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ABSTRACT 

A f e a s i b i l i t y s t u d y has been done on t h e measurement o f n o i s e g e n e r a t e d 

by a g a s - l i q u i d f l o w as an i n d i c a t o r f o r the f l o w r a t e . 

U s u a l l y the p r o d u c t i o n o f s e v e r a l o i l - g a s w e l l s i s f e d t h r o u g h a b u l k 

s e p a r a t o r and the gas and l i q u i d phases a r e measured s e p a r a t e l y . About once 

a month each w e l l i s t e s t e d i n d i v i d u a l l y w i t h a t e s t s e p a r a t o r . To m o n i t o r 

the w e l l - p r o d u c t i o n between two w e l l t e s t s a p r o d u c t i o n s u r v e i l l a n c e 

•monitor, (PSM) i s c o m m e r c i a l l y a v a i l a b l e . I t s o p e r a t i o n i s based on the 

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

l i q u i d f l o w r a t e . The purpose o f the p r e s e n t s t u d y was t o c a r r y o u t a 

f e a s i b i l i t y s t u d y on a clamp-on v e r s i o n o f the PSM. 

T e s t s have been done w i t h two-phase f l o w t e s t l o o p s t o i n v e s t i g a t e t h e 

r e l a t i o n between the f l o w v a r i a b l e s and the f l o w - n o i s e a c q u i r e d w i t h a 

clamp-on a c c e l e r o m e t e r . 

I n g a s - l i q u i d f l o w , bubbles a c t as sound s c a t t e r e r s of the t u r b u l e n t 

p r e s s u r e f l u c t u a t i o n s i n a wide f r e q u e n c y band (up t o 25kHZ). T h e r e f o r e t h e 

p r e s s u r e f l u c t u a t i o n s r e l a t e d t o the f l o w r a t e can be d e t e c t e d Ijy a clamp-on 

a c c e l e r o m e t e r . 

I t has been found t h a t under c e r t a i n c o n d i t i o n s the average Root Mean 

Square (RMS) v a l u e o f the f l o w n o i s e g i v e s a good i n d i c a t i o n o f the l i q u i d 

f l o w r a t e . U n f o r t u n a t e l y the m e c h a n i c a l s t r u c t u r e o f the t e s t - l o o p and t h e 

l i n e p r e s s u r e r e g u l a t i o n were found t o be o f i n f l u e n c e as w e l l . I t was fo u n d 

t o be p o s s i b l e t o d e t e r m i n e s l u g speeds and s l u g f r e q u e n c i e s w i t h t h e clamp= 

on a c c e l e r o m e t e r . I n g e n e r a l t h e f l o w - n o i s e i s f o u n d t o be r e l a t e d o n l y t o a 

l i m i t e d volume o f g a s - l i q u i d f l o w . Because the f l o w - n o i s e i s g e n e r a t e d 

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

t r a n s d u c e r s such as d i f f e r e n t i a l p r e s s u r e s i g n a l s . As those s i g n a l s a r e 

r e p o r t e d i n l i t e r a t u r e t o be used f o r f l o w - p a t t e r n r e c o g n i t i o n and p o s s i b l y 

i n the near f u t u r e as f l o w r a t e i n d i c a t o r as w e l l , t h i s resemblance 

encourages f u r t h e r e f f o r t s on t h e s t a t i s t i c a l p r o c e s s i n g o f t h e RMS v a l u e o f 

clamp-on a c q u i r e d g a s - l i q u i d f l o w - n o i s e . 
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1. INTRODUCTION 

As a g r a d u a t i o n p r o j e c t f o r a degree i n a p p l i e d p h y s i c s ( T e c h n i c a l 

U n i v e r s i t y D e l f t ) a f e a s i b i l i t y s t u d y has been done on the clamp-on 

measurement o f n o i s e g e n e r a t e d by a g a s - l i q u i d f l o w as an i n d i c a t o r o f the 

f l o w - r a t e . The p r o j e c t l a s t e d t e n months and was conducted a t the 

R o y a l / 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 i n R i j s w i j k i n t h e S e c t i o n 

Measurement and C o n t r o l . The l a b o r a t o r y w i t h i t s ca 700 employees c o v e r s 

most o f the S h e l l Group's r e s e a r c h on e x p l o r a t i o n and p r o d u c t i o n . Most o f 

the p r o j e c t s a r e c a r r i e d o u t f o r Group O p e r a t i n g Companies, u s u a l l y 

c o o r d i n a t e d by t h e C e n t r a l O f f i c e i n The Hague. 

The i n i t i a l purpose o f the p r o j e c t was t o s t u d y and improve t h e o p e r a t i o n 

o f t h e PSM ( P r o d u c t i o n S u r v e i l l a n c e M o n i t o r ) . T h i s i n s t r u m e n t i s b a s i c a l l y a 

p r e s s u r e t r a n s d u c e r and i t d e r i v e s the l i q u i d volume f l o w r a t e i n a l i q u i d -

gas m i x t u r e i n a p i p e - l i n e f r o m a measurement o f the p r e s s u r e f l u c t u a t i o n s . 

One o f the aims o f t h e p r e s e n t s t u d y was t o i n v e s t i g a t e the p o s s i b i l i t y t o 

measure these p r e s s u r e f l u c t u a t i o n s o u t s i d e the p i p e w i t h a clamp-on 

t r a n s d u c e r . As t h e clamp-on approach soon proved t o be h o p e f u l , t h i s was 

g i v e n p r i o r i t y . 

I n t h i s r e p o r t t h e use o f p r o d u c t i o n s u r v e i l l a n c e and a comparison w i t h 

the e x i s t i n g m u l t i - p h a s e f l o w - m e t e r s i s e x p l a i n e d . A f t e r t h e e x p l a n a t i o n o f 

the p r i n c i p l e o f o p e r a t i o n o f the PSM, t h e t e s t f a c i l i t i e s a r e d e s c r i b e d . I n 

cha p t e r f i v e t he development o f the ide a behind clamp-on f l o w - n o i s e 

measurement i s r e l a t e d , f o l l o w e d by a s e l e c t i o n o f the r e s u l t s o f the many 

t e s t s and a p a r a g r a p h on the s t a t i s t i c a l a n a l y s i s of the f l o w - n o i s e . Chapter 

s i x g i v e s the t h e o r e t i c a l background o f f l o w - n o i s e g e n e r a t i o n . The r e p o r t 

f i n a l l y d e a l s w i t h t h e c o n c l u s i o n s and s u g g e s t i o n s f o r f u r t h e r work on 

clamp-on two-phase f l o w - n o i s e a n a l y s i s . 
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2. OBJECTIVE 

I n the o i l i n d u s t r y a major problem i n measuring the p r o d u c t i o n o f a w e l l 

i s the f a c t t h a t one o f t e n e n c o u n t e r s two-phase f l o w systems. Even i f t h e 

r e s e r v o i r i s f r e e o f gas, the w e l l w i l l produce a g a s - o i l m i x t u r e , because 

gas comes o u t o f s o l u t i o n a t t h e lower p r e s s u r e a t the s u r f a c e . As a c c u r a t e 

measurements i n g a s - l i q u i d f l o w a re e x t r e m e l y d i f f i c u l t , t h e l i q u i d and t h e 

gas phase are s e p a r a t e d and measured i n d i v i d u a l l y . The importance o f m u l t i 

phase f l o w measurement i n the o i l - p r o d u c i n g i n d u s t r y i s d i s c u s s e d i n d e t a i l 

by Jamieson ea ( 2 ) . 

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

b u l k s e p a r a t o r . I n t h i s way t h e gas and o i l p r o d u c t i o n o f t h e t o t a l f i e l d 

can be measured. To o b t a i n i n f o r m a t i o n about an i n d i v i d u a l w e l l , t h a t w e l l 

can be produced ove r a second s e p a r a t o r , the t e s t s e p a r a t o r . T h i s p r o c e d u r e 

i s c a l l e d a w e l l t e s t . As such a w e l l t e s t u s u a l l y takes a day and as t h e r e 

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

between two w e l l t e s t s o f a s i n g l e w e l l can be a month. The behaviour o f t h e 

w e l l i n the i n t e r v a l time remains u n c e r t a i n . When the p r o d u c t i o n o f a s i n g l e 

w e l l changes d r a s t i c a l l y , t he change i n the o u t p u t o f t h e p r o d u c t i o n 

s e p a r a t o r w i l l be minor due t o the d i l u t i o n w i t h t h e p r o d u c t i o n o f a l l the 

o t h e r w e l l s . So when a s m a l l change i n t h e t o t a l p r o d u c t i o n i s n o t i c e d i t i s 

unknown whether t h e t o t a l f i e l d or o n l y one o f t h e w e l l s has changed i t s 

p r o d u c t i o n . T h i s u n c e r t a i n t y i s an i n c e n t i v e f o r the development o f an 

i n s t r u m e n t m o n i t o r i n g each i n d i v i d u a l w e l l . As a s e p a r a t o r f o r each w e l l i s 

much t o o expensive such an i n s t r u m e n t has t o cope w i t h two-phase f l o w . The 

r e q u i r e d accuracy has t o be something between a f l o w / n o - f l o w d e t e c t o r and a 

normal f l o w m e t e r . I n o t h e r words i t has t o be a b l e t o d e t e c t more t h a n 

m a r g i n a l p r o d u c t i o n changes (say 10-20%) t o g i v e w a r n i n g t h a t some a c t i o n 

has t o be tak e n 

As t h e r e a r e many w e l l s t o m o n i t o r t h e d e v i c e has t o be cheap, f r e e o f 

maintenance, easy t o i n s t a l l , p r e f e r a b l y clamp-on so t h e r e i s no need t o 

st o p p r o d u c t i o n w h i l e i n s t a l l i n g t h e i n s t r u m e n t . Besides t h a t i t s h o u l d be 

safe and i t s h o u l d n o t p r o t r u d e i n t o t h e f l o w . 
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SYSTEM PHYSICAL QUANTITY FLOW VAR L I T PROBLEMS 

s e p a r a t o r s s i n g l e - p h a s e U , , U 
s l sg 

E, L, F 

l i q u i d and gas 

U , , U 
s l sg 

0-, 7 - , X-ray a b s o r p t i o n c o e f f . a, c 89 R 

a b s o r p t i o n 

c a p a c i t a n c e spec, c a p a c i t a n c e a, c 42, 52 L, F 

conductance spec, conductance a, c 52 L, F 

hot w i r e anemometry heat t r a n s f e r a, c 12 L, B', S 

o p t i c a l f i b r e s r e f r a c t i v e index a, c 121 L, F, S 

a c o u s t i c sounding sound s c a t t e r a, c 99 L, F, A 

t r a c e r s t i m e d e l a y c R, L 

v i b r a t i n g tube c o r i o l i s f o r c e 0 
mass 

122 L, A 

o r i f i c e p r e s s u r e drop U . 
mix 

124 L, F, A 

v e n t u r i p r e s s u r e d r o p U , 
mix 

125 L, F, A 

P r o d u c t i o n Sur p r e s s u r e f l u c t . U . , c 
mix 

8 L 

v e i l l a n c e M o n i t o r 

Table 2.1. G a s - l i q u i d measurement t e c h n i q u e s . For a f u l l e x p l a n a t i o n see t h e 

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

Symbols: 

gas f r a c t i o n a 

c 

mass 

mix 

sg 

^ s l 

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

mass f l o w 

v e l o c i t y o f t h e g a s - l i q u i d m i x t u r e 

s u p e r f i c i a l gas v e l o c i t y 

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

F 

L. 

H 

S 

i n a c c u r a t e 

expensive 

i n t r u d i n g i n t h e f l o w 

t o be i n s t a l l e d i n - l i n e 

r a d i a t i o n 

n o t s t r o n g enough 
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I n t a b l e 2.1. a l i s t o f measurement t e c h n i q u e s s u i t a b l e t o d e t e r m i n e 

c e r t a i n parameters o f a g a s - l i q u i d f l o w a r e l i s t e d . The second column o f t 

t a b l e l i s t s the p h y s i c a l q u a n t i t y which i s measured and the t h i r d column 

l i s t s the f l o w v a r i a b l e d e t e r m i n e d from t h i s q u a n t i t y . I n the column 

"problems" the d i s a d v a n t a g e s of the t e c h n i q u e a r e s p e c i f i e d . I n t h e l a s t 

column a l i t e r a t u r e r e f e r e n c e t o the p a r t i c u l a r system i s g i v e n . When a "c 

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

two t r a n s d u c e r s . From t h i s c o r r e l a t i o n t h e v e l o c i t y o f t h e g a s - l i q u i d 

m i x t u r e can be d e r i v e d , u s i n g t e c h n i q u e s d e s c r i b e d by P e t e r s ea (100) and 

Kipphan ea ( 1 0 4 ) . A c o m b i n a t i o n o f two or more o f these t e c h n i q u e s i s not 

unu s u a l as f o r i n s t a n c e a c o m b i n a t i o n o f a s e p a r a t i n g d e v i c e and a 7 -

a b s o r p t i o n system as d e s c r i b e d by Arnaudeau ( 3 7 ) . More e l a b o r a t e and 

complete reviews o f m u l t i - p h a s e measurement t e c h n i q u e s have been p u b l i s h e d 

by H e w i t t ( 8 8 ) , Jones ( 9 3 ) , and Banerjee ea ( 6 9 ) . 

As a t e s t - s e p a r a t o r per w e l l i s t o o e x p e n s i v e , the R marked i n s t r u m e n t s 

are n o t p r e f e r r e d i n many o p e r a t i o n s , and t h e a-marked systems need two 

probes p l u s a c o r r e l a t i o n a l g o r i t h m w h i l e some o f them i n t r u d e i n t h e f l o w 

as w e l l , the two i n s t r u m e n t s l e f t are the v i b r a t i n g - t u b e and t h e PSM 

( P r o d u c t i o n S u r v e i l l a n c e M o n i t o r ) . The v i b r a t i n g tube i n s t r u m e n t i s s t i l l 

t o o i n a c c u r a t e f o r g a s - l i q u i d f l o w , so t h e most s u i t a b l e i n s t r u m e n t a t t h e 

moment i s t h e PSM. T h i s system i s based on t h e r e l a t i o n between p r e s s u r e 

f l u c t u a t i o n s and l i q u i d v e l o c i t y and i s c o m m e r c i a l l y a v a i l a b l e s i n c e 1978 

I n c h a p t e r 3 i t s p r i n c i p l e o f o p e r a t i o n w i l l be e x p l a i n e d . 

The purpose o f the p r e s e n t s t u d y i s t o i n v e s t i g a t e t h e f e a s i b i l i t y o f a 

clamp-on v e r s i o n o f t h e PSM. 



visa. 9 -
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3. THE PRODUCTION SURVEILLANCE MONITOR 

Since 1971 work has been done on the P r o d u c t i o n - S u r v e i l l a n c e - M o n i t o r 

(PSM) a t t h e v a r i o u s S h e l l r e s e a r c h c e n t r e s . The most i m p o r t a n t a s p e c t s o f 

the PSM a r e p u b l i s h e d by A l f o r d e.a. ( 8 ) . As t h e p r i n c i p l e s o f o p e r a t i o n a r e 

of p r i m a r y importance t o t h e C l a m p - O n - P r o d u c t i o n - S u r v e i l l a n c e - m o n i t o r 

(COPS), t h e y w i l l be d i s c u s s e d here. 

Consider a s i n g l e - p h a s e t u r b u l e n t f l o w t h r o u g h a p i p e - l i n e w i t h an 

i n s t a n t a n e o u s v e l o c i t y U, an average v e l o c i t y U , and an i n s t a n t a n e o u s 
a 

v a r i a t i o n o f v e l o c i t y from t h e average, u, such t h a t 

U = U + u 3.1. 
a 

A measure f o r t h e v e l o c i t y f l u c t u a t i o n i s u', d e f i n e d by 

u' = / ( u ^ ) 3.2. 

For the i n s t a n t a n e o u s p r e s s u r e P, t h e average p r e s s u r e P , and t h e 

i n s t a n t a n e o u s v a r i a t i o n o f p r e s s u r e from the average p, a s i m i l a r e q u a t i o n 

e x i s t s : 

P = P + p 3.3. 
Si 

A measure f o r t h e p r e s s u r e f l u c t u a t i o n i s p', d e f i n e d by 

P' = / ( P ^ ) 3.4. 

Hinze (28) e m p i r i c a l l y found t h a t f o r 0.01 ra/s < U < 10 m/s : 
a 

u' = 0.1 U 3.5. 
a 

A l t h o u g h t h e B e r n o u l l i r e l a t i o n between hydrodynamic p r e s s u r e and k i n e t i c 

energy i s n o t v a l i d i n t h i s t u r b u l e n t f l o w , Hinze found an e m p i r i c a l 

r e l a t i o n between t h e p r e s s u r e f l u c t u a t i o n and t h e v e l o c i t y f l u c t u a t i o n : 

p' = 0.7 p ( U ' ) ^ 3.6. 

