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SUMMARY 

The a i m o f t h i s i n v e s t i g a t i o n was t o e v a l u a t e a new t e c h n i q u e 

t o measure t h e d y n a m i c i n t e r f a c i a l p a r a m e t e r s o f an o i l - w a t e r 

i n t e r f a c e . T h i s t e c h n i q u e m i g h t e v e n t u a l l y be used a t r e s e v o i r 

c o n d i t i o n s . The t e c h n i q u e i s based on t h e g e n e r a t i o n o f waves a t 

an i n t e r f a c e . The p r o p a g a t i o n o f t h e s e waves i s m o n i t o r e d w i t h an 

o p t i c a l s y s t e m . From t h e measured d i s p e r s i o n o f t h o s e waves t h e 

i n t e r f a c i a l p a r a m e t e r s as i n t e r f a c i a l t e n s i o n o r i n t e r f a c i a l 

e l a s t i c i t y and v i s c o s i t y can be e v a l u a t e d . 

The t e c h n i q u e i s t e s t e d i n an e x p e r i m e n t a l s e t u p and two 

d e d i c a t e d measurement c e l l s a r e b u i l t t o s t u d y an o i l - w a t e r and a 

m i c r o e m u l s i o n s y s t e m i n more d e t a i l . 

The e x p e r i m e n t s show t h a t t h e t e c h n i q u e i s u s e f u l f o r 

i n t e r f a c i a l t e n s i o n m easurements. An a c c u r a c y b e t t e r t h a n 1 % can 

be r e a c h e d . T h ere a r e c e r t a i n l i m i t a t i o n s t o t h i s t e c h n i q u e : 

- One o f t h e phases must be n o n - c o n d u c t i n g 

- t h e phases must have an a p p r e c i a b l e d i f f e r e n c e i n p e r m i t t i v i t y . 

- A t l e a s t one o f t h e phases must be t r a n s p a r a n t f o r l i g h t . 

The w a v e l e n g t h o f t h e p r o p a g a t i n g wave i s used t o measure t h e 

i n t e r f a c i a l t e n s i o n . The damping o f t h e wave can be used t o 

measure v i s c o s i t y , a c c u r a c y however w i l l be a p p r o x i m a t e l y 10% . 

I n t e r f a c i a l e l a s t i c i t y and v i s c o s i t y a r e n o t c a l c u l a t e d i n t h i s 

i n v e s t i g a t i o n . Measurements w i t h m i c r o e m u l s i o n s ystems c o u l d n o t 

be done s a t i s f a c t o r y . The i n t e r a c t i o n o f t h e i n t e r f a c e w i t h t h e 

f i e l d i s n o t as e x p e c t e d and f u r t h e r s t u d y i s n e c e s s a r y t o 

e v a l u a t e t h i s . 

W i t h a measurement c e l l ( d i a m e t e r 2 cm) t h e m i n i a t u r i s a t i o n 

needed f o r a p r e s s u r i s e d v e s s e l was i n v e s t i g a t e d . I n t e r f a c i a l 

t e n s i o n measurements showed t o be w e l l p o s s i b l e w i t h t h i s c e l l . 

T h i s i n v e s t i g a t i o n i s c a r r i e d o u t a t t h e R o y a l / D u t c h S h e l l 

E x p l o r a t i o n and P r o d u c t i o n L a b o r a t o r y (KSEPL) i n R i j s w i j k ; Under 

s u p e r v i s i o n o f Dr P.B. van der Weg ( S h e l l ) , I r . A.M. M i c h e l s 

( S h e l l ) , Dr. I r M.M.C.G. Warmoeskerken (TU D e l f t ) and P r o f . J.M. 

S m i t h M.Sc (TU D e l f t ) . 
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1 I n t r o d u c t i o n . 

E s p e c i a l l y a f t e r r i s e s i n o i l p r i c e enhanced o i l r e c o v e r y 

became o f i n t e r e s t t o t h e o i l - i n d u s t r y . Enhanced o i l r e c o v e r y 

means p r o d u c i n g more o i l by u s i n g n o t j u s t w a t e r as a f l u i d t o 

d i s p l a c e o i l f r o m t h e r e s e r v o i r , b u t a d d i n g s m a l l amounts o f 

a g e n t s t o i m p r o v e t h e d i s p l a c e m e n t e f f i c i e n c y o f t h e f l u i d . Two 

i m p o r t a n t t y p e s o f a g e n t s used a r e p o l y m e r s , a n d s u r f a c t a n t s . 

P o l y m e r s a r e used t o i n c r e a s e v i s c o s i t y , a n d s u r f a c t a n t s a r e used 

t o l o w e r t h e o i l / w a t e r i n t e r f a c i a l t e n s i o n . D e t a i l e d d e s c r i p t i o n 

o f m u l t i p h a s e f l o w o f o i l and w a t e r i n a r e s e r v o i r ( c o n s i s t i n g o f 

p o r o u s s e d i m e n t ) i s v e r y c o m p l i c a t e d , e s p e c i a l l y when a g e n t s a r e 

added. Many p h y s i c a l p a r a m e t e r s a r e needed f o r t h e d e s c r i p t i o n o f 

such a dynamic p r o c e s s and p r e d i c t i o n o f t h e e f f i c i e n c y o f t h e 

r e c o v e r y i s even more c o m p l e x . For t h e d e s c r i p t i o n o f f l o w o f 

i n t e r f a c e s t h e more i m p o r t a n t p a r a m e t e r s a r e i n t e r f a c i a l t e n s i o n , 

i n t e r f a c i a l e l a s t i c i t y and i n t e r f a c i a l v i s c o s i t y . These 

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

e l e v a t e d p r e s s u r e ( h u n d r e d s o f b a r s ) and e l e v a t e d t e m p e r a t u r e (up 

t o 200 d e g r e e C e l s i u s ) . 

The a i m o f t h i s i n v e s t i g a t i o n was t o e v a l u a t e a new t e c h n i q u e 

t o measure t h e dynamic i n t e r f a c i a l p a r a m e t e r s o f an o i l - w a t e r 

i n t e r f a c e , t h a t m i g h t e v e n t u a l l y be used a t r e s e v o i r c o n d i t i o n s 

The t e c h n i q u e i s based on t h e g e n e r a t i o n o f waves a t an 

i n t e r f a c e . From t h e measured d i s p e r s i o n o f t h o s e waves t h e 

i n t e r f a c i a l p a r a m e t e r s as i n t e r f a c i a l t e n s i o n o r i n t e r f a c i a l 

e l a s t i c i t y and v i s c o s i t y can be e v a l u a t e d . 

The t e c h n i q u e i s t e s t e d i n an e x p e r i m e n t a l s e t u p . D e s i g n 

p a r a m e t e r s a r e a d a p t e d t o meet a d d i t i o n a l r e q u i r e m e n t s l i k e 

p r e s s u r i s a t i o n and t o i m p r o v e t h e r e s u l t . T h e o r e t i c a l d e s c r i p t i o n 

had t o be e x t e n d e d t o meet t h o s e r e q u i r e m e n t s and t e s t e d w i t h 

e x p e r i m e n t s . 
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2 H i s t o r i c a l b a c k g r o u n d 

I n l i t e r a t u r e many e x p e r i m e n t a l t e c h n i q u e s t o measure 

i n t e r f a c i a l / s u r f a c e t e n s i o n a r e m e n t i o n e d : 

1 p e n d e n t / s e s s i l e d r o p p r o f i l e 

2 c a p i l l a r y r i s e 

3 b u b b l e p r e s s u r e 

4 d r o p w e i g h t / v o l u m e / t i m e 

5 r i n g / p l a t e r e m o v a l 

6 o s c i l l a t i n g d r o p 

7 s p i n n i n g d r o p 

8 c a p i l l a r y wave 

9 p l a t e / f o r c e 

A d e t a i l e d d i s c u s s i o n w i l l be g i v e n f o r t h e methods s u i t e d f o r 

d y n a m i c a l measurements: p l a t e / f o r c e and c a p i l l a r y wave. 

W i l h e l m y p l a t e / f o r c e , i s a method w o r k i n g w i t h an i n t e r f a c i a l 

t r o u g h i n w h i c h a p l a t e hangs i n t h e i n t e r f a c e w h i l e t h e 

i n t e r f a c e i s compressed by moving b a r r i e r s . The f o r c e i s measured 

w i t h a b a l a n c e , changes i n t h e i n t e r f a c i a l t e n s i o n a r e measured 

d u r i n g t h e changes i n i n t e r f a c i a l a r e a . U n t i l r e c e n t l y t h i s 

method was o p e r a t i o n a l a t KSEPL un d e r a t m o s f e r i c c o n d i t i o n s . The 

s i z e and t h e o p e r a t i o n s o f t h e e q u i p m e n t a r e r e s p o n s i b l e f o r two 

l i m i t a t i o n s o f t h e s y s t e m : 

- D i f f i c u l t t o p r e s s u r i s e t h e c e l l . 

-Time s c a l e s m e a s u r a b l e t h i s way r a n g e f r o m 0.5 s e c . and l o n g e r . 

The c a p i l l a r y wave method i s based on t h e d i s p e r s i v e b e h a v i o u r 

o f so c a l l e d c a p i l l a r y waves a t an i n t e r f a c e . T h e o r e t i c a l work 

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

p a r a m e t e r s , t o wave p a r a m e t e r s . T h e r e a r e two ways t o use t h i s 

phenomenon: 

- L i g h t s c a t t e r i n g by t h e r m a l l y i n d u c e d c a p i l l a r y waves. The 

s p e c t r u m o f t h i s s i g n a l can be l i n k e d t o t h e d i s p e r s i o n 

r e l a t i o n . ( R e f . ( 1 , 2 , 3 , 4 ) ) 
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- S p e c u l a r r e f l e c t i o n o f a s m a l l l a s e r beam f r o m e l e c t r i c a l l y 

g e n e r a t e d p r o p a g a t i n g c a p i l l a r y waves. The s p a t i a l a t t e n u a t i o n 

and w a v e l e n g t h a r e measured and used t o c a l c u l a t e i n t e r f a c i a l 

p a r a m e t e r s . The e x p e r i m e n t s m e n t i o n e d i n l i t e r a t u r e a r e m a i n l y 

f o r p l a n e waves ( R e f ( 5 , 6 , 7 , 8 , 9 ) . 

Based on t h i s l i t e r a t u r e t h e e x p e r i m e n t s s t a r t e d w i t h a p l a n e 

wave g e o m e t r y . L a t e r on r a d i a l waves were used and t h e o r y w i l l be 

f o c u s e d on them. 
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3 T h e o r y and e x p e r i m e n t a l b a c k g r o u n d . 

3.1 I n t r o d u c t i o n 

The t h e o r e t i c a l d e s c r i p t i o n can be d e v i d e d i n two a r e a s , a 

p h y s i c s p a r t and a t e c h n i c a l p a r t . 

The p h y s i c a l p a r t w i l l s t a r t w i t h t h e i n t e r f a c e i t s e l f , i t s 

b e h a v i o u r and t h e r e l e v a n t p a r a m e t e r s . The n e x t i s s u e i s t h e 

t y p e , p r o p a g a t i o n , a t t e n t u a t i o n , and d i s p e r s s i o n o f waves a t t h e 

i n t e r f a c e . As an example a s i m p l i f i e d f o r m o f d i s p e r s i o n r e l a t i o n 

i s d e r i v e d . A f u l l t r e a t m e n t o f wave d i s p e r s i o n i s o m i t t e d . I n 

l i t e r a t u r e t h e r e a r e e x t e n s i v e s t u d i e s i n t h i s f i e l d 

( R e f ( 5 , 9 , 1 0 , 1 1 , 1 2 ) . I w i l l m e n t i o n t h e main r e s u l t s . 

I n t h e t e c h n i c a l p a r t t h e t h e o r y c o n c e r n i n g t h e e x p e r i m e n t a l 

s e t u p i s d e s c r i b e d . The t e c h n i q u e s t o g e n e r a t e t h e d i f f e r e n t 

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

t h e a c t u a l i n t e r a c t i o n between e l e c t r i c a l f i e l d and i n t e r f a c e t o 

p r e d i c t t h e w aveform. T h e o r y i s d e v e l o p e d t o d e s c r i b e t h e wave 

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

e x p e r i m e n t a l c o n f i g u r a t i o n s a r e d e s c r i b e d . 

3.2 T h e o r y 

3.2.1 I n t e r f a c i a l phenomena 

I n r e a l s y s t e m s , t h e r e i s a f i n i t e d i s t a n c e a c r o s s an i n t e r f a c e 

i n w h i c h t h e p r o p e r t i e s g r a d u a l l y change f r o m t h o s e o f one 

a d j a c e n t b u l k phase t o t h o s e o f t h e o t h e r . I n l i t e r a t u r e two 

d i f f e r e n t models a r e used. I n t h e a p p r o a c h o f Guggenheim ( 1 9 6 7 ) 

t h e i n t e r f a c e i s t r e a t e d as a phase w h i c h i s a d j a c e n t t o t h e b u l k 

phases and w h i c h has a f i n i t e t h i c k n e s s and volume. To c a l c u l a t e 

p r o p e r t i e s o f an i n t e r f a c e t h i s way i s s t i l l v e r y d i f i c u l t . G i b b s 

(1928) c o n s i d e r e d a more p r a c t i c a l way t o model an i n t e r f a c i a l 

s y s t e m . 
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The i n t e r f a c e i s r e g a r d e d as a m a t h e m a t i c a l d i v i d i n g p l a n e ( G i b b s 

s u r f a c e ) . S u r f a c e e x c e s s p a r a m e t e r s a r e d e f i n e d w i t h r e s p e c t t o 

t h a t p l a n e . I n t h e r m o d y n a m i c s t h e r e a r e a few e q u i v a l e n t 

d e f i n i t i o n s o f 7 t h e i n t e r f a c i a l t e n s i o n , based on t h e i n t e r n a l 

e n e r g y U, t h e Gibbs f r e e e n e r g y G o r t h e H e l m h o l z f r e e e n e r g y H: 

,3U, ,aG, ,aH. 

A i s t h e i n t e r f a c i a l a r e a and S,T,P,V a r e t h e t h e r m o d y n a m i c 

p r o p e r t i e s E n t r o p y , T e m p e r a t u r e , P r e s s u r e and Volume ( R e f ( 1 4 , 1 5 ) ) 

The d i m e n s i o n o f 7 i n S I u n i t s [ N /m], i . e . f o r c e p e r u n i t l e n g t h , 

2 

can a l s o be seen as [J/m ] w h i c h shows 7 as e n e r g y p e r u n i t a r e a . 

When 7 changes w i t h p o s i t i o n , i n t e r f a c i a l r h e o l o g y comes i n t o 

p l a y . I n a l i n e a r i s e d t h e o r y ( R e f ( 1 0 , 1 1 , 1 2 , 2 1 , 2 2 ) ) f o u r 

r h e o l o g i c a l p a r a m e t e r s a r e d e f i n e d : 

- e t h e i n t e r f a c i a l s h e a r e l a s t i c i t y . 

- t h e i n t e r f a c i a l d i l a t a t i o n a l e l a s t i c i t y . 

- K t h e i n t e r f a c i a l d i l a t a t i o n a l v i s c o s i t y . 

- IJL t h e i n t e r f a c i a l s h e a r v i s c o s i t y . 

3.2.2 waves 

Wave t h e o r y i s w e l l d e v e l o p e d . I w i l l j u s t m e n t i o n t h e 

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

- t r a n s v e r s a l v e r s u s l o n g i t u d i n a l . I n f i g l A t h e d i f f e r e n c e i s 

e x p l a i n e d . 

- p l a n e v e r s u s r a d i a l waves, see f i g I B . They d i f f e r i n wave 

s o u r c e g e o m e t r y and d e s c r i p t i o n . 

- d i s p e r s i v e v e r s u s non d i s p e r s i v e . When waves a r e d i s p e r s i v e t h e 

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



Fig. Ib The difference between plane and cylindrical waves. 

Dr.no. 66741 FIG. la , b 
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3.2.3 Waves a t i n t e r f a c e s . 

Wave t h e o r y on f l u i d s has a l o n g h i s t o r y . P l i n i u s t h e E l d e r 

m e n t i o n e d a l r e a d y t h e c a l m i n g e f f e c t o f o i l on w a t e r waves b u t he 

d i d n o t e x p l a i n t h i s phenomenon. I n t h e 1 8 t h and 1 9 t h c e n t u r y 

p h y s i c i s t s l i k e B e n j a m i n F r a n k l i n ( 1 7 7 4 ) , L o r d K e l v i n ( 1 8 7 1 ) and 

Reyno l d s (1880) worked i n t h i s f i e l d . They d e v e l o p e d t h e f i r s t 

m a t h e m a t i c a l d e s c r i p t i o n o f t h e p r o b l e m . F o l l o w i n g D o r r e s t e i n 

( R e f ( 1 5 , 1 7 ) ) a d i s p e r s i o n r e l a t i o n , t h i s i s a r e l a t i o n b e t w e e n k 

t h e wave number and w t h e a n g u l a r v e l o c i t y w i l l be d e r i v e d . P l a n e 

waves, N e w t o n i a n f l u i d d y n a m i c s , a C a r t e s i a n c o o r d i n a t e s y s t e m 

and s p e c i a l b o u n d a r y c o n d i t i o n s w i l l be u s e d . 

The z - a x i s w i l l be t a k e n v e r t i c a l l y u pwards. The u n d i s t u r b e d 

i n t e r f a c e o f t h e f l u i d s i s p o s t i o n e d a t z=0. The 

c a l c u l a t i o n s a r e s i m p l i f i e d by l o o k i n g a t a l i q u i d - g a s i n t e r f a c e . 

S m a l l v e l o c i t i e s ^ a r e assumed so t h a t t e r m s q u a d r a t i c i n t h e 

v e l o c i t i e s can be n e g l e c t e d . The f o l l o w i n g e q u a t i o n s a s s u m i n g 

p l a n e waves (9/9y=0) a r e o b t a i n e d : 

+ + av^ = 0 c o n t i n u i t y ( 2 ) 
9x 9y 9z 

9V 9 d -> 
p-rr = - -r^ + T?AV + G l i n e a r i s e d N a v i e r - ( 3 ) 

^ i S t o k e s e q u a t i o n s 

The non d i s s i p a t i v e case i . e . 7 7 = 0 i s l o o k e d a t . The b o u n d a r y 

c o n d i t i o n f o r t h e p r e s s u r e a t t h e i n t e r f a c e z=^ i s : 

2 

9 f 
Po ~ P = 7 — 7 ( a t t h e i n t e r f a c e ) ( 4 ) 

9x 

3^ 2 3 

her e / { [ 1 + (T-) ] ) 



- 10 -

3? 
5 c l o s e t o 1 , s m a l l 

A g e n e r a l s o l u t i o n i s 

has been assumed t o be c l o s e t o 1 , s m a l l — , so s m a l l a m p l i t u d e s 

kz 
= k D e cos (ojt + k x ) ( 5 ) 

kz 
= -k D e s i n ( w t + k x ) ( 6 ) 

kz 
p = Po - pgz - pcj D e cos (ojt + k x ) ( 7 ) 

Combining t h e b o u n d a r y c o n d i t i o n [ 4 ] and eq [ 7 ] we f i n d t h e 

d i s p e r s i o n e q u a t i o n , d e r i v e d a l r e a d y by L o r d K e l v i n ( 2 3 ) : 

J 7k^ 
w = gk + ( 8 ) 

A t low v a l u e s o f k t h e 7 k ^ / p - t e r m i s s m a l l compared t o gk. The 

wave shape i s d o m i n a t e d by g r a v i t y e f f e c t s , t h e s o - c a l l e d g r a v i t y 

waves. A t h i g h v a l u e s o f k t h e g r a v i t y t e r m i s s m a l l and t h e wave 

shape i s d o m i n a t e d by i n t e r f a c i a l t e n s i o n e f f e c t s , t h e s o - c a l l e d 

c a p i l l a r y r i p p l e s . The t r a n s i t i o n can be c h a r a c t e r i z e d by t h e 

q u a n t i t y : 

pg 

I f >> 1 , t h e c a p i l l a r y f o r c e s w i n , << 1 g r a v i t y w i n s . 

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

s i m p l i f i c a t i o n s have been made. These s i m p l i f i c a t i o n s can be 

removed, l e a d i n g t o a more i n v o l v e d d i s p e r s i o n r e l a t i o n : 
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1. A l i q u i d - l i q u i d i n t e r f a c e i n s t e a d o f a l i q u i d - g a s i n t e r f a c e . 

T h i s does n o t make t h e d i s p e r s i o n r e l a t i o n much more c o m p l i c a t e d , 

[ 8 ] becomes: 

= gk + ( 9 ) 

p + p' P + p' 

where t h e p r i m e i n d i c a t e s an upper phase p a r a m e t e r . 

2. L i q u i d s w i t h a n o n - v a n i s h i n g v i s c o s i t y i?/0. 

The v i s c o s i t y makes f l u i d m o t i o n d i s s i p a t i v e and t h u s l e a d s t o 

damping o f wave m o t i o n . For s p a t i a l l y damped waves t h e wave 

number k i s t h e n complex: 

k = m + i a ( 1 0 ) 

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

= (m + i a ) A e^"^ cos ( w t + mx + i a x ) ( 1 1 ) 

V, = -(m + i a ) A e^"^ ^^^^ s i n (wt + mx + i a x ) ( 1 2 ) 

P = Po~ P9Z - pcj A e^"^ ^ """"̂^ ̂ cos ( w t + mx + i a x ) ( 1 3 ) 

The d i s p e r s i o n r e l a t i o n becomes a complex e q u a t i o n . The r e a l p a r t 

o f t h e e q u a t i o n l e a d s t o t h e e l e m e n t a r y d i s p e r s i o n r e l a t i o n [ 9 ] . 

