

Im [ H ( f ) ] = 
8d2 / 

d^E 
hih 1''3 

hi + hg 

1 + 

hi hg 
"f" —— + — 

2 2 

Eh: h 1 

mw2 + 2g2Y(l -

[ + 4mw2g2Y(l-

' 3 j 

( 2 . 1 9 ) 

(2.20) 

(2.21) 

( 2 . 2 2 ) 

m - pohg T p1h1 + i " i + P 3 n 3 ( 2 . 2 3 ) 

where and G a r e t h e s h e a r modu l i , of t h e p l a t e in t h e same p l ane 

a t p e r p e n d i c u l a r d i r e c t i o n s ; 

h2 i s t h e co re t h i c k n e s s ; 

hi and hg a r e t h e f a c e p l a t e s t h i c k n e s s e s ; 

E i s Young ' s Modulus of t h e m a t e r i a l ; 

P i ,P2 , P 3 are the d e n s i t i e s o f the f a c e p l a t e s ( 1 , 3 ) and the 

core ( 2 ) ; and 

V i s P o i s s o n ' s R a t i o 
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I f we compare a honeycombed p l a t e t o a s o l i d p l a t e . wi th the 

same bending s t i f f n e s s , assuming t h a t t h e f a c e p l a t e s a r e of t h e same 

t h i c k n e s s , then 

Eh3 Ehf 

12 (1 - v2) 
(he + h f ) ( 2 . 2 4 ) 

where h^ i s t h e f a c e p l a t e t h i c k n e s s ; 

h^ i s t h e c o r e t h i c k n e s s ; and 

h i s t h e t h i c k n e s s of t h e s o l i d p l a t e . 

I f h^=h /x , t h e n from e q u a t i o n ( 2 . 2 4 ) 

- 1 /x ( 2 . 2 5 ) 

F i g u r e ( 2 . 1 2 . ) shows t h e r e s p o n s e of a honeycombed p l a t e f o r 

d i f f e r e n t va lue s of h^ and h^, t h e s e be ing r e l a t e d by e q u a t i o n ( 2 . 2 5 ) . 

I t can be obse rved t h a t t h e g e n e r a l l e v e l of t h e r e sponse i s h i g h e r 

than t h a t of a s o l i d p l a t e , and a l s o t h a t t h e l e v e l i s dependent on 

t h e h^ /h^ r a t i o . At low f r e q u e n c i e s t h e l e v e l i s lower t h e s m a l l e r 

t h e core t h i c k n e s s , wh i l e a t high f r e q u e n c i e s i t i s t h e c o n t r a r y ; 

t h e lower t h e r e s p o n s e t h e l a r g e r t h e t h i c k n e s s of t h e c o r e . 

The r e s p o n s e can be d i v i d e d i n t o two p a r t s , t h e low and h igh 

f r e q u e n c y r e g i m e s . At low f r e q u e n c y t h e second term i n t h e b r a c k e t s , 

e q u a t i o n ( 2 . 1 9 ) i s very high ( > > 1 ) , and t h e r e sponse i s p r o p o r t i o n a l 

t o t h e r e c i p r o c a l of t h e f r e q u e n c y . However, a t high f r e q u e n c i e s , 

t h i s second term i s smal l and t h e r e s p o n s e becomes independen t of 

f r e q u e n c y . 

Al though t h e r e s p o n s e of honeycombed s t r u c t u r e s i s much h i g h e r , 

implying t h a t more n o i s e energy w i l l be r a d i a t e d i f a l l o t h e r 

p a r a m e t e r s of t h e s t r u c t u r e remain c o n s t a n t , the l o s s f a c t o r of t h i s 

t y p e of s t r u c t u r e i s much h i g h e r t h a n t h a t of normal p l a t e s , due t o 

t h e d i f f e r e n t p a r t s t h a t a r e g lued t o g e t h e r and due t o t h e high l eve l 

of damping in t h e r e s i n used t o hold t h e co re and f a c e p l a t e s t o g e t h e r . 

Thus t h i s high damping may o f f s e t t h e d i s a d v a n t a g e of t h e h i g h e r 
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r e sponse t o g ive a lower r a d i a t e d n o i s e energy . S ince honeycombed 

s t r u c t u r e s a r e very high in s t i f f n e s s to weight r a t i o , t h e s e types 

of s t r u c t u r e s a r e very u s e f u l where weight i s one of t he l i m i t i n g 

f a c t o r s . However, they can be improved by r i b - s t i f f e n i n g and t h e 

mass per u n i t l e n g t h of t h e r i b need not be high to g i v e l a r g e 

r e d u c t i o n s in t h e r e s p o n s e because of t h e low mass of t h e s t r u c t u r e . 

I I . 9 . Approximat ion f o r t h e S t r u c t u r a l Response 

I f a s t r u c t u r e i s s i m i l a r t o a beam or a p l a t e , then i t can be 

approx imated to an i n f i n i t e s t r u c t u r e and e x p r e s s i o n s f o r t h e 

s t r u c t u r e response can be e a s i l y obta ined . For other complicated 

s t r u c t u r e s i t i s d i f f i c u l t to c a l c u l a t e or f i n d express ions f o r the 

mean s t r u c t u r e response without going through complex mathematical 

p r o c e d u r e s . However, i f measurement on t h e s t r u c t u r e i s p o s s i b l e 

then there i s no problem and the s t ruc tura l response can be found 

exper imenta l ly . The problem a r i s e s when the s t r u c t u r e i s not 

a v a i l a b l e f o r measurement and approximate va lues must then be used. 

The imaginary p a r t of the s t r u c t u r e r e sponse can [ t o , 21] be 

approx imated t o 

Im [ H ( f ) ] = | H ( f ) | cos Cil) ( 2 . 2 6 ) 

where c i s t h e exponent of the frequency response 

l / ( 4 n 2 f 2 p S Min. (£ , X/5)) one d imens iona l 

and H(f ) 

l / ( 4 n 2 f 2 p h Min. (S , 7r(A/5)2)) two dimensional 

where S i s the cross s e c t i o n a l area , for a one dimensional s t r u c t u r e , 

and & the l ength of the s t r u c t u r e . Min. (&, x / 5 ) i s the l e s s e r of 

t h e l e n g t h of t he s t r u c t u r e or o n e - f i f t h of t h e bending wavelength 

from the point of e x c i t a t i o n , whichever i s s h o r t e r . For a two 

dimensional s t r u c t u r e , h i s the th i cknes s and Sp the surface area . 

Again min. (Sp, n (A/5 )2 ) i s the l e s s e r of the sur face area of the 

s t r u c t u r e or t h e area enc losed by a c i r c l e of r a d i u s o n e - f i f t h of a 
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wave leng th . 

Simi lar e x p r e s s i o n s are g iven f o r moment e x c i t a t i o n . In t h i s 

a p p r o x i m a t i o n , t h e p o i n t r e sponse i s t h a t of t he mass w i t h i n o n e - f i f t h 

of t h e bending wavelength from t h e p o i n t of e x c i t a t i o n . If t he 

s t r u c t u r e i s f r e e and has d imens ions l e s s than x / 5 , then i t w i l l 

behave l i k e a r i g i d mass. Thus f o r any s t r u c t u r e , an approximate 

va lue can be o b t a i n e d . I f t h i s i s compared to known r e s p o n s e s f o r 

p l a t e s and beams, t h e two r e s u l t s a r e d i f f e r e n t bu t in dB terms t h e 

e r r o r i s very s m a l l . 

I I , 10. Concluding Remarks 

From t h e n o i s e p o i n t of view, t h e r e i s room f o r improvement in 

most machine s t r u c t u r e s by t h e m o d i f i c a t i o n of t h e s t r u c t u r e f o r 

lower r e s p o n s e . The whole concep t i s t o t r y t o block or o t h e r w i s e 

reduce t h e v i b r a t i o n a l energy as i t p r o p a g a t e s from where i t i s 

g e n e r a t e d t o t h e r a d i a t i n g s u r f a c e s . The changes in the r e sponse i s 

to r e f l e c t back a s i g n i f i c a n t amount of t h e escape ene rgy . For t h e 

same impact f o r c e , a lower r e s p o n s e w i l l imply t h a t t he escape energy 

i s r e d u c e d , r e s u l t i n g in a lower r a d i a t e d no i se l e v e l . The above 

s e c t i o n s d e a l t w i th t h e r e sponse of d i f f e r e n t forms of s t r u c t u r e s 

and i t can be conc luded t h a t improvement in most machine s t r u c t u r e s 

f o r n o i s e c o n t r o l i s p o s s i b l e , by changes in t h e m o b i l i t y ( o r 

impedance) a long t h e pa th of energy f low to o b t a i n g r e a t a t t e n u a t i o n 

in s t r u c t u r e - b o r n e sound. 

At medium and high f r e q u e n c i e s , lumped masses a r e very e f f e c t i v e 

to block most of t h e v i b r a t i o n a l ene rgy f l o w . A mass a t t a c h e d t o a 

s t r u c t u r e a t t h e p o i n t of impact w i l l a c t as a m o b i l i t y change and 

r e f l e c t most of t ^ v i b r a t i o n a l energy. A complete d i s c u s s i o n of 

lumped masses w i l l be d e a l t wi th in Chapte r V, Other changes in 

the s t r u c t u r e to produce a m o b i l i t y change can be e i t h e r due t o 

material or t o s t r u c t u r a l c o n f i g u r a t i o n s , such as e l a s t i c i n t e r l a y e r s , 

bends , changes in s t r u c t u r a l c r o s s - s e c t i o n , e t c . However, 

r e s t r i c t i n g the f l o w of v i b r a t i o n a l energy may not r e s u l t in a 
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r e d u c t i o n of t h e r a d i a t e d n o i s e . To reduce the n o i s e energy 

r a d i a t e d by s t r u c t u r a l d i s c o n t i n u i t i e s , i . e . , by r e f l e c t i n g p a r t 

of t h e v i b r a t i o n a l ene rgy , t h a t p a r t of t h e s t r u c t u r e c o n t a i n i n g 

t h e energy must have some mechanism to d i s s i p a t e t h i s e n e r g y , 

o t h e r w i s e the same amount of energy w i l l be t r a n s m i t t e d due to 

m u l t i p l e r e f l e c t i o n s . 

For t h e two c o n d i t i o n s of t h e r i b b e d p l a t e , t h e a t t e n u a t i o n 

of t h e v i b r a t i o n a l energy f low i s due t o such a change in impedance. 

For t h e c o n d i t i o n of e x c i t a t i o n in t h e space between t h e two r i b s , 

t h e r e i s a change in t h e s t r u c t u r e impedance where t h e r i b s a r e 

a t t a c h e d and energy i s r e s t r i c t e d from f lowing away from t h e s e c t i o n 

between t h e two r i b s . A t y p i c a l example i s t h e hul l of a s h i p . 

S ince i t i s of one s i n g l e c o n s t r u c t i o n , one would expec t t h e 

v i b r a t i o n a l energy to f l ow r e a d i l y from bow to s t e r n . However, 

t h i s i s not t h e c a s e , t h e r i b s i n c l u d e d i n t h e s h i p s t r u c t u r e a c t 

as an impedance change and reduce t h e f l ow of v i b r a t i o n a l ene rgy . 

I f t h e e x c i t a t i o n p o i n t c o i n c i d e s wi th a r i b , t h e r e i s an impedance 

mismatch a t t h e p o i n t of e x c i t a t i o n , or e l s e the p o i n t m o b i l i t y of 

t h e combined s t r u c t u r e i s reduced a t t h i s p o i n t . 

The low f r e q u e n c y r e s p o n s e of a s t r u c t u r e , below t h e fundamenta l 

mode i s a l s o i n v e s t i g a t e d and i t i s shown t h a t t h e r e s p o n s e a t t h i s 

low f r e q u e n c y i s dependen t on t h e s t r u c t u r a l l o s s f a c t o r of t h e f i r s t 

mode and t h e mass o r s t a t i c s t i f f n e s s of t h e s t r u c t u r e ( f i = / Kg/^T, 

where Kg and M a r e t h e s t a t i c s t i f f n e s s and mass of t h e s t r u c t u r e 

r e s p e c t i v e l y ) . The s t a t i c s t i f f n e s s of t h e s t r u c t u r e i s r e l a t e d t o 

t h e c r o s s - s e c t i o n a l shape and a r e a . This i s very u s e f u l when t h e 

f i r s t r e s o n a n t mode i s w i t h i n t h e f r e q u e n c y range of i n t e r e s t . One 

method to reduce t h e r a d i a t e d n o i s e in t h i s ca se i s t o s t i f f e n t h e 

s t r u c t u r e t o i n c r e a s e t h e f r e q u e n c y of t h e f i r s t mode, thus making 

more e f f e c t i v e use of t h e very low r e s p o n s e below t h e f i r s t mode. 

The r e s u l t s o b t a i n e d f o r t h e r e s p o n s e of t h e d i f f e r e n t t ypes 

of s t r u c t u r e s a l s o s u g g e s t which type of s t r u c t u r e i s b e s t s u i t e d 

f o r a p a r t i c u l a r a p p l i c a t i o n . I t i s not p o s s i b l e to o f f e r a 

g e n e r a l s o l u t i o n t o a n o i s e problem and g i v e t h e optimum t y p e of 

s t r u c t u r e that should always be used, but each problem has to be 

s t u d i e d i n d i v i d u a l l y to f i n d t h e b e s t t y p e t o be used in t h a t 
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p a r t i c u l a r c a s e . The d e c i s i o n of which i s t he b e s t type of s t r u c t u r e 

to be used can on ly be made by t h e d e s i g n e r of t h a t p a r t i c u l a r 

machine because he knows which a r e t h e impor t an t f a c t o r s . Hence, t h e 

above r e s u l t s p r e s e n t to t h e d e s i g n e r a l a r g e s e l e c t i o n of s t r u c t u r e s 

which he can choose from t o have t h e d e s i r e d pa rame te r s p lus g i v i n g 

a low l e v e l of r a d i a t e d n o i s e from t h e s t r u c t u r e . 
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f i g u r e 2 . 2 . Response of a b o t t l e s t r u c t u r e ; (a) = 5x10 

The measured curves have a frequency r e s o l u t i o n of 25 Hz. 
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f i g u r e 2 . 4 ( a ) . Response of a r i b b e d - p l a t e , f o r c e e x c i t a t i o n ; 

( i ) 5 = 70, ( i i ) 6 = 50, ( i i i ) 6 = 30, ( i v ) p l a t e . 
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f i g u r e 2 . 4 ( b ) . Change of response with r ib s t i f f n e s s f o r a r ibbed-

p l a t e , f o r c e e x c i t a t i o n , 6=50; ( i ) B^=lxlO NmZ ; 

( i i ) B^|=lxlOG Nmf ; ( i i i ) B^=lxl04Nn2 ( i v ) p l a t e . 

f i g u r e 2 . 5 

1 .0 Frequency.KHz 10.0 

Response of r i b b e d - p l a t e , symmetrical torque e x c i t a t i o n 

( i ) Bb=lxl08Nm2 ; ( i i ) . ( j i j ) Bb=lxl04Nm2; ( i v ) p l a t e 
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f i g u r e 2 . 6 . 

1 .0 Frequency KHz 10.0 

Response of r i b b e d - p l a t e , symmetrical torque e x c i t a t i o n ; 

( i ) Kg/m; ( i i ) ^4^=50 Ks/m; ( i i i ) P&b=30 Kg/m; 

( i v ) p l a t e 
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f i g u r e 2 . 7 . Response of r i b b e d - p l a t e , asymmetrical torque e x c i t a t i o n ; 
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Response of a r i b b e d - p l a t e with d i f f e r e n t r ib s t i f f n e s s , 

asymmetrical torque e x c i t a t i o n ; (same r ib shape , but 

with d i f f e r e n t mass per uni t l e n g h t ) . ( i )Qy=lx l0 

J ,= lx lO 
b 

IxlO'^m^. 

( i i ) Qb=lxlO 

( i v ) p l a t e . 

0^=1x10' ; (i i i ) Qj^=lxl5 m 
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f i g u r e 2 . 9 . Normalised d r i v i n g - p o i n t impedance of a d o u b l e - c a n t i l e v e r 

system; ( p A ) i / ( p A ) 2 = l ; ( E I ) i / ( E I ) 2 = l ; Vp=0.3; Sp=50; 

K =0 .85 ; N=5; k.=100; 6 ,^0 .01 
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f i g u r e 2 .10 , Normalised d r i v i n g - p o i n t impedance o f a s imply s u p p o r t e d 

double beam system; p i / p 2 = 2 . 7 / 7 . 8 ; b i / b 2 = l ; E i / E 2 = 7 . 2 / 2 1 . 0 ; 

v 
1 p C-

3 / 2 . 

=0 .3 ; Si = 50; <^=0.85; 6^-6q-6|^-0.01; N-6; ki=100; 
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f i g u r e 2 . 1 1 . C o n s t r u c t i o n of a Honeycombed Panel 

j h ] 

- 6 0 

-65 _ 

<+-

-70 -

cn O 

-75 -

-80 
0 . 1 

f i g u r e 2 . 1 2 . 

1 .0 Frequency KHz 

Point response of Honeycombed p l a t e s with the same bending 

s t i f f n e s s , f o r c e e x c i t a t i o n ; h2=1.19cm; h2=7.1 mm; 

h2=2.33 cm; s t e e l p l a t e 1 cm t h i c k . 
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CHAPTER III 

AN ALTERNATIVE METHOD OF ESTIMATING THE STRUCTURAL RESPONSE 

I I I . 1. I n t r o d u c t i o n 

In Chapter I I t h e f r e q u e n c y averaged p o i n t r e sponse of most 

t ypes of s t r u c t u r e s i s g iven in t h e form of an e x p r e s s i o n r e l a t i n g 

t h e r e s p o n s e to s t r u c t u r e p a r a m e t e r s . However, in some c i r cums tances 

an e x p r e s s i o n to e s t i m a t e t h e s t r u c t u r e r e sponse i s not a v a i l a b l e , 

and t o deve lop such an e x p r e s s i o n w i l l be too compl i ca t ed . For 

example , t h e s t r u c t u r e may c o n s i s t of a s e r i e s of components which 

Cannot be i n d i v i d u a l l y measured or model led . In t h i s c a s e , t he 

s t r u c t u r a l r e sponse term must be e s t i m a t e d us ing some o t h e r method. 

For d i a g n o s t i c p u r p o s e s , i t w i l l be an advan tage i f when us ing 

t h i s a l t e r n a t i v e method, t h e r e s u l t i s r e l a t e d to t h e r e sponse term 

in the accountancy equat ion so that the same method of a n a l y s i s 

can f o l l o w . 

A very c o n v e n i e n t method to e s t i m a t e the s t r u c t u r a l r esponse 

term i s to e s t a b l i s h a r e l a t i o n between the point response of a 

s t r u c t u r e and the sur face s p a t i a l average t r a n s f e r response , which 

i s t h e r a t i o of t h e ave rage s u r f a c e normal v e l o c i t y to t h e e x c i t a t i o n 

f o r c e . This r e l a t i o n i s o b t a i n e d both m a t h e m a t i c a l l y and 

e x p e r i m e n t a l l y in t h e case of a c a n t i l e v e r beam. This i s s i m i l a r 

to r e l a t i n g t h e n o i s e r a d i a t e d from a s t r u c t u r e t o t h e s u r f a c e 

average v e l o c i t y , bu t i n t e r p r e t i n g t h i s r e l a t i o n in terms of t he 

energy accountancy concept and thus r e t a i n i n g the d i a g n o s t i c 

c a p a b i l i t i e s of t h i s c o n c e p t . 

Another way of looking a t t h i s a l t e r n a t i v e method i s tha t 

i n s t e a d of measur ing t h e i n p u t v i b r a t i o n a l ene rgy , t he i n i t i a l energy 

d i s t r i b u t e d w i t h i n t h e s t r u c t u r e i s measured. This l eve l of i n i t i a l 

energy w i l l depend on both t h e s t r u c t u r a l l o s s f a c t o r and t h e 

r a d i a t i o n l o s s f a c t o r , s i n c e the d i s t r i b u t i o n of the energy w i l l be 

a f f e c t e d by the l o s s e s of the s t r u c t u r e . 
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The s t r u c t u r a l p o i n t r e s p o n s e i s independen t of any l o s s e s , 

because t h e energy i n p u t a t a p o i n t i s not i n f l u e n c e d by t h e r a t e of 

energy d i s s i p a t i o n of t h e s t r u c t u r e . This i s why when us ing t h e 

p o i n t r e s p o n s e to c a l c u l a t e t h e e scape ene rgy , t h e s t r u c t u r a l l o s s 

f a c t o r term comes in as a s e p e r a t e term in the e x p r e s s i o n f o r t he 

n o i s e ene rgy r a d i a t e d . S ince t h e s p a t i a l average r e sponse i s 

dependent on t h e t o t a l l o s s f a c t o r of t h e s t r u c t u r e , t h e r e l a t i o n 

between t h e p o i n t r e s p o n s e and t h e s p a t i a l average r e sponse must 

c o n t a i n a l o s s f a c t o r term so t h a t t h i s term does no t appear twice 

in t h e n o i s e energy e s t i m a t e . I f t h e same assumpt ion as b e f o r e i s . 

made, t h a t i s , t h e s t r u c t u r a l l o s s f a c t o r i s much l a r g e r than t he 

r a d i a t i o n l o s s f a c t o r , then t h e c o n t r i b u t i o n to the t o t a l l o s s 

f a c t o r w i l l on ly be from s t r u c t u r a l l o s s e s . 

I I I . 2. T h e o r e t i c a l A n a l y s i s 

The r e s p o n s e of a s t r u c t u r e a t any p o i n t , e x c i t e d by a f o r c e 

a c t i n g p e r p e n d i c u l a r t o t h e s t r u c t u r e s u r f a c e i s g iven in modal form 

by 

f . - L E | V J 2 ds (3 .1 ) 

S 
Sp 

s s 

f o r a s u r f a c e of va ry ing s u r f a c e d e n s i t y , where V i s t h e t o t a l 

normal s u r f a c e v e l o c i t y a t t h e p o i n t , and i s t h e c o n t r i b u t i o n 

to t h i s v e l o c i t y f rom t h e n th mode, ij, i s t he mode shape , due to 

t h e form of e x c i t a t i o n . Let 

ds ( 3 . 2 ) 

where i s the modal mass, ds an elemental area of the s t ruc ture 

and s the t o t a l sur face area . In each mode, the s t r u c t u r e behaves 

l i k e a one dimensional system, and V at each point i s g iven by [ l ] 
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Vn 
JOJ 

P^n ds' ( 3 . 3 ) 
s ' " [w_2(l + j n ) -

where p i s t h e e x c i t a t i o n p r e s s u r e a c t i n g over an a r e a s ' and 

n i s t h e t o t a l l o s s f a c t o r (bo th s t r u c t u r a l and r a d i a t i o n a l ) , In 

t h e case where t h e s t r u c t u r a l l o s s f a c t o r i s much h i g h e r than t h e 

r a d i a t i o n l o s s f a c t o r , then n w i l l r e p r e s e n t t h e s t r u c t u r a l l o s s 

f a c t o r . For a p o i n t s o u r c e , i n s i d e the i n t e g r a l can be 

c o n s i d e r e d a c o n s t a n t and a l s o 

p d s ' = F (3 .4 ) 
i s ' 

where F i s t h e p o i n t e x c i t a t i o n f o r c e . S u b s t i t u t i n g in e q u a t i o n 

( 3 , 3 ) and then i n t o e q u a t i o n ( 3 . 2 ) 

F^ 
V2 = _ _ _ y ( 3 . 5 ) 

Sp n=l [(w^z - w2)2 + 

Averaging e q u a t i o n ( 3 . 5 ) over t h e s u r f a c e of t h e s t r u c t u r e t o 

o b t a i n t h e v a l u e f o r t h e s p a t i a l averaged v e l o c i t y s q u a r e d , o r 

a l t e r n a t i v e l y by t h e law of r e c p r o c i t y ave rag ing f o r any p o i n t of 

e x c i t a t i o n on t h e s t r u c t u r e s u r f a c e , an e x p r e s s i o n f o r t h e s p a t i a l 

averaged v e l o c i t y i s o b t a i n e d v i z . 

. 4F (̂i)̂  e® , 1 
<V^> = [ — (3 6) 

SZpgZ n=l [(w^Z - w2)2 + 

where < > d e n o t e s p a t i a l a v e r a g i n g . 

Frequency averaging t h i s expres s ion over frequency band Af from 

frequency f ; t o frequency fg (w ^ 2 n f ) , to compare wi th the frequency 

averaged po int response in chapter I I , 
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:V2: 
F2 

I 
rfo f 2 df 

ZfAfjSZpgZ n=l J f i [ ( f^z - f 2 ) 2 + nZfn^] 
(3.7) 

I f f i s t h e c e n t r a l f r e q u e n c y in t h e f r e q u e n c y band Af i . e . 

f i < f < f2> e q u a t i o n ( 3 . 7 ) becomes 

:V2 
p2 

<V > = 

1 r AN 

irZnf^ AT 
(3.8) 

where AN/Af i s t h e number of modes per H e r t z , i . e . t h e modal d e n s i t y . 

However t h e modal d e n s i t y i s a l s o given by [18] 

AN 

Af 
2Mwf Im [H( f ) ] (3.9) 

where M = Sp , which i s t h e t o t a l mass of t h e s t r u c t u r e . Combining 

e q u a t i o n s (3 .8 ) and ( 3 , 9 ) 

Im [ H ( f ) ] = M n 
f<V2>l 

F2 
(3.10) 

However, t h i s r e l a t i o n only a p p l i e s f o r f r e q u e n c i e s above t h e 

f i r s t r e s o n a n t f r e q u e n c y , because below, t h e modal d e n s i t y has no 

meaning. However, below t h e fundamenta l f r e q u e n c y t h e same 

app rox ima t ion method as g iven in Chapte r I I f o r low f r e q u e n c i e s may 

be used . Th i s d i s c r e p a n c y below t h e fundamenta l i s a l s o observed 

i n t h e t h e o r e t i c a l r e s u l t s f o r t h e r e s p o n s e of a c a n t i l e v e r beam. 

These r e s u l t s a r e shown l a t e r on in t h i s c h a p t e r . 

The above r e l a t i o n ( e q u a t i o n ( 3 . 1 0 ) ) ho lds f o r both t r a n s i e n t 

and s t e a d y s t a t e e x c i t a t i o n . The e f f e c t of t h e mode of e x c i t a t i o n 
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being i n c l u d e d in t h e | F ( f ) | 2 term in t h e accountancy equa t ion 

which i s s t i l l r e t a i n e d in t h e same form. Like Im [H( f ) ] , 

i s c h a r a c t e r i s t i c of the s t r u c t u r e i r r e s p e c t i v e of whether the 

s t r u c t u r e i s s u b j e c t e d to t r a n s i e n t o r con t inuous e x c i t a t i o n . 

From e q u a t i o n (3 .10 ) t h e p r o p o r t i o n a l i t y c o n s t a n t between t h e 

Im [ H ( f ) ] term and t h e s p a t i a l ave r age r e s p o n s e as o b t a i n e d from 

modal a n a l y s i s , c o n t a i n s a l o s s f a c t o r t e rm. The l e v e l of t h e 

s p a t i a l a v e r a g e r e s p o n s e , o r t h e l e v e l of t h e i n i t i a l energy w i l l be 

i n v e r s e l y proportional to the l o s s f a c t o r of the s t r u c t u r e . By 

m u l t i p l y i n g t h e s p a t i a l r e s p o n s e wi th t h e l o s s f a c t o r , as in e q u a t i o n 

( 3 . 1 0 ) , t h e r e s u l t w i l l be i n d e p e n d e n t of t h e l o s s f a c t o r . Thus , . 

when us ing t h i s term in t h e energy accountancy equa t i on (which c o n t a i n s 

a separate l o s s f a c t o r term), i n s t e a d of the point response tenn, the 

l o s s f a c t o r w i l l on ly be i n c l u d e d once in t h e e s t i m a t i o n of t h e n o i s e 

energy r a d i a t e d by t h e s t r u c t u r e . 

I I I . 3. V e r i f y i n g t h e Response R e l a t i o n f o r a C a n t i l e v e r Beam 

The purpose of t h i s e x p e r i m e n t a l and t h e o r e t i c a l a n a l y s i s f o r a 

c a n t i l e v e r beam i s to o b t a i n cu rves f o r t he imaginary p a r t of t h e p o i n t 

response and the s p a t i a l average t r a n s f e r response , and compare them 

t o t h e t h e o r e t i c a l r e l a t i o n f o r t h e r e sponse o b t a i n e d above. The 

t h e o r e t i c a l r e s p o n s e of t h e c a n t i l e v e r beam i s o b t a i n e d by comple te ly 

s o l v i n g t h e f o u r t h o r d e r d i f f e r e n t i a l e q u a t i o n govern ing t h e motion 

of t h e beam. 

Some problems were encoun t e r ed in o b t a i n i n g the expe r imen ta l 

r e s u l t s because of t h e l i m i t a t i o n s in t h e e l e c t r o n i c gea r used in the 

e x p e r i m e n t . The main problem was t h a t t h e beam t e s t e d was Im long 

g iv ing the lowest natural frequency in bending of about 5Hz. This 

frequency i s o u t s i d e the frequency range of most e l e c t r o n i c d e v i c e s . 

The r e s u l t s a t low f r e q u e n c i e s a r e not very a c c u r a t e even above t h e 

fundamenta l f r e q u e n c y . However, t h e mean l e v e l can s t i l l be l o c a t e d . 

The response of the beam a t the fundamental frequency i s miss ing f o r 

the same reason as above, and t h e r e f o r e data below t h i s frequency 

could no t be v e r i f i e d e x p e r i m e n t a l l y . 

The mean value of the imaginary part of the response f o r a beam 

f o r c e e x c i t e d in f l e x u r a l v i b r a t i o n s has a s l o p e of - 15 dB per 
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f r e q u e n c y decade [lO] . This i s shown in both t h e t h e o r e t i c a l and 

expe r imen ta l r e s u l t s . There i s a l s o good agreement between the 

t h e o r e t i c a l r e s u l t s o b t a i n e d by d i r e c t s o l u t i o n of t h e e q u a t i o n s of 

motion and t h e modal s o l u t i o n a t low f r e q u e n c i e s , showing t h a t t h e 

approx ima t ion used in c h a p t e r I I f o r low f r e q u e n c i e s i s a c c e p t a b l e . 

I I I . 3 . 1 . T h e o r e t i c a l A n a l y s i s 

The equation of motion f o r t ransverse v i b r a t i o n s of a beam, 

with i t s a x i s in t h e p o s i t i v e x - d i r e c t i o n i s g iven by 

EI i l l + pA ^ p(x) (3 .111 
9x4 gtZ 

where g i s t h e t r a n s v e r s e d i s p l a c e m e n t of t he beam; 

E i s Young's Modulus of e l a s t i c i t y ; 

I i s the second moment of area of the beam cross s e c t i o n about 

an a x i s in the neutral p lane; 

p i s t h e d e n s i t y ; 

A i s t h e c r o s s s e c t i o n a l a r e a ; and 

p(x) i s the pressure d i s t r i b u t i o n on the beam. 

A s o l u t i o n to t h i s D.E. can be obtained e i t h e r in c l o s e d form, 

that i s by complete ly s o l v i n g the D.E. or e l s e using the modal method, 

as in t h e f i r s t p a r t of t h i s c h a p t e r . The c losed form s o l u t i o n of 

equation ( 3 . 1 1 ) has the form 

g = Ai cosh k*x + A2 s inh k*x + A3 cos k*x + s i n k*x (3 .12) 

where A are c o n s t a n t s determined from the end c o n d i t i o n s ; and 

k* t h e complex wave number. 

If x = 0 i s the f i x e d end, and x - A the end where the f o r c e i s 

a p p l i e d , then t h e end c o n d i t i o n s a r e : 
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W -x=0 

3C 

3X x=0 

3X2 
= 0 

x=& 
3X^ 

X=J!, 
EI ( 3 . 1 3 ) 

Using t h e s e e q u a t i o n s i t can be shown t h a t 

jwF( 
g = 

(cosh k*x - cos k*x) ( s inh k*& + s i n k*&) -

( s i n h k*x - s i n k*x)(cosh k*£ + cos k*£) 

2EI(k*)3 (1 + cosh k*2 cos k*&) 
[3.14) 

and t h e d r i v i n g p o i n t r e s p o n s e , [ H ( f ) ] , t h a t i s i/Vq 
x=& 

i s g iven by 

Fo EI(k*)3 

cosh k*A s i n k*A - sinh k*& cos k*& 

1 + cosh k*& cos k*& 

: 3 . i 5 ) 

The s p a t i a l a v e r a g e squared a d m i t t a n c e i s g iven by 

(cosh k*x - cos k*x) ( s inh k*2 + s i n k*&) -

( s i n h k*x - s i n k*x)(cosh k*& + cos k*&) 's 2 1 'k*2' 

Fo. £ 2wM, 

y dx 

(1 + cosh k*£ cos k*2) 

( 3 . 1 6 ) 

Equa t ions ( 3 . 1 5 ) and ( 3 . 1 6 ) a r e p l o t t e d us ing the u n i v e r s i t y main 

computer, t o obta in the response curves with frequency . IRie programmes 

used are l i s t e d in Appendix B. The value of the i n t e g r a t i o n , 

e q u a t i o n ( 3 . 1 6 ) , i s o b t a i n e d by r e p l a c i n g t h e i n t e g r a l s i g n by a 

summation taken over N po ints in the range, tha t i s dx becomes Ax = a/N 

and X = r&/N and summing over r. Thus equation ( 3 . 1 6 ) becomes 
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r . 
<V2> <S2> 1 'k*&' 2 2 N 1 

- E 
li r=l p2 F2 £ 2̂wHj 

2 2 N 1 

- E 
li r=l 

^ o s h _ cos 

( s i n h k*2 + s i n k*&) - ( s i nh - s i n 
iN 

(cos k*& + cosh k*&) (1 + cosh k*& cos k*&) 

(3 .17) 

or 

<V2> 1 k*& 

2wM(l + cosh k*& cos k*2). 

N 

I 
r=l 

[cosh cos — — ) ( s i n h k*£ + s i n k*2) 

( s i n h - s i n ^^^*^(cos k*& + cosh k*&) 
N 

(3 .18 ) 

These r e s u l t s a r e shown in f i g u r e s ( 3 . 1 ) to ( 3 . 4 ) f o r two d i f f e r e n t 

values of the damping l o s s f a c t o r of 2xlO"3 and 2xlO"^. In the case 

of the t r a n s f e r admit tance , the value of N used i s 40. The physical 

dimensions of the beam i n v e s t i g a t e d are 6mm t h i c k , 0.944m long and 

31.75mm wide . 

I I I . 3 . 2 . Exper imenta l A n a l y s i s 

Tests were done on two c a n t i l e v e r beams 0.944m long and 31.75mm 

wide with d i f f e r e n t t h i c k n e s s e s of 6mm and 9.5mm. The se t -up f o r the 

r ig and equipment i s shown in f i g u r e ( 3 . 5 ) . The d i f f e r e n c e in 

th ickness al lowed the i n v e s t i g a t i o n of the e f f e c t of s t ruc tura l 

bulk iness on the response . The damping of the beams was increased by 

49 



s t i c k i n g v i s c o e l a s t i c damping t a p e on both f a c e s of t h e beam. The 

l o s s f a c t o r of t h e beams was measured by t h e decay method and t h e 

r e s u l t s o b t a i n e d a r e shown in f i g u r e ( 3 . 5 ) . Because of t h e u n c e r t a i n t y 

r e g a r d i n g l o s s f a c t o r measurements , and because of t he f a c t t h a t t h e r e 

were on ly s l i g h t v a r i a t i o n s wi th f r e q u e n c y , a mean va lue f o r t h e l o s s 

f a c t o r i s assumed, (shown by broken l i n e i n f i g u r e ( 3 . 6 ) ) . This mean 

v a l u e f o r t h e l o s s f a c t o r i s t h e v a l u e used when comparing r e s u l t s . 

Both t h e p o i n t r e s p o n s e and t h e s p a t i a l averaged r e sponse were 

measured. The beam was e x c i t e d by a t r a n s i e n t s i g n a l from a sweep 

o s c i l l a t o r , s cann ing from 10 to 350 Hz in 2 . 5 seconds . The s i g n a l 

was then f e d to t h e e l e c t r o d y n a m i c v i b r a t o r v ia a power a m p l i f i e r . 