Combining e q u a t i o n s 3.3. t o 3,6. r e s u l t s i n 

/(P-P ) ^ = 0.007 p U ^ 3.7. 
a a 

I n o t h e r words t h e root-raean-square (RMS) v a l u e o f the dynamic p r e s s u r e i s 

p r o p o r t i o n a l t o the d e n s i t y o f the f l u i d t i m e s t h e square o f t h e f l u i d 

v e l o c i t y . 
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(PSM response) 

orb. units 

Superficial gas velocity (m/s) 

F i g u r e 3.1. Ttie square r o o t o f the average RMS v a l u e o f t h e 

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

determined by the P r o d u c t i o n S u r v e i l l a n c e M o n i t o r . 

p r e s s u r e 

v e l o c i t y as 
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I n g a s - l i q u i d f l o w t h e l i q u i d d e n s i t y has t o be r e p l a c e d by t h e m i x t u r e 

d e n s i t y P^^^ and th e average f l u i d v e l o c i t y by t h e average m i x t u r e v e l o c i t y 

U . . As i n the l a s t two parameters t h e a v e r a g i n g i s w i t h r e s p e c t t o t i m e 
mix,a 

the space s p e c i f i c a t i o n s w i l l have t o be g i v e n as w e l l . Sami (34) uses the 

o v e r a l l t i m e average m i x t u r e d e n s i t y and the t i m e averaged c e n t r e l i n e 

m i x t u r e v e l o c i t y . 

I n l o w - p r e s s u r e g a s - l i q u i d f l o w the p r e s s u r e f l u c t u a t i o n s w i l l be m a i n l y 

caused by the v e l o c i t y f l u c t u a t i o n s o f the l i q u i d because th e d e n s i t y o f t h e 

gas i s much l e s s t h a n the d e n s i t y o f the l i q u i d . So the p r e s s u r e 

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

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

c a l i b r a t e d per w e l l . Because the g a s - l i q u i d r a t i o i s u s u a l l y more s t a b l e 

than f l o w r a t e o f t h e w e l l t h i s proved t o be a u s e f u l approach. 

The c o m m e r c i a l l y a v a i l a b l e PSM as m anufactured by Sundstrand Data 

C o r p o r a t i o n has been t e s t e d i n the KSEPL t e s t - l o o p DONAU ( d e s c r i b e d i n 

c h a p t e r 4.2.) i n 1984. The p i e z o e l e c t r i c c r y s t a l o f the PSM measures t h e 

dynamic p r e s s u r e . The s i g n a l i s passed t h r o u g h a low-pass f i l t e r w i t h a c u t 

o f f f r e q u e n c y o f IkHz and c o n v e r t e d i n t o a RMS v a l u e which i s t h e n averaged 

f o r 200 seconds. A second model w i t h a supposedly b e t t e r performance has a 

low-pass c u t - o f f f r e q u e n c y o f 30 Hz. 

I n F i g . 3 , 1 . t h e square r o o t o f t h i s RMS v a l u e i s p l o t t e d a g a i n s t t h e 

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

independent of the gas f l o w . T h i s i n f l u e n c e i s i n t r o d u c e d by r e p l a c i n g the 

r e a l m i x t u r e v e l o c i t y by t h e s u p e r f i c i a l v e l o c i t y . An i n c r e a s e i n t h e 

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

r e s u l t i n a h i g h e r v o i d f r a c t i o n which means t h a t the r e a l l i q u i d v e l o c i t y 

goes up w h i l e t h e c r o s s - s e c t i o n o f t h e l i q u i d f l o w g e t s s m a l l e r . T h i s 

r e s u l t s i n a more t u r b u l e n t f l o w ( h i g h e r Reynolds numbers). One i s tempted 

t o t r y t o c a l c u l a t e a c o r r e c t i o n u s i n g e.g. a L o c k h a r t - M a r t i n e l l i v o i d 

f r a c t i o n p r e d i c t i o n . The problem i s t h a t the f i e l d o f o p e r a t i o n o f t h e PSM 

i s m a i n l y s l u g - f l o w , i n w h i c h case c a l c u l a t i o n o f s l u g speed has t o be 

i n v o l v e d as w e l l . So a f t e r a l l i t appears much more p r a c t i c a l t o c a l i b r a t e 

the PSM f o r s u p e r f i c i a l l i q u i d and gas v e l o c i t y . 
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f i g u r e 4.1. The two-phase t e s t - l o o p Wolga. 
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4. TEST-FACILITIES 

For any study c o n c e r n i n g two-phase f l o w , w e l l d e f i n e d f l o w c o n d i t i o n s 

are o f p r i m a r y i m p o r t a n c e . E s s e n t i a l i s t h e s e p a r a t e measurement o f t h e 

i n d i v i d u a l phases b e f o r e t h e y a r e mixed. For t h i s s t u d y two such m u l t i - p h a s e 

t e s t - l o o p s , Wolga and Donau were a v a i l a b l e . 

4.1. TEST-LOOP WOLGA 

The Wolga i s a f l e x i b l e and easy t o handle w a t e r - a i r t e s t l o o p . For one 

t e s t s e r i e s the v i s c o s i t y o f t h e water was i n c r e a s e d w i t h CMC (Carboxy 

M e t h y l C e l l u l o s e ) . The se t - u p o f the WOLGA t e s t - l o o p i s drawn i n f i g u r e 4.1. 

I t c o n s i s t s o f a 1 m"̂  tank f r o m which water i s c i r c u l a t e d t h r o u g h a s t e e l 

p i p e ( i n t e r n a l d i a m e t e r D^=7.0 cm) by a c e n t r i f u g a l pump. The water volume 

f l o w can be a d j u s t e d by two v a l v e s , one i n the t e s t - l o o p and a n o t h e r i n a 

by-pass l i n e . A f t e r t h e l i q u i d f l o w has been measured by a magnetic 

f l o w m e t e r , a i r from a 8-Bar p r e s s u r e - l i n e i s i n t r o d u c e d t h r o u g h a T-

j u n c t i o n . B e f o r e i t s i n t r o d u c t i o n t he a i r volume f l o w i s measured by one o f 

th e t h r e e p a r a l l e l r o t a m e t e r s . Downstream o f t h e T - j u n c t i o n t h e l i n e 

p r e s s u r e i s measured by a manometer. The l a s t 4 meters o f the h o r i z o n t a l 

s e c t i o n and t h e 2 meters r i s i n g t o the t o p o f the t a n k are made o f perspex 

t o be a b l e t o see t h e two-phase f l o w p a t t e r n . T h i s perspex s e c t i o n cannot 

w i t h s t a n d h i g h p r e s s u r e s so no r e s t r i c t i o n has been b u i l t i n t h e o u t l e t . 

A 2-meter measurement s e c t i o n w i t h p r e s s u r e t r a n s d u c e r mountings has been 

i n s e r t e d j u s t upstream o f t h e perspex s e c t i o n and ca 100 d i a m e t e r s 

downstream o f the m i x i n g p o i n t . 

The maximum water volume f l o w r a t e o f t h e pump i s 8 l / s . The maximum a i r 

f l o w i s 32 sm"̂ /s ( s t a n d a r d c u b i c meters: 0*^0, 101.3 kN/m^) . 

I n m u l t i - p h a s e systems f l o w i s u s u a l l y expressed i n terms o f s u p e r f i c i a l 

v e l o c i t i e s . T h i s i s t h e v e l o c i t y t h e f l u i d would have i n t h e absence o f t h e 

another f l u i d . So t h e s u p e r f i c i a l l i q u i d v e l o c i t y , U^j^is t h e l i q u i d volume 

r a t e d i v i d e d by t h e area o f t h e c r o s s - s e c t i o n o f t h e p i p e . The s u p e r f i c i a l 

gas v e l o c i t y , U^^ i s t h e gas volume r a t e d i v i d e d by t h e same a r e a . As t h e 

gas volume r a t e i s measured i n s t a n d a r d c u b i c m e t e r s , one has t o d i v i d e by 

the a b s o l u t e l i n e p r e s s u r e , p^ as w e l l . The t e m p e r a t u r e may be as h i g h as 

35*^0, r e s u l t i n g i n a s y s t e m a t i c e r r o r o f ca 11 % . As t h e t e m p e r a t u r e 

f l u c t u a t i o n s d u r i n g a measurement s e r i e s a r e much s m a l l e r , no c o r r e c t i o n s 
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f i g u r e 4,2, The l i m i t s o f t h e f l o w r a t e s o f t h e t e s t - l o o p Wolga and Donau 

drawn i n the Mandhane (23) two-phase f l o w - p a t t e r n map. 
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are made f o r t h e t e m p e r a t u r e . The minimum and maximum s u p e r f i c i a l v e l o c i t i e s 

f o r water and a i r a r e drawn i n the Mandhane (23) f l o w - p a t t e r n map ( f i g 4 . 2 . ) . 

V i s u a l o b s e r v a t i o n s o f the f l o w p a t t e r n s i n t h e Wolga c o i n c i d e d r e a s o n a b l y 

w e l l w i t h t h i s map. 

I n o r d e r t o p r e v e n t pump v i b r a t i o n s t o reach t h e measurement s e c t i o n , i t 

was decided a f t e r some i n i t i a l t e s t s t o mo d i f y t h e WOLGA i n t o a s t a t i c - h e a d -

l o o p ( f i g 4.3.). A 1 m"̂  tank was b o l t e d t o the w a l l and t h e by-pass l i n e was 

re p l a c e d by an o v e r f l o w from t h e h i g h e r tank t o t h e l o w e r . The h i g h e r tank 

was put up on such l e v e l t h a t t he maximum water volume f l o w i s the same f o r 

both c o n f i g u r a t i o n s . The l e v e l i n t h e upper tank remains a t o v e r f l o w l e v e l 

f o r any f l o w - r a t e i n the t e s t - l o o p . As t h e o v e r f l o w l e v e l i s 4.5 meters 

above the t e s t - l o o p l e v e l , t h e p r e s s u r e i n the t e s t - l o o p can never exceed 

the ambient p r e s s u r e by 0.45 atmosphere. Both t a n k s are f e d by f r e e 

o u t f l o w i n g streams so the v i b r a t i o n o f t h e pump cannot r e a c h the t e s t - l o o p 

t h r o u g h t h e s t e e l o r the f l u i d . The t h i r d advantage i s t h a t t h e upper tank 

i s designed as a s e p a r a t o r as w e l l , so t h e a i r i n t r o d u c e d by the pump 

doesn't reach t h e t e s t - l o o p . 

4.2. TEST-LOOP DONAU 

I n f i g u r e 4.4. a schematic p l a n o f t h e Donau t e s t - l o o p i s drawn. The 

ba s i c l a y - o u t ( s e p a r a t o r , pumps, s i n g l e - p h a s e measurements, and 

r e c i r c u l a t i o n t h r o u g h the t e s t - l o o p ) i s s i m i l a r t o t h a t o f t h e WOLGA. The 

loop i s s u i t a b l e f o r o i l , w a t e r , and a i r . Most o f the t e s t s were done w i t h 

water and a i r . To t e s t f o r t h e i n f l u e n c e o f v i s c o s i t y one measurement s e r i e s 

has been conducted w i t h a i r and an e m u l s i o n o f water and T e l l u s o i l . 

The maximum f l o w r a t e s have been drawn i n the same Mandhane f l o w p a t t e r n 

map as the WOLGA maxima ( f i g u r e 4 . 2 . ) . By u s i n g t h e water and o i l pump 

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

i n c h l i n e can be o b t a i n e d f o r low a i r v e l o c i t i e s . 

The main advantage o f t h e DONAU t e s t - l o o p i s i t s v e r y good 

i n s t r u m e n t a t i o n . T u r b i n e f l o w meters and v i b r a t i n g tube d e n s i t y meters 

measure volume f l o w and d e n s i t y o f t h e l i q u i d f l o w . A i r f l o w i s measured by 

o r i f i c e p l a t e s . P r e s s u r e and t e m p e r a t u r e are measured i n v a r i o u s p l a c e s o f 
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f i g u r e 4.3, The two-phase t e s t - l o o p Wolga i n t h e s t a t i c - h e a d c o n f i g u r a t i o n . 
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f i g u r e 4.4. The m u l t i - p h a s e t e s t - l o o p Donau. 
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f i g u r e 4.5, Schematic r e p r e s e n t a t i o n o f the data p r o c e s s i n g o f t h e m u l t 

phase t e s t - l o o p Donau. 
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the system. The s i g n a l s f r o m these t r a n s d u c e r s are c o l l e c t e d and processed 

by t h r e e f l o w computers ( S o l a r t r o n 7910). The s u p e r f i c i a l a i r v e l o c i t y i s 

c a l c u l a t e d by one o f the f l o w computers u s i n g the a i r volume f l o w from t he 

o r i f i c e - p l a t e , the c r o s s - s e c t i o n a l area of the pipe and the l i n e p r e s s u r e 

from the p r e s s u r e t r a n s d u c e r i n the elbow o f t h e loop between the 3 and 4 

i n c h l i n e . 

S i m i l a r t o t h e WOLGA se t - u p the a c c e l e r o m e t e r and dynamic p r e s s u r e 

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

and p u t t h r o u g h a R M S - c i r c u i t . The RMS-signals are sampled, d i g i t i z e d , and 

processed by a m u l t i c h a n n e l AD-converter ( t y p e MMac 5000). Together w i t h 

the t e s t - l o o p s i g n a l s processed by t h e S o l a r t r o n f l o w - c o m p u t e r , t h e f l o w -

n o i s e r e s u l t s a r e sampled and s t o r e d by a PDP 11/23 computer. I n t h i s way 

the r e l e v a n t i n f o r m a t i o n about one f l o w - c o n d i t i o n i s p r e s e n t e d i n one screen 

of d a t a . I n f i g u r e 4.5. t h e l a y o u t o f the d a t a p r o c e s s i n g i s s c h e m a t i c a l l y 

p r e s e n t e d and an example o f the l a y - o u t o f such a screen o f data i s shown i n 

f i g u r e 4.6. 

A f t e r a measurement s e r i e s the da t a f i e l d s can be c o n v e r t e d i n t o a 

s t a n d a r d i s e d p r i n t f i l e t o be p r i n t e d l o c a l l y or p l o t f i l e t o be sent t o 

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

Date; 14-APR-87 

SOLARTRON CHANNEL 

Time; li:i!2£*;0S: 

L a r g e t u r b i n e 
S m a l l t u r b i n e 
L i n e den s i t v 
Base d e n s i t y 
Uolume flow 
Mass flow 
N a t e r c u t 
T e mperature 

Hi 
Hz 

kg/m 3 
k g/m 3 
m3/h 
kg/h 

'4 
oC 

DONAU P f b a r i S T ( o C ) 

P l a b 
Pbeq 
P e l b 
Pend 
Oai r 
Qai r 
y s l 
i,'sg 

+1 < 

+7.595 
+2.628 
+2.190 

.28544E+00 
+63.603 

-4.89600E-03 
+7.41040E-01 
+3.77550E-01 

OIL WATER O/W GAS 

+0 .000 +109.442 +0 .000 N/C 

+0 .000 +0 .000 +0 .000 N/C 

+926.417 +909.041 +995.642 N/C 

+914.676 +903.868 +988.193 N/C 

+0.000 +24.625 +0.000 N/C 

+0 .000 +22384.701 +0.000 N/C 

+5.39560E+01 +4.71Ü02E+01 +9.67389E+01 N/C 

+10.449 +24.854 +8.691 N/C 

A/0 UALUES f V o l t s ) FUTURE OPTIONS 

ADCO .0199 N/C 

ADCl .0135 N/C 

ADC2 .0826 N/C 

ADC3 N/C 

ADC4 N/C 

ADOS N/C 

ADC6 N/C 

ADC7 128 N/C 

f i g u r e 4.6. An example o f a screen o f data f r o m the t e s t - l o o p Donau as 

ga t h e r e d by the PDP 11/23 computer. The v a l u e s marked A/D are c o p i e d from 

the M-Mac computer, the o t h e r s from the S o l a r t r o n f l o w - c o m p u t e r s . 
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F i g u r e 4.7. The f i l t e r c h a r a c t e r i s t i c s o f the 8-band RMS-meter. 
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I n a l a t e r stage a s p e c i a l l y designed 8-band RMS meter r e p l a c e d t h e 

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

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

bands whi c h are p u t t h r o u g h e i g h t s e p a r a t e RMS c i r c u i t s . The e i g h t f i l t e r 

c h a r a c t e r i s t i c s are shown i n f i g u r e 4.7. The t i m e c o n s t a n t o f the RMS 

c o n v e r t e r s i s t h r e e seconds. T h i s time c o n s t a n t i s as s m a l l as p o s s i b l e f o r 

time r e s o l u t i o n but l a r g e r t h a n the t i m e c o n s t a n t o f the sampling /it-Mac. 

L i k e t h e PSM-signal p r o c e s s i n g t h e w i l d l y ( e s p e c i a l l y f o r s l u g f l o w ) 

v a r y i n g f l o w - n o i s e has t o be c o n v e r t e d i n t o a r e a s o n a b l y s t a b l e i n d i c a t i o n 

o f t h e f l o w . T h e r e f o r e t h e M-Mac program samples and averages the RMS-

s i g n a l s . I n i t i a l l y t h r e e RMS-signals were sampled s e q u e n t i a l l y w i t h a 

s a m p l i n g t i m e o f 0.1 s. L a t e r sampling t h e e i g h t c h a nnels o f the 8-band RMS 

meter the sampling t i m e was changed i n t o .01 s. The program i n the n-Mac 

c o n s i s t s o f the main a v e r a g i n g program w i t h an i n t e r r u p t procedure t a k i n g 

care o f t h e communication w i t h the y-pdp. 

A f t e r a p r e - a v e r a g i n g r o u t i n e the a v e r a g i n g i s c o n t i n u o u s : 

Average = ( ( T - l ) x A v e r a g e + sample )/T 4.1. 

w i t h T t h e n u m e r i c a l t i m e c o n s t a n t . The r e a l t i m e c o n s t a n t depends on t h e 

s a m p l i n g t i m e and u n f o r t u n a t e l y on the e x e c u t i o n t i m e as w e l l . Changing the 

number o f s t a t e m e n t s i n t h e program as i n case o f sampling e i g h t i n s t e a d o f 

t h r e e channels i s always compensated by a d j u s t i n g t h e n u m e r i c a l c o n s t a n t T. 