The i m a g i n a r y p a r t g i v e s t h e s p a t i a l d a m p i n g , f o r c a p i l l a r y 

waves ( r e f . ( 5 ) ) : 

a = 4/3 ^ ^^^^ (1 4 ) 
7 
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I t i s n e c e s s a r y t o keep i n m i n d t h a t t h i s i s a s i m p l i f i e d 

e q u a t i o n , o n l y t r u e when t h e waves have s m a l l a m p l i t u d e s and 

t h e r e i s no e l a s t i c i t y and v i s c o s i t y i n t h e i n t e r f a c e 

3. C y l i n d r i c a l waves 

The e q u a t i o n s o f m o t i o n i n c y l i n d r i c a l c o o r d i n a t e s l e a d t o a 

g e n e r a l s o l u t i o n b a s e d on B e s s e l f u n c t i o n s i n s t e a d o f 

s i n u s o i d a l s . When measurements a r e needed f a r f r o m t h e s o u r c e t h e 

f o l l o w i n g a p p r o x i m a t i o n f o r t h e z e r o o r d e r B e s s e l f u n c t i o n can 

be used: 

cos ( k r + 7r/4) 

~ / ( k r ) ( 1 ^ ) 

The d i s p e r s i o n r e l a t i o n r e m a i n s t h e same as f o r p l a n e waves. For 

s m a l l k r t h e a c t u a l B e s s e l f u n c t i o n must be u s e d . 

4. I n t e r f a c i a l r h e o l o g y . 

The l i n e a r i s e d i n t e r f a c e m o d e l , (S3.2.1) d e f i n e s f o u r e x t r a 

p a r a m e t e r s . I f f l u x o f m a t e r i a l t h r o u g h o r t o t h e i n t e r f a c e i s 

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

7 and a d d i t i o n a l p a r a m e t e r s a r e needed. To keep b a l a n c e between 

t h e o r y and e x p e r i m e n t s , j u s t t h e end r e s u l t o b t a i n e d by P.B. van 

d e r Weg ( R e f ( 2 2 ) ) w i l l be g i v e n h e r e . 

We c o n s i d e r t h e a t t e n u a t i o n and p r o p a g a t i o n o f t h e i n t e r f a c i a l 

wave a t an i n t e r f a c e f a r f r o m t h e g e n e r a t o r , t h e e l e c t r i c a l t e r m 

can t h e n be n e g l e c t e d ; (The e l e c t r i c a l f i e l d goes t o z e r o f o r 

h i g h v a l u e s o f r ) . The e q u a t i o n s f o r n o r m a l and t a n g e n t i a l 

components o f wave m o t i o n a t t h e i n t e r f a c e a r e t w o l i n e a r 

homogeneous e q u a t i o n s i n unknown c o e f f i c i e n t s a ( k , a j ) and c ( k , c j ) . 

T h i s s e t has n o n - t r i v i a l s o l u t i o n s o n l y i f t h e d e t e r m i n a n t 

D e t ( k , a j ) o f t h e i r c o e f f i c i e n t s i s z e r o . T h i s d e t e r m i n a n t a l 

e q u a t i o n D e t ( k , c j ) = 0 i s t h e d i s p e r s i o n r e l a t i o n ( 9 , 1 0 ) . 

I f CJ i s r e a l we a r e l o o k i n g a t a s t e a d y s t a t e p e r i o d i c s o l u t i o n 

f o r s p a t i a l p r o p a g a t i o n and a t t e n u a t i o n a t a f r e e i n t e r f a c e . 
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3.3 E x p e r i m e n t a l b a c k g r o u n d 

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

The e x p e r i m e n t a l method i s based on t h e measurement o f t h e 

p r o p a g a t i o n o f i n t e r f a c i a l waves. By m e a s u r i n g w a v e l e n g t h and 

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

d i s p e r s i o n r e l a t i o n . The f l u i d p a r a m e t e r s , d e n s i t y and v i s c o s i t y 

a r e u s u a l y known o r easy t o f i n d . T h i s l e a v e s t h e i n t e r f a c i a l 

p a r a m e t e r s . An e x p e r i m e n t a l s e t u p i s d e s c r i b e d , based on t h e 

s e t u p used by T i n g e t a l . ( R e f ( 9 ) ) f i g 2. 

L O N G I T U D I N A L SURFACE WAVES 

F U N C T I O N 
C F N E R A T O R 

MAGNET & 
S O L E N O I D 

X - Y RECORDER 

SIGNAL 
AVERAGER 

L O C K - I N 
A M P L I F I E R 

A M P L I F I E R A M P L I F I E R 

TRANSFORMER 
F R E Q U E N C Y 

GENERATOR 

D I G I T A L 
V O L T M E T E R 

F i g . 5. Electronic diagram. CG: capillary wave generator, PD: position sensing photodiode, and LG: 

longitudinal wave generator. 

F i g 2. The e x p e r i m e n t a l s e t u p used by T i n g e t a l ( R e f ( 9 ) ) . 

T h e r e a r e t h r e e s e p e r a t e p a r t s ; wave g e n e r a t i o n , wave d e t e c t i o n 

and s i g n a l p r o c e s s i n g . A l l t h r e e w i l l be l o o k e d a t s e p a r a t e l y . I n 

t h i s i n v e s t i g a t i o n b o t h p l a n e and c y l i n d r i c a l waves a r e use d . 
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3.3.2 Wave g e n e r a t i o n . 

1. t r a n s v e r s a l waves. 

F l u i d s r i s e i n t o h i g h e r e l e c t r i c f i e l d s . T h i s phenomenon can be 

used t o g e n e r a t e l o c a l i n t e r f a c e d i s p l a c e m e n t s and c a p i l l a r y 

waves between f l u i d s o f d i f f e r e n t e l e c t r i c a l p e r m i t t i v i t y 

( R e f ( 1 8 ) ) . The f l u i d o f t h e h i g h e r p e r m i t t i v i t y t e n d s t o 

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

c h a p t e r a g e n e r a l model w i l l be d e r i v e d f o r wave g e n e r a t i o n . I n a 

s m a l l v e s s e l (as used i n t h e measurement c e l l s w i t h c y l i n d r i c a l 

waves) t h e wave b e h a v i o u r c l o s e t o t h e e l e c t r o d e needs t o be 

known. D e t a i l e d c a l c u l a t i o n s w i l l be made f o r t h e c y l i n d r i c a l 

case. 

The e n e r g y o f a h o r i z o n t a l homogeneous s l a b o f l i q u i d 

d i e l e c t r i c o f p e r m i t t i v i t y i n a homogeneous v e r t i c a l e l e c t r i c 

f i e l d i s g i v e n by 

Ü' = è ^; t ( 1 6 ) 

where L i s a l e n g t h i n t h e d i r e c t i o n o f t h e f i e l d and A t h e 

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

d i f f e r e n c e o v e r t h e d i e l e c t r i c . I f we r e p l a c e a s m a l l l a y e r o f 

.qui d o f t h i c k n e s s < 

t h e n t h e e n e r g y i s 

l i q u i d o f t h i c k n e s s dz by a l i q u i d w i t h a h i g h e r p e r m i t t i v i t y 

U = I A Vg/[ ( l - d z ) / e ; + d z / f g ] ( 1 7 ) 
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The f o r c e f ^ p e r u n i t a r e a on a volume e l e m e n t o f a s u b s t a n c e 

w i t h p e r m i t t i v i t y i n a n o t h e r d i e l e c t r i c t r y i n g t o p u l l t h e 

volume e l e m e n t t o w a r d s h i g h p o t e n t i a l ( i . e . i f e^> e^) i s 

s _ 1 dU _ 1 2 l e ^ _ 1 l e ^ 2 

^e - A dz - A dz 2 ^e <L ) " 2 ^e ^ 

The l a s t e q u a t i o n shows t h a t t h e f o r c e i s p r o p o r t i o n a l t o t h e 

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

e l e c t r i c f i e l d strength"'" ( 1 9 ) . For a g i v e n p h y s i c a l 

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

t h e t o t a l p o t e n t i a l . 

I f t h e p o t e n t i a l c o n s i s t s o f t h e sum o f a dc v o l t a g e V^^ and a 

s i n u s o i d a l ac v o l t a g e V^^ o f f r e q u e n c y and i f eq 16 n o l d s f o r 

a l l t h e s e f r e q u e n c i e s 

V = V, + V = V, + V. cos(6j t ) = V, + V^^^\/2 c o s ( w t ) ( 1 9 ) 
e dc ac dc " ^ e ^ dc ac ^ e ^ ^ ' 

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

h a r m o n i c components. We know f r o m e q . l 8 t h a t t h e f o r c e e x e r t e d on 

t h e i n t e r f a c e i s p r o p o r t i o n a l t o t h e s q u a r e o f t h e i n s t a n t a n e o u s 

p o t e n t i a l d i f f e r e n c e . 

^e = t ^ d c + ^ ^ i r ) ^ ] +2/2 V^J^V^^cos(a;gt) + ( V ^ ^ ^ ^cos ( 2a;gt) ( 2 0 ) 

1 . A more g e n e r a l e q u a t i o n f o r t h e f o r c e between two 
d i e l e c t r i c s w i t h t h e f i e l d i s n o t n o r m a l t o t h e i n t e r f a c e i s 
g i v e n by 

K = (^e- ^4) [ ^ t + (^4/^e) ^n ^ V ' 

where i s t h e f i e l d t a n g e n t i a l and t h e f i e l d n o r m a l t o t h e 

i n t e r f a c e . 
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So t h e s t a t i o n a r y ( t o t a l d c - ) f o r c e i s p r o p o r t i o n a l t o 

( C ' ) ' = ^^dc + ( C ' ) ' ] ( 2 1 ) 

and h a r m o n i c f o r c e components a r e g e n e r a t e d i n b o t h t h e f i r s t and 

second h a r m o n i c f r e q u e n c y . I f V^^= 0 t h e n 

TT2 /TT̂ ^̂ S 2 ,.,rms^2 , . . , T I x 
^e " (^ac ) (^ac ^ c o s ( 2 c j g t ) ( 2 2 ) 

and a p a r t f r o m t h e dc-component o n l y t h e second h a r m o n i c 

component i s g e n e r a t e d . F i r s t we want t o c a l c u l a t e t h e l o c a l 

f o r c e i n an i d e a l i s e d e l e c t r i c f i e l d c o n f i g u r a t i o n . T h i s model i s 

n o t v e r y r e a l i s t i c b u t a l r e a d y g i v e s u s e f u l e x p r e s s i o n s . I n t h e 

model we a d j u s t a s p h e r e ( r a d i u s R„<< m i l l i m e t e r ) w i t h e l e c t r i c a l 

c h a r g e Q a t r=0 i n t h e u p p e r phase a s m a l l d i s t a n c e h (a f r a c t i o n 

o f a m i l l i m e t e r , h > R,) above t h e l o w e r phase see f i g u r e 3a. The 

l o w e r phase has a h i g h p e r m i t t i v i t y and i s g r o u n d e d e l e c t r i c a l l y . 

For t h e c a l c u l a t i o n o f t h e f i e l d , we assume t h a t t h e p e r m i t t i v i t y 

c o n t r a s t between upper and l o w e r phase i s s t r o n g enough t o 

p r o d u c e a f i e l d o n l y i n t h e upper phase and t h a t t h e upper phase 

i s n o n - c o n d u c t i n g . C o n s e q u e n t l y t h e f i e l d l i n e s a r e p e r p e n d i c u l a r 

2 

t o t h e i n t e r f a c e . Because o f t h e s m a l l d i s t a n c e o f t h e c h a r g e 

t o t h e i n t e r f a c e , t h e f i e l d i s s t r o n g l y l o c a l i s e d under t h e 

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

i n t e r f a c e upwards. The f i e l d between t h e c h a r g e and t h e i n t e r f a c e 

i s e q u a l t o t h e f i e l d i n a h y p o t h e t i c a l s y s t e m o f a p o i n t c h a r g e 

2. A t a l e s s p r o n o u n c e d p e r m i t t i v i t y c o n t r a s t t h e f i e l d e x t e n d s 
i n t h e l o w e r phase and t h e f i e l d l i n e s a r e b r o k e n a t t h e 
i n t e r f a c e : 

t a n ( a ' ) = ( e ^ / e ^ ) t a n ( a ) 

where a' and a t h e a n g l e s i n t h e upper and l o w e r phase. 
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'I 

F i g . 3a. Model c h a r a c t e r i s t i c s p.16 

ll 

F i g . 3 b . Model c h a r a c t e r i s t i c s p,19. 

F i g 3a,b 
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and a o p p o s i t e c h a r g e d i m a g i n a r y p o i n t c h a r g e a t t h e same 

d i s t a n c e a t t h e o t h e r s i d e o f t h e i n t e r f a c e i n a h y p o t h e t i c a l 

d i e l e c t r i c o f t h e same p e r m i t t i v i t y (Thomson o r m i r r o r image.) 

The p o t e n t i a l f r o m t h e c h a r g e and i t s image i s a t a p o i n t ( z , r ) 

Q 

^ ine' ^ / [ r ^ + ( h - z ) M / [ r ^ + ( h + z ) M ^ ^^^^ 

The f i e l d E = = W i s g i v e n by 

Q r r 

47re^ ^ / [ r ^ + { h - z ) ' ] '~ / [ r ^ + (h + z ) M ' + 

Q ( h - z ) ( h + z ) 

+ 4V71 ^ ~ / [ r ^ + ( h - z ) ' ] ' ~ / [ r ^ + ( h + z ) M ' ^ '^^^ 

The f i e l d a t t h e i n t e r f a c e i s 

-2Q h 

^<^=°^ = 4774 [/(r-+hMM ^ ^''^ 

The p o t e n t i a l a t t h e s u r f a c e o f t h e c h a r g e i s g i v e n by 

V z — ( 2 6 ) 
e Aire' R„ ' 

I n s e r t i n g 25 and 26 i n t o 18 g i v e s f o r t h e f o r c e 

e ^ 2 ^e eg ^ 4776^ ^ [ ( r ̂ +hM ' ] 

e - e' 4h^RJ 

- 2 ̂ e ̂ 7 7^ ^e TTTMW] (27) 
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I n t h i s i d e a l i s e d c o n f i g u r a t i o n t h e e x p r e s s i o n f o r t h e f o r c e i s 

a l r e a d y v e r y c o m p l i c a t e d . As a b e t t e r a p p r o x i m a t i o n we want t o 

c a l c u l a t e t h e l o c a l f o r c e f o r a c o n f i g u r a t i o n more l i k e t h e one 

used i n our e x p e r i m e n t s . I n t h e e x p e r i m e n t s we d i d use a v e r t i c a l 

n e e d l e e l e c t r o d e s h a r p e n e d t o w a r d s i t s t i p ( t o t a l t o p o p e n i n g 

a n g l e ==17 d e g r e e s ) a d i s t a n c e h above t h e i n t e r f a c e . To 

a p p r o x i m a t e i t s f i e l d we s t a r t w i t h t h e f i e l d a r o u n d a l i n e 

c h a r g e o f l e n g t h i v e r t i c a l l y a t r=0 i n t h e upper phase a s m a l l 

d i s t a n c e a (a f r a c t i o n o f a m i l l i m e t e r ) above t h e l o w e r phase 

(See f i g . 3 b ) . The c h a r g e on t h e l i n e p e r v e r t i c a l u n i t o f l e n g t h 

i s assumed t o be c o n s t a n t . The l o w e r phase has a h i g h e r 

p e r m i t t i v i t y and i s g r o u n d e d e l e c t r i c a l l y . We may t a k e any 

e q u i p o t e n t i a l p l a n e a r o u n d t h e u n i f o r m l y c h a r g e d l i n e as t h e 

s u r f a c e o f a c y l i n d e r e l e c t r o d e . I f i i s l a r g e , t h e shape o f s uch 

an e l e c t r o d e i s a l m o s t e q u i v a l e n t w i t h t h e c o n e - l i k e n e e d l e , 

s h a r p e n e d t o w a r d s i t s t i p , i n c r e a s i n g t h e a c t u a l c h a r g e d e n s i t y 

a t t h e t i p " ^ . For t h e c a l c u l a t i o n o f t h e f i e l d , we assume t h a t 

t h e p e r m i t t i v i t y c o n t r a s t between upper and l o w e r phase i s s t r o n g 

enough t o p r o d u c e a f i e l d o n l y i n t h e upper phase and 

c o n s e q u e n t l y t h a t t h e f i e l d l i n e s a r e p e r p e n d i c u l a r t o t h e 

i n t e r f a c e . Because o f t h e s m a l l d i s t a n c e o f t h e l i n e c h a r g e t o 

t h e i n t e r f a c e , t h e f i e l d i s s t r o n g l y l o c a l i s e d under t h e l i n e , 

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

u p wards. The f i e l d b etween t h e l i n e and t h e ( i d e a l i s e d 

c o n d u c t i n g ) i n t e r f a c e i s e q u a l t o t h e f i e l d i n a h y p o t h e t i c a l 

s y s t e m o f t h e l i n e and a m i r r o r image o f t h e d i e l e c t r i c and l i n e 

i n t h e i n t e r f a c e (Thomson o r m i r r o r image.) 

3. From t h e f o r m u l a o f t h e s e l f - c a p a c i t y o f a s p h e r i c a l c h a r g e 
Q = CV = 47re'R.V , where e' i s t h e p e r m i t t i v i t y o f t h e medium and 
e e e e 

t h e r a d i u s , we may see = Q ^ / 4 7 r R o = e ^ V ^ / R „ . T h i s i s an 

example t o show t h a t t h e c h a r g e d e n s i t y o f a c u r v e d m e t a l s u r f a c e 

i s p r o p o r i o n a l t o i t s t o t a l c u r v a t u r e ( R y ' + R t M -
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The c h a r g e on t h e m i r r o r l i n e i s o p p o s i t e t o t h e c h a r g e on t h e 

l i n e . The f i e l d f r o m a s m a l l e l e m e n t dz o f t h e l i n e i s a t t h e 

i n t e r f a c e ( z = 0 ) 

dg = 
p^dz 

•R 
(2 8 ) 

where i s t h e u n i t v e c t o r i n t h e d i r e c t i o n o f t h e v e c t o r ^, t h e 

v e c t o r f r o m t h e e l e m e n t dz t o t h e i n t e r f a c e . The c o n t r i b u t i o n t o 

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

p dz ^ ^ p z dz 

e e 

The m i r r o r image ( a t - z ) g i v e s an i d e n t i c a l v e r t i c a l 

c o n t r i b u t i o n . The h o r i z o n t a l c o n t r i b u t i o n o f t h e m i r r o r i s 

o p p o s i t e : t h e h o r i z o n t a l component v a n i s h e s . The t o t a l ( v e r t i c a l ) 

f i e l d a t t h e i n t e r f a c e i s 

-i+a 2p z dz -̂  + a 2p z dz 

E(z=0 ) = e, ƒ = / 
z ' 47re'R^ z ' At: e'[^ ( r '+z ' ) ] 

ci S a, G 

iire^ [ / ( r ^ + a M l [ / ( r ̂  + (a+^) M ] 

We now assume r << / and a << /, t h e n 

2p 1 ^ 

E(z = 0) -r-^ r /, , , 1 e ( 3 1 ) 
' '^•ïïe'^ [ / ( r '+a' ) ] z ^ ' 

The f o r c e i s t h e n g i v e n by 
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e 

1 
2 

e -
e 2P, 

47re4 
( 3 2 ) 

The p o t e n t i a l o f t h e l i n e c an be a p p r o x i m a t e d by ( R e f ( 2 0 ) ) 

2 p„ 2^ ( 4 a + / ) 2 p 2^ 

e 47reg d (4a + 3/) ^^^4 ''̂  

Then 

1 
1 , e e e 

e ^ 2 ^e I n ^ 2 ^ ( r ^ + a M ^z ^ ' 
^ d/3 

A s t i l l b e t t e r a p p r o x i m a t i o n can be f o u n d by c a l c u l a t i o n o f t h e 

e l e c t r i c a l p o t e n t i a l 

V ( r , z ) = / { l / / [ ( u - z ) ^ + rM-l/v/[ (u + z) ̂  + r M } d u = 
e a 

Pg / [ ( b - z ) ^ + r M + ( b - z ) / [ (a + z) ^+r M + (a + z) 

^ . / r / w j - r , \ 2 I 2 1 1 / K J.„ \ . / r / \ 2 i , . 2 i i / . , _ „ \ ^ (35) 47re^ ' / [ (b+z) ̂  + r M + (b+z) / [ ( a-z ) ̂ +r M + (a- z ) 

where b i s t h e h i g h e s t p o i n t o f t h e l i n e . I f we assume b->o° t h e n 

p / [ (a + z) ^ + r M + (a+z) 

^ ( • ^ ' ^ ^ = 4 ^ ^ " / [ ( a - z ) - . r M ^ ( a - z ) ^^^^ 

Suppose z=wr where w i s a c o n s t a n t , and r , z >> a t h e n 

p / ( w ^ + l ) + w 
V ( r , z ) r I n /. , — = V ( 3 7 ) 

' ine^ / ( w ^ + l ) - w e ' 

The p o t e n t i a l c u r v e a p p r o a c h a c o n s t a n t v a l u e a l o n g z=wr. 
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T h i s means t h a t t h e p o t e n t i a l c u r v e s behave a t l a r g e v a l u e s o f z 

l i k e s t r a i g h t l i n e s : t h e shape i s a s h a r p e n e d n e e d l e . The 

c o n s t a n t w i s f o r o u r e x p e r i m e n t s w = 6.70 f o r a t o p a n g l e o f 17 

d e g r e e s . Suppose we s e l e c t t h i s e q u i p o t e n t i a l as o u r e l e c t r o d e : 

Vg i s t h e n t h e p o t e n t i a l on t h e e l e c t r o d e . The a c t u a l h e i g h t h o f 

t h e t i p above t h e i n t e r f a c e can be c a l c u l a t e d by e q u a t i n g V ( 0 , h ) 

t o V 

V ( 0 , h ) = - ; — J I n = V ( 3 8 ) 
45re^ a-h e ^ ' 

By c o m p a r i n g l a s t t wo e q u a t i o n s we f i n d 

a = (h/w) /(w^+1) (39) 

I f we measure t h e a c t u a l h e i g h t o f t h e e l e c t r o d e h and t h e 

c o n s t a n t w ( v i a t h e t o p a n g l e o f t h e cone) we may c a l c u l a t e t h e 

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

e n t i r e f i e l d . 