The point response of the beam was measured by an impedance head, 

and the t r a n s f e r admittance measured by the use of a f o r c e transducer 

and an a c c e l e r o m e t e r . The s i g n a l s from t h e s e transducers were 

ana lysed by means of a d i g i t a l computer wi th a sampling r a t e of 750 

samples per second and wi th 8192 d a t a p o i n t s . This gave an 

a c q u i s i t i o n t ime of o v e r t e n s e c o n d s , t h a t i s both t h e t r a n s i e n t and 

t h e r i n g i n g v i b r a t i o n of t h e s t r u c t u r e were r e c o r d e d . To o b t a i n the 

s p a t i a l averaged response , the acce lometer was transversed along the 

whole l e n g t h of t h e beam. The s e p a r a t i o n between t h e c o n s e c u t i v e 

p o s i t i o n s of t h e a c c e l o m e t e r was de t e rmined from t h e wavelength of 

t h e h i g h e s t f r e q u e n c y of i n t e r e s t . I t can be shown t h a t t o measure 

t h e mean s q u a r e v a l u e of a s i n u s o i d a l l y v a r y i n g paramete r by 

measurements a t d i s c r e t e p o i n t s , t h r e e o r more e q u a l l y spaced p o i n t s 

randomly placed over one wavelength have to be taken. Then the squared 

ave rage of t h e s e measurements w i l l g i v e t h e mean squa re v a l u e . At a 

f r e q u e n c y of 500 Hz, which i s t h e h i g h e s t f r e q u e n c y of i n t e r e s t in 

t h i s c a s e , the bending wavelength i s 33cm f o r the 6mm th ick beam and 

40cm f o r t h e 9.5mm t h i c k beam. T h e r e f o r e to o b t a i n a measure of t h e 

s p a t i a l ave raged v e l o c i t y s q u a r e d , t h e a c c e l o m e t e r p o s i t i o n s were 8cm 

a p a r t f o r both beams. The r e s u l t s o b t a i n e d f o r t he Im[H(f ) ] and 

s p a t i a l average admittance f o r the 6mm , with two d i f f e r e n t values of 

l o s s f a c t o r , and t h e 9.5mm beams a r e shown in f i g u r e s ( 3 . 7 ) to (3 .12) 

r e s p e c t i v e l y . 
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I I I . 3 . 3 . Comparison of R e s u l t s 

The modal d e n s i t y for a beam e x c i t e d a t one end i s given by [1 ] 

AN 

Af 

V 

2wf 
(3 .19 ) 

where kĵ  i s t he bending wave number g iven by 

pA 

EI 
( 3 . 2 0 ) 

and s u b s t i t u t i n g in equation ( 3 . 8 ) 

<V > 

II n tEI(pA)3 ( 2 t 3 / 2 
( 3 . 2 1 ) 

Equation ( 3 . 2 1 ) g i v e s the mean value of the s p a t i a l average 

admittance , f o r f r e q u e n c i e s above the fundamental frequency. This 

equat ion shows that the mean l e v e l decreases a t 15 dB per frequency 

decade. S ince the r e l a t i o n between Im [H( f ) ] and the s p a t i a l average 

admittance i s independent of frequency (equation ( 3 . 1 0 ) ) , t h i s same 

s lope should apply f o r the p o i n t response. In f a c t , the mean l e v e l 

of t he curves obtained both t h e o r e t i c a l l y and exper imenta l ly a g r e e 

with t h i s v a l u e , f or f r e q u e n c i e s above the fundamental. Also the 

exac t p o s i t i o n of the mean l e v e l i s given by e q u a t i o n ( 3 . 2 1 ) f or the 

s p a t i a l ave r age admittance. For t he imaginary p a r t of t he p o i n t 

response , the exac t p o s i t i o n of the l e v e l , using the response r e l a t i o n , 

i s g iven by, 

im 

1 

E I ( p A ) 3 j (2nf ) 3 / 2 
:3 .22) 
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Comparing t h e t h e o r e t i c a l and exper imen ta l cu rves f o r t he 

s p a t i a l a v e r a g e a d m i t t a n c e and f o r Im [ H ( f ) ] , i t can be observed 

t h a t t h e r e i s good agreement not j u s t f o r the mean l eve l but a l s o 

f o r t h e d e t a i l e d shape of each c u r v e . The t h e o r e t i c a l curves have 

the same axes and can be compared d i r e c t l y . The change in l eve l 

between t h e curves f o r Im [ H ( f ) ] and the s p a t i a l averaged admi t t ance 

i s e q u i v a l e n t t o t h e p roduc t of t h e mass of t h e s t r u c t u r e , in t h i s 

case t h e beam and t h e l o s s f a c t o r . This i s t he t h e o r e t i c a l r e s u l t 

o b t a i n e d in t h e f i r s t s e c t i o n of t h i s c h a p t e r . 

In t h e t h e o r e t i c a l r e s u l t s , when comparing t h e curves f o r t h e 

r e s p o n s e , i t can a l s o be observed t h a t w h i l e t h e mean l e v e l remains 

the same in the case of t h e cu rves f o r Im [H( f ) ] wi th d i f f e r e n t va lues 

of damping, t h e mean l e v e l of t h e s p a t i a l averaged a d m i t t a n c e curves 

changes . With a t e n f o l d i n c r e a s e in damping, t he l e v e l d e c r e a s e s 

by 10 dB. Thus t h e l e v e l f o r t h e s p a t i a l averaged a d m i t t a n c e i s 

d i r e c t l y dependen t on t h e l o s s f a c t o r w h i l e the l e v e l of Im [H( f ) ] 

i s not . The r e l a t i o n between the two responses i s dependent on 

damping,to compensate f o r the d i f f e r e n c e between the r e l a t i o n of 

each response wi th the l o s s f a c t o r . The same can be observed from 

the experimental r e s u l t s , which show a 2 dB change in l e v e l 

c o r r e s p o n d i n g to the e q u i v a l e n t change in the l o s s f a c t o r . However, 

in t h i s c a s e , the curves cannot be d i r e c t l y compared because of the 

poor q u a l i t y of the exact d e t a i l s of the r e s u l t s . 

In the experimental r e s u l t s , the no i se to s ignal r a t i o a t the 

troughs i s very high and t h i s d i s t o r t s the curves . This i s why 

there are sharp drops and d i s c o n t i n u i t i e s at some points in the 

expe r imen ta l c u r v e s . The Im [ H ( f ) ] of a s t r u c t u r e should be a l l 

p o s i t i v e , but because of t h e low s i g n a l to n o i s e r a t i o , a t low 

va lue s of t h e r e s p o n s e , t h e n o i s e d i s t o r t s the s i g n a l and t h e curves 

become n e g a t i v e . When taking the logarithm of t h e s e curves , the 

n e g a t i v e v a l u e s a r e n e g l e c t e d by d e f a u l t . This i s not so e v i d e n t in 

the spakial average response , and the reasons are t h a t the values are 

a l l p o s i t i v e because of the squaring of the measurements and a l s o , 

because of t h e number of a v e r a g e s t a k e n . The only problem c r e a t e d 

because of t h e s e d i s c o n t i n u i t i e s i s tha t t h e exac t p o s i t i o n of t h e 

t r oughs canno t be l o c a t e d and t h i s i s t h e r e f o r e assumed. 

52 



The i n f l u e n c e of the th ickness of the beam on the l eve l of the 

response can be obta ined by comparison of the Im [H(f ) ] curves , 

( f i g u r e s ( 3 . 7 ) and ( 3 . 9 ) ) . S ince the l eve l i s independent of the l o s s 

f a c t o r , the d i f f e r e n c e between the curves f o r the 6mm and 9.5mm thick 

beams i s e n t i r e l y due t o t h e change in t h i c k n e s s . The change in t h e 

l e v e l between t h e s e two curves i s of 3 dB, that i s , the Im [H( f ) ] i s 

i n v e r s e l y proport ional to the square of the th ickness or bu lk iness 

of t h e s t r u c t u r e , (20 log ( 9 . 5 / 6 ) ) . Consequently, t h e s p a t i a l 

a v e r a g e a d m i t t a n c e w i l l i n v e r s e l y depend on t h e cube of t h e t h i c k n e s s . 

The change in l e v e l of the s p a t i a l ave r age a d m i t t a n c e , ( f i g u r e s ( 3 . 8 ) 

and ( 3 . 1 2 ) ) , i s of 8 dB, 3 dB of which a r e due to the change in 

damping and 5 dB due to the change in t h i c k n e s s , (30 log ( 9 . 5 / 6 ) ) . 

The experimental r e s u l t s do not show any information for 

f r e q u e n c i e s below the fundamental . The f i r s t resonance was a t a very 

low f r e q u e n c y and i s t h e r e f o r e not i nc luded in t h e r e s u l t s . However, 

from the t h e o r e t i c a l r e s u l t s , i t can be observed that there i s a 

marked d i f f e r e n c e between t h e curves f o r Im [H( f ) ] and t h e curves 

f o r the s p a t i a l average admittance. At low f r e q u e n c i e s , Im [H^f)] 

i s dependent on damping, wh i l e t h e curve f o r <V2> / i s 

independent of the damping. Also the Im [ H ( f ) ] i s constant with 

f r e q u e n c y , whi le <\!^> / i n c r e a s e s a t 20 dB per f r e q u e n c y decade . 

However, t h i s d i f f e r e n c e does not a f f e c t t h e e s t i m a t i o n of the 

s t ruc tura l response because the curve of Im [H(f ) ] below the f i r s t 

r e sonance can be e s t i m a t e d us ing t h e r e l a t i o n f o r low f r e q u e n c i e s 

g iven in c h a p t e r I I . In f a c t , f i g u r e s ( 3 . 1 ) and ( 3 . 3 ) v e r i f y t h i s 

low f r e q u e n c y r e s p o n s e f o r a c a n t i l e v e r beam. 

I I I . 4 . Conc lus ion 

A r e l a t i o n between Im [ H ( f ) ] and t h e s p a t i a l ave rage admi t t ance 

has been o b t a i n e d and v e r i f i e d f o r t h e c a s e of a c a n t i l e v e r beam. 

Although one p a r t i c u l a r type of s t r u c t u r e with e x c i t a t i o n at only one 

p o i n t i s i n v e s t i g a t e d , t h i s does no t l i m i t t h e e x t e n t of t h e gene ra l 

r e l a t i o n s h i p o b t a i n e d f o r Im [ H ( f ) ] and <V^> / F^, which shows tha t 

they are d i r e c t l y p r o p o r t i o n a l , with the constant of p r o p o r t i o n a l i t y 
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being t h e p r o d u c t of t h e mass of t h e s t r u c t u r e and t h e damping l o s s 

f a c t o r . This r e l a t i o n i s proved both t h e o r e t i c a l l y and e x p e r i m e n t a l l y . 

This r e s u l t i s ve ry u s e f u l when i t i s no t p o s s i b l e to d i r e c t l y 

measure o r e s t i m a t e t h e p o i n t r e s p o n s e of a s t r u c t u r e . Th i s 

r e s p o n s e r e l a t i o n i s used in c h a p t e r VI of t h i s t h e s i s , in t h e 

case s t u d y of t h e n o i s e energy r a d i a t e d from a d i e s e l engine 

s t r u c t u r e . 
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CHAPTER IV 

THE SPECTRAL DISTRIBUTION OF ACCELERATION NOISE 

IV. 1. I n t r o d u c t i o n 

The n o i s e r a d i a t e d from an impact can be d i v i d e d i n t o two p a r t s : 

t h e p a r t r a d i a t e d only dur ing t h e impact and t h e p a r t r a d i a t e d a f t e r 

t h e impact has o c c u r r e d . The l a t t e r t ype of n o i s e i s termed t h e 

r i n g i n g of t h e s t r u c t u r e and i t s pa rame te r s a r e i n v e s t i g a t e d in t h e 

p rev ious c h a p t e r s . The n o i s e t h a t i s r a d i a t e d du r ing t h e impact i s 

termed a c c e l e r a t i o n n o i s e and i s d e f i n e d as t h e n o i s e made by a 

body ( t r e a t e d as r i g i d ) coming t o r e s t , or a c c e l e r a t i n g r a p i d l y from 

one v e l o c i t y t o a n o t h e r in a very s h o r t t ime t of such a d u r a t i o n 

as to cause t h e a i r a d j a c e n t t o i t to be compressed or expanded so 

t h a t some part of t h e p r e s s u r e p e r t u r b a t i o n c l o s e to t h e body w i l l 

be in phase w i t h t h e p a r t i c l e v e l o c i t y . This n o i s e does not depend 

on t h e d i s t o r t i o n of t h e impacted s t r u c t u r e but on ly on t h e whole 

b o d i l y movement. Even so , i t c o n t r i b u t e s to t h e t o t a l L from each 

impact and has a s p e c t r a l d i s t r i b u t i o n which depends upon t h e d e t a i l s 

of t h e p u l s e shape and t h e s i z e of t h e body. In t h i s c h a p t e r , t h i s 

a c c e l e r a t i o n n o i s e which i s i n v e s t i g a t e d f o r a l a r g e number of cases 

in r e f e r e n c e [13] , i s i n v e s t i g a t e d f o r i t s f r e q u e n c y c o n t e n t . 

I f t h e r i n g i n g n o i s e i s s u f f i c i e n t l y reduced o r i f t h e f i r s t 

r e s o n a n t f r e q u e n c y of t h e s t r u c t u r e under i n v e s t i g a t i o n i s r e l a t i v e l y 

h i g h , so t h a t t h e r e s p o n s e of t h e s t r u c t u r e below t h i s f i r s t r e sonance 

i s very low and l i t t l e v i b r a t i o n a l energy i s c o n t a i n e d in t h i s 

f r e q u e n c y r a n g e , ( imply ing a low l e v e l of no i se r a d i a t e d due to 

r i n g i n g ) , t hen t h e n o i s e due t o t h e t r a n s i e n t d e c e l e r a t i o n du r ing 

t h e impact may be t h e dominant s o u r c e of n o i s e in t h i s f r e q u e n c y 

r a n g e . I t i s t h e r e f o r e n e c e s s a r y f o r p r e d i c t i v e purposes t o be 

a b l e to p r e s e n t t h e a c c e l e r a t i o n n o i s e energy in s p e c t r a l form from 

knowledge of t h e impact t ime and s i z e of t h e i m p a c t o r . 

The s p e c t r a l d i s t r i b u t i o n of t h e a c c e l e r a t i o n n o i s e w i l l g i v e 

t h e f r e q u e n c y bands i n which t h i s n o i s e c o n t r i b u t e s t o t h e t o t a l L^^ 
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r a d i a t e d by t h e machine s t r u c t u r e . The s p e c t r a l d i s t r i b u t i o n can 

be o b t a i n e d by e i t h e r t h e c o n s i d e r a t i o n of t he f a r f i e l d p r e s s u r e 

e q u a t i o n s which a r e g iven in r e f e r e n c e [[3] o r by us ing t h e s p a t i a l 

average s u r f a c e v e l o c i t y of t he impac t ing body t o g e t h e r wi th a 

' s t e a d y s t a t e ' r a d i a t i o n e f f i c i e n c y . Both of t h e s e methods g i v e 

the same r e s u l t f o r t h e f r e q u e n c y d i s t r i b u t i o n of t h e a c c e l e r a t i o n 

n o i s e . 

IV. 2. A c c e l e r a t i o n Noise Spectrum from t h e P r e s s u r e S i g n a t u r e 

To o b t a i n t h e s p e c t r a l d i s t r i b u t i o n from P a r t I [13] , assuming 

t h a t t h e a c c e l e r a t i o n t r a n s i e n t i s in t h e form of a h a l f - s i n e p u l s e , 

i t i s n e c e s s a r y t o go back to t h e two f a r - f i e l d e q u a t i o n s (7) and 

(8) [13] , f o r t h e p r e s s u r e a t a p o i n t a long or a t any s p e c i f i e d ang le 

to t h e a x i s of a c c e l e r a t i o n . These e q u a t i o n s a r e expres sed as 

f u n c t i o n s of t h e n o n - d i m e n s i o n a l i s e d r e t a r d e d t ime t . TO o b t a i n 

t h e a c c e l e r a t i o n n o i s e energy s p e c t r a l d e n s i t y per u n i t a rea 

e n c l o s i n g t h e body, f l o w i n g p a s t a p o i n t in space f o l l o w i n g t h e 

impac t , t h e p r e s s u r e s i g n a t u r e e q u a t i o n s a r e t r a n s f o r m e d i n t o t h e 

f r e q u e n c y p l a n e , t h e t o t a l energy then be ing the i n t e g r a l over 

f r e q u e n c y and space ( e n c l o s i n g t h e s o u r c e ) . This f o l l o w s from 

P a r c e v a l ' s theorem. 

A v a l u e f o r (A, f , A f ) , can be d e r i v e d by i n t e g r a t i n g t h e 

p r e s s u r e spec t rum over f r e q u e n c y bands and s p a c e , and then A-weigh t ing . 

For t h e ( A , f , Af) t h e p e r i o d over which the a c c e l e r a t i o n n o i s e 

i s averaged must be s t a t e d . I f a r e p e t i t i o n r a t e of one occurance 

per second i s assumed, then L g q ( A , f , A f ) w i l l be the A-weighted 

t o t a l a c c e l e r a t i o n n o i s e e n e r g y , r a d i a t e d in f r e q u e n c y band Af , with 

c e n t r a l f r e q u e n c y f . 

Rewr i t ing e q u a t i o n s (7) and (8) f rom P a r t I , [13] 

p acv 
0 0 

P . f r , T) , [ cos (n T - y) + / 2 e"* ^COSfmdT + x ) l , T $ 1 
° 2r /464 + 1 

( 4 . 1 ) 
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and 

p acv 
[e ^ ^ C0S[Tr5(T - 1) + )Q + e ^^^C0S(n6T+ x)l 5 

T > •) ( 4 . 2 ) 

( p l e a s e note e d i t o r i a l e r r o r s in t he o r i g i n a l e x p r e s s i o n s in 

r e f e r e n c e [13] ) 

where % = t ' / t , t ' be ing t h e r e t a r d e d t ime and t ^ t he c o n t a c t 

t i m e ; 

6 = c t g / f w a ) ; 

c = speed of sound in a i r ; 

a - r a d i u s of t h e s p h e r e ; 

2A t 
V = , t h e v e l o c i t y of impac t , assuming a ha l f s i n e 

IT 

p u l s e f o r t h e a c c e l e r a t i o n , wi th ampl i tude A ; 

r = d i s t a n c e of measur ing p o i n t from p o i n t of a c c e l e r a t i o n 

of s p h e r e ; 

Y = s in" 
25 

/454 + 1 

X = Sin 
252 + 1 

y5(464 + 1) 

p = d e n s i t y of t h e medium su r round ing the s p h e r e . 

The pressure a t any angle e from the a c c e l e r a t i o n a x i s i s 

g iven by: p ( r , t ' , 6 ) = P ( r , t ' ) cos 8 . 

F o u r i e r t r a n s f o r m i n g t h e p r e s s u r e s i g n a t u r e e q u a t i o n s ( 4 . 1 ) 

a n d ( 4 . 2 ) 
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P„(>-. f ) = I P„(r , ( 4 . 3 ) 

Polr- f ) = t [ P ^ ( r , T)e + 

'1 

Po(r' ( 4 . 4 ) 

Using e q u a t i o n ( 4 . 1 ) f o r t h e f i r s t i n t e g r a l and equa t ion ( 4 . 2 ) 

f o r the second, w i l l g i v e the express ion f o r the normalised pressure 
Ip Cp f> I 2 

spec t rum a long t h e a x i s of a c c e l e r a t i o n , ' or ' ' l as f o l l o w s ; 

| P o ( r , f ) P 1 f^t^Zf l - COS Znftg) 

2^2 (1 - 4 f 2 t 2)2(6^ + 4 f 4 t 4) 
0 ' ^ 0 ' 

f ^ 
2 t , 

( 4 . 5 ) 

1 

16(46^ + 1) 2 t . 
( 4 . 6 ) 

The normalised energy in a bandwidth Af centred on frequency f , 

Wgccff , Af) where 

"acc<^- Af) 
Eacc ( f ' Af) 

S P o ( v o l ) v ^ 2 
( 4 . 7 ) 

Egj-^(f> Af) i s t h e a c o u s t i c energy r a d i a t i n g from 

t h e s p h e r e ; and 

( v o l ) i s the volume of the sphere; 
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i s g iven by ; 

Uacc ( f ' 
1 

4Tr' 

&p(vol) v^z 3pc 

f + 

f -

Af 

Af 

^ n ( r . f ) | 2 d f , (4 .8 ) 

A f t e r i n t e g r a t i n g over a sphe re enc los ing the s o u r c e , t ak ing 

i n t o accoun t t h e d i r e c t i o n a l i t y (cos e) . 

"acc<f' 

26 Af 

f 

( f tQ)3 (1 + COS 2nftQ) 

(1 - 4f2tQ2)2(64 + 4f4tQ4) 2t , 
( 4 .9 ) 

Af 

45^ + 1 2 t . 
(4 .10) 

where ( A f / f ) i s a constant i f percentage frequency bands ( e . g . , 

one t h i r d o c t a v e bands) a r e being c o n s i d e r e d . 

IV. 3. A c c e l e r a t i o n Noise us ing t h e Spat ial Average S u r f a c e Ve loc i ty 

Another method to e x p r e s s t h e a c c e l e r a t i o n n o i s e energy in 

frequency bands i s to use the s p a t i a l average of the v e l o c i t y on the 

s u r f a c e of t h e body and then a t t a c h i n g to t h i s movement a ' s t e a d y 

s t a t e ' v i b r a t i o n a l r a d i a t i o n e f f i c i e n c y of a body in o s c i l l a t o r y 

bod i ly movement. 

Cons ide r ing again a sphe re of t h e same volume as t h e body under 

t r a n s i e n t a c c e l e r a t i o n and assuming that the shape of the acce l era t ion 

t r a n s i e n t i s a ha l f s i n e p u l s e wi th d u r a t i o n ( c o n t a c t t ime) t . 

The sur face v e l o c i t y on the sphere , i f angles are measured from the 

ax i s of a c c e l e r a t i o n or impact i s g iven by; 

V = V cos (4.11 
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where v i s the normal sur face v e l o c i t y ; and 

V i s t he v e l o c i t y of t h e sphe re a long the a x i s of b o d i l y 

movement. 

The s p a t i a l ave rage v e l o c i t y squared i s then g iven by: 

2v2 ,n /2 v2 

<v = s i n 9 cos^ede = — (4 .12 ) 
4iTdî  -̂ 0 3 

where < > d e n o t e s s p a t i a l a v e r a g i n g . 

The r a d i a t e d n o i s e energy f rom a v i b r a t i n g s u r f a c e i s given by: 

Erad = I P ( t ) d t (4 .13) 

where P ( t ) i s the average rad ia ted power given by: 

P ( t ) = pcA <v2> (4 .14) 

where pcA i s t he a i r impedance; 

A i s t h e s u r f a c e a r ea of t h e body; 

i n d i c a t e s time averaging of the v e l o c i t y squared; and 

° r a d the r a d i a t i o n e f f i c i e n c y . 

Expres s ing e q u a t i o n (4 .13 ) in t h e f r e q u e n c y domain; 

PcA Opad j < | V ( f ) | 2 > df (4 .15) 

where V ( f ) i s t h e F o u r i e r t r a n s f o r m of t h e s u r f a c e v e l o c i t y . 

Or, express ing the energy in frequency bands with central frequency 

f , 
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I + 

E ( f , Af) = 2pcAa rad 

Af 
T 

Af _ 

| V ( f ) | 2 > df (4 .16 ) 

but A = 4?a2 f o r a sphere, and the acce le ra t ion t r ans ien t i s 

assumed to have a h a l f - s i n e pulse, then 

V ( f ) 
jZ.Zf 

1 + 

1 - 4f2tQ2 
(4 .17) 

or 

< | V ( f ) | ^ > 
VgZ (1 + cos Zmft^) 

24n2f2 (1 - 4f2tQ2)2 
( 4 . 1 8 ) 

t h e r e f o r e 

E ( f , Af) = 2pc 
Af 

i f J 

4na2 
f c rad 

Vg2(l + COS Znftg) ' 

8n2f2( l - 4 f 2 t 2)2, 
(4 .19) 

and 

6 

Zt! 

Af °rad 2 , f t „ ) 

[f J (1 - 4 f 2 t / ) 2 
( 4 . 2 0 ) 

The r a d i a t i o n e f f i c i e n c y f o r an o s c i l l a t i n g body i s given by [14] ; 

rad 

(ka)4 

4 + (ka)' 
( 4 . 2 1 ) 
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f o r a d ipo le system, where k is the acoust ic wave number, or 

rad 

4 f 4 t 4 

6^ + 4 f 4 t 4 
( 4 . 2 2 ) 

S u b s t i t u t i n g t h i s expression f o r i n equation (4.20) 

acc 

25 Af ( f t o ) 3 ( l + COS 2nftQ) 

(54 + 4 f4 tQ4) ( l _ 4f2tQ2)2 
f ^ 

2 t , 
(4 .23) 

Af 

(46^ + 1) 
f = 

2 t , 
(4 .24) 

Equations ( 4 . 2 3 ) and ( 4 . 2 4 ) are the same as those obtained by 

consider ing the pressure waveform equations (4.9) and ( 4 .10 ) . Thus 

the acce le ra t ion noise energy can be estimated e i t h e r using the 

pressure s ignature over a surface enclosing the body, or using the 

average v e l o c i t y squared of the body. In r e t rospec t , t h i s r e s u l t 

i s not s u r p r i s i n g , s ince the only d i f f e r e n c e between the two methods 

i s the stage in the argument when the t r ans fe r from real t ime to 

frequency i s ca r r i ed ou t . I t means tha t measurements of body 

v e l o c i t i e s dur ing and a f t e r the impact can lead to the p red i c t i on of 

' a c c e l e r a t i o n ' noise o f the body, from the components of the 

v e l o c i t i e s dur ing the impact, as wel l as the r i ng ing noise from the 

components of the v e l o c i t i e s a f t e r the impact. This f i n d i n g i s 

used p r a c t i c a l l y i n reference [22] which deals w i th the noise from 

a drop hammer. 

IV. 4. Determining the Shape and Magnitude of the Spectrum 

Equations ( 4 . 5 ) , ( 4 . 6 ) , (4 .9) and (4.10) can be w r i t t e n i n 
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l oga r i t hm ic form. Equation (4.9) becomes; 

10 log [waccCf, Af^ = 10 log 
( f t Q ) 3 ( l + cos 

(1 - 4 f 2 t o 2 ) 2 

1 '26 rAf\ 
+ 10 log f 10 log 1 «• — 
+ 10 log 

5^ + 4 f 4 t 4 
f 10 log 

TT 

f 7̂  
2t 

(4 .25 ) 

The f i r s t term in t h i s equation depends only on the parameter f t ^ , 

wh i le the second term depends so le l y on the dimensions of the sphere. 

There are other forms i n t o which equation (4.25) can be w r i t t e n , 

depending upon the i n t e r p r e t a t i o n t ha t is requi red. I f we introduce 

a base frequency f which i s the rec ip roca l of tw ice the contact time 

• ( f . = l / 2 t „ ) 

where f = f / f . 

and using a non-dimensional ised frequency f , 

then equation (4.25) becomes (from equation (4.19)) 

10 log [Macc(f , A f ) ] = 10 log 
6 •Af" 

T̂T ' f-
+ 10 log 

(1 + cos irf • y 

+ 10 l o g (Cradf f ) ) ' f ' ^ 1 

f ( 1 - f ' 2 ) 2 

(4 .26 ) 

In t h i s e x p r e s s i o n , the f i r s t term determines the general l e v e l 

of the curve and i s dependent only on ' 6 ' . The second term i s 

dependent on the r a t i o o f the frequency f to the conceptual frequency 

f (= and is not in f luenced by body s ize. 
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Comparing t h i s second term w i th the approximation of the 

spectrum of a pulse i n Appendix A, t h i s term represents the 

general shape o f the spectrum of any pulse w i th dura t ion t^ . 

There i s a term f missing in the denominator, but t h i s has been 

included i n the f i r s t term. Only one break frequency i s present here 

as compared to the two break frequencies in Appendix A and the small 

frequency range between these two break frequencies has been ignored 

fo r the sake of s i m p l i c i t y , but w i thout any loss of accuracy. This 

shows tha t t h i s acce le ra t ion noise spectrum w i l l hold f o r a l l shapes 

of pulses. 

The t h i r d term depends s o l e l y on the s t e a d y - s t a t e rad ia t ion 

e f f i c i e n c y o f the body, which i s dependent on body s ize f o r the 

coincidence frequency. The r a d i a t i o n e f f i c i e n c y re la tes the distance 

around the body to the wavelength of sound, thus i t w i l l be 

independent of the exact shape o f the body. Therefore from these 

l as t two terms, i t can be concluded tha t t h i s spectrum f o r the 

acce le ra t ion noise w i l l hold f o r a l l body shapes, a conclusion also 

reached i n [13] when measurements of acce le ra t ion noise peak pressures 

and t o t a l e n e r g i e s were made. 

The f i r s t term i s independent o f f requency, wh i le the second term 

has a break frequency a t f = 1 . Below t h i s f requency, t h i s term 

has a slope of -1.0 dB per decade, and above i t decreases a t 50 dB per 

decade ( f i g u r e 4 . 1 ) . The t h i r d term has a break frequency a t 

f = /2 6 ( t h i s i s a normalised f requency) . This term has a slope 

of 40 dB per decade below t h i s break frequency and a slope of 0 above 

t h i s frequency ( f i g u r e 4 .2 ) . Therefore the shape of the spectrum 

can be const ructed w i thout p l o t t i n g equations (4.9) and (4 .10) , by 

adding the c o n t r i b u t i o n s a t each frequency from the three terms. 

The shaping w i l l depend on the value of 6 . For 6 > 1, i t 

fo l l ows from above tha t the spectrum w i l l have a slope of 30 dB per 

decade at the low frequency end, then a slope of -10 dB per decade 

between the two corner f requencies f^-j = 1 and f ^g = /26 , and 

then a r o l l - o f f o f -50 dB per decade a t the high frequency end. At 

f = 1 which i s the maximum of the curve, the value f o r t h i s po in t 

is independent o f frequency and i s given by tt5 

8(46^ + 1) 
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The shape of the energy spectrum in frequency bands using equations 

(4 .9) and [4 .10) f o r the acce le ra t ion noise i s compared w i th the 

Constructed curve ( f i g u r e 4 . 3 ) . The agreement i s good and the 

maximum e r ro r which occurs a t the corner frequencies is w i t h i n 2 dB. 

For 5 ^ 1 , the curve f o r the acce le ra t ion noise is constructed 

s l i g h t l y d i f f e r e n t l y . A new corner frequency i s in t roduced, given by: 

fa l 

1 + COS /2n6 

(1 - 26^)^/2 

1 / 3 

(4 .27: 

but s t i l l r e t a i n i n g the other two; f ^g ~ and f ^g = 1 . In 

t h i s case the curve has a d i f f e r e n t shape. Above frequency f^-j 

there i s a f l a t po r t i on which i s equal i n magnitude to the maximum 

acce le ra t i on noise energy given by 

acc_ max 

1 

/Sir 

fAfl 

f 

1 + COS TTO 

(1 - 25 ) 2 \ 2 
(4 .28) 

This f l a t po r t i on extends u n t i l i t meets the curve as drawn 

f o r values o f 6 > 1 . The shape of the acce le ra t ion noise energy 

spectrum as obtained using equations (4.9) and (4.10) is compared 

w i th the constructed curve ( f i g u r e 4 . 4 ) . The agreement again i s 

w i t h i n 2 dB. Curves f o r 6 = 1 using the same method of const ruc t ion 

as f o r values of S < 1 , are compared w i th the p l o t t e d curves and the 

agreement i s s i m i l a r to the other cases ( f i gu re 4 .5 ) . 

^eq Wgcc 

I f the acce le ra t ion noise t r a n s i e n t dies down, a f t e r i t s 

occurence i n less than the averaging time T , then w i th T averaging 

t ime. 
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Lgqff , Af) = 10 log [ w g c c C f , Af ) ] + 10 log [&pQ(vol)vQ2] - 10 log T 

(4 .29 ) 

and LgqCA, f , Af) can be obtained by A-weighting these resu l t s . 

The A-weighted acce lera t ion noise energy spectrum, measured in 

one- th i rd octave bands fo r a sphere subject to an acce lera t ion 

t rans ien t of magnitude 16.34 x 10^ m/s^ over a period of 0.18 ms, 

i s compared w i th the estimated spectrum ( f i gu re 4.6) using the 

above method. The agreement between the two curves i s w i t h i n ± 3 dB. 

Figure (4 .7 (b ) ) shows the estimated and measured t o t a l 

acce lera t ion noise energy spectrum ( l i n e a r ) fo r the impact between 

a drop stamp tup and a 152mm diameter steel cy l i nde r . The accelerat ion 

pulse is shown i n f i g u r e ( 4 .7 (a ) ) . This accelerat ion signal also 

includes the r ing ing of the cy l i nde r , but t h i s r i ng ing i s above our 

frequency range o f i n t e r e s t , although i t shows on the acce lera t ion 

noise energy spectrum at the high frequency end; the measured noise 

has an upward t rend un l i ke the estimated noise. Both the cy l inder 

and the tup are subjected to a t r ans ien t motion, therefore both w i l l 

rad ia te acce lera t ion noise. The agreement between the measured and 

est imated, based on spheres of equal volume i s good even though the 

shapes of the cy l inder and tup are f a r from spher ica l . This brings 

out the po in t t ha t acce lera t ion noise is independent of the de ta i led 

shape of the impacting body, but only dependent on i t s volume or a 

t y p i c a l body s i ze , and the durat ion of the t r ans ien t . 

Other examples on the use of t h i s method to est imate the 

spectra l content of the a c c e l e r a t i o n can be found in re ference [ j 6 ] , 

the no i se radiated from b o t t l e c l a s h i n g . 
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CHAPTER V 

ESTIMATION OF RADIATED NOISE ENERGY BY IMPACT EXCITATION OF A 

PLATE STRUCTURE 

V. 1. I n t roduc t i on 

The energy accountancy method as described in Chapter I g i v e s the 

designer a good d iagnos t i c too l w i t h which to work, and to estimate 

the noise energy rad ia ted from his designed s t r u c t u r e ; i f estimated 

leve ls are unacceptably h igh, he i s presented w i th a d iagnost ic 

equation tha t w i l l i nd i ca te the ava i lab le p o s s i b i l i t i e s he may use 

to reduce his noise problem, and opt imise his s t ruc tu re so t ha t the 

d i f f e r e n t peaks i n d i f f e r e n t terms w i l l not coincide in frequency. 

This method i s best su i ted to ca lcu la te one - th i rd octave noise 

rather than the e x a c t narrow band spectra that a p l a t e or s t ruc ture 

surface w i l l r a d i a t e . This s t i l l has wide app l i ca t i ons , since 

actual machine s t ruc tu res are h igh ly damped due to i n t e r a c t i o n between 

d i f f e r e n t par ts which are bo l ted together so tha t resonant modes are 

wel l damped ou t . At f requencies where acoust ic r ad i a t i on i s h igh, the 

spectrum of the machine surface v i b ra t i ons w i l l i n general have a 

high modal dens i t y , and the po in t m o b i l i t y curves w i th frequency w i l l 

approximate to uni form mean l i nes or curves ra ther than to a mul t i tude 

of peaks and t roughs. As the noise regu la t ions do not i n general 

include cres t f a c t o r s , the exact t o n a l i t y o f the noise is not important . 

A f u r t h e r po in t to bear in mind is t h a t the rad ia ted noise 

s ignature i s r e l a t e d to the shape of the indiv idual force pu l ses even 

though the sub jec t i ve e f f e c t of the noise, by v i r t u e o f the high 

r e p e t i t i o n r a t e , sounds continuous to the ear; as t h i s t a i l o r i n g of 

the impact i s o f g reater design i n t e r e s t , than i s the continuous noise 

spectrum, more des ign i n s i g h t i s provided by a study of a s i n g l e pulse 

than by orthodox noise ana lys is . 

In t h i s chapter , the noise energy rad ia ted by a f l a t p la te under 

a s ing le impact i s both p red ic ted , using the energy accountancy concept, 

and measured. This serves as a v a l i d i f i c a t i o n process f o r the energy 

accountancy concept and of the use of the mean value for the response 
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i n es t imat ing the v i b r a t i o n a l energy escape i n to the s t ruc tu re . 

V. 2. Experimental V e r i f i c a t i o n of the Accountancy Equation 

V. 2 .1 . Noise Estimate 

I t i s obvious t ha t so many approximations are impl ied i n the 

noise p r e d i c t i o n process, using the accountancy concept, t h a t i t has 

to be va l i da ted by experiment. The noise dose being measured d i r e c t l y 

from an array of microphones, and also predic ted from measured or 

ca lcu la ted value o f the var iance parameters, f o r a range o f impact 

times and pulse shapes, f o r d i f f e r e n t damping f a c t o r s , and fo r impacts 

which are appl ied d i r e c t l y to a p la te and v ia lumped masses w i th 

r e s i l i e n t and damped i n s e r t s . These experiments have been car r ied 

out on the p l a t e as shown in f i g u r e ( 5 . 1 ) . 

The t o t a l rad ia ted sound from a one metre square p la te , 0.01 

metre t h i c k , i s est imated in one - th i r d octave bands when exc i ted a t 

i t s c e n t r e , both d i r e c t l y and through a lumped mass. Having the 

e x c i t a t i o n po int a t the centre provides the added experimental 

st r ingency as i t i s a nodal po in t f o r many modes and therefore these 

modes are not exc i t ed , making the bandwidth separat ing succesive modes 

wider. In p r a c t i c e , we f i n d t h a t the l o c a t i o n of the e x c i t a t i o n po int 

i s not important provided tha t i t i s away from an edge. 

The term 10 log i s computed, assuming the p la te to be i n 
f 

a b a f f l e , the r a d i a t i o n e f f i c i e n c y i s ca lcu la ted using reference [14] 

where , the e f f i c i e n c y f o r o ther machine s t r u c t u r e s apart from p l a t e s 

are presented. A-weight ing t h i s curve and d i v i d i n g by the cent ra l 

Ao j 
frequency of each t h i r d octave band gives the 10 log ( f i g u r e 5.2) 

f 

The e f f e c t o f leav ing out the b a f f l e p la te is to reduce the 

r a d i a t i o n e f f i c i e n c y a t low frequencies wel l below the coincidence 

frequency as edge and corner modes w i l l not r a d i a t e i f cance l l a t i on 

occurs from one s u r f a c e to the o t h e r . 