I n t h i s way the a v e r a g i n g t i m e c o n s t a n t was kept i n the o r d e r o f 30 s. 

For t h e Donau r e s u l t s t h e averaged RMS-signal i s p l o t t e d as a f u n c t i o n o f 

the s u p e r f i c i a l water v e l o c i t y w i t h o u t t a k i n g t h e square r o o t . As the 

e l e c t r o n i c c o n f i g u r a t i o n was changed a few t i m e s t h e a m p l i f i c a t i o n i s n o t 

the same f o r a l l t h e t e s t s . So the a b s o l u t e RMS-value i s o f no i n t e r e s t , and 

one s h o u l d focus t h e a t t e n t i o n on the change i n t h e RMS-signal as a f u n c t i o n 

o f v a r y i n g c e r t a i n f l o w p a r a m e t e r s . 
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5. EXPERIMENTAL RESULTS 

5.1. INTRODUCTORY TESTS WITH THE WOLGA 

Th i s c h a p t e r d e s c r i b e s t h e i n t r o d u c t o r y t e s t s n e c e s s a r y f o r t h e 

u n d e r s t a n d i n g o f g a s - l i q u i d f l o w induced n o i s e . These t e s t s have been 

conducted u s i n g the t e s t - l o o p Wolga e i t h e r i n the s t r a i g h t c o n f i g u r a t i o n 

( f i g 4.1.) o r the s t a t i c - h e a d p r e s s u r e c o n f i g u r a t i o n ( f i g 4 . 3 . ) . 

5.1.1. STETHOSCOPE 

The f i r s t e x p l o r a t i o n i n t h e f i e l d o f f l o w - n o i s e has been done w i t h a 

ste t h o s c o p e pressed on t h e s t e e l o f the measurement s e c t i o n . The f i r s t days 

a l o t o f ti m e has been spent l i s t e n i n g t o th e n o i s e o f the w a t e r - a i r m i x t u r e 

f l o w i n g t h r o u g h the WOLGA. A f t e r some p r a c t i c e comparing t h e f l o w - n o i s e 

w i t h v i s u a l o b s e r v a t i o n s o f t h e f l o w i n the perspex s e c t i o n , one can e a s i l y 

i d e n t i f y t h e v a r i o u s f l o w - r e g i m e s j u s t by l i s t e n i n g t o the f l o w - n o i s e . T h i s 

means t h a t f l o w - r e l a t e d i n f o r m a t i o n i s passed t h r o u g h the s t e e l p i p e . So i t 

might be p o s s i b l e t h a t t h i s i n f o r m a t i o n c o n t a i n s more than j u s t an 

i n d i c a t i o n o f . t h e f l o w - r e g i m e . 

5.1.2. ACCELEROMETER 

To c o n v e r t t h e f l o w n o i s e i n t o an e l e c t r o n i c s i g n a l a p i e z o e l e c t r i c 

a c c e l e r o m e t e r was mounted on th e p i p e w i t h a magnet and some "Weimaplast" 

c o u p l i n g compound. The a c c e l e r o m e t e r produces a charge p r o p o r t i o n a l t o 

a c c e l e r a t i o n which i s c o n v e r t e d i n t o a v o l t a g e by a charge a m p l i f i e r . As we 

are t r y i n g t o adapt t h e P S M - p r i n c i p l e o f o p e r a t i o n t o a clamp-on v e r s i o n , a 

comparison w i t h a PSM-like s i g n a l i s necessary. T h e r e f o r e a p i e z o e l e c t r i c 

p r e s s u r e t r a n s d u c e r has been p l a c e d on the measurement s e c t i o n . A charge 

a m p l i f i e r c o n v e r t s t h e charge i n t o a v o l t a g e . For e x t r a f l o w - n o i s e 

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

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

lou d s p e a k e r . Besides t h a t t h e s i g n a l s a r e v i s u a l i s e d w i t h an o s c i l l o s c o p e . 

By v a r y i n g t h e s u p e r f i c i a l a i r and water v e l o c i t i e s , one t r i e s t o g e t an 

ide a from loudspeaker and scope whi c h f r e q u e n c y band has the most f l o w -

r e l a t e d s i g n a l . To become more q u a n t i t a t i v e a f r e q u e n c y a n a l y s e r (Data 6000) 

has been used t o sample and proce s s t h e s i g n a l s . 
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F i g u r e 5,1. The r a t i o o f t h e a c c e l e r o m e t e r and the p r e s s u r e t r a n s d u c e r 

s i g n a l as a f u n c t i o n o f f r e q u e n c y . The t r a n s d u c e r s were mounted on the 

measurement s e c t i o n o f t h e Wolga t e s t - l o o p and the water i n the p i p e was p u t 

t o m o t i o n t h r o u g h a membrane by an e x i t a t o r . 
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5.1.3. FILTERING BY STEEL PIPE 

As one suspects t h a t t h e low f r e q u e n c y p r e s s u r e f l u c t u a t i o n s w i l l not 

pass the s t e e l o f the p i p e , a t e s t has been set up t o compare th e p r e s s u r e -

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

t e s t - l o o p c o m p l e t e l y f i l l e d w i t h w a t e r . A membrane f i t t e d t o a p r e s s u r e 

mounting, so i n d i r e c t c o n t a c t w i t h t h e w a t e r , i s p u t t o m o t i o n by an 

e x i t a t o r f e d by a l o c k - i n a m p l i f i e r . Sweeping f r o m 1 Hz t o 4 kHz t h e r a t i o 

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

d e t e r m i n e d by t h e l o c k - i n a m p l i f i e r . The r e s u l t s are shown i n f i g u r e 5.1. 

A p a r t from m e c h a n i c a l l y d e t e r m i n e d resonance peaks t h e r e i s an up-going 

t r e n d i n the r a t i o as a f u n c t i o n o f t h e f r e q u e n c y . 

5.1.4. PIPE VIBRATIONS 

To d i s t i n g u i s h between v i b r a t i o n s o f the p i p e and f l o w - n o i s e a second 

a c c e l e r o m e t e r has been p o s i t i o n e d o p p o s i t e the f i r s t one and l a t e r on next 

t o the f i r s t one. Both s i g n a l s a r e f i l t e r e d by a v a r i a b l e e l e c t r o n i c f i l t e r 

and f e d i n t o t h e o s c i l l o s c o p e , t h e f i r s t t o the X-channel and t h e second t o 

the Y-channel. The s u p e r f i c i a l v e l o c i t i e s were U =2 m/s, and U =1.4 m/s, 
s l sg 

r e s u l t i n g i n s l u g f l o w . The r e s u l t s have been s c h e m a t i c a l l y drawn i n f i g u r e 

5.2. The f i r s t c o n f i g u r a t i o n ( a c c e l e r o m e t e r s o p p o s i t e each o t h e r ) and a 100 

Hz or 200 Hz low-pass f i l t e r f o r b o t h channels r e s u l t s i n the l i n e Y=-X on 

t h e scope. T h i s means t h a t f o r f r e q u e n c i e s below 200 Hz t h e a c c e l e r a t i o n i s 

caused by v i b r a t i o n o f t h e p i p e . T h i s v i b r a t i o n i s d e t e r m i n e d by the 

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

r e l i a b l e source o f i n f o r m a t i o n about t h e f l o w - s y s t e m . The second 

c o n f i g u r a t i o n ( a c c e l e r o m e t e r s n e x t t o each o t h e r ) and a 100 Hz low pass 

f i l t e r r e s u l t i n a narrow e l l i p t i c a l f i g u r e around t h e l i n e Y=X. The same 

c o n f i g u r a t i o n b u t w i t h a 200 Hz low-pass f i l t e r produces a s l i g h t l y w i l d e r 

movement around t h e l i n e Y=X. T h i s a l s o i m p l i c a t e s a v i b r a t i o n o f t h e t u b e . 

I n t h i s case however t h e s e p a r a t i o n o f the a c c e l e r o m e t e r s c r e a t e a phase-

s h i f t . For b o t h c o n f i g u r a t i o n s h i g h pass (200 Hz) f i l t e r i n g r e s u l t s i n 

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

i n phase. The v a r i a t i o n o f the p h a s e - s h i f t proves t h a t these s i g n a l s are n o t 

caused by v i b r a t i o n s o f the p i p e and i m p l i c a t e s randomly l o c a t e d sources o f 

sound. 



F i g u r e 5.2, Schematic c o p i e s o f t h e s c o p e - d i s p l a y w i t h one a c c e l e r o m e t e r f e d 

t o t h e X channel and a n o t h e r t o the Y c h a n n e l , f o r d i f f e r e n t a c c e l e r o m e t e r 

p o s i t i o n s and v a r i o u s f i l t e r i n g . 
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F i g u r e 5.3. The s i g n a l s o f two a c c e l e r o m e t e r s p o s i t i o n e d o p p o s i t e each 

o t h e r , f o r ̂ ^^=2 m/s and m/s. The PSD i s g i v e n f o r t h e sum o f t 

s i g n a l s ( f i r s t PSD) and f o r the d i f f e r e n c e (second PSD). 
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F i g u r e 5=4. Low pass (30Hz) f i l t e r e d a c c e l e r o m e t e r s i g n a l ( t o p ) and dynamic 

p r e s s u r e t r a n s d u c e r s i g n a l ( b o t t o m ) f o r s i n g l e - p h a s e f l o w (U =1.45 m/s). 
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T h i s e x p l a i n s Wolga t e s t - r e s u l t s where the s i g n a l s from two o p p o s i t e 

a c c e l e r o m e t e r s a r e added and s u b t r a c t e d (see f i g u r e 5.3.)' 

By adding t h e s i g n a l s the low f r e q u e n c y s i g n a l d i s a p e a r s and the h i g h 

f r e q u e n c y n o i s e has i n f o r m a t i o n about t h e f l o w . I n the Power S p e c t r a l 

D e n s i t i e s o f the added and the s u b t r a c t e d s i g n a l s t he f i l t e r i n g e f f e c t o f 

adding t h e s i g n a l s i s c l e a r l y seen. So d i s c e r n i n g f l o w - r e l a t e d n o i s e f r o m 

v i b r a t i o n induced s i g n a l s can be a t t a i n e d by a high-pass f i l t e r and by a 

co m b i n a t i o n o f two o p p o s i t e t r a n s d u c e r s . As l o n g as the v i b r a t i o n s do n o t 

cause the e l e c t r o n i c s t o o v e r f l o w , t h e f i l t e r i n g method i s much e a s i e r t o 

use. 

5.1.5. LOW-FREQUENCY SIGNALS 

To make sur e no f l o w - r e l a t e d i n f o r m a t i o n i n the PSM f r e q u e n c y band i s 

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

t h r o u g h two low pass f i l t e r s (30 Hz ) . The a m p l i f i c a t i o n i s such t h a t t h e 

am p l i t u d e o f t h e a c c e l e r o m e t e r i s o f t h e same o r d e r o f magnitude as t h e 

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

si n g l e - p h a s e water f l o w (U^^=1.45 m/s) a r e shown i n f i g u r e 5.4. Frora t h e 

absence o f a c l e a r c o r r e l a t i o n i t i s concluded t h a t no f u t u r e work s h o u l d be 

done t o t r y t o o b t a i n the low fr e q u e n c y p r e s s u r e f l u c t u a t i o n s by means o f a 

clarap-on t r a n s d u c e r . 

5.1.6. HIGH-FREQUENCY SIGNALS 

Frora the p r e v i o u s t e s t s , l i s t e n i n g t o the f l o w - n o i s e and w a t c h i n g t h e 

f l o w s t r u c t u r e , t h e f o l l o w i n g idea has been b o r n : 

The two-phase f l o w p r e s s u r e f l u c t u a t i o n s r e l a t e d t o t h e l i q u i d f l o w a r e 

modulated by r e s o n a t i n g b u b b l e s . The resonance freq u e n c y o f the bubbles i s 

h i g h enough t o d e t e c t the modulated s i g n a l o u t s i d e the s t e e l p i p e . 

To check t h i s i d e a the a c c e l e r o m e t e r s i g n a l has been sampled and 

processed i n t o p o w e r - s p e c t r a l - d e n s i t i e s (PSD) f o r v a r i o u s s u p e r f i c i a l a i r 

and water v e l o c i t i e s , w h i l e p i c t u r e s o f t h e f l o w were t a k e n a t the same 

ti m e . To check f o r r e p e a t a b i l i t y f o r each case s i x s p e c t r a a r e c o l l e c t e d 

sampling 143 ms u s i n g 7168 p o i n t s ( f o r t h i s purpose the l i m i t o f t h e 

frequenc y a n a l y s e r ) . I n f i g u r e 5.5 two o u t o f s i x s p e c t r a a r e shown f o r f o u r 

cases. The c o r r e s p o n d i n g photo's a r e s c h e m a t i c a l l y c o p i e d ( f i g u r e 5 . 6 ) . I n 

each case the s u p e r f i c i a l water v e l o c i t y U ,=1.7 ra/s. The s u p e r f i c i a l 
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F i g u r e 5.5. Two PSD's o f the a c c e l e r o m e t e r s i g n a l f o r 11̂ ^̂  = 1.7 m/s and f o u r 

d i f f e r e n t a i r v e l o c i t i e s , i n c r e a s i n g from t o p t o b o t t o m . For the t h i r d PSD 

U =2 m/s and f o r the f o u r t h ; U =4 m/s. 
sg sg 
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2. 

F i g u r e 5.6. Schematic c o p i e s o f p i c t u r e s o f g a s - l i q u i d f l o w i n t h e t e s t - l o o p 

Wolga. Ug^= 1.7 m/s. i n c r e a s i n g from t o p t o bottom. T h i r d case: 

U = 2 m/s and f o u r t h case U=4 m/s. F i r s t two: too s m a l l too measure, 
sg 
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SECONOS 

SECONDS 

F i g u r e 5.7. Square r o o t o f t h e RMS v a l u e of the a c c e l e r o m e t e r s i g n a l ( t o p ) 

and the dynamic p r e s s u r e t r a n s d u c e r (bottom) f o r s l u g f l o w (U^^=0.25 m/s, 

U =3 m/s). 
sg 
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a i r v e l o c i t y U^^ i s 2m/s i n the f o u r t h case and Im/s i n t h e t h i r d case. As 

the r o t a m e t e r s have a low e r l i m i t much h i g h e r t h a n necessary t o show the 

s i g n a l dependence on a i r f l o w , the a i r s u p p l y i n the f i r s t two cases i s 

caused by the pump i n t r o d u c i n g a l i t t l e a i r i n t o the system. T h i s i s caused 

by the l o w - p r e s s u r e i n t h e upstream l i n e o f t h e pump, r e s u l t i n g i n 

c a v i t a t i o n . Not u s i n g the s t a t i c - h e a d p r e s s u r e c o n f i g u r a t i o n , t h e a i r 

i n t r o d u c e d by t h e pump f l o w s d i r e c t l y i n t o t he measurement s e c t i o n . By 

p u t t i n g a w a t e r - t a p l i n e on the upstream p a r t o f the pump the p r e s s u r e i s 

i n c r e a s e d and t h e i n t r o d u c t i o n o f a i r i s g r e a t l y reduced, as i s shown i n t h e 

f i r s t case. 

From the s p e c t r a and t h e p i c t u r e s i t can be concluded t h a t s m a l l e r 

bubbles c r e a t e h i g h e r f r e q u e n c y sound (case one and t w o ) . And more bubbles 

r e s u l t i n a h i g h e r power s p e c t r a l d e n s i t y . More bubbles t h a n i n t h e case o f 

i s Im/s do n o t r e s u l t i n a h i g h e r power s p e c t r a l d e n s i t y as i s c l e a r 

f r o m case t h r e e and f o u r . Even t h e s p e c t r a o f the cases w i t h U i s 4m/s or 
sg 

8 m/s ( n o t shown here) have a s i m i l a r PSD as case t h r e e . One i s tempted t o 

b e l i e v e t h a t i n those case the maximum t u r b u l e n t energy i s b e i n g c o n v e r t e d 

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

5.2. WOLGA TEST SERIES 

I n o r d e r t o be a b l e t o compare the dynamic p r e s s u r e t r a n s d u c e r and 

ac c e l e r o m e t e r s i g n a l b o t h t r a n s d u c e r s are p u t ne x t (3 cm) t o each o t h e r on 

the h o r i z o n t a l measurement s e c t i o n o f t h e t e s t - l o o p . For a few f l o w regimes 

th e s i g n a l s are sampled s i m u l t a n e o u s l y and processed i n accordance w i t h t h e 

t h e o r y : The s i g n a l s a re p u t t h r o u g h a b a n d f i l t e r (0-20 Hz f o r the p r e s s u r e 

s i g n a l , and 100 Hz-10 kHz f o r the a c c e l e r o m e t e r ) and f e d t h r o u g h a RMS 

c i r c u i t ( t i m e c o n s t a n t 35 ms) and f i n a l l y sampled by a Data 6000 f r e q u e n c y 

a n a l y s e r (2048 p o i n t s , 10 ms each). The Data 6000 takes t h e square r o o t o f 

the sampled RMS s i g n a l t o comply w i t h t he t h e o r y ( f o r m u l a 5 . 8 . ) . 