Then f r o m eq 32 and eq 38 

( 4 0 ) 

e - e• V' 1 
^s 1 , _e e e -> 

e ^ 2 ^e eg I n ^ a+h ( r ^ + a ^ ) ^z 
a-h 

We assume a s i n u s o i d a l p o t e n t i a l 

Vg = V^^^ /2 c o s ( W g t ) (41) 

t h e n 

:*s ^ 

^e - (T^nry [ 1+cos ( 2w^ t ) ] e^ 
(42) 
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where i s g i v e n by 

( 4 3 ) 
I n ^ a+h 

I n t h i s c a s e we have assumed t h a t t h e shape o f t h e n e e d l e 

e l e c t r o d e i s l i k e t h e e q u i p o t e n t i a l p l a n e a r o u n d an i n f i n i t e l y 

l o n g u n i f o r m l y c h a r g e d v e r t i c a l l i n e c h a r g e a t a h e i g h t a above 

t h e i n t e r f a c e and l o o k s l i k e a s h a r p , i n f i n i t e l y l o n g c y l i n d r i c a l 

cone. A r o u n d t h e t i p t h e cone i s r o u n d e d . 

We c o n c l u d e t h a t t h e f o r c e i s i n d e e d p r o p o r t i o n a l t o 

(V^"|^)2 and i s l o c a l i s e d t o a r e g i o n | r | < a, r a p i d l y ( - l / r ^ ) 
ac 

d i m i n i s h i n g f o r r > a. 

2. l o n g i t u d i n a l waves 

A l o u d s p e a k e r i s used as a wave g e n e r a t o r . The cone o f t h e 

l o u d s p e a k e r i s c o n n e c t e d w i t h a t h i n w i r e i n t h e i n t e r f a c e . The 

w i r e i s a c t i n g as a m oving b a r r i e r g e n e r a t i n g l o n g i t u d i n a l waves. 

I n p r a c t i c e t h i s way o f wave g e n e r a t i o n i s l i m i t e d i n a m p l i t u d e 

and f r e q u e n c y . B o t h h i g h a m p l i t u d e s and f r e q u e n c i e s g i v e r i s e t o 

wave d i s t o r t i o n and unwanted t r a n s v e r s a l waves. 
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3.3.3 Wave d e t e c f c i o n . 

A l a s e r beam i s f o c u s s e d on t h e i n t e r f a c e . The i n c i d e n t wave 

can be p e r p e n d i c u l a r t o t h e i n t e r f a c e o r a t a g r a z i n g a n g l e as 

s k e t c h e d i n f i g u r e s 4 and 5. The beam i s r e f l e c t e d a t t h e 

i n t e r f a c e w h i c h behaves l i k e a m i r r o r . The d i r e c t i o n o f t h e 

r e f l e c t e d beam c o n t a i n s i n f o r m a t i o n a b o u t t h e i n t e r f a c e a n g l e a t 

t h e p o i n t o f r e f l e c t i o n . I f a wave i s p r e s e n t a t t h e i n t e r f a c e 

t h e d i r e c t i o n o f t h e r e f l e c t e d beam i s m o d u l a t e d . A p o s i t i o n 

s e n s i n g p h o t o d i o d e i s used t o d e t e c t t h e p o s i t i o n o f t h e 

r e f l e c t e d beam. T h i s d e t e c t o r g i v e s a v o l t a g e p r o p o r t i o n a l t o t h e 

p o s i t i o n o f a l a s e r s p o t on i t s s u r f a c e . Because t h e d e t e c t o r 

shows a l i n e a r i t y d e p e n d i n g on t h e p o s i t i o n o f t h e s p o t a t t h e 

d e t e c t o r s u r f a c e a s e r v o s y s t e m i s use d t o keep t h e a v e r a g e 

p o s i t i o n o f t h e s p o t a t t h e m i d d l e o f t h e d e t e c t o r . T h i s s e r v o 

s y s t e m uses t h e dc component o f t h e s i g n a l t o move t h e d e t e c t o r . 

The ac component g i v e s t h e i n f o r m a t i o n a b o u t t h e t r a v e l l i n g wave. 

W i t h a s p e c t r u m a n a l y z e r t h e s p e c t r u m o f t h e s i g n a l can be 

r e c o r d e d . I n c o m b i n a t i o n w i t h t h e g e n e r a t o r s i g n a l a l o c k - i n 

a m p l i f i e r s e l e c t s t h e p r o p e r ac s i g n a l s . The o u t p u t o f t h e l o c k -

i n a m p l i f i e r c o n s i s t s o f t h r e e components: 

a) The m a g n i t u d e o f t h e d e t e c t o r s i g n a l i n a s m a l l f r e q u e n c y 

d o m a i n . 

b) A d e c o m p o s i t i o n o f t h i s v e c t o r s i g n a l , i n two c i r c u l a r 

components r e l a t i v e t o t h e r e f e r e n c e s i g n a l . 

W i t h a r e c o r d e r p l o t s o f t h e s e s i g n a l s can be made. 

3.3.4 S i g n a l p r o c e s s i n g . 

The wave i n f o r m a t i o n must be deduced f r o m t h e d e t e c t o r s i g n a l 

measured as a f u n c t i o n o f p o s i t i o n o f t h e l a s e r s p o t a t t h e 

i n t e r f a c e . The l a s e r beam w i l l be f o l l o w e d t o c a l c u l a t e t h e 

s i g n a l t r a n s f e r . For g r a z i n g and p e r p e n d i c u l a r i n c i d e n t a n g l e s 

d i f f e r e n t r e s u l t s a r i s e . The p e r f o r m a n c e o f t h e l o c k - i n a m p l i f i e r 

w i l l be d e a l t w i t h s e p a r a t e l y . The p r i n c i p l e s w i l l be g i v e n f o r 

a p e r p e n d i c u l a r i n c i d e n t beam. 
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Fig. 4 Perpendicular incidence of the laserbeam 

Oil 

I I I I I I I I I I r l i I I I I l l l l l l l l l l l l l i l l l 

; Water 

Fig. 5 Grazing incidence of the laserbeam 

The different types of detection. 

Dr.no. 66739 FIG. 4, 5 
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The c a l c u l a t i o n s i n t h i s c h a p t e r use a s i m p l e b u t a c c u r a t e 

r e p r e s e n t a t i o n o f t h e wave by a s i n g l e f r e q u e n c y s i n u s o i d a l wave: 

z = z„ c o s ( k x - c j t ) , k = 27r/X ( 4 4 ) 

A d i v i s i o n can be made i n s i x components: 

1.) l a s e r . The l a s e r l i g h t i n t e n s i t y i s m o d e l l e d by: 

2 2 

I = Ae"^ /W 

I i s t h e measured i n t e n s i t y , A a c o n s t a n t , r t h e r a d i u s f r o m t h e 

c e n t r e l i n e and W t h e r a d i u s a t w h i c h t h e i n t e n s i t y has d e c r e a s e d 

by a f a c t o r 1/e, h e r e 1mm. 

2 . ) l e n s . I n t h e f o c a l p o i n t o f a l e n s t h e i n t e n s i t y p r o f i l e i s 

compressed. W t h e compressed w i d t h a t t h e i n t e r f a c e can be 
s 

c a l c u l a t e d w i t h t h e K o g e l n i k e q u a t i o n : 

W*Wg*7r = 4*X *b (46) 

X i s t h e w a v e l e n g t h o f t h e H e N e - l a s e r l i g h t , 632.8 nm and b t h e 

f o c a l l e n g t h o f t h e l e n s , t h i s g i v e s a W o f 48 iim. A t t h e 

i n t e r f a c e a v a l u e o f 50 pm was measured. 

3 . ) i n t e r f a c e . A t t h e i n t e r f a c e p a r t o f t h e beam i s r e f l e c t e d and 

p a r t t r a v e l s t h r o u g h t h e i n t e r f a c e . The waves a t t h e i n t e r f a c e 

m o d u l a t e t h e a n g l e o f r e f l e c t i o n . I n f i g u r e 6 t h e e f f e c t o f 

d i f f e r e n t w i s s k e t c h e d . For W « X t h e r e f l e c t i o n can be seen 

s 

as a f l a t m i r r o r r e f l e c t i o n . The d i r e c t i o n o f t h e r e f l e c t e d beam 

w i l l be r o t a t e d o v e r t w i c e t h e a n g l e between t h e i n c i d e n t beam 

and t h e n o r m a l o f t h e i n t e r f a c e i n t h e p l a n e o f t h e i n c i d e n t beam 

and t h e n o r m a l . 



The effect of different beam diameters W <̂  A (a), W ^ A (b), W '̂ ^ A (c) on the 
reflection at the interface. 

Dr.no. 66742a FIG. 6 
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As t h e a n g l e changes by t h e p r o g r e s s i o n o f t h e wave, a l s o t h e 

d i r e c t i o n o f t h e r e f l e c t e d beam changes. The d i r e c t i o n o f t h e 

beam i s m o d u l a t e d i n t i m e . For W >> X t h e i n t e r f a c e a c t s as a 

l a t t i c e and t h e r e f l e c t e d l i g h t w i l l f o r m a l i n e s o r c i r c l e s 

p a t t e r n . For w ~ X t h e r e f l e c t i o n s t i l l c o n t a i n s i n f o r m a t i o n 
s 

a b o u t t h e wave. The a m p l i t u d e o f t h e wave can be d e r i v e d f r o m t h e 

s i z e o f t h e r e f l e c t e d beam. 

The r e g i o n W << X i s t h e b e s t t o work i n , t h e minimum v a l u e 

f o r W depends on t h e o p t i c a l s y s t e m and can n o t be l o w e r e d much 
s 

f u r t h e r . To c a l c u l a t e t h e n t h e i n t e n s i t y p r o f i l e i n t h e p l a n e o f 

t h e d e t e c t o r f u r t h e r s i m p l i f i c a t i o n s a r e a p p l i e d : 

- r e f l e c t i v i t y i s c o n s t a n t f o r s m a l l changes i n a n g l e . 

- t h e m o d u l a t i o n by t h e wave and t h e m o d u l a t i o n by o t h e r s o u r c e s 

( l i k e m e n i s c u s c u r v a t u r e ) a r e assumed i n d e p e n d e n t and can be 

s u p e r i m p o s e d l i n e a r l y . 

4 . ) d e t e c t o r . At t h e d e t e c t o r t h e i n t e n s i t y p r o f i l e i s t r a n s f o r m e d 

i n t o a v o l t a g e . The v o l t a g e i s p r o p o r t i o n a l t o t h e c e n t e r o f 

g r a v i t y o f t h e i n t e n s i t y p r o f i l e . The v e r t i c a l v o l t a g e r e s p o n s e 

Vg'^ o f t h e p o s i t i o n s e n s i t i v e o p t i c a l d e t e c t o r PSD ( t w o -

d i m e n s i o n a l p o s i t i o n s e n s i n g d i o d e ) i s between +10 and -10 V o l t s 

( w i t h i n 2%) p r o p o r t i o n a l t o t h e v e r t i c a l d i s p l a c e m e n t 5z^ o f t h e 

c e n t r e o f t h e l a s e r beam f r o m t h e m i d d l e o f t h e d e t e c t o r and 

w i t h i n ± 5 mm a l m o s t i n d e p e n d e n t o f h o r i z o n t a l d i s p l a c e m e n t f r o m 

t h e m i d d l e and o v e r a l a r g e d y n a m i c a l range a l m o s t i n d e p e n d e n t o f 

l i g h t i n t e n s i t y i f s t r a y l i g h t i s much l e s s i n t e n s e . 

V^'^ ^ 6z^ ( 4 7 ) 

where i s t h e s e n s i t i v i t y o f t h e d e t e c t o r ( a p p r o x i m a t e l y 20 

V/cm), and 5z^ t h e v e r t i c a l d i s p l a c e m e n t on t h e d e t e c t o r 
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óz*^ = b t a n ( 2 0 ) ^ 2b 0 = 2b ^ ( 4 8 ) 
3x 

where b i s t h e f o c a l l e n g t h o f t h e f o c u s s i n g l e n s , and 0 t h e 

( s m a l l ) a n g l e b e t w e e n t h e v e r t i c a l and t h e n o r m a l o f t h e 

i n t e r f a c e and x t h e d i s t a n c e f r o m t h e c e n t r e o f symmetry o f t h e 

wave a t t h e i n t e r f a c e 

5. ) l o c k - i n A m p l i f i e r . The v o l t a g e f r o m t h e d e t e c t o r ' ^ i s t h e n 

e v a l u a t e d w i t h t h e l o c k - i n A m p l i f i e r , see a p p e n d i x 1 . 

6. ) Because o f r e f r a c t i o n t h e a n g l e o f t h e l a s e r beam, depends on 

t h e phase i t i s t r a v e l i n g t h r o u g h . When a l i q u i d - l i q u i d i n t e r f a c e 

i s used t h e measured i n t e r f a c e a n g l e i s i n f l u e n c e d by t h i s . The 

c a l c u l a t i o n s can e a s i l y be c o r r e c t e d f o r t h i s e f f e c t , see 

a p p e n d i x 2. 
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4 EXPERIMENTS 

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

The p r o p a g a t i o n and damping c h a r a c t e r i s t i c s o f c a p i l l a r y waves 

o v e r f l u i d / f l u i d i n t e r f a c e s a r e d e t e r m i n e d by t h e p h y s i c a l 

p a r a m e t e r s o f t h e i n t e r f a c e and a d j a c e n t p h a s e s . The p r e s e n c e o f 

s u r f a c e a c t i v e m a t e r i a l a t t h e i n t e r f a c e i n f l u e n c e t h e wave 

p a t t e r n . T h e o r y g i v e s an e x p r e s s i o n f o r t h e d i s p e r s i o n e q u a t i o n 

o f t h e waves e x p r e s s e d i n b u l k and i n t e r f a c i a l r h e o l o g i c a l 

p a r a m e t e r s . E x p e r i m e n t a l l y t h e waves a r e i n d u c e d by t h e 

e l e c t r i c a l a t t r a c t i o n o f one b u l k phase by a s t r o n g l o c a l i s e d 

s i n u s o i d a l e l e c t r i c a l f i e l d f r o m a s t e e l r a z o r b l a d e o r n e e d l e i n 

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

a m i l l i m e t e r above t h e i n t e r f a c e . The b l a d e l e a d s t o a p l a n e wave 

p a t t e r n and t h e n e e d l e t o a c y l i n d r i c a l wave p a t t e r n . The 

p r o p a g a t i o n and damping o f t h e c a p i l l a r y waves i s measured b y 

s p e c u l a r r e f l e c t i o n o f a s m a l l l a s e r beam f o c u s e d on t h e 

i n t e r f a c e , r e f l e c t e d o n t o a p o s i t i o n - s e n s i t i v e o p t i c a l d e t e c t o r . 

T h i s s i g n a l i s p r o c e s s e d w i t h a l o c k - i n a m p l i f i e r , i n f o r m a t i o n 

a b o u t t h e phase and m a g n i t u d e o f t h e wave a t a p a r t i c u l a r p o i n t 

i s combined w i t h t h e d i s p e r s i o n e q u a t i o n t o c a l c u l a t e t h e 

i n t e r f a c i a l p r o p e r t i e s . 

E x p e r i m e n t s were c a r r i e d o u t w i t h s e v e r a l i n t e r f a c e s y s t e m s : 

- w a t e r - a i r 

- w a t e r - decane - SDS ( s o d i u m d o d e c y l s u l p h a t e ) 

- w a t e r - a i r - s t e a r i c a c i d 

- w a t e r - O n d i n a 15 (a m i x t u r e o f p a r a f f i n s ) 

- m i c r o e m u l s i o n s (a m i x t u r e o f S D S + h e p t a n e + b u t a n o l + b r i n e ) 

A l l t h e s e systems have a s p e c i f i c i n t e r f a c i a l b e h a v i o u r . The 

i n t e r f a c i a l t e n s i o n v a r i e s f r o m 0.001 mN/m f o r m i c r o e m u l s i o n s up 

t o 70 mN/m f o r w a t e r - a i r . T h e i r dynamic b e h a v i o u r r a n g e s f r o m 

s i m p l e f o r w a t e r - a i r t o v e r y c o m p l i c a t e d f o r water-decane-SDS. 

The f i r s t e x p e r i m e n t s were p e r f o r m e d i n a p e t r i - d i s h . L a t e r o n 

two d e d i c a t e d measurement c e l l s became a v a i l a b l e . 
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4.2 Measurement s p e c i f i c a t i o n s 

I n t h i s s t u d y s e v e r a l e x p e r i m e n t a l c o n f i g u r a t i o n s a r e u s e d . I n 

a l l cases t h e s l o p e o f t h e i n t e r f a c e i s measured as a f u n c t i o n o f 

t i m e f o r d i f f e r e n t p o s i t i o n s w i t h r e s p e c t t o t h e wave s o u r c e . 

T h i s s i g n a l can be m o n i t o r e d w i t h a s p e c t r u m - a n a l y z e r o r f i l t e r e d 

w i t h a l o c k - i n a m p l i f i e r . F r o m t h e s e measurements we can d e r i v e 

t h e f o l l o w i n g i n t e r f a c e p a r a m e t e r s : 

- w a v e l e n g t h X. 

- v e r t i c a l d i s p l a c e m e n t h ( r ) o f t h e i n t e r f a c e caused by t h e 

e l e c t r o d e 

- s p a t i a l damping c o e f f i c i e n t a. 

I n t h e f i r s t p a r t o f t h e e x p e r i m e n t s a c o n f i g u r a t i o n as g i v e n 

by T i n g ( 9 ) i s u s e d , see page 15. The e x p e r i m e n t a l s e t up f o r 

t h i s c o n f i g u r a t i o n i s shown i n f i g 7 and i s used t o p e r f o r m 

s c o u t i n g e x p e r i m e n t s w i t h v a r i o u s i n t e r f a c e s ystems t o e v a l u a t e 

t h e method. Two measurement c e l l s have been d e s i g n e d as a f o l l o w 

up f r o m t h e s e s c o u t i n g e x p e r i m e n t s . They a r e d e s i g n e d f o r t h e use 

o f c y l i n d r i c a l waves w i t h t h e l a s e r beam g r a z i n g t h e i n t e r f a c e . 

The f i r s t c e l l . F i g 8, w i l l be used t o i n v e s t i g a t e an o i l - w a t e r 

s y s t e m t o assess t h e p o s s i b i l i t i e s o f measurements i n a 

p r e s s u r i s e d e n v i r o n m e n t . The second c e l l ( F i g 8) w i l l be used t o 

l e a r n more a b o u t m i c r o e m u l s i o n s y s t e m s . 

I n t h e s e e x p e r i m e n t s g r a p h s o f d e t e c t o r s i g n a l s p e c t r a and 

l o c k - i n a m p l i f i e r o u t p u t a r e made. I n f i g u r e s 9, 10 and 11 

examples o f t h e s e g r a p h s a r e shown. A d e t a i l e d d e s c r i p t i o n o f 

t h e e q u ipment used i s g i v e n i n a p p e n d i x 5. 



ELECTRODE 

GENERATOR 

LOCK-IN 
AMPLIFIER 

RECORDER 

1̂-
n 

PD 

OSCILLOSCOPE I 

V 

He-Ne 

LASER 

SPECTRUM 
ANALYSER 

PD: Position 
sensing diode 

GENERATOR 

10 cm 

2 cm 

Displaceabel mirror 

Experimental setup for scouting experiment, top and side view. 

Dr.no. 66740a FIG. 7 



OSCILLOSCOPE 
— I — • 

LOCK IN RECORDER 

GENERATOR 

PD 

-1-

He-Ne 

LASER 

SPECTRUM 
ANALYSER 

M E A S U R E M E N T C E L L I D = 19.8 mm II D = 100 mm 

h = 100 mm h = 100 mm 

d = 1 mm d = 4 mm 

Experimental setup for measurement cells. 

Dr.no. 66738 FIG. 8 



- 34 -

F i g 9. S i g n a l L o c k - i n a m p l i f i e r ( i n phase and q u a d r a t u r e 

c o m p o n e n t ) . 
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F i g 10 S i g n a l L o c k - i n a m p l i f i e r ( a m p l i t u d e ) as a f u n c t i o n o f 

d i s t a n c e . 
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F i g 1 1 . P o w e r s p e c t r u m d e t e c t o r s i g n a l ( 2 f ) 
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4.3 R e s u l t s 

4.3.1 S c o u t i n g e x p e r i m e n t s 

4.3.1.1 Water - a i r 

I t i s r e l a t i v e l y easy t o g e n e r a t e and d e t e c t waves i n t h e w a t e r 

- a i r s y s t e m . A p r o b l e m was t h a t t h e e l e c t r o d e had t o be r e p l a c e d 

a f t e r a few d a y s , due t o t h e c o r r o s i o n . T h i s p r o b l e m was s o l v e d 

by c o a t i n g t h e b l a d e w i t h an a c r y l i c p o l y m e r . The e x p e r i m e n t a l 

r e s u l t s f o r t h i s s y s t e m can be seen i n t a b l e 1 a n d f i g u r e s 12,13 

and 14. 

T a b l e 1 

The d i s t a n c e o f i n t e r f a c e p o i n t s w i t h t h e same phase i s measured 

i n a p l a n e wave c o n f i g u r a t i o n . The number o f w a v e l e n g t h s c o v e r e d 

i n t h e measurement i s n. From t h e w a v e l e n g t h X t h e i n t e r f a c i a l 

t e n s i o n 7 i s c a l c u l a t e d u s i n g eq. 9. V a r i o u s wave f r e q u e n c i e s f 

a r e s e l e c t e d . The damping c o e f f i c i e n t a d e t e r m i n e d f r o m t h e 

a t t e n u a t i o n o v e r a 20 mm d i s t a n c e , i s t h e t h e o r e t i c a l v a l u e 

c a l c u l a t e d w i t h eq. 14. The e r r o r s AX a r e e s t i m a t e d by r e p e a t i n g 

t h e e x p e r i m e n t s a few t i m e s ( o v e r more o r d i f f e r e n t w a v e l e n g t h s ) 

and t h e c o r r e s p o n d i n g A 7 a r e c a l c u l a t e d . 