The p la te is exc i ted by impacting i t w i th a 50mm diameter sphere 

78 



of hardened s t e e l . Because o f the r e p e t i t i v e impacts, the p la te 

work-hardened at the impact po in t . Therefore, wh i le measurements 

were being taken, there was no p l a s t i c deformation e i t he r on the 

Sphere or on the p l a t e . The fo rce pulse de l ivered to the p la te i s 

thus measured by having an accelerometer stuck to the s teel sphere 

to measure the acce le ra t ion and then apply ing Newton's laws of 

motion. The spectrum o f the pulse i s obtained using a frequency 

analyser and comparing i t w i t h the spectrum obtained by the 

approximation method. Appendix A. 

Since the accountancy equation (1.4) i s f o r r e l a t i v e l y h igh ly 

damped s t r u c t u r e s , the p la te loss f ac to r is increased by b o l t i n g 

another t h i n metal s h e e t to the p l a t e as a damping panel . The 

loss f a c t o r var ied w i th the thickness of t h i s damping panel 

( f i gu re 5 .3 ) . The loss f a c t o r of the p la te is computed by measuring 

the ra te o f decay of v i b r a t i o n i n one - th i rd octave bands. Since the 

modal dens i ty i s h igh, i t i s impossible to use other methods, such as 

the bandwidth method. I t i s found tha t the loss f a c t o r var ies w i th 

frequency and decreases at the high frequency end. However, since 

the accountancy equation i n i t s s implest form is b u i l t up on the 

assumption of a constant loss f a c t o r w i th frequency, an average 

value re levan t to the peak r a d i a t i n g frequencies is used f o r each 

damping panel , t h i s is also shown i n f i g u r e ( 5 . 3 ) . This is not an 

essent ia l element in the fo rmu la t ion of the p red i c t i on process, i t 

being p e r f e c t l y reasonable to take the measured or estimated loss 

f a c t o r as varying from one frequency to another. S ince from [24] 

measurements on damping are not very cons is tent when performed on 

d i f f e r e n t cond i t i ons , the average value would be a much be t t e r 

representa t ion . For the es t imat ion procedure the average value 

is used. 

V. 2.2. D i rec t Impact on the Plate 

The experiments performed may be d iv ided i n t o two phases. In the 

f i r s t phase, the p l a t e i s e x c i t e d d i r e c t l y and p o s s i b l e m o d i f i c a t i o n s 

in the o ther terms f o r n o i s e reduct ion cons idered . In the second phase 
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the p la te i s exc i ted through a lumped mass r i g i d l y f i x e d or mounted 

on a r e s i l i e n t pad, to ob ta in poss ib le noise con t ro l through the 

mod i f i ca t i on o f the s t r u c t u r a l response term. 

When the p la te is d i r e c t l y exc i t ed , comparing i t to an i n f i n i t e 

p la te s t r u c t u r e , the response i s given by: 

1 EI 
Im = ; B = ( 5 . 1 ) 

ISirf / Bp^ 1 -

where p i s the mass per u n i t area of the p l a t e ; 

I i s the second moment of area o f the p la te per u n i t width 

about an axis in the neut ra l plane; 

V i s Poisson's r a t i o ; and 

E the Young's modulus. 

Measurements o f the response are made by the use of a force 

transducer , acce lerometer and a phase-matched charge a m p l i f i e r . 

The response Im [ H ( f ) ] i s found by d i v i d i n g the t r a n s f e r f unc t i on 

of the f o r c e and a c c e l e r a t i o n a t po in t of e x c i t a t i o n by l /w^ 

(w = Zi r f ) . The measured response and the frequency averaged mean 

l i n e are p l o t t e d on the same graph f o r every cond i t i on . I t i s 

not iced tha t t h i s mean po in t response i s independent o f the p la te 

damping. The lower the damping, the la rger the de f l ec t i ons of the 

peaks and troughs from the mean curve and at high damping the curve 

approaches the mean l i n e . The e f f e c t of damping on the rad ia ted 

noise i s inc luded i n a separate term, 10 log , in the energy 

accountancy equat ion. 

V. 2.3. Mod i f i ca t i on o f the S t ruc tu ra l Response Term 

When the p la te i s exc i ted through a lumped mass r i g i d l y f i x e d 

to the p l a t e , using equation ( 1 . 5 ) , the s t i f f n e s s of the i s o l a t o r i s 

very large (k ^ =) and - Mg = l/(j27Tfm_) ; where m i s the mass 



which is f i xed onto the p l a t e . The frequency averaged expression fo r 

the response i s then given by 

Im 
1 

Q + I ^ 

2nfm 

(5.2) 

where f i s the centre frequency and Q i s the mean or frequency-

averaged m o b i l i t y of the rece iv ing s t r u c t u r e , which is the same as 

Zirf times the s t r u c t u r a l response had the s t ruc tu re been exc i ted 

d i r e c t l y . In t h i s case the rece iver s t r uc tu re i s a p l a t e , then 

1 

8 / B7 
(5.3) 

When the mass is coupled to the p la te v ia a r e s i l i e n t pad, the 

' frequency averaged' response func t i on i s given by 

Ira [ H ( f ) ] = 
SfT f̂ Znf 2wf 

Zirfm 
+ n' 

rfQ 

(5 .4) 

where n i s the loss f a c t o r of the r e s i l i e n t pad and K i t s 

s t i f f n e s s , and Q i s the peak value of the m o b i l i t y of the rece ive r ; 

since the m o b i l i t y curve f o r the rece iver exh ib i t s a number of peaks 

D l ] Q i s g iven by the curve passing through the peak points i n 

t h i s curve. Q = 2Q/cos 6 and cos g = ngk&/2 , where i s the 

s t ruc tura l l o s s f a c t o r of the r e c e i v e r , & a typ i ca l length and 

k the wave number. For an i n f i n i t e s t r u c t u r e , cos 6 = 1 . 
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V. 2.4. The Constant Term 

A l l t ha t remains f o r the est imat ion of the noise from such a 

p la te is the constant. The terms in t h i s constant are 

Af p c 
— . — - — . The analysis are being done in one- th i rd octave bands 

and — has a constant value of -6 ,4 dB. Values fZSl f o r a i r 
f 

dens i t y , p = 1.21 kg/m^; c = 340 m/s; mater ia l densi ty of steel 

= 7.7 X 103 kg/m3; w i l l give the constant as -32 dB f o r a steel 

s t r uc tu re . 

Adding a l l these terms together w i l l give the estimated 

A-weighted noise energy tha t the p late w i l l rad iate wi th reference 

to 1 Joule of energy. In acoust ics the reference of power is 

10 Watts. I f there is one impact per second, that i s , i n equation 
(1 .4 ) , N = 1, then the energy radiated is per second and thus can 

— 12 
be re fe r red to 10 Watts. That i s , adding 120 dB to the computed 
sum w i l l g ive the sound i n t e n s i t y as would be measured by an L meter. 

eq 

averaging over one second. The estimated curves are shown on the same 

graph as the measured noise energy fo r comparison. 

V. 3. Noise Measurements and Other Considerations 

Noise measurements were made using a B & K 2218 Lgq meter, at 

nine points on a pa ra l l e lp iped envelope ( f i gu re 5 .4) . The reason 

f o r using a nine point measuring surface is that th i s gives a low 

er ror i f the source is d i r e c t i o n a l ( i n the order of 0.7 dB). The 

Lgq meter s ignals from the nine measuring posi t ions are fed in to 

a frequency analyser where they are averaged and m u l t i p l i e d by the 

enclosed area, then Four ier transformed to give the sound energy 

dens i ty . The energy in frequency bands is the in teg ra l of the 

energy densi ty w i t h i n the bands' l i m i t s . Since the sound 

measurements are made in semi-reverberant cond i t ions , apart from 

the usual measurement er rors ( n e a r f i e l d , f i n i t e number of measuring 

points and experimental e r ro rs ) another er ror i s incurred as compared 
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to f r e e f i e l d measurements. The measured sound power includes a 

term which i s the c o n t r i b u t i o n from the reverberant sound f i e l d . 

This c o n t r i b u t i o n can be determined i f sound power leve l 

measurements are made on concent r ic enveloping surfaces a t a greater 

and lesser d is tance from the source [26] . , The con t r i bu t i on w i l l 

then be the lesser o f the d i f f e r e n c e between the sound power leve ls 

measured on the lesser or greater surface and the primary sur face. 

V. 3.1. Sound Measurement f o r D irec t Impact 

For the f i r s t phase of the experiment, t ha t i s when the p la te 

is d i r e c t l y exc i t ed , sound measurements are done f o r three d i f f e r e n t 

cond i t ions . The f i r s t cond i t i on i s tak ing a r b i t r a r y values f o r the 

force pulse dura t ion (metal to metal) and fo r the loss f a c t o r 

(n = 0 .02 ) . The sound is est imated and measured using A-weight ing. 

For meta l - to-meta l impact the s tee l ba l l does not rebound, a l l the 

po ten t i a l energy of the b a l l being t rans fe r red i n to v i b r a t i o n a l 

energy i n the p l a t e . To est imate the noise energy rad ia ted from the 

p la te i n t h i s phase o f the i n v e s t i g a t i o n , knowledge o f the fo rce 

pulse shape and magnitude is needed. For comparison, the measured 

force pulse in the time domain f o r meta l - to-meta l impact and the 

frequency t ransform of i t s d e r i v a t i v e are recorded ( f i g u r e 5.5 , 

(a) and (b) r e s p e c t i v e l y ) . On the same graph of the fo rce de r i va t i ve 

spectrum, the approximate spectrum i s shown, the l a t t e r being used 

in the est imate. Figure (5.5 ( c ) ) shows the measured and geometric 

mean curves f o r Im [H ( f ) ] f o r the p la te at the po in t o f impact. 

The narrow band analys is and the one - th i rd octave spectrum of 

the measured sound together w i t h the estimated curve are shown i n 

f i g u r e (5.5 (d) and (e ) ) r e s p e c t i v e l y . Correct ions have been 

appl ied to the measured curve to account f o r r e f l e c t i o n s i n the 

semi-reverberant cond i t i ons ; o ther cor rect ions inc lude tha t due to 

the shape of the envelope, and t h a t due to the f i n i t e number of 

measuring po in ts . As can be seen from the curves of the measured and 

the es t imated sound energy , there i s good agreement between the two 

to w i t h i n ± 3 dB. This suggests t ha t t h i s method provides a 

powerful method o f e s t imat ing the sound energy rad ia ted . The 
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departure o f the measured curve from the estimated curve at the 

high frequency i s due to two reasons . One, because of the lower 

loss f a c t o r a t high f requenc ies , lower than the average value used 

in the es t imat ion process; and two, because of the acce le ra t ion noise. 

The second reason becomes more apparent i n l a t e r experiments when the 

sound rad ia ted by the p la te i s reduced and the acce le ra t ion noise 

becomes dominant a t the high f requencies. 

As a second c o n d i t i o n , the p l a te i s less damped, but the fo rce 

pulse dura t ion i s kept constant , g i v i ng the same fo rce d e r i v a t i v e 

spectrum ( f i g u r e 5.6 (a) and ( b ) ) . The measured and ca lcu la ted 

resu l t s are shown in f i g u r e (5.6 (d) ) f o r A-weighted noise energy. 

Again the same cor rec t ions as before are app l ied . In t h i s case, 

s t r i c t l y speak ing , the accountancy equat ion cannot be used t o 

estimate the noise energy rad ia ted , because o f the low damping. 

However, i t can s t i l l be used as a d iagnost ic too l to est imate the 

e f f e c t t ha t each parameter w i l l have on the noise energy rad ia ted . 

In the o r i g i n a l d e r i v a t i o n of the accountancy equation [ l 5 ] , 

i t was suggested t h a t o ^ could be neglected in the term 

°rad c ^'^s medium and higher frequencies f o r damping 

fac to rs obtained i n f a b r i c a t e d s t r u c t u r e s , and tha t even at low 

frequencies the e r r o r was smal l . That t h i s is t rue in the present 

experiments, even though the damping f a c t o r rig (= 0.006) is low 

is i nd ica ted i n Table 5.1 , the e r ro r amounting to no more than 

a f r a c t i o n of a decibel even i n the lowest frequency band. 

As can be seen from a comparison of f i gu res (5.5 (e) ) and 

(5.6 ( d ) ) , which show estimated and measured sound power l e v e l s , the 

noise energy rad ia ted by the same p la te but w i t h the damping decreased 

t h ree fo l d in the second case, is i n keeping wi th the expected 

p red i c t i on throughout the frequency range. A d i r e c t comparison of the 

two curves is shown in f i g u r e ( 5 . 7 ) , and i f the t o t a l energy is summed 

up, f o r a loss f a c t o r o f 0.006, t h i s i s 113 dB(A) and f o r a loss 

f a c t o r of 0 . 0 2 i t i s 108 dB(A), a 5 dB reduct ion which corresponds 

84 



to the change in loss f a c t o r from 0.006 to 0.02. 

The r e s u l t s ( f i g u r e s 5 . 5 ( e ) and 5 .6 (d ) ) show that t h i s 

accountancy equation p red ic ts noise energy from p la te s t ruc tu res wi th 

acceptable accuracy; f o r high damping, one can use the equation 

d i r e c t l y , but at low damping the approximation in neglect ing o^ad 

(equation (3) i n reference [15] ) has to be checked and the e r ro r 

( i f any) evaluated. 

V. 3.2. Impact Lengthening v ia R e s i l i e n t Inser ts 

The t h i r d cond i t ion i n the v a l i d a t i o n experiments consisted of 

examining the i n t r o d u c t i o n o f a s o f t or r e s i l i e n t i n s e r t between the 

impactor and the p l a t e , the i n s e r t i t s e l f being too small to rad ia te 

noise s i g n i f i c a n t l y . This can be done in many p rac t i ca l processes, 

and some of t h e s e have been r e f e r r e d to in re f erence [ 1 ^ . The 

unfor tunate c h a r a c t e r i s t i c which was observed i n these experiments 

is the increase i n low frequency noise, and the p o s s i b i l i t y i t ra ised, 

of the ove ra l l noise leve l not f a l l i n g . As i t i s very d i f f i c u l t to 

increase s t r u c t u r a l damping by more than a f a c t o r of three i n 

f a b r i c a t e d s t r u c t u r e s , a be t t e r understanding of the exact mechanism 

i n t a i l o r i n g o f the pulse was f e l t to be essen t i a l . Therefore i n t h i s 

case the pulse dura t ion i s increased, such tha t the peak of the force 

d e r i v a t i v e spectrum w i l l not coincide wi th the peak of the 

Ac I . 

10 log curve. The reason why the term 10 log | F ( f ) | 2 i f 

f 

changed may i n some cases give a reduct ion i n noise whi le i n some 

i t does no t , i s t h a t the reduct ion i s only possib le i f the maximum 

of t h i s spectrum does not co inc ide w i th the maximum of the r ad ia t i on 

e f f i c i e n c y term. In the f i r s t two cond i t i ons , these two terms 

maximised almost i n the same frequency band. 

When performing t h i s experiment w i th the same set-up as before, 

i . e . , pu t t i ng the same amount o f energy, the noise energy rad ia ted 

was so much reduced i t was comparable to the background noise and 

the re fo re too low to be measured. Thus a d i f f e r e n t set-up has been 

used, using a la rger impactor , thus pu t t i ng i n a l o t more energy 
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( increas ing Egg^ape) by increas ing the exc i t i ng force r e l a t i v e to 

the s e t - u p with the previous mass. Figure ( 5 . 8 ( a ) ) shows the 

fo rce pulse shape and f i g u r e (5 ,8 (b) ) the spectrum of the force 

pulse d e r i v a t i v e . I t may be seen tha t the peak in the force 

d e r i v a t i v e spectrum i s s h i f t e d to the low frequency end. 

The curves f o r the measured and estimated A-weighted sound 

energy are shown in f i g u r e (5 ,8 ( c ) ) . Again the agreement is good 

thus proving t ha t the method i s q u i t e powerful and gives an i n s i g h t 

i n to how d i f f e r e n t parameters w i l l a f f e c t the t o t a l noise energy 

rad ia ted from a s t ruc tu re exc i ted impu ls i ve ly . The curve f o r 

Im [ H ( f ) ] does not change, since the mean leve l of the curve i s 

independent o f damping. 

Normal is ing the r e s u l t s to have the same momentum-change or 

same energy t r a n s f e r , ( f i g u r e 5.9 ( a ) ) , ( t h e r e i s no change in 

s t r u c t u r a l response), i n cond i t ions one and th ree , the reduct ion 

in noise energy rad ia ted is very h igh, espec ia l l y a t high frequencies 

( f i gu re 5,9 ( b ) ) . Most of the inpu t energy i s at low frequencies 

where there i s the combined e f f e c t of low r a d i a t i o n e f f i c i e n c y and 

A-weight ing , to minimise the importance of the sound rad ia ted during 

the time the v i b r a t i o n dies ou t . 

The c h a r a c t e r i s t i c increase a t low frequencies re fe r red to 

e a r l i e r i s c l e a r l y seen i n f i g u r e (5.9 ( b ) ) . In t h i s case i t i s smal l , 

and the t o t a l noise rad ia ted , ind ica ted by the summation o f the 

energies in each one - t h i r d octave i s considerably lower and in keeping 

w i th the Leq(/\) reduct ions o f up to 20 decibels recorded i n reference 

[15"]. I t must be concluded the re fo re tha t the procedure of sof ten ing 

impacts, wherever poss ib le is a f a r more e f f e c t i v e noise cont ro l 

measure than i s t ha t o f adding damping. 

In our experiments, i t was not iced tha t some energy was t rans fe r red 

back i n t o the impactor and some rebound occurred. This may not matter 

i n many p r a c t i c a l i n s t a l l a t i o n s but where accuracy of t im ing i s 

requ i red i n r e p e t i t i v e processes, the need f o r a con t ro l l ed rebound 

becomes impor tant . 

The accountancy equation s u g g e s t s t h a t s i m i l a r and even b e t t e r 

r e s u l t s can be obtained by shorten ing the impact ( l e s s contac t duration) 

so t h a t the f o r c e d e r i v a t i v e spectrum w i l l have a maximum in a higher 
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frequency band than w i l l tha t of the modif ied r ad ia t i on e f f i c i e n c y 

curve [ i s ] . In t h i s case, A - w e i g h t i n g w i l l not be a mechanism in the 

noise reduct ion process, but ra ther tha t f o r high frequencies the 

s t r u c t u r a l response term Im [H ( f ) ] w i l l decrease, implying tha t less 

energy escapes i n t o the rad ia t i ng s t ruc tu re which w i l l i n any case 

not r ing f o r so long a per iod. The problem is to have sharper impacts 

than t h o s e between meta l s . 

V. 3.3. Impact Shortening 

For standard ma te r i a l s , meta l - to-meta l impacts are the shor test 

from cons iderat ion of impact mechanics. During impact the mater ia l 

may act i n two ways, e i t h e r e l a s t i c a l l y or p l a s t i c a l l y . I f during 

impact the mater ia l p l a s t i c a l l y deforms, the impulse durat ion can be 

reduced by hardening the ma te r i a l . However, f u r t h e r hardening w i l l 

not decrease the pulse durat ion once the impact becomes e l a s t i c . 

For an e l a s t i c impact the durat ion w i l l depend on the e l a s t i c i t y 

of the s t r u c t u r e . I f the s t r uc tu re is s o l i d , the re levant e l a s t i c i t y 

i s Young's modulus and hardening the s t ruc tu re w i l l not change the 

Young's modulus; i t w i l l only increase the y i e l d po in t . Metals have 

some of the highest moduli o f e l a s t i c i t y , and t h i s i s why meta l - to -

metal impact i s one of the shor tes t poss ib le . However, f o r p la te -

l i k e s t r u c t u r e s , say, impacted by some kind of bulk s t r u c t u r e , then 

the impact w i l l depend on the e l a s t i c i t y of the p la te . Therefore the 

impulse durat ion may be decreased i f the e l a s t i c i t y constant of the 

s t ruc tu re i s increased, by s t i f f e n i n g i t . For a p la te t h i s may be 

achieved by, say, having a r i b at t h i s po i n t . One prov is ion here is 

that i t may be t ha t the durat ion w i l l not change because the p late 

is already s t i f f and i t is ac t ing l i k e a s o l i d s t ruc tu re . Other 

methods of reducing the pulse durat ion shown in reference [27] are 

by using a smal ler radius of impactor. However, considering the 

impact o f a sphere w i th a ce r ta in v e l o c i t y , i f the diameter of the 

sphere is reduced, the energy of impact w i l l be reduced by the cube 

of the diameter. For e l a s t i c impacts, the impulse w i l l depend on the 

e l a s t i c i t y which i n turn depends on the area of contact or the square 

of the diameter; the pulse durat ion w i l l there fo re be reduced only 

because the energy t r a n s f e r i s l e s s . For the same amount of energy 
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the pulse dura t ion w i l l be longer . 

V. 3.4. S t ruc tu ra l Response T a i l o r i n g 

Increasing the impulse dura t ion may create some problems to 

the designer. Usual ly the pulse would depend on some process of the 

machine and by so f ten ing the impact, accuracy of the sequent ia l 

impact may be l o s t . Thus i t i s sometimes qu i t e d i f f i c u l t t o change 

t h i s parameter. 

To reduce the n o i s e energy radia ted from the s t r u c t u r e , t h e r e f o r e , 

the parameters which are l e f t to be a l te red are the po in t response 

and the average p l a te th ickness. 

This leaves the designer w i th the only opt ion to t a i l o r the 

response o f the s t r u c t u r e or i n physical terms to f i n d ways of 

r e s t r i c t i n g the energy f low from the po in t of app l i ca t i on of the 

f o r c e to the res t of the s t r uc tu re whi le mainta in ing the same 

c h a r a c t e r i s t i c s o f the pulse. 

This leads to the second phase of the present experiments i n 

which the p la te is exc i ted through another s t r uc tu re . For the f i r s t 

cond i t ion i n t h i s second phase the p la te is exc i ted through a mass 

r i g i d l y f i x e d to the p l a t e . Subs t i t u t i ng f o r Q i n equation (5.2) 

by using equat ion ( 5 . 3 ) , an expres s ion f o r the s t ruc tura l response for 

t h i s cond i t ion i s obta ined ( f i g u r e 5.10 (a ) ) . Using the same set-up 

as in cond i t ion 3 , phase 1, both the fo rce pulse ( f i g u r e 5.10 (b) and 

( c ) ) , ( f o r the noise energy es t ima te ) , and the A-weighted noise 

energy rad ia ted are maesured ( f i g u r e 5.10 ( d ) ) . The area under the 

fo rce pulse i s una l te red as compared to the f i r s t cond i t ion ( i n phase 

one) but because o f the mass, the energy f low is r e s t r i c t e d . With the 

lower response less energy escapes i n t o the p l a t e , g iv ing a lower 

rad ia ted noise energy ( f i g u r e 5.11) 

The mean m o b i l i t y (Q) f o r the p la te suggests tha t the p la te acts 

l i k e a damper. Therefore f o r a mass r i g i d l y f i xed to a p la te the 

equiva lent system w i l l be a mass and a dash pot. This w i l l r e s u l t i n 

the system having no resonant f requenc ies , and no tuning i s needed to 

reduce the escape energy i n t o the p l a t e . Had there been a resonant 

frequency , t h a t i s , a high s t r u c t u r a l response , i t would imply that 



at t h a t p a r t i c u l a r frequency more energy escapes i n to the s t r uc tu re . 

The la rger the mass f i x e d to the p l a t e , the higher w i l l be the reduct ion 

i n the escape energy. The only l i m i t a t i o n on s ize being what i s 

poss ib le to be incorporated i n the s t r u c t u r e . 

For the second cond i t i on in t h i s second phase, the p la te is 

exc i ted v ia a lumped mass coupled to the p la te by a damped sp r i ng . 

Or r e s i l i e n t pad. The loss f a c t o r and s t i f f n e s s of the r e s i l i e n t pad 

are measured, by e x c i t i n g a t one end, measuring the acce le ra t ion a t 

t h i s end and the b lock ing fo rce a t the other end ( f i g u r e 5.12) . The 

s t i f f n e s s o f the r e s i l i e n t pad changes w i th frequency ( f i gu re 5 .13) , 

but the loss f a c t o r remains constant at about 0.25. No standing 

waves occur in t h i s frequency range. Using these values i n equation 

(5.4) w i th Q given by equation (5 .3) and cos g = 1, Im [H ( f ) ] 

i s obtained ( f i g u r e 5 .14) . 

For t h i s cond i t i on because of the very low s t r u c t u r a l response 

at the high f requenc ies , the acce le ra t ion noise becomes dominant at 

these high frequencies ( > 2 kHz). The acce le ra t ion noise is measured 

by a simple experiment where the s tee l sphere is made to h i t the mass 

f i x e d on to a r i g i d s t r u c t u r e so tha t no sound i s rad ia ted from the 

l a t t e r . Since the natura l f requencies of both sphere and block are 

very high and were above the frequency range o f i n t e r e s t , the measured 

noise i s the acce le ra t ion noise ( f i g u r e 5.15) . The force pulse d id 

not change from the previous cond i t ion (b lock ing mass d i r e c t l y f i x e d 

on p l a t e ) . The est imated and measured A-weighted sound energy curves 

are shown in f i g u r e (5 .16 ) . For the estimated noise l e v e l , the 

est imate from the energy accountancy equation i s added to the measured 

acce le ra t ion noise. Because of the lower s t ruc tu re response term, 

the escape energy i s lower , r e s u l t i n g i n a lower rad ia ted energy 

( f i g u r e 5 .17) . 

Below 315 Hz there is a d i f f e rence between the estimated and 

measured noise energy l e v e l s . When the p la te is exc i ted through the 

lumped mass v ia the i s o l a t o r , most o f the energy enter ing the p la te 

is a t low f requenc ies. In computing the r a d i a t i o n e f f i c i e n c y term 

f o r the p la te i t has been assumed that the p la te i s i n a b a f f l e and 

at low frequencies the edge and corner modes do not cancel. This 



approximation i s acceptable f o r the f ree plates set-up in t h i s 

experiment f o r high frequencies near and above the coincidence 

frequency, but i n t h i s case because of the importance of the low 

frequency end, t h i s e r ro r i s more v i s i b l e . According to [ l 4 ] , 

i t i s very d i f f i c u l t to compute the rad ia t i on e f f i c i e n c y f o r f ree 

standing p lates below the coincidence frequency, because i t i s not 

possib le to est imate to what extent edge and corner modes are 

cancel led around the edges. This accounts f o r the la rge d i f fe rences 

below the 315 Hz band. However, i f the measured curves f o r the 

r a d i a t i o n e f f i c i e n c y f o r f r ee hanging plates are used ( v i z , f i gu res 

26 and 27 in reference [14] ) , and the estimates from the accountancy 

equation based on t h e s e c u r v e s , then these es t imates w i l l have the 

same values at high frequencies (above co inc idence) , but lower values 

a t low f requenc ies . The est imates f o l l ow the dot ted l i n e of curve 

( i i i ) i n f i g u r e (5.17) which are much c loser to the measured values. 

The s t r u c t u r a l response given by equation (5.4) has a f a l l - o f f 

ra te which depends on the t h i r d term in the denominator. That i s , 

i f the second par t o f the expression i s p lo t t ed against f requency, 

i t w i l l have a maximum po in t when Q = — — . This i s the 

K Z-nfm 

combined natura l frequency f o r the mass, i s o l a t o r and receiver . 

s t r u c t u r e . For a s t i f f s t r u c t u r e , small Q, t h i s resonance is the 

mass- iso la tor na tura l f requency. For frequencies above the combined 

natural frequency the f a l l - o f f r a t e i s 50 dB/decade. Therefore , the 

s t r u c t u r a l response can be detuned f o r optimum noise cont ro l by 

choosing t h i s combined natura l frequency to be below the frequency 

range of i n t e r e s t , thus making f u l l use of the high f a l l - o f f r a t e , or 

at l e a s t the co inc idence frequency f o r the rad ia t ing s t r u c t u r e . In 

the experiment, the combined natura l frequency i s below 100 Hz. 

Near the natura l f requency, the po in t response w i l l depend on Q , 

equation ( 5 . 4 ) , or the damping o f the receiver ( the rece iver is not 

i n f i n i t e ) . When the rece iver damping decreases (cos B approaches 0 ) , 
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Q i n c r e a s e s , and the s t ruc tura l response decreases ( f i g u r e 5 . 1 8 ) . 

There fore , i f the combined natural frequency f a l l s w i th in the 

frequency range of i n t e r e s t , then there i s a t r a d e - o f f between a lower 

s t r u c t u r e response , by decreas ing the r e c e i v e r damping - l e s s energy 

escapes t o the r e c e i v e r - to a h igher value f o r , -10 log n in the 

energy accountancy equat ion. That i s , although the rece iver takes 

longer to r ing down f o r the same amount of energy, less energy escapes 

i n to the r e c e i v e r , there fore l e s s energy can be rad ia ted compensating 

f o r the decrease i n damping. 

V. 4. Conclusion and Other Comments 

The two main conclusions from t h i s set of experiments are: 

(1) tha t the energy accountancy equation f o r the est imat ion of noise 

energy rad ia ted from a p l a t e - l i k e machine s t r u c t u r e is good, w i th the 

second phase of the experiments sugges t ing that the energy accountancy 

equation is very v e r s a t i l e and can be used i n a wide range o f cases; 

(2) t ha t two o f the terms in the equat ion which are the most important 

are the f o rce d e r i v a t i v e and s t r u c t u r a l response terms . Noise contro l 

procedures can be adopted to reduce both these terms, which imply a 

reduct ion in the amount o f energy t ha t escapes to the s t r uc tu re . 

As observed i n the r e s u l t s , l arge a t tenua t ion in s t r uc tu re -

rad ia ted and s t ruc tu re -borne sound i s poss ib le by a m o b i l i t y mismatch 

along the path of energy f low and most o f the i nc iden t energy i s 

r e f l e c t e d back. This i s shown i n the reduct ion of noise energy 

rad ia ted when the p la te i s e x c i t e d through the lumped mass. At 

moderate and high f r e q u e n c i e s an at tached mass to a s t r u c t u r e w i l l 

act as an e f f e c t i v e d i s c o n t i n u i t y , producing a change in the m o b i l i t y 

along the energy f low path. The mass impedance w i l l block the 

propagation of the v i b r a t i o n a l energy and i s r e f erred to as a 

b lock ing mass. The sound rad ia ted by the p la te when exc i ted through 

the b lock ing mass is much less than when the p la te i s d i r e c t l y 

exc i ted . With the i n s e r t i o n of r e s i l i e n t material between the 

b locking mass and the s t r u c t u r e a high a t tenuat ion i s achieved in 

the energy f l o w . However, t h i s only occurs above the combined 

natural f requency . The natural frequency can be reduced by e i t h e r 
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increas ing the s o f t n e s s of the r e s i l i e n t pad or i n c r e a s i n g the 

b locking mass. If the r e s i l i e n t pad i s too s o f t , the s t r u c t u r e may 

l o s e i t s s t a b i l i t y and the s i z e o f the blocking mass determines the 

acce le ra t ion noise. 

I t i s thus impossible to g ive a general so lu t i on to a l l noise 

problems from i n d u s t r i a l machines, but each s t ruc tu re type has to be 

s tud ied i n d i v i d u a l l y . The po in t of impact or energy input i n t o the 

s t r uc tu re has to be es tab l ished before noise cont ro l measures are 

app l ied . In the case of a drop hammer, the energy escapes at the 

po in t where the two dies come in con tac t , and i n t h i s case a possible 

n o i s e control measure may be to e i t h e r i n c r e a s e the mass of the d i e s 

and holder or i n s e r t r e s i l i e n t mate r ia l between the in te r faces of the 

dies and holder and a n v i l . This should not decrease the operat iona l 

c a p a b i l i t i e s o f the machine p r o c e s s , because by the increase of mass 

there is a higher i n e r t i a a t the operat ion po in t . In o ther s t ruc tu re 

types , impacts may occur a t more than one po in t . During the 

combustion explosion in a d iese l engine c y l i n d e r , a t r a n s i e n t fo rce 

acts on the p is ton top and consequently impacts occur between the 

p is ton and crank sha f t l i nkages , and the crank sha f t and bearing caps , 

at which the v i b r a t i o n a l energy i s t r ans fe r red to the engine frame. 

In t h i s case the bearing caps may be increased i n mass or r e s i l i e n t 

mater ia l included, i n the bearing r ings [28 ] , (see Chapter V I ) . 

In r e s t r i c t i n g energy f l o w , a problem ar ises because more energy 

i s l e f t in the impactor , which w i l l r e s u l t i n rebound. This was 

observed in the experiments when the p l a te was impacted through the 

b locking mass, w i t h and w i thout the r e s i l i e n t pad. In rebound, the 

impactor may h i t o ther s t r u c t u r e par ts and the same amount o f energy 

w i l l be t r ans fe r red to the s t r u c t u r e . A l so , subsequent impact 

p rec is ion may be l o s t . S im i l a r observat ions happen when the impact 

is sof tened. The energy is t r ans fe r red to the s t r uc tu re a t a lower 

frequency and because the contact dura t ion i s long the rece iver 

s t r u c t u r e w i l l t r a n s f e r back some of the impact energy. 
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These problems have to be considered in redes ign ing a machine 

s t r uc tu re using m o b i l i t y changes in the energy f low path, the 

a p p l i c a t i o n of such s t r u c t u r a l changes to standard machine s t r u c t u r e s , 

to assess the pred ic ted noise cont ro l measures w i l l be inves t iga ted 

i n the f o l l ow ing chapter . 

TABLE 5.1 

E f f e c t of neg lect ing the o^ad term f o r a r e l a t i v e l y low p rac t i ca l 

value of l o s s f a c t o r (=0.006) 

One- th i rd octave 
cent ra l frequency 10 log 

Znpmfngd 
10 log °rad 

100 -1 .5 -1 .1 
125 - 0 . 4 - 0 . 2 
160 0 . 6 0 . 4 
200 1.5 1.8 
250 2 . 5 2.7 
315 3.5 3.7 
400 4 . 5 4.7 
500 5.5 5.7 
620 6.5 6.7 
800 7.5 7 .8 

1000 8 . 5 9.1 
1250 9 . 5 11 .3 
1600 10 .5 11.3 
2000 11.5 12.0 
2500 12 .5 12 .8 
3150 13 .5 13 .8 
4000 1 4 . 5 14.7 
5000 15 .5 15.6 
6300 16 .5 16 .6 
8000 17 .5 17.6 

10000 18 .5 18.6 
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Note: Sphere 
impacts 
10 mm p la te 

30 cm 

50 mm d ia . 
s teel sphere 

f i g u r e 5.1. Experimental set -up. 

CO -o 

- 1 0 • 

0.1 
' ' " r 

1.0 Frequency KHz 10 

20-

CO 
-o 

0.1 

f i g u r e 5 .2 , 

1 . 0 Frequency KHz 10 

Radiat ion e f f i c i e n c y curves for t e s t p l a t e , ( i ) lO log 0^^^; 

( i i ) 10 log (Aopad); ( i i i ) 10 log (Aor^d/f) -
O/) 



0.006 

0.1 1 .0 10 

Frequency KHz. 

f i g u r e 5 .3 . Loss f a c t o r of p l a t e wi th d i f f e r e n t damping panel 

t h i c k n e s s , ( i ) Damping panel 2mm t h i c k ; ( i i ) 1.2mm; 

( i l l ) no damping panel^ 

Microphone p o s i t i o n s 

f i g u r e 5 . 4 . Sound measuring p o s i t i o n s 
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f i g u r e 5 . 5 . Condition 1, phase 1: meta l - to-meta l impact, ng =0.02. 
(a) Force p u l s e ; (b) f o r c e d e r i v a t i v e spectrum; (c) s t r u c t u r e 
po int response; (d) measured narrow band sound spectrum; 
(e ) A-weighted n o i s e energy radiated from p l a t e . 

, Measured; — •• , e s t imated . 
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f i g u r e 5 . 6 . Condition 2, phase 1: meta l - to -meta l impact, ng = 0 . 0 0 6 . (a) Force p u l s e ; (b) f o r c e d e r i v a t i v e 
spec t rum; (c ) s t r u c t u r e p o i n t r e s p o n s e ; (d) A- weigh ted n o i s e from p l a t e . 
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f i g u r e 5 . 8 . Condi t ion 3, phase 1 
d e r i v a t i v e spec t rum; 

, Measured; — 

s o f t blows wi th rubber i n s e r t , pg = 0 . 0 2 . 
(c ) A-weighted n o i s e r a d i a t e d from p l a t e . 

- •• — , e s t i m a t e d . 

(a) Force p u l s e ; (b) f o r c e 
Note s h i f t t o low f r e q u e n c y . 
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f i g u r e 5 .9 . Equal energy f o r c e pu l se (a) of d i f f e r e n t d u r a t i o n ; 
(b) reduction in no ise radiated due to impulse t a i l o r i n g 
f o r equal energy impact: ( i ) short pu l se , ( i i ) long pulse . 