F i g u r e 5.7. shows t h e square r o o t o f t h e RMS v a l u e o f b o t h s i g n a l s f o r a 

s l u g f l o w (U =0.25 m/s, U =3 m/s). The t h r e e s l u g s can be e a s i l y 

r e c o g n i s e d i n b o t h s i g n a l s . The time l a g caused by t h e d i s t a n c e between t h e 

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

5.7, 
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F i g u r e 5 . 8 . The average square r o o t o f t h e RMS o f t h e a c c e l e r o m e t e r s i g n a l 

as a f u n c t i o n o f the s u p e r f i c a l water v e l o c i t y w i t h the s u p e r f i c i a l a i r 

v e l o c i t y as a parameter. Measured w i t h t h e Wolga. 
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The s t r u c t u r e o f the s i g n a l d u r i n g a s l u g i s n o t the same f o r b o t h 

s i g n a l s . The p r e s s u r e s i g n a l measures a l l the t u r b u l e n t p r e s s u r e 

f l u c t u a t i o n s , w h i l e the a c c e l e r o m e t e r can o n l y d e t e c t them when t h e r e are 

bubbles near the t u r b u l e n c e ( c f . the t h e o r y i n p a r a g r a p h 6.1.). As t h e a i r 

bubbles a r e not homogeneously d i s p e r s e d i n the s l u g , the RMS v a l u e o f t h e 

h i g h f r e q u e n c y sound w i l l n o t have the same s t r u c t u r e as the RMS o f t h e 

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

The f r o n t o f the s l u g r e g u l a r l y e n g u l f s an amount of a i r , which i s broken 

up i n t o bubbles by t h e t u r b u l e n c e i n the s l u g . Some o f t h e bubbles r i s e t o 

the t o p o f the p i p e and because of the lower speed near the p i p e - w a l l t h e y 

are t r a n s p o r t e d t o t h e r e a r o f the s l u g where t h e y c o l l e c t i n the wake o f 

the s l u g and f i n a l l y c o a l e s c e w i t h o t h e r bubbles and the a i r b e h i n d t h e 

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

i s h i g h a t the b e g i n n i n g o f a s l u g and d i e s o u t s l o w l y u n t i l t h e end o f t h e 

s l u g . The t h i r d s l u g i n f i g u r e 5.7. p r o b a b l y had a second s l u g - f r o n t w i t h 

many b u b b l e s . For h i g h e r s l u g speeds the bubbles w i l l d i s p e r s e b e t t e r i n the 

s l u g and t h e s t r u c t u r e . o f t h e RMS s i g n a l s w i l l p r o b a b l y be more s i m i l a r . 

S i m i l a r t o t h e PSM-test, measuring t h e r e l a t i o n between p r e s s u r e 

f l u c t u a t i o n s and t h e s u p e r f i c i a l gas and l i q u i d v e l o c i t i e s , ( f i g u r e 3.1.) 

the t i m e average of the square r o o t o f t h e RMS v a l u e o f the a c c e l e r o m e t e r 

s i g n a l i s r e c orded as a f u n c t i o n of U^^ and . The f i l t e r i n g was changed 

i n t o a 2kHz-10kHz band pass f i l t e r as s i g n a l under 2kHz showed t o be l e s s 

dependent on the f l o w . The Data 6000 sampled 2048 p o i n t s o f 10 ms and 

c a l c u l a t e d the average óf t h e square r o o t of t h e RMS v a l u e o f the s i g n a l s . 

The r e s u l t s are shown i n f i g u r e 5.8. S t r i k i n g i s t h e a b s o l u t e independence 

o f t h e s i g n a l on t h e s u p e r f i c i a l water v e l o c i t y f o r U =0. Using t h e s t a t i c -

head WOLGA c o n f i g u r a t i o n , t h e l o o p was a b s o l u t e l y f r e e o f v i s i b l e a i r 

b u b b l e s . As soon as a l i t t l e a i r i s i n t r o d u c e d t h e dependence of t h e s i g n a l 

on U^^ becomes c l e a r . D o u b l i n g the s u p e r f i c i a l a i r v e l o c i t y i n c r e a s e s t h e 

s i g n a l b u t the i n c r e a s e i s l e s s f o r h i g h e r s u p e r f i c i a l a i r v e l o c i t y . Gregory 

ea (115) show t h a t t h e a i r f r a c t i o n i n s l u g s i n c r e a s e w i t h t h e m i x t u r e 

v e l o c i t y . So an i n c r e a s e i n s u p e r f i c i a l a i r v e l o c i t y w i l l i n c r e a s e t h e 

t u r b u l e n c e because o f h i g h e r m i x t u r e v e l o c i t i e s and w i l l produce more 

bubbles i n the s l u g . 
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2 0 0 

position A QosUion C 
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F i g u r e 5.9. The average o f the square r o o t o f t h e RMS v a l u e o f t h e 

ace e l e r o m e t e r s i g n a l as a f u n c t i o n o f the s u p e r f i c i a l water v e l o c i t y w i t h 

t h e p o s i t i o n o f the a c c e l e r o m e t e r as a parameter. Measured w i t h t h e Wolga. 

A-on t o p of the p i p e . B-on top o f the p i p e 15 cm f u r t h e r on. C-on t h e bottom 

o f t h e p i p e . D-on the f l a n g e . 



- 35 - P814 

A c c o r d i n g t o the t h e o r y ( c h a p t e r 6) t h i s s h o u l d i n c r e a s e t h e f l o w - n o i s e 

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

found as w e l l i n t h e PSM response ( f i g u r e 3 . 1 . ) . 

Repeating t h e t e s t s r e s u l t e d i n d i s c r e p a n c i e s l e s s t h a n 5%, w h i c h i s t h e 

same o r d e r o f magnitude as t h e a c c u r a c y o f measuring U^^ and U^^. For a w e l l 

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

l i k e d i s p l a y e d i n f i g u r e 5.8. would r e s u l t i n a p r o d u c t i o n s u r v e i l l a n c e 

system w e l l c a p a b l e o f d e t e r m i n i n g t h e w e l l p r o d u c t i o n w i t h i n 10%. 

The i n f l u e n c e o f the p o s i t i o n o f t h e a c c e l e r o m e t e r on t h e f l o w - n o i s e was 

a l s o looked i n t o . For one s u p e r f i c i a l a i r v e l o c i t y U^^=1.4 m/s the s i g n a l 

dependency on U^^ was de t e r m i n e d f o r f o u r p o s i t i o n s o f t h e a c c e l e r o m e t e r . 

Two p o s i t i o n s were on t o p o f t h e p i p e w i t h a s e p a r a t i o n o f 15 cm, one on t h e 

o t h e r s i d e o f t h e p i p e and one on t h e f l a n g e . The r e s u l t s a r e shown i n 

f i g u r e 5.9. A p a r t from the l i n e f o r t h e p o s i t i o n on t h e f l a n g e t h e l i n e s a r e 

n e a r l y the same. The d i s c r e p a n c i e s have the same o r d e r o f magnitude as t h e 

accuracy o f the measurement o f t h e s u p e r f i c i a l v e l o c i t i e s . 

The method o f a t t a c h i n g t h e a c c e l e r o m e t e r had l i t t l e i n f l u e n c e as w e l l . 

I n f i g u r e 5.10. t h e dependency o f t h e s i g n a l on U^^ f o r f o u r ways o f 

a t t a c h i n g ' the a c c e l e r o m e t e r i s shown. Using a magnet & Weimaplast (a 

c o u p l i n g compound), a t i e - w r a p & Weimaplast, a t i e - w r a p & Weimaplast 3 

meters upstream, o r j u s t a t i e - w r a p made no a p p r e c i a b l e d i f f e r e n c e . 

Because a (clamp-on) p r o d u c t i o n s u r v e i l l a n c e m o n i t o r i s c a l i b r a t e d w i t h 

r e s p e c t t o t h e t e s t s e p a r a t o r , i t can be concluded t h a t t h e dependency o f 

the RMS va l u e on t h e s u p e r f i c i a l a i r and water v e l o c i t i e s i s s u f f i c i e n t l y 

r e p e a t a b l e and independent o f t h e p o s i t i o n and t h e method o f a t t a c h m e n t t o 

c o n s t i t u t e a b a s i s f o r a clamp-on a c o u s t i c p r o d u c t i o n s u r v e i l l a n c e m o n i t o r . 
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F i g u r e 5.10o The average o f the square r o o t o f the RMS v a l u e o f t h e 

a c c e l e r o m e t e r s i g n a l as a f u n c t i o n o f the s u p e r f i c i a l water v e l o c i t y w i t h 

the way o f attachment as a parameter. Measured w i t h the Wolga. 1-magnet & 

Weimaplast. 2 - t i e - w r a p & Weimaplast. 3 - t i e - w r a p & Weimaplast 3 meters 

upstream. 4 - j u s t a t i e - w r a p . 
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f i g u r e p o s i t i o n c o n f i g u r . p arameter f i l t e r 

Hz 

• U 
sg 

m/s 

p r e s s u r e 

Bar 

v a r i o u s 

5.11 4" hor f i l t e r par 2 .5 2 .5 

5.12 4", 3" ?, 2" U 
sg 

2k-10k par f r e e 

5,13a 3" v e r t , 2" U 
sg 

U 
sg 

2k-10k par f r e e 3" u p f l o w 

5.13b 3" v e r t , 2" 

U 
sg 

U 
sg 

2k-10k par f r e e 3" downflow 

5.14 4" h&v, 2" 
P l 

2k-10k 0.4 f r e e 

5«15 4" hor U 
sg 

2k-10k par 4 

5,16 3" hor U 
sg 

2k-10k par 4 

5.17 4" hor f i l t e r par 5*U . 
s. 

4 

5,18 4" par conf i g 4k2-8k5 5 • par 

5,19 4" hor f l o w r e g 2 k l - 4 k 2 par 4 

5.20 4" U 
sg 

2k-10k par f r e e T e l l u s o i l / w a t e r U 
sg 

e m u l s i o n - a i r 

Table 5.1. Test c o n d i t i o n s o f t h e v a r i o u s p l o t s o f measurements w i t h t h e 

t e s t - l o o p Donau. I n t h e column " c o n f i g . " , "hor" means t h a t t he v e r t i c a l 

s e c t i o n i s by passed by a h o r i z o n t a l s e c t i o n , and " v e r t . " t h a t i t i s n o t . A 

"?" means t h a t i t i s unknown whether t h e v e r t i c a l s e c t i o n was bypassed o r 

n o t . " 2" " means t h a t 6 meters downstream o f t h e a c c e l e r o m e t e r a 2-meter 2" 

s e c t i o n was i n s e r t e d , " f r e e " i n t h e column " p r e s s u r e " means t h a t t he 

pr e s s u r e was n o t c o n t r o l l e d ( f r e e o u t f l o w ) . The 3" up or down f l o w means 

t h a t t h e a c c e l e r o m e t e r was mounted on t h e v e r t i c a l s e c t i o n . 
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5.3. DONAU TEST SERIES 

Of the numerous Donau t e s t s , a s e l e c t i o n o f the p l o t s has been made. 

U n f o r t u n a t e l y they a r e n o t as c o n v i n c i n g as t h e Wolga t e s t r e s u l t s . I n t a b l e 

5.1. t h e f l o w c o n d i t i o n s o f t h e Donau-plots a re s p e c i f i e d . The p l o t s a r e 

presented a t the end o f t h i s paragraph. The p o s i t i o n o f the a c c e l e r o m e t e r 

can be on the f o u r - i n c h p i p e (D^=10.82 cm) j u s t upstream o f the v i e w - g l a s s 

(see f i g u r e 4.4.) or on t h e t h r e e - i n c h p i p e (D^=8.28 cm). Three p o s i t i o n s 

have been used on t h e t h r e e - i n c h p i p e : on t h e t h r e e - i n c h l i n e o p p o s i t e the 

measurement s e c t i o n o f t h e f o u r - i n c h l i n e , and the up and down p i p e o f the 

v e r t i c a l s e c t i o n , ca two meters from the h o r i z o n t a l l i n e l e v e l . I n 

c o n f i g u r a t i o n the s e t - u p o f the l o o p i s s p e c i f i e d . I f ' o b s t r u c t i o n ' i s 

s t a t e d t he t e s t has been done w i t h a two meter s e c t i o n o f t w o - i n c h p i p e 

( a n o t h e r f l o w - m e t e r i n g i n s t r u m e n t ) i n the l o o p e i g h t meters downstream o f 

the f o u r - i n c h measurement s e c t i o n . The h o r i z o n t a l c o n f i g u r a t i o n means t h a t 

the f l o w i s by - p a s s i n g t h e v e r t i c a l s e c t i o n . I n the v e r t i c a l c o n f i g u r a t i o n 

t h i s h o r i z o n t a l bypass i s c l o s e d and t h e v e r t i c a l s e c t i o n i s used. 

The p r e s s u r e i n t h e loop, can be r e g u l a t e d w i t h a v a l v e j u s t b e f o r e the 

o u t f l o w i n the s e p a r a t o r . When i t i s l e f t open ( f r e e o u t f l o w ) t h e 

s u p e r f i c i a l gas v e l o c i t y must be kept c o n s t a n t by changing the a i r volume 

f l o w t o compensate t h e change i n p r e s s u r e caused by v a r y i n g t h e s u p e r f i c i a l 

water v e l o c i t y . When c l o s e d p a r t l y the p r e s s u r e can be c o n t r o l l e d by an 

au t o m a t i c feedback system. The feedback s i g n a l i s d e r i v e d from t h e p r e s s u r e 

t r a n s d u c e r i n the b e g i n n i n g o f the loop j u s t downstream o f the m i x i n g p o i n t . 

I n t h i s way f o r moderate l i q u i d f l o w s even t h e p r e s s u r e i n t h e elbow 

(between the t h r e e and f o u r i n c h p i p e ) i s ke p t s u f f i c i e n t l y c o n s t a n t t o 

r e s u l t i n an unchanging s u p e r f i c i a l gas v e l o c i t y . 

I n f i g u r e 5.11. t h e RMS-signal i s p l o t t e d as a f u n c t i o n o f t i m e f o r f i x e d 

f l o w c o n d i t i o n s . As t h e r e a l a v e r a g i n g t i m e c o n s t a n t i s about 30 seconds and 

the RMS-signal remains c o n s t a n t f o r more t h a n an hour i t can be concluded 

t h a t the f l o w - n o i s e remains c o n s t a n t f o r unchanging f l o w p a r a m e t e r s . 

From t h e use o f t h e e i g h t - b a n d RMS c o n v e r t e r i t i s found t h a t the' f l o w 

n o i s e n e a r l y has a w h i t e n o i s e f r e q u e n c y d i s t r i b u t i o n w i t h an upper 

frequ e n c y l i m i t o f ca 25 kHz. Combined w i t h t h e f a c t t h a t from v i s u a l 

o b s e r v a t i o n s the bubble s i z e d i s t r i b u t i o n appears t o be q u i t e narrow, one 
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can conclude t h a t t h e b u b b l e s s c a t t e r t h e p r e s s u r e waves o f a l l t h e 

t u r b u l e n t eddies i n s t e a d o f o n l y the e d d i e s w i t h a f r e q u e n c y e q u a l t o t h e 

bubble resonance f r e q u e n c y . The advantage o f the near w h i t e n o i s e 

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

w i t h o u t l o s i n g too much e s s e n t i a l f l o w - n o i s e . I n t h i s way l o r r i e s p a s s i n g 

th e t e s t - l o o p w i t h i n a few meters and s e i s m i c t e s t s ca t w e n t y meters away 

d i d not i n t e r f e r e w i t h t h e measurement s e r i e s . K i c k i n g the p i p e or h i t t i n g 

i t w i t h a wrench however produces t o o much h i g h f r e q u e n c y sound t o s e p a r a t e 

i t f r om the e s s e n t i a l f l o w - n o i s e . 

I n f i g u r e 5.12. t h e average RMS-signal i s g i v e n as a f u n c t i o n o f U^^ w i t h 

U as parameter. I n f a c t t h e r e were o n l y two measurement s e r i e s but the 

response o f a c c e l e r o m e t e r on t h e t h e h o r i z o n t a l 3" and 4" p i p e were 

m o n i t o r e d s i m u l t a n e o u s l y . The r e s u l t s resemble those o f the Wolga q u i t e 

r e a s o n a b l y . 

For v e r t i c a l f l o w f i g 5.13. shows t h a t t h e RMS-signal f r o m t h e r i s i n g 

p i p e has no i n f o r m a t i o n about the f l o w b u t t h e f l o w - n o i s e f r o m t h e downgoing 

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

water, v e l o c i t y even f o r low a i r speeds. L i k e the p r e v i o u s case t h e s i g n a l s 

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

C l o s i n g t h e v a l v e a t t h e end o f t h e l o o p b u t w i t h o u t s w i t c h i n g t o 

a u t o m a t i c p r e s s u r e c o n t r o l r e s u l t s i n a p r e s s u r e h i g h e r t h a n w i t h an open 

o u t f l o w b u t s t i l l i n c r e a s i n g w i t h s u p e r f i c i a l water v e l o c i t y . From f i g u r e 

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

S t r i k i n g i s t h e f a c t t h a t the f l o w - n o i s e decreases f o r i n c r e a s i n g 

s u p e r f i c i a l water v e l o c i t y above a c e r t a i n c r i t i c a l water speed. T h i s 

c r i t i c a l speed i s l e s s f o r lower a i r speed. 