X AX 1 A 7 n a 
'^ t 

Hz lO'-^m 10"^m mN/m mN/m /m /m 

60 5.04 250 66.9 10 5 - -

120 3.19 100 71.9 7 7 = 

200 2.253 20 7 1 . 5 2 15 

400 1.409 10 70.7 1.6 15 44.3 47. 5 

600 1.075 '1 70.9 1.0 30 

700 0.968 2 70.5 0.4 30 

800 0.886 7. 70.6 0.5 30 95.4 9 5 . 1 

1200 0.675 2 70. 5 0.5 40 150.8 142.6 
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O 200 400 600 800 1000 1200 1400 

frequency f at interface in Hz 

F i g 12. \ t h e w a v e l e n g t h o f t h e c a p i l l a r y wave a t t h e w a t e r 

- a i r i n t e r f a c e as a f u n c t i o n o f f r e q u e n c y 
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7 - f w a t e r l u c h t 

IFT in nnN/m 

7 5 -

T 
n 

1 

/ a i r 

p l a n e wave 

21 C 

0 200 400 600 800 1000 

frequency f at interface in Hz 

1200 140C 

F i g 13. I n t e r f a c i a l t e n s i o n 7 o f t h e w a t e r - a i r i n t e r f a c e 

as a f u n c t i o n o f f r e q u e n c y . 
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F i g 14. S p a t i a l damping a a t t h e w a t e r - a i r i n t e r f a c e as a 

f u n c t i o n o f f r e q u e n c y . 
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T h i s t a b l e shows t h a t t h e o r y and e x p e r i m e n t s a r e i n r e a s o n a b l e 

a g r e e m e n t . The v a l u e s o f A\ a r e , f o r low f ( f < 2 0 0 Hz) based on 

measurements o f t o t a l d i s t a n c e o v e r n waves and f o r h i g h e r 

f r e q u e n c i e s on r e p r o d u c i b i l i t y o f t h e w a v e l e n g t h measurement. The 

l a r g e v a r i a t i o n i n X and 7 a t l o w f r e q u e n c i e s i s c a u s e d by 

r e f l e c t i o n o f t h e wave a t t h e end o f t h e v e s s e l . T h i s w o u l d mean 

t h a t t h i s e f f e c t s h o u l d d o m i n a t e a t l o w f r e q u e n c i e s , as a t l o w 

f r e q u e n c i e s t h e damping i s s m a l l and t h e wave has s t i l l an 

a p p r e c i a b l e a m p l i t u d e a t t h e end o f t h e v e s s e l . The r e f l e c t e d 

wave w i l l i n t e r f e r e w i t h t h e o u t g o i n g wave and t h e r e f o r e g e n e r a t e 

a d i s t o r t e d wave p a t t e r n , w h i c h gave e r r o n e o u s r e s u l t s f o r t h e X 

d e t e r m i n a t i o n . T h i s i n t e r f e r e n c e was shown by m e a s u r i n g t h e d ecay 

o f t h e waves, f i g u r e 15. We see i n t h i s f i g u r e an a m p l i t u d e 

v a r i a t i o n w i t h d i s t a n c e w i t h two maxima w i t h i n one w a v e l e n g t h . 

The a m p l i t u d e v a r i a t e s o v e r a d i s t a n c e X/2. T h i s v a r i a t i o n 

i n c r e a s e s due t o damping t o w a r d s t h e b o r d e r o f t h e v e s s e l . 

A n o t h e r a m p l i t u d e v a r i a t i o n o v e r a d i s t a n c e o f a p p r o x i m a t e l y 7X, 

shows a t h r e e t i m e s r e p e t i t i o n o f t h e l o n g w a v e l e n g t h 

i n t e r f e r e n c e p a t t e r n o v e r a r a d i a l f r o m e l e c t r o d e t o b o u n d a r y . 

T h i s m i g h t be c a u s e d by a s l i g h t o b l i q u e p o s i t i o n o f t h e 

e l e c t r o d e f r o m t h e c e n t r e o f t h e v e s s e l . 

By m e a s u r i n g t h e dc component o f t h e s i g n a l i t i s p o s s i b l e t o 

c a l c u l a t e t h e dc-shape o f t h e i n t e r f a c e . W i t h o u t f i e l d t h i s g i v e s 

t h e ( n e a r l y f l a t ) shape o f t h e m e n i s c u s i n t h e v e s s e l . W i t h f i e l d 

t h i s shape i s d i s t o r t e d near t h e e l e c t r o d e . The d i s t o r s i o n a r i s e s 

f r o m t h e a v e r a g e ( e l e c t r i c a l ) a t t r a c t i o n o f t h e m e n i s c u s by t h e 

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

a t t r a c t i o n . So f o r a dc f i e l d o r even f o r a h a r m o n i c f i e l d an 

a v e r a g e a t t r a c t i o n o r a hump i n t h e m e n i s c u s under t h e e l e c t r o d e 

i s t h e r e s u l t . The dc s i g n a l i s n o t measured w i t h t h e l o c k - i n , 

b u t w i t h a v o l t m e t e r , d i r e c t l y c o n n e c t e d t o t h e a m p l i f i e r o f t h e 

l i g h t s i g n a l . The shapes o f t h e measured humps a r e shown i n 

f i g u r e 16. 



- 42 -

wave amplitude 
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F i g 15. The a m p l i t u d e v a r i a t i o n due t o r e f l e c t i o n . 
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F i g 16. E x p e r i m e n t a l dc Shape r a z o r b l a d e e l e c t r o d e . 
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4.3.1.2 (water+SDS) - decane 

I n t h i s t w o - l i q u i d s y s t e m t h e waves must be g e n e r a t e d and 

d e t e c t e d t h r o u g h one o f t h e l i q u i d s . T h i s makes t h e d e t e c t i o n 

l e s s easy b u t s t i l l p o s s i b l e . The much s m a l l e r d i f f e r e n c e i n 

r e f r a c t i v e i n d e x causes a much weaker i n t e n s i t y o f t h e r e f l e c t i o n 

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

s i g n a l a t t h e d e t e c t o r . A l s o t h e e q u i v a l e n t s m a l l Ae g i v e s r i s e 

t o a l o w e r a m p l i t u d e / v o l t a g e r a t i o . To p r e v e n t e l e c t r o l y s i s t h e 

e l e c t r o d e must be c o a t e d . W i t h t h e SDS p r e s e n t i n t h i s i n t e r f a c e 

s y s t e m , t h e measured i n t e r f a c i a l t e n s i o n changes w i t h t i m e . The 

measured p a r a m e t e r s a r e shown i n t a b l e 2. 

t a b l e 2 

X, a and 7 as a f u n c t i o n o f f ; n i s t h e number o f waves o v e r 

w h i c h i s m e a sured, SDS t h e c o n c e n t r a t i o n , i s t h e t h e o r e t i c a l 

damping c a l c u l a t e d w i t h eq. 14. 

SDS n a a/a. 

Hz 10 "̂m 10~^kmol/m-^ mN/m /m 

100 

150 

60 

80 

100 

150 

2.22 

1.67 

1.70 

1.45 

1.15 

0 

0 

0.3 

0.3 

0.3 

0.3 

29 .6 

28.5 

8,4 

8.2 

9.3 

6 

0 

5 

3 

4 

158 

219 

1.53 

1 . 59 

The e x p e r i m e n t s o f T i n g ( R e f . ( 9 ) ) 

,-6, 

show a c r i t i c a l m i c e l l e 

c o n c e n t r a t i o n CMC o f a b o u t 1.15*10 kmol/m w i t h a c o r r e s p o n d i n g 

d r o p i n i n t e r f a c i a l t e n s i o n f r o m ~ 22 mN/m t o ~ 4 mN/m. I n 

a n o t h e r c o m p a r a b l e s y s t e m , namely w a t e r + S D S - a i r , t h e commenly 

r e p o r t e d v a l u e o f CMC i s a r o u n d 8*10 ^kmol/m'^. 
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The v a l u e s o f 7 shown i n t a b l e 4 i n d i c a t e a d r o p i n 7 a t l o w e r 

c o n c e n t r a t i o n , and t h e r e f o r e a CMC o f 0.3-0.5*10 ^kmol/m"^. The 

i n d i v i d u a l v a l u e s o f 7 a r e a l l somewhat h i g h e r t h a n T i n g . For t h e 

damping T i n g ( R e f . ( 9 ) ) f o u n d f o r t h e r a t i o a/a^ ~ 1.5. T h i s i s 

c l o s e t o o u r v a l u e s f o u n d a t 60 and 80 Hz. 

4.3.1.3 ( W a t e r + s t e a r i c a c i d ) - a i r 

To i n t r o d u c e s t e a r i c a c i d a t t h e w a t e r s u r f a c e i t was d i s s o l v e d 

i n benzene o r t o l u e n e . These s o l v e n t s e v a p o r a t e q u i c k l y o f t h e 

i n t e r f a c e b u t p r o d u c e a good s p r e a d i n g o f t h e s u r f a c t a n t . L i k e 

SDS, s t e a r i c a c i d i s a s u r f a c t a n t , b u t i t i s i n s o l u b l e i n w a t e r . 

I t f o r m s a m o n o l a y e r . I n many ways i t i s d i f f e r e n t f r o m t h e SDS 

s y s t e m . 

The d e n s i t y d i f f e r e n c e i n a l i q u i d / g a s s y s t e m between t h e two 

b u l k phases i s much l a r g e r t h a n a l i q u i d / l i q u i d s y s t e m f o r m e d by 

(SDS+water) - decane, l e a d i n g t o a d i f f e r e n t r e s p o n s e . A t low 

s t e a r i c a c i d c o n c e n t r a t i o n s t h e s y s t e m behaves j u s t l i k e t h e 

w a t e r - a i r s y s t e m . The wave l e n g t h and t h e r e f o r e t h e i n t e r f a c i a l 

t e n s i o n does n o t v a r y s i g n i f i c a n t l y w i t h t h e s t e a r i c a c i d 

c o n c e n t r a t i o n even up t o h i g h c o n c e n t r a t i o n s o f t h e o r d e r o f a 

m o n o l a y e r . However t h e decay f a c t o r a does change w i t h 

c o n c e n t r a t i o n as shown i n t a b l e 3 and f i g u r e 17. 
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T a b l e 3 

The decay f a c t o r a and IFT as a f u n c t i o n o f A, t h e amount o f 

s t e a r i c a c i d m o l e c u l e s / u n i t s u r f a c e a r e a o r B t h e f r a c t i o n o f 

" 2 

s u r f a c e t h a t i s c o v e r e d by s t e a r i c a c i d ( a r e a 1 m o l e c u l e ~20A ) . 

A l l t h e s e measurements were c a r r i e d o u t u s i n g a p l a n e c a p i l l a r y 

wave o f 800 hz. 

B IFT 

10 ^kmol/m^ mN/m in 
- 1 

0 

0.13 

0.52 

1.17 

1.82 

3.25 

0 

0.016 

0. 062 

0.141 

0. 219 

0. 391 

71 

71 

71 

71 

71 

71 

95 

95 

100 

150 

290 

230 

The damping c o e f f i c i e n t a i n c r e a s e s above an A v a l u e o f a b o u t 

-9 

1.2*10 ; t h i s seems t o be t h e c o n c e n t r a t i o n a t w h i c h t h e s t e a r i c 

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

4.3.1.4 Water - O n d i n a 15 

Ondina 15 i s an o i l w i t h a v i s c o s i t y o f 20 cP and a d e n s i t y o f 

864 kg m ^. The h i g h e r t h e v i s c o s i t y o f one o r b o t h b u l k p h a s e s , 

t h e l a r g e r t h e a t t e n u a t i o n c o e f f i c i e n t a, see eq 14. The h i g h 

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

do measurements a t l o w e r f r e q u e n c i e s . I n t a b l e 4 t h e r e s u l t s f o r 

a and 7 a r e shown. 
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damping, / m 

3 0 0 

2 5 0 

2 0 0 

150 

100 

5 0 H 

0 

0 

H^O ( + s t e a r i c a c i d ) / a i r 

p l a n e wave 
800 Hz 

0 

21 C 

-4 
1 2 3 . 1 0 

surface concentrat ion stearic acid, k m o l / m 2 

F i g 17. Damping w a t e r - a i r i n t e r f a c e s u r f a c t a n t i s s t e a r i c 

a c i d . 
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T a b l e 4 

The r e s u l t s f o r a and 7 f o r w a t e r - Ondina 15 The e r r o r 

m easured a i s a p p r o x i m a t e l y 5% 

a, i s c a l c u l a t e d w i t h eq.14. 

7 ^ i s c a l c u l a t e d w i t h eq.9 

f o r 

AX A 7 7 i 

Hz m 
- 1 

10 m̂ 10 m̂ mN/m mN/m mN/m m 
- 1 

80 

120 

310 

459 

2. 46 

1.89 

0.01 

0.01 

28.1 

28.7 

0.3 

0.5 

The r a t i o o f t h e measured a and i s 0.62. 

4.3.1.5 M i c r o e m u l s i o n s 

30.5 

30. 5 

501 

736 

I t i s n o t p o s s i b l e t o measure t h e s e s ystems i n t h e 

c o n f i g u r a t i o n used up t i l l now ( p e r p e n d i c u l a r i n c i d e n c e i n a 

P e t r i d i s h ) . T h i s i s due t o t h e f o l l o w i n g p r o b l e m s : 

- s m a l l An, d i f f e r e n c e i n r e f r a c t i v e i n d e x between t h e phases. 

T h i s makes i t d i f f i c u l t t o d e t e c t t h e r e f l e c t e d l a s e r beam 

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

i n t e r f a c e , as i t s i n t e n s i t y i s v e r y l o w . 

- s m a l l Ae, d i f f e r e n c e i n d i e l e c t r i c c o n s t a n t . T h i s means a s m a l l 

d r i v i n g f o r c e t o c r e a t e waves and a t a n g e n t i a l component i n t h e 

e l e c t r i c a l f o r c e e x e r t e d on t h e i n t e r f a s e . 

- c o n d u c t i v i t y o f two o f t h e t h r e e p h a s e s , making one i n t e r f a c e 

u n r e a c h a b l e . 

4.3.1.6 Dynamic b e h a v i o u r s t u d i e d by l o n g i t u d i n a l waves 

The dynamic b e h a v i o u r was examined f o r t h e ( w a t e r + S D S ) - d e c a n e 

and t h e ( w a t e r + s t e a r i c a c i d ) - a i r s y s t e m . 
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We d i d use a l o u d s p e a k e r t o i n d u c e h o r i z o n t a l o s c i l l a t o r y 

d i s p l a c e m e n t o f a t h i n w i r e i n an i n t e r f a c e . The w i r e a c t s l i k e a 

moving b a r r i e r , g e n e r a t i n g l o n g i t u d i n a l waves i n t h e i n t e r f a c e . 

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

m a t e r i a l a t t h e i n t e r f a c e , and a c o r r e s p o n d i n g change i n 

i n t e r f a c i a l t e n s i o n . T h i s change i n i n t e r f a c i a l t e n s i o n can t h e n 

be d e t e c t e d by use o f t h e e l e c t r i c a l l y i n d u c e d t r a n s v e r s a l wave, 

as i t s w a v e l e n g t h w i l l be m o d u l a t e d . We d i d p r o v e a m o d u l a t i o n i n 

a q u a l i t a t i v e way, see f i g u r e 18. No q u a n t i t a t i v e i n v e s t i g a t i o n 

was done. The e x p e r i m e n t a l s e t up s h o u l d t h a n be i m p r o v e d t o 

a l l o w q u a n t i t a t i v e measurement o f l o n g i t u d i n a l wave a m p l i t u d e and 

phase. 

4.3.1.7 G e n e r a l p r o b l e m s 

V a r i o u s p r o b l e m s were e n c o u n t e r e d i n t h e e x p e r i m e n t s and 

t h e o r e t i c a l d e v e l o p m e n t s : 

- For m i c r o e m u l s i o n s t h e r e f r a c t i v e i n d e x d i f f e r e n c e between t h e 

phases i s t o o s m a l l t o o b t a i n s u f f i c i e n t r e f l e c t i o n o f t h e 

l a s e r beam, u n l e s s a s m a l l i n c i d e n t a n g l e i s u s e d , s m a l l e r t h a n 

t h e c r i t i c a l a n g l e . 

- The d i f f e r e n c e i n e, t h e d i e l e c t r i c c o n s t a n t , between b o t h 

phases can be t o o s m a l l , r e s u l t i n g i n a n e g l i g i b l e f o r c e and 

t h u s a wave o f n e g l i g i b l e a m p l i t u d e . 

- I f b o t h f l u i d s have an a p p r e c i a b l e c o n d u c t i v i t y , e l e c t r o l y s i s 

r e s u l t s . T h i s p r o b l e m was r e d u c e d by c o a t i n g t h e e l e c t r o d e w i t h 

an a c r y l i c p o l y m e r b u t t h i s does n o t i m p r o v e t h e f i e l d 

s t r e n g t h . 

- The l o c k - i n a m p l i f i e r showed an o f f s e t p r o b l e m : The z e r o o f one 

o f t h e s i g n a l components was s h i f t e d . T h i s p r o d u c e d a p e r i o d i c 

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



The a m p l i t u d e o f t h e 

m o n i t o r e d a g a i n s t t i m e , 

t h e i n t e r f a c e w i t h a 

v a r i a t i o n s i n a. T h i s 

s i g n a l as an p e r i o d i 

wave a t a g i v e n p o i n t i s 

C o m p r e s s i o n and s t r e t c h i n g o f 

m o v i n g b a r r i e r l e a d s t o 

can be seen i n t h e a m p l i t u d e 

i n c r e a s e and d e c r e a s e . 



- 51 -

I n t e s t i n g t h e o p t i c a l s e n s o r i t became c l e a r t h a t t h e 

d i s t a n c e / v o l t a g e r e s p o n s e was n o t l i n e a r , see a p p e n d i x 4. We 

r e d u c e d t h i s p r o b l e m by f i x i n g t h e a v e r a g e p o s i t i o n o f t h e s p o t 

i n t h e m i d d l e o f t h e d e t e c t o r . We used a s e r v o s y s t e m t o move 

t h e d e t e c t o r , i n f e e d b a c k w i t h t h e d e t e c t o r o u t p u t v o l t a g e . 

Because o f t h e s l o w r e s p o n s e o f t h i s f e e d b a c k s y s t e m , i t o n l y 

f i x e d t h e a v e r a g e p o s i t i o n o f t h e s p o t i n t h e m i d d l e o f t h e 

d e t e c t o r . The s l u g g i s h n e s s o f t h e s e r v o meant no i n t e r f e r e n c e 

w i t h t h e ac r e s p o n s e (above a few Hz.) 

To measure t h e w a v e l e n g t h t h e beam i s scanned o v e r t h e 

i n t e r f a c e . D u r i n g t h i s s c a n n i n g t h e f r e q u e n c y o f t h e s i g n a l 

r e a c h i n g t h e l o c k - i n a m p l i f i e r i s changed; w h i l e moving i n t h e 

same d i r e c t i o n as t h e wave a p r o p a g a t e s t h e f r e q u e n c y d e c r e a s e s , 

w h i l e moving i n t h e o p p o s i t e d i r e c t i o n t h e f r e q u e n c y i n c r e a s e s . 

The l o c k - i n a m p l i f i e r f i l t e r s s i g n a l s w i t h o n l y a r e s p o n s e i n a 

s m a l l b a n d w i d t h , t h e r e b y l i m i t i n g t h e upper scan v e l o c i t y o f 

t h e s y s t e m . 

The a t t e n u a t i o n c o e f f i c i e n t a i s s m a l l a t l o w f r e q u e n c i e s , 

c a u s i n g r e f l e c t i o n o f t h e wave a g a i n s t t h e b o u n d a r i e s o f t h e 

v e s s e l , e s t a b l i s h i n g an i n t e r f e r e n c e p a t t e r n . The m a g n i t u d e o f 

t h e i n t r o d u c e d e r r o r depends on t h e a r e a o f t h e m e n i s c u s . 

The g e n e r a t e d waves w i l l be d i s t o r t e d i f t h e e l e c t r o d e i s 

m i s a l i g n e d . T h i s i s e s p e c i a l l y so f o r t h e b l a d e e l e c t r o d e . 

P a r t i c l e s , l i k e d u s t , on t h e m e n i s c u s w i l l a d h e r e t o t h e 

e l e c t r o d e c a u s i n g d i s t o r t i o n o f t h e f i e l d . T h i s p r o b l e m i s a l s o 

l e s s s e v e r e f o r a n e e d l e e l e c t r o d e . 

The l i m i t e d l e n g t h d i m e n s i o n o f a b l a d e e l e c t r o d e causes end 

e f f e c t s . These w i l l i n t e r f e r e w i t h t h e g e n e r a t e d wave a t f a r 

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

Care must be t a k e n t o e n s u r e t h a t t h e l a s e r beam and t h e m i r r o r 

s t a y a c c u r a t e l y a l i g n e d d u r i n g movement o f t h e m i r r o r ( o r 

e q u i v a l e n t l y movement o f t h e c e l l ) . S m a l l e r r o r s (a few 

p e r c e n t s ) a r e e a s i l y i n t r o d u c e d i n measured r a d i a l d i s t a n c e . 
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F i g 19. E r r o r i n t r o d u c e d when t h e l a s e r beam and t h e m i r r o r 

a r e n o t p r o p e r l y a l l i g n e d . 
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4.3.2 Measurement c e l l s 

4.3.2.1 I n t r o d u c t i o n 

A f t e r t h e above m e n t i o n e d s c o u t i n g e x p e r i m e n t s we b u i l t two 

measurement c e l l s . I n b o t h we d i d use g r a z i n g i n c i d e n t 

l a s e r b e a m s , b u t t h e y d i f f e r e d i n d i a m e t e r D, h e i g h t h, and 

t h i c k n e s s o f t h e g l a s s . 

