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ABSTRACT. 

The v a r i a t i o n o f the r e l a t i v e i n t e n s i t y o f c a v i t a t i o n w i t h 

temperature has been determined "by the c h l o r i n e l i b e r a t i o n and 

e r o s i o n methods. C a v i t a t i o n a b i l i t y determined by the e r o s i o n 

method has been s t u d i e d over a temperature range o f 2 0 ° t o 80°C 

and f o r an u l t r a s o n i c i r r a d i a t i o n p e r i o d o f UO.O - 0.0k m inu tes , 

u s ing l e a d p l a t e s as samples. Studies o f the f r e e r a d i c a l 

f o r m a t i o n a b i l i t y o f c a v i t a t i o n over the same temperature range 

and f o r an i r r a d i a t i o n t ime o f 120.0 - 0 . 1 seconds are de sc r i bed . 

Factors such as the s t a n d a r d i z a t i o n o f s o l u t i o n s , evapora t ion 

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

on the expe r imen ta l r e s u l t s are accounted f o r . The endeavour 

has been t o conduct these exper imen ta l assessments o f c a v i t a t i o n 

a b i l i t y under i d e n t i c a l c o n d i t i o n s o f t r ansducer f r equency , power 

i n p u t t o the t r ansduce r , h e i g h t o f t e s t samples over the t r a n s ­

ducer f a c e , e t c . , and t o o b t a i n mathemat ical expressions i n 

r espec t o f the two a c t i v i t i e s o f c a v i t a t i o n . 

A comparison o f t h e r e s u l t s w i t h p rev ious expe r imen ta l 

observat ions and t h e i r s u i t a b i l i t y as i n d u s t r i a l methods o f 

assessing u l t r a s o n i c c l e a n i n g e f f e c t i v e n e s s have been d iscussed . 

The p o s s i b i l i t y o f measuring the r e l a t i v e i n t e n s i t y o f c a v i t a t i o n 

and de te rmin ing i n d u s t r i a l u l t r a s o n i c c l e a n i n g e f f i c i e n c y w i t h a 

p i e z o e l e c t r i c c r y s t a l l i n e probe i s suggested. 

An e l e c t r o n i c genera tor w i t h a v a r i a b l e power ou t -pu t o f 

2 kw, capable o f d r i v i n g a m a g n e t o s t r i c t i v e t r ansducer u n i t a t a 

f requency o f 20 k c / s and used i n the expe r imen ta l work i s a l so 

desc r ibed . 



( i i ) 

ACKNOWLEDGEMENTS. 

The work descr ibed i n t h i s t h e s i s was c a r r i e d out i n 

the l a b o r a t o r i e s o f t h e Royal Col lege o f Advanced Technology, 

S a l f o r d , between November 19Sk and February 1966. The author 

would l i k e t o o f f e r h i s s ince re thanks t o D r . B . Brown and 

D r . J . A . Aposto lak ' i s f o r t h e i r p a t i e n t s u p e r v i s i o n o f the 

work and f o r t h e i r t ime g iven t o many h e l p f u l d i s cus s ions . 

The author a l s o wishes t o express h i s g r a t i t u d e t o Mr . 

K . Eng f o r h i s i n t e r e s t and advice i n the p r e p a r a t i o n o f l e a d 

samples, t o D r . M.A. S l i f k i n f o r t h e use o f h i s spect rophotometer , 

t o Mrs . W. James f o r he r h e l p i n the w r i t i n g o f the computer 

programme, and t o the Governors o f the Col lege f o r the p r o v i s i o n 

o f a research g r a n t . 



( i i i ) 

CONTENTS. 

CHAPTER 1 . 

1 .1 

1.2 

1.3 

WAVE PROPAGATION 

ULTRASONIC WAVES: D e f i n i t i o n and Types o f Waves 

Propagat ion Through Media 

PRODUCTION OF ULTRASONIC WAVES: 

Mechanical Transducers 

P i e z o e l e c t r i c Transducers 

APPLICATION OF ULTRASONIC WAVES: 

Low I n t e n s i t y A p p l i c a t i o n s 

High I n t e n s i t y A p p l i c a t i o n s 

Page 

1 

CHAPTER. 2, 

2 . 1 

2 .2 

2 .3 

CHAPTER 3. 

3 . 1 

3.2 

12 

CAVITATION: 

D e f i n i t i o n 

C a v i t a t i o n N u c l e i 

Types o f C a v i t i e s : G a s - F i l l e d C a v i t i e s 

Vaporous C a v i t i e s 

Voids 

THEORETICAL CONSIDERATION 

MEASUREMENT OF THE RELATIVE INTENSITY OF CAVITATION: 

Chemical Method 

Eros ion Method 

Factors t h a t I n f l u e n c e R e s u l t s . 

26 
MAGNETOSTRICTION 

MAGNETOSTRICTIVE TRANSDUCER: 

Types o f Transducers 

E q u i v a l e n t C i r c u i t o f a 

M a g n e t o s t r i c t i v e Transducer 



( i v ) 

CONTENTS (Cont inued) 

3.3 POWER SUPPLY FOR MAGNETOSTRICTIVE TRANSDUCER 

The Rapiclean S p e c i a l 

3.k EXPERIMENTAL SET-UP 

CHAPTER kt 

k.l 

k.2 

38 

CHAPTER.5. 

5.1 

5.2 

5.3 

PREVIOUS EXPERIMENTAL RESULTS 

Eros ion Method 

Chemical Method 

EXPERIMENTAL PROCEDURE 

C h l o r i n e L i b e r a t i o n Method : 

( a ) P repa ra t ion o f S o l u t i o n s 

(b ) Procedure 

Observat ions: 

( a ) S t a n d a r d i z a t i o n 

(b ) Evapora t ion 

Eros ion Method : 

( a ) P repa ra t ion o f Lead Samples 

(b ) Procedure 

Observations on Genera tor . 

RESULTS 

Chemical Method 

Eros ion Method 

CONCLUSION 

SUGGESTIONS 

TABLES 

APPENDIX 

REFERENCES 

k9 

56 

57 

58 



- 1 -

CHAPTER , 1 . 

WAVE PROPAGATION. 

The t e rm "wave m o t i o n " denotes a c o n d i t i o n t h a t i s somehow 

t r a n s m i t t e d so t h a t i t can he exper ienced a t a d i s tance f r o m where 

i t was o r i g i n a l l y genera ted . I t i n v o l v e s t h e genera t ion o f 

v i b r a t i o n s o f the body which provides the source o f energy and o f 

the elementary p a r t i c l e s i n the medium through which the waves are 

pas s ing . Sound waves are a f o r m o f wave mot ion the t r a n s m i s s i o n 

o f which i s suppor ted by a l l m a t e r i a l s t h a t possess e l a s t i c i t y . 

E l a s t i c i t y provides a r e s t o r i n g f o r c e on the p a r t i c l e w h i l e i n e r t i a 

causes the p a r t i c l e t o o s c i l l a t e about a mean p o s i t i o n . Where the 

p a r t i c l e s o f the medium v i b r a t e i n the d i r e c t i o n o f wave m o t i o n , 

they g ive r i s e t o a l t e r n a t e compressions and r a r e f a c t i o n s i n the 

medium, and they are termed l o n g i t u d i n a l o r L waves. When the 

d i r e c t i o n o f mot ion o f the p a r t i c l e s i s normal t o t h e d i r e c t i o n 

o f p ropaga t ion o f waves, t hey g i v e r i s e t o a l t e r n a t i n g shear s t resses 

i n a b u l k medium and they are termed shear o r t ransverse waves. 

Where the source o f energy i s a p e r i o d i c f o r c e , F = F Q S i n w t , 

o f f r equency , f = w / 2 f l r , the p a r t i c l e experiences f o r c e d o s c i l l a t i o n s 

and a lso some damping due t o f r i c t i o n a l f o r c e s . The f requency o f 

o s c i l l a t i o n o f the mass i s the same as t h a t o f the f o r c e ; and f o r 

s m a l l damping, the f r i c t i o n a l f o r c e i s p r o p o r t i o n a l t o the v e l o c i t y 

o f the p a r t i c l e . The equa t ion o f mot ion i s 1 # 

M " ^ f * R + = F S in w t 1 .1 
d t 2 d t C m ° 

where x i s t h e displacement o f the p a r t i c l e a t any t i m e , t ; M i s 

the mass o f the p a r t i c l e , R i s the mechanical r e s i s t ance and Cjg i s 

the displacement pe r u n i t r e s t o r i n g f o r c e . 
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Under steady c o n d i t i o n s , the v e l o c i t y , U , i s g iven by 

U = - - . 1.2 
R + j (wM - V v C m ) 

i 
where j = ( - 1 ) 2 ; and the v e l o c i t y ampl i tude i s 

U o = J2 , i ' 3 

R 2 + (wM - 1 / w C m ) 2 5 

I n comparison w i t h an e l e c t r i c a l c i r c u i t c o n t a i n i n g a 

r e s i s t a n c e , R, an induc tance , L , and a capac i tance , C, i n s e r i e s 

w i t h an a l t e r n a t i n g e . m . f . , V; R, M, C m , and F i n equat ions 1 . 1 , 

1 .2 , 1.3 are analogues t o R, L , C, and V r e s p e c t i v e l y , x and U 

are e q u i v a l e n t t o the e l e c t r i c a l charge, q , a n d , k i , r e s p e c t i v e l y . 
w r 1 1 

When f = /2w « / (MCjn.) 2 ; the v e l o c i t y ampl i tude i s a maximum, 

the r e a c t i v e component X = (wM - /wCm) , o f the mechanical 
F 

impedance, ( Z m = / u ) , i s z e ro ; and resonance i s s a i d t o occu r . 

The q u a l i t y o f resonance i s descr ibed by t h e mechanical "Q" f a c t o r 

(Qm); and i s g iven by 

on, - w r M 

R 
where w r i s the resonance angular v e l o c i t y . 

1.2 ULTRASONICS. 

DEFINITION AND TYPES OF WAVES: 

V i b r a t o r y waves o f a f requency above t h a t o f the upper 

f requency l i m i t o f the human ear are r e f e r r e d t o as u l t r a s o n i c s . I t 

embraces a l l f r equenc ie s above about 16 k c / s , a l though the t e rm i s 

a l s o l o o s e l y a p p l i e d t o f r equenc ie s i n the sonic, range used f o r 

c e r t a i n u l t r a s o n i c a p p l i c a t i o n s . The upper f requency range i n the 

neighbourhood o f about 500 Mc/s i s imposed by p r a c t i c a l l i m i t a t i o n s . 
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U l t r a s o n i c waves are a s p e c i a l f o r m o f acous t i c waves and l i k e sound 

waves, they depend e s s e n t i a l l y on . p a r t i c l e v i b r a t i o n f o r t h e i r 

t r ansmis s ion through a medium. The equations g iven above apply t o 

u l t r a s o n i c waves p r o v i d e d they are propagated i n a medium t h a t 

s a t i s f i e s the c o n d i t i o n s govern ing the d e r i v a t i o n o f the e q u a t i o n s . 

I n p r a c t i c e , s e v e r a l c o n d i t i o n s b o t h i n the method o f genera t ion 

o f waves and i n the medium s u p p o r t i n g u l t r a s o n i c waves l e a d t o 

r i go rous m o d i f i c a t i o n s o f the equations o f Sec t ion 1 . 1 . L i k e a l l 

acous t i c waves, u l t r a s o n i c waves can be propagated as l o n g i t u d i n a l 

(L - waves) o r t r ansverse (S - waves) , waves. G e n e r a l l y , the medium 

i n t o which the wave i s propagated and the method o f a p p l y i n g the 

p ropaga t ing source t o the medium, decide the p a t t e r n o f the v i b r a t o r y 

pa th taken by successive elements o f the medium. Waves can a l so be 

propagated over a su r f ace w i t h o u t i n f l u e n c i n g the b u l k o f the medium 

below the s u r f a c e . These are known as Ray le igh waves. 

ULTRASONIC PROPAGATION THROUGH MEDIA: 

Not a l l media suppor t a l l types o f waves. L i q u i d s and gases 

g e n e r a l l y do n o t suppor t S-waves b u t s o l i d s can suppor t a l l forms o f 

waves. Volume changes i n the medium sometimes occur due t o the passage 

o f waves; and t h i s leads t o a second method o f the c l a s s i f i c a t i o n o f 

waves. E x p e r i m e n t a l l y , l o n g i t u d i n a l waves are almost e n t i r e l y 

d i l a t a t i o n a l waves as they produce volume changes i n the medium, w h i l e 

shear waves do n o t produce these changes and are classes as d i s -

t o r t i o n a l waves. L o n g i t u d i n a l waves have a h i g h v e l o c i t y o f t r a v e l 

i n most media and are most o f t e n used i n u l t r a s o n i c a p p l i c a t i o n s 

s ince they can be propagated i n b o t h s o l i d s , l i q u i d s and gases. Shear 

waves have a lower v e l o c i t y - about o n e - h a l f o f t h a t o f t h e L waves; 

and because o f t h i s , t he wave- length o f S waves i s much s h o r t e r than 

t h a t o f L waves. Because o f the l a t t e r , S waves are more s e n s i t i v e 

t o i n c l u s i o n i n a medium and they are t h e r e f o r e more e a s i l y s c a t t e r e d 

w i t h i n a m a t e r i a l . 

r 
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The passage o f u l t r a s o n i c waves th rough a medium g e n e r a l l y 

r e s u l t s i n energy d i s s i p a t i o n due t o s c a t t e r i n g , v i s c o s i t y or damping 

e f f e c t s , and t o heat conduct ion and r a d i a t i o n between the r a r e f a c t i o n 

and compression sec t ions o f the wave. I f t he energy d e n s i t y i s £ , 

t h e n , the i n t e n s i t y I i n a non-absorbing medium i s 

I = cE 

where c i s the v e l o c i t y o f the wave i n the medium. I n an absorb ing 

medium, 

I = I 0 e x p ( - 2ox) 1.5 

where I = I Q f o r x 0 i s the boundary c o n d i t i o n ; and a i s the 

c o - e f f i c i e n t o f abso rp t ion o f the medium. 

Abso rp t i on o f energy due t o t h e r m a l e f f e c t s i s commonly 

observed a t megacycle f r e q u e n c i e s . The. f l o w o f energy i s f r o m regions 

under compression and a t h i g h e r t empera tu res , to those which have 

expanded and are consequently a t lower tempera tures . W i t h i n c r e a s i n g 

f requency , the wavelength decreases.; the temperature g rad ien t s are 

thus inc reased and the r a t e o f f l o w o f heat f r o m a compressed r e g i o n 

t o the nex t r a r e f i e d one becomes g r e a t e r . This c o n t r i b u t e s t o an 

increase i n the en t ropy o f the system and thus g ives r i s e t o energy 

l o s s e s . I n equa t ion 1.5, a can then be w r i t t e n as 

a = a + a. + • • . . « « 
v t . 

where a , a . , e t c . are r e s p e c t i v e l y the c o - e f f i c i e n t s o f abso rp t ion 
1 2 

due t o v i s c o s i t y o r damping, t h e r m a l e f f e c t s , e t c . * 

U l t r a s o n i c waves l i k e o p t i c a l and acous t i c waves can be r e f l e c t e d , 

r e f r a c t e d and t r ans fo rmed i n pass ing f r o m one medium t o ano ther . They 

g ive r i s e t o s t a n d i n g waves and can be d i f f r a c t e d . When a wave 

t r a v e l l i n g th rough a medium impinges on a boundary between i t and a 

second, medium, p a r t o f the energy t r a v e l s f o r w a r d as one wave th rough 
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the second medium w h i l e the o the r p a r t i s r e f l e c t e d back i n t o 

the f i r s t medium, u s u a l l y w i t h a phase change. The amount o f 

r e f l e c t i o n i s determined by the s p e c i f i c acous t i c impedance 

which i s d e f i n e d as the p roduc t o f the d e n s i t y and v e l o c i t y . 

The s p e c i f i c acous t ic impedance o f any medium i s a l so equa l t o 

the mechanical impedance per u n i t area o f c r o s s - s e c t i o n o f the 

medium. S t rong r e f l e c t i o n s take place when t r a n s m i t t i n g f r o m a 

. l i q u i d medium t o e i t h e r a s o l i d medium o r t o a i r ; b u t i n the case 

o f s o l i d s t o s o l i d s , the use o f t h i n f i l m s o f couplants ( e . g . 

l i q u i d s ) minimizes r e f l e c t i o n . 

Propagat ion o f u l t r a s o n i c waves a t angular inc idence may 

r e s u l t i n wave t r a n s f o r m a t i o n . A common example wou ld be an S 

wave pass ing f r o m a s o l i d t o a l i q u i d and h i t t i n g the l i q u i d a t 

an a n g l e . A t the boundary between the two media, r e f l e c t e d L 

and S waves and t r a n s m i t t e d L and S waves may f o r m w i t h d i f f e r e n t 

ampli tudes and d i f f e r e n t angles o f t r a v e l , depending on the angle 

o f i nc idence o f the o r i g i n a l S wave and a l so on the impedance o f 

the m a t e r i a l s . But s ince l i q u i d s do n o t suppor t the p ropaga t ion 

o f S waves, on ly the t r a n s m i t t e d L wave and the r e f l e c t e d L and 

S waves remain . The t r a n s m i s s i o n o f u l t r a s o n i c waves th rough a 

l i q u i d may r e s u l t i n c a v i t a t i o n o f the l i q u i d . This t o p i c w i l l 

be t r e a t e d i n d e t a i l i n a l a t e r chap te r . 