From 5.15. i t can be concluded t h a t t h e s u p e r f i c i a l a i r v e l o c i t y s h o u l d 

be more t h a n 3 m/s t o o b t a i n a u s e f u l r e l a t i o n s h i p between U^^ and the f l o w -

n o i s e . The f o u r measurement s e r i e s o f t h i s p l o t have been m o n i t o r e d by t h e 

h o r i z o n t a l 3" a c c e l e r o m e t e r as w e l l . Those r e s u l t s are p r e s e n t e d i n f i g u r e 

5.16. The dependency o f t h e f l o w - n o i s e on t h e water speed i s much d i f f e r e n t 

f r o m t h a t i n f i g u r e 5.15. The h i g h n o i s e l e v e l f o r low water speed i s caused 

by t h e f a c t t h a t t h e s l u g i n t e r v a l l e n g t h i s o f such a l e n g t h t h a t the f l o w 

between the m i x i n g p o i n t and t h e p o s i t i o n o f the a c c e l e r o m e t e r i s 
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s t r a t i f i e d . Consequently t h e l o u d n o i s e from the a i r f l o w i n g i n t o the l o o p 

i s not a t t e n u a t e d by t h e two-phase f l o w . Even w i t h a s m a l l number o f s l u g s 

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

The d i f f e r e n c e between f i g u r e 5.16. and 5.12. i s most l i k e l y t o be caused by 

t h e p r e s s u r e c o n t r o l because t h e o t h e r major change ( t h e 2" s e c t i o n ) i s t o o 

f a r f r o m t h e 3" a c c e l e r o m e t e r t o be o f any i n f l u e n c e . 

I n f i g u r e 5.17. t h e r e s u l t s has been p l o t t e d f o r a c o n s t a n t ^̂ -̂ > 

U r a t i o (U = 5U , ) . As we have seen i n f i g u r e 5.15. near U =2m/s an 
sg sg s l ^ sg 

i n c r e a s e i n a i r decreases t h e f l o w - n o i s e . T h i s e f f e c t has more i n f l u e n c e 

t h an t h e i n c r e a s e i n f l o w - n o i s e caused by an i n c r e a s e i n water v e l o c i t y . 

T h i s e x p l a i n s the d i p i n f i g u r e 5.17. A l t h o u g h l o c a l l y the f l o w - n o i s e l e v e l 

can be a good i n d i c a t i o n o f t h e s u p e r f i c i a l water v e l o c i t y , the absence o f a 

monotonous i n c r e a s e i n f l o w - n o i s e as a f u n c t i o n o f U , means t h a t w i t h t h i s 
s l 

s i g n a l p r o c e s s i n g t h e r e i s no b a s i s f o r a clamp-on p r o d u c t i o n s u r v e i l l a n c e 

m o n i t o r f o r t h i s U ,, U r a t i o . 
s l sg 

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

i n f i g u r e 5.18. The h o r i z o n t a l f r e e o u t f l o w i n g c o n f i g u r a t i o n produces most 

f l o w - n o i s e but f o r U = 5 m/s t h e h o r i z o n t a l and v e r t i c a l c o n f i g u r a t i o n 

b o t h r e s u l t i n a monotonously i n c r e a s i n g f l o w - n o i s e l e v e l . 

The f l o w - r e g i m e i s o f g r e a t importance t o the f l o w - n o i s e . I n f i g u r e 5.19. 

t h e response t o v a r i o u s f l o w - r e g i m e s i s g i v e n . I t can be concluded t h a t o n l y 

t h e s l u g regime can have a u s e f u l n o i s e v e l o c i t y r e l a t i o n s h i p . T h i s 

c o r r e s p o n d s n i c e l y w i t h t h e c o n c l u s i o n t h a t U^^ s h o u l d be more than 3m/s. 

F i n a l l y an e x o t i c l i q u i d has been t e s t e d i n a two-phase f l o w w i t h a i r . 

The l i q u i d was a s t a b l e w a t e r / T e l l u s o i l e m u l s i o n w i t h a v i s c o s i t y o f 200 

kg/ms and a i n t e r f a c i a l t e n s i o n o f 55±15 N/m. The r e s u l t s are shown i n 

f i g u r e 5.20. S u r p r i s i n g l y t h e r e l a t i o n s h i p between th e n o i s e - l e v e l and t h e 

l i q u i d v e l o c i t y i s a s t r a i g h t l i n e . Together w i t h t h e dependency on t h e a i r 

v e l o c i t y i t resembles t h e Wolga r e s u l t s v e r y c l o s e l y . 



VlSd 
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So the f o l l o w i n g t h r e e cases r e s u l t i n a monotonous i n c r e a s e w i t h 

s u f f i c i e n t r e s o l u t i o n o f f l o w - n o i s e l e v e l as a f u n c t i o n o f t h e s u p e r f i c i a l 

water v e l o c i t y : 

- U > 3 m/s f r e e o u t f l o w i n g h o r i z o n t a l 4" f l o w 
sg 

- v e r t i c a l d o w n f l o w i n g 3" f l o w 

- h i g h v i s c o s i t y l i q u i d h o r i z o n t a l 4" f l o w 

From these r e s u l t s no s i m p l e c r i t e r i o n can be d e r i v e d f o r f l o w c o n d i t i o n s 

t h a t produce f l o w - n o i s e t h a t can be used as a l i q u i d p r o d u c t i o n i n d i c a t o r . 

More t e s t s are necessary and more work w i l l have t o be done on t h e s i g n a l 

p r o c e s s i n g t o a s c e r t a i n under w h i c h f l o w c o n d i t i o n s a clamp-on a c o u s t i c 

s u r v e i l l a n c e m o n i t o r can be a p p l i e d . 
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RMS V 
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1060-2120 Hz 
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1 . 8 -

1 . 6 -

1 . 4 -

1 . 2 

0 . 8 
12.4 12.6 12.8 

TIME hours 

2120-4240 Hz 

4240-8480 Hz 

8480-17k Hz 

13.2 

F i g u r e 5.11. A c c e l e r o m e t e r response t o a 4 i n c h h o r i z o n t a l f l o w i n t h e Donau 

t e s t - l o o p w i t h t h e f i l t e r i n g as a parameter. The v e r t i c a l r i s e r s e c t i o n was 

by-passed. U =2.5 m/s and p =2.5 Bar. 
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RMS V 
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F i g u r e 5.12. A c c e l e r o m e t e r response t o a 4 i n c h and 3 i n c h h o r i z o n t a l f l o w 

i n t he t e s t - l o o p Donau w i t h t h e s u p e r f i c i a l v e l o c i t y i s t h e parameter. 6 

meters downstream a 2 meter 2 i n c h s e c t i o n was i n s e r t e d . The f i l t e r i n g was 

2k-10k Hz and the p r e s s u r e was n o t c o n t r o l l e d ( f r e e o u t f l o w ) . 
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F i g u r e 5.13a. A c c e l e r o m e t e r response t o a 3 i n c h upward f l o w i n t h e t e s t 

loop Donau w i t h t h e s u p e r f i c i a l a i r v e l o c i t y as a parameter. 6 meters 

downstream o f t h e 4 i n c h v i e w g l a s s a 2 meter 2 i n c h s e c t i o n was i n s e r t e d 

The f i l t e r i n g was 2k-10k Hz and the p r e s s u r e was u n c o n t r o l l e d ( f r e e 

o u t f l o w ) . 
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RMS V Usg=1.53 m/s ° Usg=0.85 m/s 
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F i g u r e 5.13b. A c c e l e r o m e t e r response t o a 3 i n c h downward f l o w i n t h e t e s t -

l o o p Donau w i t h t h e s u p e r f i c i a l a i r v e l o c i t y as a parameter. 6 meters 

downstream o f the v i e w g l a s s a 2 meter 2 i n c h s e c t i o n was i n s e r t e d . The 

f i l t e r i n g was 2k-10k Hz and the p r e s s u r e was u n c o n t r o l l e d ( f r e e o u t f l o w ) . 
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F i g u r e 5.14. Acc e l e r o m e t e r response t o a 4 i n c h h o r i z o n t a l f l o w i n t h e t e s t 

l o o p Donau w i t h the l i n e p r e s s u r e as parameter. 6 meter downstream o f t h e 4 

i n c h v i e w g l a s s a 2 meter 2 i n c h s e c t i o n was i n s e r t e d . The r i s e r s e c t i o n and 

the h o r i z o n t a l by-pass were b o t h opened. The f i l t e r i n g was 2k-10k Hz, 

U =0.4 m/s, and t h e p r e s s u r e was u n c o n t r o l l e d ( f r e e o u t f l o w i n the f i r s t 

case and t h e v a l v e a t t h e end o f the l o o p p a r t l y c l o s e d i n the second case) 



VIM 
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F i g u r e 5.15a. Ac c e l e r o m e t e r response t o a 4 i n c h h o r i z o n t a l f l o w i n t h e 

t e s t - l o o p Donau w i t h t h e s u p e r f i c i a l a i r v e l o c i t y as a parameter. The r i s e r 

s e c t i o n was bypassed, the f i l t e r i n g was 2k-10k Hz, and t h e p r e s s u r e was k e p t 

at 4 Bar. 
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F i g u r e 5.15b. Accelerometer response t o a 4 i n c h h o r i z o n t a l f l o w i n t h e 

t e s t - l o o p Donau w i t h the s u p e r f i c i a l a i r v e l o c i t y as a parameter. The r i s e r 

s e c t i o n was bypassed, the f i l t e r i n g was 2k-10k Hz, and the p r e s s u r e was kept 

a t 4 Bar. 
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RMS V Usg=8.5 M/S ° Usg=5.1 M/S 
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0 . 2 

Usi m/s 

F i g u r e 5.16a. Accelerometer response t o a 3 i n c h h o r i z o n t a l f l o w i n the 

t e s t - l o o p Donau w i t h t h e s u p e r f i c i a l a i r v e l o c i t y as a parameter. The r i s e r 

s e c t i o n was bypassed, the f i l t e r i n g was 2k-10k Hz, and the p r e s s u r e was k e p t 

a t 4 Bar. 
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RMS V Usg=2.6 M/S Usg=1.2 M/S 
2 . 5 

1 . 5 -

0 . 5 

F i g u r e 5.16b. Accelerometer response t o a 3 i n c h h o r i z o n t a l f l o w i n t h e 

t e s t - l o o p Donau w i t h the s u p e r f i c i a l a i r v e l o c i t y as a parameter. The r i s e r 

s e c t i o n was bypassed, the f i l t e r i n g was 2k-10k Hz, and the p r e s s u r e was kept 

a t 4 Bar. 
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F i g u r e 5.17. A c c e l e r o m e t e r response t o a 4 i n c h h o r i z o n t a l f l o w i n the t e s t 

l o p Donau w i t h t h e f i l t e r i n g as a parameter. The r i s e r s e c t i o n was bypassed 

U^g=5U^^, and the p r e s s u r e was kept a t 4 Bar. 
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RMS V 
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F i g u r e 5.18. Acc e l e r o m e t e r response t o a 4 i n c h h o r i z o n t a l f l o w i n t h e t e s t -

l o o p Donau w i t h the t ^ s t - l o o p c o n f i g u r a t i o n as a parameter ( r i s e r 

bypassed=hor c o n f . ) . The f i l t e r i n g was 4200-8500 Hz and U =5 m/s. 
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F i g u r e 5.19. Acc e l e r o m e t e r response t o a 4 i n c h h o r i z o n t a l f l o w i n t h e t e s t 

loop Donau w i t h t h e f l o w regime as a parameter. The f i l t e r i n g was 2100-4200 

Hz and the p r e s s u r e was 4 Bar. 
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F i g u r e 5.20. Accelerometer response to. a 4 i n c h h o r i z o n t a l f l o w i n t h e t e s t -

loop Donau w i t h the s u p e r f i c i a l a i r v e l o c i t y as a parameter. The l i q u i d was 

a T e l l u s O i l - w a t e r e m u l s i o n . The f i l t e r i n g was 2k-10k Hz and the p r e s s u r e 

was u n c o n t r o l l e d ( f r e e o u t f l o w ) . 
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F i g u r e 5.21. The a c c e l e r o m e t e r RMS-time s i g n a l o f a 4 i n c h h o r i z o n t a l f l o w 

i n t h e t e s t - l o o p Donau f o r t h r e e f l o w r a t e s . The p r e s s u r e was kept a t 4 Bar. 
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5.4. STATISTICAL PROCESSING 

5.4.1. SLUG FREQUENCY 

Averaging t h e RMS o f the f l o w - n o i s e i s the s i m p l e s t s t a t i s t i c a l 

s i g n a l p r o c e s s i n g . Some time has been spent t o l o o k i n t o s l u g speed and s l u g 

f r e q u e n c y . For t h a t purpose t h e M-mac program was supplemented w i t h a s l u g 

c o u n t e r s e c t i o n . I t checks e v e r y sampled RMS v a l u e o f a chosen f i l t e r 

s e c t i o n whether i t i s above a c e r t a i n l e v e l . T h i s l e v e l i s a f i x e d 

p ercentage above t h e average RMS v a l u e a t t h a t p a r t i c u l a r moment. When the 

RMS-value exceeds t h a t l e v e l t he number o f s l u g s i s i n c r e a s e d by one and t h e 

d e t e c t i o n i s d i s a b l e d . When t h e sampled RMS v a l u e i s below a second l e v e l , 

(a f i x e d p e r c e n t a g e below the average v a l u e ) the s l u g d e t e c t o r i s a c t i v a t e d 

a g a i n . Combined w i t h a b u i l t - i n t i m e r t h e u-mac program can c a l c u l a t e b o t h 

s l u g l e n g t h and f r e q u e n c y . U n f o r t u n a t e l y t he sample i n t e r v a l t i m e o f t h e 

program i s o f such a l e n g t h t h a t i t i s o n l y capable o f d e t e c t i n g s l u g s w i t h 

a v e r y low f r e q u e n c y . I t would be much b e t t e r t o d e t e c t t h e s l u g s w i t h an 

analogous l e v e l s w i t c h f e d by a f a s t RMS-signal i n s t e a d o f t h e s i g n a l from 

t h e RMS d e t e c t o r w i t h a t i m e c o n s t a n t o f th r e e . s e c o n d s . 

As the RMS-signal was a l s o r e c o r d e d on paper, t h e s l u g f r e q u e n c i e s can 

a l s o be de t e r m i n e d by hand. Co u n t i n g t h e s l u g s a system s i m i l a r t o t h a t o f 

th e M-mac program has been used. Consequently two s l u g s much c l o s e r t o g e t h e r 

t h a n the average s l u g s e p a r a t i o n are cou n t e d as one s l u g . The RMS t i m e 

c o n s t a n t (3s) i s l o n g enough t o make c o u n t i n g s l u g s easy f o r s l u g 

f r e q u e n c i e s l e s s t h a n 0.1 Hz. For h i g h e r s l u g f r e q u e n c i e s a RMS c o n v e r t e r 

w i t h a much s h o r t e r t i m e c o n s t a n t i s necessary. 

Slugs have been counted f o r the f l o w c o n d i t i o n s t h a t produced t h e r e s u l t s 

o f f i g u r e 5.17. The s u p e r f i c i a l gas v e l o c i t y was ke p t f i v e t i m e s t he 

s u p e r f i c i a l water v e l o c i t y . For t h r e e f l o w speeds t h e RMS t i m e s i g n a l can be 

found i n f i g u r e 5.21. The s l u g f r e q u e n c i e s o f t h i s measurement s e r i e s have 

been p l o t t e d as a f u n c t i o n o f t h e s u p e r f i c i a l water v e l o c i t y i n f i g u r e 5.22. 

C o n t r a r y t o the f l o w - n o i s e (see f i g u r e 5.17.) the s l u g f r e q u e n c y i s l i n e a r l y 

dependent o f t h e s u p e r f i c i a l water v e l o c i t y . T h i s r e l a t i o n however i s n o t i n 

agreement w i t h t h e r e s u l t s o f Gregory and S c o t t ( 3 1 ) . 

They c o r r e l a t e t h e s l u g f r e q u e n c y ^^-^^^ w i t h the s u p e r f i c i a l l i q u i d and 

gas v e l o c i t i e s and t h e i n t e r n a l d i a m e t e r o f the f l o w - l i n e : 

f , = 0 .0226 ( ( ------ + U , + U ) ) ^ - ^ 5.1. 
s l u g gD. U +U s l sg ' ' 

^ 1 s l sg ^ 
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F i g u r e 5.22. S l u g f r e q u e n c y as a f u n c t i o n o f s u p e r f i c i a l w ater v e l o c i t y f o r 

a 4 i n c h h o r i z o n t a l f l o w i n the t e s t - l o o p Donau. ^^^=50^^ and t h e p r e s s u r e 

was kept a t 4 Bar. 



- 65 - P814 

For the above mentioned f l o w s i t u a t i o n t h i s i s 

f , = 0.021 ( 3 . 3 + 6 U^, ) ^ * ^ 5.2. 
s l u g s l 

A p a r t from b e i n g a near q u a d r a t i c r e l a t i o n s h i p the c a l c u l a t e d f r e q u e n c i e s 

a r e ca t w i c e t h e measured f r e q u e n c i e s . T h i s d i s c r e p a n c y i s caused by t h e 

f a c t t h a t Gregory and S c o t t measured s l u g f r e q u e n c i e s f o r D^=1.9 cm en 

3.5cm. Besides t h a t t h e y o n l y used one d i m e n s i o n l e s s parameter i n the 

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

I t would be b e t t e r t o compare t h e r e s u l t s w i t h the t h e o r e t i c a l model o f 

T a i t e l and D u k l e r (116) which uses f i v e f l o w p a r a m eters. T h i s model appears 

t o agree q u i t e w e l l w i t h the r e s u l t s o f v a r i o u s a u t h o r s . 