- D = 19.8 mm , h = 100 mm t h i c k n e s s g l a s s : 1 mm 

- D = 100 mm , h = 100 mm t h i c k n e s s g l a s s : 4 mm 

The f i r s t ( s m a l l e r ) one i s used f o r measurements a t an w a t e r -

Ondina 15 i n t e r f a c e . The s i z e o f t h e m e n i s c u s i n t h i s c i r c u l a r 

v e s s e l w o u l d a l s o be ( t h e maximum s i z e ) a l l o w e d i n p r e s s u r i s e d 

e x p e r i m e n t s . The s m a l l d i a m e t e r and t h e h e i g h t o f t h i s v e s s e l 

made p e r p e n d i c u l a r i n c i d e n c e o f t h e l a s e r beam r a t h e r d i f f i c u l t . 

T h i s was why a l s o g r a z i n g i n c i d e n c e ( t h r o u g h t h e c i r c u l a r s i d e 

w a l l ) was c h o s e n , a l t h o u g h t h e c o n t r a s t i n r e f r a c t i v i t y was 

enough f o r p e r p e n d i c u l a r i n c i d e n c e (see §4.3.1.4). W i t h t h e 

l a r g e r v e s s e l l o w i n t e r f a c i a l t e n s i o n m i c r o e m u l s i o n s ystems a r e 

i n v e s t i g a t e d . The m i c r o e m u l s i o n s need g r a z i n g i n c i d e n c e o f t h e 

l a s e r b e a m , because o f t h e s m a l l d i f f e r e n c e i n r e f r a c t i v i t y 

b e tween t h e phases l e a d i n g t o a d e c r e a s e d i n t e n s i t y o f t h e 

r e f l e c t e d beam. 
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4.3.2.2 Measurement c e l l s m a l l g e o m e t r y 

E x p e r i m e n t s on such an u n d e r s i z e d m e n i s c u s gave a d d i t i o n a l 

p r o b l e m s . 

- f l a t n e s s o f t h e i n t e r f a c e can o n l y be r e a c h e d by c o a t i n g t h e 

g l a s s and making i t p a r t l y w a t e r - w e t and p a r t l y o i l - w e t , see 

a p p e n d i x 4 

- E x t r a e r r o r s a r e i n t r o d u c e d by t h e g r a z i n g d e t e c t i o n . The 

s u b s e q u e n t r e f r a c t i o n s o v e r p h a s e - b o u n d a r i e s ( i n c l u d i n g 

a i r / g l a s s and g l a s s / l i q u i d ) make i t d i f f i c u l t t o c a l c u l a t e t h e 

e x a c t p o s i t i o n o f t h e l a s e r s p o t on t h e m e n i s c u s . 

- By m e a s u r i n g t h e d i s t a n c e o f s u b s e q u e n t p o i n t s o f a wave on a 

r a d i a l w i t h a c o n s t a n t phase s h i f t ( o f 90 d e g r e e s ) b e t w e e n 

them, i t was d e t e c t e d t h a t t h e s e d i s t a n c e s v a r i e d somewhat, see 

t a b l e 5. P a r t o f t h i s must be a s s o c i a t e d w i t h t h e r a d i a l 

symmetry o f t h e wave. A c y l i n d r i c a l wave i s d e s c r i b e d by a 

f u n c t i o n w h i c h can be a p p r o x i m a t e d by a s i n g l e B e s s e l f u n c t i o n . 

The n o d a l d i s t a n c e s o f a B e s s e l f u n c t i o n d e c r e a s e o v e r a 

r a d i a l . T h i s may e x p l a i n p a r t ( o r a l l ) o f t h e o b s e r v e d 

b e h a v i o u r . A n o t h e r e f f e c t m i g h t be t h e a m p l i t u d e o f t h e wave 

combined w i t h g r a z i n g i n c i d e n c e : t h i s m i g h t i n t r o d u c e 

d i f f e r e n c e s i n d e t e c t i o n o f w a v e c r e s t s and w a v e - t r o u g h s . I t was 

n o t c l e a r w h e t h e r t h e f u l l e x p r e s s i o n o f t h e wave shape and 

d e t e c t i o n a c c o u n t s f o r t h e o v e r a l l , somewhat o s c i l l a t o r y , 

b e h a v i o u r i n n o d a l d i s t a n c e s . Over 360 d e g r e e s phase s h i f t t h e 

measured o s c i l a t i o n i s d i m i n i s h e d and t h e c a l c u l a t e d X seemed 

t o a p p r o a c h t h e v a l u e we e x p e c t e d . 
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T a b l e 5. 

O 
The r a d i a l d i s t a n c e Ar and Ar' o f two p o i n t s w i t h 90 phase 

s h i f t s between them a t wave f r e q u e n c i e s a t t h e i n t e r f a c e o f 80, 

160, and 320 Hz. Ar' i s t h e d i r e c t l y measured c e l l d i s p l a c e m e n t . 

Ar i s t h e c o r r e s p o n d i n g ( c a l c u l a t e d and p r o p o r t i o n a l ) r a d i a l 

d i s p l a c e m e n t a l o n g t h e m e n i s c u s , ( w a t e r -Ondina 15) 

80 hz 160hz 320 hz 

Ar ' Ar A r ' Ar Ar ' Ar 

mm mm mm mm mm mm 

0.405 0.539 0.597 0.794 0.548 0.729 

0.679 0.903 0.369 0.491 0. 223 0.297 

0.505 0.672 0.304 0.404 0. 212 0.282 

0.483 0.642 0.314 0.418 0 .178 0.237 

0.487 0.648 0.279 0.371 0.164 0.218 

0.454 0.604 0.305 0.406 0 . 244 0.325 

0.440 0.585 0.309 0.411 0. 212 0. 282 

0.504 0.670 0.300 0.399 0.159 0. 211 

0.289 0.384 0.166 0.221 

0.274 0.364 0 . 217 0.289 

Based on t h e d i s t a n c e over l a s t f o u r 90 phase s h i f t s ( o r l a s t 

f u l l w a v e l e n g t h ) , we c a l c u l a t e X as: 

80 hz X = 2.507 mm 7 = 29.7 mN/m 

160 hz X = 1.558 mm 7 = 28.6 mN/m 

320 hz X = 1.003 mm 7 = 30.6 mN/m 

These v a l u e s a r e c l o s e t o t h e e x p e c t e d v a l u e o f -30 mN/m. 
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Measurements f o r a were c a r r i e d o u t . I n t a b l e 6 we c o l l e c t t h e 

main r e s u l t s . 

T a b l e 6. 

A c - v o l t a g e V measured w i t h t h e l o c k - i n as f u n c t i o n o f r a d i a l 

d i s t a n c e r f o r a wave f r e q u e n c y a t t h e i n t e r f a c e o f 80, 160, and 

200 Hz. A l s o i n c l u d e d i s a t a b l e o f t h e s t a t i c v o l t a g e V ( s t a t ) 

d i r e c t l y measured as t h e v o l t a g e o u t p u t o f t h e p r e a m p l i f i e r . T h i s 

s t a t i c component i s an i n d i c a t i o n f o r t h e n o n - z e r o c u r v a t u r e o f 

t h e i n t e r f a c e . The v o l t a g e s c a l i n g i s d i f f e r e n t ( a n d n o t known) 

i n t h e f o u r c a s e s . ( w a t e r - O n d i n a 15) 

r • r V(80Hz) V(160Hz) V( 200Hz) V ( s t a t 

mm mm 

1.1 1.46 7.75 10.78 7.30 1.45 

1.6 2.13 4.85 5.54 3.41 2.11 

2.1 2.79 3 .15 2.86 1.37 2.77 

2.6 3.46 1.94 1.51 0.716 3. 43 

3.1 4.12 1. 39 0.820 0. 374 4. 09 

3.6 4.79 0.992 0.460 0.158 4.75 

4.1 5.45 0.608 0.218 0.076 5. 41 

O f f s e t e r r o r i n l o c k - i n i s 0.001 V 

T h i s g i v e s t h e f o l l o w i n g v a l u e s f o r a: 

80 Hz a = 460 /m 

160 Hz a = 770 /m 

200 Hz a = 950 /m 

The s t a t i c hump h i s a l s o measured i n t h i s c e l l see f i g 20. 
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i n te r fac ia l he ight z in u m 

-10 •5 0 5 

radial distance r in nnm 

10 

F i g 20. E x p e r i m e n t a l i n t e r f a c e dc shape, n e e d l e e l e c t r o d e i n 

s m a l l measurement c e l l w i t h a w a t e r - o n d i n a 15 

i n t e r f a c e . 
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4.3.2.3 Measurement c e l l l a r g e g e o m e t r y 

The e x p e r i m e n t s w i t h t h e m i c r o e m u l s i o n s y s t e m gave r i s e t o 

u n e x p e c t e d phenomena. The i n t e r a c t i o n between f i e l d a nd i n t e r f a c e 

was v e r y s t r o n g . The e l e c t r o d e was us e d a p p r o x i m a t e l y 2 mm above 

t h e i n t e r f a c e . I n s t e a d o f t h e e x p e c t e d 2 f s i g n a l t h e r e was o n l y a 

wave o f f r e q u e n c y f p r e s e n t a t t h e i n t e r f a c e . The s i g n a l showed 

no change i n phase w i t h r e s p e c t t o t h e d i s t a n c e f r o m t h e 

e l e c t r o d e . The wave was damped w i t h i n a few mm. 
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5.DISCUSSION 

The s c o u t i n g e x p e r i m e n t s i n d i c a t e d t h a t we can d e t e r m i n e t h e 

i n t e r f a c i a l t e n s i o n w i t h t h e t r a n v e r s a l wave method. V a r i o u s 

i n t e r f a c e s ystems were t e s t e d . The measured v a l u e s f o r X and a 

were i n a c c o r d a n c e w i t h l i t e r a t u r e v a l u e s . I t became c l e a r t h a t 

w a v e l e n g t h measurements a r e more p r e c i s e t h e n d a m p i n g 

measurements. As a c o n s e q u e n c e , t h e i n t e r f a c i a l t e n s i o n can be 

e s t a b l i s h e d w i t h good p r e c i s i o n f r o m t h e w a v e l e n g t h , w h i l e o t h e r 

p a r a m e t e r s o b t a i n e d f r o m d a m p ing, l i k e v i s c o s i t y , a r e l e s s 

p r e c i s e . The i n t r o d u c t i o n o f a l o c k - i n a m p l i f i e r i m p r o v e d t h e 

s i g n a l t o n o i s e r a t i o , b u t gave a l s o e x t r a e x p e r i m e n t a l p r o b l e m s 

( D o p p l e r s h i f t , o f f s e t ) . The X v a l u e s i n t h e e x p e r i m e n t s w e re 

l a r g e enough t o n e g l e c t t h e d i m e n s i o n o f t h e l a s e r s p o t i n most 

e x p e r i m e n t s , b u t t h e r a t i o o f X and s p o t d i m e n s i o n d e t e r m i n e s 

l a r g e l y t h e upper l i m i t o f t h e f r e q u e n c y r a n g e . The r e f l e c t i o n o f 

waves a t t h e b o u n d a r y o f t h e i n t e r f a c e f o r l o w f r e q u e n c i e s may 

cause p r o b l e m s as shown i n f i g u r e 15. The r e f l e c t i o n i n t e r f e r e n c e 

d e t e r m i n e s t h e l o w e r l i m i t o f t h e f r e q u e n c y r a n g e . C a l c u l a t i o n o f 

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

m i g h t p r o v e m e a n i n g f u l l t o e x t e n d t h e f r e q u e n c y r a n g e . The s m a l l 

a m p l i t u d e ( o r d e r nm) compared t o t h e w a v e l e n g t h ( o r d e r mm), 

e n s u r e s l i n e a r b e h a v i o u r . 

The s c o u t i n g e x p e r i m e n t s a l s o r e v e a l e d s o l v a b l e p r o b l e m s : 

- The p l a n e wave g e n e r a t i o n i s s e n s i t i v e t o d i s t u r b a n c e s , l i k e 

a l i g n m e n t e r r o r s , d u s t , and l i m i t e d p l a n a r d i m e n s i o n . 

C y l i n d r i c a l waves p r o v e d t o be l e s s s e n s i t i v e . The l a r g e r 

damping o f c y l i n d r i c a l waves p r o v e d t o be no o b s t a c l e . 

- Laser r e f l e c t i o n a t an i n t e r f a c e between two f l u i d s o f s m a l l 

d i f f e r e n c e i n r e f r a c t i o n gave low r e f l e c t i o n i n t e n s i t y . I n t h e 

new measurement c e l l s g r a z i n g r e f l e c t i o n i s used t o cope w i t h 

t h i s p r o b l e m . G r a z i n g r e f l e c t i o n l e a d e d t o new p r o b l e m s , l i k e 

an e f f e c t i v e i n c r e a s e o f W , t h e e f f e c t i v e s p o t d i a m e t e r . 

A n o t h e r p r o b l e m i s t h e e x t r a u n c e r t a i n t y i n where t h e s p o t h i t s 

t h e i n t e r f a c e , because o f a d d i t i o n a l r e f r a c t i o n s o v e r 

b o u n d a r i e s , f i g 2 1 . 



Dr.no. 66743 FIG. 21 
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L a t e r on d e d i c a t e d measurement c e l l s were d e s i g n e d t o do f u r t h e r 

t e s t s . E v e n t u a l p r e s s u r i s a t i o n l i m i t s t h e a l l o w e d f l u i d 

d i m e n s i o n s , i f p o s s i b l e < 2cm and f a v o u r s c i r c u l a r shape. The 

e x p e r i m e n t s show c l e a r l y t h a t f o r an o i l - w a t e r s y s t e m t h i s 2 cm 

i s enough t o measure i n t e r f a c i a l t e n s i o n a c c u r a t e l y ( w i t h i n 1 % ) . 

I n t a b l e 5 a phenomenom i s showed t h a t o n l y o c c u r r e d i n t h e s m a l l 

measurement c e l l , p r o b a b l y t h i s i s a m i x t u r e o f B e s s e l b e h a v i o u r 

(a B e s s e l f u n c t i o n o n l y a p p r o a c h e s p e r i o d i c i t y f o r l a r g e r ) and 

o t h e r a l i n e a r i t i e s ; t h e r e s u l t i n g X and 7 a r e c l o s e t o t h e 

e x p e c t e d v a l u e s . 

M i c r o e m u l s i o n systems a r e o f i n t e r e s t t o SHELL/KSEPL because o f 

t h e i r v e r y l o w i n t e r f a c i a l t e n s i o n s . The s c o u t i n g e x p e r i m e n t s 

showed t h a t m i c r o e m u l s i o n s i n t h e s m a l l c e l l w e r e d i f f i c u l t t o 

measure, because o f i n t e r f a c e c u r v a t u r e and l a c k o f c o n t r a s t i n 

r e f r a c t i o n b e t w e e n t h e p h a s e s . A l a r g e r c e l l was used . The wave 

shape o v e r t h e o i l / m i c r o e m u l s i o n i n t e r f a c e seemed v e r y c o m p l e x , 

and i s n o t y e t f u l l y u n d e r s t o o d . 

The i n t e r a c t i o n o f an i n t e r f a c e w i t h an e l e c t r i c a l f i e l d i s 

a c c o u n t e d f o r i n a s i m p l i f i e d t h e o r y . The measurement o f t h e 

s t a t i c hump compared t o c a l c u l a t e d ones, see f i g u r e 22, showed 

t h a t t h e d e r i v e d t h e o r y s t i l l needs i m p r o v e m e n t . P o s s i b l y o t h e r 

e l e c t r i c a l e f f e c t s may p l a y a r o l e , f . i . p o l a r i z a t i o n c h a r g e s 

i n f l u e n c i n g 7 - v a l u e s , n o n l i n e a r i t y and h i g h e r o r d e r i n t e r a c t i o n 

o f t h e wave w i t h t h e f i e l d . The hump i t s e l f d e c r e a s e s t h e 

d i s t a n c e t o t h e e l e c t r o d e and i n c r e a s e s t h e a t t r a c t i o n a g a i n , 

e t c . 

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

p a r a m e t e r s , v i a an a d d i t i o n a l l o n g i t u d i n a l wave imposed on t h e 

i n t e r f a c e . I n some s c o u t i n g e x p e r i m e n t s o n l y q u a l i t a t i v e r e s u l t s 

were o b t a i n e d . I t was d e c i d e d t o i m p r o v e f i r s t t h e I F T 

d e t e r m i n a t i o n by t r a n v e r s a l waves b e f o r e w o r k i n g on d y n a m i c s . 

The i m p o r t a n c e o f l e n g t h - m e a s u r e m e n t s , 7 ~ ^ i n t e r f a c e ' "^^'^^^ 

e s s e n t i a l t o have t h e d i s t a n c e measurements as p r e c i s e as 

p o s s i b l e . M a j o r i m p r o v e m e n t s on a c c u r a c y can be made h e r e . 
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F i g 22. T h e o r e t i c a l i n t e r f a c e dc shape, n e e d l e e l e c t r o d e 

s m a l l measurement c e l l w i t h w a t e r / o n d i n a 15. 
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6 CONCLUSIONS 

1) The d e t e r m i n a t i o n o f i n t e r f a c i a l t e n s i o n ( I F T ) w i t h s p e c u l a r 

r e f l e c t i o n o f a s m a l l l a s e r b e a m w i t h e l e c t r i c a l l y g e n e r a t e d 

p r o p a g a t i n g c a p i l l a r y waves p r o v e s t o be p o s s i b l e . As l o n g as t h e 

system f a l l s w i t h i n t h e f o l l o w i n g l i m i t s : 

- One o f t h e p h a s e s i s n o n - c o n d u c t i n g 

- t h e phases have an a p p r e c i a b l e d i f f e r e n c e i n p e r m i t t i v i t y 

- A t l e a s t one o f t h e phases i s t r a n s p a r a n t f o r l i g h t . 

The method i s c a p a b l e t o measure IFT w i t h an a c c u r a c y s m a l l e r 

t h e n 1 % . 

2) The I F T i s measured f r o m t h e w a v e l e n g t h o f t h e p r o p a g a t i n g 

c a p i l l a r y wave. The damping o f t h e wave can t h e n be used t o 

measure v i s c o s i t y . However t h e damping measurements a r e much l e s s 

a c c u a r a t e : t h e a c c u r a c y w i l l be no more t h e n 10% . 

3) D y n a m i c a l phenomena i . e . changes i n i n t e r f a c i a l t e n s i o n w i t h 

changes i n a r e a a r e made v i s i b l e . To make q u a n t i t a t i v e 

measurements a p r o p e r g e o m e t r y i s needed t o g e n e r a t e c o n t r o l a b l e 

a r e a v a r i a t i o n s . 

4) Measurements w i t h M i c r o e m u l s i o n s y s t e m s c o u l d n o t be done 

s a t i s f a c t o r y . The i n t e r a c t i o n o f t h e i n t e r f a c e ( b e t w e e n t h e o i l 

and m i c r o e m u l s i o n ) w i t h t h e f i e l d was n o t as e x p e c t e d and f u r t h e r 

s t u d y i s n e c e s s a r y t o e v a l u a t e t h i s . 

5) Measurements can be done i n a s m a l l a r e a o f t h e i n t e r f a c e , 

needed f o r a p r e s s u r i s e d v e s s e l . W i t h a measurement c e l l 

( d i a m e t e r 2 cm) t h e n e c e s s a r y m i n i a t u r i s a t i o n was i n v e s t i g a t e d . 