1.3 PRODUCTION OF ULTRASONIC WAVES 

Sonic energy i s produced by the convers ion o f another f o r m 

o f energy and the means o f do ing t h i s i s n o r m a l l y r e f e r r e d t o by 

the t e r m " t r ansduce r " . The type o f t r ansducer used depends on the 

cond i t i ons under which the u l t r a s o n i c wave i s t o be propagated i . e . 

i n a gas, l i q u i d o r s o l i d and a l so on t h e most s u i t a b l e fo rm o f 

energy a v a i l a b l e f o r convers ion i n t o son ic energy . - For p r a c t i c a l 

purposes, the methods o f p r o d u c t i o n o f u l t r a s o n i c waves can be 
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d i v i d e d i n t o t h ree groups, mechanica l , p i e z o e l e c t r i c and magneto­

s t r i c t i v e gene ra to r s . 

MECHANICAL TRANSDUCERS. 

Mechanical generators f a l l i n t o two groups - s t a t i c and 

dynamic. Whis t l e s o r s t a t i c generators u t i l i s e the f a c t t h a t when 

h i g h speed gas o r l i q u i d j e t impinge on an obs tac le o r are d i r e c t e d 

i n t o a resonant c a v i t y , in tense edge tones o r o s c i l l a t i o n s a t an 

u l t r a s o n i c f requency can be produced by s u i t a b l e design o f the w h i s t l e . 

The resonant c a v i t y w h i s t l e by Ga i t on i s the o l d e s t and Brown and 
1 k 

Goodman * g ive a d e t a i l e d account o f the des igns , o p e r a t i o n and 

a p p l i c a t i o n s o f the more recent types o f w h i s t l e s . 

S i rens o r dynamic generators are composed b a s i c a l l y o f a 

chamber covered w i t h a d i sc o r s t a t o r and a r o t a t i n g d i s c o r r o t o r . 

The s t a t o r and the r o t o r each c o n t a i n a l a r g e number o f h o l e s , the 

number on the r o t o r be ing equa l t o t h a t on the s t a t o r . '' On r o t a t i o n 

o f the r o t o r , holes are a l t e r n a t i v e l y a l i g n e d and u n a l i g n e d w i t h 

the holes i n the s t a t o r . Compressed a i r i s con t i nuous ly f e d i n t o 

t h e s i r e n p roduc ing h i g h pressure pulses o f gas and a sound wave 

whose f requency depends on the speed o f r o t a t i o n o f the r o t o r . 

A l l e n and Rudnick ^ " ^ designed a s i r e n w i t h a r o t o r o f l i g h t a l l o y 

and h i g h t e n s i l e s t r e n g t h , c o n t a i n i n g 50 t o 300 openings and t h i s 

r o t a t e s a t a speed o f up t o 8,000 t o 50,000 r . p . m . 

•PIEZOELECTRIC TRANSDUCERS; 

I n 1880, J and P Cur ie ^ ' ^ found t h a t a quar tz c r y s t a l cu t 

i n a c e r t a i n manner, developed equa l and opposide charges on the 

oppos i te f a c e s , w i t h a consequen t i a l d i f f e r e n c e o f p o t e n t i a l ; when 

these faces are s u b j e c t e d t o p ressu res . This i s the d i r e c t p i e z o ­

e l e c t r i c e f f e c t and has been observed i n s e v e r a l o t h e r c r y s t a l s 

such as t o u r m a l i n e , Rochel ie s a l t , e t c . The t heo ry o f p i e z o e l e c t r i c i t y 

and. the manner i n which p i e z o e l e c t r i c c y r s t a l s are cu t w i t h r e fe rence 
1.7 

t o t h e i r p o l a r axes are g iven i n d e t a i l by Mason. 
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Lippmann ( l 8 8 l ) * p r e d i e t e d - t h e • r e c i p r o c a l p i e z o e l e c t r i c e f f e c t 

which was l a t e r d i scovered by J . and P. C u r i e . Accord ing t o t h i s 

phenomenon, p i e z o e l e c t r i c substances e x h i b i t a change i n s i z e when 

an e l e c t r i c f o r c e i s a p p l i e d i n the d i r e c t i o n o f the p o l a r a x i s . 

When a p o t e n t i a l d i f f e r e n c e , V, i s a p p l i e d t o the oppos i te f a c e s , 

the amount o f expansion o r c o n t r a c t i o n i s g iven by 

fix = ( l o n g i t u d i n a l e f f e c t ) 

fix = B„V - i ( t r ansver se e f f e c t ) d a 

where 6^ and Bg are the p i e z o e l e c t r i c modu l i and d i s the th ickness 

o f the c r y s t a l . 

I f an a l t e r n a t i n g e l e c t r i c f i e l d i s a p p l i e d i n the d i r e c t i o n 

o f the p o l a r a x i s , the c r y s t a l s w i l l expand and c o n t r a c t p roduc ing 

o s c i l l a t i o n s i n the su r round ing medium. The ampli tude o f the 

o s c i l l a t i o n s i s a maximum when the e l e c t r i c a l f requency i s resonant 

w i t h the fundamental f requency o f t h e . c r y s t a l and the waves produced 

are such t h a t 

a - X - J L 
d " 2 " 2\7 

where A and v are the wavelength and f requency r e s p e c t i v e l y and d 

i s the th i ckness o f t h e c r y s t a l . 

Most r e c e n t l y , b a r i u m t i t a n a t e and some p o l y c r y s t a l l i n e ceramics 

have been developed as t ransducers f o r u l t r a s o n i c waves and these 
1 3 

are discussed i n d e t a i l by C a r l i n * . I n t h i s case, p r e p o l a r i z a t i o n 

o f the c r y s t a l i s necessary s ince i t does n o t have p i e z o e l e c t r i c 

p r o p e r t y as fo rmed . This i s done by a p p l y i n g an e l e c t r i c f i e l d o f 

about 2,000 v o l t s / c m o f th i ckness across the c r y s t a l a t temperatures 

above i t s Cur ie p o i n t ( 1 2 0 ° C ) . The r e s u l t i n g c r y s t a l has a lower 

e l e c t r i c a l impedance than quar tz and hence, the vo l t age which must 

be p l aced across i t t o make i t operate i s l o w . 
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P i e z o e l e c t r i c t ransducers conver t e l e c t r i c a l energy t o 

mechanical energy and the design o f the o s c i l l a t o r y c i r c u i t used 

t o supply e l e c t r i c a l o s c i l l a t i o n t o the t r ansducer depends on 

the type o f m a t e r i a l used as a t r ansduce r , i . e . on the p r o p e r t i e s 

o f the p a r t i c u l a r m a t e r i a l . For example, ba r ium t i t a n a t e t r a n s ­

duces operate a t much lower vo l tages than q u a r t z ; and the exac t 

c o n t r o l o f f requency i s n o t e s s e n t i a l as w i t h quar tz c r y s t a l s . 

Fur thermore , t he medium i n which u l t r a s o n i c waves are t o be 

propagated determines t o some e x t e n t the type o f c i r c u i t t o be 

used. A c i r c u i t f o r the p r o d u c t i o n o f u l t r a s o n i c waves i n a i r 

may be u n s u i t a b l e f o r propagat ions i n l i q u i d media as the 

damping o f the c r y s t a l stops the r e a c t i o n . 

The m a g n e t o s t r i c t i v e t ransducer was used i n the expe r imen ta l 

work and a d e t a i l e d d e s c r i p t i o n o f i t i s g iven i n Chapter 3 o f 

t h i s t h e s i s . 

l . 'U APPLICATIONS OF ULTRASONIC WAVES. 

A p p l i c a t i o n s o f u l t r a s o n i c waves can be d i v i d e d i n t o two 

b a s i c classes : low and h i g h i n t e n s i t y a p p l i c a t i o n s . 

LOW INTENSITY APPLICATIONS; 

The i n d u s t r i a l a p p l i c a t i o n s o f low i n t e n s i t y u l t r a s o n i c 

waves are cons iderable developments o f the techniques used f o r 

measuring acous t i c v e l o c i t i e s and a b s o r p t i o n . V e l o c i t y measure­

ment methods have been adopted t o such purposes as the l o c a t i o n o f 

de fec t s i n me ta l s , th ickness gauging, d e t e r m i n a t i o n o f e l a s t i c 

constants and e s t i m a t i n g concen t ra t ions o f s o l u t i o n s . A b s o r p t i o n 

measurement techniques are used i n e s t i m a t i n g degrees o f hardness 

o f m e t a l s , de t e rmin ing g r a i n s izes i n p o l y c r y s t a l l i n e m a t e r i a l s , 

measuring pressures o f gases and d i s t i n g u i s h i n g mal ignan t f r o m 

h e a l t h y t i s s u e i n l i v i n g m a t t e r . 
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The use of u l t rasonic waves f o r the detection of d i s ­
con t inu i t i e s i n s o l i d materials i s based on the echo method. 
I n general, l o n g i t u d i n a l waves are used and where possible, the 

1 9 ' 
s ingle probe pulse-echo method i s employed. I t consists 
essen t ia l ly o f passing a pulsed beam of u l t rasonic waves through 
the specimen from a revers ible transducer placed on one surface; 
the beam being r e f l e c t e d from the opposite surface or a defect , 
back to the transducer. I n the absence o f any defect , two peaks 
A and B appear on the screen of an oscilloscope ( F i g . 1.1); 
representing the ins tan t o f transmission o f the pulse (A) and 
i t s re turn (B) a f t e r a s ingle echo. Where a defect i s present, 
some or a l l of the sound energy i s r e f l e c t e d back t o the t rans­
ducer due t o a d i scon t inu i ty of charac te r i s t ic impedance. Another 
peak, C, is . then observed between A and B; the distance AC 
determining the depth, of the f l a w , and the height of the peak, C 
the extent o f the defect . Crys ta l l ine transducers are normally 
used i n f law detection but the technique i s more complicated than 
given above due t o the p r a c t i c a l d i f f i c u l t i e s of mounting the 
transducer, prevention o f wear from f r i c t i o n between the surfaces 
of the c ry s t a l and the mater ia l under t e s t , and the p o s s i b i l i t y 
tha t the specimen may not have two p a r a l l e l surfaces. 

Absorption measurement techniques have u se fu l medical 
appl ica t ions . They are rendered successful by the f a c t tha t the 
charac te r i s t ic impedances and absorption coe f f i c i en t s of d i f f e r e n t 
parts o f the human body, such as f a t layers , muscles, bone, e tc . 

* " f i t l 1 , 1 0 

ary s gn c y . Therapy, diagnosis and b i o l o g i c a l measure­
ments • ' ••^ are the f i e l d s tha t have been widely exp lo i t ed . I n 
general, the technique i s s i m i l a r to tha t o f f law detect ion, w i t h 
frequencies i n the low megacycle range and coupling achieved by 

1 12 
the immersion technique. * F i g . 1.2 i s the plan of a t y p i c a l 
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u l t rasonic bra in examination apparatus. 

HIGH IH.TEMSITY APPLICATIONS; 

High i n t e n s i t y u l t rasonic waves may be regarded as those 
f o r which, there i s no longer a l i nea r re la t ionship between the 

applied stress and the resul tant s t r a i n . These waves have some 
e f f e c t on the medium through which they pass and these are 

u t i l i s e d i n metallurgy, chemical and b i o l o g i c a l appl ica t ions , 
1 13 

medical applications and cleaning. * Cavitat ion and ag i t a t ion 
of the l i q u i d may be involved, i n u l t rasonic cleaning. The frequency 
range 20 to U0 kc / s , where cav i t a t ion e f f ec t s are most pronounced, 
i s most f requent ly used. Ceramic transducers can be used i n 
cleaning but magnetostrictive transducers are o f ten prefer red 
because of t h e i r rugged nature and t h e i r a b i l i t y to withstand 
rough handling. The work i s immersed i n a tank containing a l i q u i d 
which i s selected both f o r optimum cav i ta t ion conditions and i t s 
cleaning character is t ics - detergent proper t ies , a b i l i t y to degrease, 
e tc . F i g . 1.3 i l l u s t r a t e s a conveyor b e l t system f o r cleaning a 
large number of components which are f ed t o the tank. Ultrasonic 
cleaning i s especial ly use fu l where normal methods are e i t he r 
l i a b l e to cause damage, i n e f f e c t i v e or laborious. Applications 
include removal of b lood, e tc . from surg ica l instruments a f t e r use; 
the cleaning of grease and swarf from small o r i f i c e s i n engine 
components and.the removal of lapping paste from lenses a f t e r 
g r ind ing , without scratching. ^ - ' ^ 

Applications of high-energy ul t rasonics t o the treatment and 
working of metals have been very successful . They include d r i l l i n g , 
treatment o f melts , soldering and welding. Defects i n metals caused 
by the oelusion of gases when a molten metal s o l i d i f i e s , can be 
removed by i r r a d i a t i n g the molten metal w i t h u l t rasonic waves, under 
normal cooling conditions f o r the formation of crystals at the 
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temperature of s o l i d i f i c a t i o n . The e f f e c t of high energy i s to 
cause the crystals t o be broken up by the action o f c a v i t a t i o n . 
The y i e l d i s a s o l i d of f i n e grain s t ruc tu re . 

Ultrasonic soldering can be e f f e c t e d without the use of any 
f l u x and a consequent e l imina t ion of corrosive substances. The 
transducer i s usually magnetostrictive and. the soldering i r o n i s 
s i m i l a r i n design to the u l t rasonic d r i l l , the essent ia l d i f ference 
being the e l e c t r i c a l l y heated b i t on the i r o n which replaces the 
t o o l at the end of the d r i l l . Ultrasonic soldering has been most 
successfully applied i n the soldering of aluminium and f o r "micro-
j o i n t s " . 

High i n t e n s i t y u l t rasonic welding has been car r ied out at 
normal temperatures and wi thout any special surface preparat ion. 
The y i e l d i s p r a c t i c a l l y undeformed, and i t i s suggested tha t the 
physical mechanism i s tha t o f molecular d i f f u s i o n across the surfaces 
i n contact w i t h one another.^*^ Other applications o f u l t rasonic 
waves include the use o f l i q u i d whist les i n e m u l s i f i c a t i o n t d i s ­
persion, degassing, grain refinement; and chemical react ions . 
Chemical reactions are t rea ted i n d e t a i l under the e f f e c t s o f cav i ­
t a t i o n i n Chapter 2 . 
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CHAPTER 2 . 

2 . 1 CAVITATION. 

A phenomenon that may feature i n the propagation of u l t r a ­
sonic waves through a l i q u i d , and which i s widely held to be 
responsible f o r some of the applications of high i n t e n s i t y u l t r a ­
sonic waves i n l i q u i d s , i s c a v i t a t i o n . Cavitat ion may be defined 
as the formation, fol lowed by a rap id collapse of small cavi t ies 
or bubbles i n t o a l i q u i d phase. I t can be produced not only by 
intense acoustic f i e l d s , but also, by other means such as heated 
wires , ventur i tubes, high speed ship prope l le r s , underwater sparks, 
r ap id ly r o t a t i n g rods, e t c . These cavi t ies may contain a i r or 
vapour or may be almost empty. Cavitat ion w i l l occur i n a l i q u i d 
when pressure i s reduced to a cer ta in c r i t i c a l value without change 
i n the ambient temperature, o r , conversely, when the temperature 
i s raised above a c r i t i c a l value at constant pressure. Thus, i n 
so f a r as the inception of cav i t a t ion i s concerned,, and from a purely 
physical-chemical point of view, there i s no d i f ference between 
b o i l i n g o f a l i q u i d and cav i ta t ion i n a l i q u i d . 

The phenomenon o f cav i t a t ion i s complex and i t s study i s 
complicated by the large number of factors that inf luence i t s produc­
t i o n . For example, the pressure threshold o f u l t rasonic induced 
cav i ta t ion i s inf luenced by l o c a l var ia t ions i n l i q u i d s such as 
density, v i s c o s i t y , surface tension, gas content o f a l i q u i d and 
i n p a r t i c u l a r , the frequency of the acoustic wave. Bas ica l ly , 
u l t rason ic production of cav i t a t ion can be explained as fo l lows : 

The propagation o f acoustic waves through a l i q u i d resul ts i n 
the o sc i l l a t i ons o f pa r t i c l e s o f the medium, and, consequently, the 
formation of regions o f compression and r a re fac t ion (Chapter l ) . 
The r a re fac t ion region i s associated wi th the existence o f a negative 
pressure and, depending on the pressure of the acoustic waves and 

2 1 
on the forces holding the l i q u i d together, ' cavi t ies may be formed 
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as the l i q u i d i s then l i t e r a r i l y " torn apart". Compression 
regions on the other hand, are regions o f high pos i t ive pressures 
and the cav i t a t ion process i s completed when the bubbles collapse 
i n these regions. The en t i re process may or may not be completed 
during an acoustic cyc le . 