' Measured; , e s t i m a t e d . 
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Condi t ion 1, phase 2: e x c i t a t i o n through b locking mass, ns = 0 .02 , 
r e sponse ( i ) p l a t e ( i i ) p l a t e and b lock ing mass; (b) f o r c e p u l s e ; 
spec t rum; (d) r a d i a t e d A-weighted n o i s e . , Measured; — -

(a) S t r u c t u r e po in t 
(c) f o r c e d e r i v a t i v e 
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Noise energy radiated f o r equal momentum change, ( i ) P la te d i r e c t l y e x c i t e d : f i i ) p la te 
e x c i t e d through blocking mass. , Measured; . . es t imated. 
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f i g u r e 5 .12 , S e t - u p to measure s t i f f n e s s and l o s s f a c t o r of i s o l a t o r 
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f i g u r e 5 . 1 3 . Change of i s o l a t e r s t i f f n e s s wi th f r e q u e n c y . 
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f i g u r e 5 . 1 4 . S tructure po int response , ( i ) P l a t e ; ( i i ) p l a t e and 
blocking mass on r e s i l i e n t pad. 
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f i g u r e 5 .15 . A c c e l e r a t i o n no i s e energy spectrum f o r 50 mm dia, 
s p h e r e h i t t i n g b l o c k . 
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f i g u r e 5 . 1 6 . Condi t ion 2, phase 2: E x c i t a t i o n through b lock ing mass on r e s i l i e n t pad, ng 
Radia ted A-weighted n o i s e . , Measured; •• — , e s t i m a t e d . 
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CHAPTER VI 

DIESEL ENGINE NOISE 

VI. 1. I n t r o d u c t i o n 

The n o i s e r a d i a t e d from a s imple machine s t r u c t u r e i s 

i n v e s t i g a t e d in the p r e v i o u s c h a p t e r where a comparison i s made 

between t h e measured and e s t i m a t e d r a d i a t e d n o i s e us ing t h e "energy 

accoun tancy" c o n c e p t . In t h i s c h a p t e r , t h i s concep t i s a p p l i e d f o r 

a more p r a c t i c a l type of s t r u c t u r e . 

The n o i s e from o t h e r compl i ca t ed s t r u c t u r e types l i k e c y l i n d r i c a l 

s h e l l s i s i n v e s t i g a t e d in r e f e r e n c e [16] . In t h i s c a s e , t h e no i se 

energy r a d i a t e d when a b o t t l e s t r u c t u r e i s impact e x c i t e d i s 

i n v e s t i g a t e d w i t h t h e aim of n o i s e c o n t r o l in b o t t l i n g l i n e s . 

The n o i s e r a d i a t e d from a d i e s e l eng ine has been i n v e s t i g a t e d 

by many s p e c i a l i s e d groups who have been working in t h i s f i e l d f o r a 

number of y e a r s . T h e i r methods , used f o r no i se l e v e l measurement 

f rom d i f f e r e n t p a r t s of t h e eng ine s t r u c t u r e , have been f a i r l y s t a n d a r d 

and the d e d u c t i o n s made from t h e s e measurements f o r n o i s e c o n t r o l 

purposes have been r a t h e r e m p i r i c a l . 

The method used f o r n o i s e e s t i m a t e s i s t o measure t h e s p a t i a l 

ave rage v e l o c i t y squared on t h e eng ine s u r f a c e , <V^> and e s t i m a t e 

the r a d i a t e d n o i s e from the e x p r e s s i o n 

^rad = K . i ( « ' ! ) 

where A i s t h e a r ea of t he s u r f a c e . These e s t i m a t e s a r e v e r i f i e d 

by e i t h e r us ing p a r t cove r ing methods , where t h e eng ine s u r f a c e i s 

covered by s h e e t s of l e a d , l i n e d w i t h sound a b s o r b i n g m a t e r i a l and t h e 

n o i s e r a d i a t e d f rom a p a r t i c u l a r s u r f a c e i s o b t a i n e d by removing t h e 

cove r ing on ly ove r t h a t s u r f a c e ; o r by us ing an a c o u s t i c i n t e n s i t y 

meter [29] . The l a t t e r t e c h n i q u e has on ly been r e c e n t l y developed 

and i t c o n s i s t s of having two microphones s i t u a t e d very c l o s e t o 
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t he eng ine s u r f a c e . 

From t h e s e r e s u l t s , i t has been concluded that i f th in panels 

l i k e the o i l sump, the timing chain cover and the valve cover are 

t r e a t e d , by i n c r e a s i n g t h e i r damping and by i s o l a t i n g them from t h e 

r e s t of t h e eng ine s t r u c t u r e , a n d a l s o i f o t h e r n o i s e s o u r c e s l i k e the 

exhaus t sys tem and f an n o i s e a r e t r e a t e d wi th conven t iona l methods, 

then most of t h e n o i s e r a d i a t e d comes from t h e v i b r a t i o n s of t h e 

c r a n k c a s e [30 ] . The c o n t r i b u t i o n to t h e t o t a l n o i s e r a d i a t e d , made 

by t h e c y l i n d e r head and i n l e t and exhaus t man i fo ld i s g e n e r a l l y small 

The modes of v i b r a t i o n of t h e c r ankcase were a l s o s t u d i e d by a 

number of peop l e and t h e modal shapes can be found in papers d e a l i n g 

wi th eng ine n o i s e and i t s c o n t r o l [3 ] - 3 3]. The work on n o i s e 

c o n t r o l from t h e eng ine block d e a l t w i th the r e d u c t i o n of t h e l eve l 

of v i b r a t i o n of t h e s e c r a n k c a s e modes. I t i s shown t h a t most of t he 

n o i s e e m i t t e d by t h e eng ine b lock i s from t h e lower p a r t of t h e 

engine s t r u c t u r e , i . e . , t h e c r a n k c a s e s i d e w a l l s . D i f f e r e n t forms 

of t h e c r a n k c a s e a r e i n v e s t i g a t e d and changes i n c l u d e t h e number of 

main b e a r i n g s and t h e shape of t h e c r a n k c a s e . I f t he number of 

b e a r i n g s i s i n c r e a s e d , by i n c l u d i n g i n t e r m a i n b e a r i n g s , t h e bending 

s t i f f n e s s of t h e whole eng ine i n c r e a s e s and t h e r e f o r e the f i r s t mode 

in bending o c c u r s a t a h i g h e r f r e q u e n c y . There a re b a s i c a l l y two 

d i f f e r e n t shapes o f crankcase , the underslung crankshaft or the 

s k i r t e d c r a n k c a s e ( f i g u r e 6 . 1 ) . These g i v e d i f f e r e n t p a t t e r n s of 

v i b r a t i o n and t h e l e v e l i s h i g h e r f o r t h e s k i r t e d type [34 ] . This 

h ighe r l e v e l i s due to the l a r g e r span of t he bottom p a r t of t h e 

eng ine s t r u c t u r e . 

VI. 2. Sources of V i b r a t i o n 

The e x c i t a t i o n in a d i e s e l eng ine s t r u c t u r e i s main ly from two 

s o u r c e s : combust ion e x c i t a t i o n due to t h e combustion p r e s s u r e s and 

mechanical e x c i t a t i o n due t o t h e b a c k l a s h and c l e a r a n c e s being t aken 

up when t h e r e i s a change in t h e f o r c e d i r e c t i o n . One of t h e main 

c o n t r i b u t i o n s of the second type i s p i s t o n s l a p . The s trength of 

each source depends on the engine s i z e , speed and load , ( f i g u r e 6 . 2 ) . 

The s t r u c t u r a l v i b r a t i o n s induced i n t o t h e eng ine s t r u c t u r e a re then 
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t ransmit ted through t o the th in s e c t i o n s o f the external f a c e s of 

t h e e n g i n e . 

The combustion n o i s e i s due to the high c y l i n d e r pressures and 

t h e r a t e of i n c r e a s e of t h i s pressure . In a d i e s e l eng ine , a 

d i s t i n c t i v e knock can be h e a r d , as compared to t h e p e t r o l e n g i n e , 

which i s due to t h e more r a p i d r a t e of change of p r e s s u r e , which 

occur s a f t e r t h e i g n i t i o n of t h e combustion c h a r g e . In a d i e s e l 

e n g i n e , t h e f u e l i s i n j e c t e d i n t o t h e c y l i n d e r du r ing the " i g n i t i o n 

d e l a y p e r i o d " , which i s t h e t ime between t h e beginning of f u e l 

i n j e c t i o n and t h e i g n i t i o n of t h e i n j e c t e d f u e l . The i n c r e a s e in 

t h e c y l i n d e r p r e s s u r e and t h e r a t e of r i s e can be s t u d i e d by d e t a i l e d 

examina t ions of t h e combust ion p r o c e s s . G e n e r a l l y s p e a k i n g , t h e more 

f u e l i n j e c t e d i n t o t h e c y l i n d e r , t h e more r ap id i s t he r a t e of change 

of p r e s s u r e dur ing combus t ion . 

The r a p i d change of p r e s s u r e i n s i d e t h e c y l i n d e r appears in t h e 

p r e s s u r e spectrum as an i n c r e a s e a t high f r e q u e n c i e s . Thus to reduce 

n o i s e due t o combus t ion , e i t h e r t h e p r e s s u r e pu l se i s smoothed, i . e . , 

a more g radua l c y l i n d e r p r e s s u r e deve lopment , s h i f t i n g t h e p r e s s u r e 

spect rum to lower f r e q u e n c i e s where t h e r e i s t h e combined e f f e c t of 

A-weight ing and lower s t r u c t u r e r e s p o n s e ; o r t h e peak p r e s s u r e of 

combust ion i s d e c r e a s e d . Sometimes, t h e combustion p r e s s u r e can be 

smoothened by t u r b o c h a r g i n g , or i n d i r e c t o r p i l o t i n j e c t i o n . The 

mechanics invo lved when us ing a t u r b o c h a r g e r i s t h a t t h e charge 

e n t e r i n g t h e c y l i n d e r i s a t a s l i g h t l y h ighe r t e m p e r a t u r e , which 

makes t h e i g n i t i o n d e l a y p e r i o d s h o r t e r r e s u l t i n g in a more g radua l 

p r e s s u r e r i s e a t i g n i t i o n . The r i s e in t e m p e r a t u r e of t h e charge 

v a r i e s wi th t h e speed of t h e eng ine and i n c r e a s e s wi th an i n c r e a s e in 

speed . T h e r e f o r e , t u r b o c h a r g i n g i s e f f e c t i v e a t a l l s p e e d s . With 

i n d i r e c t i n j e c t i o n t h e f u e l can mix wi th a r e s t r i c t e d volume of t h e 

c h a r g e , thus l i m i t i n g t h e r a t e a t which t h e combustion p r e s s u r e r i s e s . 

One drawback wi th i n d i r e c t eng ines i s t h a t g e n e r a l l y t h i s smoothing 

occu r s on ly a t f u l l l o a d , and s h a r p r i s e s in t h e p r e s s u r e , d e t e c t e d 

by knocking n o i s e , become more pronounced a t p a r t load and a t i d l i n g 

c o n d i t i o n s . 

P i s t o n s l a p e x c i t a t i o n occu r s because of impact of t h e p i s t o n 
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a g a i n s t t h e c y l i n d e r w a l l . Under t h e i n f l u e n c e of t h e gas and 

i n e r t i a f o r c e s of t h e con- rod and p i s t o n , a t r a n s v e r s e component of 

t h e f o r c e i s developed which i s ba lanced by t h e r e a c t i o n of t h e 

c y l i n d e r wal l on t h e p i s t o n . When t h i s f o r c e changes d i r e c t i o n , t h e 

r e a c t i o n on one s i d e becomes ze ro and t h e p i s t o n t r a v e l s a c r o s s t h e 

c l e a r a n c e under t h e i n f l u e n c e of t h i s t r a n s v e r s e f o r c e . On r each ing 

t h e o p p o s i t e wal l of t h e c y l i n d e r , t he p i s t o n has a t r a n s v e r s e 

v e l o c i t y and i t impacts t h e c y l i n d e r w a l l . The s i z e of t h e impact 

depends on t h e v e l o c i t y of t h e p i s t o n , which depends on t h e speed of 

t h e e n g i n e and t h e gas f o r c e s in t h e c y l i n d e r c l e a r a n c e . 

The c l e a r a n c e between t h e p i s t o n and t h e c y l i n d e r cannot be 

e l i m i n a t e d because of t h e d i f f e r e n t expans ion c o e f f i c i e n t s . The p i s t o n 

and c y l i n d e r block a r e made of d i f f e r e n t m a t e r i a l s which r e s u l t in 

d i f f e r e n t l e v e l s of e x p a n s i o n . P r e s e n t methods of r educ ing n o i s e due 

to p i s t o n s l a p a r e ; one , t o i n t r o d u c e an o f f s e t in t h e gudgeon pin on 

t h e t h r u s t s i d e , t h i s i s on ly e f f e c t i v e a t high speeds when t h e engine 

i s hot; and two, t o i n c l u d e d e v i c e s which d i s t o r t the p i s ton s k i r t as 

i t c o o l s [ 3 5 ] , t hus r e d u c i n g t h e c l e a r a n c e . 

The impacts on t h e c y l i n d e r wall a r e t r a n s m i t t e d to t h e o u t s i d e 

of t h e eng ine v ia t h e decks above and below t h e wa te r j a c k e t . The 

e x c i t a t i o n of t h e c r a n k c a s e p a n e l s i s u s u a l l y due t o impacts nea r 

bottom dead c e n t r e . The v i b r a t i o n a l energy i s t r a n s m i t t e d v ia t h e 

Lower water j a c k e t deck or v ia the water j a c k e t pane l s . The 

t r a n s m i s s i o n of combust ion e x c i t a t i o n i s a long t h e c o n - r o d , c r a n k -

s h a f t and eng ine b e a r i n g s and appea r a t t h e c r a n k c a s e p a n e l s . S ince 

t h e v i b r a t i o n s from both s o u r c e s appear on t h e same engine s e c t i o n , 

i t i s ve ry d i f f i c u l t t o s e p a r a t e t h e two on a runn ing e n g i n e . 

To reduce t h e n o i s e due to t h e combustion p r e s s u r e or p i s t o n 

s l a p , t h e method which has been sugges t ed i s t o smoothen t h e sha rp 

r i s e s in t h e e x c i t a t i o n f o r c e s . This i s one method of s o l v i n g t h e 

problem, but by changing t h e f o r c e p u l s e in a machine , t h e o p e r a t i o n 

of which i s i n h e r e n t l y dependen t on t h e shape of t h e p u l s e , l i k e in 

t h i s c a s e , w i l l r e s u l t in d imin i shed pe r fo rmance . T h e r e f o r e 

d i f f e r e n t methods f o r n o i s e c o n t r o l which modify o t h e r pa ramete r s 

of t h e e n g i n e , have to be s o u g h t . This can be done by us ing t h e energy 

accoun tancy concep t and by i d e n t i f y i n g t h e energy f low p a t h s . I f t h i s 
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concep t can be used f o r such a compl i ca t ed s t r u c t u r e , t hen t h e r e s u l t s 

can be i n v e s t i g a t e d f o r n o i s e c o n t r o l measures . 

VI. 3. Exper imenta l Methods 

VI. 3 . 1 . S ide E x c i t a t i o n 

Th i s c h a p t e r i n v e s t i g a t e s t h e use of the energy accountancy 

concep t t o e s t i m a t e t h e n o i s e t h a t an eng ine s t r u c t u r e would r a d i a t e 

from combust ion and p i s t o n s l a p e x c i t a t i o n . S ince i t i s not p o s s i b l e 

to s e p a r a t e t h e n o i s e from each s o u r c e on a running e n g i n e , s i m u l a t i o n 

t e s t s a r e done on a s t a t i c e n g i n e , t o measure t h e n o i s e r a d i a t e d from 

t h e eng ine f r ame due to each s o u r c e . 

The eng ine used in t h e s e t e s t s i s a Ford, 4 c y l i n d e r i n l i n e 

engine of 1 . 5 l i t r e c a p a c i t y . The c rankcase i s of t h e unders lung 

c r a n k s h a f t t y p e and i t has f i v e b e a r i n g s . I t i s a p e t r o l engine but 

t h e r e i s no d i f f e r e n c e in t h e b lock s t r u c t u r e between a p e t r o l and a 

d i e s e l e n g i n e . The combust ion p r e s s u r e and p i s t o n s l a p a r e s imula ted 

and t h e r e f o r e , t h e d i f f e r e n c e in a running eng ine between a p e t r o l 

and d i e s e l e n g i n e does not a f f e c t t h e r e s u l t s . 

Be fo re i n v e s t i g a t i n g s i m u l a t e d combustion and p i s t o n s l a p n o i s e , 

t h e eng ine s t r u c t u r e i s d i r e c t l y impacted on t h e s i d e on one of t h e 

c r a n k c a s e p a n e l s . The impact i s from a c a l i b r a t e d hammer and t h e 

r a d i a t e d n o i s e i s s i m u l t a n e o u s l y measured wi th t h e impact f o r c e . The 

f o r c e - t i m e h i s t o r y i s shown in f i g u r e ( 6 . 3 ) and f i g u r e ( 6 . 4 ) shows 

t h e spec t rum of t h e f o r c e f i r s t d e r i v a t i v e . The s t r a i g h t l i n e 

approximation, (Appendix A), i s used to e s t i m a t e the n o i s e energy 

r a d i a t e d from t h e eng ine s t r u c t u r e . The same t e c h n i q u e can be used 

to c a l c u l a t e t h e shape of t h e spec t rum f o r t h e p r e s s u r e p u l s e due t o 

combus t ion . 

The nex t term needed in t h e accoun tancy concep t t o e s t i m a t e t h e 

n o i s e r a d i a t e d , i s t h e s t r u c t u r a l l o s s f a c t o r . Measurement of t h e 

l o s s f a c t o r f o r an eng ine s t r u c t u r e f u l l y a s sembled , p a r t i a l l y 

assembled and t h e eng ine f rame on i t s own by Russe l l [31] shows t h a t 

t he c y l i n d e r head does no t i n c r e a s e t h e l o s s f a c t o r ( f i g u r e 6 . 5 ) , 

c o n t r a r y t o t h e assembly of most other eng ine p a r t s , l i k e t h e p i s t o n s , 
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the con-rods , bearings e t c . The l o s s f a c t o r f o r the engine under 

t e s t i s measured with d i f f e r e n t s t a g e s of assembly, p a r t i c u l a r l y the 

e f f e c t of t h e c y l i n d e r head ( f i g u r e s . 6 ) . These r e s u l t s show t h a t t h e 

l o s s f a c t o r of t h e eng ine s t r u c t u r e i s very h i g h , even wi th j u s t one 

p i s t o n assembled and a ssembl ing a l l four p i s t o n s w i l l no t change the 

l o s s f a c t o r a t a l l . The f i x i n g of t h e c y l i n d e r head does not change 

t h e l o s s f a c t o r . This enabled combustion no i se t o be s i m u l a t e d by 

d i r e c t impact on t h e p i s t o n t o p w i t h t h e c y l i n d e r head removed. This 

measurement of l o s s f a c t o r i s used in a l l t h e t e s t s . 

To c a l c u l a t e t h e c o n s t a n t term in t h e accountancy equat ion , an 

ave rage b u l k i n e s s of 1 cm f o r t h e eng ine s t r u c t u r e i s assumed; Values 

f o r t h e d e n s i t y of a i r PQ of 1 .23 Kg/m^ ; t h e speed of sound in a i r 

CQ of 340 m/s ; and t h e m a t e r i a l d e n s i t y of t h e engine s t r u c t u r e 

Pm of 8 .1 X 10^ Kg/m^ are t a k e n . A n a l y s i s a re done in o n e - t h i r d 

octave bands, thus A f / f o i s a constant of 0 . 2 3 . Therefore , the 

v a l u e of t h e c o n s t a n t i s - 1 2 . 2 dB. 

The remain ing two terms which are to be de te rmined a r e t h e 

s t r u c t u r e r e s p o n s e and t h e r a d i a t i o n e f f i c i e n c y . Although in p rev ious 

work on t h e r a d i a t i o n e f f i c i e n c y of d i f f e r e n t s t r u c t u r e s , an e s t i m a t e 

of t h e e f f i c i e n c y of an eng ine b lock i s no t g i v e n , i t i s shown t h a t 

[15] t h e e x a c t shape of t h e s t r u c t u r e i s not i m p o r t a n t . Only t h e 

o r d e r of t h e s o u r c e , i . e . , a d i p o l e or h i g h e r o r d e r , depending on 

the mode of v i b r a t i o n and t h e s i z e of t h e s t r u c t u r e a f f e c t t h e 

r a d i a t i o n e f f i c i e n c y . The v i b r a t i o n of an engine s t r u c t u r e has a 

compl ica ted shape and t h e r e f o r e i t must be a high o r d e r s o u r c e . The 

main n o i s e from t h e eng ine comes from t h e v i b r a t i o n of t h e c r a n k c a s e , 

which i s c y l i n d r i c a l in shape of abou t 200mm d i a m e t e r . Thus t h e 

r a d i a t i o n e f f i c i e n c y of a c y l i n d e r of equal d i a m e t e r , in f l e x u r a l 

v i b r a t i o n i s assumed ( f i g u r e 6 . 7 ) . 

The s t r u c t u r a l r e s p o n s e term i s not e a s i l y e s t i m a t e d because of 

t he c o m p l i c a t e d shape of t h e s t r u c t u r e and because of t h e v a r i a t i o n 

wi th f r e q u e n c y of t h e t y p e s of modes t h a t a r e e x c i t e d . T h e r e f o r e , an 

e s t i m a t e f o r t h e r e s p o n s e i s o b t a i n e d by measurement a t t h e p o i n t of 

impac t . The i n t e r p r e t a t i o n of t h e measured r e s u l t s i s ve ry i m p o r t a n t . 

The r e s p o n s e on t h e s i d e of t h e eng ine i s measured by t h e use of a 
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co i l and magnet a r rangement us ing w h i t e n o i s e e x c i t a t i o n . The 

f i r s t r e sonance of t h e s t r u c t u r e occur s about 650 Hz, and t h e 

response below t h i s frequency cannot be e a s i l y obtained because of 

t h e ve ry low a m p l i t u d e s and t h e very l a r g e mass of t h e s t r u c t u r e . 

Above t h e f i r s t r i n g i n g f r e q u e n c y , i . e . , above 650 Hz, t h e 

r e s p o n s e i s t h a t of a c y l i n d r i c a l s h e l l of d i a m e t e r 200mm and 12mm 

t h i c k n e s s . The r a t e of f a l l i s of 5 dB per f r e q u e n c y decade as shown 

in r e f e r e n c e [16] , f o r a c y l i n d r i c a l s h e l l below i t s c i r c u m f e r e n t i a l 

r e sonance f r e q u e n c y . However, t h e r e i s a d i s c o n t i n u i t y in t h e 

r e s p o n s e a t about 4 KHz. The i n d i v i d u a l pane l s of t he engine block 

between b e a r i n g s a r e of a p p r o x i m a t e l y 80mm in l e n g t h and t h e r e f o r e , 

4 KHz cor respond t o t h e fundamenta l r i n g i n g f r e q u e n c y of each p a n e l . 

This g i v e s t h e h igh l e v e l of t h e r e s p o n s e above 4 KHz . 

The r e s p o n s e below t h e f i r s t r i n g i n g f r e q u e n c y of t h e b lock i s 

e s t i m a t e d us ing t h e same t e c h n i q u e as in c h a p t e r I I I , i . e . , us ing 

t h e summation of modes method to c a l c u l a t e the r e s p o n s e and then 

approx imat ing f o r f r e q u e n c i e s lower than t h e fundamenta l f r e q u e n c y . 

The r e s p o n s e below t h e fundamenta l i s g iven by 

0 

where M i s t h e mass of t h e whole e n g i n e ; 

ng i s t h e s t r u c t u r a l l o s s f a c t o r of t h e f i n a l mode; and 

f p i s t h e f i r s t r i n g i n g f r e q u e n c y . 

F i g u r e ( 6 . 8 ) shows t h e measured s t r u c t u r e r e s p o n s e , and f o r t h e 

e s t i m a t e of n o i s e in o n e - t h i r d o c t a v e bands t h e mean l i n e th rough t h e 

measured curve i s u sed . 

Having computed a l l t h e p a r a m e t e r s n e c e s s a r y to e s t i m a t e t h e 

n o i s e energy r a d i a t e d , t h e n o i s e from t h e eng ine f rame i s measured by 

us ing a system of n i n e microphones a r r anged in a p a r a l l e l p i p e d , as in 

chapter V. The measured r e s u l t s are compared with the est imated ones 

and t h e agreement ( f i g u r e 5 . 9 ) , i s w i t h i n ± 3 dB. This shows t h a t 
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the energy accountancy concept to e s t i m a t e the radiated no i s e can 

a l s o be used in the case of complicated s t r u c t u r e s . Thus no i s e 

c o n t r o l of t h e eng ine can now be i n v e s t i g a t e d by looking a t each 

pa rame te r of t h e eng ine t h a t c o n t r i b u t e s t o t h e r a d i a t i o n of n o i s e . 

VI. 3 . 2 . Combustion Noise 

The second i n v e s t i g a t i o n c o n s i d e r s an impact i n s i d e t h e eng ine 

s t r u c t u r e . This i s s i m i l a r to t h e e x c i t a t i o n due to t h e combustion 

f o r c e s i n s i d e t h e e n g i n e c y l i n d e r . Thus t h i s expe r imen ta l method 

i n v e s t i g a t e s a form of s i m u l a t e d combus t ion ; t h e eng ine i s being 

e x c i t e d by an impact on t h e p i s t o n top as i f wi th t h e a c t i o n of t he 

combust ion p r e s s u r e . 

The s t r u c t u r a l l o s s f a c t o r does not change wi th the assembly of 

t h e c y l i n d e r head; t h e on ly change t h a t o c c u r s i s t h a t t h e v a l u e s of 

t h e s t r u c t u r e r e sonances of t h e eng ine b lock s h i f t s l i g h t l y . This 

does not a f f e c t t h e s i m u l a t i o n s i n c e t h e n o i s e i s e s t i m a t e d in one-

t h i r d o c t a v e f r e q u e n c y bands . T h e r e f o r e , t o s i m u l a t e t h e combustion 

p r e s s u r e r i s e , an impact i s g iven on the t o p of t h e p i s t o n , w i th the 

l a t t e r a t T.D.C. The impact i s n o t e x a c t l y s i m i l a r in shape t o the 

combust ion p r e s s u r e p u l s e , bu t i f t h e n o i s e can be e s t i m a t e d f o r t h i s 

shape of i m p a c t , then t h e only d i f f e r e n c e t h a t i s to be cons ide red 

in e s t i m a t i n g n o i s e due t o combust ion i s t h e d i f f e r e n t f r e q u e n c y 

spec t rum. 

The eng ine i s f r e e l y suspended and t h e impact i s provided by 

a 50mm d i a m e t e r s t e e l s p h e r e . The f o r c e p u l s e i s measured by an 

a c c e l e r o m e t e r on t h e impac t ing s p h e r e . The f o r c e - t i m e h i s t o r y and 

t h e f o r c e d e r i v a t i v e spec t rum a r e shown in f i g u r e s (6 .10 ) and ( 6 . 1 1 ) 

r e s p e c t i v e l y . The approx imate l e v e l of t h e spectrum i s aga in used 

t o e s t i m a t e t h e n o i s e energy r a d i a t e d from t h e e n g i n e . 

The same v a l u e of t h e c o n s t a n t as in t h e f i r s t exper iment a p p l i e s 

and a l s o t h e r a d i a t i o n e f f i c i e n c y does no t change. The s t r u c t u r a l 

l o s s f a c t o r i s a l s o u n a l t e r e d , s i n c e t h e eng ine i s s t i l l f u l l y 

assembled as in the f i r s t experiment. The l o s s f a c t o r values are 

not dependent on the p o s i t i o n of any one of the p i s t o n s . 
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T h e r e f o r e , t h e remaining parameter to be e s t ima ted or measured 

i s t h e s t r u c t u r e response te rm. In t h i s c a s e , t h e d i r e c t measurement 

of t h e r e sponse i s not p o s s i b l e because t h e impact to t h e c rankcase 

i s i n t e r n a l . The v i b r a t i o n a l energy i s t r a n s f e r r e d from t h e top of 

t h e p i s t o n down to t h e con - rod , v ia the c r a n k s h a f t to t h e c rankcase 

where i t i s r a d i a t e d as n o i s e . 

The s t r u c t u r a l r e sponse i s e s t i m a t e d from measurements of t h e 

r e s p o n s e of t h e d i f f e r e n t p a r t s . I t i s assumed t h a t the c o n t a c t 

between t h e con-rod and t h e c r a n k s h a f t , and the c r a n k s h a f t and 

engine block a r e p e r f e c t ; t h e c o n t a c t s have been very well c leaned 

from g r e a s e and o i l and a l s o a l l t h e p a r t s a re bo l t ed down to 

m a n u f a c t u r e r s s p e c i f i e d t o r q u e s . To e s t i m a t e t h e r e sponse , a model 

which c o n s i s t s of t h r e e s e c t i o n s i s cons ide red ( f i g u r e 6 . 1 2 ) . The 

top s e c t i o n r e p r e s e n t s t h e p i s t o n and con-rod assembly; t h e middle 

s e c t i o n , t h e c r a n k s h a f t ; and t h e bottom s e c t i o n , t h e c r a n k c a s e . 

Using m o b i l i t y methods, t h e governing equa t i ons f o r t h e v e l o c i t y 

and f o r c e s a t d i f f e r e n t p o i n t s on t h e model a re given by: 

\l 2 - + F2M2 ( 6 . 3 ) 

y2 - -F2M2' ~ F3M2'3' (6 .4 ) 

V3 = F3M3 , ( 6 . 5 ) 

V3 - -FgM3 I - F2M2'3 ' (6 .6 ) 

Vi = FMi + F2M21 ( 6 . 7 ) 

= M12F (6 .8 ) 

and s o l v i n g f o r Vi and F3 us ing t h e s e equa t ions 

^ . M21 »n (Ms + M3') 

F 
(M2 + M2') C 3̂ Mg') - M2'3' M3'2' 

(6 .9) 
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and t h e p o i n t r e sponse H i ( f ) = V i ( f ) / F ( f ) 

H i ( f ) 
1 

jw 
Ml -

^21 M|2 (Mg + M3I) 

(M2 + Mgt) (M3 + M31) - M2'3' M3'2' 
(6.10) 

The energy t r a n s f e r r e d from t h e c r a n k s h a f t to t h e c rankcase i s 

given by 

E ( f ) = Yz | F 3 ( f ) | 2 Im [ H 3 ( f ) ] (6.11) 

Yz | F ( f ) | 2 Im [H(f)] (6.12) 

i . e . t h e s t r u c t u r e response term used in t h e energy accountancy 

equa t ion i s g iven by 

Im [H(f ) ] = 
[Ml 2 M2'3 ' I ^ 

j(M2 + M2') (M3 + M3") - M2'3' ^312'!^ 
Im 

Jco 

(6 .13) 

where Mi2 i s the t r a n s f e r m o b i l i t y between p i s t o n top and big 

end of con-rod ; 

Ml i s the po in t m o b i l i t y a t top of p i s t o n con-rod assembly; 

M2131 i s t h e t r a n s f e r m o b i l i t y from crankpin (where big end 

connects ) to crankshaft journal ; 

M2I i s t h e po in t m o b i l i t y a t c rackp in on c r a n k s h a f t ; 

Mg i s t h e po in t m o b i l i t y a t b ig-end of con-rod ; 

M3I i s t h e po in t m o b i l i t y a t c r a n k s h a f t j o u r n a l ; 

M3 i s t h e po in t m o b i l i t y a t bea r ing on engine f rame . 

The measured values of these m o b i l i t i e s are shown in f i g u r e (6 .13) , 
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These measurements were done by us ing a f o r c e c a l i b r a t e d hammer and 

an a c c e l e r o m e t e r p l aced ve ry c l o s e t o t h e p o i n t of impac t . The 

c a l c u l a t e d r e s p o n s e , e q u a t i o n [ 6 . 1 0 ] , a t t h e top of t h e p i s t o n when 

assembled i s compared t o t h e measured r e s p o n s e ( f i g u r e 5 . 1 4 ) . The 

agreement between t h e two curves i s r e a s o n a b l e , when c o n s i d e r i n g 

t h e low l e v e l s of r e sponse and t h e number of computa t ions i n v o l v e d . 

At some p o i n t s , t h e l e v e l of accu racy of t h e computer was no t enough 

to handle t h e l a r g e ext remes of numbers being m a n i p u l a t e d . Using 

e q u a t i o n ( 5 . 1 3 ) , a curve f o r Im [ H ( f ) ] i s computed ( f i g u r e 6 . 1 5 ) . 

I t i s i m p o s s i b l e to o b t a i n t h e low f r e q u e n c y r e sponse because of t he 

high n o i s e t o s i g n a l r a t i o a t t h e s e low f r e q u e n c i e s . T h e r e f o r e , t h e 

l e v e l a t low f r e q u e n c i e s i s c a l c u l a t e d us ing t h e same t e c h n i q u e as 

in s e c t i o n I I . 3. The f i r s t r e s o n a n c e f r e q u e n c y of t h e block i s 

about 650 Hz. Th i s g i v e s t h e same low f r e q u e n c y l e v e l as t h e r e sponse 

on t h e s i d e of t h e e n g i n e . The r e s p o n s e over a l l f r e q u e n c i e s i s 

v e r i f i e d us ing t h e a l t e r n a t i v e method d e s c r i b e d in s e c t i o n I I I . 2. 

From t h e measurements of t h e r e s p o n s e of t h e d i f f e r e n t eng ine 

p a r t s , a model can be b u i l t up, which can be used to i n v e s t i g a t e 

m o d i f i c a t i o n s on t h e eng ine s t r u c t u r e t o o b t a i n an o v e r a l l lower 

response . The p i s t o n / con-rod assembly response ( f i g u r e 6 .13 (a ) ) 

i s t h e same as t h a t of a two mass system connected by a damped s p r i n g 

( f i g u r e 6 . 1 6 ) . From t h e v a l u e s of t h e r e s o n a n c e f r e q u e n c y , t h e a n t i -

r e sonance f r e q u e n c y and t h e shape of t h e c u r v e , t h e s t i f f n e s s and l o s s 

f a c t o r of t h e s p r i n g can be e s t i m a t e d . In t h i s c a s e , f o r t h i s 

p a r t i c u l a r e n g i n e , t h e l o s s f a c t o r i s a p p r o x i m a t e l y 0 .12 and t h e 

s t i f f n e s s i s 2 . 0 4 x 10® N/m. This i s of t h e same o r d e r of magni tude 

as t h e s t a t i c s t i f f n e s s of t h e con-rod when c o n s i d e r i n g an ave rage 

c r o s s - s e c t i o n a l a r e a . S i m i l a r l y , t h e r e s p o n s e of t h e c r a n k s h a f t i s 

i d e n t i c a l t o t h a t of a beam in f l e x u r e and an ave rage t h i c k n e s s , width 

and l e n g t h can be e v a l u a t e d from t h e l e v e l of t h e curve and t h e f i r s t 

r e sonance f r e q u e n c y . 

Another method t o measure t h e r e s p o n s e i s t o measure t h e s p a t i a l 

ave r age v e l o c i t y squared on t h e eng ine s u r f a c e . The p o i n t r e s p o n s e 

i s r e l a t e d t o t h e s p a t i a l averaged s u r f a c e admittance ( s ee s e c t i o n I I I . 2 ) 
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and i s g iven by 

Im [ H ( f ) ] = n<m ( 6 . 1 4 ) 
F2 

To measure t h e s p a t i a l averaged a d m i t t a n c e , t h e p i s t o n i s 

e x c i t e d on t h e top when a t t o p dead c e n t r e and t h e v i b r a t i o n l eve l 

measured by an a c c e l e r o m e t e r f i x e d a t d i f f e r e n t p o s i t i o n s on t h e 

eng ine b lock s u r f a c e . The r e s p o n s e curve us ing t h i s method i s 

shown in f i g u r e ( 6 . 1 7 ) , which a l s o i n c l u d e s t h e mean l e v e l . The 

f i r s t r e s o n a n c e f r e q u e n c y i s about 650 Hz. However, t h i s method 

f o r measur ing t h e r e sponse does not g i v e any i n f o r m a t i o n on t h e 

energy f l o w p a t h , and t h e r e f o r e no p o s s i b l e m o d i f i c a t i o n s can be 

deduced from t h i s measurement . 

The n o i s e r a d i a t e d from t h e eng ine i s measured by an a r r a y of 

n ine microphones in o n e - t h i r d o c t a v e f r e q u e n c y bands , and compared t o 

t h e n o i s e energy e s t i m a t e us ing t h e energy accountancy equa t i on 

( f i g u r e 6 . 1 8 ) . There i s good agreement betwen t h e measured and t h e 

e s t i m a t e d r e s u l t s . However, t h e agreement in t h e r e s u l t s depends 

very much on t h e i n t e r p r e t a t i o n of t he s t r u c t u r e r e s p o n s e c u r v e s . At 

low f r e q u e n c i e s , t h e a c c e l e r a t i o n n o i s e from t h e impactor dominates 

t h e noi se measured . 

VI. 3 . 3 . P i s t o n S lap Noise 

A s i m i l a r i n v e s t i g a t i o n to e s t i m a t e t h e n o i s e r a d i a t e d due to 

p i s t o n s l a p e x c i t a t i o n i s done us ing t h e energy accountancy c o n c e p t . 

To i n c r e a s e p i s t o n s l a p n o i s e on t h e t e s t e n g i n e , t h e p i s t o n r i n g s 

a r e removed t o i n c r e a s e t h e c l e a r a n c e between p i s t o n and c y l i n d e r . 