I F T measurements were w e l l p o s s i b l e w i t h t h i s c e l l . 
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SYMBOL LIST 

m] h e i g h t o f l i n e c h a r g e above i n t e r f a c e 

m*s-M c o e f . f o r i d e a l term i n lower f l u i d v e l o c i t y 

mM a r e a 

f o c a l l e n g t h o f f o c u s s i n g l e n s 

m*s—M c o e f . f o r v i s c o u s t e r m i n l o w e r f l u i d v e l o c i t y 

molm—M c r i t i c a l m y c e l l c o n c e n t r a t i o n 

F] 

in] 

m] 

ml 

N] 

e l e c t r i c a l c a p a c i t y 

t h i c k n e s s o f t h e c e l l g l a s s 

d i a m e t e r o f n e e d l e 

d i a m e t e r o f t h e measurement c e l l 

m^s-M c o n s t a n t 

Vm—^] n o r m a l component o f e l e c t r i c a l f i e l d 

Vm—M t a n g e n t i a l component o f e l e c t r i c a l f i e l d 

2.718281828 

n o r m a l u n i t v e c t o r 

u n i t v e c t o r i n C y l i n d r i c a l c o o r d i n a t e s 

r a d i a l u n i t v e c t o r i n C y l i n d r i c a l c o o r d i n a t e s 

t a n g e n t i a l u n i t v e c t o r 

C a r t e s i a n h o r i z o n t a l u n i t v e c t o r 

C a r t e s i a n h o r i z o n t a l u n i t v e c t o r 

v e r t i c a l u n i t v e c t o r 

Nm—^] g r a v i t y p o t e n t i a l 

e l e c t r i c a l f o r c e 

s - ^ wave f r e q u e n c y a t i n t e r f a c e 
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[ s— M g e n e r a t o r f r e q u e n c y 

[N] g r a v i t y f o r c e v e c t o r 

G [ J ] G i b b s f r e e e n e r g y 

[N] e x t e r n a l body f o r c e 

g [ms a c c e l e r a t i o n o f f r e e f a l l 

H [ J ] H e l m h o l t z F r e e e n e r g y 

h [m] h e i g h t o f e l e c t r o d e o v e r i n t e r f a c e 

h [m] h e i g t h o f t h e measurement c e l l 

i [-] i ^=-1 

IFT [Nm i n t e r f a c i a l t e n s i o n 

lm( ) [-] i m a g i n a r y p a r t 

[-] B e s s e l f u n c t i o n o f f i r s t k i n d , o r d e r n 

K [m— G a u s s i a n c u r v a t u r e 

[-] M o d i f i e d B e s s e l f u n c t i o n o f f i r s t k i n d 

k [m— M wave number 

L [m] l e n g t h 

ra [m— wave number r e a l p a r t 

-( [m] l e n g t h o f n e e d l e e l e c t r o d e 

n [-] r e f r a c t i o n i n d e x 

[-] m a g n i f i c a t i o n o f l o c k - i n a m p l i f i e r 

[Nm -M p r e s s u r e 

Po [Nm 

Q [C] e l e c t r i c a l c h a r g e 

Re( ) [-] r e a l p a r t 

Ro [m] r a d i u s 

,Rj [m] p r i n c i p a l r a d i i o f c u r v a t u r e o f i n t e r f a c e 

r [m] h o r i z o n t a l r a d i a l d i s t a n c e 
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-> 

r [m] s p a t i a l v e c t o r 

S [ JK-M E n t r o p y 

T [ K ] T e m p e r a t u r e 

t [ S ] t i m e 

U [ J ] I n t e r n a l e n e r g y 

Ü [m] f l u i d p a r t i c l e d i s p l a c e m e n t v e c t o r 

[m] r a d i a l f l u i d p a r t i c l e d i s p l a c e m e n t component 

[m] v e r t i c a l f l u i d p a r t i c l e d i s p l a c e m e n t component 

U [ J ] e n e r g y 

V Volume 

[V] e l e c t r i c a l p o t e n t i a l d i f f e r e n c e 

v„ [V] s i n u s o i d a l v o l t a g e a m p l i t u d e c o e f f i c i e n t 

-» 
V [ms— f l u i d v e l o c i t y v e c t o r 

[ms- '" 1 h o r i z o n t a l C y l i n d r i c a l f l u i d v e l o c i t y component 

[ms— r a d i a l f l u i d v e l o c i t y component 

[ms— 1 1 h o r i z o n t a l C a r t e s i a n f l u i d v e l o c i t y component 

[ms- 1 1 h o r i z o n t a l C a r t e s i a n f l u i d v e l o c i t y component 

Vz 
[ms— v e r t i c a l f l u i d v e l o c i t y component 

w [-] z=h±wr d e s c r i b e s s i d e s o f n e e d l e e l e c t r o d e 

f o r l a r g e v a l u e s o f z { z » h ) 

w [m] l / e i n t e n s i t y r a d i u s o f a l a s e r b e a m 

X [m] h o r i z o n t a l C a r t e s i a n c o o r d i n a t e a x i s 

y [m] h o r i z o n t a l C a r t e s i a n c o o r d i n a t e a x i s 

[-] B e s s e l f u n c t i o n o f second k i n d , o r d e r n 

[-] g e n e r a l l i n e a r c o m b i n a t i o n o f B e s s e l f u n c t i o n s 

•A [m] v e r t i c a l c o o r d i n a t e , e l e v a t i o n above f r e e s u r f a 
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Greek 

0, [m-^ ] damping c o e f f i c i e n t 

a [ r a d ] a n g l e o f l a s e r b e a m 

[Vm-^] s e n s i t i v i t y o f p o s i t i o n s e n s i n g d e t e c t o r 

0 [ r a d ] a n g l e o f t h e l a s e r b e a m 

[NmM c o e f f i c i e n t i n e l e c t r i c a l f o r c e on i n t e r f a c e 

6 [-] K r o n e c k e r symbol 

[m] v e r t i c a l d i s p l a c e m e n t o f l a s e r s p o t on d i o d e 

6( ) [-] D i r a c d e l t a f u n c t i o n 

0 [ r a d ] C y l i n d r i c a l c o o r d i n a t e a n g l e 

0 [-] t a n g e n t o f s u r f a c e : d^/dr o r 9^/3x 

V [m-^ ] g r a d i e n t o p e r a t o r 

A [m-^ ] L a p l a c e o p e r a t o r 

A [-] e r r o r i n t h e a d j a c e n t p a r a m e t e r 

^e 
[Fm-'] p e r m i t t i v i t y 

[Nm-'] s u r f a c e shear e l a s t i c i t y c o e f f i c i e n t 

«> [ r a d ] phase a n g l e 

1 [Nm-'] i n t e r f a c i a l t e n s i o n 

h [m] v e r t i c a l i n t e r f a c e d i s p l a c e m e n t 

[m] s t a t i o n a r y component o f ^ 

[Nsm-'] s u r f a c e d i l a t a t i o n a l v i s c o s i t y c o e f f i c i e n t 

X [m] w a v e l e n g t h o f t h e c a p i l l a r y wave a t t h e i n t e 

[m] w a v e l e n g t h o f t h e used l a s e r l i g h t (HeNe) 

[Nm-'] s u r f a c e d i l a t a t i o n a l e l a s t i c i t y c o e f f i c i e n t 

[-] 3.141592654 

P [kgm—^] f l u i d d e n s i t y 

Pe 
[Cm-'] c h a r g e d e n s i t y on n e e d l e 

>; [-] summation symbol 

/ [-] i n t e g r a t i o n symbol 
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b u l k phase sh e a r v i s c o s i t y c o e f f i c i e n t 

s u r f a c e shear v i s c o s i t y c o e f f i c i e n t 

a n g u l a r v e l o c i t y 

i n t e g r a t i o n t i m e o f l o c k - i n a m p l i f i e r 

S u p e r s c r i p t s 
I [ - ] i n - p h a s e component 

l i [ - ] r e s p o n s e o f l o c k - i n a m p l i f i e r 

Q [ - ] q u a d r a t u r e component 

rms [ - ] r o o t mean s q u a r e 

s [ - ] i n t e r f a c i a l v a r i a b l e 

-> [ - ] v e c t o r 

' [ - ] p r i m e f o r upper phase v a r i a b l e 

s u b s c r i p t s 

ac [ - ] a l t e r n a t i n g c u r r e n t component 

dc [ - ] d i r e c t c u r r e n t component 

i [ - ] number i n d e x ; c h e m i c a l s p e c i e s 

n [ - ] i n t e g e r o r d e r o f B e s s e l f u n c t i o n 

s [ - ] i n t e r f a c i a l v a r i a b l e 

t [ - ] t h e o r e t i c a l v a l u e 

r? [ P a s ] 

M [Nsm-'J 

[ s - M 

r [ s ] 
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APPENDIX 1 L o c k - i n A m p l i f i e r 

The r e f e r e n c e s i g n a l f o r t h e l o c k - i n a m p l i f i e r ( B r o o k d e a l , 

O r t h o l o c SC 9505) i s p r o p o r t i o n a l t o t h e e l e c t r i c a l p o t e n t i a l on 

t h e n e e d l e [-cosCoj^t) ] . The l o c k - i n a m p l i f i e r d e t e c t s i n t h e 2 f -

mode o n l y t h e r m s - v a l u e o f t h e second h a r m o n i c [~cos ( 2 c j g t ) ] 

c o n t e n t o f t h e d e t e c t e d s i g n a l 2a*^f,9U / 9 r , t h u s t h e h a r m o n i c a t 
e z 

a f r e q u e n c y cj=2u)^. The t h r e e c h a n n e l s i n t h e 2f-mode g i v e t h e i n -

phase component V''"̂'''', t h e q u a d r a t u r e component V"'"''"'̂ , and t h e 

1 i A 

a m p l i t u d e V ' . A s i m p l i f i e d r e s p o n s e f u n c t i o n f o r t h e i n - p h a s e 

component i s 

l i I l i r / 2 
V ' N ^ V 2 ƒ V. c o s ( 2 a ; _ t ) d t / ƒ d t ( 4 9 ) 

- r / 2 - r / 2 

where N̂ ''"= 1 0 . / ( f u l l s c a l e s e n s i t i v i t y / V ) i s t h e m a g n i f i c a t i o n 

f a c t o r o f t h e a m p l i f i e r and r i s t h e i n t e g r a t i o n t i m e o f t h e 

a m p l i f i e r . An a n a l o g o u s e q u a t i o n w i t h c o s ( 2 a ) g t ) r e p l a c e d by 

s i n ( 2 a j g t ) g i v e s t h e q u a d r a t u r e component V''"''"'̂. The f a c t o r /2 i s 

added as t h e l o c k - i n a m p l i f i e r g i v e s t h e r m s - v a l u e . Thus 

r / 2 

/ ( 

- r / 2 

r / 2 

/ ( 

- r / 2 

V^^'^ = ( N ^ ^ 2 a ^ f J ^ ! (9U / 9 r ) c o s ( 2 c j t ) d t (50) 
Q Q T z Q 

V^^'Q = (N ^ ^ 2 a ^ f J ^ J ( 9 U ^ / 9 r ) s i n ( 2 a j ^ t ) d t ( 5 1 ) 

(52) 
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APPENDIX 2 Changes i n beam a n g l e w i t h phase 

Depending on g e o m e t r y i t has t h e f o l l o w i n g e f f e c t : 

1) P e r p e n d i c u l a r i n c i d e n t beam. 

For t h e a n g l e s a and f3 t h e f o l l o w i n g r e l a t i o n h o l d s : 

n ^ s i n a ' = n 2 s i n / 3 ( 5 3 ) 

Because d t h e d e p t h o f phase 1 i s s m a l l compared t o t h e f o c a l 

l e n g t h o f t h e l e n s a' e q u a l s a and: 

s i n (3 = s i n a/n2 ( 5 4 ) 

For s m a l l a,(3 s i n (af3) can be r e p l a c e d by a,/3. T h i s l e a d s t o t h e 

f i n a l e x p r e s s i o n : 

/3 = a/n^ ( 5 5 ) 
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2) G r a z i n g i n c i d e n c e o f t h e l a s e r beam: 

loiL 

For t h e a n g l e s a, a', a'', (?, 0' and 0 t h e f o l l o w i n g r e l a t i o n s 

h o l d : 

1 s i n a = n 2 s i n j3 ( 56a) 

l s i n a ' = n 2 s i n | 3 ' ( 5 6 b) 

|3'= /J + 20 ( 5 6 c ) 

For s m a l l D a' ' ^ a' ( 56d) 

W i t h a g i v e n a o f 2 1 ' 3̂ becomes 15.6'. 

A r e l a t i o n f o r a' i s c a l c u l a t e d : 

s i n a' = n 2 s i n (j3 + 20) ( 57 ) 

T h i s e x p r e s s i o n can be w r i t t e n a s : 

s i n a' = n , s i n )3 cos 20 + n-,cos p s i n 20 ( 5 8 ) 

But s i n (3 i s l / n . , s i n a so: 
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s i n a' = s i n a cos 20 + n2COS /3 s i n 20 ( 5 8 ) 

For 0 s m a l l : 

COS 20 ^ 1 ( 5 9 a ) 

s i n 20 ^ 20 ( 5 9 b ) 

( 5 8 ) t h e n becomes: 

s i n a' = s i n a + 2n2& cos i? ( 6 0 ) 

a' can be c a l c u l a t e d w i t h : 

a' = a r c s i n [ s i n a + 2n20 cos |3 ] ( 6 1 ) 

6z^= b t a n a'' see ( 4 8 ) ( 6 2 a ) 

= b t a n { a r c s i n [ s i n a + 2n20 cos /3 ] } ( 6 2 b ) 

For t h e g i v e n a and i3 t h i s l e a d s f o r s m a l l 0 t o : 

5z^= 3.15 0b ( 6 3 ) 
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APPENDIX 3 S t a t i c humps i n s m a l l measurement c e l l 

0 

The t o p a n g l e o f t h e e l e c t r o d e i s 21 

D i s p l a c e m e n t l a s e r s p o t see f i g 21 can be c a l c u l a t e d f r o m t h e 

0 0 

i n s t a l l a t i o n a n g l e s : ( a i r 21 , w a t e r 15.6 ) 1.37. I t i s a l s o 

p o s s i b l e t o measure t h i s d i s p l a c e m e n t d i r e c t l y by m o v i n g t h e 

t a b l e , we measured 1.33. 

T a b l e 7. The measurements o f t h e s t a t i c humps d i r e c t l y measured 

f r o m t h e d e t e c t o r . S t a t i c means t h a t t h e r e i s no e x t e r n a l v o l t a g e 

and t h e i n t e r f a c e f o r m i s d i c t a t e d by t h e b o u n d a r i e s . 

7/1000 

i n c h 

S t a t i c 5/1000 

i n c h 

5/1000 

i n c h 

V=162V t o v X-4 V=162V V= 85V 

mm mm V V V V 

2.0 2.66 -0.76 -0.40 -1.10 -0.35 

1.5 2.0 -1.04 -0.79 - 1 . 50 -0 . 50 

1.0 1.33 -1.60 -1.15 -2.35 -0.72 

0.5 0.67 -2.70 -1.45 -4.23 -1.26 

0 . 25 0.33 -3.25 -1.57 -5.44 -1.84 

0 0 -1.10 - 1 . 57 -1.96 -0 . 91 

-0.25 -0.33 2.71 -1.22 4.07 1.40 

-0 . 5 -0.67 2.68 -2.05 4.65 1.24 

- 1 . 0 -1.33 1.73 -2.76 2.35 0.78 

-1.5 -2.00 1.19 -3.06 1.62 0.50 

-2 . 0 -2.66 0.81 -3.20 1.15 0.34 

-2.5 -3.33 0.61 -3.27 0.88 0.23 

-3.0 -3.99 0.45 -2.80 0 . 57 0.16 

-4 . 0 -5.32 0.20 0 0 .23 0.08 



- 76 -

W i t h t h i s t a b l e and t h e f o r m u l a e f r o m a p p e n d i x 2 t h e a c t u a l 

h e i g t h c an be c a l c u l a t e d , b t h e f o c a l l e n g t h was i n t h i s case 20 

cm. 

T a b l e 8. The s t a t i c hump c a l c u l a t e d f r o m t a b l e 7 and 

e q a t i o n 3 

7/1000 

i n c h 

STATIC* 5/1000 

i n c h 

5/1000 

i n c h 

mm 

V=162V 

Aim Mm 

V=162V V= 85V 

Mm 

5.9 

4.9 

3.9 

3.4 

2.9 

2.4 

1.9 

1.4 

0.9 

0.4 

0 

0.08 

0.16 

0.41 

0.60 

0.84 

1.14 

1.54 

2.07 

2.79 

3.78 

4.50 

4.27 

1.21 

0.09 

0 

0 

0.02 

0.09 

0.23 

0.49 

0.96 

1.63 

0.08 

0.19 

0.51 

0.77 

1.13 

1.57 

2.13 

2.87 

3.92 

5.60 

6.51 

0 

0.03 

0.08 

0.17 

0.27 

0.40 

0.57 

0.80 

1.13 

1.62 

1.99 

The o t h e r h a l f i s s y m e t r i c f o r t h e humps. 
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APPENDIX 4 G l a s s p r e p a r a t i o n f o r f l a t i n t e r f a c e . 

1) F i r s t c l e a n i n g , use soap and r i n s e w i t h much w a t e r . I f t h e 

g l a s s i s s t i l l n o t v i s i b l y c l e a n i t can be r i n s e d w i t h a 

s o l u t i o n o f NaOH i n A l c o h o l . 

2) B e f o r e e t c h i n g , r i n s e w i t h d i s t i l l e d w a t e r . The e t c h i n g i s 

done w i t h a s o l u t i o n o f HF i n w a t e r (we use d 5 volume 

p e r c e n t ) . The d u r a t i o n o f t h i s e t c h i n g can be c h e c k e d by 

t e s t i n g t h e w a t e r w e t t i n g , i f t h e w a t e r w e t t i n g i s good enough 

t h e g l a s s i s r i n s e d w i t h w a t e r and d r i e d . E t c h i n g must o n l y 

t a k e p l a c e a t t h e g l a s s w h i c h w i l l be wet d u r i n g t h e 

e x p e r i m e n t s , e l s e t h e g l a s s w i l l be f r o s t e d ! 

3) The g l a s s w i l l now be made c o m p l e t e l y o i l w e t . The g l a s s i s 

b a t h e d i n d i c h l o r - d i m e t h y l - S i l a n . A l a y e r o f d i c h l o r - d i m e t h y l -

S i l a n i s now p r e s e n t on t h e g l a s s . T h i s makes t h e g l a s s f u l l y 

o i l w e t . To remove t h e r e s t o f t h e d i c h l o r - d i m e t h y l - S i l a n t h e 

g l a s s i s r i n s e d w i t h Heptane. The g l a s s i s t h e n d r i e d . 

4) To make a p a r t o f t h e now p e r f e c t l y o i l wet g l a s s w a t e r wet 

t h i s p a r t i s e t c h e d a g a i n w i t h t h e HF s o l u t i o n . To g e t a good 

r e s u l t t h e g l a s s s h o u l d be e t c h e d f o r a p p r o x i m a t e l y 15 seconds 

and t h e n r i n s e d w i t h w a t e r . 

The g l a s s w i l l r e m a i n i t s w e t t i n g c h a r a c t e r a t l e a s t a few weaks. 
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APPENDIX 5 USED EQUIPMENT 

- H e w l e t t P a c k a r d 

- HP 3582A Sp e c t r u m A n a l y z e r 

- HP 3403C T r u e RMS v o l t m e t e r 

- HP 7004B x-y r e c o r d e r 

- K i p p en Zonen x-y r e c o r d e r BD90 

- G e n e r a l R a d i o 1316 o s c i l l a t o r 

- d i s p l a c e m e n t m o n i t o r ( d i s t a n c e - > V o l t a g e ) 

- T e k t r o n i c s 465B o s c i l l o s c o p e 

- Sony 

- magnescale LY-101 + d i g i t a l gauge DG-IOOS 

- V a l y d i n e SG71 S t r a i n gage a m p l i f i e r ( model M C l - l ) ( f e e d b a c k ) 

- New t r o n i e s 200SPC s w e e p / p u l s e / f u n c t i o n g e n e r a t o r 

- EG G B r o o k d e a l O r t h o l o c - SC 9505 Two phase l o e k - i n a m p l i f i e r 

- O r i e l S t a m f o r d Conn. 

- s i n g l e c o n t r o l l e r model 18007 

- Motor Mike 2 i n c h t r a v e l 

- S p e c t r a P h y s i c s 

- l a s e r e x c i t e r 215-2 

- S p e c t r a P h y s i c s l a s e r ( He-Ne lOmW) 105-1 

- BK l o u d s p e a k e r 

- U n i t e d D e t e c t o r T e c h n o l o g y 

- p o s i t i o n s e n s i n g d i o d e PIN SC-4D 

- s i g n a l c o n d i t i o n i n g a m p l i f i e r 301DIV 

- E l e c t r o d e s 

- r a z o r b l a d e 

0 

- n e e d l e s t a i n l e s s s t e e l , t o p a n g l e o f 21 

0 

- n e e d l e p l a t i n u m , t o p a n g l e 17 

- O p t i c a l u n i t s 

- f l a t m i r r o r s 

- d i s p l a c e m e n t t a b l e s 

- l e n s e s ( F o c a l l e n g t h o f 20, 30 and 60 cm) 

- s m a l l dc e l e c t r o m o t o r t o d r i v e t h e d e t e c t o r f e e d b a c k 
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Onder i n de conus l e v e r t d i t een f o u t op i n e l o n g a t i e s n e l h e i d van 

maximaal 25 % { d i t v e r k l a a r t de vaak g r o t e s p r e i d i n g i n 

m e e t r e s u l t a t e n v o o r g r o t e d e f o r m a t i e s . ) - Boven i n de conus i s de 

f o u t 4 %. 

De f o u t d i e gemaakt w o r d t i n Weber i s n i e t a l l e e n van de 

e l o n g a t i e s n e l h e i d s f o u t a f h a n k e l i j k . Ook de v i s c o s i t e i t , 

d r u p p e l d i a m e t e r en g r e n s v l a k s p a n n i n g z i j n b e l a n g r i j k . Van deze d r i e 

i s de f o u t i n de g r e n s v l a k s p a n n i n g verreweg h e t b e l a n g r i j k s t e . Deze 

f o u t i s a f t e s c h a t t e n op ongeveer 

De d e f o r m a t i e w o r d t ook beïnvloed door de f o u t d i e w o r d t v e r o o r z a a k t 

d o o r d a t e r ook a f s c h u i v i n g h e e r s t . We gaan e r van u i t d a t de d r u p p e l 

op 1 mm n a u w k e u r i g van h e t midden g e p l a a t s t w o r d t . De f o u t i n de 

d e f o r m a t i e d i e d a t o p l e v e r t kan geschat worden op 17% wanneer de 

d e f o r m a t i e door a f s c h u i v i n g en e l o n g a t i e gesommeerd worden. 

C o n c l u s i e van deze foutenbeschouwing i s d a t d e f o r m a t i e m e t i n g e n n i e t 

e r g n a u w k e u r i g z i j n . De m e e t f o u t e n z i j n v r i j w e l s t e e d s a f l e e s f o u t e n . 

D i t h e e f t t o t g e v o l g d a t de gemaakte f o u t e n geen s y s t e m a t i s c h e 

f o u t e n z i j n . De f o u t e n l e v e r e n dus een s p r e i d i n g op i n de 

m e e t r e s u l t a t e n . De s p r e i d i n g i n de m e e t r e s u l t a t e n kan steeds met 

deze f o u t e n v e r k l a a r d worden. 
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7 b e s p r e k i n g m e e t r e s u l t a t e n 

7.1 s h e a r t h i n n i n g v l o e i s t o f f e n . 

De g e b r u i k t e C a r b o p o l o p l o s s i n g e n v o l d o e n goed aan de e i s e n d i e aan 

de d r u p p e l s g e s t e l d z i j n . De e l a s t i c i t e i t van de o p l o s s i n g e n was 

l a a g en wanneer de a f s c h u i f s n e l h e d e n n i e t g r o t e r dan 100 s ^ o f 

k l e i n e r dan 0.1 s z i j n , v o l d o e t de v i s c o s i t e i t goed aan een power-

law model. 