CAVITATION NUCLEI : 

The micro-bubbles o f cav i t a t i on are believed to be formed 
2.2 

i n the presence of weak spots:, or nucle i i n the l i q u i d . These 
nuclei and weak spots act as centres o f the bubbles. On the basis 
o f physical arguments, i t i s u n l i k e l y tha t completely dissolved 
gases can play an important ro le during the incept ion process 
except i n so f a r as nucle i tha t would not grow under reduced 
pressure because they are of too small a s ize , may reach c r i t i c a l 
growth size by p r i o r d i f f u s i o n of gas i n t o the s u b c r i t i c a l nucleus'. 
While the presence o f gas i s probably essent ia l , a complete 
explanation of the phenomena does not yet e x i s t , although the 
rupture of l i qu ids containing s o l i d p a r t i c l e nucle i has been 

2 3 
inves t iga ted . More recent ly , both t h e o r e t i c a l and exper i ­
mental work has been ca r r i ed out i n support o f the theory o f 
nucleation process i n c a v i t a t i o n . 

The reverse of nucleation also holds and i t i s possible to 
denucleate a l i q u i d , thereby increasing i t s strength against 

2 5 
c a v i t a t i o n . Sette invest igated the e f f e c t of cosmic rays as 
the o r i g i n o f nuclei and also used gamma rays from ^°Co to i r r a d i a t e 
water through which u l t rasonic waves were propagated. His observ­
ations on the cav i t a t i on threshold f o r a water tank shielded and 
unshielded from the e f f e c t o f these rays, confirm the ideas o f 
denucleation and nucleation respect ively . Exposure of l i q u i d s to 

2 6 2 high pressures * (about 1,000 kg/cm ) also increases the strength 
of l i q u i d s against c a v i t a t i o n . 



TYPES OF CAVITIES : 
Figure 2 .1 and Figure 2.2 i l l u s t r a t e two types o f cav i ta t ion 

on the hacks of marine propel ler models. I n F i g . 2 . 1 , a f u l l y 
developed cavi ty exists near the t i p ; and is termed a "steady" 
c a v i t y . Cavities o f t h i s type can be observed i n u l t r a s o n i c a l l y 
i r r a d i a t e d l iqu ids when the acoustic f i e l d i s weak. They are 
usual ly gas f i l l e d and large and the process corresponds t o a 
quiet degassing due to the l i b e r a t i o n of a cer ta in amount o f 
dissolved gas from the l i q u i d . They do not produce any appreciable 
amount o f noise and w i l l remain i n the l i q u i d u n t i l they reach the 
surface by buoyancy. "Transient" cav i ta t ion i s i l l u s t r a t e d i n 
F i g . 2.2 and has occurred i n the form of discrete bubbles which 
grow i n regions o f low pressure and collapse as they proceed i n t o 
high pressure regions. We s h a l l be mainly concerned w i t h the 
l a t t e r type i n subsequent discussion. 

Cavities may also be classed by the content o f the bubbles. 
When water i s i r r a d i a t e d w i t h u l t rasonic waves o f the correct 
i n t e n s i t y f o r c a v i t a t i o n , three types of bubbles may be formed:-
gas f i l l e d bubbles i n which the dissolved gas i n the l i q u i d 
consti tutes a high percentage of the bubble content; vapour f i l l e d 
cav i t i e s w i t h l i t t l e or no gas content; and empty cav i t i es or vo ids . 

GAS-FILEED CAVITIES : 

Transient gas f i l l e d cavi t ies are mostly observed when aerated 
water i s i r r a d i a t e d . Under the correct conditions f o r cav i t a t i on 

onset, dense, comet l i k e streamers appear i n the water, at short 
distances from the transducer face . The streamers contain a large 
number o f small bubbles o f various sizes which o s c i l l a t e i n a very 
turbulent area. The bubbles grow by the mechanism o f " r e c t i f i e d 

2 7 
d i f f u s i o n " whereby gas d i f fuses i n t o the bubble form the water. 
This mechanism i s explained thus : 



F i g . 2 . 1 

A model p r o p e l l e r , showing "steady" c a v i t a t i o n near the t i p 
o f the uppermost b l ade . 

K g . 2 
1 ! I I C a v i t a t i o n on a model p r o p e l l e r showing t r a n s i e n t c a v i t a t i o n 
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During the pos i t ive h a l f cycle , the so lu t ion at the bubble 
in te r face i s under-saturated and gas tends t o migrate out , while 
the so lu t ion i s super-saturated during the negative h a l f cycle , 
producing a continuous excess of gas i n f l u x . Since the surface 
area, of the bubble i s larger during the l a t e r h a l f cycle , there 
i s a resul tant d i f f u s i o n o f gas i n t o the bubble. This growth 
process i s a cumulative one, and requires tha t the acoustic 
exc i t a t ion must exceed the threshold f o r growth and must also 
pers is t during a s u f f i c i e n t l y long period i n order to establ ish 
a steady state f o r c a v i t a t i o n . 

During the growth process, some micro-bubbles w i l l reach 
t h e i r "resonance s ize" i . e . the size at which t h e i r na tu ra l 
frequency equals that of the e x c i t i n g acoustic f i e l d , and they 
w i l l o s c i l l a t e v i o l e n t l y , consequently s p l i t t i n g i n t o small bubbles. 
The na tura l resonant frequency of the small bubbles i s higher than 
the e x c i t i n g frequency of the acoustic f i e l d and they w i l l i n 
tu rn grow by gas d i f f u s i o n . 

I n F i g . 2 .3 , f i v e bubbles o f decreasing sizes r D , r M , r , r m 

and r Q which are submitted t o an intense f i e l d of e x c i t i n g 
frequency f r and corresponding to the resonant frequency o f bubble 
r M are shown, r ^ , w i t h a lower na tu ra l frequency w i l l grow by 
r e c t i f i e d d i f f u s i o n and r i se t o the surface by buoyancy, while r m 

w i l l o s c i l l a t e v i o l e n t l y and s p l i t i n t o medium sized bubble r „ (say) 
Hi 

and smaller bubbles r (say) . Bubbles r , r r and the resultants 
e m o 

r £ and r g o f the s p l i t t i n g of r M , w i l l grow to collapse l a t e r . 
This i s also known as the " l inear resonance of gas bubbles" 

and i n . t h e presence of very intense acoustic f i e l d s , the expansion 
phase (negative pressure) increases so rap id ly tha t there i s not 
enough time f o r d i f f u s i o n of gas i n t o the bubble and gas evaporation 
from the water proceeds more qu ick ly . 
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VAPOROUS CAVITIES : 
Gas f i l l e d cavi t ies can be el iminated by using degassed 

l i q u i d s . The pressure threshold f o r cav i ta t ion i n undegassed 
water i s lower than tha t f o r degassed water. When thoroughly 
degassed water i s i r r a d i a t e d , mostly vaporous cavi t ies are 
observed. Vaporous cav i ta t ion i s characterized by the appearance 
of a large number of micro-bubbles ( t rans ient cav i t i e s ) through­
out the en t i re mass of i r r a d i a t e d l i q u i d . Their l i f e t i m e i s 
shorter than tha t of gas f i l l e d cavi t ies as they are generated 
and collapse i n every acoustic cyc le . Like gas f i l l e d c a v i t i e s , 
vaporous cavi t ies are formed during the negative h a l f cycle but 
unl ike gas bubbles, they do not undergo cumulative growth process 
but are compressed during the subsequent pos i t ive h a l f cycle . 
This compression resul ts i n the condensation of vapour from the 
water/gas i n t e r f a c e ; the process t ak ing place i n two quick stages. 
F i r s t , the vaporous cavi ty i s compressed i so thermical ly at the 
temperature of the surrounding water, fo l lowed by an adiabatic 

compression i n the l a s t stage o f collapse when the bubble w a l l 
2 8 

acquires a high v e l o c i t y . * This resul ts i n a v i o l e n t collapse 
of the bubble wal ls and the production of powerful shock waves i n 
the surrounding medium. These bubbles are only formed when the 
t o t a l negative pressure i n the sound wave i s equal t o the sum o f 
the cohesive pressure, the t ens i l e strength and the ambient 

2 Q 

pressure; and they l a s t f o r only an acoustic pressure cycle . 

VOIDS : 

I t has been mentioned tha t fac tors l i k e v i s c o c i t y , surface 
tension, e tc . e f f e c t cav i t a t ion i n l i q u i d s . Most viscous l i qu ids 
have a high pressure and on the basis o f H. Eyring 's theory o f 

2 10 
v i s c o s i t y , p l a s t i c i t y and d i f f u s i o n , " na tu ra l holes can ex i s t 
i n a l i q u i d i n t o which molecules can move, leaving holes behind them. 
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This jump can occur when the molecule has accumulated enough 
heat energy t o surmount an ac t iva t ion po t en t i a l b a r r i e r and 
cav i t a t ion appears to be the r e su l t o f coalescence of the 
na tura l hole i n the negative pressure phase o f the cycle . 
Cavities of t h i s type are near-empty. 

The onset o f cav i t a t ion i s o f ten indicated by a h iss ing 
sound - cav i ta t ion noise ' ' - and the noise l e v e l increases 
as the input power t o the transducer i s increased. The 
cav i t a t ion noise spectrum consists mainly o f a continuous back­
ground on which are superimposed a number of spect ra l l ines 
corresponding to the e x c i t i n g frequency and i t s harmonies, 
noise l e v e l i s a maximum at the resonant frequency o f a t rans ­
ducer and t h i s gives an ind ica t ion of the correct frequency o f 
operat ion. Cavi ta t ion i s also accompanied by a weak emission 

2 11 
o f l i g h t and t h i s i s known as sonoluminescence * . I t was 

2 12 
f i r s t observed by Marinesco * and i s believed by some i n v e s t i ­
gators, t o be the r e su l t o f gas incandescence; while others believe 

2 13 
chemical luminescence occurs * . Apart from the r i se i n temp­
erature of a l i q u i d due t o the absorption of acoustic energy, i t 
i s also bel ieved tha t cav i ty contents a t t a i n high temperatures 
j u s t before the collapse phase. The intense shock waves released 
on the collapse of cavi t ies have been invest igated widely and 
w i l l be discussed i n a l a t e r section of t h i s chapter. 
2.2 THEORETICAL CONSIDERATIONS. 

One of the e a r l i e s t t heo re t i c a l considerations o f cav i ta t ion 
was the Besant-Rayleigh problem which was an inves t iga t ion i n t o 
the behaviour of a spherical cav i ty i n an incompressible f l u i d 
and i n the presence of an a l t e rna t ing pressure. I n h is so lu t ion 

2 lU 
o f t h i s problem, Rayleigh * considered a bubble containing a 

permanent gas which he assumed t o be isothermal . For a vo id of 
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i n i t i a l radius r Q i n a l i q u i d of density p under a constant hydro-, 

s t a t i c , pressure P 0 , he showed tha t at any subsequent t ime, when the 

radius..had. decreased to a value r , the pressure i n the l i q u i d i s a 

maximum at a distance h r and i s given by 

P = P O(U) / 3 ^0 j 2.1 

The time f o r complete collapse of the cav i ty i s 

t = 0.915 rn ^ |J 2
 2.2 

where P Q i s i n dynes cm . Hence a cavi ty of diameter 0.01 cm i n 

water at normal temperature and atmospheric pressure has a l i f e 

time of 5></s". 
2 15 

Beeching, " i n 19^2, extended the above work, taking i n t o 
account surface tension e f f e c t s and the pressure of the l i q u i d 
vapour i n the cav i ty . A more elaborate ca lcu la t ion was given by 

2 16 
Si lve r * i n which he introduced thermodynamical considerations 

such as the heating of the vapour i n the cavi ty by compression, 

w i t h a subsequent loss of heat t o the l i q u i d . But i t i s thought 

t o be of doubt fu l value due to some u n j u s t i f i a b l e assumptions made 

i n the ca l cu la t ion . 
2 .17 

I n 19^8, Knapp and Hollander * used high-speed cinemato­

graphy to trace the l i f e h i s t o ry of a cav i t a t ion bubble and con­

f i rmed the existence of very large r a d i a l v e l o c i t i e s and accelerations 

during the collapse per iod; the behaviour of the bubble being 
s i m i l a r to tha t predicted by Rayleigh's treatment of the col lapsing 

2 18 
v o i d . Plesset " developed an equation f o r the motion of a vapour-

f i l l e d bubble i n a changing pressure f i e l d and applied t h i s to an 

analysis o f Knapp and Hollander's experimental r e s u l t s . But Plesset 

i n his ca lcula t ion assumed that the pressure d i s t r i b u t i o n was the 

same as that measured under non-cavi ta t ing condi t ions, while Rayleigh 

assumed a constant pressure. 



Nol t ing le and Neppiras ' y * ' gave calculat ions f o r 
u l t rasonic cav i ta t ion f o r a point i n a.medium where pressure 
changes are known and con t ro l l ab le . They assumed an incompressible 
l i q u i d , a constant gas pressure i n the bubble over i t s l i f e cycle 
and an exactly sinusoidal applied u l t rasonic pressure.. .The 
diameter of the bubble i s also assumed to be always much less than 
the wavelength o f the applied waves. For an u l t rasonic pressure 
wave of amplitude P Q and frequency w / 2 A , super-posed on a pressure 
P A ; the external l i q u i d pressure at i n f i n i t y can be w r i t t e n as 

P = ( P A - P Q Sin wt) at time t . 

The equ i l ib r ium pressure o f a gas bubble of radius P.. at time t = 0 
2S 

i s (PA + /Ro) where S i s the Surface tension of the l i q u i d ; and 
the k i n e t i c energy of the whole mass of l i q u i d , density p , i s 
2?rpR3 ( ^ / d t ) ^ . This energy can be equated t o the algebraic sum 
o f the work done by the surface tension, gas pressure and l i q u i d 
pressure at i n f i n i t y ; _ g iv ing, as the. energy equation : 

i f the gas changes are isothermal . D i f f e r e n t i a t i n g w i t h respect t o 
R, the equation of motion i s 

Very high pressures and r a d i a l ve loc i t i e s associated w i t h cav i t a t i on 
occur during collapse, when the wal ls o f the bubble rush inwards 
u n t i l they s t r i k e the gas i n the bubble. Since the t o t a l collapse 
time i s a small f r a c t i o n o f the period of the u l t rasonic v i b r a t i o n , 
P can be regarded constant f o r i t s duration and the surface v e l o c i t y 
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of the bubble during the collapse i s 

y 2

= gp f tr - 0 
3e* a* 2 . 5 

i f the gas changes are adiabat ic , Y being the r a t i o of the spec i f i c 
heats f o r the gas and Q the pressure of gas i n the bubble a t i t s 
maximum radius . 

So f a r , no account has been taken of any form o f damping 
which, i f considered, would have made the amplitude of the 
o sc i l l a t i ons f a l l o f f r ap id ly as confirmed by the experimental work 
o f Knapp and Hollander. 

The bubble motion w i l l be approximately simple harmonic i f 

P 0 « P ^ , and the resonant frequency o f the bubble, n , i s given by 

I n i t s growth, the bubble f i r s t a t ta ins a maximum radius, 
R M , a f t e r which i t s t a r t s t o shrink and the pressure i n the bubble 
at collapse i s 

p 
•̂ max 

= Qt^ /R) . 3 y 2 . 7 

I f fo l lows from 2 . 7 tha t the pressure i n the r e s u l t i n g hydrodynamic 

shock wave increases w i t h increasing R M ; and also tha t the larger 

the RJQ, the lower the acoustic frequency and the greater the acoustic 

pressure. However, f o r a- s p e c i f i c frequency, the pressure of the 

shock wave w i l l increase w i t h the acoustic pressure provided the 

t o t a l time of collapse of the bubble ( 7 " ) does not equal h a l f the 
P P i 

acoustic period * (T>, i . e . ? = §T. 
2 2 2 

I n 19&it G.A. Khoroshev * gave a t h e o r e t i c a l treatment o f 
the collapse o f a cav i ty containing both a i r and vapour i n the case 

2 2 3 
of hydrodynamic c a v i t a t i o n . The mechanism of r e c t i f i e d d i f f u s i o n * 
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has also been applied t h e o r e t i c a l l y i n the so lu t ion of the collapse 
of cav i t a t ion bubbles under conditions of l i q u i d temperature 
s u f f i c i e n t l y below the b o i l i n g point o f the l i q u i d and also i n the 
neighbourhood of the b o i l i n g p o i n t . However, these treatments of 
cav i ta t ion bubble collapse are mostly f o r spher ical bubbles but 
the chances are tha t the bubbles may not be e n t i r e l y spher ical 
during t h e i r l i f e t ime. 