The p i s t o n i s moved from s i d e t o s i d e by means of a s h a k e r , app ly ing 

a f o r c e a t t h e gudgeon p in end of a second connec t ing rod which i s 

f i x e d back t o back to t h e con- rod a t t a c h e d to t h e p i s t o n ( f i g u r e 6 .19) , 

All o t h e r b e a r i n g s a r e well packed wi th g r e a s e to e l i m i n a t e o t h e r 

b a c k l a s h . 
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The f o r c e appl ied by the shaker i s approximately the same as 

t h e f o r c e a c t i n g on t h e p i s t o n because of t h e symmetry of t h e two 

c o n - r o d s . The i n p u t s i g n a l to t h e shaker i s in t h e form of a 

sawtoo th which i s ve ry s i m i l a r t o t h e r e a c t i o n f o r c e a c t i n g on t h e 

p i s t o n f o r a runn ing eng ine [35] , t h e f r e q u e n c y of t h e i n p u t 

s i g n a l being 12 Hz c o r r e s p o n d i n g t o a t y p i c a l eng ine running speed of 

about 1600 r . p . m . ( t w i c e the speed , assuming a f o u r s t r o k e e n g i n e ) . 

When t h e p i s t o n moves from one s i d e to t h e o t h e r , t h i s does not 

r e s u l t i n a s i n g l e impact but a s e r i e s of impac t s . F igu re (6 .20) 

shows t h e o u t p u t s i g n a l from the f o r c e t r a n s d u c e r , as compared t o 

t h e i n p u t s i g n a l i n t o t h e shake r ( top t r a c e ) . 

Two a c c e l e r o m e t e r s a r e a t t a c h e d on t h e i n s i d e s u r f a c e of t h e 

p i s t o n . The o u t p u t f rom t h e s e a c c e l e r o m e t e r s c o n t a i n both t h e bod i ly 

a c c e l e r a t i o n s and t h e r i n g i n g of t h e p i s t o n s . If t h e low f r e q u e n c y 

c o n t e n t of t h i s s i g n a l i s f i l t e r e d o u t , i t can be seen t h a t t h e 

two s i g n a l s a r e comple t e ly o u t of phase , which show t h a t t h e p i s t o n 

i s moving from s i d e to s i d e , impac t ing t h e c y l i n d e r w a l l . One of t h e 

a c c e l e r o m e t e r s i g n a l s t o g e t h e r w i t h a more d e t a i l e d curve f o r t h e 

o u t p u t from t h e f o r c e t r a n s d u c e r a r e shown in f i g u r e ( 6 . 2 1 ) . 

To e s t i m a t e t h e n o i s e us ing e q u a t i o n ( 1 . 4 ) , a l l t he terms excep t 

t h e f o r c e d e r i v a t i v e spect rum and t h e s t r u c t u r e r e s p o n s e remain t h e 

same. By c o n s i d e r i n g t h e o u t p u t f rom t h e f o r c e t r a n s d u c e r , t ak ing 

f i r s t one impact and then weighing t h e spectrum t o accoun t f o r t h e 

m u l t i p l e i m p a c t s , t h e f o r c e d e r i v a t i v e spectrum i s o b t a i n e d 

( f i g u r e 6 . 2 2 ) . In weighing t h i s spec t rum f o r t h e m u l t i p l e i m p a c t s , 

i t i s assumed t h a t each impact can be c o n s i d e r e d s e p e r a t e l y and 

energy e s c a p e s i n t o t h e eng ine s t r u c t u r e a t each impac t . 

I t i s i m p o s s i b l e to o b t a i n an e s t i m a t e f o r t h e s t r u c t u r e r e sponse 

w i t h o u t a d e t a i l e d model of t h e eng ine s t r u c t u r e , because of t h e 

complex way in which t h e c y l i n d e r l i n e r i s a t t a c h e d t o t h e c y l i n d e r 

block and c r a n k c a s e . Thus an e s t i m a t e f o r t h e r e s p o n s e i s ob t a ined 

from t h e s p a t i a l averaged a d m i t t a n c e ( f i g u r e 6 . 2 3 ) . Although t h i s 

method does not g i v e any i n f o r m a t i o n on t h e energy f low p a t h , t h e r e 

i s on ly one way t h a t t h e energy can f l o w , i . e . , from t h e l i n e r v i a 

t h e upper and lower w a t e r decks to t h e eng ine c r a n k c a s e . This i s 
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because t h e on ly e x c i t a t i o n i s between t h e p i s t o n and c y l i n d e r . 

The n o i s e energy r a d i a t e d i s measured by an a r r a y of microphones 

and the measured n o i s e in o n e - t h i r d o c t a v e f r e q u e n c y bands i s 

compared t o t h e e s t i m a t e d l e v e l s ( f i g u r e 6 . 2 4 ) . The agreement 

between t h e measured and e s t i m a t e d r e s u l t s i s good t o w i t h i n ±3 dB. 

At low f r e q u e n c i e s , t h e n o i s e from t h e eng ine s t r u c t u r e i s masked by 

t h e a c c e l e r a t i o n n o i s e from the shaker t a b l e , which moves w i th a 

s i m i l a r a c c e l e r a t i o n p a t t e r n as t h e s i g n a l from t h e f o r c e t r a n s d u c e r . 

Th is i s why in f i g u r e ( 6 , 2 4 ) t h e r e i s a very high l e v e l of low f r equency 

n o i s e when t h e f i r s t r e sonance f r e q u e n c y of the eng ine s t r u c t u r e i s 

about 600 Hz. 

VI. 4. Design C o n s i d e r a t i o n s 

From t h e r e s u l t s of t h i s i n v e s t i g a t i o n , both combust ion and 

p i s t o n s l a p n o i s e can be r e l a t e d to d i f f e r e n t pa rame te r s of t h e engine 

s t r u c t u r e . One of t h e pa rame te r s which can g i v e l a r g e n o i s e r e d u c t i o n s 

i f m o d i f i e d , i s t h e s t r u c t u r a l r e s p o n s e , l i k e in t h e case of t h e 

b lock ing mass in c h a p t e r V. T h e r e f o r e , a method t o t a c k l e engine 

no i se would be to look f o r a way to lower the s t ruc tura l response 

i . e . , t o r e s t r i c t t h e f l ow of v i b r a t i o n a l ene rgy . 

In t h e c a s e of combust ion n o i s e , t h e v i b r a t i o n a l energy in t h i s 

eng ine t y p e t r a v e l l e d from t h e p i s t o n top v ia t h e con- rod and 

c r a n k s h a f t t o t h e c r a n k c a s e . T h e r e f o r e , t o reduce t h e s t r u c t u r a l 

r e s p o n s e , one can c o n s i d e r a r a d i c a l l y new des ign f o r t h e shape of 

t he c o n - r o d . T e s t s were done on t h e r e s p o n s e of a con- rod and 

compared t o t h e r e s p o n s e s of two o t h e r i d e n t i c a l c o n - r o d s , but made 

of d i f f e r e n t m a t e r i a l s ; one of mi ld s t e e l and t h e o t h e r of aluminium. 

From t h e r e s u l t s , ( f i g u r e 6 . 2 5 ) , i t can be observed t h a t t h e p o i n t 

response a t the p i s t o n top and the t r a n s f e r response between 

p i s t o n top and b i g - e n d , h a r d l y change a t a l l and t h e r e f o r e , i t i s 

not s u r p r i s i n g t h a t when t e s t e d on a running e n g i n e , t h e l e v e l of 

v i b r a t i o n of t h e c r a n k c a s e d id no t v a r y . This shows t h a t t o g e t any 

r e s u l t s , more r a d i c a l changes a r e needed in a new des ign of a 

c o n - r o d , 
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Another method would be to use laminated bearing r ings as 

sugges t ed by Lyon [28] . In t h i s c a s e , t h e bea r ing r i n g s a re made 

wi th a r e s i l i e n t l a y e r in between two l a y e r s of a luminium, to r e f l e c t 

some of t h e v i b r a t i o n a l energy due to t h e s t r u c t u r e change. In t h e 

model of t h e e n g i n e , ( f i g u r e 6 . 1 2 ) , a new s p r i n g mechanism i s 

i n t r o d u c e d between t h e beam and s u p p o r t , which w i l l r e s u l t in a lower 

r e s p o n s e . To lower t h e r e s p o n s e of t h e b e a r i n g s , more mass ive main 

b e a r i n g s t a n d s can be u sed . However, t h i s may i nvo lve some weight 

p e n a l t y which can be o f f s e t by r educ ing t h e weight of o t h e r n o n - s t r e s s 

b e a r i n g s e c t i o n s , s i n c e now t h e l e v e l of v i b r a t i o n w i l l be lower . 

In t h e c a s e of p i s t o n s l a p n o i s e , one way to reduce v i b r a t i o n a l 

energy would be t o i s o l a t e t h e c y l i n d e r l i n e r from t h e eng ine 

s t r u c t u r e . However, t h e r e a r e some problems here which have to be 

so lved l i k e t h e high t e m p e r a t u r e s i nvo lved and t h e c o n t a c t wi th t h e 

eng ine head. These problems can be e l i m i n a t e d by new des ign of t h e 

eng ine block t o house t h e c y l i n d e r s . A l t e r n a t i v e l y , p i s t o n s l a p 

n o i s e can be reduced by i n c r e a s i n g t h e c o n t a c t d u r a t i o n of t h e impac t , 

t h a t i s , p a r t s of t h e p i s t o n or c y l i n d e r a r e made of a s o f t e r m a t e r i a l 

which i s not h e a t a f f e c t e d to a l t e r t h e c l e a r a n c e . Some des ign ideas 

f o r p i s t o n s l a p n o i s e c o n t r o l a r e shown in f i g u r e ( 6 . 2 6 ) . 

Other s t r u c t u r a l m o d i f i c a t i o n s can be i n v e s t i g a t e d and a 

t e c h n i q u e which i s ve ry u s e f u l t o deve lop s t r u c t u r a l m o d i f i c a t i o n s i s 

t o o p t i m i s e t h e r e s p o n s e of t h e eng ine s t r u c t u r e when s t a t i c a l l y loaded 

and then app ly t h e s e r e s u l t s f o r o p t i m i s a t i o n of t h e dynamic s i t u a t i o n 

[3 3] . The use of s t a t i c r e s u l t s i s j u s t i f i e d f o r small and medium 

s i z e d eng ines because a t low f r e q u e n c i e s , lower than t h e fundamenta l 

f r e q u e n c y , t h e r e s p o n s e of t h e s t r u c t u r e i s d i r e c t l y r e l a t e d t o t h e 

s t a t i c r e s p o n s e . For small and medium s i z e d e n g i n e s , t h e fundamental 

r i n g i n g f r e q u e n c y occurs a t mid and high f r e q u e n c i e s and t h e 

combustion p r e s s u r e p u l s e c o n t a i n s a l a r g e low f r e q u e n c y c o n t e n t , 

making t h e s t a t i c r e s p o n s e an i m p o r t a n t p a r a m e t e r . 
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f i g u r e 6 . 3 . Force-t ime h i s t o r y of e x c i t a t i o n f o r c e on s i d e of engine. 

f i g u r e 6 . 4 

f l 12 
Frequency KHz 

Force d e r i v a t i v e spectrum f o r force on engine s i d e . 

129 

10.0 



4- 120-

S 8 0 -

2 3 4 5 6 7 

Frequency KHz 

f i g u r e 6 . 5 . S tructura l damping f o r a typ ica l small d i e s e l engine. 

X — X, Bare crankcase; o — o , complete engine. 
P a r t s assembled to c r a n k c a s e : a — a , c y l i n d e r 
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o n l y ; # — # , c r a n k s h a f t , p i s t o n s and connec t ing 
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f i g u r e 6 . 7 . Radiat ion e f f i c i e n c y curves f o r a rod in f l e x u r e 
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f i g u r e 6 . 8 . S t r u c t u r a l p o i n t r e s p o n s e on s i d e of engine f r ame . 
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f i g u r e 6 . 1 0 . Force-t ime h i s t o r y in simulated combustion e x c i t a t i o n , 

f i g u r e 6 . 1 1 . 
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Force d e r i v a t i v e spectrum for e x c i t a t i o n on p i s t o n top. 
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f i g u r e 6 . 1 2 . Model t o e s t imate response from measurements of the 
response a t p o i n t s on the eng ine frame and 
a c c e s s o r i e s , (a) P i s ton / con-rod assembly; 
(b) c rankshaf t ; (c ) eng ine f r ame . 
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f i g u r e 6 , 1 3 ( a ) , : p o i n t r e s p o n s e a t b ig end on con - rod . 
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f i g u r e 6 . 1 3 ( b ) . M22 : t r a n s f e r r e s p o n s e between p i s t o n top and big-
end on con-rod. 
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f i g u r e 6 . 1 3 ( d ) . Mg' : po int response on crankshaft j ourna l . 
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f i g u r e 6 . 1 3 ( e ) . M2131 : t r a n s f e r r e s p o n s e from c rankp in (where big-
end connects) to crankshaft j ourna l . 
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f i g u r e 6 . 1 3 ( f ) . M3 : Po in t r e s p o n s e a t b e a r i n g on engine frame. 

138 



CO UD 

Li_ 

CD 
O 

O 

50 

-60 

-70 

-80 

•90 

^ 0 0 

110 
0.1 

Mass l i n e f o r p i s t o n / con- rod assembly 

U I I I I L. 

1.0 
Frequency KHz 

_! I » i t t i 

10.0 

f i g u r e 6 . 1 4 . Comparison between measured and e s t i m a t e d p o i n t r e sponse on p i s t o n t o p , w i th p i s t o n a t 
T.D.C. E s t i m a t e d ; *****, measured . 



4:5, 
O 

4-

CT) 
O 

10.0 
Frequency KHz 

f i g u r e 6 . 1 5 . P o i n t r e s p o n s e term e s t i m a t e d us ing e q u a t i o n ( 6 . 1 3 ) . 



S t i f f n e s s k = 2.04x10 N/m 

f i g u r e 6 . 1 6 . Mass - sp r ing -mass model f o r p i s t o n and con-rod 
assembly . M i s the p i s t o n + gudgeon pin mass; 
mp 
m^ 

1 s 
i s 

t h e 
t h e 

mass 
mass 

con-roa 
con-rod 

a t gudgeon p i n ; 
a t big end. 

141 



-70 

4-

cn 
o 

-TOO 

f i g u r e 6 . 1 7 . 

Frequency KHz 

Point response c a l c u l a t e d from tne s p a t i a l averaged 
admittance. * 

"O 

CT 
CD 

(1) 

(U 
o 

-o 
c 
3 O 00 

100 ' 16b ' 250 ' 400 ' 630 ' l ooo ' 1600 250J 4000 ' 6300 10000 
One-third octave band centra l frequency Hz 

f i g u r e 6 . 1 8 . Radiated no i s e energy from engine frame under simulated 
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f i g u r e 6 . 1 9 . Set-up to s imulate p i s t o n s l a p . 

f i g u r e 6 . 2 0 . Time h i s t o r y f o r ( i ) i n p u t to s h a k e r ; ( i i ) o u t p u t 
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f i g u r e 6 . 2 3 . Response term c a l c u l a t e d from s p a t i a l average admittance. 

145 



/ 

100 160 250 400 630 1000 1600 2500 4000 6300 10000 

O n e - t h i r d o c t a v e band c e n t r a l f r e q u e n c y Hz 

f i g u r e 6 . 2 4 . Noise energy radiated from engine with s imulated pis ton 
s l a p e x c i t a t i o n . , Measured; — •• — , e s t i m a t e d . 

10.0 
Frequency KHz 

146 



•-J 

f i g u r e 6. 25. 

10.0 
Frequency KHz. 

Response of a con- rod made of t h r e e d i f f e r e n t m a t e r i a l s , 
( a ) P o i n t r e s p o n s e a t p i s t o n t o p ; (b) t r a n s f e r r e s p o n s e . 

, Normal rod ; — • — , aluminium r o d ; — . . — , s t e e l 
rod . 



Lami na ted 
1 i ne r 

R 3 

R e s i 1 i e n t 
pads 

Li ner 

Li ner 

L M 

Spr ings 

F r i c t i o n l e s s 
s o f t material 

More mass ive l i n e r s 
\ 

Fr i c t i o n l e s s 
s o f t m a t e r i a l 

f i g u r e 6 .26 Design i d e a s t o r educe p i s t o n s l a p n o i s e 

148 



CHAPTER VII 

ACTIVE FORCE CANCELLATION 

VII . 1. Concept and L i m i t a t i o n s 

D i f f e r e n t methods f o r n o i s e c o n t r o l can be deduced from the 

energy accoun tancy e q u a t i o n , but sometimes a l l of t h e s e methods f a i l 

and o t h e r s o l u t i o n s f o r n o i s e c o n t r o l have to be found . One method 

which may prove t o be ve ry e f f e c t i v e i s a c t i v e c o n t r o l . Ac t ive no i se 

c o n t r o l i s now wide ly a c c e p t e d , but t h e concep t of a c t i v e f o r c e or 

v i b r a t i o n i s c o m p l e t e l y new. Like a c t i v e n o i s e sys t ems , a c t i v e f o r c e 

c o n t r o l systems canno t be r ega rded as some magic method which can be 

used even when no o t h e r n o i s e des ign p r e c a u t i o n s have been t a k e n . 

This method of n o i s e c o n t r o l should only be used when a l l o t h e r 

methods have f a i l e d and t h i s i s because of t h e complexi ty of 

i m p l e m e n t a t i o n . 

The concept i s s i m i l a r to a c t i v e n o i s e c o n t r o l , but in t h i s case 

t h e v i b r a t i o n s of t h e s t r u c t u r e a r e c o n t r o l l e d by a c t i v e l y c a n c e l l i n g 

t h e f o r c e e x c i t a t i o n . S t r e s s waves in a s t r u c t u r e t r a v e l much f a s t e r 

than a c o u s t i c waves in a i r . T h e r e f o r e , f o r an a c t i v e system t o be 

e f f e c t i v e , i t s r e s p o n s e must be very f a s t , f a s t e r than the response 

of t he s t r u c t u r e . This c r e a t e s some problems in implementing such a 

system e s p e c i a l l y in impact s i t u a t i o n s . In t h i s c h a p t e r , d i f f e r e n t 

methods a r e i n v e s t i g a t e d t o e l i m i n a t e t h e s e problems and o b t a i n some 

f e e l of t he kind of n o i s e c o n t r o l p o s s i b l e . 

Ac t ive f o r c e c o n t r o l systems can t a k e two forms depending on the 

d u r a t i o n of t h e impact f o r c e . I f t h e f o r c e p u l s e i s r e l a t i v e l y of a 

long d u r a t i o n wi th s h a r p changes of t h e f o r c e , as in t h e case of 

t h e f o r c e - t i m e h i s t o r y of a power p r e s s , then only the r a p i d changes 

need to be c a n c e l l e d . However, f o r metal to metal impacts, such as the 

f i n a l f o r g i n g blows in a drop hammer, t h a t i s , t h e f o r c e p u l s e i s of 

very s h o r t d u r a t i o n , t h e c a n c e l l a t i o n of t h e whole p u l s e i s n e c e s s a r y . 

The type of system to be used in a p a r t i c u l a r s i t u a t i o n can be 

decided by i n v e s t i g a t i n g the spectrum of the d e r i v a t i v e of the force 
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p u l s e . F i g u r e ( 7 . 1 ) shows t h e f o r c e - t i m e h i s t o r y , t h e f o r c e 

d e r i v a t i v e spectrum and the spectrum of the second d e r i v a t i v e of the 

f o r c e f o r a s i n g l e normal o p e r a t i o n of a punch p r e s s . In the 

f r e q u e n c y r ange where t h e ea r i s most s e n s i t i v e , i . e . , between 100 and 

10,000 Hz, t h e spectrum f o r t h e second d e r i v a t i v e i s a lmos t f l a t . The 

l e v e l of t h i s spectrum depends on t h e s h a r p n e s s of t h e changes in the 

f o r c e p u l s e and t h e r e f o r e , t o reduce t h e n o i s e r a d i a t e d from t h e 

e x c i t e d s t r u c t u r e , t h i s l e v e l has to be reduced . Using an a c t i v e 

f o r c e s y s t em, the sha rp changes in t h e f o r c e must be c a n c e l l e d . That 

i s , the un load ing of t he p r e s s i s slowed down ( f i g u r e 7 ,2 ( a ) ) so 

t h a t t h e l e v e l of t he second d e r i v a t i v e spectrum i s lowered 

( f i g u r e 7 . 2 ( b ) ) . 

For very s h o r t p u l s e s , t h e f o r c e d e r i v a t i v e spectrum wi l l have 

a peak in the frequency range 100 Hz to 10 KHz, as obtained in the 

metal t o metal impacts of c h a p t e r V, T h e r e f o r e , in t h i s case t h e 

spectrum of any of t h e d e r i v a t i v e s i s not f l a t and thus t h e a c t i v e 

c o n t r o l system must cance l t he comple te f o r c e p u l s e , r a t h e r than j u s t 

the sudden changes. 

The second type of c o n t r o l system i s i n v e s t i g a t e d in t h i s c h a p t e r 

and a l a b o r a t o r y system i s b u i l t t o i n v e s t i g a t e how c r i t i c a l t h e system 

i s on t h e v a r i o u s p a r a m e t e r s . A d e s c r i p t i o n i s a l s o given on some 

system p r i n c i p l e s which a l t h o u g h t h e o r e t i c a l l y should work, a r e 

p r a c t i c a l l y i m p o s s i b l e t o a c h i e v e . The r e a s o n s why t h e s e systems f a i l 

a r e a l s o i n v e s t i g a t e d . The t y p e of system where t h e whole of t h e 

f o r c e i s c a n c e l l e d , i s e a s i e r t o implement in some s i t u a t i o n s , than t h e 

system where on ly the sha rp f o r c e changes a re c a n c e l l e d . I n f a c t , the 

hardware f o r t h e l a t t e r system i s not y e t a v a i l a b l e . 

VII . 2, Other Uses 

There are other uses f o r an a c t i v e f o r c e c a n c e l l a t i o n system 

such as in naval d e f e n c e . Ships or submarines a r e i d e n t i f i e d from 

the n o i s e s ignature that they r a d i a t e , because of the machinery. If 

t o t a l c a n c e l l a t i o n of t h i s n o i s e i s not p o s s i b l e , not even with an 

a c t i v e system, then the l a t t e r can a l t e r n a t i v e l y be used to change 
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the noise s ignature rad ia ted at w i l l . This can be done by a l t e r i n g 

some of the parameters l i k e , the t im ing between the cont ro l force 

and the e x c i t a t i o n f o r c e , the shape of the cont ro l f o r c e , making i t 

d i f f e r e n t f rom t h a t of t h e e x c i t a t i o n f o r c e , so t h a t i t w i l l have 

some other frequency content , e t c . In the l a s t case, cance l la t ion 

w i l l on ly o c c u r a t some p a r t i c u l a r f r e q u e n c y r a n g e . The 

implemen ta t ion of such systems would be more compl ica ted than t h e 

pure c a n c e l l a t i o n of a l l t h e e x c i t a t i o n , but i f i t can be shown t h a t 

i t is poss ib le , then such a system can be constructed. 

V I I . 3. A c t i v e Force Control 

When us ing an a c t i v e sy s t em, t h e b e s t p o s i t i o n t o p l a c e t h e 

c o n t r o l f o r c e i s as c l o s e as p o s s i b l e to t h e e x c i t a t i o n f o r c e . If 

t h i s i s p h y s i c a l l y p o s s i b l e , then a l l t h e v i b r a t i o n s in t h e s t ruc tu re 

would be e l i m i n a t e d , t h a t i s , no v i b r a t i o n a l energy escapes i n t o the 

s t r u c t u r e . However, t h i s i s not p h y s i c a l l y p o s s i b l e , e s p e c i a l l y in 

machine s t r u c t u r e s . In t h e case when t h e con t ro l f o r c e i s an exac t 

r e p l i c a of t h e e x c i t a t i o n f o r c e , a f o r c e a d d i t i o n a l t o the e x c i t a t i o n 

fo rce i s a p p l i e d to t h e machine s t r u c t u r e a t some o t h e r p o i n t , so 

t h a t the s t r u c t u r e i s now a c t e d upon by two fo rces. Much of t he 

s u c c e s s of t h e system w i l l depend on t h e p o s i t i o n i n g of t h i s con t ro l 

f o r c e and t h e magni tude and s y n c h r o n i s a t i o n of t h i s f o r c e wi th r e s p e c t 

to t h e e x c i t a t i o n f o r ce . The purpose of t he a c t i v e system i s to 

measure t h e v i b r a t i o n l e v e l of t h e s t r u c t u r e and a d j u s t t h e con t ro l 

f o r c e , so t h a t t h e s t r u c t u r e v i b r a t e s a t a lower l eve l a t t h e measuring 

posi t i o n , 

In previous i nves t i ga t i ons [2^-37] ac t i ve fo rce cont ro l systems 

a r e used f o r s t r u c t u r e s which a r e under c o n s t a n t or q u a s i - c o n s t a n t 

e x c i t a t i o n . Those t h a t d e a l t wi th s t e p i n p u t s , did no t modify t h e 

i n i t i a l t r a n s i e n t v i b r a t i o n of t h e s t r u c t u r e , but c o n c e n t r a t e d on 

d e c r e a s i n g t h e l e v e l of t he v i b r a t i o n dur ing t h e r i n g i n g of t h e 

s t r u c t u r e , a f t e r t he t r a n s i e n t has o c c u r e d . The s t r uc tu re i s very 

l i g h t l y damped and t h e s e c o n t r o l sys tems u s u a l l y deal w i th only one 

p a r t i c u l a r mode. In t h i s case, the output from the measuring 
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t ransducer i s fed to the cont ro l system which has time to compute 

and ad jus t the requ i red cont ro l f o r c e , because of the long r i ng ing 

t i m e . The o u t p u t s i g n a l from a c o n t r o l system always l ags t h e 

i n p u t s i g n a l because of t h e components c o n s t i t u t i n g t h e sys tem. If 

t h e system t o be c o n t r o l l e d i s c o n t i n u o u s or quasi -cont inuous, t h i s 

d e l a y t ime in t h e c o n t r o l system i s a d j u s t e d to be a whole number of 

cyc les , p rov ided t h a t on ly one mode i s t r e a t e d . 

Such a s e t - u p i s not p r a c t i c a b l e in t h e case of a h i g h l y damped 

s t r u c t u r e which i s i m p a c t - e x c i t e d by a very s h o r t impac t , where t h e 

r i n g i n g t ime i s ve ry s h o r t and most of t h e n o i s e comes dur ing t h e 

impact and r i g h t a f t e r the impact has occurred. A conventional ac t ive 

c o n t r o l system w i l l be too slow t o a d j u s t t h e c o n t r o l f o r c e . In such 

c a s e s , t h e c o n t r o l f o r c e must be e x a c t l y in s y n c h r o n i s a t i o n wi th the 

e x c i t a t i o n fo rce and both f o r c e s must be as i d e n t i c a l as p o s s i b l e . 

That i s , t ime compensat ion i s t o be a p p l i e d in t h e c o n t r o l system to 

compensate f o r t h e t ime lag i n h e r e n t in t h e sys tem, mainly t h e 

a m p l i f i c a t i o n and t h e cont ro l f o r c e u n i t . This means t h a t a phase 

advance system i s needed such tha t a pulse i s output from the contro l 

system p r i o r t o t h e p u l s e e x c i t i n g t h e s t r u c t u r e and thus t h e 

e x c i t a t i o n f o rce p u l s e and t h e c o n t r o l f o r c e pu l se a r e s y n c h r o n i s e d . 

This i s i m p o s s i b l e p r a c t i c a l l y because i t i m p l i e s t h a t an i n f i n i t e 

v o l t a g e i s a p p l i e d t o t h e c o n t r o l f o r c e e x c i t e r which w i l l load a l l 

p r a c t i c a l e l e c t r o n i c s y s t e m s . Another form of an ac t i ve f o r c e 

c o n t r o l system f o r machines which a r e impact e x c i t e d when h i t w i th a 

hammer blow i s to measure the p o s i t i o n of t h e hammer well b e f o r e t h e 

impac t . Assuming a c o n s t a n t t ime of f l i g h t of t h e hammer, t h e 

con t ro l system i s g iven enough warning t ime so t h a t t h e c o n t r o l fo rce 

o c c u r s a t t h e same t ime as t h e i m p a c t . Both t h e s e methods a r e 

i n v e s t i g a t e d in t h e c a s e of a p l a t e - l i k e s t r u c t u r e . 

VI I . 4. M u l t i p l e Impacts 

Ac t ive f o rce c o n t r o l would be a very u s e f u l method to cance l the 

v i b r a t i o n s from t h e p r i n c i p a l s o u r c e of e x c i t a t i o n . In many s i t u a t i o n s 

t h e e x c i t a t i o n from t h e p r i n c i p a l source w i l l cause o t h e r secondary 
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impacts to occur a t i n t e r f a c e s and b e a r i n g s w i t h i n t h e machine when 

b a c k l a s h and c l e a r a n c e s a r e t aken up. These secondary sources of 

e x c i t a t i o n cannot be con t ro l l ed by an ac t i ve system because a system 

w i l l be needed f o r each impact and p laced a t each sou rce p o i n t . 

However, t h e s e s econda ry impacts should be e l i m i n a t e d by t h e 

c a n c e l l a t i o n of t h e main s o u r c e of e x c i t a t i o n . 

In t h e case of a machine mounted a t s eve ra l p o i n t s , a c t i v e 

c o n t r o l can be used w i th no problem a t a l l . The p o s i t i o n s where t h e 

impacts occur a r e of a f i n i t e number and very well d e f i n e d . Ac t ive 

c o n t r o l systems can be des igned f o r each i n d i v i d u a l mounting p o i n t 

by t a k i n g i n t o c o n s i d e r a t i o n t h e e x c i t a t i o n f o r c e a t t h a t mount. 

VI I . 5. Exper imenta l I n v e s t i g a t i o n 

An ac t i ve f o r c e c o n t r o l system i s b u i l t to c o n t r o l t h e v i b r a t i o n s 

of a p l a t e s t r u c t u r e e x c i t e d a t t h e c e n t r e by an impact f o r c e . This 

system i s i n v e s t i g a t e d t o f i n d which pa ramete r s i n f l u e n c e the system 

and what t o l e r a n c e s a r e a l l o w e d . An equal and o p p o s i t e c o n t r o l f o r c e 

i s a p p l i e d to t h e p l a t e on t h e o p p o s i t e s i d e of t h e e x c i t a t i o n f o r c e 

and a l t h o u g h t h e v i b r a t i o n s a re not comple t e ly c a n c e l l e d , t h e mode 

of v i b r a t i o n of t h e p l a t e i s changed from f l e x u r a l o r bending waves 

to d i l a t i o n a l waves, which occur at a much higher frequency 

and a r e of a much lower a m p l i t u d e . Thus, in t h i s c a s e , t h e escape 

energy i n t o t h e s t r u c t u r e i s l i m i t e d because of t h e lower r e s p o n s e 

due t o t h e d i f f e r e n t t y p e of v i b r a t i o n s in t h e p l a t e . 

If a p l a t e i s t r a n s v e r s e l y e x c i t e d by a p o i n t f o r c e , t h e p l a t e 

s e t s i t s e l f i n t o bending v i b r a t i o n s . S ince t h e r e i s no th ing to 

oppose the t r a n s v e r s e f o r c e a t t h e p o i n t of impac t , a l o c a l i s e d 

moment i s i n t r o d u c e d i n t o t h e p l a t e which bends t h e p l a t e and c r e a t e s 

f l e x u r a l waves ( f i g u r e 7 . 3 ) . Since the impact i s usua l ly very sho r t , 

the energy o f the pulse i s d i s t r i b u t e d evenly w i t h frequency and thus 

most o f the p la te modes would be exc i ted . I f an equal and opposite 

fo rce i s appl ied to the p l a te at the same po in t of impact, no 

v i b r a t i o n a l energy escapes i n t o the p l a t e , and the p la te remains 

s t a t i o n a r y . However, i t is impossible to apply a fo rce at the exact 
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p o i n t of impac t ; thus , i f t h e c o n t r o l f o r c e i s a p p l i e d on t h e o p p o s i t e 

s i d e of t h e p l a t e , s y n c h r o n i s e d with t h e impac t , t h e p l a t e w i l l be 

compressed a t t h a t p o i n t ( f i g u r e 7 . 4 ) . In t h i s c a s e , t h e e x c i t a t i o n 

f o r c e i s opposed by t h e c o n t r o l f o r c e and t h e r e f o r e t h e r e i s no 

moment p r e s e n t t o e x c i t e t h e p l a t e in bending modes. However, t h e 

p l a t e i s compressed a t t h e p o i n t of impact and l o n g i t u d i n a l waves a re 

e x c i t e d in t h e p l a t e . I t would be expec ted t h a t t h e f i r s t mode of 

t h e p l a t e in t h i s t y p e of v i b r a t i o n w i l l happen when t h e t h i c k n e s s of 

t h e p l a t e co r r e sponds t o ha l f a wave l eng th . The speed of compression 

waves in an i n f i n i t e p l a t e i s g iven by [3 2] . 

( 7 . 1 ) 
l p ( l v i2 

where E i s Young's modulus ; 

p i s t h e m a t e r i a l d e n s i t y ; and 

V i s P o i s s o n ' s r a t i o . 

T h e r e f o r e , f o r a 1 cm t h i c k p l a t e , t h e f i r s t modal f r e q u e n c y i s 

about 370 KHz, which i s o u t s i d e t h e a u d i b l e f r e q u e n c y r a n g e . Thus, 

t h e o r e t i c a l l y , by s e t t i n g t h i s t y p e of waves i n s t e a d of bending waves, 

t h e r e d u c t i o n in n o i s e due t o t h e r i n g i n g of t h e s t r u c t u r e i s very 

high. 

The r e q u i r e m e n t s a r e t h a t a s i m i l a r and equal in magni tude 

cont ro l f o r c e i s a p p l i e d to t h e s t r u c t u r e a t e x a c t l y t h e same t ime 

as the e x c i t a t i o n f o r c e . This was one o f the major problems 

encoun t e r ed in s e t t i n g up t h i s sys t em. I t i s a drawback in t h e 

a p p l i c a t i o n of an a c t i v e con t ro l system f o r machine s t r u c t u r e s 

because of t h e s h o r t d u r a t i o n of t h e impac t , seldom longe r than a 

f r a c t i o n of a m i l l i s e c o n d . That i s , t h e c o n t r o l system must have a 

very h igh speed r e s p o n s e . A l s o , a l l t he components, e s p e c i a l l y 

mechanical l i nkages , must be very r e l i a b l e and accurate. Their 

Opera t ion must be r e p e a t a b l e w i t h i n a f r a c t i o n of a m i l l i s e c o n d . 

As a f i r s t system, an e l e c t r o n i c phase advance box i s used to 
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cond i t i on the s ignal o f the fo rce pulse measured when the impactor 

h i t s the p l a te . This phase advanced s ignal is fed t o the cont ro l 

system ( f i g u r e 7 . 5 ) . This system works on the p r i n c i p l e tha t two 

i d e n t i c a l p u l s e s wi th a t ime d i f f e r e n c e in t h e i r o c c u r e n c e , i f 

t r a n s f o r m e d to t h e f r e q u e n c y p l ane w i l l have t h e same magni tude 

but w i l l have a phase d i f f e r e n c e between t h e two t r a n s f o r m s . If 

t h i s phase d i f f e r e n c e i s compensated f o r by an e l e c t r o n i c phase 

advance box, t he two p u l s e s can be s y n c h r o n i s e d . However, an 

i n i t i a l i n f i n i t e v o l t a g e i s needed f o r such a system to f u n c t i o n . 

Th i s system was i n v e s t i g a t e d t o a s c e r t a i n i t s i m p r a c t i c a l i t y . 

The phase lag of t h e c o n t r o l system was measured and t h e r i g h t 

t r a n s f o r m computed f o r t he compensat ion of t h i s de lay. An e l e c t r o n i c 

system wi th t h i s t r a n s f o r m was b u i l t and t e s t e d , but when inc luded in 

t h e c o n t r o l c i r c u i t i t had two prob lems , as env isaged from t h e 

t h e o r e t i c a l c o n d i t i o n s . The f i r s t was t h a t because of t h e f i n i t e 

va lue of t h e output v o l t a g e t h e phase advance provided was not enough 

to compensate f o r t h e lag o f t h i s sys tem. The second was t h a t a 

phase advance system i s e f f e c t i v e l y a high pass f i l t e r and t h e 

a m p l i f i c a t i o n a t high f requencies i s very h igh, making the system 

very n o i s y and u n s t a b l e a t high f r e q u e n c i e s . The a m p l i f i c a t i o n was 

so high t h a t i t ove r loaded t h e whole of t h e c o n t r o l system and gave 

a ve ry high l e v e l of background n o i s e . Thus a phase advance system 

to compensate f o r t h e lag of t h e f o r c e c o n t r o l system i s not 

p r a c t i c a l . 