Het v i s c o s i t e i t s b e r e i k van de o p l o s s i n g e n was e c h t e r n i e t g r o o t . De 

reden h i e r v o o r i s d a t de o p l o s s i n g e n wanneer ze t e v e e l Carbopol 

b e v a t t e n b i j l a g e a f s c h u i f s n e l h e d e n een zeer hoge v i s c o s i t e i t o f 

w e l l i c h t z e l f s een z w i c h t s p a n n i n g b e z i t t e n . Met deze o p l o s s i n g e n was 

een g r e n s v l a k s p a n n i n g s m e t i n g met h e t s p i n n i n g - d r o p a p p a r a a t n i e t 

meer goed m o g e l i j k . Na de m e t i n g r e l a x e e r t de d r u p p e l n i e t meer 

t e r u g naar de b o l v o r m . Het i s zeer w a a r s c h i j n l i j k d a t t i j d e n s de 

g r e n s v l a k s p a n n i n g s m e t i n g de d r u p p e l ook n i e t de vorm b e r e i k t d i e b i j 

de j u i s t e waarde van de g r e n s v l a k s p a n n i n g h o o r t . Het i s n i e t 

d u i d e l i j k hoe u i t s p i n n i n g - d r o p metingen van d e r g e l i j k e v l o e i s t o f f e n 

de g r e n s v l a k s p a n n i n g b e p a a l d kan worden. Daarom i s i n d i t onderzoek 

geen aandacht aan meti n g e n met C a r b o p o l o p l o s s i n g e n met een g r o t e r e 

c o n c e n t r a t i e Carbopol b e s t e e d . Wanneer de g r e n s v l a k s p a n n i n g n i e t t e 

bepalen i s , i s een goede v e r g e l i j k i n g van gemeten en v o o r s p e l d e 

d e f o r m a t i e i s n i e t meer m o g e l i j k . 

Ook de r e l a x a t i e van de d r u p p e l s C a r b o p o l o p l o s s i n g met g r o t e 

c o n c e n t r a t i e s Carbopol na h e t i n s p u i t e n naar de b o l v o r m v e r l o o p t 

t r a a g . Omdat de d r u p p e l g r o o t t e i n de conus k l e i n e r i s dan i n h e t 

s p i n n i n g - d r o p a p p a r a a t l e v e r t d i t b i j de g e b r u i k t e o p l o s s i n g e n geen 

probleem op. De g r e n s v l a k k r a c h t e n z i j n dan r e l a t i e f g r o t e r dan de 

v i s c e u z e k r a c h t e n . I n de t o e v o e r b u i s naar de conus kregen de 

d r u p p e l s genoeg t i j d om naar een vorm t e r e l a x e r e n d i e n i e t van de 

bo l v o r m t e o n d e r s c h e i d e n i s . 

Lagere c o n c e n t r a t i e s C a r b o p o l brengen h e t probleem met z i c h mee d a t 

de n a u w k e u r i g h e i d waarmee de v i s c o s i t e i t gemeten kan worden afneemt. 
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Het b l e e k n i e t m o g e l i j k minder v i s c e u z e o p l o s s i n g e n t e b e r e i d e n 

waarvan de v i s c o s i t e i t goed meetbaar was. 

De b e r e i d i n g van de o p l o s s i n g e n i s met de methode z o a l s i n h o o f d s t u k 

5 beschreven na e n i g oefenen goed t e doen. Enige h a n d i g h e i d i s w e l 

v e r e i s t . 

De d e f o r m a t i e s van de d r u p p e l s C a r b o p o l o p l o s s i n g v o l d o e n goed aan de 

v o o r s p e l l i n g z o a l s d i e door het programma Numdef wordt gemaakt. U i t 

de f i g u r e n 6.2 tm 6.6 v a l t a f t e l e i d e n dat de v o o r s p e l l i n g w aarvoor 

een v e r h o u d i n g van de e f f e c t i e v e a f s c h u i f s n e l h e i d b i n n e n de d r u p p e l 

en de e l o n g a t i e s n e l h e i d b u i t e n de d r u p p e l van 3 w o r d t aangenomen de 

b e s t e r e s u l t a t e n g e e f t . De v o o r s p e l d e d e f o r m a t i e i s g e l i j k aan de 

gemeten d e f o r m a t i e v o o r waarden van X-1 d i e v e e l g r o t e r z i j n dan 

0.4. Deze waarde i s de g r o o t s t e d e f o r m a t i e d i e v o l g e n s Van de 

H e i j d e n [ 2 ] nog goed aan de t h e o r i e van Cox [ 3 ] v o o r Newtonse 

d r u p p e l s v o l d o e t . I n d i t onderzoek z i j n geen d e f o r m a t i e s gevonden 

d i e n i e t goed aan de v o o r s p e l l i n g van Numdef voldoen. De maximale 

d e f o r m a t i e b e d r a a g t ongeveer 2. Het i s o p m e r k e l i j k d a t de Numdef-

v o o r s p e l l i n g d i e a f g e l e i d i s van de t h e o r i e van Cox [ ] zo'n goede 

d e f o r m a t i e v o o r s p e l l i n g g e e f t v o o r d e r g e l i j k g r o t e d e f o r m a t i e s . Het 

i s daarom n i e t j u i s t t e s t e l l e n d a t de e f f e c t i e v e a f s c h u i f s n e l h e i d 

b i n n e n de d r u p p e l b l i j k b a a r 3 maal de e l o n g a t i e s n e l h e i d b u i t e n de 

d r u p p e l i s . Wanneer d i t zo zou z i j n hadden de Numdef-voorspe11ingen 

voor d e f o r m a t i e s g r o t e r dan 0.4 ook a f moeten w i j k e n van de 

m e t i n g e n . Er kan wel worden g e c o n c l u d e e r d dat de v o o r s p e l l i n g d i e 

met Numdef wordt gedaan een goede v o o r s p e l l i n g vein de d e f o r m a t i e 

g e e f t . Een goede v e r k l a r i n g h i e r v o o r i s er e c h t e r n i e t . 

De v o o r s p e l l i n g van de d e f o r m a t i e volgens Numdef gaat u i t van de 

d e f o r m a t i e voor lange t i j d e n z o a l s d i e door Cox gegeven w o r d t v o o r 

Newtonse d r u p p e l s . W e l l i c h t k l o p t deze v e r o n d e r s t e l l i n g n i e t . 

Wanneer de d e f o n n a t i e v o o r lange t i j d e n k l e i n e r i s dan v o o r s p e l d 

w o r d t wanneer we de t h e o r i e van Cox g e b r u i k e n en een e f f e c t i e v e 

v i s c o s i t e i t i n v o e r e n , z a l de gemeten d e f o r m a t i e n i e t z o a l s b i j 

Newtonse v l o e i s t o f f e n t e g r o o t z i j n . D i t zou de goede 

overeenstemming t u s s e n t h e o r i e en m e t i n g kunnen v e r k l a r e n . Om d i t na 
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t e gaan z u l l e n metingen v o o r s t a t i o n a i r e s t r o m i n g e n i n h e t v i e r -

r o l l e n a p p a r a a t u i t g e v o e r d moeten worden z o a l s Schut [ 1 2 ] voor 

d i v e r s e v l o e i s t o f f e n a l gedaan h e e f t . 

7.2 e l a s t i s c h e v l o e i s t o f f e n met constante v i s c o s i t e i t 

De t i j d e n s d i t onderzoek gemaakte glucose-Separan o p l o s s i n g e n hebben 

een v r i j w e l c o n s t a n t e v i s c o s i t e i t . De v e r s c h i l l e n t u s s e n deze 

o p l o s s i n g e n en Newtonse v l o e i s t o f f e n moeten v e r k l a a r d worden met de 

e l a s t i s c h e eigenschappen van de o p l o s s i n g e n . 

De e l a s t i c i t e i t van de e l a s t i s c h e v l o e i s t o f f e n i s n i e t g r o o t . I n 

v e r h o u d i n g t o t de s c h u i f s p a n n i n g e n i n de v l o e i s t o f z i j n de e e r s t e 

n o r m a a l s p a n n i n g s v e r s c h i l l e n van de z e l f d e orde o f k l e i n e r . 

Een v e r g e l i j k i n g van de m e e t r e s u l t a t e n en de v o o r s p e l l i n g z o a l s voor 

Newtonse v l o e i s t o f f e n g e l d t i s n i e t gemaakt. De v o o r s p e l d e 

d e f o r m a t i e i s door Numdef berekend. Door de v r i j w e l c o n s t a n t e 

v i s c o s i t e i t van deze m o d e l v l o e i s t o f f e n v e r s c h i l l e n b e i d e 

v o o r s p e l l i n g e n n a u w e l i j k s , zodat h e t n i e t n o d i g i s om i n de f i g u r e n 

6.7-6.10 b e i d e modellc;n weer t e geven. 

Het v a l t op dat de gemeten d e f o r m a t i e v o o r d e f o r m a t i e s g r o t e r dan 

0.4 g r o t e r i s dan de v o o r s p e l d e waarde. D i t i s h e t z e l f d e gedrag d a t 

Newtonse d r u p p e l s v e r t o n e n . A l l e e n de m e t i n g e n van de meer v i s c e u z e 

v l o e i s t o f f e n vvijken a f . De d e f o r m a t i e i s v e e l g r o t e r dan v o o r s p e l d 

i s voor deze v l o e i s t o f f e n . De a f w i j k i n g e n beginnen a l b i j l a g e 

d e f o r m a t i e s . D i t moet een g e v o l g van de e l a s t i s c h e eigenschappen van 

de d r u p p e l s z i j n . Het o p v a l l e n d e i s d a t de v e r h o u d i n g t u s s e n e e r s t e 

n o r m a a l s p a n n i n g s v e r s c h i l l e n en s c h u i f s p a n n i n g v o o r de d r u p p e l s met 

de g r o o t s t e a f w i j k i n g van de t h e o r i e k l e i n e r dan 1 i s . Deze 

v e r h o u d i n g i s voor de l a a g v i s c e u z e o p l o s s i n g e n g r o t e r , maar de 

d e f o r m a t i e w i j k t n i e t o f n a u w e l i j k s van h e t Newtonse gedrag a f . 

B l i j k b a a r worden a l l e e n systemen met een hoge waarde van de 

v i s c o s i t e i t s v e r h o u d i n g p door de e l a s t i c i t e i t beïnvloedt. 

De g e c o n s t a t e e r d e a f w i j k i n g kan i n p r i n c i p e twee oorzaken hebben. De 

e e r s t e m o g e l i j k e oorzaak i s een o n j u i s t e v o o r s p e l l i n g van de 

d e f o r m a t i e v o o r lange t i j d e n . Schut [ 1 2 ] h e e f t deze e i n d d e f o r m a t i e 

v o o r g l u c o s e - S e p a r a n o p l o s s i n g e n gemeten. H i j kwam t o t de c o n c l u s i e 
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d a t de v l o e i s t o f f e n z o a l s ze h i e r g e b r u i k t z i j n ( g l u c o s e - S e p a r a n ­

o p l o s s i n g e n ) geen a f w i j k e n d gedrag v e r t o n e n i n v e r g e l i j k i n g met 

Newtonse d r u p p e l s . Weliswaar b l i j k t een t e hoge d e f o n n a t i e t e worden 

gemeten, maar d i t gebeurde ook voor Newtonse v l o e i s t o f f e n . De 

d e f o r m a t i e v o o r b e i d e systemen was v r i j w e l g e l i j k . I n v e r g e l i j k i n g 

met de h u i d i g e m e t i n g e n aan e l a s t i s c h e v l o e i s t o f f e n met een 

c o n s t a n t e v i s c o s i t e i t vond Van der H e i j d e n [ 2 ] een k l e i n e r e 

a f w i j k i n g v o o r Newtonse d r u p p e l s i n een t i j d s a f h a n k e l i j k e s t r o m i n g . 

Wanneer de a f w i j k i n g e n , z o a l s ze i n d i t onderzoek gevonden z i j n , 

v e r o o r z a a k t worden door een v e r k e e r d e v o o r s p e l l i n g van de d e f o r m a t i e 

voor lange t i j d e n , dan waren ook v o o r Newtonse v l o e i s t o f f e n deze 

a f w i j k i n g e n gevonden. B l i j k b a a r i s d i t n i e t de oorzaak. Schut meet 

immers n a u w e l i j k s v e r s c h i l t u s s e n b e i d e systemen. 

De tweede m o g e l i j k e oorzaak i s een v e r k e e r d e v o o r s p e l l i n g van de 

s t a p r e s p o n s i e van de d r u p p e l . De s t a p r e s p o n s i e z o a l s gegeven i n 2.17 

v o l d o e t e c h t e r zeker n i e t b e t e r . U i t f i g u u r 2.2 b l i j k t immers dat de 

s t a p r e s p o n s i e u i t deze v e r g e l i j k i n g een k l e i n e r e d e f o r m a t i e o p l e v e r t 

dan de s t a p r e s p o n s i e v o l g e n s de Newtonse t h e o r i e . Aangezien b i j de 

metingen een t e g r o t e d e f o r m a t i e gemeten i s kan met d i t model de 

a f w i j k i n g n i e t worden v e r k l a a r d . Er z a l naar een andere oorzaak 

gezocht moeten worden. 

De s p r e i d i n g i n de metingen aan de glucose-Separan o p l o s s i n g e n i s 

g r o t e r dan de s p r e i d i n g i n de andere metingen. D i t h e e f t t e maken 

met de z i c h t b a a r h e i d van de d r u p p e l . De b r e k i n g s i n d e x van de 

c o n t i n u e f a s e i s v r i j w e l g e l i j k aan de b r e k i n g s i n d e x VEin de g l u c o s e 

o p l o s s i n g e n . D i t h e e f t t o t g e v o l g d a t de d r u p p e l minder goed 

z i c h t b a a r i s . Om h i e r i e t s tegen t e doen i s de d i s p e r s e f a s e 

g e k l e u r d . Omdat de d r u p p e l s e r g k l e i n z i j n moet de d i s p e r s e f a s e 

s t e r k g e k l e u r d worden. H i e r v o o r i s de k l e u r s t o f Yellow-Sunset 

g e b r u i k t . Omdat de d r u p p e l door de k l e u r i n g e e n andere 

g r e n s v l a k s p a n n i n g kan k r i j g e n moet de g r e n s v l a k s p a n n i n g gemeten 

worden met de k l e u r s t o f i n de o p l o s s i n g . D i t b r a c h t h e t probleem met 

z i c h mee d a t de d r u p p e l i n h e t s p i n n i n g - d r o p minder goed z i c h t b a a r 

was. I n d i t a p p a r a a t i s de c o n t i n u e f a s e n a m e l i j k de d i s p e r s e f a s e 

z o a l s d i e i n de conus g e b r u i k t w o r d t . Wanneer de g l u c o s e - o p l o s s i n g 

s t e r k g e k l e u r d w o r d t i s de d r u p p e l i n h e t s p i n n i n g - d r o p apparaat 
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n i e t goed meer z i c h t b a a r . G r e n s v l a k s p a n n i n g s - m e t i n g e n z i j n dan n i e t 

meer nauwkeurig t e u i t t e voeren. Er moet een compromis t u s s e n de 

z i c h t b a a r h e i d i n de conus en de z i c h t b a a r h e i d i n h e t s p i n n i n g - d r o p 

a p p a r a a t gevonden worden. 

Van de g e b r u i k t e o p l o s s i n g e n i s a l l e e n GLU21-8 n i e t g e k l e u r d . De 

c o n c e n t r a t i e w a t e r i n deze o p l o s s i n g e n was g r o t e r dan b i j de andere 

o p l o s s i n g e n . D i t l e v e r t een andere b r e k i n g s i n d e x op. De d r u p p e l s 

waren goed z i c h t b a a r zonder k l e u r i n g . 

7.3 viscoèlastische v l o e i s t o f f e n 

De viscoèlastische v l o e i s t o f f e n d i e g e b r u i k t z i j n waren v r i j 

e e nvoudig t e maken. De v l o e i s t o f f e n voldeden zowel wat b e t r e f t de 

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

aan een power-law model. Hoewel d i t n i e t n o o d z a k e l i j k i s , i s h e t 

t o c h m a k k e l i j k wanneer b e i d e spanningen aan h e t z e l f d e model 

v o l d o e n . De v e r g e l i j k i n g t u s s e n b e i d e g r o o t h e d e n w o r d t e r d o o r 

v e r e e n v o u d i g d . 

V e r g e l i j k i n g van de m e e t r e s u l t a t a n met de door Numdef v o o r s p e l d e 

waarde maakt d u i d e l i j k d a t de waargenomen d e f o r m a t i e s v e e l k l e i n e r 

z i j n dat de v o o r s p e l d e d e f o r m a t i e s . De e l a s t i c i t e i t van de v l o e i s t o f 

moet h i e r v o o r v e r a n t w o o r d e l i j k z i j n . De Numdef v o o r s p e l l i n g voor 

n a u w e l i j k s e l a s t i s c h e C a r b o p o l o p l o s s i n g e n v o l d o e t immers w e l aan de 

metingen. 

De v i s c o s i t e i t van de C a r b o p o l o p l o s s i n g e n h e e f t a l s f u n c t i e van de 

a f s c h u i f s n e l h e i d ongeveer d e z e l f d e vorm a l s de v i s c o s i t e i t van de 

Separan o p l o s s i n g e n . De macht van de v i s c o s i t e i t i s s t e e d s ongeveer 

-0.7. Het e n i g e v e r s c h i l t u s s e n b e i d e v l o e i s t o f f e n i s dus h e t e e r s t e 

n o r m a a l s p a n n i n g s v e r s c h i l . Ook de r e l a x a t i e t i j d van de s c h u i f s p a n n i n g 

i s b i j de C a r b o p o l o p l o s s i n g e n w a a r s c h i j n l i j k k l e i n e r . H i e r o v e r i s 

geen goede u i t s p r a a k t e doen omdat de r e l a x a t i e t i j d e n van de 

S e p a r a n o p l o s s i n g e n a l n a u w e l i j k s t e meten waren. De 

C a r b o p o l o p l o s s i n g e n hebben een nog k l e i n e r e r e l a x a t i e t i j d d i e met de 

b e s c h i k b a r e a p p a r a t u u r n i e t meer t e meten was. U i t h e t voorgaande 

kan worden g e c o n c l u d e e r d d a t de v e r s c h i l l e n t u s s e n de 

C a r b o p o l o p l o s s i n g e n en de Separanoplossingen v o o r n a m e l i j k h e t 
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v e r s c h i l i n e l a s t i c i t e i t b e t r e f f e n . Weliswaar v e r s c h i l l e n de 

g r e n s v l a k s p a n n i n g e n van b e i d e v l o e i s t o f f e n t o v r i c i n u s o l i e f o r s , 

maar a l l e metingen ( de t h e o r i e van Cox [ 3 ] ook ) worden t e g e n h e t 

Weber-getal u i t g e z e t . De e n i g e v a r i a b e l e n z i j n h e t Webergetal en de 

v i s c o s i t e i t s v e r h o u d i n g p. De v e r s c h i l l e n i n g r e n s v l a k s p a n n i n g mogen 

geen v e r s c h i l l e n d e d e f o r m a t i e a l s f u n c t i e van Weber o p l e v e r e n . 

De m e e t r e s u l t a t e n v o l d o e n r e d e l i j k aan h e t model z o a l s d a t i n 

h o o f d s t u k 2 en 4 beschreven w o r d t v o o r e l a s t i s c h e v l o e i s t o f f e n . 

Omdat de v i s c o s i t e i t van de S e p a r a n o p l o s s i n g e n n i e t c o n s t a n t i s , kan 

geen v o o r s p e l l i n g voor t i j d s a f h a n k e l i j k e d e f o r m a t i e s gemaakt worden 

met h e t model met twee t i j d c o n s t a n t e n ( v e r g e l i j k i n g 2.17). De 

v e r e e n v o u d i g i n g z o a l s i n p a r a g r a a f 4.3 beschreven, kan w e l gemaakt 

worden. Hoewel de t i j d c o n s t a n t e van de s c h u i f s p a n n i n g n i e t v e e l 

g r o t e r i s dan de t i j d c o n s t a n t e v o o r de Newtonse d e f o r m a t i e 

( v e r g e l i j k i n g 2.14 ) , i s de t i j d c o n s t a n t e van de 

s c h u i f s p a n n i n g s r e l a x a t i e d u i d e l i j k o v e r h e e r s e n d en v o o r a l b i j 

g r o t e r e Weber g e t a l l e n g r o t e r . 

Wanneer h e t vereenvoudigde model voor e l a s t i s c h e v l o e i s t o f f e n w o r d t 

v e r g e l e k e n met de metingen v a l t een g r o t e overeenkomst op. V o o r a l 

v o o r g r o t e r e d e f o r m a t i e s , waar de v e r o n d e r s t e l l i n g d a t de ene 

t i j d c o n s t a n t e t e n o p z i c h t e van de andere mag worden v e r w a a r l o o s d h e t 

meest g e r e c h t v a a r d i g d i s , i s de overeenkomst t u s s e n v o o r s p e l l i n g en 

m e t i n g g r o o t . I n i e d e r g e v a l kan g e s t e l d worden d a t de e l a s t i s c h e 

eigenschappen van de v l o e i s t o f i n d i t g e v a l de d e f o r m a t i e 

v e r m i n d e r e n . Er i s e c h t e r geen z e k e r h e i d hoe de d e f o r m a t i e v o o r 

lange t i j d e n van deze v l o e i s t o f f e n z a l z i j n . H i e r v o o r b e s t a a n nog 

geen m o d e l l e n . Pas wanneer ook h i e r goede e x p e r i m e n t e e l g e t o e t s t e 

modellen voor z i j n , kan een goed gefundeerde u i t s p r a a k over de 

b r u i k b a a r h e i d van h e t model van Schut [13] gedaan worden. Deze 

e e r s t e r e s u l t a t e n z i j n e c h t e r bemoedigend. 