2.3 MEASUREMENT OF THE RELATIVE INTENSITY OF CAVITATION. 
Most applications o f high i n t e n s i t y u l t rasonic waves i n l i q u i d s 

can only be accomplished under cav i t a t ion condi t ions . They include 
u l t rasonic cleaning, chemical e f f e c t s , e t c . (Section 2 . 1 ) . The 
resul ts o f cav i t a t ion can also be very destructive to an adjacent 
s o l i d mater ia l as i s the case w i t h ships propellers and hydraul ic 
systems. These s o l i d materials undergo erosion a f t e r a long exposure 
t o c a v i t a t i o n . These two e f f ec t s of cav i t a t ion - erosion and a b i l i t y 
to promote chemical reactions - are most commonly applied i n the 
measurement of the r e l a t i v e i n t e n s i t y of c a v i t a t i o n . 

CHEMICAL METHOD: 

Ultrasonics e f f e c t chemical changes which are generally 
a t t r i b u t e d to cav i t a t ion and most o f these changes cannot be accomp­
l i shed i n any other manner. These e f f e c t s include the speeding up 

2 2U 
of iodine reac t ion , ox ida t ion , decompostion and c r y s t a l l i z a t i o n . * 

The l i b e r a t i o n of chlorine from carbon te t rach lor ide and of iodine 

from potassium iodide are the two chemical e f f e c t s most commonly 

employed i n cav i t a t ion i n t e n s i t y measurements. Sa t i s fac to ry prop­

or t ions f o r the l a t t e r so lu t ion are 20 ml of IN KI and 1 ml of one 

per cent starch so lu t ion t o give a marked co lo ra t i on . Free iodine 

y i e l d can be grea t ly increased.by the addi t ion of 1 m l . of carbon 

t e t r a c h l o r i d e . During i r r a d i a t i o n , iodine i s l i be r a t ed and i t reacts 

w i t h the starch so lu t ion to give a blue coloura t ion . The addi t ion of 
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/100 sodium thiosulphate (about 0.1% of the volume of the mix ture ) , 
causes the blue colour to disappear and on a second i r r a d i a t i o n , 
the colour reappears and hence, the rate o f iodine l i b e r a t i o n can 
be calculated. 

The second reaction used i n i n t e n s i t y measurements i s the f ree 
chlorine y i e l d from a saturated so lu t ion of carbon te t rach lor ide i n 
water. The ind ica to r o f f ree chlorine r ad i ca l i s a so lu t ion of 
o r t ho - to l i d ine reagent and the i n t e n s i t y of cav i t a t ion may be expressed 
as the o p t i c a l density i . e . the negative logar i thm o f the f r a c t i o n 
o f l i g h t t ransmit ted by the yellow so lu t ion r e s u l t i n g from the i r ­
r a d i a t i o n . This method w i l l be dealt w i t h i n d e t a i l i n a l a t e r 
chapter. 

Both reactions 'are a t t r i b u t e d to the presence of act ivated 
oxygen,the series being as fo l lows : -

o 2 * 0 + 0 

CCl^ + H 20 *• C l 2 + C0 2 + 2HC1 

2HC1 + I q ] * C 1 2 + HgO 

The f ree chlorine then reacts w i t h o r t h o - t o l i d i n e reagent to give a 

yellow coloured so lu t ion or i n the case of potassium iodide : 

2KI + C l 2 • 2KC1 + I 2 

EROSION METHOD : 
The use of cav i t a t ion damage processes as a means o f measur­

i n g the r e l a t i v e i n t e n s i t y o f cav i t a t ion can be grouped under the 
headings of s o i l removal and erosion. S o i l removal consists of 
exposing t e s t samples w i t h s o i l coatings t o cav i t a t ion under given 
conditions and measuring the amount o f s o i l removed. A r e f i n e d 
technique i s based on the use o f radioactive tracers which makes i t 
possible f o r the i n i t i a l degree of contamination o f the samples t o 
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be measured accurately. A standard sample would be a coating o f 
a mixture o f 

P 3 2 w i t h an appropriate s o i l , the amount of radioact ive 
t racer being measured w i t h a sui table Geiger counter or s c i n t i l l a t i o n 
counter assembley before and a f t e r exposure t o u l t rasonic i r r a d i a t i o n 
i n a l i q u i d . 

Erosion techniques o f f e r a most r e l i a b l e method of measuring 
the cav i ta t ion i n a l i q u i d , and samples most commonly used are aluminium, 
t i n or lead p la tes . When exposed t o c a v i t a t i o n , the samples are p i t t e d 
due t o the implosion of cav i ta t ion bubbles and i f the amount o f p i t t i n g 
i s assumed propor t ional to the cav i ta t ion tak ing place, the qua l i t a t i ve 

2 25 
assessment o f cav i t a t i on i s ava i lab le . * Quan t i t a t ive ly , the loss 
i n weight of the metal samples o f f e r an i nd i ca t i on of the amount o f 
cav i ta t ion taking place. More de ta i l s about the samples and the method 
of est imation o f cav i t a t i on a c t i v i t y by the erosion technique w i l l be 
discussed i n a l a t e r chapter. 
FACTORS THAT INFLUENCE RESULTS; 

There i s some doubt as to which aspects of cav i t a t ion are ' 
responsible f o r erosion and chemical react ions. Opinions advanced 
are: ( l ) temperature r i s e , ( 2 ) pressure changes, or intense shock 
waves ( 3 ) e l e c t r i c a l phenomena, (U) separation of water i n t o ions , and 

2 26 

(5) i n t e r n a l resonance. * Furthermore, a number o f experimental 

conditions when var ied , w i l l a f f e c t the r e s u l t s . These include frequency, 

time durat ion, temperature, pressure - both acoustic and loading, e tc . 

I t i s accepted by most experienters tha t frequency does not 

e f f e c t u l t r a s o n i c a l l y induced chemical reactions except i n so f a r as 

cav i ta t ion i t s e l f i s frequency dependent. The e f f e c t o f i n t e n s i t y 

changes on chemical reactions i s i l l u s t r a t e d i n F i g . 2.ha and i t can 

be seen tha t these reactions do not occur at low i n t e n s i t i e s . They 

appear at the threshold o f cav i t a t ion and increase approximately 

l i n e a r l y w i t h increase i n i n t e n s i t y . Iodine y ie lds appear t o increase 

w i t h duration of exposure and t h i s i s shown i n F i g . 2 .Vb. Cavitat ion 
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i s a func t ion o f pressure and e f f e c t chemical react ions; but 
above 1 ,500 mm Hg. , the pressure i s too great to allow bubble 
formation ( F i g . 2.he). Temperature con t ro l during u l t rasonic i r ­
rad ia t ion i s d i f f i c u l t and i t i s known tha t y ie lds are e f f e c t e d by 
temperature changes ( F i g . 2 .Ud). 

There i s no clear descr ipt ion of the process tha t takes place 
during cav i ta t ion damage although a v a r i e t y of postulates have 
been put forward . The phenomenon i s a complex one i nvo lv ing many 
variables and as such, a coherent account i s s t i l l not possible 
without assuming a p r i o r i tha t the mechanisms of importance are 

known. Factors o f importance are the f l u i d dynamical, the e l ec t ro -
2 27 

chemical and the me ta l lu rg ica l aspects of corros ion. * Theoret ical 
and experimental postulates have been put forward i n support o f a 
mechanical damage hypothesis f o r erosion. I n general, i t i s agreed 
that the shock waves formed when cav i ta t ion bubbles collapse play an 
important par t i n erosion. 

The nature of the damage i s so i n t ima te ly re la ted to the 
response of the materials- t o impingment attack versus chemical 
a c t i v i t y tha t i t i s d i f f i c u l t to separate the e f f e c t s . Thus, f o r 
long periods of exposure to cav i t a t ion pressure, i n e r t materials 
show only p l a s t i c deformation while materials tha t react r ap id ly i n 
corrosive media w i l l y i e l d corrosion products upon exposure. 
Rela t ive ly duc t i l e materials show an "incubation" per iod during which 
p l a s t i c deformation occurs and no mater ia l i s l o s t from the specimen. 
Nickel shows the formation o f microscopic " h i l l s and va l l eys" on i t s 
surface when exposed to c a v i t a t i o n ; s tainless s t ee l shows s l i p l ines 
and zinc monocrystal shows the hexagonal s t ructure o f the c r y s t a l . * 
F i g . 2 .5 i s an i l l u s t r a t i o n of the "incubation" period f o r brass and 
four types of s tainless s t e e l . 

Variations i n the physical and chemical properties o f the l i q u i d 
medium complicate the study of cav i t a t ion damage mechanism. Factors, 
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such as temperature, vapour pressure, gas content, surface tension, 
v i s c o s i t y , compressibi l i ty and density e f f e c t resul ts o f cav i t a t ion 

2 29 
damage* * The behaviour generally observed i n examining the 
e f f e c t s o f the vapour pressure o f the l i q u i d on the damage process 
i s shown i n F i g . 2 . 6 ; the observed peak being associated w i t h the 
vapour pressure and gas content. Since the collapse pressure would 
be higher f o r higher surface tension, other fac tors remaining 
constant, an increase i n damage w i t h increasing surface tension 
should be observed, ( F i g . 2 . 7 ) . Experimental resul ts also show 
tha t cav i ta t ion damage decreases w i t h increasing v i scos i ty and t h i s 

2 30 
i s shown i n F ig . . 2 .8 . Wilson and Graham have also shown tha t 
cav i ta t ion damage should increase w i t h increasing density and 
decreasing compress ibi l i ty ( F i g . 2 . 9 ) . 

I n general, no s ingle method of measuring the r e l a t i v e i n t e n s i t y 
of cav i t a t ion already discussed can provide resul ts to be t te r than 
- 10%, Other.-methods suggested f o r the determination of cav i t a t ion 

2 31 
a c t i v i t y are based on cav i t a t ion noise ' or the production o f 

2 32 
sonolumines cence. * 
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CHAPTER 3. 

3.1 MAGHETOSTRICTIOH. 

3 1 
Magnetostriction can be explained by the consideration 

of the Domain Theory. The fundamental magnetic p a r t i c l e i n an 
atomic system i s the o r b i t a l e lectron and i n most systems, t h e i r 
magnetic e f f ec t s nearly neut ra l ize each other . However, i n f e r r o ­
magnetic mater ia ls , an exchange force exis ts tha t causes the atomic 

—8 —9 
magnetic f i e l d s w i t h i n a volume o f 10" or 10~" t o l i e p a r a l l e l . 
These domains are each magnetized to sa tura t ion , t h e i r magnetic 
f i e l d direct ions being randomly a l l igned i n any one of a number o f 
f i x e d direct ions known as "direct ions o f easy magnetization". I n 
the presence of an external magnetic f i e l d , domains nearly p a r a l l e l 
t o the f i e l d d i r ec t ion grow i n s ize , t ak ing over the other 
d i f f e r e n t l y or ientated domains. This process continues as the 
strength o f the external f i e l d i s increased, u n t i l , each c rys t a l 
o f the mater ia l becomes one large domain. Further increases i n the 
external f i e l d strength cause the domain i n each c r y s t a l to rotate 
u n t i l i t i s p a r a l l e l t o the f i e l d d i r e c t i o n . Ex te rna l ly , the mater ia l 
expands or contracts as the domains r o t a t e . 

When the domains are a l l al igned i n the d i r ec t i on of the 
external f i e l d , the dimensional changes i n the mater ia l cease and 
the l a t t e r i s sa id t o be saturated. The changes i n dimensions are 

—6 —h 
smal l , the r e l a t i v e deformation being of the order o f 10" t o 10" . 
F i g . 3.1 i s an i l l u s t r a t i o n of the. magnitudes and signs of the 

3 2 
magnetostrictive e f f ec t s f o r n i c k e l and coba l t . A l l magnetic 
properties cease at the Curie p o i n t ; but t h i s i s r e l a t i v e l y high f o r 
a l l materials used i n the construction o f magnetostrictive transducers. 

3.2 MAGNETOSTRICTIVE TRANSDUCER 

The production o f u l t rasonic waves by the magnetostriction 

e f f e c t i s accomplished by the conversion o f e l e c t r i c a l energy to sonic 
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energy. The magnetostrictive transducer i s placed i n an external 
magnetic f i e l d which i s var ied at an u l t rasonic frequency to produce 
mechanical v ibra t ions o f the transducer. Normally, the mater ia l of 
the transducer i s surrounded by a c o i l through which a high frequency 
o s c i l l a t i n g current superimposed on an i n i t i a l magnetizing current , 
i s passing. The idea of the i n i t i a l magnetizing current i s to over­
come the production o f two direct ions o f easy magnetization i n the 
mater ia l by the o s c i l l a t i n g magnetic f i e l d , which would have resul ted 
i n an average zero deformation of the ma te r i a l . I n i t i a l magnetization 

also causes the frequency o f v i b r a t i o n o f the deformation t o be the 
same as the frequency o f the o s c i l l a t o r y current . 

I n p rac t ice , the i n i t i a l magnetization i s produced e i t he r by 
the use of a permanent magnet or by passing a d i r ec t current through 
a c o i l around the. ma te r i a l . The l a t e r i s r e f e r r ed to as the D.C. 
po la r i s ing current and by the use o f a choke-capacitance coupling 
t o separate the d.c. from the o s c i l l a t o r y current , the two currents 
are passed through the same c o i l . For a maximum amplitude o f v i b r a t i o n 
o f the rod , the magnetostrictive transducer i s operated at i t s na tu ra l 
frequency. This i s accomplished by tuning the o s c i l l a t o r y current 
and hence the magnetic f i e l d v i b r a t i o n to be the sane as the na tu ra l 
frequency of the rod . I n t h i s case, the rod osc i l l a tes f r e e l y , the 
v i b r a t i o n a l amplitude i s large and the r e l a t i v e deformation can be 
as much as 10 . Furthermore, the length o f the rod i s equal to a 
h a l f wavelength of the sound radiated by i t and can be represented by 

where V i s the v e l o c i t y o f sound i n ' t h e mater ia l and I i s the length 
of the r o d . 

Any mater ia l used as a magnetostrictive transducer must possess 
the fo l lowing charac te r i s t ics : ( l ) a high rate of change of magneto­
s t r i c t i o n w i t h magnetic f i e l d , (2) High Curie temperature, (3) Good 
mechanical proper t ies , and (U) Good corrosion resistance depending 
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on the condit ion .under which the transducer i s to be used. I n 
add i t ion , the heat d i ss ipa t ion i n the mate r ia l , the geometrical 
construction of the transducer and the s t r a i n that the mater ia l 

3 3 
can withstand help t o determine the performance of a transducer. * 
The l e v e l of operation o f a transducer i s determined by the heat 
losses due t o eddy current and to mechanical and magnetic 

3 h 
hysteres is . * I t fo l lows therefore tha t the removal o f heat 
dissipated i n the transducer by cooling i s important and that the 
geometrical construction w i l l a f f e c t the e f f i c i e n c y , the mechanical 
Q fac to r (Chapter l ) and many other f a c t o r s . 

The shape of a magnetostrictive transducer i s o f t e n determined 
by: ( l ) the e l imina t ion of losses i n the core mater ia l and (2) the 
desire to con t ro l the shape or f i e l d pat tern of the t ransmit ted 
beam. The shape or f i e l d pat tern i s i n t u rn determined by the use 
f o r which the transducer i s intended. 
TYPES OF MAGNETOSTRICTIVE TRANSDUCERS: 

F i g . 3.2 i s an i l l u s t r a t i o n of the shapes o f transducers. The 
simplest type i s the s ingle rod transducer used f o r low power 
i r r a d i a t i o n s . Power losses i n the mater ia l and the sh ie ld ing o f 
the i n t e r i o r of the mater ia l from the a l t e rna t ing magnetic f i e l d due 
to eddy currents impose p r a c t i c a l l i m i t a t i o n s . Losses due to the 
i n t e r i o r of the mater ia l are el iminated by the use of a tube o f the 
mater ia l and when s l i t tubes are used, eddy currents are e l iminated . 
The disadvantages o f the s l i t tube are a reduction i n the cross-
sect ional area o f i t s face and a s l i g h t v a r i a t i o n i n the frequency 
of operation (Equ. 3 .1 ) . These disadvantages are overcome by the 
construction of the laminated bar transducer f abr ica ted of t h i n 
sections e l e c t r i c a l l y insula ted from each-other. Each lamination 
acts as though i t were exposed independently to the e x c i t i n g f i e l d 
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and they are bonded together w i t h a ra ld i t e or some other non­
conducting layer i n such a manner tha t they v ibra te i n unison. 
The thickness 'of the laminations a f f e c t the frequency response 
o f the transducer and usual ly about 0.015 i n t h i c k i s used below 
30 kc / s ; and about 0.05 i n f o r higher frequencies. 

With increasing frequency of operation, the length o f the 
transducer decreases and hence i t s length t o diameter r a t i o . 

3 6 

There are also magnetic f l u x losses at the end faces but 
these defects are overcome by the use of the s l o t t e d bars or the 
window type transducers. Ring or c y l i n d r i c a l transducers are 
made w i t h t o r o i d a l l y wound rings w i t h laminated cores. Generally, 
they produce r a d i a l v ibra t ions but when exci ted as a tube, they 
w i l l radiate from the ends. The s e n s i t i v i t y of magnetostrictive 
properties such as permeabi l i ty , sa turat ion magnetostr ict ion, 
e t c . , which depend on the i n t e r n a l s t ructure of the mate r i a l , 
can be con t ro l led by mechanical operations on the mater ia l and heat 
treatment. I t i s therefore important t o anneal transducer * • -. 3.8 mater ia ls . 