Another aspect i s t h a t u s i n g a l a r g e d i a m e t e r (D=10.82 cm) f l o w l i n e i t 

i s l i k e l y t h a t the s l u g s t r u c t u r e s are d e t e r m i n e d by t h e geometry o f t h e 

Donau. The two i n c h s e c t i o n , t h e v e r t i c a l s e c t i o n o r t h e t h r e e i n c h l i n e has 

p r o b a b l y more i n f l u e n c e on the s l u g f o r m a t i o n than the K e l v i n - H e l m h o l t z 

i n s t a b i l i t y . T h i s phenomenon, c a l l e d t e r r a i n s l u g g i n g i s most r e c e n t l y 

s t u d i e d by L i n g a ( 1 1 7 ) . As g e o m e t r y - d e t e r m i n e d s l u g f r e q u e n c i e s a r e u s u a l l y 

l ower and more r e g u l a r t h a n those d e t e r m i n e d by the K e l v i n - H e l m h o l t z 

i n s t a b i l i t y , the geometry may be h e l d r e s p o n s i b l e f o r the r e l a t i v e l y low 

s l u g f r e q u e n c i e s . 

5.4.2. SLUG VELOCITY 

Using two a c c e l e r o m e t e r s spaced o u t s i x meters the s l u g v e l o c i t y has 

been de t e r m i n e d by c o r r e l a t i n g t h e s i g n a l s w i t h the D6000. T h i s has been 

done d u r i n g t h e measurement o f f i g u r e 5.17. F i g u r e 5.23. shows b o t h RMS-time 

s i g n a l s o b t a i n e d w i t h a RMS c o n v e r t e r w i t h a 30 ms t i m e c o n s t a n t f o r f o u r 

f l o w speeds. The c r o s s - c o r r e l a t i o n s o f t h e f i r s t w i t h the second s i g n a l have 

been p l o t t e d as w e l l . From the f i r s t peak i n the c r o s s - c o r r e l a t i o n the 

t r a n s i t i o n t i m e o f t h e s l u g from t h e f i r s t t o the second a c c e l e r o m e t e r and 

t h e s l u g v e l o c i t y i s d e t e r m i n e d . The r e s u l t s have been p l o t t e d i n f i g u r e 

5.24. 

The c o r r e l a t i o n between the s l u g v e l o c i t y V^^^^ and t h e s u p e r f i c i a l water 

v e l o c i t y i s 

V , = 10 U , 5.3. 
s l u g s l 
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F i g u r e 5.23a. F a s t RMS-time (r=30 ms) s i g n a l o f two a c c e l e r o m e t e r spaced o u t 

6 meters f o r a 4 i n c h h o r i z o n t a l s l u g f l o w i n the t e s t - l o o p Donau f o r two 

f l o w r a t e s . The t h i r d graph i n each case i s the c r o s s - c o r r e l a t i o n o f the two 

s i g n a l s . The p r e s s u r e was kept a t 4 Bar. 
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F i g u r e 5.23b. Fast RMS-time (r=30 ms) s i g n a l o f two a c c e l e r o m e t e r spaced o u t 

6 meters f o r a 4 i n c h h o r i z o n t a l s l u g f l o w i n t h e t e s t - l o o p Donau f o r two 

f l o w r a t e s . The t h i r d graph i n each case i s the c r o s s - c o r r e l a t i o n o f the two 

s i g n a l s . The p r e s s u r e was ke p t a t 4 Bar. 
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F i g u r e 5.24. Slug v e l o c i t y as a f u n c t i o n o f t h e s u p e r f i c i a l w a t e r v e l o c i t y 

f o r a 4 i n c h h o r i z o n t a l s l u g f l o w i n t h e t e s t - l o o p Donau. U =5U , and t h e 
S Q S -L 

p r e s s u r e was kept a t 4 Bar. 
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I n l i t e r a t u r e t h e s l u g v e l o c i t y i s u s u a l l y c o r r e l a t e d w i t h the n o - s l i p 

v e l o c i t y U d e f i n e d as 

U = U + U 5.4. 
ns s l sg 

I n t h i s case (U = 5U ,) f o r m u l a 5.3. becomes 
sg s i 

V , = 1.7 U 5.5. 
s l u g ns 

The p r o p o r t i o n a l i t y c o n s t a n t i n 5.5. i s not t o o d i f f e r e n t from the one f o u n d 

by Gregory and S c o t t ( 3 1 ) , 1.35 or Hubbard and D u k l e r ( 2 6 ) , 1.25. 

For the two h i g h e s t v e l o c i t i e s the measured s l u g v e l o c i t i e s do not agree 

w i t h the c o r r e l a t i o n . T h i s i s caused by t h e f a c t t h a t t h e c o n s i s t e n c y o f t h e 

s l u g s s t r u c t u r e over the d i s t a n c e between the two a c c e l e r o m e t e r s d e c l i n e s 

w i t h i n c r e a s i n g s l u g v e l o c i t y . T h i s can be c o n f i r m e d by l o o k i n g a t the t i m e 

s i g n a l s i n f i g u r e 5.23. 

So d e t e r m i n i n g the optimum d i s t a n c e f o r measuring t h e s l u g v e l o c i t y i s a 

compromise between the c o n s i s t e n c y o f the s l u g s t r u c t u r e and the l o c a l i t y o f 

the a c c e l e r o m e t e r . I n l i t e r a t u r e a l o t work can be found on s l u g speed and 

f r e q u e n c y measurement. They are a l l performed w i t h an i n - l i n e t r a n s d u c e r or 

a r a d i a t i o n a t t e n u a t i o n system. I n o t h e r words w i t h a t r a n s d u c e r s 

d e t e r m i n i n g a p a r t i c u - l a r f l o w v a r i a b l e over a d e f i n i t e and v e r y l i m i t e d 

volume, a r e a , o r l i n e segment i n the f l o w . The t e s t s performed w i t h the 

a c c e l e r o m e t e r p r o v e t h a t t h e l o c a l i t y of the measurements can be s u f f i c i e n t 

t o d e t e r m i n e s l u g speed and f r e q u e n c i e s . 

5.4.3. OTHER SIGNAL PROCESSING 

The s i g n a l s o b t a i n e d by the above mentioned t r a n s d u c e r s have been 

used t o d e t e r m i n e the f l o w regime by J a i n ea ( 1 5 ) , Boot ea ( 1 1 8 ) , A n n u n z i a t o 

ea ( 1 1 9 ) , Jones ( 8 7 ) , and Vince ( 1 1 ) . As the a c c e l e r o m e t e r RMS-time s i g n a l s 

resemble those s i g n a l s t h e r e i s good reason t o b e l i e v e t h a t the 

a c c e l e r o m e t e r s i g n a l can be used f o r t h a t purpose as w e l l . S t i m u l a t e d by the 

r e s u l t s from the Wolga and Donau measurements i t seems w o r t h w h i l e t o extend 

the s i g n a l p r o c e s s i n g i n such a way t h a t b e s i d e s the f l o w p a t t e r n a measure 

f o r t h e s u p e r f i c i a l l i q u i d and gas v e l o c i t i e s can be d e t e r m i n e d as w e l l . 

C o n s i d e r i n g a f a s t RMS t i m e s i g n a l f ( t ) of a s p e c i f i c b a n d - w i d t h , the 

f o l l o w i n g s t a t i s t i c a l v a r i a b l e s Ŝ  t o be d e t e r m i n e d as a f u n c t i o n o f the 

s u p e r f i c i a l v e l o c i t i e s and o t h e r f l o w parameters are proposed: 
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^ 1 = ï - ^ ( t ) d t 5.6. 

3^= RMS ( f ( t ) - S^) 5.7. 

RMS ( 
d f i t ) 

d t 
5.8. 

s l u g 
5.9. 

V 
s l u g 

5.10. 

S = s l u g f r a c t i o n , t he p e r c e n t a g e o f 

ti m e w i t h a RMS s i g n a l above a 

c e r t a i n l e v e l 5.11. 

The l a s t t h r e e v a r i a b l e s s h o u l d g i v e enough i n f o r m a t i o n about the f l o w t o 

c o n s t i t u t e a b a s i s f o r p r o d u c t i o n s u r v e i l l a n c e i n the case o f low s l u g 

f r e q u e n c i e s as e n c o u n t e r e d w i t h g a s - l i f t w e l l s . The s l u g f r a c t i o n S. 
6 

t o g e t h e r w i t h t h e s l u g speed or the s l u g s p e e d - r e l a t e d f r e q u e n c y g i v e s 

enough i n f o r m a t i o n t o d e t e r m i n e the s u p e r f i c i a l v e l o c i t i e s . For v e r y l o n g 

s l u g s gas bubbles a r e m a i n l y d i s p e r s e d i n the head and the t a i l o f the s l u g . 

I n t h a t case t h e s l u g f r a c t i o n S w i l l have t o be d e t e r m i n e d by c o u n t i n g t h e 

For h i g h e r s l u g f r e q u e n c i e s the a c c e l e r o m e t e r s i g n a l i s n o t l o c a l enough 

t o a l l o w the a c c e l e r o m e t e r s t o be c l o s e enough t o each o t h e r t o s a f e g u a r d 

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

be o f b e t t e r use. Next t o t h e normal average S^, an AC-average Ŝ  c o u l d be 

of use f o r i n s t a n c e t o d i s t i n g u i s h between b u b b l y f l o w ( i n extrema: 3^=0) 

and s l u g f l o w ( i n extrema: ^•]^~32^* ^̂ '̂ ^̂ '̂ •'-̂  a l s o c a r i e s i n f o r m a t i o n about 

th e f r e q u e n c y o f t h e varying.RMS v a l u e o f the f l o w - n o i s e . 

As i n many cases l a c k i n g s u f f i c i e n t t h e o r e t i c a l p r e d i c t i n g knowledge, t h e 

f l o w - n o i s e s i g n a l s c a l l f o r an e x p e r t - s y s t e m a u t o m a t i c a l l y s e l e c t i n g t h e 

optimum c o m b i n a t i o n o f v a r i a b l e s f o r m o n i t o r i n g t h e p r o d u c t i o n . A n n u n z i a t o ' s 

(119) d e t e r m i n a t i o n o f t h e e f f i c i e n c y o f the v a r i o u s s t a t i s t i c a l v a r i a b l e s 

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

good guide f o r d e s i g n i n g such an e x p e r t system. 

s l u g s . 
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6. THEORETICAL BACKGROUND 

As a clamp-on P r o d u c t i o n S u r v e i l l a n c e M o n i t o r c o u l d o n l y work because o f 

bubbles i n t h e g a s - l i q u i d f l o w i t i s necessary t o know more about t h e 

a c o u s t i c e f f e c t s o f bubbles i n t u r b u l e n t f l o w . As m a i n l y w a t e r - a i r system 

were t e s t e d , t h i s t h e o r y can d e t e r m i n e whether an o i l - g a s system would y i e l d 

the same r e s u l t s . 

6.1. A BUBBLE AS SOUND SCATTERER, SINGLE BUBBLE 

I n "Sound & Sources o f Sound" by A.P. Dowling and J.E. f f o w c s W i l l i a m s 

(35) t h e t h e o r y o f a bubble as a sound s c a t t e r e r i s s e t o u t . (S 2.2., 6.5., 

and 8.4.). I n t h i s p a ragraph t h e essence o f those paragraphs i s p r e s e n t e d : 

The case o f one bubble i n an i n f i n i t e volume o f l i q u i d i s c o n s i d e r e d . I t 

i s assumed t h a t t h e gas i n t h e bubble behaves as a p e r f e c t gas and i s i n a 

a d i a b a t i c s t a t e , meaning: 

p a = p „ a „ 6.1. 
"̂ g ^gO 0 

I n w h i c h p^ i s t h e p r e s s u r e i n t h e b u b b l e , a th e d i a m e t e r o f the b u b b l e , 7 

the r a t i o o f t h e c o n s t a n t p r e s s u r e and c o n s t a n t volume s p e c i f i c h eats o f t h e 

gas i n the b u b b l e , and the s u f f i x z e r o means the average v a l u e . 

From t h i s a s sumption the dependence between an i n c i d e n t harmonic p r e s s u r e 

f i e l d and the r e s u l t a n t sound f i e l d s c a t t e r e d by the bubble i s d e r i v e d . 

M o d e l l i n g the sound o f a r e a l t u r b u l e n c e as one induced by a qua d r u p o l e 

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

s c a t t e r e d f i e l d i s c a l c u l a t e d . Assumed i s t h a t t h e d i s t a n c e between t h e 

q u a d r u p o l e m o d e l l i n g the t u r b u l e n c e and the bubble i s much l e s s t h a n the 

wavele n g t h o f t h e sound c r e a t e d by th e q u a d r u p o l e . I n t h a t case the 

a m p l i f i c a t i o n o f th e t u r b u l e n t f i e l d by the bubble can be found: The 

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

of t h e q u a d r u p o l e by a f a c t o r o f o r d e r A : 

i n which c i s t h e v e l o c i t y o f sound i n the l i q u i d , u t h e a n g u l a r f r e q u e n c y 

of t h e i n c i d e n t t u r b u l e n t p r e s s u r e f i e l d , and cj^ t he resonance a n g u l a r 

f r e q u e n c y o f t h e b u b b l e : 

2 

-2 
6.2. 

3 

1/2 
6.3. 
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F i g u r e 6.1. The f a c t o r by w h i c h the sound g e n e r a t e d by a t u r b u l e n t eddy 

a m p l i f i e d by an a i r bubble as a f u n c t i o n o f the r a t i o o f the i n c i d e n t 

f r e q u e n c y and t h e reso n a n t f r e q u e n c y o f the bubble f o r 1 Bar. 



- 75 - P814 

i n w h i c h i s t h e mean p r e s s u r e i n the l i q u i d , a the i n t e r f a c i a l t e n s i o n , 

and the average d e n s i t y o f t h e l i q u i d . 

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

t e n s i o n . I t can be n e g l e c t e d when 

^ « j ( | - ^ = - i y Po 

Even i n the wor s t case ( a = 0 . 0 7 N/m, PQ=10 N/m ) an a b e r r a t i o n i n t h e 

resonance f r e q u e n c y o f 5% o r more i s o n l y i n t r o d u c e d f o r bubbles s m a l l e r 

t h a n 1 0 m d i a m e t e r . So e q u a t i o n 6.3. can be s i m p l i f i e d t o 

^ ^ Po 1 

"0 - ' - - - - ' 

T h i s i s s i m i l a r t o a mas s - s p r i n g system where t h e d e n s i t y o f the l i q u i d 

r e p r e s e n t s the mass and t h e c o m p r e s s i b i l i t y o f the gas r e p r e s e n t s t h e 

s p r i n g . 

D owling s t a t e s t h a t "Low f r e q u e n c y bubble v i b r a t i o n can be s u b j e c t t o 

s u f f i c i e n t heat t r a n s f e r from t h e gas t o t h e l i q u i d t h a t the gas m o t i o n i s 

e f f e c t i v e l y i s o t h e r m a l i n which case the f o r e g o i n g a n a l y s i s can be made t o 

a p p l y y f o r m a l l y s e t t i n g 7 equal t o u n i t y i n t h e v a r i o u s f o r m u l a e . " He does 

n o t s p e c i f y "low freq u e n c y " , but as the m o t i o n must be between i s o t h e r m a l 

{7-^1) and a d i a b a t i c ( 7 , = 1 . 4 ) t h e maximum e r r o r i n t r o d u c e d by assuming 

2 ^^"^ 

7=1.4 i s 25% f o r and 1 3 % f o r w^, which i n t h i s p r o j e c t i s n o t o f much 

i n f l u e n c e . 

Now f o r water and a i r we a r r i v e a t 
^PQ ^PO 

cj„ = 0.06 ~ - or f„ = 0 . 0 1 — - 6.6. 

° ^0 ° ^ 0 ^ 2 

So f o r an average p r e s s u r e o f 1 0 N/m the resonance f r e q u e n c y f ^ l i e s a t 30 

kHz f o r 3^=0.1 mm and a t 3 kHz f o r 3^=1 mm. 

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

i n c i d e n t f r e q u e n c y and t h e bubble resonant f r e q u e n c y . F i g u r e 6 . 1 . shows t h i s 

dependency f o r PQ = 10^ N/m'̂ , and c = 1500 m/s ( i . e . from f o r m u l a 6.6. : (J^a^/c 

= 0 . 0 1 4 ) . Three extreme cases can be c o n s i d e r e d : 

CJ » A, = 0 6.7. 
fill 

CJ = cj„ ^ A^ = (--- ) = 1 0 6.8. 
0 b cj ^ a ^ ^ 

"0 " \ = ^ö^i^) = ^° ^-^^ 

So even f o r f r e q u e n c i e s below the resonance freq u e n c y o f t h e bubble the 

a m p l i f i c a t i o n f a c t o r i s c o n s i d e r a b l e . T h i s e x p l a i n s the importance o f 

bu b b l e s as sound s c a t t e r e r s i n a t u r b u l e n t p r e s s u r e f i e l d 
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2000 

SLUG FLOW 

Fi g u r e 6.2. The dependence o f the v e l o c i t y o f sound as a f u n c t i o n o f t h e 

v o i d f r a c t i o n f o r a s l u g , s t r a t i f i e d , and homogeneous f l o w as d e t e r m i n e d by 

Nguyen ( 2 2 ) . 