The second system i s of t h e t y p e where t h e f o r c e pu l se i s 

p r e r e c o r d e d . Two p u l s e s a r e r eco rded on magne t ic t a p e , t h e f i r s t 

p u l s e t r i g g e r s a mechanism t h a t r e l e a s e s the impac to r and t h e second 

p u l s e which i s i d e n t i c a l , i . e . , of t h e same d u r a t i o n and magni tude 

as t h e f o r c e p u l s e from t h e i m p a c t o r , s e r v e s as an input t o t h e 

cont ro l system. The spacing i n t ime between the two pulses i s 

a d j u s t e d so t h a t t h e second p u l s e , when output from t h e c o n t r o l 

sys t em, i s synch ron i sed wi th t h e impac t . The f i r s t p u l s e i s ga t ed 

o f f from the input to the con t ro l system so tha t on ly the second 

p u l s e i s i n p u t i n t o t h e system ( f i g u r e 7 . 6 ) . The problem with t h i s 

set-up i s tha t since the separat ion on tape between the two pulses 
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depended on t h e t ime of f l i g h t of t h e i m p a c t o r , t h e t ime had to be 

very p r e c i s e and c o n s t a n t to w i t h i n a f r a c t i o n of a m i l l i s e c o n d which 

was not p o s s i b l e w i t h o u t con t inuous minor a d j u s t m e n t s in t h e sys tem, 

which a r e no t p o s s i b l e wi th t h i s s e t - u p . The h inging mechanism was 

no t smooth and t h e magnet r e l e a s e was not c o n s t a n t due to vary ing 

c o l l a p s e of t h e magne t i c f i e l d , r e s u l t i n g i n changes in t h e t ime of 

f l i g h t of t h e same o r d e r of magni tude as t h e impact d u r a t i o n , making 

t h e system u n r e l i a b l e . A l s o , too many o p e r a t i o n s were n e c e s s a r y t o 

o p e r a t e t h e system which made i t i m p r a c t i c a l . 

The t h i r d system b u i l t sough t to improve a l l t h e s e problems. 

The hinging mechanism of the impactor was changed from a greased 

packed b e a r i n g to a k n i f e edge s u p p o r t . This reduced t h e f r i c t i o n 

a t t h e b e a r i n g s to a minimum. The magnet r e l e a s e suppor t s t r u c t u r e 

was s t i f f e n e d so t h a t any f l u c t u a t i o n s in t h e l e n g t h of t h e f l i g h t 

pa th were e l i m i n a t e d . The e l e c t r o - m a g n e t co re which held t h e 

impac to r b e f o r e r e l e a s e was covered wi th a t h i n l a y e r of nylon so 

t h a t i t reduced f r i c t i o n and t h u s gave a more c o n s t a n t r e l e a s e . The 

impac to r i s r e l e a s e d by s w i t c h i n g o f f t h e c u r r e n t t o t h e magnet 

manua l ly and an i n f r a - r e d s e n s o r l o c a t e s t h e p o s i t i o n of t h e impactor 

b e f o r e i t h i t s t he p l a t e . The p u l s e from t h e i n f r a - r e d s e n s o r 

t r i g g e r s o f f a p u l s e g e n e r a t o r , which g i v e s a p u l s e a f t e r a p r e s e t 

d e l a y t i m e . Th i s d e l a y t ime i s a d j u s t e d so t h a t t h e pu l se from t h e 

impac to r ( e x c i t a t i o n f o r c e ) and t h e f o r c e p u l s e from t h e c o n t r o l 

system a re s y n c h r o n i s e d ( f i g u r e 7 . 7 ) . The use of t h e p u l s e g e n e r a t o r 

al lowed easy adjustment o f the delay t ime i n the system. The 

a m p l i f i c a t i o n i s a d j u s t e d so t h a t t h e e x c i t a t i o n f o r c e and c o n t r o l 

f o r c e a r e of t he same magn i tude . 

VI I . 5 . 1 . Exper imenta l R e s u l t s 

The n o i s e and s u r f a c e a c c e l e r a t i o n w e r e i n v e s t i g a t e d f o r t he 

case of a 1 me t r e s q u a r e p l a t e , 1 cm t h i c k , both wi th and wi thou t a 

con t ro l f o rce . The dura t ion and magnitude of the con t ro l force were 

adjusted to be as c lose as poss ib le to the e x c i t a t i o n fo rce . 

F i g u r e ( 7 . 8 ) shows t h e f o r c e p u l s e s f o r t h e e x c i t a t i o n and t h e 
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c o n t r o l ; (a) i s the cont ro l fo rce pulse and (b) the pulse from 

the impactor , the e x c i t a t i o n fo rce pulse. Superimposed on the 

e x c i t a t i o n p u l s e a r e t h e v i b r a t i o n s of t h e i m p a c t o r , bu t as can be 

obse rved in cu rve (c ) , which shows an a l t e r n a t i v e measurement of 

t h e f o r c e p u l s e from t h e i m p a c t o r , i t i s a smooth pulse of 

a p p r o x i m a t e l y h a l f s i n e in shape of d u r a t i o n 0 . 3 5 ms. Curve (d) 

i s a measurement of t h e e x c i t a t i o n f o r c e as measured on t h e impac tor 

which was used f o r c a l i b r a t i n g t h e sys tem. 

There i s a high r e d u c t i o n in t h e ave rage surface a c c e l e r a t i o n of 

t h e p l a t e w i th t h e a p p l i c a t i o n of t h e c o n t r o l sys tem, both when 

e x p r e s s e d as a t ime s i g n a t u r e ( f i g u r e 7 . 9 ) and when expres sed as a 

f r e q u e n c y spec t rum ( f i g u r e 7 . 1 0 ) . Note t h a t in f i g u r e (7 .10 ( a ) ) , 

t h e s p a t i a l a v e r a g e a c c e l e r a t i o n spectrum us ing t h e c o n t r o l sys tem, 

t h e v e r t i c a l s c a l e i s t en t imes t h e s c a l e of t h e spectrum f o r t h e 

case of no c o n t r o l sys t em. S i m i l a r r e s u l t s a r e o b t a i n e d f o r t h e 

n o i s e energy r a d i a t e d by t h e p l a t e wi th t h e c o n t r o l sy s t em, both when 

e x p r e s s e d in t h e t ime domain ( f i g u r e 7 . 1 1 ) , and when given in one-

t h i r d o c t a v e bands . The d e c r e a s e in t h e n o i s e l e v e l i s ve ry h i g h , 

t h e o v e r a l l r e d u c t i o n being of about 14 dB, which i s c o n s t a n t 

t h r o u g h o u t t h e whole f r e q u e n c y r ange ( f i g u r e 7 . 1 2 ) . 

V I I . 5 . 2 . A n a l y s i s of R e s u l t s 

The r e d u c t i o n in n o i s e when t h e two f o r c e s a c t on o p p o s i t e 

f a c e s on t h e same p o i n t i s lower than e x p e c t e d . If t h e r e s u l t s a r e 

s t u d i e d c a r e f u l l y , i t can be observed t h a t t h e n o i s e energy spectrum 

in t h e two c a s e s i s t h e same, on ly w i th an ave rage of 14 dB 

d i f f e r e n c e in t h e l e v e l . Th i s s u g g e s t s t h a t t h e r e d u c t i o n i s not 

c o m p l e t e . The e l i m i n a t i o n of t h e bending v i b r a t i o n s i s not t o t a l . 

An a c t i v e f o r c e c o n t r o l system w i l l g i v e a r e d u c t i o n in t h e l eve l 

of n o i s e energy r a d i a t e d but much depends on pe r fec t matching of 

t h e e x c i t a t i o n and c o n t r o l f o r c e , both in t h e t ime domain and in 

t h e i r f r e q u e n c y spec t rum. In t h e case of t h e c a n c e l l a t i o n of on ly 

the sharp changes of the f o r c e , the extent of the cance l la t ion a t 

each f r e q u e n c y band w i l l depend on t h e matching of t h e s p e c t r a of 
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the sharp fo rce changes o f the e x c i t a t i o n and the cont ro l system. 

I t can be observed in f i g u r e (7 .11 ) t h a t t h e c o n t r o l f o r c e i s not 

an e x a c t r e p l i c a of t h e e x c i t a t i o n f o r c e and t h i s may be t h e reason 

why t h e v i b r a t i o n s a r e only p a r t i a l l y c a n c e l l e d . The t h e o r e t i c a l 

maximum r e d u c t i o n in n o i s e t h a t can be achieved i f t h e two f o r c e s 

a r e e x a c t l y t h e same i s not easy t o o b t a i n . However, because of t h e 

t y p e of waves t h a t a r e p r e s e n t under t h i s form of e x c i t a t i o n , t h e 

r e d u c t i o n must be ve ry h i g h . T h e r e f o r e , in s e t t i n g up a second 

g e n e r a t i o n of a c t i v e f o r c e c o n t r o l sy s t ems , an improvement in t h e 

match ing of t h e f o r c e p u l s e must be f u r t h e r i n v e s t i g a t e d . 

VI I . 6 . E f f e c t of S e p a r a t i o n between E x c i t a t i o n Force and Control 

Force 

I t i s not a lways p h y s i c a l l y p o s s i b l e to have t h e c o n t r o l l i n g 

f o r c e a t e x a c t l y t h e same l o c a t i o n as t h e e x c i t a t i o n f o r c e o r on 

t h e o p p o s i t e s i d e , as in t h e c a s e of t h e f l a t p l a t e e x p e r i m e n t s . 

T h e r e f o r e , t h e two f o r c e s can be some d i s t a n c e a p a r t . The e f f e c t 

of t h i s s e p a r a t i n g d i s t a n c e i s i n v e s t i g a t e d , in t h e case of t h e 

f l a t p l a t e , by t r a v e r s i n g a long t h e p l a t e t h e p o s i t i o n of t h e 

c o n t r o l f o r c e , keeping the e x c i t a t i o n f o r c e a t a f i x e d l o c a t i o n . 

These r e s u l t s a r e then g e n e r a l i s e d f o r o t h e r t y p e s of s t r u c t u r e s . 

The r e s p o n s e of a p l a t e s t r u c t u r e away from t h e p o i n t of 

e x c i t a t i o n i s g iven by t h e e m p i r i c a l fo rmula [18] 

Mt = Mc kr g 0.63 

= / ( 2 / ( n k r ) ) - w/4) ^ 

where i s t h e c h a r a c t e r i s t i c m o b i l i t y of t h e p l a t e g iven by 

Mc = (8 / " B F ; ) - ! ; 

B i s t h e bending s t i f f n e s s ; 

Pg i s t h e s u r f a c e d e n s i t y ; 

k i s t h e bending wave number; and 

r i s the d is tance from the point of e x c i t a t i o n . 
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If t h e s t r u c t u r e i s a c t e d upon by two f o r c e s w i t h o p p o s i t e 

d i r e c t i o n w i t h r e s p e c t to one a n o t h e r , as in t h e case of an a c t i v e 

c o n t r o l sy s t em, t h e two f o r c e s a r e comple te ly coupled only i f t h e 

s e p a r a t i o n between t h e p o i n t of a p p l i c a t i o n of t h e two f o r c e s 

s a t i s f i e s t h e r e l a t i o n kx $ 0 . 6 3 where x i s t h e s e p a r a t i o n 

d i s t a n c e . Then, in t h i s c a s e , t h e p l a t e s t r u c t u r e would be e x c i t e d 

by a t o r q u e of magni tude ( F x ) , where F i s t h e e x c i t a t i o n f o r c e . 

O u t s i d e t h i s r a n g e , kx > 0 . 6 3 , t h e coup l ing between t h e two f o r c e s 

d i m i n i s h e s as x i n c r e a s e s , u n t i l t h e two f o r c e s a r e comple te ly 

independen t of each o t h e r . Then t h e s t r u c t u r e can be c o n s i d e r e d to 

be under t h e e x c i t a t i o n of two t o t a l l y independen t f o r c e s , i . e . , 

t w i c e as much energy e scapes i n t o t h e s t r u c t u r e as compared t o t h e 

e x c i t a t i o n of o n l y one f o r c e . 

The c o n d i t i o n kx ^ 0 . 6 3 i s f r e q u e n c y dependen t , and t h e r e f o r e 

the e x t e n t of t h e coup l ing f o r a s e t s e p a r a t i o n w i l l depend on t h e 

f r e q u e n c y of e x c i t a t i o n . In impact s i t u a t i o n s , t h e e x c i t a t i o n f o r c e 

i s a p u l s e of f i n i t e d u r a t i o n , and t h e r e f o r e i t s f r e q u e n c y spectrum 

c o n t a i n s components of d i f f e r e n t magni tude a t a l l f r e q u e n c i e s . Thus, 

f o r a c e r t a i n s e p a r a t i o n , t h e two f o r c e s a re coupled up t o t h e 

f r e q u e n c y where kx = 0 . 6 3 . The v a r i a t i o n of t h i s f r e q u e n c y wi th 

x / a , t h e s e p a r a t i o n in te rms of t h e number of wave leng ths of t h e 

s t r u c t u r e , ( a ~ wave leng th A and = Eh2/(12p(l - v ^ ) ) f o r a 

f l a t p l a t e ) , i s shown in f i g u r e ( 7 . 1 3 ) . 

In t h e c a s e of t o r q u e e x c i t a t i o n , t h e s t r u c t u r a l r e s p o n s e of a 

f l a t p l a t e i s i n d e p e n d e n t of f r e q u e n c y , wh i l e t h e r e s p o n s e f o r p o i n t 

f o r c e e x c i t a t i o n has a s l o p e of -10 dB per f r e q u e n c y decade . Thus , 

t h e i n p u t energy per u n i t f o r c e under t o r q u e e x c i t a t i o n w i l l be 

h i g h e r than t h a t f o r t h e p o i n t f o r c e , above a c e r t a i n f r e q u e n c y . 

Th i s f r e q u e n c y i s dependent on t h e b u l k i n e s s of t h e s t r u c t u r e and t h e 

s e p a r a t i o n d i s t a n c e between t h e two f o r c e s , i f t h e t o r q u e i s g iven by 

Fx. F i g u r e ( 7 . 1 3 ) a l s o shows t h e v a r i a t i o n of t h i s f r e q u e n c y wi th 

x/a . 

Thus in t h e c a s e of two f o r c e s , a c t i n g in o p p o s i t e d i r e c t i o n 

and s e p a r a t e d by some d i s t a n c e , t h e n o i s e r a d i a t e d from t h e p l a t e 

increases a t 6 dB per doubl ing of the separat ion d i s tance , i f the 
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two f o r c e s a r e comple t e ly c o u p l e d . However, in p r a c t i c e , t h e two 

f o r c e s a r e not e x a c t l y i d e n t i c a l , as in t h e exper imenta l r e s u l t s 

o b t a i n e d in t h i s i n v e s t i g a t i o n . In such c i r c u m s t a n c e s , t h e n o i s e 

r a d i a t e d would be a combina t ion of t h e n o i s e due t o t h e d i f f e r e n c e 

in t h e f o r c e and t h e n o i s e due to t h e t o r q u e e x c i t a t i o n . This 

r e s u l t i s obse rved in t h e n o i s e r a d i a t e d in o n e - t h i r d o c t a v e bands 

from t h e p l a t e , w i th t h e changing s e p a r a t i o n d i s t a n c e ( f i g u r e 7 . 1 4 ) . 

At ze ro s e p a r a t i o n , t h e n o i s e r a d i a t e d can be assumed t o be t h e 

c o n t r i b u t i o n due t o t h e d i f f e r e n c e between t h e e x c i t a t i o n f o r c e and 

t h e c o n t r o l f o r c e . The c o n t r i b u t i o n due to t h e t o r q u e e x c i t a t i o n 

wi th t h e i n c r e a s e of s e p a r a t i o n , should f o l l o w t h e d o t t e d l i n e 

shown i n f i g u r e ( 7 . 1 4 ) . Th is d o t t e d l i n e i n t e r s e c t s t h e l e v e l of 

n o i s e t h a t t h e p l a t e r a d i a t e s i f e x c i t e d by on ly one p o i n t f o r c e a t 

t h e s e p a r a t i o n g iven by curve ( i ) in f i g u r e ( 7 . 1 3 ) . In f i g u r e (7 .14 ) 

t h e c u r v e s f o r f o u r r e p r e s e n t a t i v e o n e - t h i r d o c t a v e bands a r e shown. 

In o t h e r bands t h e same gene ra l r e s u l t s a r e o b t a i n e d . However, as 

the separat ion increases, kx becomes greater than 0.63 and the 

two f o r c e s w i l l no t be c o m p l e t e l y c o u p l e d . Thus, t h e n o i s e r a d i a t e d 

w i l l no t i n c r e a s e by 6 dB per doub l ing of s e p a r a t i o n , bu t i n c r e a s e s 

more s l o w l y , r e a c h i n g a maximum and then d e c r e a s e s aga in t o approach 

a l e v e l 3 dB h i g h e r than t h e n o i s e r a d i a t e d , had t h e p l a t e been 

e x c i t e d by a s i n g l e f o r c e . This c o n d i t i o n co r r e spond ing t o no 

coup l ing between t h e two f o r c e s . 

G e n e r a l i s i n g t h e s e r e s u l t s f o r any s t r u c t u r e , t h e e f f e c t of 

s e p a r a t i o n d i s t a n c e on t h e per formance of an a c t i v e f o r c e c a n c e l l a t i o n 

system wi l l be t h a t i t s pe r fo rmance i s reduced as compared to t h e 

c a s e where t h e c o n t r o l f o r c e i s a p p l i e d a t t h e same l o c a t i o n as t h e 

e x c i t a t i o n f o r c e . However, up t o a c e r t a i n s e p a r a t i o n , which i s 

s t r u c t u r e d e p e n d e n t , t h e i n t r o d u c t i o n of an a c t i v e f o r c e c o n t r o l 

system can s t i l l be an improvement in n o i s e c o n t r o l over t h e o r i g i n a l 

s e t - u p . At a g iven f r e q u e n c y , t h e s e p a r a t i o n a t which kx i s equal 

t o 0 . 6 3 i s u s u a l l y l e s s than t h e s e p a r a t i o n f o r which the t o r q u e 

response is equal to the po in t f o rce response. Thus any d is tance 

which i s l e s s t h a n t h i s l a t t e r c r i t i c a l s e p a r a t i o n w i l l g i v e a 

r e d u c t i o n in t h e n o i s e r a d i a t e d . Because of t h e lower coup l ing 
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between t h e two f o r c e s a t t h i s c r i t i c a l s e p a r a t i o n , t h e per formance 

of an a c t i v e f o r c e c o n t r o l system wi l l be an improvement in n o i s e 

c o n t r o l even f o r a s l i g h t l y l e s s s e p a r a t i o n than t h e c r i t i c a l d i s t a n c e . 

These r e s u l t s a l s o app ly i f t h e e x c i t a t i o n i s not a t d i s c r e t e 

f r e q u e n c i e s and the e x c i t a t i o n spectrum (10 log | F ( f ) | 2 ) has a 

maximum l e v e l . In t h i s c a s e , t h e f r e q u e n c y of h i g h e s t e x c i t a t i o n 

can be t aken as t he f r e q u e n c y of i n t e r e s t . Figure ( 7 . 1 5 ) shows 

the t o t a l n o i s e r a d i a t e d by t h e p l a t e wi th changing s e p a r a t i o n 

d i s t a n c e . The cu rve has t h e same f e a t u r e s as t h e curves f o r t h e 

o n e - t h i r d o c t a v e b a n d s , and t h e c r i t i c a l d i s t a n c e co r r e sponds t o the 

f r e q u e n c y of maximum e x c i t a t i o n . 

F i g u r e ( 7 . 1 3 ) ho lds on ly f o r p l a t e - l i k e s t r u c t u r e s of va ry ing 

t h i c k n e s s . For o t h e r t ypes of s t r u c t u r e s , s i m i l a r curves can be 

obtained by equating the po in t f o rce response and the torque 

r e s p o n s e . If i n such c a s e s , t h e s e p a r a t i o n d i s t a n c e g iven by 

kx = 0 . 6 3 i s g r e a t e r than t h e c r i t i c a l d i s t a n c e , t h e per formance 

of t h e c o n t r o l system a t s e p a r a t i o n d i s t a n c e s very near to t h e 

c r i t i c a l d i s t a n c e w i l l be ve ry poor . In a l l c a s e s , t h e c o n t r o l 

f o r c e must be l o c a t e d as c l o s e as p o s s i b l e t o t h e e x c i t a t i o n f o r c e . 

V I I . 7. Conclus ion 

The c o n c l u s i o n s from t h i s i n v e s t i g a t i o n a r e t h a t t h e performance 

of an a c t i v e f o r c e c o n t r o l system i s ve ry c r i t i c a l on t h e t iming of 

t h e two p u l s e s ; t h e s e p a r a t i o n d i s t a n c e of t h e con t ro l f o r c e and 

e x c i t a t i o n f o r c e ; and t h e e x a c t shape of t h e f o r c e p u l s e or i t s 

spec t rum where c a n c e l l a t i o n i s r e q u i r e d . The need f o r good 

s y n c h r o n i s a t i o n of t h e f o r c e p u l s e i s because of t h e h i g h l y damped 

n a t u r e of machine s t r u c t u r e s , where the v i b r a t i o n s d i e down very 

q u i c k l y . With two p u l s e s which are not s y n c h r o n i s e d , t h e n o i s e 

r a d i a t e d f rom t h e s t r u c t u r e may i n c r e a s e . D i f f e r e n t t ime d u r a t i o n s , 

o r in t h e c a s e where on ly t h e s h a r p changes a r e being c a n c e l l e d , t h e 

f o r c e changes a r e no t i d e n t i c a l ; t h e s p e c t r a of t h e c o n t r o l and t h e 

e x c i t a t i o n w i l l have d i f f e r e n t l e v e l s a t d i f f e r e n t f r e q u e n c i e s and 

c a n c e l l a t i o n occurs only i n some frequency ranges, wh i le other 
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f r e q u e n c i e s a r e not a f f e c t e d a t a l l . 

In t h i s i n v e s t i g a t i o n and s e t - u p of a f o r c e c o n t r o l sys tem, t h e 

s y n c h r o n i s a t i o n of t h e two f o r c e s proved t o be one of t h e ma jo r 

problems s i n c e t h e t ime of f l i g h t of t h e impactor v a r i e d from t h e 

t r i g g e r i n g p o i n t t o t h e i n s t a n t of impac t . This i s bound t o happen 

in o r d i n a r y mach ine ry , t h e impact o c c u r i n g w i t h i n a c e r t a i n t ime 

l i m i t . Thus t o implement an a c t i v e f o r c e c o n t r o l system in a machine, 

i t may be t h a t , not on ly the i n c l u s i o n of t h e system i s n e c e s s a r y , 

but a l s o m o d i f i c a t i o n s in t h e mach ine , e s p e c i a l l y i t s running 

sequence , a r e needed t o e l i m i n a t e t h e problems of s y n c h r o n i s a t i o n . 
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f i g u r e 7 . 1 . F r a c t u r e f o r ce p u l s e f o r t h e normal o p e r a t i o n of a power 
press , showing the very sharp unloading on f r a c t u r e . 
(a ) f o r c e - t i m e hi s t o r y ; (b) f i r s t d e r i v a t i v e s p e c t r u m ; 
(c ) second d e r i v a t i v e s p e c t r u m . 
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f i g u r e 7 .2 . Modi f ied f r a c t u r e f o r ce f o r a power press, where the sharp 
unloading i s c o n t r o l l e d , (a) fo rce - t ime h i s t o r y ; (b) f i r s t , 
d e r i v a t i v e spec t rum; (c) second d e r i v a t i v e spectrum. 
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f i g u r e 7 . 3 . Bending waves in a p l a t e s t r u c t u r e . 
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f i g u r e 7 . 4 . Compression waves in p l a t e s . 
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f i g u r e 7 . 5 . T e s t s e t - u p us ing Phase advanc ing . A, cha rge amp; 
phase advance box; C, power amp; D, Ammeter; 
E, s h a k e r ; F, p l a t e ; G, i m p a c t o r ; H, t r a n s d u c e r . 
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f i g u r e 7 . 6 . S e t - u p us ing p r e r e c o r d e d t r i g g e r s i g n a l . C,D,E,F,G, same 
as in f i g u r e 7 . 5 . 
L, t a p e - r e c o r d e r ; 

J , electromagnet; K, 
M, r e l a y s w i t c h e s ; N 

p u l s e g e n e r a t o r ; 
sp r ing swi t ch . 
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f i g u r e 7 .7 . Experimental se t -up . C,D, E,F,G,J,K,N, same as i n f i g u r e 7 .6 . ; P, i n f r a r e d de tec to r . 
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f i g u r e 7 .8 . The e x c i t a t i o n and cont ro l fo rce pulses appl ied to the 
p l a t e , (a) con t ro l pulse from shaker; (b) e x c i t a t i o n 
pulse from hammer; (c) hammer pulse measured by fo rce 
t ransducer ; (d) same as (b ) . 
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f i g u r e 7 . 9 . Surface acce le ra t ion s ignature , (a) With ac t i ve force 
c a n c e l l a t i o n ; (b) w i t h o u t a c t i v e sys tem. 
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f i g u r e 7 .10 , 

4 5 
Frequency KH; 

Frequency spec t rum of p l a t e s u r f a c e a c c e l e r a t i o n , 
( a ) w i th a c t i v e sys tem; (b) w i t h o u t a c t i v e system. 
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f i g u r e 7.11. Noise s ignature rad ia ted from p l a t e . ( a ) w i t h con t ro l system; (b) w i thou t con t ro l system. 
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( i ) kx = 0.63; ( i i ) frequency at which torque response 
i s equal to po in t response f o r a p l a te . 
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CHAPTER VIII 

ENGINEERING DESIGN 

V I I I . 1. I n t r o d u c t i o n 

In the p r ev ious chapters , i t i s shown t h a t the no i se energy 

r a d i a t e d from a s t r u c t u r e , impact e x c i t e d , i s given by the r e l a t i o n 

Lgq ( A , f , A f ) 10 log N + 10 log | F ( f ) | 2 + 10 log Im [H( f ) ] 

A orad 
+ 10 log 

+ 10 log 

f 

2 t t ^ Pm 

10 log d - 10 log ns 

P^c af 
(8.1) 

The terms in t h i s equa t ion a r e d e f i n e d in Chapter I . 

This e q u a t i o n g ives t h e c o n t r i b u t i o n t h a t each of the s t r u c t u r e 

parameters has on the radiated n o i s e . Thus, i t can be used as a 

d i a g n o s t i c tool to a n a l y t i c a l l y i n v e s t i g a t e which parameters can be 

modif ied f o r no i se c o n t r o l . In t h i s Chapter, the d i a g n o s t i c use of 

t h i s r e l a t i o n in e n g i n e e r i n g d e s i g n , t o g e t h e r with i t s l i m i t a t i o n s , 

i s i n v e s t i g a t e d . 

Two of the s t ruc ture parameters which are shown to be very 

e f f e c t i v e f o r n o i s e control measures a r e the f o r c e spectrum and the 

s t r u c t u r a l p o i n t r e s p o n s e , t h a t i s , t h e parameters t h a t c o n t r o l the 

escape energy i n t o t h e s t r u c t u r e . By t a i l o r i n g of t h e f o r c e spectrum 

or the s t ruc ture response , to reduce the l eve l of escape energy into 

t h e s t r u c t u r e , more energy remains in t h e impact which i s n e i t h e r 

d i s s i p a t e d nor destroyed. Thus, before such modi f i ca t ions can be 

used, the quest ion of where the energy goes must be answered. 

I t i s not p o s s i b l e t o g ive a g e n e r a l i s e d answer to t h i s q u e s t i o n . 

Each problem of what happens to the impact energy has to be s tudied 

i n d i v i d u a l l y , wi th c o n s i d e r a t i o n of how t h e impact i s c r e a t e d . In 
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t h i s C h a p t e r , t h e problem of where the energy goes i s c o n s i d e r e d in 

gene ra l t e r m s , and where g e n e r a l i s a t i o n s a r e not p o s s i b l e , p a r t i c u l a r 

cases are i n v e s t i g a t e d to demonstrate the problem and i t s e f f e c t . 

The term 10 log | F ( f ) | r e p r e s e n t s t h e e x c i t a t i o n of t he 

s t r u c t u r e . I t i s no t n e c e s s a r y , in t he n o i s e e s t i m a t i o n p r o c e s s , t o 

use t h e f i r s t d e r i v a t i v e of t h e f o r c e spec t rum. Other o r d e r s of the 

d e r i v a t i v e can be used depending on the most c o n v e n i e n t t o r e p r e s e n t 

t h e e x c i t a t i o n . This term c o n t r o l s t he l eve l and f r e q u e n c y c o n t e n t of 

t he e x c i t a t i o n ene rgy . That i s , by changing t h e d u r a t i o n of t h e impac t , 

the e x c i t a t i o n energy i s s h i f t e d to low or high f r e q u e n c i e s when the 

impact i s l e n g t h e n e d or s h o r t e n e d r e s p e c t i v e l y . The l e v e l of the energy 

depends on t h e magni tude of t h e e x c i t a t i o n . This e x c i t a t i o n energy i s 

a c c e p t e d by t h e s t r u c t u r e , a t d i f f e r e n t l e v e l s a t d i f f e r e n t f r e q u e n c i e s , 

depending on the shape of t h e p o i n t r e sponse of t h e s t r u c t u r e . That i s , 

the 10 log Im term g i v e s the f r a c t i o n of the e x c i t a t i o n energy 

t h a t t h e s t r u c t u r e a c c e p t s a t each p a r t i c u l a r frequency band. 

In t a i l o r i n g t h e | F ( f ) | 2 t e rm, t h e e x c i t a t i o n energy to the 

s t r u c t u r e i s c h a n n e l l e d i n t o frequency r a n g e s , where the o t h e r terms 

of e q u a t i o n ( 8 . 1 ) do not complement to increase t he t o t a l l eve l of t he 

noi se energy rad ia ted . S i m i l a r l y , in t a i l o r i n g Im [ H ( f ) ] , the 

s t r u c t u r e i s made to accept the e x c i t a t i o n v ibrat iona l energy at 

f r e q u e n c y r anges where o t h e r te rms a r e a t a minimum in t h e i r 

c o n t r i b u t i o n t o t h e t o t a l r a d i a t e d n o i s e l e v e l . 

The s t r u c t u r a l l o s s f a c t o r term 10 log ns i s the only term in 

equat ion ( 8 . 1 ) which reduces the no i se d i r e c t l y by d i s s i p a t i o n of the 

v i b r a t i o n a l e n e r g y , which would o t h e r w i s e be r a d i a t e d as n o i s e . All 

t he o t h e r terms in t h e e q u a t i o n , when m o d i f i e d , r e f l e c t r a t h e r than 

d i s s i p a t e the v i b r a t i o n a l energy, and i f no other precaut ions are 

taken, no n o i s e control may be p o s s i b l e by m o d i f i c a t i o n s of these 

terms. However, f o r high damping l o s s f a c t o r s t r u c t u r e s , the increase 

of t h e l o s s f a c t o r may no t always be p r a c t i c a l . 

The A-weighting term included with the rad ia t ion e f f i c i e n c y of the 

s t r u c t u r e becomes very important when the no i se energy radiated i s 

s h i f t e d to low or high f r e q u e n c i e s by the t a i l o r i n g of the impact 

f o r c e or s t r u c t u r e response , because of the lower response of the ear 

a t low and high f r e q u e n c i e s . I f A-weight ing i s not i n c l u d e d , then 



when t h e r a d i a t e d n o i s e i s s h i f t e d to low f r e q u e n c i e s , t h e t o t a l 

l e v e l of t h e n o i s e w i l l no t be r e d u c e d , only i t s f r e q u e n c y c o n t e n t 

i s changed. The r a d i a t i o n e f f i c i e n c y has a s i m i l a r e f f e c t . I f 

e x c i t a t i o n i s s h i f t e d to f r e q u e n c i e s lower than t h e c o i n c i d e n c e 

f r e q u e n c y , t hen t h e r a d i a t e d n o i s e l e v e l i s r e d u c e d , p rov ided t h a t t he 

s t r u c t u r e has s t r u c t u r a l damping. 

I f t h e impact does not occur d i r e c t l y on t h e s t r u c t u r e which i s 

t h e most e f f i c i e n t n o i s e r a d i a t o r , then t h e r a d i a t e d n o i s e can be 

c o n t r o l l e d by r e s t r i c t i n g t h e f l o w of t he v i b r a t i o n a l energy from the 

p o i n t of impact to t h e n o i s e r a d i a t i o n e f f i c i e n t s t r u c t u r e . In t h i s 

c a s e , e q u a t i o n ( 8 . 1 ) does not hold f o r t h e whole s t r u c t u r e , provided 

t h a t t h e r e f l e c t e d energy a t t h e d i s c o n t i n u i t y i s no t r e f l e c t e d back 

u n a t t e n u a t e d by t h e s t r u c t u r e boundary . The p o i n t r e s p o n s e of t h e 

s t r u c t u r e a t t h e p o i n t of impact does not change wi th t h e i n t r o d u c t i o n 

of t h e s t r u c t u r a l d i s c o n t i n u i t y away from t h e p o i n t of impact and thus 

e q u a t i o n ( 8 . 1 ) e s t i m a t e s no r e d u c t i o n in t h e r a d i a t e d n o i s e , which i s 

not t r u e i f l o c a l i s e d l o s s e s a r e i n c l u d e d between t h e impact p o i n t 

and t h e d i s c o n t i n u i t y . However, e q u a t i o n ( 8 . 1 ) ho lds f o r t h e p a r t of 

t h e s t r u c t u r e which i s r a d i a t i o n e f f i c i e n t , t h a t i s , t h e n o i s e 

r a d i a t e d i s c o n t r o l l e d by t h e r e d u c t i o n of t h e e s c a p e energy to t h i s 

p a r t of t h e s t r u c t u r e . A b lock ing mass a t t h e p o i n t of impac t , does 

not f o l l o w t h i s g e n e r a l b e h a v i o u r s i n c e lumped masses cannot s t o r e 

v i b r a t i o n a l energy a t a u d i b l e f r e q u e n c i e s . 

In t h e s o l u t i o n of most n o i s e problems, d i f f e r e n t methods of n o i s e 

c o n t r o l can be u s e d , each w i th i t s own advan tages and d i s a d v a n t a g e s . 

From t h e accoun tancy e q u a t i o n ( 8 . 1 ) , t h e s t r u c t u r a l m o d i f i c a t i o n s o r 

t a i l o r i n g of t h e impact m e c h a n i c s , which a r e needed t o reduce t h e n o i s e 

where l e v e l s a r e h i g h , can be deduced . The i m p l i c a t i o n s of t h e s e 

changes on t h e machine o p e r a t i o n and on t h e machine s t r u c t u r e have to 

be a c c u r a t e l y a s s e s s e d . 

Chapte r VII of t h i s t h e s i s , shows an a l t e r n a t i v e method of 

t a i l o r i n g t h e impact shape and s t r u c t u r e r e sponse by the use of 

a c t i v e c a n c e l l a t i o n . To control the radiated n o i s e , the method used 

to t a i l o r t h e impact and t h e s t r u c t u r e r e s p o n s e , depends very much on 

t h e shape of t h e impac t . As shown in Chapter VII , i f t h e impact i s 
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very s h o r t , then t h e f o r c e spec t rum, in t h e f r e q u e n c y range where 

the e a r i s most s e n s i t i v e , w i l l depend on t h e t o t a l shape of t h e 

p u l s e , w h i l e , f o r r e l a t i v e l y long i m p a c t s , t he spect rum w i l l on ly 

depend on t h e s h a r p changes in t h e f o r c e p u l s e . Hence, t o c o n t r o l 

t h e n o i s e t h r o u g h o u t t h e whole f r e q u e n c y r ange , t h e whole of t he pu l se 

must be t a i l o r e d f o r s h o r t i m p a c t s , w h i l e only t h e sha rp changes need 

to be t a i l o r e d f o r r e l a t i v e l y long i m p a c t s . That i s , f o r sha rp 

i m p a c t s , an equal amount of energy as t h a t of t he impact o r t h e work 

of t h e machine has t o be g e n e r a t e d to cancel t h e v i b r a t i o n s of t h e 

s t r u c t u r e . Th i s makes t h i s method very i n e f f i c i e n t and no t very 

p r a c t i c a l . 

For very s h a r p i m p a c t s , t he use of s t r u c t u r a l m o d i f i c a t i o n s and 

r e s i l i e n t i n s e r t s , t o t a i l o r t h e s t r u c t u r e r e sponse and t h e impact 

r e s p e c t i v e l y , a r e very e f f e c t i v e as shown in t h e f l a t p l a t e 

experiments of Chapter IV. Blocking masses and the s o f t e n i n g of the 

impact g i v e a ve ry high r e d u c t i o n of t h e r a d i a t e d n o i s e energy 

e s p e c i a l l y a t high f r e q u e n c i e s . Thus , t h i s i s a b e t t e r s o l u t i o n than 

a c t i v e c a n c e l l a t i o n . 

Using an a c t i v e system in t h e case of t he c a n c e l l a t i o n of t h e 

r a p i d changes in the impac t , o r t h e sudden unloading of t h e s t r u c t u r e 

as in the case of a power p r e s s , the amount of energy needed i s much 

l e s s compared t o t h a t f o r t h e o p e r a t i o n of the machine. Thus , an 

a c t i v e system w i l l be s u i t a b l e in t h i s c a s e . Cons ide r ing t h e n o i s e 

r a d i a t e d from a punch p r e s s due t o the sudden un load ing when m a t e r i a l 

f r a c t u r e o c c u r s , i f t h e p r e s s i s unloaded more s lowly by t h e use of 

the a c t i v e system, a c t i v a t e d only during f r a c t u r e , l arge no i s e 

reduct ions are obta ined . 