EQUIVALENT CIRCUIT OF A MAGNETOSTRICTIVE TRANSDUCER; 

I n general, an electromagnetic system can be described by 
3 9 

the f o l l o w i n g equations : 

V • = V + Zem U 3.2 
F . " - W + Z m u 3.3 

where V i s the voltage applied to the transducer and I the r e s u l t i n g 

current . Z 0 , "and Z - are the 'clamped* and mechanical impedances 

of the transducer; U i s the v e l o c i t y o f the transducer face , F 

the force applied by the face and Z e m the electromechanical t rans­

formation f a c t o r i . e . Z e m U i s the e .m. f . a r i s i n g from a face v e l o c i t y 

U . 

For a rod-shaped transducer of length &, cross sect ional area 



S, surrounded by an energizing c o i l system of n turns per u n i t 
l ength , equations 3 . 2 , 3 . 3 become 

V = Z Q I + (UirXvinS)U 3.U 

F = -(UirAunS)l + ZmU 3 .5 

where A i s the magnetostrictive constant and u i s the e f f e c t i v e 
dynamic permabi l i ty . 

Comparing equations 3 . 2 and 3 . 3 w i t h equations 3.U and 3 . 5 , 
we have 

( z e m > 2 . = ^ 3 . 6 
2 

where L = h-nn S\il i s the inductance of the system, neglect ing 
eddy current and hysteresis losses. 

The equivalent lumped constants are (Ch. 1 ) : 
pS£ 1 „ T T 2 S E _ 

M = — Cm

 = K = — J Z w = 2 S p l v l 

where E i s the e f f e c t i v e Young's modulus, i s the mechanical 
impedance o f the m e d i u m , a n d v-̂  are the density and u l t rasonic 
v e l o c i t y o f the medium. 

The equivalent e lec t ronic representation o f the transducer^' 
w i l l then be as shown i n F i g . 3 . 3 , where, 

(7 \^ (7 \^ Hi = v em; ; and R = v em' ; 
R r Z 

w 

Lg, C 2 and Rg representing the s t i f f n e s s , mass and the inverse 

damping o f the v i b r a t o r respect ively . Rg i s a combination of two 

resistances, R̂  f o r i n t e r n a l motional losses and R y f o r rad ia t ion 

losses. L represents the inductance of the core and windings and 

r the core' losses. 



* 2 

F i g . 3 . 3 . T h e E q u i v a l e n t c i r c u i t o f a m a g n e t o s t r i c t i v e 
t r a n s d u c e r . 



- 31 -

3.3 POWER SUPPLY FOR MAGNETOSTRICUVE TRANSDUCERS. 

E l e c t r o n i c generators used w i t h m a g n e t o s t r i c t i v e t ransducers 

have the t a sk o f c o n v e r t i n g the mains f requency o f the l o c a l i t y i n t o 

e l e c t r i c a l o s c i l l a t i o n s o f h i g h f requency s u i t a b l e f o r o p e r a t i n g 

the t r ansduce r . The l e v e l o f son ic energy r e q u i r e d and the r a d i a t i o n 

area o f the t ransducer determine the s i z e and power ou tpu t o f the 

o s c i l l a t o r y genera to r . Generators can he o f two types : 

( a ) Mechanical o r r o t a r y genera to rs , 

(b ) Valve gene ra to r s . 

3 10 

Rotary generators are used under arduous w o r k i n g cond i t i ons 

as e x i s t i n s i d e a s t e e l w o r k s . I t cons i s t s e s s e n t i a l l y o f the p r e -

magnet i s ing u n i t , an accessory s w i t c h p a n e l , t he c o n t r o l p o r t i o n and 

a r o t o r which i s v e r t i c a l l y mounted. The genera tor which i s equipped 

w i t h l u b r i c a t e d r o l l e r b e a r i n g s , i s wa te r cooled and the e n t i r e 

u n i t i s suppor ted on a n t i - v i b r a t i o n mount ings . 

Valve generators are used i n most u l t r a s o n i c a p p l i c a t i o n s and 

there are b a s i c a l l y two types : 

1 . Power o s c i l l a t o r o p e r a t i n g c lass C 

2 . O s c i l l a t o r - P o w e r a m p l i f i e r w i t h power a m p l i f i e r o p e r a t i n g 

c lass AB2. 

A p r a c t i c a l m a g n e t o s t r i c t i v e o s c i l l a t o r o f the f i r s t type 

i s shown i n F i g . 3 .U . I t u t i l i s e s a p u s h - p u l l o s c i l l a t o r system 

w i t h the g r id -ca thode c i r c u i t compr i s ing the o s c i l l a t o r proper and 

the ou tpu t t r a n s f o r m e r i n the p l a t e c i r c u i t . Frequency c o n t r o l i s 

e f f e c t e d by the choice o f values f o r the t u n i n g capac i to r s and by 

moving the two c o i l s i n the g r i d c i r c u i t w i t h respec t t o one ano ther . 

The number o f t u r n s on the ou tpu t t r a n s f o r m e r sets the ou tpu t 

impedance and a separate d . c . p o l a r i s i n g c u r r e n t i s f e d i n p a r a l l e l 

t o the t r ansducer i t s e l f . 

The o s c i l l a t o r - p o w e r a m p l i f i e r type i s o f t e n c o n s t r u c t e d i n 

s e c t i o n s . Here, the f requency i s determined by a s e l f e x c i t e d 



<rL* 

CD 

10 

0 

0 CO 

6 

on II b0 

DO 

•3 —im-

o 
* I [ J \ 

LUUSA J LLAÂ i. LîÂJ 
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o s c i l l a t o r which can "be a v a r i a b l e f requency Wien b r i d g e o s c i l l a t o r . 

I n t h i s way, the f requency s t a b i l i t y o f the genera tor depends on 

the o s c i l l a t o r . S t a b i l i t y i s o n l y achieved a t low power d e l i v e r y 

and consequent ly , v o l t a g e and power a m p l f i c a t i o n i s necessary. A 

b l o c k diagram o f t h i s type o f genera tor i s shown i n F i g . 3 . 5 . 

The aim o f the research p r o j e c t r e q u i r e d t h a t t h i s genera tor 

shou ld supply h i g h i n t e n s i t y o s c i l l a t o r y c u r r e n t a t an u l t r a s o n i c 

f requency t o a m a g n e t o s t r i c t i v e t r a n s d u c e r . Heppiras and No l t ingk . . 

have shown t h a t the f o r c e s o f c a v i t a t i o n increase w i t h decreas ing 

u l t r a s o n i c f r equency . Brown has a l so shown t h a t c a v i t a t i o n i n t e n s i t y 

i s d i r e c t l y p r o p o r t i o n a l t o the u l t r a s o n i c power o u t p u t . I n keep ing 

w i t h these c o n d i t i o n s , i t was decided t o produce u l t r a s o n i c waves 

by s u p p l y i n g continuous e l e c t r i c a l o s c i l l a t i o n s a t a f requency o f 

20 k c / s , f r o m a s u i t a b l e genera tor ( F i g . 3 .6) w i t h a v a r i a b l e power 

o u t p u t , t o a . m a g n e t o s t r i c t i v e t r ansduce r . I t has a maximum i n p u t 

power o f U.O kVA and a v a r i a b l e ou tpu t power o f up t o 2 .0 kW. Three 

ou tpu t t appings are p r o v i d e d so t h a t th ree t ransducer u n i t s can be 

d r i v e n , e i t h e r s epa ra t e ly o r s i m u l t a n e o u s l y . 

THE GENERATOR: 

The c o n s t r u c t i o n o f the genera tor ( F i g . 3 .5) i s i n f o u r sec t ions 

which are numbered f r o m the t o p . I n chassis k ( F i g . 3 .7) the re i s 

the h i g h t e n s i o n s u p p l y , a v a r i a b l e t r a n s f o r m e r T10 and the magnet­

i z a t i o n c u r r e n t s u p p l y . T10 i s the v a r i a b l e t r a n s f o r m e r f o r c o n t r o l l i n g 

the ou tpu t power. A smoothing c i r c u i t (CH6, C22 and C23) i s a l so 

i n c o r p o r a t e d i n the h i g h t e n s i o n supp ly u n i t (T6 , V8, V 9 ) . The 

t r a n s f o r m e r T8 and SR2 the b r i d g e r e c t i f i e r c o n s i s t u t e the magnet­

i z a t i o n c u r r e n t s u p p l y . There are a l so s a f e t y devices SW2 t o the 

door a t the r e a r o f the genera tor which i s opera ted by the c o n t r a c t o r 

CR1, a i l e a d t o the c o o l i n g f a n o f the ou tpu t va lves V I and V2 

(Chassis l ) , and the i n p u t socket t o the gene ra to r . Chassis 3 
cu r r en t 

conta ins c o n t r o l c i r c u i t s f o r the magne t i za t ion / supp ly t o the t h ree 
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Fig . 3 . 6 a > . F r o n t v i e w o f t h e 2.0kW g e n e r a t o r f o r d r i v i n g 
m a g n e t o s t r i c t i v e t r a n s d u c e r u n i t . 
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Fig. 3 • 6 b . R e a r v i e w o f the 2.0kW g e n e r a t o r f o r d r i v i n g 
m a g n e t o s t r i c t i v e t r a n c d u c e r u n i t . 
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sets o f t r ansduce r s . I n c l u d e d i n t h i s u n i t are f o u r adjus tment 

knobs; one f o r the choice o f probe i n seperate opera t ions and 

t h ree (VR2, VR3, VRU), f o r v a r y i n g the magne t i za t ion c u r r e n t 

which can be read on the meter p r o v i d e d ( F i g . 3 . 6 a ) . There ere 

a l so i n chassis 3 a choke r e j e c t o r (CH3» CHU, CH5) f o r each t r a n s ­

ducer u n i t and the b l o w i n g f a n c i r c u i t f o r c o o l i n g the t r a n s d u c e r s . 

The choke r e j e c t o r o f f e r s a h i g h impedance t o the o s c i l l a t o r y 

c u r r e n t and a low re s i s t ance t o the d . c . p o l a r i s i n g c u r r e n t 

thereby s e p a r a t i n g the two cu r ren t s a t the i n p u t t o the t r a n s d u c e r s . 

Tappings (P13, P l 6 , P19) t o dummy loads are a l so p r o v i d e d f o r a l l 

th ree u n i t s . Dummy loads are used t o m a i n t a i n a f i x e d i n p u t power 

when i t i s necessary t o s w i t c h o f f anyone o f the t h ree u n i t s i n 

the case o f simultaneous runs o f t h e t ransducers . . 

Chassis 2 can be d i v i d e d i n t o f o u r u n i t s ( F i g . 3*7) 

( 1 ) the r e c t i f i e r (T3 , V3 ) and t h e smoothing u n i t ( C H I , C7, C8, 

R17) , which supp l ies a B .C . v o l t a g e (600V) t o the screen g r i d o f 

the ou tpu t a m p l i f i e r s ( V I , V2 - Chassis 1 ) . 

( 2 ) the r e c t i f i e r (VU) and the smoothing u n i t (CH2, C9, CIO) 

p r o v i d i n g a 300V d . c . t o the o s c i l l a t o r (V6) and the d r i v e r u n i t ( V 7 ) . 

( 3 ) The o s c i l l a t o r u n i t w i t h a 1 8 0 ° phase s h i f t network (C15 t o 

C18 and R8 t o R12) . 

(h) The d r i v e r u n i t t o which may be added the t r a n s f o r m e r T9 and 

the r e c t i f i e r c i r c u i t (SRI , R19, C21) which s u p p l i e d the g r i d b ias 

o f V I and V2 (Chassis l ) . T9 i s a phase s p l i t t e r f o r t h e o u t p u t 

a m p l i f i e r s . A thermo-delay u n i t i s a lso b u i l t i n t o chassis 2 . I t 

has a delay t ime o f 30 sees, d u r i n g which t ime the ou tpu t a m p l i f i e r s 

do no t f u n c t i o n . The mains i n d i c a t o r lamp i s a l so i n t h i s chas s i s . 

Chassis 1 c o n t a i n s . t h e ou tpu t a m p l i f i e r , the ou tpu t t r a n s f o r m e r , T2; 

the D.C. b l o c k i n g condensers, (C^, Cg, C^ ) ; and the c i r c u i t f o r 

the h i g h f requency c u r r e n t meters and i n d i c a t o r lamps. The ou tpu t 

a m p l i f i e r i s a p u s h - p u l l a m p l i f i e r ( V 1 , V } and separates the 



1 CI 
I OP7 

R24 VI T l 

Ml M R22 T H 

03 R23 

M3 LI P / 0 

J=©L2 

PI ChoHII I = ® L 3 
2 4 6 & O I 2 

V3 CH 

ni7 
V4 CH2 

F3 

" 1 
T9 R2 C9 
E E l _ T4 F7 

T T " I F RS RI8 R6 

SR V7 R20 RI9 CIS FS 
21 

S = ^ 3 l . 4 VS Delay 

S_79_|i 
m • • • ml 

2~4~JTZ5Bi 
P3 P2 Chasus 2 

3 4 6 BIO Mao. current Pll f 0 1 CHS SWe r—'00 tOO' 
Pl2 

MR4M MRI £8 PIS VR2 
1 p PI CH4 

MR2 F9 PIS VR3 i n — . 5H2 MRS PI6 Blamr 
PI7 CMS 

J — f l o w MRS Fl 28. U3 VR4 
SH3 

MR6 

E E 
0 

i 5 7911 
• • • « 

24 4 
PS 

2 4 4SBI2 Chains 3 

V8 
R27 Oh Fll 

CH6 no {jj ^ - - - —rTWJWT1 
R2B 

OP20 
I FI2 

JC22 J t 2 3 T 7 ' 

CO PS S3 SR2 i t OmOCtOC 
M a n an 

C h a w 4 

2 4 a S 10 

F i g . 3 . 7 . C i r c u i t d i a g r a m o f t h e 2 . 0 k W g e n e r a t o r . 
The c h a s s i s a r e n u m b e r e d f r o m t o p t o b o t t o m . 



- 31* -

o s c i l l a t o r (chass is 2) f r o m the t r ansduce r . A l t e r a t i o n s t o t h i s 

p a r t o f the c i r c u i t , made a f t e r p r e l i m i n a r y exper iments , are 

shown i n r e d ( F i g . 3 .7) on the c i r c u i t d iagram. The t a p p i n g 6 

•of p o i n t P I i s now connected t o the g r i d o f va lve V I and P10 i s 

now connected t o the g r i d o f v a l v e V I and P10 i s r ep laced by a 

c e n t r a l t a p p i n g o f the t r a n s f o r m e r , T2; w h i l e the p o i n t s M are 

j o i n e d t o g e t h e r . MM* does n o t e x i s t any l o n g e r . The b l o c k i n g 

condensers (C^ , Cg, C^) p e r f o r m the same j o b as the choke-

capacitance c o u p l i n g , CH3, e t c . (Chassis 3) b u t t h i s t i m e , C^, 

C 2 and C^ b l o c k the d . c . c u r r e n t by p r e s e n t i n g a h i g h r e s i s t a n c e . 

Opera t ion o f the u n i t r e q u i r e s the c l o s i n g o f the s w i t c h 

SW1 on chassis U, adjustment o f the v a r i a b l e t r a n s f o r m e r T10, 

and adjus tment t o the r e q u i r e d magne t i za t ion c u r r e n t value by 

the use o f VR1, VR2, o r VR3, i n chassis 3. For the o p e r a t i o n o f 

a s i n g l e t r ansducer u n i t , the u n i t i s s e l e c t e d by the means o f a 

k n o t (Tank, 1 , 2) on chassis 3 and the cor responding s w i t c h 

(SW3, SWU, SW5), c l o s e d . A f t e r a t ime delay o f 30 seconds, the 

increase h i g h f requency c o n t r o l i s opera ted , a lamp i s i l l u m i n a t e d 

and the r e l e v a n t h i g h f r equency c u r r e n t meter can be r ead . The 

lamp, i A , i l l u m i n a t e s when SW1 i s c losed and the end o f t h e de lay 

p e r i o d i s i n d i c a t e d by a c l i c k f r o m the gene ra to r . The o p e r a t i o n a l 

c h a r a c t e r i s t i c s o f the genera tor are shown i n F i g . 3.8 f o r f o u r 

values o f magne t iza t ion c u r r e n t . I n s i d e the genera to r , t he re i s 

a c o n t r o l f o r the f i n e adjus tment o f f requency ( F i g . 3 . 6 ^ 1 . 

3.U EXPERIMENTAL SET-UP 

A m a g n e t o s t r i c t i v e t ransducer u n i t was chosen i n p re fe rence 

t o a p i e z o e l e c t r i c u n i t f o r t h e p r o j e c t because o f : 

1 . The h i g h Cur ie p o i n t which pe rmi t s the use o f m a g n e t o s t r i c t i v e 

t ransducers a t t he necessary h i g h tempera tures . , 

2 . I t can d r i v e the h i g h impedance l o a d (wa te r ) i n t o which i t 

worked . 
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3. The c o u p l i n g t o the tank a l though c r i t i c a l i s s i m p l e . 