- 11 - P814 

6.2, A BUBBLE AS SOUND SCATTERER, DISPERSED BUBBLES 

So f a r o n l y t h e case o f one bubble i n an i n f i n i t e volume o f l i q u i d has 

been l o o k e d i n t o . I n a g a s - l i q u i d f l o w t h i s i s v e r y r a r e l y t h e case. I f we 

c o n s i d e r a s i n g l e bubble i n a homogeneous m i x t u r e o f a i r bubbles d i s p e r s e d 

i n w a t e r , the d e n s i t y and t h e speed o f sound o f t h e s u r r o u n d i n g f l u i d i s 

l e s s t h a n the d e n s i t y and speed of sound o f pure w a t e r . For t h e a n g u l a r 

resonance f r e q u e n c y ( f o r m u l a 6.5.) o n l y the d e n s i t y i s o f any i m p o r t a n c e . 

A c c o r d i n g t o Gregory ea (115) the gas f r a c t i o n i n a s l u g i s l e s s t h a n 50 % 

when t h e t o t a l o f t h e s u p e r f i c i a l v e l o c i t i e s i s l e s s than 10 m/s. For 

bu b b l e s , 50% by volume d i s p e r s e d i n water the d e n s i t y w i l l o n l y h a l v e and 

the resonance f r e q u e n c y w i l l be 40% h i g h e r . So t h e or d e r o f magnitude o f the 

resonance freq u e n c y w i l l be s i m i l a r t o t h a t i n case o f a s i n g l e b ubble i n a 

pure l i q u i d . 

The a m p l i f i c a t i o n f a c t o r A, however w i l l be g r e a t l y i n f l u e n c e d by t h e 
b 

presence o f more b u b b l e s , as t h e speed o f sound decreases s h a r p l y w i t h a 

s m a l l i n c r e a s e o f t h e v o l u m e t r i c a i r f r a c t i o n . F i g u r e 6.2. shows t h e 

dependence o f the speed o f sound as a f u n c t i o n o f the gas f r a c t i o n f o r t he 

case o f s t r a t i f i e d f l o w , s l u g f l o w , and d i s p e r s e d bubble f l o w , as d e t e r m i n e d 

by Nguyen ea ( 2 2 ) . I n t h e case o f d i s p e r s e d b u b b l e f l o w the speed o f sound 

may be as low as 20 m/s f o r a t m o s p h e r i c p r e s s u r e . Supposing t h e b u b b l e 

a m p l i f i c a t i o n f a c t o r i s s t i l l d e t e r m i n e d by f o r m u l a 6.2, the a m p l i f i c a t i o n 

w i l l be u n i t y . T h i s might w e l l be t h e reason t h a t f o r a c e r t a i n v o i d 

f r a c t i o n more a i r does n o t c r e a t e more h i g h f r e q u e n c y sound ( c f p a r a g r a p h 

5.1.6.). 

Another e f f e c t o f t h e gas e n t r a i n m e n t i n the l i q u i d i s the a t t e n u a t i o n o f 

the sound. As t h e p r o p a g a t i o n o f sound decreases w i t h a h i g h e r gas f r a c t i o n 

so does t h e t r a n s m i t t e d sound energy. Davis (110) has e x p e r i m e n t a l l y 

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

two-phase pipe f l o w i n c r e a s e s w i t h i n c r e a s i n g v o i d f r a c t i o n and i n c r e a s i n g 

f r e q u e n c y . Because o f t h i s t h e s i g n a l from t he a c c e l e r o m e t e r i s o n l y r e l a t e d 

t o a c e r t a i n r e g i o n o f t h e f l o w . The dimension o f t h i s r e g i o n depends on t h e 

a t t e n u a t i o n of t h e sound and c o n s e q u e n t l y on t h e gas f r a c t i o n and f l o w -

p a t t e r n . As a r e s u l t sound caused by v a l v e s and o t h e r d i s t u r b a n c e s w i l l not 

i n t e r f e r e w i t h t he f l o w - n o i s e i f not t o c l o s e t o t h e a c c e l e r o m e t e r . 

U n f o r t u n a t e l y sound p r o p a g a t i n g t h r o u g h the p i p e - w a l l w i l l n o t be 

a t t e n u a t e d , so k i c k i n g t he p i p e w i l l decrease the s i g n a l t o n o i s e r a t i o . 
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The decrease i n speed o f sound i s a l s o i m p o r t a n t f o r the mode o f sound 

p r o p a g a t i o n t h r o u g h the g a s - l i q u i d m i x t u r e i n the p i p e . The w a v e l e n g t h o f 

the sound i s d e f i n e d as the r a t i o o f t h e speed o f sound i n the m i x t u r e and 

the f r e q u e n c y o f the sound-source. Dowling ea (35) shows i n c h a p t e r 3.2. 

t h a t sound w i t h a wave l e n g t h l a r g e r than t w i c e t h e d i a m e t e r p r o p a g a t e s o n l y 

i n the plane-wave mode as t h e h i g h e r modes are evanescent. T h e r e f o r e those 

waves e x c i t e two opposed a c c e l e r o m e t e r s i d e n t i c a l l y . S m aller w a v e l e n g t h s 

r e s u l t i n h i g h e r mode ( t h r e e d i m e n s i o n a l ) waves h a v i n g an u n c o r r e l a t e d 

e f f e c t on b o t h t r a n s d u c e r s . 

6.3. TURBULENT EDDIES 

U n t i l now the sound s c a t t e r i n g e f f e c t of bubb l e s has been t a l k e d 

about. I t i s a l s o necessary t o have t u r b u l e n t eddies which p r e s s u r e f i e l d s 

can be s c a t t e r e d . W e l l known i s K o l m o g o r o f f ' s t h e o r y o f l o c a l i s o t r o p i c 

t u r b u l e n c e ( f o r a s i n g l e - p h a s e h i g h Reynolds number f l o w ) as d e s c r i b e d f o r 

i n s t a n c e by L e v i c h ( 1 1 3 ) . : 

The s i z e o f the l a r g e s t eddy i s i n t h e order o f t h e diam e t e r o f t h e p i p e . 

T h i s eddy c r e a t e s s e v e r a l s m a l l e r eddies which break up i n t u r n . T h i s goes 

on u n t i l such an eddy s c a l e i s reached t h a t the v i s c o u s and i n e r t i a l f o r c e s 

are i n e q u i l i b r i u m , i . e . the c o r r e s p o n d i n g Reynolds number i s a p p r o x i m a t e l y 

equal t o u n i t y . For s m a l l e r e d d i e s v i s c o u s e f f e c t s w i l l overcome t u r b u l e n t 

e f f e c t s and t h e eddies w i l l d i s s i p a t e t h e i r energy. 

Taking t h e s u p e r f i c i a l v e l o c i t y as the c h a r a c t e r i s t i c v e l o c i t y t h e 

fre q u e n c y o f t h e l a r g e s t eddy i s U^^/D^ . This compares q u i t e w e l l w i t h t h e 

Wolga p r e s s u r e s i g n a l shown i n f i g u r e 5.4.: U^^=1.45 m/s, D^=7 cm, so the 

lowest f r e q u e n c y should be ca 20 Hz, which i s about t h e lo w e s t f r e q u e n c y i n 

the p r e s s u r e s i g n a l . 

A c c o r d i n g t o the Kol m o g o r o f f t h e o r y (see L e v i c h ( 1 1 3 ) ) the l e n g t h s c a l e 

of the e d d i e s w i t h t h e i r v i s c o u s and i n e r t i a f o r c e s i n ba l a n c e , X i s 
k 

determined by 

\ = ( r ? / p 6 ) ^ / ^ 6.10. 

i n which 77 i s the dynamic v i s c o s i t y of t h e l i q u i d , and e the energy 

d i s s i p a t e d by the t u r b u l e n t f l o w per u n i t mass and per u n i t t i m e . T h i s 

d i s s i p a t e d power can be c a l c u l a t e d from 

A A l p 



F i g u r e 6.3. Sketch o f t h e dependency o f the eddie energy as a f u n c t i o n o f 

th e eddie caused p r e s s u r e f l u c t u a t i o n f r e q u e n c y . 
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i n which Ap i s t h e p r e s s u r e drop over a l e n g t h Al, Q t h e volume r a t e , and A 

the area o f the cross s e c t i o n o f the p i p e . T h i s i s e q u a l t o 

. = f E ! 5 i 6.12. 
Al p 

Using the B l a s i u s e x p r e s s i o n f o r the t u r b u l e n t f r i c t i o n f a c t o r t h e p r e s s u r e 

drop i s 

= 0.316 Re"^/^ i p u j DT^ 6.13. 

i n which Re i s t h e Reynolds number. Now € becomes 

e = 0.158 Re"''"'̂ '̂  - ~ 6.14. 

i 

For a water f l o w o f 1 m/s i n a 10 cm i n t e r n a l d i a m e t e r p i p e the s p e c i f i c 

power consumption w i l l be 6=0.1 W/kg so t h e Kol m o g o r o f f l e n g t h s c a l e w i l l be 

( f o r m u l a 6.10) X =56ym. Again t a k i n g U as the c h a r a c t e r i s t i c v e l o c i t y t h e 
k s L 

r e s u l t a n t f r e q u e n c y i s 18 kHz. As t h e p r e s s u r e t r a n s d u c e r has an e f f e c t i v e 

d i a m e t e r o f ca 1cm and the p r e s s u r e a m p l i t u d e caused by such s m a l l e d d i e s 

w i l l be v e r y low such s m a l l eddies w i l l not be d e t e c t e d by the t r a n s d u c e r . 

( c f Corcos, ( 3 6 ) : r e s o l u t i o n o f p r e s s u r e i n t u r b u l e n c e ) . 

F i g u r e 6.3. p r e s e n t s a rough s k e t c h o f the dependency o f the eddy energy 

on the eddy-caused-frequency. The energy between U /D. and U /X i s 
s X 1 s X k 

d e c l i n i n g w i t h f r e q u e n c y as the energy i s d i s t r i b u t e d among t h e s m a l l e r and 

more numerous e d d i e s . At h i g h e r f r e q u e n c y the eddies w i l l s t a r t d i s s i p a t i n g 

and t h e i r energy w i l l d e c l i n e even more. About the f r e q u e n c y l e s s t h a n 

U^^/D^ not much can be s a i d as t h e t u r b u l e n c e r e s p o n s i b l e f o r those 

f r e q u e n c i e s w i l l be determined by t h e geometry o f the t o t a l f l o w - l i n e . 

The main r e l e v a n t c o n c l u s i o n from t h i s d i s c u s s i o n about the .energy 

d i s t r i b u t i o n i s t h a t t he t u r b u l e n t f r e q u e n c y band i s broad enough t o t o 

generate p r e s s u r e f i e l d s i n the a p p r o p r i a t e f r e q u e n c y t o be modulated by t h e 

bubbles. I n g a s - l i q u i d f l o w t he same g e n e r a l c o n c l u s i o n w i l l a p p l y as t h e 

s c a l e o f t u r b u l e n c e i n the l i q u i d w i l l have t h e same o r d e r o f magnitude. 

6.4. BUBBLE FORMATION 

F i n a l l y t h e f o r m a t i o n o f bubbles i n t h e t u r b u l e n t g a s - l i q u i d f l o w has 

t o be lo o k e d i n t o . L e v i c h (113, c h a p t e r 89) d e r i v e s a c r i t e r i o n f o r bubble 

brake-up i n t u r b u l e n t l i q u i d f l o w by b a l a n c i n g the c a p i l l a r y p r e s s u r e o f a 

bubble w i t h t he dynamic p r e s s u r e d i f f e r e n c e over the b u b b l e . T h i s p r e s s u r e 

d i f f e r e n c e i s caused by t h e v e l o c i t y d i f f e r e n c e o f t h e t u r b u l e n t e d d i e s 
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s u r r o u n d i n g the b u b b l e . Using the K o l m o g o r o f f homogeneous t u r b u l e n c e model 

he f i n d s a c r i t i c a l bubble d i a m e t e r a above which the bu b b l e w i l l break 
c r 

up: 

^ f ^ ^g 

i n which L i s the s c a l e o f t h e t u r b u l e n c e , i n t h i s case the i n t e r n a l 

diameter D^. k^ i s a c o n s t a n t e q u a l t o 0.5, and U i s t h e f l u i d v e l o c i t y . For 

homogeneous f l o w t h e n o - s l i p v e l o c i t y Ug^=U^^+U^^ i s t o be used as t h e f l u i d 

v e l o c i t y . For d e t e r m i n i n g t h e bubble s c a l e i n s l u g s the f l u i d speed s h o u l d 

be r e p l a c e d by s l u g speed, which i s (see c h a p t e r 5.4.2.) p r o p o r t i o n a l t o t h e 

no s l i p v e l o c i t y . 

The mechanism opposing the e f f e c t s o f bubble f r a c t u r e i s c o a l e s c e n c e . 

T h i s i s a v e r y c o m p l i c a t e d mechanism d e t e r m i n e d by the l i q u i d v i s c o s i t y , t h e 

i n t e r f a c i a l t e n s i o n and t h e shear f o r c e s . A l s o the s t r u c t u r e o f t h e f l o w i s 

of importance, f o r i n s t a n c e i n an u n d i s p e r s e d b u b b l y f l o w i n the Wolga i t 

has been observed t h a t coalescence r a r e l y o c c u r s . T h i s i s p r o b a b l y caused by 

the f a s t r o t a t i o n o f the bubbles between the p i p e w a l l and t h e f a s t f l o w i n g 

l i q u i d . T h i s r o t a t i o n p r e v e n t s the l i q u i d l a y e r s e p a r a t i n g t h e bubbles t o 

d e p l e t e and coalescence w i l l n o t take p l a c e . C e r t a i n a d d i t i v e s l i k e s a l t and 

s u r f a c t a n t s i n f l u e n c e coalescence o f t e n w i t h o u t even i n f l u e n c i n g t h e s t a t i c 

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

As a f t e r coalescence t h e bubbles w i l l p r o b a b l y i m m e d i a t e l y break up a g a i n 

by the t u r b u l e n t e d d i e s , the l a r g e s t number o f bubbles i s exp e c t e d t o have a 

diameter i n the o r d e r of the c r i t i c a l d i a m e t e r as f o r m u l a t e d i n 6.15. 

Comparing the c r i t e r i o n w i t h t he p i c t u r e s o f t h e bubbles i n the Wolga, 

( f i g u r e 5.6.), the p r e d i c t e d bubble d i a m e t e r agrees q u i t e n i c e l y w i t h t he 

3 3 
observed bubble d i a m e t e r . For L=D.=0.07 m, a=0.05 N/m, k =0.5, p =10 kg/m , 

3 2 ^ 
p =2 kg/m (P=180 kN/m ) , and U=1.7 m/s t h e c r i t i c a l d i a m e t e r works o u t t o 
g 

be 2.5 mm. I n t h e second p i c t u r e o f f i g u r e 5.6. c o r r e s p o n d i n g w i t h t h e f l o w 

c o n d i t i o n s as mentioned, t h e average d i a m e t e r i s ca 3mm, I n t h e f i r s t 

p i c t u r e o f the same f i g u r e t h e bubbles a r e t h r e e times s m a l l e r . T h i s i s 

caused by the f a c t t h a t s i n c e b e i n g i n t r o d u c e d i n t o the system no 

coalescence has t a k e n p l a c e because o f t h e s m a l l number o f b u b b l e s . So i n 

t h a t case the bubble i s s m a l l e r than t h e c r i t i c a l d i a m e t e r a l r e a d y and i s 

con s e q u e n t l y not de t e r m i n e d by the t u r b u l e n c e but by the i n i t i a l d i a m e t e r . 



- !78 
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A second c r i t e r i o n i s the balance between t u r b u l e n t f o r c e s and buoyancy 

f o r c e s d e t e r m i n i n g whether t h e bubbles w i l l be d i s p e r s e d or f l o a t i n g on t o p 

of t he l i q u i d . T h i s has been modelled by T a i t e l and Dukler ( 3 0 ) . At f i r s t 

a p p r o x i m a t i o n the d i f f e r e n c e i n sound s c a t t e r i n g between d i s p e r s e d and 

u n d i s p e r s e d bubbles i s thou g h t t o be o f l i t t l e s i g n i f i c a n c e , so t h i s 

c r i t e r i o n has n o t been looked i n t o f u r t h e r . 

So i f i n f u t u r e f l o w n o i s e o f systems o t h e r than w a t e r - a i r w i l l be 

i n v e s t i g a t e d t h e main c r i t e r i o n t o l o o k i n t o w i l l p r o b a b l y be 6.15. For o i l -

gas m i x t u r e s the main d i f f e r e n c e w i l l be caused by the much l o w e r 

i n t e r f a c i a l t e n s i o n (down t o 10 ^ N/m) r e s u l t i n g i n much s m a l l e r b u b b l e s . 
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6.5. THEORY; CONCLUDING RE^4ARKS 

At the s t a r t o f t h e p r o j e c t i t was planned t o d e v i s e a scheme t o show 

t h e r e l a t i o n s h i p between the f l o w parameters on the one s i d e and t h e bubble 

f o r m a t i o n , t u r b u l e n c e , and bubble resonance and c o n s e q u e n t l y t h e f l o w n o i s e 

on the o t h e r s i d e . From the t h e o r y d i s c u s s e d i t i s c l e a r t h a t t h e p arameters 

i n f l u e n c i n g the f l o w - n o i s e g e n e r a t i o n a r e m u t u a l l y i n f l u e n t i a l i n a complex 

way. U n f o r t u n a t e l y i t i s i m p o s s i b l e t o d i s t i l l a s i m p l e f l o w - n o i s e model 

fr o m t h i s m u l t i t u d e o f i n f l u e n c e s . So the t h e o r y i n t h i s c h a p t e r does not 

pr e t e n d t o g i v e a complete p r e d i c t i o n o f t h e f l o w - n o i s e as a f u n c t i o n o f t h e 

v a r i o u s f l o w - p a r a m e t e r s but t r i e s t o c l a r i f y t he mechanism r e s p o n s i b l e f o r 

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

From t h i s t h e o r y i t can be concluded t h a t an o i l - g a s system w i l l n o t 

behave f u n d a m e n t a l l y d i f f e r e n t w i t h r e s p e c t t o the f l o w - n o i s e g e n e r a t i o n 

t h a n the t e s t e d a i r - w a t e r systems. 