The advan t age of us ing an a c t i v e system in t h i s c a s e i s t h a t , 

wh i l e s t r u c t u r a l m o d i f i c a t i o n s a r e p o s s i b l e , such as mass load ing of 

t h e p r e s s f rame so t h a t t h e v i b r a t i o n of t he f rame w i l l be a t a 

lower l e v e l and lower f r e q u e n c y , t h e s e m o d i f i c a t i o n s w i l l have t o be 

very bulky to be e f f e c t i v e and t h e r e f o r e w i l l be i m p r a c t i c a l . A l so , 

i f mass l o a d i n g i s u sed , t h e i n c r e a s e in mass has t o be on t h e top 

p a r t of t h e f r a m e , which w i l l make t h e p r e s s f rame u n s t a b l e . 
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In t h e c a s e of t h e power p r e s s , a l t h o u g h only t h e sha rp changes 

a r e c a n c e l l e d , and t h e power needed i s much l e s s than t h a t compared 

to t h e c a p a c i t y of t h e p r e s s , t h e f o r c e load ing on t h e f rame i s very 

h i g h . Thus, t o c o n t r o l t h e f o r c e changes , a high power system i s 

n e c e s s a r y , A h y d r a u l i c system w i l l g i v e t h e n e c e s s a r y power, and i t 

i s more p r a c t i c a l t han an e l e c t r o - d y n a m i c sys tem, b e c a u s e , t h e l a t t e r 

i s b u l k i e r . However, t h e r e s p o n s e of a h y d r a u l i c system may be too 

slow as compared to t h e f a s t r e s p o n s e of t he p r e s s s t r u c t u r e . 

Stimpson [38] i s i n v e s t i g a t i n g methods of e l i m i n a t i n g t h i s de l ay 

in t h e r e s p o n s e of a h y d r a u l i c system f o r a 25 Ton power p r e s s . 

V I I I . 2. Energy C o n s i d e r a t i o n s 

When t a i l o r i n g t h e f o r c e p u l s e and t h e s t r u c t u r e r e s p o n s e , t h e 

p h y s i c a l i m p l i c a t i o n i s t h a t l e s s energy e scapes i n t o t h e s t r u c t u r e , 

t h a t i s , more energy remains in t he i m p a c t o r . I f t h e f o r c e pu l se i s 

due to t h e impact from a hammer, more energy w i l l be l e f t in t h e 

hammer, which may bounce back. To o b t a i n r e d u c t i o n s in t h e r a d i a t e d 

n o i s e e n e r g y , i t i s i m p o r t a n t t h a t m u l t i p l e impacts do not o c c u r , 

o t h e r w i s e t h e same amount of energy w i l l be t r a n s f e r r e d t o t h e 

r e c e i v e r s t r u c t u r e ove r a number of i m p a c t s . I f t h e n o i s e energy 

r a d i a t e d i s e x p r e s s e d in an e q u i v a l e n t l e v e l averaged over a p e r i o d 

of t i m e , then w i t h m u l t i p l e i m p a c t s , t h e same n o i s e l e v e l w i l l r e s u l t . 

In t h e c a s e where t h e impact i s not due to metal t o metal 

c l a s h i n g o r o t h e r i m p a c t s , bu t due to a p r e s s u r e p u l s e l i k e in 

combust ion e x c i t a t i o n of a d i e s e l e n g i n e , t h i s problem of m u l t i p l e 

impac ts w i l l , no t a r i s e . The energy t h a t e scapes i n t o the s t r u c t u r e 

from a p r e s s u r e p u l s e i s a f r a c t i o n of t h e energy s t o r e d in t h e 

combust ion c h a r g e , which , i f not a l lowed t o escape i n t o t h e s t r u c t u r e , 

w i l l no t be d i s s i p a t e d in t h i s way but i s l e f t a v a i l a b l e to do u s e f u l 

work. T h e r e f o r e , in t h i s c a s e , by r e s t r i c t i n g the escape of v i b r a t i o n a l 

e n e r g y , no o t h e r problems would a r i s e . 

One method of t a i l o r i n g t h e f o r c e p u l s e i s t o s o f t e n t h e impac t , 

t h a t i s , t h e c o n t a c t d u r a t i o n i s l o n g e r . When s o f t e n i n g t h e impact 

by t h e use of r e s i l i e n t m a t e r i a l , t h e energy of the impac to r i s s t o r e d 
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in t h e r e s i l i e n t m a t e r i a l d u r i n g t h e f i r s t p a r t of t h e impac t . 

Some of t h i s energy i s t r a n s f e r r e d to t h e s t r u c t u r e . The magnitude 

of t h e f o r c e a c t i n g on the r e c e i v e r s t r u c t u r e i s lower than t h a t f o r 

metal t o metal impact and a l s o a c t s over a l o n g e r p e r i o d of t i m e , thus 

l e s s energy and of a lower f r e q u e n c y c o n t e n t e s c a p e s i n t o t h e 

s t r u c t u r e . The energy t h a t i s l e f t in t h e r e s i l i e n t m a t e r i a l i s 

t r a n s f e r r e d back to t h e impac to r dur ing t h e second p a r t of the impact . 

Thus, t h e impac to r r e g a i n s some of i t s o r i g i n a l energy and t h e r e f o r e 

bounces back. 

A no te on t h e e s t i m a t i o n of t he f o r c e d e r i v a t i v e spectrum when 

t h e p u l s e i s of r e l a t i v e l y long d u r a t i o n . As shown in t h e Appendix, 

t h e a c c u r a c y of t he app rox ima t ion method, used t o e s t i m a t e t h e n o i s e 

in t h e c a s e s i n v e s t i g a t e d f o r t h e p l a t e and t h e eng ine b l o c k , 

d e t e r i o r a t e s w i th t h e i n c r e a s i n g o r d e r of the d e r i v a t i v e . T h e r e f o r e , 

in t h e c a s e of f a i r l y long impac ts wi th sha rp changes a t t h e f r o n t 

and t r a i l i n g edges of the p u l s e , the approximate envelope f o r the 

f o r c e d e r i v a t i v e w i l l g i v e an o v e r e s t i m a t e . If t h i s approx imate 

l e v e l i s used to e s t i m a t e t h e n o i s e energy r a d i a t e d , an o v e r e s t i m a t e 

in t h e r e s u l t i s o b t a i n e d . The o v e r e s t i m a t e of t h e f o r c e second 

d e r i v a t i v e spec t rum i s shown in f i g u r e s ( 7 . 3 ) and ( 7 . 4 ) and a 

b e t t e r a p p r o x i m a t i o n f o r t h e spec t rum w i l l be to use t h e i n i t i a l 

va lue theorem as i n d i c a t e d in Appendix A. 

The n o i s e e s t i m a t e s o b t a i n e d in Chapters V and VI a r e f o r very 

s h o r t i m p a c t s , where t h e a p p r o x i m a t i o n was w i t h i n IdB of t h e t r u e 

f o r c e spectrum in the frequency range where the spectrum had a 

maximum l e v e l . Thus , i n t h e s e c a s e s , t h e e s t i m a t e s o b t a i n e d do no t 

g i v e an o v e r e s t i m a t e of t h e n o i s e ene rgy . If t h e i n i t i a l va lue 

theorem i s used in case of hard i m p a c t s , t h e r e i s an u n d e r e s t i m a t e 

in t h e f r e q u e n c y range where t h e spectrum has a maximum l e v e l . For 

s o f t impacts , the second d e r i v a t i v e spectrum of the f o r c e i s most ly 

f l a t in t h e r e g i o n where t h e e a r i s most s e n s i t i v e to n o i s e and 

t h e r e f o r e , t h e i n i t i a l v a l u e theorem w i l l be more a p p r o p r i a t e . This 

method s t i l l r e l a t e s t h e l e v e l of t h e spectrum t o measurements in the 

time domain, as shown in Appendix A, and s i m i l a r a n a l y s i s to t a i l o r 

t he impact can be done as in t h e c a s e of hard blows. 

184 



In t h e c a s e of s t r u c t u r a l t a i l o r i n g to reduce t h e escape 

ene rgy , t h e r e s p o n s e l eve l of t h e s t r u c t u r e per u n i t f o r c e i s 

r e d u c e d , t h a t i s , t h e s t r u c t u r e i s made more r i g i d . If t h e r i g i d i t y 

of t h e s t r u c t u r e i s i n c r e a s e d , a p o i n t i s reached when t h e s t r u c t u r e 

w i l l be c o m p l e t e l y r i g i d and in t h i s c a s e , no energy e scapes i n t o the 

s t r u c t u r e . If t h e impact i s due t o t h e blow of a hammer, t h e hammer 

s t r i k e s a s u r f a c e which i s c o m p l e t e l y r i g i d , then no energy w i l l be 

t r a n s f e r r e d from t h e hammer, and t h e l a t t e r w i l l bounce back wi th 

e x a c t l y t h e same v e l o c i t y as t h e impact v e l o c i t y . In p r a c t i c a l 

s t r u c t u r e s , impact s u r f a c e s a r e seldom comple t e ly r i g i d and t h e r e f o r e , 

some energy w i l l escape in to the s t r u c t u r e , but t h i s energy can be 

c o n t r o l l e d by making t h e s t r u c t u r e more r i g i d , t h a t i s , r educ ing t h e 

s t r u c t u r e r e s p o n s e . In t h e c a s e of impacts due to hammer b lows, t he 

same w i l l happen as in t h e c a s e of t h e s o f t e n i n g of t h e impac t , t h a t 

i s , m u l t i p l e impac t s may occur and t h e same amount of energy w i l l be 

t r a n s f e r r e d ove r a p e r i o d of t i m e . If m u l t i p l e impacts do not o c c u r , 

very high r e d u c t i o n s in the r a d i a t e d n o i s e a r e p o s s i b l e , such as t h e 

r e d u c t i o n s of t h e r a d i a t e d n o i s e f rom t h e p l a t e when s t r u c t u r a l 

t a i l o r i n g i s done a t t h e impact p o i n t . 

When t h e f l o w of t h e escape energy i s r e s t r i c t e d by s t r u c t u r a l 

changes away f rom t h e p o i n t of i m p a c t , t h a t i s , i n c l u d i n g a m o b i l i t y 

mismatch a long the pa th of energy f l o w , in g e n e r a l , some of t h e escape 

energy w i l l be r e f l e c t e d back a t t h e s t r u c t u r a l d i s c o n t i n u i t y . In 

t h e c a s e of an i n f i n i t e s t r u c t u r e , wi th v i b r a t i o n a l energy f lowing 

in one d i r e c t i o n , a s t r u c t u r a l d i s c o n t i n u i t y w i l l r e f l e c t some of t h e 

v i b r a t i o n a l ene rgy and t h i s energy w i l l p r o p a g a t e away from t h e 

d i s c o n t i n u i t y . S ince t h e s t r u c t u r e i s i n f i n i t e , t h e r e f l e c t e d energy 

w i l l not r e t u r n towards the d i s c o n t i n u i t y . However, f o r a f i n i t e 

s t r u c t u r e , t h e r e f l e c t e d energy w i l l meet t he s t r u c t u r e boundary and 

i s r e f l e c t e d a g a i n to r e t u r n t o t h e d i s c o n t i n u i t y . I f t h e r e a r e no 

l o s s e s in t h e s t r u c t u r e between t h e d i s c o n t i n u i t y and t h e boundary 

where t h e r e i s t h e i n p u t of e n e r g y , t h e n , t h e r e f l e c t e d energy from 

t h e f i r s t i n c i d e n c e on t h e d i s c o n t i n u i t y w i l l c o n t i n u e to be r e f l e c t e d 

back and f o r t h between t h e d i s c o n t i n u i t y and t h e s t r u c t u r e boundary 

w i t h o u t any a t t e n u a t i o n , u n t i l a l l t he energy i s t r a n s f e r r e d through 

the d i s c o n t i n u i t y . 
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In t h i s c a s e , a p p l y i n g e q u a t i o n ( 8 . 1 ) t o t h e n o i s e r a d i a t i o n 

e f f i c i e n t p a r t of t h e s t r u c t u r e , N does no t o n l y r e p r e s e n t t h e 

number of i m p a c t s t h a t o c c u r p e r second b u t a l s o i n c l u d e s t h e number 

of r e f l e c t i o n s . However, one i s no t a b l e t o q u a n t i f y t h i s , a l t h o u g h , 

i f no l o s s e s a r e p r e s e n t , r e f l e c t i o n s w i l l c o n t i n u e t o o c c u r t o 

t r a n s f e r a l l t h e a v a i l a b l e e n e r g y . 

T h i s i s s i m i l a r t o t h e c a s e of m u l t i p l e impac t s and t h e r e f o r e , 

t h e same l e v e l of n o i s e w i l l be r a d i a t e d . However, i f l o s s e s a r e 

i n c l u d e d in t h e s t r u c t u r e between t h e d i s c o n t i n u i t y and t h e s t r u c t u r e 

b o u n d a r y , t h e n some of t h e r e f l e c t e d ene rgy w i l l be d i s s i p a t e d and 

t h u s l e s s v i b r a t i o n a l ene rgy w i l l be a v a i l a b l e each t ime t h e f l o w of 

ene rgy i s r e f l e c t e d in c o n s e c u t i v e i n c i d e n c e s . 

The r e d u c t i o n of t h e e s c a p e e n e r g y e x p e c t e d w i l l depend on t h e 

d i s c o n t i n u i t y i n c l u d e d in t h e s t r u c t u r e , but a l s o on t h e l o c a l i s e d 

l o s s e s between t h e d i s c o n t i n u i t y and t h e s t r u c t u r e b o u n d a r y . Only 

i f l o c a l i s e d damping i s v e r y h i g h , so t h a t none of t h e r e f l e c t e d 

ene rgy comes back, w i l l t h e f u l l a t t e n u a t i o n , due to t h e d i s c o n t i n u i t y , 

be o b t a i n e d . D i f f e r e n t d i s c o n t i n u i t i e s g i v e d i f f e r e n t l e v e l s of 

a t t e n u a t i o n , and e x p r e s s i o n s f o r the a t t e n u a t i o n p o s s i b l e , in t h e case 

of no return of t h e r e f l e c t e d energy , are found in r e f e r e n c e [ l ] . 

The d i f f e r e n c e of a s t r u c t u r a l d i s c o n t i n u i t y as compared t o 

d i s c o n t i n u i t i e s f o r t h e t r a n s m i s s i o n of a c o u s t i c waves in d u c t s i s t h a t , 

in t h e l a t t e r c a s e , t h e w a v e l e n g t h s a r e r e l a t i v e l y s h o r t and t h e 

d i s c o n t i n u i t y can be p l a c e d such t h a t t h e r e f l e c t i o n i n t e r a c t s w i th 

t h e g e n e r a t e d n o i s e t o cance l p a r t of t h e r a d i a t e d n o i s e e n e r g y . In 

s t r u c t u r a l p rob lems f o r l o n g i t u d i n a l v i b r a t i o n s , t h e w a v e l e n g t h s a r e 

much l o n g e r , t h u s making an a n a l o g o u s s o l u t i o n i m p r a c t i c a l . 

However, what e x a c t l y happens to t h e escape energy w i l l depend 

on t h e t y p e of s t r u c t u r a l d i s c o n t i n u i t y p r e s e n t . In t h e c a s e of t h e 

impac t e x c i t a t i o n of t h e p l a t e i n v e s t i g a t e d in C h a p t e r V, t h e l e v e l 

of ene rgy t h a t e s c a p e s i n t o t h e p l a t e i s r educed by t h e a d d i t i o n of 

t h e b l o c k i n g mass and t h e b l o c k i n g mass and t h e r e s i l i e n t pad . In 

the former c a s e of the b lock ing mass d i r e c t l y f i x e d onto t h e p l a t e , 

t h e e s c a p e ene rgy i s r educed b e c a u s e t h e s t r u c t u r e i s made more r i g i d 

a t t h e p o i n t of i m p a c t , e s p e c i a l l y f o r high f r e q u e n c i e s . The mass 

i t s e l f does n o t s t o r e any e n e r g y , s i n c e i t s f i r s t n a t u r a l f r e q u e n c y 

of r i n g i n g i s about 26 KHz. 
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In t h e c a s e of t h e b lock ing mass f i x e d on to the p l a t e v i a t h e 

r e s i l i e n t m a t e r i a l , t h e l e v e l of energy t h a t e scapes i n t o the p l a t e 

i s lower than t h a t f o r t h e mass d i r e c t l y f i x e d on t h e p l a t e . The 

r e s i l i e n t m a t e r i a l a c t s as a s t r u c t u r a l d i s c o n t i n u i t y to f u r t h e r 

r e s t r i c t t h e f l ow of v i b r a t i o n a l ene rgy . However, s i n c e the lumped 

mass does not s t o r e any e n e r g y , t h e problem of m u l t i p l e i n c i d e n c e s 

does not o c c u r , in f a c t , t h e s t r u c t u r e r e s p o n s e l e v e l i s reduced a t 

t h e p o i n t of i m p a c t , and t hus l e s s energy a c t u a l l y e s c a p e s a t t h e 

impact p o i n t . The l o s s f a c t o r of t he r e s i l i e n t pad does not a f f e c t 

t h e amount of energy t h a t e scapes i n t o t h e s t r u c t u r e . F i g u r e ( 8 . 1 ) 

shows t h a t t h e f r e q u e n c y averaged p o i n t r e s p o n s e f o r a b lock ing mass 

f i x e d on to a p l a t e v i a a r e s i l i e n t m a t e r i a l i s i ndependen t of t h e 

l o s s f a c t o r of t he r e s i l i e n t pad, excep t a t t h e combined n a t u r a l 

f r e q u e n c y of t h e mass , r e s i l i e n t pad and r e c e i v e r s t r u c t u r e . That i s , 

l e s s energy f l o w s i n t o t h e p l a t e , not because energy i s d i s s i p a t e d 

w i t h i n t h e r e s i l i e n t pad. The l o s s f a c t o r of t h e r e s i l i e n t m a t e r i a l 

w i l l on ly r educe t h e l e v e l of e scape energy t o t h e p l a t e , i f energy 

can be s t o r e d in t h e system where t h e impact o c c u r s . 

In t h i s c a s e , t h e mass does not s t o r e any energy and energy can 

on ly be s t o r e d in the m a s s - s p r i n g system composed of t h e b locking mass 

and t h e r e s i l i e n t pad, and t h u s , t h e l o s s f a c t o r i s e f f e c t i v e in 

r e s t r i c t i n g t h e l e v e l of e scape energy only nea r t h e n a t u r a l f r equency 

of t h i s sys t em. At t h i s f r e q u e n c y , t h e l e v e l of t he r e sponse i s 

i n v e r s e l y dependen t on t h e l o s s f a c t o r of t h e r e s i l i e n t pad. For t h e 

s t i f f n e s s of t h e r e s i l i e n t pad and mass used in t h e exper imen t s of 

Chapte r V, t h i s n a t u r a l f r e q u e n c y i s abou t 100 Hz. The curves in 

f i g u r e ( 8 . 1 ) f o r t he d i f f e r e n t v a l u e s of t he r e s i l i e n t pad l o s s 

f a c t o r d i f f e r only a t f r e q u e n c i e s nea r 100 Hz. 

A p h y s i c a l e x p l a n a t i o n f o r t h e r e s t r i c t i o n of t h e v i b r a t i o n a l 

energy f low f o r t h e c a s e of a lumped mass mounted on to a r e s i l i e n t 

pad i s t h a t , because of t h e i n e r t i a of t h e b lock ing mass , t h e high 

frequency energy i s not t ransmi t t ed . The low frequency energy that 

IS t r a n s f e r r e d by the mass, when moving as a r i g i d b o d y , . i s s tored 

in the r e s i l i e n t m a t e r i a l . Some of t h i s s tored energy i s t rans ferred 

to the r e c e i v e r s t r u c t u r e , some i s d i s s i p a t e d due to the r e s i l i e n t pad 

l o s s f a c t o r and some i s t r a n s f e r r e d back to the mass which i s then 
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t r a n s m i t t e d t o t h e impac to r . 

If t h e s t r u c t u r e which r e c e i v e s t h e impact ( s o u r c e s t r u c t u r e ) 

does no t behave l i k e a r i g i d mass , t h a t i s , t h e sou rce s t r u c t u r e can 

s t o r e v i b r a t i o n a l energy, then d u r i n g t h e i m p a c t , e n e r g y i s t r a n s f e r r e d 

to t h e s o u r c e s t r u c t u r e . The i n c l u s i o n of t h e r e s i l i e n t i n t e r l a y e r 

between t h e s o u r c e s t r u c t u r e and t h e r e c e i v e r s t r u c t u r e may not 

reduce t h e t o t a l v i b r a t i o n a l ene rgy t h a t w i l l f low i n t o t h e r e c e i v e r 

s t r u c t u r e . The r e d u c t i o n of energy f low w i l l on ly occur i f t h e r e a r e 

l o s s e s in t h e r e s i l i e n t pad and t h e s o u r c e s t r u c t u r e , s i n c e m u l t i p l e 

i n c i d e n c e s w i l l occur in t h i s c a s e , a t t h e s t r u c t u r a l d i s c o n t i n u i t i e s . 

V I I I , 2 . 1 . R e s u l t s in P r a c t i c e 

The above energy c o n s i d e r a t i o n s can be observed in some r e s u l t s 

o b t a i n e d in t h e c o n t r o l of r a d i a t e d n o i s e from an eng ine s t r u c t u r e 

due to combustion and p is ton s l a p e x c i t a t i o n , where only | F ( f ) | 2 and 

Im [ H ( f ) ] te rms a r e m o d i f i e d . In Chap te r VI, i t i s shown t h a t t h e 

f l o w of energy due to combustion e x c i t a t i o n i s th rough t h e c o n - r o d , 

v i a t h e c r a n k s h a f t and i n t o t h e eng ine f r a m e . T h e r e f o r e , i f a 

d i s c o n t i n u i t y i s i n s e r t e d a long t h i s energy f low p a t h , some of t h e 

v i b r a t i o n a l ene rgy due to t h e combust ion f o r c e s should be r e f l e c t e d 

back. A change in t h e c r o s s - s e c t i o n a l a r e a of t he con- rod w i l l a c t 

as a s t r u c t u r a l d i s c o n t i n u i t y ( f i g u r e 8 . 2 ) . 

S e t t i n g up an exper iment to v e r i f y t h i s , a r i ng of l ead i s mel ted 

onto one of t h e con - rods of t h e eng ine used in Chap te r VI. The n o i s e 

energy r a d i a t e d from t h e eng ine f rame wi th t h e m o d i f i e d c o n - r o d , when 

impacted on t h e p i s t o n top i s compared t o t h e r e s u l t s f o r t h e normal 

c o n - r o d . The t r a n s m i s s i o n l o s s , d u e to t h e change in c r o s s - s e c t i o n a l 

a r ea when t h e r i n g of l ead i s f i t t e d on to the r o d , i s shown in 

f i g u r e ( 8 . 3 ) , t h a t i s , a r e d u c t i o n of 8 to 9dB a t high f r e q u e n c i e s . 

However, t h i s t r a n s m i s s i o n l o s s i s f o r t h e p r o p a g a t i o n of v i b r a t i o n a l 

energy in an i n f i n i t e s t r u c t u r e , t h a t i s , when t h e r e f l e c t e d energy 

does not r e t u r n towards t h e d i s c o n t i n u i t y in t h e s t r u c t u r e . 

Comparing t h e n o i s e r a d i a t e d in t h e two c a s e s , t h e r e i s no change 

a t a l l . F i g u r e s ( 8 . 4 ) and ( 8 . 5 ) show t h e n o i s e r a d i a t e d by t h e 
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normal con- rod and t h e n o i s e r a d i a t e d by the mod i f i ed rod . The t o t a l 

n o i s e r a d i a t e d i s e x a c t l y the same, wi th a l s o the narrow band n o i s e 

energy ve ry much a l i k e . There i s a s l i g h t d i f f e r e n c e of t h e high 

f r e q u e n c y peak in t h e narrow band spect rum due to t h e f a c t t h a t t h e 

r i n g i s of a d i f f e r e n t m a t e r i a l and a l s o because i t i s not an i n t e g r a l 

p a r t of t h e c o n - r o d . The reason f o r t h e f a c t t h a t no change a t a l l 

occu r s i n t h e r a d i a t e d n o i s e i s due t o t h e m u l t i p l e r e f l e c t i o n s as 

e x p l a i n e d above , and t h e r e a r e no l o s s e s to d i s s i p a t e t h e r e f l e c t e d 

ene rgy . 

From t h e r e s p o n s e of t h e p i s t o n / c o n - r o d assembly ( f i g u r e 6 . 1 3 ( a ) 

in Chapter VI) , the con-rod behaves l i k e a r i g i d mass up to about 2KHz. 

Thus, no energy i s s t o r e d in t h e con- rod below t h i s f r e q u e n c y . Also 

from f i g u r e ( 6 . 1 3 ( a ) ) , t h e c o n - r o d / p i s t o n assembly has i t s f i r s t 

n a t u r a l r i n g i n g f r e q u e n c y a t abou t 4KHz, t h a t i s , energy w i l l be 

s t o r e d w i t h i n t h i s assembly a t t h i s r e s o n a n t f r e q u e n c y . Hence, energy 

from t h e impact w i l l be t r a n s m i t t e d th rough t h e rod above t h e f i r s t 

n a t u r a l f r e q u e n c y and by t h e rod moving as a r i g i d body, a t 

f r e q u e n c i e s below t h i s n a t u r a l f requency , where t h e rod behaves l i k e 

a s o l i d mass . To r educe t h i s l a t t e r t r a n s m i s s i o n of energy and 

t h e r e f o r e , t h e n o i s e energy r a d i a t e d , an i n c r e a s e in mass i s n e c e s s a r y . 

With t h e a d d i t i o n of t he r i n g on t h e con- rod in t h e e x p e r i m e n t , t h e 

i n c r e a s e in mass i s l e s s than 0 . 5 Kg, t hus the d e c r e a s e expec ted 

due to t h i s i n c r e a s e in mass w i l l be min ima l . The energy t h a t i s 

t r a n s m i t t e d t h rough t h e rod w i l l be r e f l e c t e d a t t h e s t r u c t u r a l 

d i s c o n t i n u i t y . However, i f t h e r e a r e no l o s s e s between t h e 

d i s c o n t i n u i t y and t h e p i s t o n - t o p , t h e r e f l e c t e d energy w i l l be 

r e f l e c t e d back and f o r t h between d i s c o n t i n u i t y and s t r u c t u r e boundary 

u n t i l a l l t h e energy i s f i n a l l y t r a n s m i t t e d . That i s , t h e t r a n s m i s s i o n 

l o s s as g iven by f i g u r e ( 8 . 3 ) w i l l no t be r e a l . 

To r e d u c e t h e t r a n s m i s s i o n of energy in t h i s c a s e , a l o s s 

mechanism must be inc luded in the s t r u c t u r e . On the experimental rod, 

some wire i s wound round the top part o f the con-rod, between the 

d i s c o n t i n u i t y and the p i s ton top , to c r e a t e f r i c t i o n a l l o s s e s . 

Measuring the n o i s e energy radiated by the engine frame, with the 

p i s ton again impacted on the top ( f i g u r e 8 . 6 ) and comparing the 

r e s u l t s to t h o s e obtained in the previous c a s e s , there i s a s l i g h t 
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change in t h e l e v e l of n o i s e a t high f r e q u e n c i e s , which i s l e s s 

than t h a t suggested by the transmiss ion l o s s . The f u l l transmiss ion 

l o s s w i l l only be a t t a i n e d i f t h e l o s s e s d i s s i p a t e a l l t h e r e f l e c t e d 

e n e r g y . However, comparing t h e narrow band s p e c t r a f o r t he n o i s e 

energy r a d i a t e d in a l l t h e s e c a s e s , t he high f r e q u e n c y peak i s 

c o m p l e t e l y removed, t h a t i s , t h i s r e sonance d e c r e a s e s in l eve l by 

abou t 8dB , which i s equal t o t h e t r a n s m i s s i o n l o s s as g iven by t h e 

change of c r o s s - s e c t i o n a l a r e a . Hence, i t can be concluded t h a t t o 

r educe t h e n o i s e energy r a d i a t e d , a s t r u c t u r a l d i s c o n t i n u i t y w i l l not 

g i v e any r e d u c t i o n s u n l e s s a d i s s i p a t i v e mechanism i s i nc luded in the 

s t r u c t u r e b e f o r e t h e d i s c o n t i n u i t y . 

I f t h e l o c a l i s e d damping between t h e d i s c o n t i n u i t y and t h e 

p i s t o n top i s very h i g h , t he n o i s e r e d u c t i o n i s only a t very high 

f r e q u e n c i e s , t h e low f r e q u e n c i e s a r e not a f f e c t e d a t a l l . However, 

f o r much l a r g e r e n g i n e s , t h e con- rod w i l l be l onge r and t h e response 

w i l l no t be mass c o n t r o l l e d up to high f r e q u e n c i e s , as o b t a i n e d in 

t h e s e e x p e r i m e n t s . For l a r g e c o n - r o d s , t h e i n t r o d u c t i o n of a 

s t r u c t u r a l d i s c o n t i n u i t y of t h e r i g h t s i z e , t o g e t h e r wi th a 

d i s s i p a t i v e mechanism, w i l l a l s o a f f e c t t h e medium range f r e q u e n c i e s . 

A l s o , in t h i s c a s e , more than one d i s c o n t i n u i t y can be inc luded wi th 

a d i s s i p a t i v e mechanism in between. This w i l l be p a r t i c u l a r l y 

u s e f u l t o cancel t he t r a n s m i s s i o n of energy a t a p a r t i c u l a r f r equency 

range by t u n i n g t h e s e p a r a t i o n and s i z e of t he d i s c o n t i n u i t i e s . 

From t h e r e s p o n s e c u r v e s , t h e p i s t o n , c o n - r o d , c r a n k s h a f t and 

eng ine f rame system i s e q u i v a l e n t t o t h e p l a t e wi th t h e b lock ing 

mass d i r e c t l y f i x e d , as in Chap te r V, s i n c e t h e r e sponse of t h e 

p i s t o n / c o n - r o d i s mass c o n t r o l l e d up to r e l a t i v e l y high f r e q u e n c i e s . 

T h e r e f o r e , to o b t a i n l a r g e n o i s e r e d u c t i o n s s i m i l a r t o t h e r e d u c t i o n s 

o b t a i n e d in t h e p l a t e e x p e r i m e n t s , e i t h e r t h e p i s t o n / c o n - r o d 

i s made more m a s s i v e , o r , r e s i l i e n t m a t e r i a l i s i nc luded between t h e 

con- rod and t h e c r a n k s h a f t a t t h e b e a r i n g s . The i n c r e a s e of mass of 

t he p i s t o n / c o n - r o d i s i n v e s t i g a t e d f o r a s l i g h t i n c r e a s e in mass of 

t h e p i s t o n crown. 

The c o n c l u s i o n , t h a t no change w i l l occur in t h e r a d i a t e d n o i s e 

due to a change in the con-rod, c a n ' a l s o be obtained by cons ider ing 

190 



t h e e q u a t i o n f o r t h e r e s p o n s e Im [ H ( f ) ] , ( e q u a t i o n ( 6 . 1 3 ) ) . The 

p i s t o n / c o n - r o d response i s most ly mass c o n t r o l l e d , and to change the 

l eve l of equation ( 6 . 1 3 ) , the mass must be increased s u b s t a n t i a l l y . 

The i n c r e a s e of t he damping of t h e con- rod reduces t h e peak of t h e 

f i r s t n a t u r a l f r e q u e n c y , but t h e mean l eve l of t h e r e s p o n s e does not 

change a t a l l . T h e r e f o r e , t h e energy t r a n s f e r r e d , due to t h i s peak, 

i s r e d u c e d , as o b t a i n e d in t h e measured narrow band n o i s e r e s u l t s , 

but the general l e v e l of the response i s only s l i g h t l y a f f e c t e d , 

which r e s u l t s in t h e l e v e l of t h e n o i s e ha rd ly chang ing . The r e d u c t i o n 

i s of about 1 .5dB, due t o t h e removal of t h e r e s o n a n t peak by t h e 

i n c r e a s e d con- rod l o s s f a c t o r . 

I f t h e p i s t o n - t o p i s made more r i g i d , by i n c r e a s i n g t h e p i s t o n 

crown mass , t h e r e s p o n s e l e v e l w i l l d e c r e a s e , a l t h o u g h aga in on ly 

s l i g h t l y because t h e i n c r e a s e in mass i s very s m a l l . F igu re (8 .7 ) 

shows a comparison between t h e n o i s e energy r a d i a t e d form t h e engine 

f rame wi th a normal p i s t o n and t h a t wi th a loaded p i s t o n . At low 

f r e q u e n c i e s , t h e r e i s no change a t a l l because t h e i n c r e a s e in mass 

i s on ly of 0 . 2 Kg , but a t high f r e q u e n c i e s , near and above t h e con-

rod f i r s t r e s o n a n t f r e q u e n c y , t h e r e i s a 2dB r e d u c t i o n in n o i s e . 

The energy s t o r e d in t h e con- rod a t t h e s e f r e q u e n c i e s i s r e d u c e d , due 

to t h e i n c r e a s e d r i g i d n e s s a t t h e p o i n t of impac t , t h u s l e s s energy 

f l o w s i n t o t h e rod dur ing t h e i m p a c t . This energy i s not al lowed to 

e scape i n t o t h e s t r u c t u r e , t h a t i s , in t he expe r imen ta l t e s t s i t w i l l 

remain in t h e i m p a c t o r , w h i l e on a running e n g i n e , t h i s energy w i l l 

remain in t h e combust ion cha rge to do u s e f u l work. In t h i s c a s e , no 

d i s s i p a t i v e mechanism i s needed because u n l i k e the loaded c o n - r o d , 

t h e energy i s not r e f l e c t e d w i t h i n t h e sys tem, but i s r e f l e c t e d before 

o r , in o t h e r words , not a l lowed t o e n t e r t h e s t r u c t u r e . 

M u l t i p l e impac ts due to t h e r a t t l i n g of p i s t o n s a r e i n v e s t i g a t e d 

f or the case of p i s ton s l a p e x c i t a t i o n . I f the c y l i n d e r l i n e r i s made 

of a s o f t e r m a t e r i a l , when t h e p i s t o n impacts t h e l i n e r , energy w i l l 

be s tored in the l i n e r . Some of t h i s energy escapes i n t o the engine 

s t r u c t u r e . However, the f i r s t impact of the p i s ton w i l l be of a 

lower magnitude and a longer durat ion , thus the escape energy in to the 

engine s t r u c t u r e w i l l be a t low f r e q u e n c i e s . The energy l e f t s tored 
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in t h e l i n e r w i l l be t r a n s f e r r e d back to t h e p i s t o n during t h e 

second p a r t of t h e impac t . At t h e same t ime, t h e p i s t o n i s ac ted upon 

by o t h e r sideway f o r c e s due to i t s i n e r t i a , and t h e f o r c e e x e r t e d on 

t h e p i s t o n w i l l be a combina t ion of t h e s e two f o r c e s . When t h e 

i n e r t i a f o r c e d e c r e a s e s , the p i s t o n l e a v e s the l i n e r wi th a h ighe r 

v e l o c i t y as compared t o t h e c a s e where on ly t h e i n e r t i a f o r c e s a r e 

p r e s e n t , t h u s t h e impact on t h e o t h e r s i d e w i l l be of t h e same 

magni tude as t h a t of metal t o m e t a l , but a t a lower f r e q u e n c y . Thus, 

i n t h e s t e a d y runn ing of t h e eng ine , t h e same amount of energy w i l l 

be t r a n s f e r r e d , a l t h o u g h t h i s e s cape energy w i l l be a t a lower . 

f r e q u e n c y . Hence t h e eng ine w i l l r a d i a t e more low f r e q u e n c y n o i s e . 

In p r a c t i c e , t h e r e s i l i e n t m a t e r i a l w i l l u s u a l l y have a high l o s s 

f a c t o r such t h a t some of t he energy s t o r e d in t h e l i n e r w i l l be 

d i s s i p a t e d . 

An exper imen t i s s e t up where t h e normal l i n e r i s removed and 

i n s t e a d an i s o l a t e d l i n e r , mounted on rubbe r pads a t t h e t o p and 

bottom wa te r d e c k s , i s u sed . The i n s e r t e d l i n e r i s made ou t of mild 

s t e e l . The n o i s e r a d i a t e d from t h e eng ine f rame i s measured when the 

p i s t o n i s moved from s i d e t o s i d e , as in t h e expe r imen ta l s e t - u p 

shown in f i g u r e ( 6 , 1 9 ) of Chapter VI. One of t h e f i r s t o b s e r v a t i o n s 

i s t h a t , s i n c e t h e l i n e r i s more r e s i l i e n t l y mounted, t h e f o r c e of 

t h e p i s t o n on t h e c y l i n d e r i s c o m p l e t e l y d i f f e r e n t . The sha rp i m p a c t s , 

as o b t a i n e d wi th t h e normal l i n e r , d i s a p p e a r t o a much lower f r e q u e n c y 

impact excep t f o r ve ry sha l low p e a k s , due t o t h e i n i t i a l metal t o 

metal impac t . F i g u r e ( 8 . 8 ) shows a comparison between the p i s t o n 

sideway impacts f o r a normal l i n e r and f o r the i s o l a t e d l i n e r . In the 

l a t t e r c a s e , t h e l i n e r was t e s t e d both undamped and wi th t h e a d d i t i o n 

of damping t a p e . I n c r e a s i n g t h e l i n e r damping s l i g h t l y , d e c r e a s e d 

t h e s h a r p n e s s of t h e p i s t o n i m p a c t s . However, the l e v e l of t h e 

sideways f o r c e does not change at a l l in t h e s e s i t u a t i o n s . This i s 

because the r e s i l i e n t l i n e r w i l l s o f t e n the impact, but does not change 

t he ampl i t ude of t h e i m p a c t , as f o r a l i n e r made of r e s i l i e n t m a t e r i a l . 