Apar t f r o m the e l e c t r o n i c genera tor the complete equipment 

i nc ludes a constant temperature h a t h o r t ank and a t r ansducer 

u n i t o f a 3 i n diameter s t a i n l e s s s t e e l p i s t o n t o which are 

a t t ached f o u r l amina ted r o d t r a n s d u c e r s . The t ransducers 

cons t ruc t ed o f k% Co-Ni are o f l e n g t h U.5 i n so as t o resonate 
a 0 

a t 20 kc / s and they have A Cur ie p o i n t o f klO C. C o i l s f o r the 

p r o d u c t i o n o f magnetic f i e l d are wound on f o u r non-conduc t ing 

c y l i n d r i c a l m a t e r i a l s i n t o which the t ransducers can e a s i l y be 

pushed. A meta l cage p r o t e c t i n g the t ransducers and c o i l s has 

an e l e c t r i c motor and a f a n ( F i g . 3 . 7 ! - Blower) mounted a t i t s 

lower end . F i g . 3.9 i s an i l l u s t r a t i o n o f a complete t r ansducer 

u n i t . 

A t y p i c a l t r ansduce r - t ank c o u p l i n g system i s shown i n F i g . 

3 .10 . The m a g n e t o s t r i c t i v e t ransducer i s n o r m a l l y coupled a t 

a noda l p o i n t i . e . t he bo t tom o f the tank i s a node. I t w i l l be 

seen t h a t the ends o f the n i c k e l rods and consequently the ends 

o f the s t a i n l e s s s t e e l p i s t o n are a t an t inodes . As mentioned 

above, a constant temperature tank, ( o r b o t h ) was used i n the 

p r o j e c t . I t i s cons t ruc t ed o f s t a i n l e s s s t e e l w i t h an ou t s ide 

cas ing o f plywood and has i n t e r n a l dimensions 6 l cm x 30 cm x 28.5 cm. 

The th ickness o f the plywood i s about 1.7 c m . A t a p i s f i t t e d 

a t one end o f the bo t tom o f the tank so t h a t wa te r can be run ou t 

a t the end o f a day's r u n . Transducer- tank c o u p l i n g i s v e r y 

c r i t i c a l and r equ i r e s t h a t the bo t tom o f the tank must be ve ry 

f l a t . Coupl ing was e f f e c t e d by the use o f e i g h t J / l 6 " screws w i t h 

p l a s t i c washers and a 0.2 cm t h i c k rubber p l a t e ( i . d . 3", e . d . 3 .5") 

i n between the p i s t o n f l a n g e ( F i g . 3 .9) and the bo t tom o f the t a n k . 

Both the rubber p l a t e and the p i s t o n f l a n g e r e s t on the bo t tom o f 

the t a n k . The bes t c o n d i t i o n f o r o p e r a t i o n i s when the screws are 

j u s t t i g h t enough t o p revent the d r i p p i n g o f wa te r and the p i s t o n 
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i s s t i l l f r e e t o v i b r a t e on i t s own. For a w o r k i n g h e i g h t o f 

16.5 cm above the p i s t o n f a c e , the tank takes about U5 l i t r e s 

o f d e - i o n i s e d water and u s i n g lU .55 x 10" " <M/s as the v e l o c i t y 

o f u l t r a s o n i c waves i n w a t e r , a t 20 k c / s , t he wavelength f o r 

s t a n d i n g waves i s g iven by 

v e l o c i t y = f requency x wavelength 

as 7.275 7.28 cm. 

The me ta l cage p r o t e c t i n g the t ransducers and c o i l s i s 

screwed a t f o u r p o i n t s t o s t r i p s o f s t a i n l e s s s t e e l so lde r ed t o 

the under-s ides o f the bo t tom o f the t a n k . This c o u p l i n g a l so 

a f f e c t s the V i b r a t i o n o f the t ransducers and must n o t be t o o 

t i g h t l y screwed i n . For b o t h coupl ings o f the t ransducers and 

meta l cage, c a v i t a t i o n noise provides an easy check s ince a 

maximum c a v i t a t i o n noise i s ob ta ined on ly a t t he bes t c o n d i t i o n s 

f o r o p e r a t i o n . 

The suspension device f o r t e s t samples i s i l l u s t r a t e d i n 

F i g . 3 . 11 . A i s a brass p l a t e 30 cm x 9.5 cm.supported by f o u r 

brass tubes 10.5 cm l o n g , the brass tubes b e i n g so lde r ed t o two 

equal l eng ths o f brass angles o f l e n g t h 50 cm ( L ) . The s o l i d 

brass r o d , B , has a 2.5^ cm. l o n g t a p p i n g a t i t s l ower end, the 

r e s t o f i t i s counter bored and the lower end i s so lde r ed t o the 

p l a t e C. The moving u n i t M, N and D are suppor ted b y the s tudded 

r o d G which runs through B and i s screwed below D. M i s an 

o p t i c a l lens ho lde r system i n the h o r i z o n t a l plane w i t h t h e two 

rods N screwed i n t o i t ; and provides a f i r m g r i p f o r glass t e s t 

t ubes . Lead samples are suspended f r o m D which i s so lde r ed t o 

the rods N . The h e i g h t t r a v e r s e d by the moving u n i t can be read 

f r o m any o f two scales on the rods N w i t h the t o p su r face o f A 

as r e f e r e n c e . Support f o r the e n t i r e system i s achieved at one 

end o f the brass angles , L , by clamping t o a r i g i d t a b l e . Both 
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the t a b l e and the system are f r e e o f the constant temperature 

tank and are n o t e f f e c t e d by the v i b r a t i o n s o f the t r a n s d u c e r s . 

There are no h o r i z o n t a l motions and the system i s s e t w i t h M 

v e r t i c a l l y above the s t a i n l e s s s t e e l p i s t o n o f the t r a n s d u c e r . 

The s e t up o f tank and suspension device i s shown i n F i g . 3 .12 . 

A mercu ry - in -g la s s thermometer f o r readings o f the temperature 

o f the wa te r i n the t ank can be seen a t the end o f the tank 

opposi te t o the t h e r m o s t a t i c c o n t r o l u n i t . 
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CHAPTER k. 

Severa l a p p l i c a t i o n s o f u l t r a s o n i c s are i n l i q u i d media and 

under s u i t a b l e c o n d i t i o n s c a v i t a t i o n may be produced i n the l i q u i d . 

The d e s t r u c t i v e na ture o f c a v i t a t i o n makes i t e s s e n t i a l t h a t one 

shou ld know the i n t e n s i t y o f c a v i t a t i o n s u i t a b l e f o r a s p e c i f i c 
U . l 

a p p l i c a t i o n . * I n Chapter 2, t h e two most commonly employed 

methods f o r the d e t e r m i n a t i o n o f the i n t e n s i t y o f c a v i t a t i o n were 

enumerated. The f i r s t i s based on t h e y i e l d o f f r e e r a d i c a l s f r o m 
are 
h,3 

k 2 
a chemical s o l u t i o n - Chemical Method * - and these e f f e c t s are 
thought t o be r e l a t e d t o the gas-phase o f c a v i t a t i o n bubb les . 

Depending on the chemicals used, the r e l a t i v e i n t e n s i t y o f c a v i t a t i o n 

may be expressed i n terms o f o p t i c a l d e n s i t y , o r grams o f i o d i n e , 

c h l o r i n e , e t c . l i b e r a t e d . * The second, a p r i m a r y e f f e c t o f 

c a v i t a t i o n occu r ing i n the l i q u i d phase i s c a v i t a t i o n e r o s i o n and 

c a v i t a t i o n a b i l i t y i s assessed by the los s i n we igh t o f a sample .^ '^ 

h.l PREVIOUS EXPERIMENTAL RESULTS AMD OBSERVATIONS. 

EROSION METHOD : 

I n 1960, L . D . Rosenberg i n v e s t i g a t e d the mechanism o f u l t r a ­

sonic c l e a n i n g by the e r o s i o n method. He used a luminium, l e a d , 

g o l d , ceramics , p l a s t i c s , e t c . as h i s t e s t samples i n d i f f e r e n t 

l i q u i d s which show no chemical a c t i v i t y i n respect t o an expe r imen ta l 

m a t e r i a l . He worked a t a f requency o f 8 k c / s and expressed the 

magnitude o f e ro s ion and hence c a v i t a t i o n c l e a n i n g a b i l i t y as the 

loss i n we igh t ( ^ m ) f r o m a s tandard specimen weighed b e f o r e and 

a f t e r i r r a d i a t i o n . Rosenberg e s t a b l i s h e d t h a t except f o r an i n i t i a l 

p e r i o d o f 5 minu tes , the e r o s i o n i s d i r e c t l y p r o p o r t i o n a l t o the 

i r r a d i a t i o n t ime and t h a t d u r i n g t h e f i r s t 5 minu tes , the process 

i s n o t so f a s t ( f o r l e a d , a luminium and g o l d ) . Most impor t an t o f 

a l l , he i n v e s t i g a t e d the dependence o f the r e l a t i v e i n t e n s i t y o f 
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c a v i t a t i o n upon temperature f o r a range o f -10° t o +90°C. Using 

aluminium as the t e s t sample, i n wa t e r , he observed an increase 

i n A m w i t h i n c r e a s i n g temperature t o a peak a t 50°C, f o l l o w e d by 

a decrease i n Am f o r f u r t h e r increases i n t empera tu re . ( F i g . l + . l ) . 

Moreover, he r e p o r t e d t h a t t h e p o s i t i o n o f the maximum and a l so 

i t s absolute va lue depended e s s e n t i a l l y upon the l i q u i d i n v e s t i g a t e d ; 

the absolu te magnitude be ing g r ea t e r i n wa te r than i n o the r l i q u i d s . 

CHEMICAL METHOD : 

The chemical method o f assessing the r e l a t i v e i n t e n s i t y o f 

c a v i t a t i o n was i n v e s t i g a t e d by A . W e i s s l e r . He used a s o l u t i o n o f 

carbon t e t r a c h l o r i d e i n wa te r w i t h o r t h o - t o l i d i n e reagent as the 

i n d i c a t o r o f the f r e e c h l o r i n e . The i n t e n s i t y o f t h e r e s u l t i n g 

y e l l o w s o l u t i o n was measured i n a Beckman spectrophotometer f o r 

b l u e l i g h t o f h36 m / u wavelength and recorded as the o p t i c a l d e n s i t y . 

( D ^ g ) . Working a t a f requency o f 28 k c / s and f o r an i r r a d i a t i o n 

p e r i o d o f 10 seconds, he i n v e s t i g a t e d the e r r o r t h a t might a r i s e 

f r o m the concen t r a t i on o f o r t h o - t o l i d i n e reagent and a l so the 

i r r a d i a t i o n t ime dependence o f t h e i n t e n s i t y o f t h e y e l l o w s o l u t i o n . 

He observed t h a t above 0.2 ml o f reagent i n 20 m l o f carbon t e t r a ­

c h l o r i d e s o l u t i o n , t h e c o l o u r i n t e n s i t y was n o t a f f e c t e d by the 

amount o f reagent and a l so t h a t the i n t e n s i t y o f the y e l l o w s o l u t i o n 

inc reased l i n e a r l y w i t h t ime o f i r r a d i a t i o n . L i k e Rosenberg, 

Wei s s l e r observed t h e v a r i a t i o n o f the i n t e n s i t y o f c a v i t a t i o n w i t h 

t empera ture . A steady decrease i n o p t i c a l d e n s i t y w i t h i n c r e a s i n g 

temperature over a range o f 10° t o 70% was r e p o r t e d . 

An i n t e r e s t i n g p r o p o s i t i o n ***** was t o express u l t r a s o n i c 

c l e a n i n g a b i l i t y i n terms o f c a v i t a t i o n as 

£ a i n i k ' 1 

t 

where each i _ represents a c h a r a c t e r i s t i c c lass o f c a v i t a t i o n events 

(gassy o r vaporous; s t eady - s t a t e o r t r a n s i e n t ) ; each n i s t h e number 
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o f events o f t h i s c lass per second, per u n i t volume, under the 

s p e c i f i c s e t o f c o n d i t i o n s ; and each a i s a c o - e f f i c i e n t which 

expresses the r e l a t i v e c l e a n i n g e f f e c t i v e n e s s f o r t h i s class o f 

c a v i t a t i o n . The n ' s w i l l he f u n c t i o n s o f such f a c t o r s as 

tempera ture , f r equency , d i s s o l v e d gas c o n t e n t , t r ea tment t i m e , 

e t c . The double i n t e g r a l o f ^ a - n . over the t ime o f t r ea tmen t 

and over the s p e c i f i c volume w i t h i n the c leaner t a n k ; i t was 

suggested, maybe a more e legan t exp re s s ion . 

Wei s s l e r a l so suggested t h a t the q u a n t i t a t i v e a b i l i t y o f 

u l t r a s o n i c c a v i t a t i o n t o promote chemical r e a c t i o n s c o u l d be 

represented by a s i m i l a r exp res s ion , 

where each b_ i s the c o - e f f i c i e n t o f r e l a t i v e sonochemical 

e f f e c t i v e n e s s f o r each class o f c a v i t a t i o n ; and t h a t the r a t i o 
a i 

/ b ^ c o u l d be assumed more o r less constant a t l e a s t f o r a 

p a r t i c u l a r u l t r a s o n i c c leaner a t a p a r t i c u l a r f r equency . 

The t h i r d s e c t i o n o f the p r o p o s i t i o n suggests a s imple 

r e l a t i o n s h i p between and b^ and consequent ly , between c a v i t a t i o n 

e r o s i o n and c a v i t a t i o n promoted chemical r e a c t i o n s . On the o the r 

hand, exper imenta l observat ions o f the r e l a t i v e i n t e n s i t y o f 

c a v i t a t i o n w i t h temperature by b o t h e r o s i o n and chemical methods 

g iven above, suggest t h a t the r e l a t i o n s h i p between _â  and b^ may 

no t be a s imple one. 

k.2 EXPERIMENTAL PROCEDURE. 

Two impor t an t f e a tu r e s o f the l a s t s e c t i o n are : 

( a ) the d i f f e r e n c e s o f the observed r e s u l t s f o r the v a r i a t i o n 

o f the r e l a t i v e i n t e n s i t y o f c a v i t a t i o n w i t h tempera ture , and 

( b ) the p r o p o s i t i o n s o f W e i s s l e r . 

The f i r s t suggests the need f o r some work by b o t h e ros ion 

and chemical methods under i d e n t i c a l c o n d i t i o n s o f f r equency , 

n k.2 
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power i n p u t t o the same t r ansduce r , h e i g h t o f t e s t samples above 

the t ransducer f a c e , e t c . The second suggests the need f o r two 

mathemat ical expressions f o r the r e s u l t s o b t a i n e d f o r b o t h methods 

and an i n v e s t i g a t i o n i n t o the p o s s i b i l i t i e s o f f i n d i n g a r e l a t i o n ­
al 

s h i p between the two express ions , l e a d i n g t o the r a t i o / b ^ . 

These f a c t o r s determined the choice o f the complete equipment 

and exper imenta l se t -up descr ibed i n the l a s t chap te r . 
CHLORINE LIBERATION METHOD : 

P repa ra t i on o f S o l u t i o n s : 

Two s o l u t i o n s were needed. The f i r s t was a concent ra ted 

s o l u t i o n o f carbon t e t r a c h l o r i d e i n w a t e r , k ml o f : c a r b o n t e t r a ­

c h l o r i d e t o a l i t e r o f de ion i zed wa te r was v i g o r o u s l y shakened 

up i n a brown b o t t l e and a l lowed t o s e t t l e o v e r n i g h t . The process 

o f shaking was con t inued the f o l l o w i n g day u n t i l t he carbon t e t r a ­

c h l o r i d e was broken up i n t o s m a l l p e l l e t s whose adhesive f o r c e s 

were s m a l l enough t o a v o i d pos s ib l e coa lesce . A t t h i s s tage , a 

f i n e suspension o f carbon t e t r a c h l o r i d e i n wa t e r had been ob ta ined 

and the s o l u t i o n was considered r i p e f o r use a f t e r s e t t l i n g over ­

n i g h t . The second s o l u t i o n was 0.675 gms o f o r t h o - t o l i d i n e reagent 

d i s s o l v e d i n a m ix tu r e o f 75 ml o f concent ra ted h y d r o c h l o r i c a c i d 

and k25 ml o f d i s t i l l e d w a t e r . L i k e the f i r s t s o l u t i o n , t h i s was 

s t o r e d i n a brown b o t t l e t o minimize d e t e r i o r a t i o n . Weiss le r 

used 2 ml o f carbon t e t r a c h l o r i d e t o the l i t e r o f d i s t i l l e d wa te r 

b u t the o r t h o - t o l i d i n e reagent s o l u t i o n was o f t h e same p r o p o r t i o n 

as above. 