De r o l van de v e r h o u d i n g t u s s e n h e t e e r s t e n o r m a a l s p a n n i n g s v e r s c h i l 

en de a f s c h u i f s p a n n i n g i s nog n i e t d u i d e l i j k . Het i s f y s i s c h g e z i e n 

n i e t w a a r s c h i j n l i j k d a t h e t e e r s t e n o r m a a l s p a n n i n g s v e r s c h i l geen 

i n v l o e d op de d e f o r m a t i e u i t o e f e n d . Ook i s h e t verba n d t u s s e n 

r e l a x a t i e t i j d en spanning i n de v l o e i s t o f n i e t bekend. Het g r o t e 
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a a n t a l c o n s t i t u t i e v e r g e l i j k i n g e n t o o n t aan d a t een algemeen geldend 

model h i e r v o o r nog n i e t i s gevonden. 
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8 Aanbevelingen en c o n c l u s i e s 

8.1 c o n c l u s i e s 

Het b l i j k t goed m o g e l i j k de d e f o r m a t i e van n i e t e l a s t i s c h e 

s h e a r t h i n n i n g d r u p p e l s i n een t i j d s a f h a n k e l i j k e e l o n g a t i e s t r o m i n g t e 

b e s c h r i j v e n met een aangepaste v e r s i e van de t h e o r i e van Cox [ 3 ] . 

Deze aangepaste t h e o r i e g e l d t voor d e f o r m a t i e s t o t ongeveer 2. Het 

o o r s p r o n k e l i j k e model van Cox g e l d t t o t d e f o r m a t i e s d i e k l e i n e r dan 

0.4 z i j n . H i e r b i j w o r d t aangenomen d a t de e f f e c t i e v e 

a f s c h u i f s n e l h e i d i n de d r u p p e l 3 maal de e l o n g a t i e s n e l h e i d b u i t e n de 

d r u p p e l i s . 

De v i s c o s i t e i t van C a r b o p o l o p l o s s i n g e n waar s u i k e r aan i s toegevoegd 

z i j n goed t e b e s c h r i j v e n met een power-law model. Bovendien i s de 

e l a s t i c i t e i t van deze o p l o s s i n g e n i n v e r g e l i j k i n g met de 

e l a s t i c i t e i t van andere p o l y m e e r o p l o s s i n g e n z e e r l a a g . 

De d e f o r m a t i e van d r u p p e l s s u i k e r - S e p a r a n o p l o s s i n g met e l a s t i s c h e 

eigenschappen en een v r i j w e l c o n s t a n t e v i s c o s i t e i t i s g r o t e r dan 

door de Newtonse t h e o r i e van Cox v o o r s p e l d . De d e f o r m a t i e van deze 

d r u p p e l s i s e c h t e r ook g r o t e r dan voor Newtonse d r u p p e l s door Van 

der H e i j d e n [ 2 ] i s gemeten. Een l a g e e l a s t i c i t e i t i s i n s t a a t de 

d e f o r m a t i e t e v e r g r o t e n . 

De S e p a r a n - s u i k e r o p l o s s i n g e n hebben een v r i j w e l c o n s t a n t e 

v i s c o s i t e i t . Het e e r s t e n o r m a a l s p a n n i n g s v e r s c h i l i s eenvoudig aan 

een power-law model t e f i t t e n . 

De d e f o r m a t i e van de s t e r k e l a s t i s c h e S e p a r a n o p l o s s i n g e n i s l a g e r 

dan door Numdef voor s h e a r t h i n n i n g v l o e i s t o f f e n v o o r s p e l d w o r d t . D i t 

i s n i e t v e r w o n d e r l i j k aangezien de e l a s t i s c h e v l o e i s t o f f e n e n e r g i e 

op kunnen s l a a n . Deze e n e r g i e kan dan n i e t meer voor de v e r g r o t i n g 

van de g r e n s v l a k e n e r g i e benut worden. 
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De S e p a r a n - o p l o s s i n g e n z i j n eenvoudig t e maken. Ze v o l d o e n v o o r 

zowel de s c h u i f s p a n n i n g e n a l s de e e r s t e n o r m a a l s p a n n i n g s v e r s c h i l l e n 

aan een power-law model. 

Het model z o a l s door Schut i s o p g e s t e l d v o o r e l a s t i s c h e v l o e i s t o f f e n 

i s i n s t a a t de d e f o r m a t i e van s t e r k e l a s t i s c h e v l o e i s t o f f e n t e 

v o o r s p e l l e n wanneer de t i j d c o n s t a n t e x kan worden v e r w a a r l o o s d t o v 

de e l a s t i s c h e t i j d c o n s t a n t e x'. 

8. 2 aanb ev e 1 i n gen 

De d e f o r m a t i e v o o r v o o r a l e l a s t i s c h e v l o e i s t o f f e n moet zowel 

s t a t i o n a i r a l s t i j d s a f h a n k e l i j k v e r d e r gemeten worden. Dan kan 

worden nagegaan o f h e t model van Schut [ 1 3 ] t o e p a s b a a r i s op 

t i j d s a f h a n k e l i j k e s t r o m i n g e n . 

S h e a r t h i n n i n g v l o e i s t o f f e n z i j n n i e t g e t o e t s t op d e f o r m a t i e s voor 

lange t i j d e n . D i t i s w e l n o d i g . Wanneer over de d e f o r m a t i e van de 

d r u p p e l s v o o r lange t i j d e n geen z e k e r h e i d b e s t a a t , i s n i e t met 

z e k e r h e i d t e zeggen o f h e t i n Numdef g e b r u i k t e model j u i s t i s . 

De d e f o r m a t i e van d r u p p e l s met een l a g e e l a s t i c i t e i t i s n i e t 

begrepen. Er moet meer onderzoek v e r r i c h t worden naar de d e f o r m a t i e 

v o o r lange t i j d e n en de t i j d s a f h a n k e l i j k e d e f o r m a t i e . B i j v o o r k e u r 

moeten h i e r v o o r de z e l f d e v l o e i s t o f f e n worden g e b r u i k t . 

Het verband t u s s e n r e l a x a t i e t i j d en h e t e e r s t e 

n o r m a a l s p a n n i n g s v e r s c h i l moet worden o n d e r z o c h t . A l l e e n dan kan 

d u i d e l i j k worden wat de r o l van h e t e e r s t e n o r m a a l s p a n n i n g s v e r s c h i l 

b i j de d e f o r m a t i e van e l a s t i s c h e d r u p p e l s i s . 

Om h e t model van Schut [ 1 3 ] t o e t e kunnen passen v o o r e l a s t s c h e 

d r u p p e l s zonder c o n s t a n t e v i s c o s i t e i t , moet er een o p l o s s i n g voor de 

t i j d s a f h a n k e l i j k e d e f o r m a t i e v o l g e n s d i t model gevonden worden. N i e t 

l i n e a i r e s i g n a a l - en s y s t e e m t e c h n i e k e n moeten h i e r t o e g e p a s t worden. 

L i n e a i r e t c h n i e k e n z i j n n i e t b r u i k b a a r . 
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APPENDIX 1 

Het computerprogramma NUMDEF 

10 HEM DIT PROGRAMMA PLOT DE DEFORMATIE VAN EEN DRUPPEL I N DE CONUS 

ALS FUNCTIE VAN HET WEBERGETAL 

20 PLOT=0:GERARD=-1 

30 NBR=500;PI=3.141592654* 

40 EC=.98 

50 SG=.027 

60 FI=1.34E-07 

70 SI=1:SP=6 

80 DIM X(500),Y(500),T(500),D(500),G(500),WE(500),Z(100),DE(100) 

90 I F PL0T=1 THEN GOSUB 56000 

91 INPUT "INVOER VARIABELEN ??????? ( 1 / 0 ) " ; I N 

100 I F IN=0 THEN 170 

110 INPUT " a a n t a l s t a p j e s (VEELVOUD VAN 5!!!) ";NBR 

120 INPUT " v i s c o s i t e i t c o n t i n u e fase";EC 

130 INPUT " g r e n s v l a k s p a n n i n g is";SG 

140 INPUT " v o l u m e d e b i e t " ; F I 

150 INPUT " s t r a a l d r u p p e l t j e " ; R D 

160 INPUT "CONUSHOEK";BE;ALF=(BE/180)*PI: 

170 INPUT " v i s e d i s p . f a s e . c o n s t a n t e f a c t o r " ; K F 

180 INPUT " v i s e . d i s p . f a s e . macht";M 

190 INPUT "VERHOUDING ELONGATIE-AFSCHUIF VISCOSITEIT";VEA 

200 INPUT " v e r h o u d i n g m a t r i x - d r u p p e l elongatie";AMD ;C=1 

201 INPUT "ZIJN DE PARAMETERS JUIST INGEVOERD?(1/0)?????";C 

202 I F C=0 THEN 90 

210 GOSUB 50000 

220 Z0=.014/TAN(ALF) 

230 C3=EC*RD/SG 

240 

TT0=2*PI*Z0"3*(l+2*C0S(ALF))*(SIN(ALF))"-2/(9*FI*(l+(C0S(ALF))"~2)) 

250 T ( l ) = T T O - 2 / ( ( 3 * . 0 0 1 ) / C 3 ) : D (1) =0: 5VE(1) =0 

260 TMAX=TT0*(1-(1-11/14)"3) 

270 WMAX=2*C3/(3*(TTO-TMAX)) 

280 DW=(WMAX)/NBR 

290 ' 

300 ' 

310 FOR 1=2 TO NBR 

320 PRINT I 

330 WE(I)=DW*(I-1)+.001 

340 G(I)=WE(I)/C3 

350 T ( I ) = T T 0 - 2 / ( 3 * G ( I ) ) 

360 ED=VEA*KF*((G(I)*AMD)"M) 

370 P=ED/EC 

380 DE=(19*P+16)*C3*G(I)/(8*P+8) 

390 C2=-20/(19*P*C3) 

400 D ( I ) = D ( I - 1 ) + ( D E - D ( I - 1 ) ) * ( 1 - E X P ( ( T ( I ) - T ( I - 1 ) ) * C 2 ) ) 

410 NEXT I 

420 ' 

430 ' 

440 I F PLOT =1 THEN 490 

450 TYPE=1 ; AL=0 : YTEXT$="L-1" : XTEXT$="We" : 
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460 X0=35 ;Y0=25 : DX=230 : DY=170 : 

470 XI=0 : YI=0 ; XA=WE(NBR) ; YA=D(NBR) : XD=.l ; YD=.2 ; 

471 PRINT "GROOTSTE WEBERGETAL";WE(NBR):PRINT "GROOTSTE 

DEFORMATIE";D(NBR) 

472 PRINT "KIES DE SCHAALDELEN OP DE ASSEN ":BEEP 

473 INPUT "SCHAALDEEL X-AS ";XD 

474 INPUT "SCHAALDEEL Y-AS ";YD 

480 GOSUB 51000 

490 FOR 1=1 TO (NBR/5) 

500 X ( I ) = W E ( I * 5 ) 

510 Y ( I ) = D ( I * 5 ) 

520 NEXT I 

530 LINEPOINT$="LINE" : STIFT=1;LTYPE=0:PTYPE=16:PSIZE=2:NBR=NBR/5 

540 GOSUB 53000;NBR=NBR*5 

560 LPRINT"AANTALSTAPJES ";NBR :LPRINT "CONUSHOEK ";BE 

:LPRINT"DEBIET" ;FI:LPRINT "GRENSVLAKSPANNING ";SG 

570 LPRINT "VISCOSITEIT CONTINUE FASE ";EC:LPRINT "STRAAL DRUPPEL 

";RD: 

580 LPRINT "VISCOSITEIT DISPERSE FASE " ; KF; "*(G'""; M; " ) " 

590 LPRINT"VERHOUDING ELONGATIE AFSCHUIVINGS VISCOSITEIT ";VEA 

600 LPRINT "VERHOUDING MATRIX DRUPPEL ELONGATIE ";AMD 

610 LPRINT "TIJDCONSTANTE";C2:PRINT "GROOTSTE ELONGATIE ";G(NBR) 

620 LPRINT "GROOTSTE WEBERGETAL";WE(NBR);LPRINT "GROOTSTE 

DEFORMATIE";D(NBR) 

621 PRINT " " 

622 PRINT " " 

630 INPUT "NOG EEN GRAFIEK?,1/0 ";PLOT 

640 I F PLOT =1 THEN 90 

650 INPUT "MOETEN ER MEETPUNTEN IN DE FIGUUR GEPLOT WORDEN ????";Q 

660 I F Q=0 GOTO 1170 

670 INPUT "WELKE FILE MOET GELADEN WORDEN 

????";FILE$:GERARD=GERARD+1 

680 PRINT "DE FILE ";FTLE$," WORDT GELADEN" 

690 OPEN "I",20#,FILE$:LINE INPUT #20,INFO$ 

700 PRINT INF0$:I=1 

710 INPUT #20,FI,T,ALF,ST,VCC,VCM,VDC,VDM 

720 PRINT FI,T,ALF,ST,VCC,VCM,VDC,VDM 

730 I F EOF(20) THEN 770 

740 INPUT # 2 0 , D ( I ) , Z ( I ) , D E ( I ) : P R I N T D ( I ) , Z ( I ) , D E ( I ) 

750 1=1+1 

760 GOTO 730 

770 CLOSE #20 

780 NBR=I-1 

790 PI=3.1415926536*: PRINT "CONUSHOEK IS ";ALF 

800 Z0=.014/TAN(ALF);CS=COS(ALF);PRINT "ZO = ";Z0 

810 K=(3*(l+CS)"2)/(4XcCS'"2*(l+2*CS)) : PRINT "K(C0S(ALF)) = " ; K 

820 FOR N=l TO NBR 

830 G(N)=K>lcFI*4/(PI*(.014"2)*ZO*(l-(Z(N)/ZO))"'3): PRINT Z(N) 

840 WE(N)=G(N)*VCC*G(N)'"VCM*(D(N)/2)/SG;PRINT G(N),WE(N) 

850 NEXT N 

860 PRINT "DE PUNTEN WORDEN NU GEPLOT" 

870 LINEPOINT$="POINTS" 

880 INPUT "WELKE VORM MOETEN DE PUNTEN HEBBEN (0,1,3,4,11 OF 14 

?)";PUNT 
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890 PTYPE=PUNT;STIFT=1 

900 PSIZE=3 

910 FOR N=l TO NBR 

920 X(N)=WE(N) 

930 Y(N)=DE(N) 

940 NEXT N 

950 INPUT "MOET ER INFORMATIE OVER DE PUNTEN IN DE GRAFIEK?";INF 

951 INPUT "WELICE INFORMATIE" ; TEXT$ 

960 I F INF = 0 GOTO 990 

970 X(NBR+1)=XA*.05 

980 Y(NBR+1)=YA*.9*(1-GERARD*.05):NBR=NBR+1 

990 GOSUB 53000 

1100 STIFT=1 

1110 X=(XA*.07):Y=YA*.888*(1-GERARD*.05) 

1120 HEIGHT=4;SPACE=2 

1130 BETA=0 

1140 GOSUB 57500 

1150 INPUT "NOG EEN BESTAND ????";NG 

1160 I F NG=1 GOTO 670 

1170 GOSUB 56000 

1180 END 
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APPENDIX 2 

Het computerprograirana waarmee de d e f o r m a t i e g e g e v e n s v e r w e r k t worden. 

10 CLEAR:DIM L(100):DIM B(100):DIM H(100):DIM DH(100);DIM D(100):DIM 

SR(100):DIM DE(100):DIM WE(100):DIM Z(IOO) 

20 PI=3.1415926536* 

30 INPUT "ONDER WELKE NAAM MOETEN DE MEETRESULTATEN WORDEN 

OPGESLAGEN ?";FILE$ 

40 PRINT "VOER MEETGEGEVENS IN ( a l s j e b l i e f t ) " 

50 INPUT "VOLUMEDEBIET = ";FI:INPUT "TEMPERATUUR = ";T:INPUT 

"CONUSHOEK = ";ALF:INPUT "GRENSVLAKSPANNING = 

ST:ALF=ALF/180*PI:CS=COS(ALF) 

60 INPUT "CONTINUE FASE STANDAARD RICINUS OLIE ? (1/0)";CON 

70 I F CON =1 GOTO 100 

80 INPUT "VISCOSITEIT CONTINUE FASE CONSTANTE FACTOR = ";VCC 

90 INPUT "VISCOSITEIT CONTINUE FASE MACHT = ";VCM;IF CON=0 THEN 110 

100 VCC=10'"(-. 032098*T+. 674) :VCM=0: PRINT "VCC = " ; VCC 

110 INPUT "VISCOSITEIT DISPERSE FASE CONSTANTE FACTOR = ";VDC 

120 INPUT "VISCOSITEIT DISPERSE FASE MACHT = ";VDM 

121 INPUT "PROCESCONDITIES JUIST INGEVOERD (1/0)";PROC 

122 I F PROC =0 GOTO 10 

130 PRINT "INVOER MEETGEGEVENS" 

140 I=1:NOG=0 

150 I F 1=1 THEN 180 ELSE 160 

160 INPUT "EINDE INVOER ?????(1/0)";NOG 

170 I F N0G=1 GOTO 270 

171 PRINT " " 

180 PRINT "MEETPUNT NUMMER " ; I 

190 INPUT "LENGTE VAN DE DRUPPEL 1/60 MM " ; L ( I ) 

200 INPUT "BREEDTE VAN DE DRUPPEL 1/57 MM " ; B ( I ) 

210 INPUT "AFSTAND TOT ONDERZIJDE CONUS";H(I) 

220 INPUT "AFSTAND VAN DE DRUPPEL TOT HET MIDDEN VAN DE CAMERA 1/60 

MM ";DH(I) 

221 PRINT " " 

230 A=0:INPUT "INGEVOERDE WAARDE VERBETEREN ????? (1/0)";A 

240 I F A=l THEN 180 ELSE I F A=0 GOTO 250 ELSE SOUND 1000,10;GOTO 230 

250 1=1+1 

260 GOTO 160 

270 1=1-1:FOR N=l TO I 

280 D(N) = ( ( L ( N ) * B ( N ) " ' 2 ) " ( l / 3 ) / 5 7 9 8 2 ! ) 

290 D E ( N ) = ( L ( N ) / 6 0 0 0 0 ! ) / D ( N ) - l 

300 Z(N)=.011/TAN(ALF)-H(N)/1000-DH(N)/60000! 

310 PRINT D(N),Z(N),DE(N),TAN(ALF),ALF 

320 NEXT N 

330 INPUT "MOETEN ER MEETPUNTEN VERANDERD WORDEN ??";M0ET 

340 I F MOET=0 GOTO 400 

350 INPUT "WELK PUNT MOET VERANDERD WORDEN ????";WELK 

360 PRINT "D ";WELK:INPUT "NIEUWE WAARDE";D(WELK) 

370 PRINT "Z ";WELK:INPUT "NIEUWE WAARDE";Z(WELK) 

380 PRINT "DE";WELK:INPUT "NIEUWE WAARDE";DE(WELK) 

390 GOTO 330 

400 PRINT "MEETGEGEVENS WORDEN WEGGESCHREVEN IN FILE ";FILE$ 
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410 INPUT "INFORMATIE BOVEN FILE; ";INF0$ 

420 OPEN "0",#20,FILE$ 

430 PRINT #20,INFO$ 

440 PRINT #20,FI,T,ALF,ST,VCC,VCM,VDC,VDM 

450 FOR N=l TO I 

460 PRINT #20,D(N),Z(N),DE(N) 

470 NEXT N 

480 CLOSE #20 

490 PI=3.1415926536* 

500 Z0=.014/TAN(ALF) 

510 K=(3*(1+CS)'"2)/(4*CS"2*(1+2*CS)) 

520 FOR N=l TO I 

530 SR(N)=K*FI*4/(PI*(.014)'"2*ZO*(1-(Z(N)/ZO))'"3) 

540 NEXT N 

550 INPUT "MOET ER EEN TABEL VAN DE FILE GEMAAKT WORDEN ??? 

(1/0)";MOET 

560 I F MOET =0 GOTO 840 

570 INPUT "STAAT DE PRINTER INGESCHAKELD (1/0)";PR 

580 I F PR=1 GOTO 720 

590 PRINT INF0$:PRINT " " 

600 PRINT "VISCOSITEIT CONTINUE FASE = ";VCC,"*SR"";VCM 
VDC,"*SR"";VDM 

ALF 

F I 

ST 

T 

610 PRINT "VISCOSITEIT DISPERSE FASE = 

620 PRINT " CONUSHOEK 

630 PRINT "VOLUMEDEBIET 

640 PRINT "GRENSVLAKSPANNING 

650 PRINT "TEMPERATUUR 

660 PRINT " D DEF SR 

WE ";PRINT " " 

670 FOR N=l TO I 

680 WE(N)=SR(N)*VCC*SR(N)"VCM*D(N)/(ST*2) 

690 PRINT N,D(N),DE(N),SR(N),WE(N) 

700 NEXT N 

710 I F PR =0 GOTO 840 

720 LPRINT INFO$:PRINT " " 

730 LPRINT "VISCOSITEIT CONTINUE FASE = "; VCC, "*SR'""; VCM 

740 LPRINT "VISCOSITEIT DISPERSE FASE = "; VDC, "*SR''"; VDM 

750 LPRINT " CONUSHOEK = ";ALF 

760 LPRINT "VOLUMEDEBIET = " ; F I 

770 LPRINT "GRENSVLAKSPANNING = ";ST 

780 LPRINT "TEMPERATUUR = ";T 

790 LPRINT " D DEF SR 

WE ":LPRINT " " 

800 FOR N=l TO I 

810 WE(N)=SR(N)*VCC*SR(N)'"VCM*D(N)/(2*ST) 

820 LPRINT N,D(N),DE(N),SR(N),WE(N) 

830 NEXT N 

840 END 