During t h e p i s t o n impac t , t h e l i n e r w i l l mainly s t o r e energy in 

i t s resonant modes, and t h i s energy w i l l be t r a n s f e r r e d to the engine 

s t r u c t u r e a t t h e s e f r e q u e n c i e s i f no l o s s e s a r e present . The 

r e s i l i e n t m a t e r i a l w i l l have some l o s s e s , and thus some of t h e energy 
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w i l l be d i s s i p a t e d . However, t o o b t a i n a r e a s o n a b l e r e d u c t i o n in 

t h e r a d i a t e d n o i s e e n e r g y , more energy has to be d i s s i p a t e d than 

j u s t t h a t in t h e r e s i l i e n t moun t ings . F igu re ( 8 . 9 ) shows t h e r e sponse 

f o r t h e normal l i n e r and t h e damped and undamped i s o l a t e d l i n e r . The 

normal l i n e r has a high v a l u e of l o s s f a c t o r due to t h e f a c t t h a t 

energy t r a n s f e r s d i r e c t l y t o t h e r e s t of t h e eng ine f r a m e . The 

r e s p o n s e f o r t h e i s o l a t e d l i n e r shows a r e s o n a n t f r e q u e n c y a t about 

300 Hz which co r r e sponds t o t h e whole b o d i l y movement of t h e l i n e r 

on t h e r e s i l i e n t pads . The r e s o n a n c e a t about 1 .5 KHz i s t h e f i r s t 

r i n g i n g f r e q u e n c y of t h e l i n e r . 

Taking i n t o c o n s i d e r a t i o n t h e shape of t he impact and t h e 

r e s o n a n t f r e q u e n c i e s of t h e l i n e r , t h e n o i s e r a d i a t e d wi th t h e i s o l a t e d 

l i n e r i s expec ted t o be lower a t some f r e q u e n c i e s , a l t hough t h e 

d e c r e a s e i n t h e n o i s e energy r a d i a t e d i s not expec ted t o be h igh f o r 

t h e undamped l i n e r due to t h e f a c t t h a t t h e r e a r e no l o s s e s . Some 

r e d u c t i o n in n o i s e energy r a d i a t e d w i l l occur because of t h e change 

in t h e s ideway f o r c e . F i g u r e ( 8 . 1 0 ) i s a r e p r o d u c t i o n of f i g u r e (6 .24) 

f o r a normal l i n e r , w i th t h e a c c e l e r a t i o n n o i s e from t h e shaker t a b l e 

removed, and f i g u r e ( 8 . 1 1 ) i s t h e n o i s e energy r a d i a t e d wi th t h e 

undamped i s o l a t e d l i n e r . 

The f i r s t o b s e r v a t i o n i s t h e high l e v e l s of n o i s e t h a t o c c u r a t 

t h e r e s o n a n t f r e q u e n c i e s of t h e l i n e r , which can be seen both in t h e 

narrow band spect rum and t h e o n e - t h i r d oc t ave band spec t rum. However, 

t h e n o i s e energy r a d i a t e d i s not e n t i r e l y from t h e eng ine f rame and 

t h e high l e v e l s of n o i s e a t t h e s e f r e q u e n c i e s a r e not e n t i r e l y due to 

t h e f a c t t h a t more energy i s t r a n s f e r r e d t o t h e eng ine f rame a t t h e s e 

f r e q u e n c i e s . The r a d i a t e d n o i s e wi th t h e i s o l a t e d l i n e r i s h i g h e r than 

t h e n o i s e r a d i a t e d w i th t h e normal l i n e r , a l t h o u g h t h e i n c r e a s e in 

n o i s e depends ve ry much on t h e a l i g n m e n t of t he p i s t o n i n s i d e t h e 

l i n e r . Most of t he i n c r e a s e in t h e n o i s e energy i s due to t h e d i r e c t 

n o i s e r a d i a t e d from t h e r i n g i n g of t h e l i n e r i t s e l f , which in t h e 

experimental s e t - u p i s not covered a t a l l , un l ike in a running engine . 

In t h i s c a s e , t h e l i n e r w i l l be covered by t h e o i l sump unde rnea th 

and by t h e c y l i n d e r head on t o p . 

If a s c r e e n i s f i t t e d on t h e top and bottom of t h e engine t o c u t 
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o f f t h e d i r e c t n o i s e from t h e l i n e r , t h e r a d i a t e d n o i s e energy 

from t h e eng ine f rame i s o b t a i n e d ( f i g u r e 8 . 1 2 ) . The r e sonances 

a r e s t i l l a p p a r e n t s i n c e the energy s t o r e d in the l i n e r a t t h e s e 

r e s o n a n t f r e q u e n c i e s w i l l be t r a n s f e r r e d t h r o u g h , due to m u l t i p l e 

i n c i d e n c e s . There a r e no o t h e r l o s s e s excep t t h o s e due t o t h e 

r e s i l i e n t pads . At low f r e q u e n c i e s , t he l eve l of t h e n o i s e i n c r e a s e s 

due t o the h i g h e r low f r e q u e n c y e x c i t a t i o n and because t h e combined 

n a t u r a l f r e q u e n c y of t h e l i n e r , r e s i l i e n t pad and eng ine f rame occurs 

w i t h i n t h e f r e q u e n c y range of i n t e r e s t . The r e d u c t i o n in no i se i s 

main ly due t o t h e change of t h e shape of t h e impac t . 

The change in r a d i a t e d n o i s e i s v e r i f i e d by measurement of the 

s u r f a c e v e l o c i t y of t he eng ine f r a m e . The l eve l of t h e s u r f a c e 

v e l o c i t y i s lower when e x c i t a t i o n i s through the i s o l a t e d l i n e r 

( f i g u r e s 8 . 1 3 and 8 . 1 4 ) , e x c e p t a t t h e n a t u r a l f r e q u e n c i e s of t h e 

l i n e r . This i s t h e same as t h e measured r a d i a t e d n o i s e ene rgy . At 

low f r e q u e n c i e s , t h e l e v e l of t h e s u r f a c e v e l o c i t y wi th t h e i s o l a t e d 

l i n e r i s h i g h e r due to t h e h i g h e r low f r e q u e n c y e x c i t a t i o n and t h e 

combined n a t u r a l f r e q u e n c y . 

If the i s o l a t e d l i n e r i s damped, then l o s s e s which should 

d i s s i p a t e some of t he r e f l e c t e d e n e r g i e s w i l l be i n c l u d e d , e s p e c i a l l y 

a t t h e r e s o n a n c e s of t h e l i n e r . F i g u r e (8 .15) shows t h e s u r f a c e 

v e l o c i t y of t h e eng ine f rame when e x c i t e d by an impact of t h e damped 

i s o l a t e d l i n e r . The high l e v e l s a t t h e r e sonances of t h e l i n e r a r e 

removed, on ly t h e low f r e q u e n c y combined n a t u r a l f r e q u e n c y r ema ins , 

and t h i s i s unchanged in l e v e l s i n c e t h e l o s s f a c t o r of t h e r e s i l i e n t 

m a t e r i a l i s no t a l t e r e d . 

T h e r e f o r e in t h i s c a s e , t h e n o i s e energy r a d i a t e d should be 

lower. However, in making the n o i s e measurements, the same problem 

as b e f o r e i s e n c o u n t e r e d , t h a t i s , t he d i r e c t n o i s e from t h e l i n e r 

p redomina tes t h e n o i s e r a d i a t e d . F i g u r e (8 .16 ) shows t h e r a d i a t e d 

n o i s e and t h e r e i s s t i l l t h e i n f l u e n c e of t h e l i n e r r e s o n a n c e s , due 

to t h e f a c t t h a t t h e n o i s e i n c l u d e s the d i r e c t n o i s e from the l i n e r . 

If covers are f i t t e d onto the engine to cut o f f the d i r e c t radiated 

no i s e ( f i g u r e 8 . 1 7 ) , the t o t a l n o i s e energy radiated by the engine 

frame i s reduced by about lOdB as compared to the normal l i n e r , and 

t h e d i s t i n c t r e sonance f r e q u e n c i e s of t he l i n e r a r e very much reduced. 
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These e x p e r i m e n t s v e r i f y the energy c o n s i d e r a t i o n s as d i s c u s s e d 

in t h e beg inn ing of t h i s s e c t i o n . The energy t r a n s f e r r e d dur ing the 

impact i s no t d i s s i p a t e d a t a l l in t h e c a s e of the undamped i s o l a t e d 

l i n e r and t h e loaded c o n - r o d . There a r e no d i s s i p a t i v e mechanisms to 

d i s s i p a t e t h e r e f l e c t e d ene rgy . In t h e case of the i s o l a t e d undamped 

l i n e r , t he on ly n o i s e r e d u c t i o n i s due t o t h e change in t h e impact 

f o r c e shape . Comparing t h e impact f o r c e f o r the normal l i n e r t o t h a t of 

t h e undamped i s o l a t e d l i n e r ( f i g u r e 8 . 8 ( a ) and ( b ) ) , t h e magni tude 

of t h e sha rp impact i s reduced t o about o n e - t h i r d , bu t t h e low 

f r e q u e n c y c o n t e n t i n c r e a s e s . Thus, t h e n o i s e r e d u c t i o n expec ted w i l l 

be of abou t 4dB or s l i g h t l y l e s s due t o t h e i n c r e a s e of t h e low 

f r e q u e n c y . In t h e measured r e s u l t s , t h e r e d u c t i o n in n o i s e i s of 

2.5dB. 

With the i n t r o d u c t i o n of t he damping in t h e l i n e r and t h e f r i c t i o n 

l o s s e s on t h e c o n - r o d , t he energy t h a t i s r e f l e c t e d due to t h e 

s t r u c t u r a l d i s c o n t i n u i t y i s d i s s i p a t e d . This r e s u l t s in a r e d u c t i o n 

of t he t o t a l e s c a p e energy i n t o t h e eng ine f rame wi th a co r re spond ing 

r e d u c t i o n in t h e r a d i a t e d n o i s e . With t h e i s o l a t e d damped eng ine 

l i n e r , energy i s d i s s i p a t e d w i t h i n the l i n e r . The i n c r e a s e in damping 

of t he damped l i n e r i s about f i v e t imes over t h a t of t h e undamped 

l i n e r . In t h i s c a s e , t he r e f l e c t e d energy i s a l a r g e p o r t i o n of t he 

i n c i d e n t e n e r g y . Thus , t he n o i s e r e d u c t i o n wi th t h e a d d i t i o n of the 

d i s s i p a t i v e mechanism w i l l be ve ry c l o s e to t h e i n c r e a s e of t h e l o s s 

f a c t o r of t h e l i n e r . T h e r e f o r e , t h e n o i s e r e d u c t i o n expec ted w i l l be 

about 4dB due t o t h e change in t h e impact f o r c e , which i s s i m i l a r 

to t h e undamped l i n e r , and about 6dB due to the i n c r e a s e in t h e 

l i n e r damping. However, t h e r e i s a s l i g h t i n c r e a s e of n o i s e a t low 

f r e q u e n c y . Hence, t h e t o t a l r e d u c t i o n w i l l be of lOdB or l e s s . 

The measured r e d u c t i o n of t h e n o i s e energy r a d i a t e d in t h i s case i s 

of 8.5dB. 

V I I I . 3. F u t u r e Work 

Two a r e a s of work t h a t f o l l o w from t h i s p a r a m e t r i c s tudy a r e : 

(1) To use t h i s new method to e s t i m a t e t h e n o i s e energy r a d i a t e d , to 

comple t e ly r e d e s i g n an e x i s t i n g machine s t r u c t u r e which i s too n o i s y . 
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Modifying t h e e x i s t i n g v e r s i o n of t he machine cannot g i v e t h e 

d e s i r e d a t t e n u a t i o n s in t h e n o i s e energy r a d i a t e d . Although t h e 

s t u d y of t h e e x i s t i n g v e r s i o n w i l l g i v e t h e n e c e s s a r y i n s i g h t i n t o 

t h e machine c h a r a c t e r i s t i c s and o p e r a t i o n a l demands, l a r g e enough 

r e d u c t i o n s of n o i s e canno t be o b t a i n e d by m o d i f i c a t i o n s a l o n e . The 

n o i s e r a d i a t e d from most machines has t o be d r a s t i c a l l y reduced 

because of t h e h igh p r o p a b i l i t y of l e g i s l a t i o n t o r e g u l a t e t h e 

maximum r a d i a t e d n o i s e l e v e l s of machines . A l s o , in todays 

env i ronmen t , t h e n o i s e r e d u c t i o n s must be very high because of t h e 

con t i nuous i n c r e a s e of n o i s e due to t h e l a r g e r s i z e of machinery. 

The i n v e s t i g a t i o n f o r a complete r e d e s i g n should a l s o i n c l u d e t h e 

Unders tand ing of what happens to t h e energy t h a t i s not a l lowed t o 

e scape i n t o t h e s t r u c t u r e . 

(2) The development of an a c t i v e f o r c e c a n c e l l a t i o n sys tem, e s p e c i a l l y 

a system whereby d i f f e r e n t p o r t i o n s of the e x c i t a t i o n f o r c e can be 

c o n t r o l l e d , thus making the a c t i v e system more e f f i c i e n t and p r a c t i c a l . 

The p r a c t i c a l a p p l i c a t i o n of an a c t i v e f o r c e c o n t r o l system to 

c o n t r o l t h e r a d i a t e d n o i s e from a s t r u c t u r e w i l l then f o l l o w . 

Another a r e a of work i s t he u n d e r s t a n d i n g of t h e s t r u c t u r a l l o s s 

f a c t o r . In t h i s i n v e s t i g a t i o n , t he s t r u c t u r a l damping has been e i t h e r 

assumed o r measured . Thus , i t was not p o s s i b l e , because of t h e l ack 

of u n d e r s t a n d i n g , t o o p t i m i s e t h e s t r u c t u r a l damping in the whole 

or p a r t s of t h e f r e q u e n c y range of i n t e r e s t . To make t h i s p o s s i b l e , 

a complete u n d e r s t a n d i n g of t he d i f f e r e n t damping mechanisms l i k e 

f r i c t i o n , a i r pumping, f l u i d pumping, e t c . , must be obtained together 

with knowledge of t h e i n t e r a c t i o n of t h e d i f f e r e n t mechanisms, when 

more than one i s p r e s e n t in a s t r u c t u r e . The d i f f e r e n t mechanisms 

g i v e a high s t r u c t u r a l l o s s f a c t o r a t d i f f e r e n t frequency ranges. 

Thus, i t w i l l then be p o s s i b l e f o r n o i s e c o n t r o l p u r p o s e s , not only 

to t a i l o r the s t r u c t u r e response or the pulse shape, but a l s o to 

t a i l o r t he s t r u c t u r a l l o s s f a c t o r . A l s o , t he q u e s t i o n of how a 

mechanism can be changed from one type t o a n o t h e r wi th changing 

f r e q u e n c y , needs t o be i n v e s t i g a t e d . 
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o t h e r a r e a s f o r f u t u r e work a re t h e a p p l i c a t i o n of s i m i l a r 

a n a l y s i s to t h e problem of f a t i g u e f a i l u r e and s t r e s s l e v e l s induced 

in a s t r u c t u r e due to v i b r a t i o n a l mo t ion , and the development of the 

energy accoun tancy concep t t o be a p p l i e d in c a se s where t h e i n t e r a c t i o n 

between the s t r u c t u r e and t h e s u r r o u n d i n g medium cannot be n e g l e c t e d . 
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f i g u r e 8 . 1 . S t r u c t u r e p o i n t r e s p o n s e f o r a 1 cm t h i c k p l a t e wi th 
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— , P l a t e ; — • — , p l a t e with b lock ing mass 
( 3 . 5 Kg); , p l a t e with blocking mass on r e s i l i e n t 
pad wi th l o s s f a c t o r of pad n = 0 . 2 5 ; — , p l a t e 
wi th b lock ing mass on r e s i l i e n t pad wi th no l o s s 
f a c t o r , n = 0 
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f i g u r e 8 . 2 . Con-rod d e s i g n f o r c o b u s t i o n n o i s e c o n t r o l 

160 25b ' 400 '630 '1000 ' 1600' 2500'40b0 ' 6300' 10000 

O n e - t h i r d o c t a v e band c e n t r a l f r e q u e n c y Hz 

f i g u r e 8 . 3 . T r a n s m i s s i o n l o s s f o r t h e change in c r o s s - s e c t i o n a l 
area of experimental rod. 
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f i g u r e 8 . 4 . 

160 250 400 630 1000 1600 2500 4000 6300 10000 

O n e - t h i r d o c t a v e band c e n t r a l f r e q u e n c y Hz 

Noise energy r a d i a t e d by eng ine b lock wi th t h e normal 
con- rod under s i m u l a t e d combustion f o r c e s . 
(a) narrow band; (b) o n e - t h i r d o c t a v e bands . 
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O n e - t h i r d o c t a v e band c e n t r a l f r e q u e n c y Hz 

f i g u r e 8 . 5 . Noise energy radia ted by engine block with experimental 
c o n - r o d . (a ) Narrow band; (b) o n e - t h i r d o c t a v e bands . 
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f i g u r e 8 . 6 . Noise energy 
con-rod with 
and p i s t o n top . 
bands. 

radiated by engine block with experimental 
a damping mechanism between d i s c o n t i n u i t y 

(a) Narrow band; (b) one - th ird octave 

202 



r\3 o 
c o 

Total 89 

70 

f i g u r e 8 . 7 . 

250 400 630 1000 1600 2500 4000 6300 10000 

O n e - t h i r d o c t a v e band c e n t e a l f r e q u e n c y Hz 

Noise energy radia ted by engine block under s imulated combustion e x c i t a t i o n : , with 
normal p i s t o n ; — , wi th an i n c r e a s e in mass of t h e p i s t o n crown, i n c r e a s e of 0.2 Kg, 
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Noise energy r a d i a t e d from eng ine f rame wi th s imulated 
p i s t o n s l a p f o r a normal l i n e r . This i s a reproduction 
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One-third oc tave band central frequency Hz 

Noise energy rad ia ted with s imulated p i s ton s lap for the 
i s o l a t e d undamped l i n e r , (a) Narrow band; (b) one-
t h i r d oc tave bands. 
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Noise energy r a d i a t e d wi th s imu la t ed p i s t o n s l a p f o r t h e 
i s o l a t e d , damped l i n e r , ( a ) Narrow band; (b) one-
th i rd o c t a v e band. 
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p i s t o n s l a p f o r t h e i s o l a t e d , damped l i n e r , wi th sc reens 
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t h e l i n e r , (a) Narrow band; (b) o n e - t h i r d o c t a v e band. 
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APPENDIX A 

APPROXIMATION FOR THE FOURIER TRANSFORM OF A PULSE 

The t r a n s f o r m of a p u l s e , of any shape , when p l o t t e d on a dB-

log f r e q u e n c y s c a l e w i l l u s a l l y c o n s i s t of a main lobe and o t h e r 

s i d e l o b e s . The f a l l - o f f r a t e of t he maxima of t h e s i d e lobes depends 

on t h e shape of t h e p u l s e . An enve lope of t he t r a n s f o r m curve can 

be drawn c o n s i s t i n g of s t r a i g h t l i n e s , wi th s u c c e s s i v e l i n e s having 

a s l o p e d i f f e r e n c e of -20 dB per f r e q u e n c y decade , ( f i g u r e A . l ) , 

The c o r n e r f r e q u e n c i e s f%, f g , f 3 , . . . , f , and the l eve l of 

each l i n e can be computed by c o n s i d e r i n g the p u l s e and i t s 

d e r i v a t i v e s in t h e t ime domain. Consequent ly t h e l a r g e s t f a l l o f f 

r a t e and number of c o r n e r f r e q u e n c i e s depends on the c o n t i n u i t y 

of t h e p u l s e f u n c t i o n and i t s d e r i v a t i v e s in t h e i n t e r v a l ( i n c l u d i n g 

b o u n d a r i e s ) between which t h e f u n c t i o n i s d e f i n e d . Some examples 

f o l l o w ; -

( i ) A r e c t a n g u l a r p u l s e - t h e r e i s a d i s c o n t i n u i t y a t t h e 

i n i t i a l and end of t he p u l s e . T h e r e f o r e t h e r a t e of f a l l o f f f o r t he 

t r a n s f o r m i s -20 dB per f r e q u e n c y decade and t h e r e i s only one 

c o r n e r f r e q u e n c y . 

( i i ) T r i a n g u l a r p u l s e - t h e second d e r i v a t i v e i s not comple te ly 

d e f i n e d t h r o u g h o u t t h e p u l s e i n t e r v a l , t h e r e f o r e the l a r g e s t f a l l 

o f f r a t e i s -40 dB per f r e q u e n c y decade . 

( i l l ) Cosine p u l s e - d e f i n e d by cos^x . This i s a f a m i l y of 

p u l s e s depending upon t h e pa r ame te r a ; a being a p o s i t i v e i n t e g e r . 

The c o n t i n u i t y of any of t h e d e r i v a t i v e f u n c t i o n s depends on t h e 

va lue of a ; t h e l a r g e r t h e v a l u e of a , t h e h ighe r t he d e r i v a t i v e 

which remains c o n t i n u o u s . T h e r e f o r e , t h e f a l l - o f f r a t e i s l a r g e r , 

t he b i g g e r t h e va lue of a , say f o r a - 2 (Manning window) t h e 

p u l s e has a d i s c o n t i n u i t y in t h e second d e r i v a t i v e and t h e r a t e of 

f a l l - o f f i s t h e r e f o r e -60 dB per f r e q u e n c y decade . 

The c o r n e r f r e q u e n c i e s and l eve l of t h e envelope a re computed 
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from measurements in t h e t ime domain. The F o u r i e r t r a n s f o r m f o r a 

f u n c t i o n g ( t ) which i s d e f i n e d in t h e i n t e r v a l 0 g t $ T 

( f o r a r i g o r o u s a n a l y s i s one must s t a t e t h a t g ( t ) must s a t i s f y 

the D i r i c h l e t c o n d i t i o n s in t h e i n t e r v a l 0 ^ t $ T ) , i s G ( f ) , 

i . e . . 

T 

G(f ) = ( A . l ) 
'o 

G ( f ) being g e n e r a l l y a complex q u a n t i t y . Using i n e q u a l i t i e s 

d e f i n e d f o r complex numbers, i f and Zg a re two complex 

numbers, then 

IZi + Z2I z | Z i | + |Z2 (A. 2) 

1. e . 

| G ( f ) 
J 

9 ( t ) e 
^ 2 w f t d t i (A. 3) 

and us ing t h e i n e q u a l i t y 

| G ( f ) | < | g ( t ) | d t (A.4) 

or 

| G l f ) maj< 
| g ( t ) | d t (A. 5) 

The r i g h t hand s i d e of e q u a t i o n (A.5) i s t h e summation of t h e 
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magnitude of the areas enc losed by the pu l se , i . e . , 

|G( f ) lmax - I An (A.6] 
n 

where A^ a r e t h e a r e a s under t h e curve ( f i g u r e A.2) , 

I t f o l l o w s t h a t , f o r t h e q ' t h d e r i v a t i v e 

|G^(f)lmax = f l 9 ^ ( t ) | d t 
'o 

n=q 
= I (A.7: 

n=o ^ 

where A^ a r e t h e s u c c e s s i v e a r e a s under t h e curve f o r t h e q ' t h n 
d e r i v a t i v e . A l so , 

iG^ff ) ! = 2 n f | G q - l ( f ) | (A.8) 

T h e r e f o r e t h e c o r n e r f r e q u e n c i e s a r e g iven by; 

1 " r AA 

m l 

For the pulse shown in f i g u r e (A .2 ) , the second d e r i v a t i v e has 

a d i s c o n t i n u i t y at t = 0 , thus the maximum f a l l - o f f rate i s -60 dB 
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per f r e q u e n c y d e c a d e . The c o r n e r f r e q u e n c i e s a r e g i v e n by: 

Aj + Aj 
fn = 1 (A. 10' 

2.Ag 

and 

Ap + Af + 4 

2t,(AJ + A j ) 

(A3 + A3 + A3 + AS] 

2 (A2 + A2 + A2) 

( A . l l ) 

(A.12) 

The l e v e l s of t h e l i n e s a r e g iven by e q u a t i o n ( A . 7 ) . From t h e 

above equat ions i t f o l l o w s t h a t t h e f i r s t corner f r e q u e n c y , f j , 

depends on t h e maximum s l o p e per u n i t of t h e p u l s e a m p l i t u d e , and 

f 2 , the second corner f r e q u e n c y , depends on the change of s l o p e 

per u n i t a m p l i t u d e of t h e p u l s e , e t c . Thus t h e s h a r p e r t h e r i s e 

in t h e p u l s e t h e h i g h e r i s t h e f i r s t c o r n e r f r e q u e n c y , and fg 

i n c r e a s e s t h e l a r g e r t h e change in s l o p e . 

Th i s method g i v e s a good a p p r o x i m a t i o n f o r t h e F o u r i e r 

t r a n s f o r m of any p u l s e o r i t s d e r i v a t i v e s . The a c c u r a c y of t h e 

a p p r o x i m a t i o n depends on t h e o r d e r of t h e d e r i v a t i v e . The 

app rox ima te t r a n s f o r m o v e r - e s t i m a t e s t h e a c t u a l t r a n s f o r m , and t h e 

o v e r e s t i m a t i o n i n c r e a s e s as t h e t r a n s f o r m of a h i g h e r d e r i v a t i v e 

i s computed. Comparing t h i s method wi th t h e i n i t i a l v a l u e and f i n a l 

v a l u e t h e o r e m s ; f rom t h e f i n a l v a l u e t heo rem, which g i v e s t h e 

a sympto t e of t h e cu rve a t low f r e q u e n c i e s , t h e r e i s no d i f f e r e n c e 

between t h e two; f rom t h e i n i t i a l v a l u e t h e o r e m , which g i v e s t h e 

a sympto t e a t h igh f r e q u e n c i e s , t h e va lue in t h i s c a s e i s d i f f e r e n t . 

The i n i t i a l v a l u e theorem g i v e s ; 
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lim | g ^ [ t ) | = 1 im (A. 13) 
t-»0 f-K« 

0 + 1 
This i s t he maximum l e v e l f o r |G ( f ) l a g a i n s t f r e q u e n c y , t h a t i s 

X J bu t from t h e app rox ima t ion method 

= T CA.14) 
n=o 

and from t h e i n i t i a l v a l u e theorem. 

| G ^ " ( f ) l m a x ' C ' " (A-IS: 

The e r r o r w i l l be of about 3 dB maximum. The i n i t i a l va lue and 

f i n a l v a l u e theorems w i l l not g i v e a good approx imat ion to t h e 

a c t u a l t r a n s f o r m nea r t h e f i r s t c o r n e r f r e q u e n c y , which f o r most 

p u l s e s w i l l l i e i n a f r e q u e n c y range of maximum r a d i a t e d n o i s e 

energy. 

The F o u r i e r t r a n s f o r m of t h e f i r s t d e r i v a t i v e of t h e p u l s e , by 

t h e app rox ima t ion method, has a f l a t p o r t i o n between t h e f i r s t and 

second c o r n e r f r e q u e n c i e s . I f t h e a n a l y s i s c a r r i e d out i s w i t h i n 

t h i s f r e q u e n c y r a n g e , i t i s very c o n v e n i e n t to assume a c o n s t a n t 

spec t rum, t h e magn i tude of which c o r r e s p o n d s to t h e a m p l i t u d e of 

t h e p u l s e . However, t h i s f r e q u e n c y range i s l i m i t e d even f o r t h e 

very s h o r t of p u l s e s . 

Cons ide r ing a t y p i c a l f o r c e p u l s e f o r a mass impac t ing a p l a t e : 

f C t ) = . 0 , t < 0 , t > t 

X^e-ht s in (2^^ , 0 $ t $ T (A. 16) 
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where h i s a c o n s t a n t depending on t h e p l a t e :mechanical impedance 

and Young's modulus; 

i s a n o t h e r c o n s t a n t depending on t h e p u l s e d u r a t i o n , 

v e l o c i t y of impact and Young's modulus; 

T i s t h e p u l s e d u r a t i o n . 

The curves f o r fCtX/X^ dt are g iven 

in f i g u r e (A .3 ) . f ( t ) has a d i s c o n t i n u i t y a t t = 0 , t hus t h e 

maximum f a l l - o f f r a t e f o r | F [ f ) | 2 i s -20 dB per f r e q u e n c y decade . 

Using a v a l u e of h - 212.1 s ^ , and a p u l s e d u r a t i o n of 2 ms, 

t h e two c o r n e r f r e q u e n c i e s a r e : f^ = 251 Hz and f 2 = 511 Hz and 

| F ( f ) | 2 ^ ^ ^ = 4 . 3 dB. The F o u r i e r t r a n s f o r m o b t a i n e d us ing an FFT 

programme, w i th sampling r a t e of 51200 samples per second and t h e 

number of samples being 8192 p o i n t s , i s compared w i th t h e 

app rox ima t ion t r a n s f o r m in f i g u r e ( A . 3 ( d ) ) . 
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APPENDIX B 

COMPUTER PROGRAMMES TO EVALUATE CANTILEVER BEAM RESPONSE 

B. 1. Imaginary p a r t of r e s p o n s e : | V [ f ) ] f j f ] 

SO INPUT FILE (NAME = BEAM) 

PROGRAM BEAM 

DIMENSION BMDBLOG (5000) , FREQ (5000) 

DIMENSION X ( 5 0 0 2 ) , Y (5002) 

COMPLEX CWN, ARG, RESP, VAL 

INTEGER XTITL ( 5 ) , YTITL (6%, GTITL (6) 

DATA XTITL / 13H FREQUENCY HZ 7 

DATA YTITL / 17H LOG IM(V/F) DB / 

DATA GTITL / 18H CANTILEVER BEAM I V 

CALL PLOTS (0 , 0 , 10) 

READ [ 8 , 10) RHO, AREA, ALEN, E, SHON, qiTA 

10 FORMAT C IPE 1 0 . 4 , El 1 . 4 , 0PF6.0, 1PE9.2, E l l . 4 , E9.2L 

L=0 
FACTOR = ((E*SHON)/(RHD*ARE4)1**0.25 

DO 12 I - 1 , 5000 

FREQ ( I ) - 0 . 0 5 * 1 

W = FREQ ( I )*2*3 .1416 

SW = DSQRT (W) 

Q04 = QITA/4 

VAL = CMPLX ( 1 . 0 , -Q04) 

CWN = (SW/FACTOR)*VAL 

ARG = CWN*ALEN 

RESP = (CWN/(W**2*RH0*AREA))*(((CD$INH(ARG)*CDC0S(ARG)). 

1 (CDCOSH(ARG)*CDSIN(ARG)))/((CDCOSH(ARG)* 

2 CDC0S(ARG))+1)) 

RESPIM = REAL(RESP)*(-1) 

RESPRL = IMAG(RESP) 

BMDBLOG(I) = (LOG 10 (RESPRL))*10 

226 



L - L + 1 

IF ( 1 - 1 ) 22, 16, 22 

22 IF (L-41) 18, 2 4 , ' 2 4 

24 L - 1 

16 WRITE (9 , 20) 

20 FORMAT (73 H 1 FREQUENCY HZ REAL RESPONSE IMAG 

1 RESPONSE DBLOG (IMAG RESPONSE) 111) 

18 CONTINUE 

WRITE ( 9 , 14 )1 , FREQ(I), RESPRL, RESPIM, BMDBLOG(I) 

14 FORMAT (IH, 14, F10 .2 , 1PE17.3, E16.3 , 0PF18.3) 

X(I) = FREQ(I) 

Y(I) = BMDBLOG(I) 

12 CONTINUE 

CALL PL0T(0.0, 4 . 0 , - 3 ) 

CALL SCALG (X, 2 0 . 0 , 5000, 1) 

CALL LGAXS ( 0 . 0 , 0 . 0 , XTITL, - 1 3 , 2 0 . 0 , 0 . 0 , X(5001) , X(5002)) 

CALL AXIS ( 0 . 0 , 0 . 0 , YTITL, 17 , 2 0 . 0 , 9 0 . 0 , - 8 0 . 0 , 5 . 0 ) 

Y(5001) = 8 0 . 0 

Y(5002) = 5 . 0 

CALL LGLIN (X, Y, 5000, 1 , 0 , 17, -1 ) 

CALL SYMBOL ( 2 . 0 , 1 0 . 0 , 0 . 4 2 , GTITL, 0 . 0 , 18) 

CALL PLOT ( 3 0 . 0 , 0 . 0 , 999) 

STOP 

END 

+++-f+ 

SONEWFILE (NAME = BEAMPLOT) 

SOSAVEFILE (BEAMPLOT) 

SOASSIGNFILE (LNAME = ICL9LF 10, NAME = BEAMPLOT, ACCess = W) 

SOLP (LNAME = ICL9F9, DESC = *STDFORT) 

SOASSIGNFILE (NAME = *STDADF, LNAME = ICL9LF8) 

SOFORT (INPUT = BEAM, LIBRARIES = CALCOMPFl, DEF = FALSE) 

8.1000E+03 1.9200E-04 0 .944 2.19E+11 5.7600E-10 1.99E-3 
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SOPLOT (NAME ^ BEAMPLOT) 

ENDJOB 

1-1-1-4-1-

B. 2 . S p a t i a l ave r age t r a n s f e r a d m i t t a n c e : < |V(-f) |^> / F ( f ) ' 

SOINPUTFILE (NAME = BEAM2) 

PROGRAM BEAM2 

DIMENSION SAA(5000), FREq(5000l, FACT0R(5000} 

DIMENSION X(5002) , Y(5002) 

INTEGER XTITL(5), YTITL(10}, GTITL(6) 

COMPLEX ARG, CWN, VAL 

DATA XTITL / 13H FREQUENCY HZ / 

DATA YTITL / 31H (AV. TRANSFER ADMITTANCE)**2 DB / 

DATA GTITL / 16H CANTILEVER BEAM / 

CALL PLOTS (0 , 0 , 14) 

READ (12, 20) RHO, AREA, ALEN, E, SHON, QITA 

READ (12, 34) N 

20 F0RMAT(1PE10.4, El 1 . 4 , 0PF6.0, 1PE9.2, El 1 . 4 , E9.2) 

34 FORMAT (13) 
L = 0 

CONST = ((E*SH0N)/(RH0*AREA))**0.25 

Q04 = QITA / 4 

DO 22 I = 1 , 5000 

FREQ(I) = 0 .05 *I 

W = FREQ(I)*2*3.1416 

SW = DSQRT(W) 

VAL = CMPLX(1.0, -Q04) 

CWN = (SW/CONST)*VAL 

ARG = CWN*ALEN 

SUM-= 0 . 0 

DO 24 J - 1,N 

SUM = SUM+(ABS((CDCOSH(ARG*J/N)-CDCOS(ARG*J/N))*(CDSINH(ARG)+ 
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1 CDSIN(ARG))-[CDSINH(ARG*J/N)-CDSIN(ARG*jyN))*(CDCOS(ARG)+ 

2 CDC0SHCARG))))**2 

24 CONTINUE 

AHOD = [(ABS[CWN/[2.0*W*RH0*AREA*C1+CDC0SH[ARG)*CDC0SCARG)))))**2 

FACTOR(I) = AHOD*SUM 

SAA(I) = (10G10(FACT0R[I)))*10 

L = L+1 

IF (L-1) 36, 26, 26 

36 IF (L-41) 28, 38, 38 

38 L = 1 

26 WRITE (13 , 30) 

30 F0RMAT(63H I FREQUENCY HZ AVERAGE ADMITTANCE 10L0G(AVRG ADM 

1 ITTANCE) 111) 

28 WRITE ( 1 3 , 32) I , FREQ(I), FACTOR(I), SAA(I) 

32 F0RMAT(1H, 14, F9 .2 , 1PE20.4, E23.4) 

X(I) = FREQCI) 

Y(I) = SAA(I) 

CALL PLOT ( 0 . 0 , 4 . 0 , - 3 ) 

CALL SCALG (X, 2 0 . 0 , 5000, 1) 

CALL LGAXS ( 0 . 0 , 0 . 0 , XTITL, - 1 3 , 2 0 . 0 , 0 . 0 , X(5001), X(5002)) 

CALL AXIS ( 0 . 0 , 0 . 0 , YTITL, 31, 2 0 . 0 , 9 0 . 0 , - 9 0 . 0 , 5 . 0 ) 

Y(5001) = - 9 0 . 0 

Y(5002) = 5 . 0 

CALL LGLIN(X, Y, 5000, 1 , 0 , 17, - 1 ) 

CALL SYMBOL ( 2 . 0 , 1 0 . 0 , 0 . 4 2 , GTITL, 0 . 0 , 16) 

CALL PLOT ( 3 0 . 0 , 0 . 0 , 999) 

STOP 

END 

+++++ 

SONEWFILE(NAME = BEAMPLOT 2) 

SOSAVEFILE (NAME = BEAMPLOT 2) 

SOASSIGNFILE (LNAME = ICL9LF14, NAME = BEAMPLOT 2, ACCESS = W) 

SOLP ( LNAME = ICL9LF13, DESC = *STDFORT) 

SOASSIGNFILE (NAME = *STDADF, LNAME = ICL9LF12) 

SOFORT (INPUT = BEAM2, LIBRARIES - CALCOMPFl, DEF = FALSE) 
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8.1000E+03 1.9200E-04 0 .944 2.19E+11 5.7600E-10 2.00E-3 

40 
+++++ 

SOPLOT [NAME - BEAMPLOT 2) 

ENDJOB 
* * * * * 
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