Test c e l l s used f o r i r r a d i a t i o n were made o f glass tubes 10 cm. 

l o n g and 2.5^ cm. i n t e r n a l diameter t o the bo t tom o f which were 

cemented 3 cm square poly thene sheets o f th i ckness 0.5 mm. P o l y ­

thene was used f o r the sake o f g r ea t e r t ransparency t o u l t r a s o n i c 

waves. The cementing was w i t h a r a l d i t e and the c e l l s were l e f t 
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ove rn igh t f o r the a r a l d i t e t o harden* This procedure was 

repeated b e f o r e an exposure and the glass tubes were cleaned 

by u l t r a s o n i c waves. The c l e a n i n g o f the t e s t tubes and i n 

p a r t i c u l a r o f t h e brown b o t t l e s f o r s t o r i n g the s o l u t i o n s was 

very e s s e n t i a l as i t was observed t h a t the presence o f dust 

p a r t i c l e s o r d i r t r e s u l t e d i n the s e p a r a t i o n : o f carbon t e t r a ­

c h l o r i d e f r o m the suspension o r s o l u t i o n . 

Procedure : 

Twenty m l . o f carbon t e t r a c h l o r i d e s o l u t i o n and 1 m l . o f 

o r t h o - t o l i d i n e reagent were p i p e t t e d i n t o a t e s t c e l l and the 

c e l l clamped i n p l a c e , v e r t i c a l l y above the t r ansducer p i s t o n 

by the use o f the o p t i c a l - l e n s - h o l d e r system M ( F i g . 3.11). The 
h e i g h t o f de ion i zed wa te r i n the tank was 16.5 cm. over the 

t r ansducer face and the bo t tom o f the t e s t c e l l 3.5 cm. above 

the t ransducer f a c e . U n l i k e the method employed by W e i s s l e r , 

the l i q u i d l e v e l i n s i d e and ou t s ide the tube were n o t the same; 

the h e i g h t i n s i d e the tube be ing lower than t h a t ou t s ide the 

t u b e . The h e i g h t o f 3.5 cm. above the t r ansducer f ace was chosen 

so as t o a v o i d w o r k i n g a t a nodal p o i n t o f the s t a n d i n g waves 

t h a t were s e t up i n the w a t e r ; and a l so t o a v o i d the l o s s o f 

energy due t o a t t u n a t i o n by d i s p e r s i o n and a b s o r p t i o n . 

Before the t e s t c e l l was clamped i n t o p o s i t i o n , the wa te r 

i n the tank was degassed f o r a t o t a l p e r i o d o f 30 minu tes . The 

process was conducted i n two stages o f 15 minutes each, w i t h a 

10 minutes i n t e r v a l f o r the genera tor t o c o o l down. For a l l the 

i r r a d i a t i o n s , a p e r i o d o f 3 minutes a t l e a s t was a l lowed a f t e r 

the t e s t c e l l had been clamped i n t o p o s i t i o n f o r t he rma l e q u i l ­

i b r i u m . U l t r a s o n i c i r r a d i a t i o n t ime f o r each run was 120 - 0.1 

seconds. A complete a b s o r p t i o n spectrum o f the r e s u l t i n g y e l l o w 

c o l o u r was p l o t t e d u s i n g a UNICAM spectrophotometer (S .P . 700), 

i n the v i s i b l e r e g i o n o f l i g h t (30v t o lU.5v where v i s the wave 

number) . 
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The p l o t t i n g o f the abso rp t ion spectrum r e q u i r e d two 

s o l u t i o n s : the i r r a d i a t e d y e l l o w s o l u t i o n and an u n i r r a d i a t e d 

s o l u t i o n (20 m l . CCl^ t o 1 m l . 0 - t o l i d i n e reagent s o l u t i o n ) 

termed the re fe rence s o l u t i o n . Some o f each s o l u t i o n was p u t 

i n 1 cm. quar tz c e l l s - the sample c e l l and the r e fe rence c e l l -

and clamped i n the r e s p e c t i v e p a r t s o f the spec t rophotometer . 

The o p e r a t i o n o f the spectrophotometer i s automat ic and i t 

compares the percentage o f l i g h t t r a n s m i t t e d th rough the two 

s o l u t i o n s . F i g . h.2 i s an i l l u s t r a t i o n o f a t y p i c a l abso rp t ion 

spectrum. The percentage t r a n s m i s s i o n o f l i g h t i s g iven by 

100 - A 1».3 

where A i s the peak percentage a b s o r p t i o n . The peak a t 22.8v 

corresponds t o U36 my wavelength and t o the wavelength a t which 

f r e e c h l o r i n e g ives a peak abso rp t ion spect rum. A t o t a l t ime o f 

15 minutes was spent on the e n t i r e process f r o m p i p e t t i n g the 

s o l u t i o n s i n t o the t e s t tubes t o the comple t ion o f the p l o t o f 

the spectrum. 

The temperature range chosen was 20° t o 80°C and values o f 

o p t i c a l d e n s i t y were determined a t 21°, 28°, 36°, 1*5°, 55°, 65 0 

and 75°C Ten readings o f o p t i c a l d e n s i t y were ob ta ined a t each 

temperature r ead ing except a t 75°C where e i g h t readings were 

t a k e n . 

OBSERVATIONS : 

St an d a r d i z a t i on; 

S t a n d a r d i z a t i o n o f the s o l u t i o n s and i n p a r t i c u l a r the 

s o l u t i o n o f carbon t e t r a c h l o r i d e presented a p rob lem. Carbon 

t e t r a c h l o r i d e i s i n e r t and s ince o n l y a l i t t l e f r a c t i o n o f the 

k m l . used was d i s s o l v e d , i t was d i f f i c u l t t o f i n d a s imple method 

o f observ ing the c o n c e n t r a t i o n o f the s o l u t i o n . The change i n 

the d e n s i t y o f d i s t i l l e d wa te r was t o o s m a l l t o be observed 
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w i t h o u t t o o much e r r o r and as such, s o l u t i o n s were considered 

r i p e i f t hey gave the same percentage o f t r ansmis s ion f o r b l u e 

l i g h t o f U36my wavelength a t room temperature (20°C). On the 

o t h e r hand, very h i g h l y concent ra ted s o l u t i o n s o f carbon t e t r a ­

c h l o r i d e would g ive o f f more c h l o r i n e and a lower percentage o f 

t r a n s m i s s i o n . Such s o l u t i o n s c o u l d e a s i l y be de tec ted s ince the 

abso rp t ion percentage f o r 120 seconds i r r a d i a t i o n a t 20°C was 

very near t o 100; and excess c h l o r i n e l i b e r a t i o n wou ld r e s u l t 

i n b road u n d e f i n e d peaks. F i g . U.3 i s an i l l u s t r a t i o n o f such 

a spect rum. 

Evapora t ion o f Carbon T e t r a c h l o r i d e . 

P r e l i m i n a r y expe r imen ta l runs r evea led t h a t a l though o p t i c a l 

d e n s i t y decreased w i t h i n c r e a s i n g tempera ture , the re was a l a r g e 

drop i n the readings a t 50°C. Subsequent t e s t runs a t 50°C i n which 

the t h e r m a l e q u i l i b r i u m p e r i o d o f 3 minutes was neg l ec t ed showed 

some improvements i n the r e s u l t s o b t a i n e d . I t was suspected t h a t 

evapora t ion o f the s o l u t i o n was t a k i n g p l a c e . This i d e a was based 

on the low b o i l i n g p o i n t o f carbon t e t r a c h l o r i d e and the f a c t t h a t 

i t s evapora t ion wou ld r e s u l t i n a l o w e r i n g o f the amount o f f r e e 

c h l o r i n e y i e l d ; and was c o n f i r m e d as f o l l o w s : 

The wa te r i n the constant temperature tank was k e p t a t room 

temperature (20°C), and two t e s t tubes o f s o l u t i o n s p i p e t t e d as 

above were used. One was i r r a d i a t e d d i r e c t l y a t 20°C; the o the r 

was warmed t o 50°C . i n a beaker o f h o t w a t e r , coo led t o 20°C and 

then i r r a d i a t e d . The i r r a d i a t i o n t ime i n bo th cases was 120 seconds, 

and t h e i r s p e c t r a were p l o t t e d . F i g . h.k shows the abso rp t ion 

s p e c t r a f o r the two cases. The peak percentage abso rp t ion o f the 

second s o l u t i o n a t U36 my was much lower than t h a t o f the f i r s t 

due t o evapora t ion l o s s e s . A repeat o f t h i s procedure was c a r r i e d . 

o u t , more o r h h o - t o l i d i n e s o l u t i o n ( l m l . ) b e i n g added t o the second 

t e s t tube o f s o l u t i o n j u s t b e f o r e i r r a d i a t i o n . As t h e r e was no 
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improvement i n the peak a b s o r p t i o n percentage o b t a i n e d , i t was 

concluded t h a t the carbon t e t r a c h l o r i d e component was a f f e c t e d . 

S i m i l a r t e s t s were conducted f o r t e s t s o l u t i o n s warmed t o 

3 0 ° , U0° and 80°G. Evapora t ion e f f e c t s a t kO°C were very s l i g h t ; 

apprec iab le a t 80°C and none a t a l l a t 30°C. E f f o r t s t o f i n d a 

s u b s t i t u t e s o l u t i o n t h a t c o u l d w i t h s t a n d the above t e s t f a i l e d ; 

the f o l l o w i n g compounds and t h e i r combinat ion hav ing been t r i e d : -

(a ) W/10 potassium i o d i d e s o l u t i o n t o 1 m l o f carbon t e t r a ­

c h l o r i d e w i t h 1% s t a r c h s o l u t i o n as an i n d i c a t o r . 

( b ) It ml t e t r a c h l o r o e t h y l e n e t o a l i t e r o f wa te r and s i m i l a r 

s o l u t i o n s o f t e t r a c h l o r o e t h a n e and b e n z o t r i c h l o r i d e . The 

i n d i c a t o r was o r t h o - t o l i d i n e s o l u t i o n . 

( c ) -ĵ q- Molecu la r we igh t o f hexachloroethane d i s s o l v e d i n a 

l i t e r o f w a t e r . 

(d ) Combinations o f t e t r a c h l o r o e t h y l e n e , hexachloroethane, 

t e t r a c h l o r o e t h a n e and b e n z o t r i c h l o r i d e i n d i f f e r e n t p r o p o r t i o n s 

o f w a t e r . 

( e ) The f a c t t h a t e thy lene g l y c o l i s s o l u b l e i n water and t h a t 

t e t r a c h l o r o e t h y l e n e , hexachloroethane , t e t r a c h l o r o e t h a n e and 

b e n z o t r i c h l o r i d e are a l l s o l u b l e i n e thy lene g l y c o l was a l so 

t r i e d o u t . 

A l l t e s t s gave y i e l d s o f f r e e c h l o r i n e w i t h the usua l y e l l o w 

co lou r b u t none w i t h s t o o d the evapora t ion t e s t . I t was t h e r e f o r e 

decided t o conduct t h e exper imen ta l work descr ibed above w i t h 

carbon t e t r a c h l o r i d e s o l u t i o n and i n o rder t o c o n f i r m W e i s s l e r ' s 

r e s u l t , the temperature readings 20° , 28°and 36°C were chosen. 

Evapora t ion o f carbon t e t r a c h l o r i d e was l a t e r r e p o r t e d by S h i h -
U.6 

Ping L i u * who used potassium i o d i d e s o l u t i o n t o which was added 

some carbon t e t r a c h l o r i d e . S ta rch s o l u t i o n was the i n d i c a t o r and 

he observed t h a t a t and above 39°C (100°F), evapora t ion o f carbon 

t e t r a c h l o r i d e a f f e c t e d the r e s u l t s . This temperature r ead ing i s i n 

agreement w i t h the observed U0°C: recorded above. 



EROSIOM METHOD : 

P r epa ra t i on o f Samples : 

I t was mentioned i n Chapter 2 t h a t the e ro s ive e f f e c t o f 

c a v i t a t i o n i s reduced "by the hardness o f the m a t e r i a l under a t t a c k . 

Most metals have an " i n c u b a t i o n " p e r i o d and as such, me ta l samples 

f o r the q u a n t i t a t i v e d e t e r m i n a t i o n o f c a v i t a t i o n must have l i t t l e 

o r no i n c u b a t i o n p e r i o d s . The sample must be o f h i g h d e n s i t y so 

t h a t ve ry l i t t l e losses i n we igh t can be a c c u r a t e l y de termined. 

Lead, a luminium and t i n come w i t h i n t h i s group; b u t l e a d has the 

o v e r a l l advantage o f h i g h d e n s i t y . The chosen me ta l must be easy 

t o p o l i s h so t h a t u n i f o r m f i n i s h i n g can be obta ined* 

Lead was chosen f o r the expe r imen ta l work desc r ibed be low. 

A s t r i p o f chemica l l y pure l ead 100 cm x 6.5 cm x 0.65 cm t h i c k 

was f i r s t r o l l e d t o a th ickness o f about 0.3 cm. R o l l i n g was 

manual and might have e f f e c t e d the s t r u c t u r e o f the m a t e r i a l . Thus, 

ou t s t and ing bumps were removed and the s t r i p was cu t i n t o p l a t e s 

5.2 cm x 5.2 cm x 0.3 cm t h i c k , u s i n g a mechan ica l ly opera ted 

g u i l l o t i n e . A pressure machine loaded t o 5 tons l e v e l l e d out t h e 

p l a t e s , r educ ing t h e i r th ickness t o 0.25 cm. These p l a t e s should 

n o t be ve ry t h i n as they c o u l d be t o r n t o shreads when exposed t o 

c a v i t a t i o n . 

Five grades o f emery c l o t h , Nos. 180, 220, 320, U00 and 600 

r e s p e c t i v e l y were used i n the successive t r ea tment o f the su r faces 

and edges o f the samples. I n each case, the samples were p o l i s h e d 

i n one d i r e c t i o n by one p iece o f emery c l o t h and a t r i g h t angles 

t o t h i s d i r e c t i o n by the nex t piece o f c l o t h . A t t h i s s t age , a l l 

ou t s t and ing bumps and- p i t t i n g s had been removed f r o m the samples, 

and they were f i n a l l y t r e a t e d w i t h alumina f o r a u n i f o r m f i n i s h . 

Grades 5/20 - f a s t c u t t i n g , 5/30 - slow c u t t i n g - a n d gamma. - f i n i s h 

p o l i s h i n g alumina were used i n t h a t o r d e r . • 
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Procedure: 
I n each exper iment , 1% o f Teepol was added t o the de ion ized 

wa te r i n the t a n k , t o enable the water t o t h o r o u g h l y wet the 

samples. The water h e i g h t o f 16.5 cm.over the t ransducer face 

was main ta ined and the manner o f degassing the wa te r was the same 

as i n the c h l o r i n e l i b e r a t i o n exper iment . Two l e a d samples 

prepared as above were used a t a t i m e . They were washed i n acetone, 

weighed accu ra t e ly t o f o u r decimal places and t h e n , suspended 

v e r t i c a l l y i n the tank o f wa te r by w i r e s th readed th rough a ho le 

d r i l l e d i n one corner o f each sample.- The centres o f the samples 

were 6.2 cm. f r o m the t ransducer face and t h e i r lower corners a t 

3.5 cm. f r o m t h e t ransducer c o i n c i d e d w i t h the h e i g h t o f the bo t tom 

o f the t e s t tube used i n the chemical exper iment . 

I r r a d i a t i o n o f the samples i n . w a t e r medium l a s t e d hO minu tes , 

t h e i r p o s i t i o n s be ing in t e rchanged a f t e r 20 m i n u t e s . A t the end 

o f the kO minutes i r r a d i a t i o n , the two samples were d r i e d i n acetone 

and c a r e f u l l y reve ighed t o determine the q u a n t i t y o f l e a d eroded. 

Experiments were c a r r i e d out i n t h i s manner f o r a temperature range 

o f 20° t o 80°C a t i n t e r v a l s o f 21°, 3 0 ° , U0°, 50°, 60°, 70° and 

80°G. S i x samples were used a t each tempera ture , w o r k i n g two a t a 

t ime and a s t a t i s t i c a l average o f the losses i n we igh t de termined. 

F i g . U.5 shows a t y p i c a l e r o s i o n p a t t e r n on a sample a f t e r Uo 

minutes exposure t o c a v i t a t i o n . 

GENERATOR : OBSERVATIONS. 

Befo re a l l expe r imen ta l runs desc r ibed above were c a r r i e d 

o u t , a f requency check on the generators was conducted ( F i g . ti.6). 

The t ime c a l i b r a t i o n b r i g h t - u p on the t ime base was o b t a i n e d on the 

screen o f the solarscope (Type CD. 6U3.2) f o r a f requency o f 20 k c / s 

( i . e . t ime p e r i o d = •'•/frequency = 0.5 x 10"^. This was a s t r a i g h t 

l i n e and when the h i g h f requency c u r r e n t f r o m the genera tor was 

swi t ched on, a s ine wave was imposed on the s t r a i g h t l i n e . The 

magne t i za t ion c u r r e n t was 8.75 - 0.05 amps and the h i g h f requency 

v a r i a c was se t a t 210. By the use o f the f i n e t u n e i n g device i n 
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F i g . 4 . 6 . C i r c u i t diagram used f o r frequency and power 
out-put check on the 2.0kW generator. 
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the back of the generator, maximum cav i t a t ion noise was obtained 
and the length of the sine wave was made to. coincide wi th the 
length of the s t ra igh t l i n e . The solarscope gave a voltage 
reading of U30 v o l t s , corresponding to 3956 vo l t s across the 
transducer. 

During the experimental runs, the magnetization current 
was kept constant at 8.75 - 0.05 amps but the high frequency-
current va r ied . Below 50°C t the l a t t e r was observed t o increase 
from 0.38 ma t o O.kk ma. f o r the chemical method and t o 0.52 ma 
over the 20 minutes in te rva l s of the erosion method. The 
var ia t ions above 50°C were much higher reaching0.5 ma and 0.60 ma 
respect ively . This had the e f f e c t - o f s h i f t i n g the operational 
resonance frequency of the transducer especial ly i n the erosion 
method where long periods of i r r a d i a t i o n were necessary. The 
above e f f e c t was a t t r i b u t e d t o the a l t e r a t i o n of the transducer 
impedance and loading wi th temperature. The mains input t o the 
generator was not s t a b i l i z e d and i t was observed tha t the generator 
was very sensi t ive to i t s f l u c t u a t i o n s . Heavy loading of the 
mains or the sheding of the power supply t o the l o c a l i t y usually 
resul ted i n very high and unstable values of high frequency 
current^. 
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CHAPTER 5. 

5.1 RESULTS. 

CHEMICAL METHOD; 
The resul ts obtained f o r the v a r i a t i o n of the r e l a t i ve 

i n t ens i t y of cav i t a t ion w i t h temperature by the chlorine l i b e r - . 
a t ioh method are given i n Table 5.1 The f igures given are the 
s t a t i s t i c a l averages of the readings at each temperature value 
and they are f o r ul t rasonic i r r a d i a t i o n periods of 120.0 - 0.1 
seconds. I t can be seen tha t these resul ts are i n agreement 
wi th those of Weissler who observed a steady decrease i n the 
o p t i c a l density of the r e su l t i ng yellow so lu t ion w i t h r i se i n 
temperature. The errors quoted are the most probable errors and 
were derived from 

E r r o r = i o j & t i 

where a i s the standard deviat ion and n i s the number of values 
o f o p t i c a l density at each temperature value. 

To f a c i l i t a t e comparison of the two methods used i n assessing 
cav i t a t ion a b i l i t y , the o p t i c a l density per minute was determined 
and the resul ts f ed i n t o a computer (KDF9) f o r the equation of 
the best f i t t i n g curve. I n t h i s case, a l l readings at each 
temperature value -were used and the programming method i s given 
i n the Appendix. F i g . 5.1 i s a p l o t of the best f i t t i n g curve 
derived by the computer. The other points which do not l i e on the 
curve correspond t o experimental resul ts obtained at the respective 
temperatures. Using Weissler 's suggestion, a polynomical was f i r s t 
p l o t t e d and i t s coe f f i c i en t s are i n agreement w i t h the equation 
of F i g . 5.1 i . e . 



Fig.5.1.. O p t i c a l d e n s i t y as a f u n c t i o n of 
temperature f o r a mixture of CC1 
s o l u t i o n and o - t o l i d i n e reagent 

9 

So 70 
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D = 2.627 exp. ( - 0.0U5 T) 5.2 

where D i s the value of o p t i c a l density per minute at a temp­
erature T°C. 

I t should be observed tha t equation 5*^ does not account 
f o r the e f f ec t s o f evaporation of carbon te t rach lor ide on the 
values o f o p t i c a l density at temperatures above ltO°C. Consequently, 
only the f i r s t three values i n Table 5*1 are r e l i a b l e . A mod­
i f i c a t i o n to Eqn. 5.^ should include a f a c t o r , f ( T ) , introduced 

t o account f o r evaporation e f f e c t s . f ( T ) w i l l account f o r terms 
elm 

as, ( / d T ) , the temperature rate of loss o f carbon t e t r ach lo r ide ; 
( / d t ) , the time rate of loss and a transformation f a c t o r t o 
convert these terms i n t o uni ts of o p t i c a l densi ty. 
EROSIOM METHOD: 

F i g . 5.2 i s the graphical representation o f the resul ts 
obtained by the lead erosion method. The curve represents the 
best f i t t i n g curve calculated by the computer and the experimental 
resul ts are also shown at each temperature reading. As i n the 
chlorine l i b e r a t i o n r e su l t s , a l l experimental values were used 
i n the computer data a f t e r the loss i n weight per minute had been 
determined. The s t a t i s t i c a l averages of these resul ts f o r hO 
minutes i r r a d i a t i o n are shown i n Table 5.2 and the errors quoted 
were calculated using equation 5*1* The equation of the best 
f i t t i n g curve i s 

Am. = 1.53k x 10"2 exp. - ( ^ " j ^ j 2 5.3 

where i s the loss i n weight ( i n gms/min) at any temperature 
T°C. 
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F i g . 5 . 2 . C a v i t a t i o n e r o s i o n as a f u n c t i o n of temperature f o r l e a d 
i n water. 



- 51 -

5.2 CONCLUSION. 

The spread i n the experimentally observed values i n 
Figs . 5*1 and 5.2 are due t o the length o f time of operation 
(Erosion Method), the var ia t ions i n the input voltage to the 
generator (Ch. i t ) ; the random nature of cav i t a t ion and errors 
i n the spectrophotometric spectrum plots (Chemical Method). 

Sonochemical e f f e c t s are aspects o f cav i t a t i on r e l a t i n g 
t o the gas-phase of the bubble and they depend on the gas-
phase pressure e f f e c t s . However, high vapour pressures i n h i b i t 
cav i t a t ion phenomena and i t i s therefore not su rpr i s ing that 
the i n t e n s i t y of c av i t a t i on , determined by the chlorine 
l i b e r a t i o n method, should decrease as the temperature and hence 
the vapour pressure i s increased. On the other hand, erosion 
e f f ec t s are primary e f f ec t s o f cav i t a t ion occuring i n the l i q u i d -
phase and they depend on the l i q u i d phase pressure. The increase 
i n cav i t a t ion erosion w i t h r i s i n g temperature can be explained 
by the increase i n the number of cav i ta t ion n u c l e i . By Eyring 's 
theory of v i s c o s i t y , p l a s t i c i t y and d i f f u s i o n , ( C h . 2 ) , molecules 
jump i n t o e x i s t i n g holes i n a l i q u i d when they a t t a i n enough 
heat energy t o surmount an ac t iva t ion po t en t i a l b a r r i e r . With 
r i s i n g temperature, the p r o b a b i l i t y of s.uch jumps by molecules 
increases, the f i n i t e time f o r a small hole to grow i n size t o 
a hole large enough f o r complete rupture of the l i q u i d decreases; 
and L.-. consequently, the number of erosion producing cav i ta t ion 
bubbles increases. 

The presence of the maximum and i t s subsequent drop reveals 
a f ac to r reducing damage, and t h i s f a c t o r also increases w i t h 
r i s i n g temperature. This i s due to the damping of the shock waves 
(produced by the collapse of the cav i t i es ) by the i n t e r - c a v i t y 
pressure which increases w i t h a r i se i n temperature and to a lesser 
extent t o the decrease o f the surface tension. The increase i n 
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i n t e r c a v i t y pressure wi th r i se i n temperature i s the r e su l t of 
l i q u i d vapour pressure and the pressure of gas dissolved i n the 
l i q u i d and penetrating i n t o the cav i t i es by d i f f u s i o n . Hence, 
w i t h r i s i n g temperature cav i t a t ion erosion w i l l increase, due 
t o the increase i d the number of cav i ta t ion nucle i and the 
decrease i n the strength of the l i q u i d t o withstand cav i t a t ion 
incept ion , to a maximum, a f t e r which the cushioning e f f ec t s on 
shock waves takes over w i t h a subsequent decrease i n erosion. 

I n general, the resul ts are i n agreement w i t h those of 
Weissler and Rosenberg and they suggest tha t the var ia t ions o f 
the r e l a t i v e i n t e n s i t y o f c av i t a t i on , measured by the chlorine 
l i b e r a t i o n and erosion methods, are independent of the p reva i l i ng 
conditions - frequency o f transducers, power input to the t rans­
ducer, height of t e s t samples over the transducer face, e t c . 
Although mathematical expressions have been obtained f o r these 
two e f f e c t s o f cav i t a t ion (Eqns. 5.2 and 5 .3); i t must be 
remembered tha t due t o evaporation e f f e c t s , the accurate nature 

o f Eq. 5*2 i s unknown and hence Weissler 's t h i r d proposi t ion 
a-

(the r a t i o Vb^) can not be inves t iga ted . I n the expressions 

Za. n - , / b - n -

Weissler described 

( i ) each i_ as the charac te r i s t ic class o f cav i t a t ion events 

(gassy or vaporous, steady-state or t r a n s i e n t ) ; 

( i i ) each n as the number of events o f t h i s class per second, 

per u n i t volume, under the spec i f i ed set o f condit ions; 

( i i i ) each a as a c o e f f i c i e n t which expresses the r e l a t i v e cleaning 

effect iveness f o r t h i s class of c av i t a t i on ; and 

( i v ) each b as a c o e f f i c i e n t of the r e l a t i v e sonochemical e f f e c t i v e ­

ness f o r each class of c a v i t a t i o n . 
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I t can be observed tha t although i_ and n may not be 
re la ted , they both depend on the same factors as temperature, 
frequency, dissolved gas content, treatment time e t c . Other 
factors that deteamine _i include the l a t en t heat o f evaporation 
o f the l i q u i d , which, not only determines the ease of formation 
of vaporous bubbles but also influences the behaviour of bubbles 
at temperatures much less than or near the b o i l i n g point o f the 
l i q u i d ; and also the power input t o the transducer which 
determines the formation of steady-state or t rans ient c a v i t i e s . 
Furthermore, although chlorine l i b e r a t i o n and erosion take place 
under cav i t a t ing condi t ions, the exact features o f cav i t a t ion -
noise, shock waves, sonoluminescence, e t c . - responsible f o r 
chlorine l i b e r a t i o n are not known; nor are the dependences o f 
these features on the charac te r i s t i c class o f cav i t a t ion events, 
( i ) , known. These fac tors suggest a t o t a l l y new expression f o r 
each j i and from the p r a c t i c a l point o f view, the determination 
of the r a t i o ^ / b ^ even at f i x e d temperature, frequency and 
treatment time i s not simple. 

Conditions governing the experimental set-up described above 
(Chs. 3 and h) are s i m i l a r t o those tha t per ta in i n i n d u s t r i a l 
cleaning; but no one of the two methods employed can be easi ly 
r e l i e d on as a means o f determining cav i t a t ion i n t e n s i t y . The 
erosion method o f f e r s a good quant i ta t ive and q u a l i t a t i v e measure 
i n so much as i t obtains i n the l i q u i d phase o f cav i ta t ion but 
the preparation of t e s t samples i s a tedious process and the 
en t i r e procedure i s time consuming. Furthermore, there i s no 
standard of f i n i s h o f samples except tha t they must be of uniform 
f i n i s h . I n the chlorine l i b e r a t i o n method, the evaporation of 
carbon te t rach lor ide i s a setback. Again, t h i s reaction takes 
place i n the gas phase of cav i t a t ion which may not have s i m i l a r 
conditions as the l i q u i d phase i n which u l t rasonic cleaning i s 
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achieved. The erosion method suggests t h a t u l t rasonic cleaning 
i s more e f f i c i e n t at about 50°C while the chlorine l i b e r a t i o n 
method suggests a high e f f i c i e n c y at room temperature. I t i s 
necessary to conduct some experimental work w i t h a view of 
determining the exact feature or features o f cav i t a t ion 
responsible f o r chlorine l i b e r a t i o n . 

5.3 SUGGESTIONS. 

An important f ac to r tha t i s more or less responsible f o r 
cav i t a t ion i n the presence of an acoustic f i e l d i s cav i t a t ion 
n u c l e i . The most r e l i ab l e accessment o f cav i ta t ion would be 
the counting of the cav i t a t ion nucle i i n a l i q u i d . The number 
of nuclei i s bound to vary i n d i f f e r e n t l i q u i d s and under 
d i f f e r e n t condit ions; and consequently, the number of cav i ta t ion 
bubbles w i l l vary . I n most e f f ec t s of cav i t a t i on , the important 
feature i s the collapse of the bubbles and since each collapse 
i s accompanied by the rad ia t ion of shock waves, the p iezoelec t r ic 
c r y s t a l l i n e probe provides a means of detection of bubble 
collapses per u n i t volume, per second, under a speci f ied-set o f 
condi t ions . 

Under u l t rasonic cleaning condi t ions, standing waves w i l l 
be set up i n the bath and t h i s defines the best pos i t ion f o r the 
crystals since at the nodal .points , the acoustic pressure i s 
zero. This means tha t the pressure on the c r y s t a l which w i l l 
cause a d i f ference of po t en t i a l on the two p a r a l l e l surfaces, w i l l 
be due t o the shock waves. The r e su l t i ng p o t e n t i a l d i f ference 
may be low and by a m p l i f i c a t i o n , and feeding through a quenching 
u n i t t o a scal ing u n i t , the number of collapses can be obtained. 
I f E m i s the amount of mechanical energy contained i n the shock 
waves per u n i t volume, then the number of bubble collapses per 
u n i t volume, N, i s propor t ional t o E m i . e . . 
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N oc E 
m 

S i m i l a r l y , 

N «£ E. 
K 

where Ê  i s the amount of acoustic energy used per u n i t volume 

i n the formation o f cav i t a t ion hubbies, and 

EM / E K = ^ 

w i l l give the p o t e n t i a l erosion e f f i c i e n c y of the cav i t a t ion 

process. The erosion e f f i c i e n c y Tl . o f the acoustic f i e l d 
k era 

i s 
V = E*/E Lera 

where E i s the amount o f acoustic energy introduced by the 

soundwave i n t o a given volume. 

Furthermore, i t can be seen that 

EL. = T E . K • Z_ i 

where each E_ i s the amount o f energy used per u n i t volume f o r 

each cav i ta t ion process i_ (sonoluminescence, erosion, noise, 

e t c ) . By the measurement of these other processes - noise , 
5 2 

sonoluminescence , e t c . - an accurate nature of ~S,V can be 
a. 

obtained and hence if/ . The p iezoe lec t r ic probe w i l l have the 
advantage o f quick tests and can be applied w i t h sui table 
c r y s t a l l i n e materials f o r the determination of the v a r i a t i o n of 
the r e l a t i v e i n t e n s i t y of cav i ta t ion w i t h temperature. Further­
more, the i n t e n s i t y o f the shock waves and hence the magnitude 
of the r e su l t i ng po t en t i a l d i f ference on the faces of the c r y s t a l 
may y i e l d some informat ion as t o the nature of the bubbles i . e . 
gassy or vaporous, steady-state or t r ans i en t . This may y i e l d 
values o f ri and i_ f o r a known treatment per iod and hence the r a t i o 
^•/b^ can be calculated i f the factors o f cav i ta t ion responsible 
f o r chlorine l i b e r a t i o n are inves t iga ted . 
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TABLE 5.1. 

TEMPERATURE (°C), OPTICAL DENSITY (Dj^g) 

21 1.8329 - 0.0659 
28 I.3U58 - 0.020U 
36 1.1313 ± 0.0172 
1*5 0.8105 ± 0.0320 

55 0.1*771 * 0.0183 
65 0.3150 i 0.0095 
75 0.1U95 - O.OlUl 

TABLE 5.2. 

TEMPERATURE (°C) LOSS IN WEIGHT (GMS). 

21 O.OU5U * 0.00U3 

30 0.1955 i 0.0172 
kO 0.3723 - 0.0085 
50 0.7^90 ± 0.05^8 
60 0.1*802 ± 0.0161 

70 0.2707 - 0.0085 
80 0.1738 i 0.0079 
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APPENDIX. 

The computer analysis o f the resul ts was by method of 
leas t squares. F i r s t the computer obtained the plots o f the 
best f i t t i n g curves, f o r each set o f experimental r e su l t s , i n 
the form o f the polynomial 

2 3 k y = aQ + a^x* a^x. + a^x + a^x ( i ) 

From these curves, the form o f the exponential equations 
were determined and the resul ts f ed i n t o the computer f o r the 
c o - e f f i c i e n t s o f the best f i t t i n g curves. For the erosion 
method, the equation used i s i n the form of a Gaussian 

(T- c ) 2 

Am = a. exp ~ * " 0 — . ( i i ) 
b 2 

From the shape o f polynomial, ( i ) , c was given values from 
U8 t o 60; and the R.M.S. o f deviations were 3.7 x 10" 3 at c = U8 
decreasing to 2.588 x 10~ 3 at c = 52, 2.601 x 10~ 3 at c = 53 
and increasing t o U.1U7 x 10" J at c = 60. There i s not much 
di f ference between the R.M.S. of deviations at c = 52 and c = 53; 
and the value c = 52.5 was used. This gave an R.M.S. of deviations 
of 2.580 x 10 . Hence the value c = 52.5 i n the expression f o r 
the va r i a t i on of the r e l a t i v e i n t e n s i t y of cav i t a t ion w i t h 
temperature by the erosion method. 
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