88 -
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7. CONCLUSIONS AND RECOMMENDATIONS 

I t has been found t h a t g a s - l i q u i d f l o w - n o i s e d e t e c t e d w i t h a clamp on 

ac c e l e r o m e t e r c o n t a i n s i n f o r m a t i o n about the f l o w . Under c e r t a i n 

c i r c u m s t a n c e s t h e average o f t h e RMS v a l u e o f t h e h i g h pass (ca 2kHz) 

f i l t e r e d f l o w - n o i s e i s such a f u n c t i o n o f the s u p e r f i c i a l gas and l i q u i d 

v e l o c i t i e s t h a t i t can i n d i c a t e the s u p e r f i c i a l l i q u i d v e l o c i t y w i t h i n 10%. 

This has been found f o r a h o r i z o n t a l f l o w o f wa t e r and a i r , f o r a h o r i z o n t a l 

f l o w o f w a t e r - o i l e m u l s i o n (77=200 kg/ras) w i t h a i r , and f o r a v e r t i c a l down 

f l o w o f water and a i r . U n f o r t u n a t e l y t he f l o w - n o i s e i s a l s o dependent on t h e 

geometry o f the t e s t - l o o p and the l i n e - p r e s s u r e r e g u l a t i o n . 

The d e t e c t e d f l o w - n o i s e has been found t o be o n l y r e l a t e d t o a l i m i t e d 

volume o f g a s - l i q u i d m i x t u r e . For c e r t a i n c o n d i t i o n s t h i s s i g n a l l o c a l i t y i s 

s u f f i c i e n t t o measure s l u g f r e q u e n c i e s and s l u g speeds, which proves t o be a 

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

s u p e r f i c i a l gas and l i q u i d v e l o c i t i e s i s known. I n g e n e r a l t he f l o w - n o i s e 

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

(such as v o i d f r a c t i o n meters and d i f f e r e n t i a l p r e s s u r e t r a n s d u c e r s ) , t o be 

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

As t h e f l o w - n o i s e i t s e l f has a near w h i t e - n o i s e fre'quency d i s t r i b u t i o n , 

the r e a l f l o w i n f o r m a t i o n i s found i n t h e RMS v a l u e of the f l o w n o i s e . T h i s 

agrees w e l l w i t h t h e " m o d u l a t i o n i d e a " t h a t t h e i n - l i n e p r e s s u r e f l u c t u a t i o n 

are modulated by b u b b l e s , and t h a t RMS v a l u e (a k i n d of demodulated s i g n a l ) 

c a r i e s t h e same i n f o r m a t i o n as the p r e s s u r e f l u c t u a t i o n s . 

At p r e s e n t v a r i o u s r e s e a r c h e r s e.g. T o r a l ( I m p e r i a l C o l l e g e , P e t r o l e u m 

E n g i n e e r i n g M u l t i - p h a s e Flow L a b o r a t o r i e s ) are w o r k i n g on an improved s i g n a l 

p r o c e s s i n g o f t h e i n - l i n e measured s i g n a l s t o i n c r e a s e t he r e s o l u t i o n o f t h e 

f l o w - p a t t e r n r e c o g n i t i o n . I n o t h e r words the purpose i n those s t u d i e s i s t o 

f i n d an i n d i c a t i o n o f the s u p e r f i c i a l gas and l i q u i d v e l o c i t i e s . 
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P u t t i n g t o g e t h e r : 1. the resemblance o f i n - l i n e t r a n s d u c e r and 

a c c e l e r o m e t e r s i g n a l s , because o f s u f f i c i e n t l y 

l o c a l measurement o f t h e a c c e l e r o m e t e r . 

2 . t h e e f f o r t s o f v a r i o u s r e s e a r c h e r s t o d e r i v e an 

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

v e l o c i t i e s f r o m those i n - l i n e t r a n s d u c e r s i g n a l s . 

3. t h e f a c t t h a t from t h e t h e o r y no reason has been 

f o u n d t h a t clamp-on f l o w - n o i s e measurement o f an 

o i l - g a s f l o w would be f u n d a m e n t a l l y d i f f e r e n t from 

an a i r - w a t e r f l o w , 

i t i s concluded t h a t f u r t h e r work on t h e s t a t i s t i c a l p r o c e s s i n g o f clamp-on 

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

So i t i s recommended t o d e v i s e a computer program d e t e r m i n i n g c e r t a i n 

s t a t i s t i c a l parameters (as s p e c i f i e d i n Chapter 5.4) as a f u n c t i o n o f the 

v a r i o u s f l o w parameters. For v a r i o u s f l o w s i t u a t i o n s a d i g i t i z e d r e c o r d i n g 

( f o r i n s t a n c e w i t h t h e a v a i l a b l e PDP-Minc-23 computer) s h o u l d be made o f a 

f a s t (r=30 ms) RMS v a l u e o f t h e f l o w - n o i s e , t o be a n a l y s e d by t h e computer 

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

d e t e r m i n e the f l o w p a t t e r n and, more s p e c i f i c a l l y the s u p e r f i c i a l v e l o c i t i e s 

s h o u l d t h e n be assessed. 

I n i t i a l l y t he f l o w - n o i s e o f the Donau s h o u l d be r e c o r d e d and a n a l y s e d . 

When i t has been proved t h a t the a n a l y s i n g program i s w o r k i n g p r o p e r l y a 

r e c o r d i n g o f a p r o d u c i n g p i p e - l i n e s h o u l d be made. I t can than be checked 

whether t h e o i l - g a s system produces s u f f i c i e n t f l o w - n o i s e . I n a d d i t i o n i t 

g i v e s t h e o p p o r t u n i t y t o p r o c e s s f l o w - n o i s e f r o m low f r e q u e n c y b u t v e r y l o n g 

s l u g s . 
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f l o w maps 

p r e s s u r e drop^ 
c o r r e l a t i o n s 

a c o u s t i c s 
of b u bbles 

s t a t i s t i c s of 
m u l t i - p h a s e f l o w 
v a r i a b l e s 

f l o w n o i s e ^ — > 

4—^liquid f l o w 

? 

a c o u s t i c 
b o i l i n g 
d e t e c t i o n 

c a v i t a t i o n 
n o i s e 

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

F i g u r e 8.1. Schematic r e p r e s e n t a t i o n o f t h e l i t e r a t u r e r e l a t e d t o t h e 

s u b j e c t o f t h i s s t u d y . 
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8. LITERATURE 

I n l i t e r a t u r e n o t h i n g has been found on the q u a n t i t a t i v e a n a l y s i s o f 

clamp-on a c q u i r e d g a s - l i q u i d f l o w - n o i s e . Much however has been p u b l i s h e d on 

r e l a t e d s u b j e c t s . For i n s t a n c e a l o t o f work has been done on a c o u s t i c 

b o i l i n g d e t e c t i o n e s p e c i a l l y f o r c o o l i n g systems o f n u c l e a r r e a c t o r s ( e . g . 

De ( 7 1 ) . Another example i s t h e work o f Sami (34) on t h e r e l a t i o n between 

p r e s s u r e f l u c t u a t i o n and f l o w v e l o c i t y i n s i n g l e - p h a s e f l o w . I n f i g u r e 8.1. 

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

W i t h t h e systems Compendex and I n s p e c a search f o r l i t e r a t u r e on, or 

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

c a r r i e d o u t . A s e l e c t i o n o f t h e a r t i c l e s found by t h e computer combined w i t h 

l i t e r a t u r e f o u n d by o t h e r means was c o l l e c t e d and c a t e g o r i s e d . To f a c i l i t a t e 

f u r t h e r work, n o t o n l y the r e f e r e n c e s used i n t h i s r e p o r t but a l l t h e 

c o l l e c t e d l i t e r a t u r e i s l i s t e d below. 

F i r s t l y t he r e f e r e n c e s a r e l i s t e d by the numbers c o r r e s p o n d i n g t o t h e 

r e f e r e n c e s i n t h i s r e p o r t . For c r o s s r e f e r e n c e and f u r t h e r work the l i s t i s 

p r i n t e d a g a i n i n a l p h a b e t i c a l o r d e r w i t h a b b r e v i a t e d t i t l e s . And t h i r d l y , 

they are p r e s e n t e d by t o p i c . The t o p i c a b b r e v i a t i o n s a r e : 

AC a c o u s t i c s 

BU t h e o r y on a c o u s t i c s o f gas bub b l e s 

DE f l o w m e t e r i n g d e v i c e 

GE g e n e r a l 

MA f l o w p a t t e r n map 

OT o t h e r l i t e r a t u r e 

PS p r o d u c t i o n s u r v e i l l a n c e m o n i t o r 

ST s t a t i s t i c s 

TH t h e o r y 
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QT 056 AZZOPARDI TP FLOW S P L I T I J MULT F 1984 
DE 085 BAKER ELECTROMAGNFLOWMETER TECHN NESSEN 1985 
MA 070 BAKER SIMULT FLOW O I L - G A S O I L - G A S J 1954 
DE 069 BANERJEE ADVANCES TPF INSTRUM ADV NUCL SCS<TECHN 13 
MA 048 BARNEA SLU6H0LDUP INTERN F L I J MULT F 1985 
DE 073 BARTHELS REVIEW TPF MEAS CHEMIE- ING-TECHN196B 
AC 068 BESSHD B O I L I N G BUBBLE ACOUS J NUCL SC!<TECHN 1976 
BU 040 B E Y E R L E I N BUBBLE CONC P R O F I L E I J MULT F 19B5 
MA 043 BISWAS C A P I L L A R Y FLOW MAP I J MULT F 1985 
TH 062 BLAKE FLOW SOUND?(VIBR ACADEMIC P R E S S 1986 
DE MA ST 118 BOOT VERT FLOW PATTERN MULT P F CONF 1987 
MA 025 B R I L L TWO P FLOW IN P I P E S TULSA/BHRA P R O J E C T S 
OT 016 B!<K V I B R TRANSD S P E C S 
DE 092 BUTENKO ACOUST GAS CONC MEAS IND LAB 1977 
AC 084 CHALOV BUBBLESOUND NEAR C I L SOV PHYS AC 1975 
TH 024 CHESTERS SWO I I I D ICT TH DELFT 
DE 051 CLARK F R I C T P R E S S LOSS TPF I J MULT F 1984 
TH 036 CORCOS RESOLUTION TURB PRES ACOUST SOC AM 1963 
AC 0 7 S CRAMER O S C I L L BUBBLES RADIA J DE PHYS CB 1979 
MA 038 CRAWFORD FLOW PAT-VOID FRACT I J MULT F 1985 
AC TH 0 6 3 CRIGHTON TWO PHASE SOUND GEN J F L U I D MECH 1969 
AC 076 CRUM O S C I L L BUBBLES J DE PHYS CB 1979 
ST MA 050 DALLMAN ENTRAINM HOR ANNULAR I J MULT F 1984 
AC 110 DAVIS P R E S F L V A P - L I Q FLOW I . J . HEAT MASS 1973 
ST 049 DAVIS LARGE STRUCT G - L F L I J MULT F 1904 
AC ST 071 DE STAST I N C I P TP NOISE NUCL TECHN 1983 
ST 107 DELHAYE AVER OP TPF MONITOR SYM AS MECH ENG 1977 
TH 035 DOWLING SOURCES OF SOUND JOHN WILEY 
MA 0 9 8 DUKLER GAS L I Q FLOW IN P I P E HOUSTON NX28 1969 
DT 106 DUNS VERT TPF IN WELLS 6TH PETR CONOR 1963 
OT 060 ELAMVALUTHI HEAT TRANSF VERT TPF I J MULT F 1984 
TH 109 ELMENDORP POLYMER BLENDING PHD T H E S I S TUD 19B6 
ST 126 ECN NOISE ANALYSIS ECN-BROCHURE 1987 
AC 074 ERMAKOV GAS O S C I L L - A C / M A S S T R J ENG PHYS 1984 
DE 095 F E L L ULTRAS CORR F L METER F L MECH CONF NEL1979 
•T 072 FOUDA TP NETWORK FLOW MEAS CIM 1977 
AC TH 086 FRANCESCUTTO O S C I L L BUBBLES ANALY AC L E T T E R S 1983 
AC TH 082 GASENKO NDNLIN D I S T L I Q - B U B B SOV PHYS ACOUST 1979 
AC TH 083 GAUNAURD RES BUBBLY L I Q U I D S J AC SOC AM 1981 
AC 091 GELFAND SHOCK WAVES- G A S / L I Q SOV PHYS DOKL 1978 
MA 032 GOVIER HOR AIR-WATER FLOW CAN J CHEM ENG 1962 
DT 031 GREGORY SLUG V E L - F R E D CORR AICHE 1969 
OT 115 GREGORY SLUG L I Q VOL FRACT I J MULT F 1978 
DE 042 GUNN E L E C T R I C A L pROBE I J MULT F 19B5 
DE 052 HARDY VOID VEL M E A S , E L IMP I J MULT F 1984 
OE 125 HARRIS VENTURI TPF PR. DROP NEL REPORT 549 1972 
DE 096 HARRISON REVIEW FLOW MEAS CHEM ENG 1980 

MA 041 HASHIZUME PAT, VOID, PRES DROP I J MULT F 1985 
OT 004A HENDRIKS WANDD. C A P A C I T I E F EO TN-THD 
TH i 11 HENRY PREB PROP TPF ARGONNE NAT LAB 1971 
DT 004B HERWEIJER WANDSLIJTAGE EO TN-THD 
DE 088 HEWITT REVIEW TPF MEAS J BR NUCL EN SOC1973 



- 101 - P 8 1 4 

S U B J E C T NR AUTHOR 

TH 028 HINZE 
MA 097 HOOGENDOORN 
AC 075 H S I E H 
OE 103 HSU 
DE 114 HSU 
MA ST 026 HUBBARD 
ST 015 J A I N 
GE 002 JAMIESON 
GE 123 JAMIESON 
OT 120 JEPSON 
DE ST 087 JONES 
ST MA 105 JONES 
DE 093 JONES 
OT 057 KAMATH 
AC 077 K E D R I N S K I I 
DE ST 108 KEMENY 
DE 104 KIPPHAN 
MA ST 055 KVERNVOLD 
DE 101 LAHEY 
DE 102 LAHEY 
TH 113 L E V I C H 
ST MA 117 LINGA 
DE 099 MAKHIN 
TH 013 MAKHOUL 
AC 079 MALYKH 
MA 023 MANDHANE 
MA ST 009 MATSUI 
OT 059 MATSUMOTO 
MA 047 MCQUILLAN 
DE 121 MILER 
MA 044 MUKHERJEE 
AC 080 NABERGOJ 
DE 122 NAGULESWARAN 
AC 081 NAYFEH 
TH 022 NBUYEN 
TH 090 NISHIHARA 
MA ST 021 OHLMER 
GE 001 OOSTEROM 
PSM 007 PATTERSON 
DE 100 P E T E R S 
TH 054 P R O S F E R E E T I 
DE 094 PURSHLEY 
MA ST 065 ROUHANI 
ST 034 SAMI 
DE 089 SCHROCK 
AC TH 053 S I N A I 
AC 003 SKUDRZYK 
OT 005 SMITH 
ST MA 058 SPEDDING 
MA 030 T A I T E L 
MA ST 116 T A I T E L 
TH 046 THORLEY 
DE 012 TORAL 
ST MA 010 TUTU 
DE MA O i l V INCE 
DE ST 112 WAMBGANSS 
BU 045 W E L L E , VAN DER 
GE 061 WIJNGAARDEN 
DE 124 WOOD 

T I T E L PAPER 

TURBULENCE . MCGRAW H I L L 1975 
GL FLOW HOR P I P E S CHEM ENG SC 1959 
O S C I L L NONSPHER BUBB J DE PHYS C8 1979 
TPF INSTRUM TRANS AM NUCL S 1980 
OPT TECHN TPF STUDY ASME/AICHE CONF 1969 
STAT P R E S S FLOW REG HTFM ST CLARA 1966 
STOCH. FRACTSiPRESS I J MULT F 1983 
M-P FLOW MEAS PETR REV 
M P F MEAS PLATFORMS PETR REVIEW 1985 
HOR SLUG CHARACT MULTI P F CONF 1987 
REVIEW T P F MEAS TECH I J MULT F 1976 
VOID F R A C T / F - P A T T E R N I J MULT F 1975 
TPF MEAS TECHN F L MECH MEAS 1933 
V I R T MASS DRAG COEF I J MULT F 1984 
CAVITATION IN TPF J DE PHYS C8 1979 
NEUTR/ACOUST VOID M CONF HYDR/F .MEC 1974 
CORR FLOW MEAS NORTH H PUBL 1978 
V E L DITR HOR SLUG I J MULT F 1984 
REV TP FLOW MEAS TRANS AM NUCL S 1981 
REVIEW THER-HYDR INS TRANS AM NUCL S 1981 
PHYSICOCHEM HYDRODAN P R E N T I C E HALL 1962 
TERRAIN SLUGGING MULT-P F CONF 1987 
ACOUST VOID FRACT F L U I D MECH 1982 
L I N PREDICT ION PROC I E E E 1975 
P R E S S P U L S E L I Q - B U B B J DE PHYS C8 1979 
HOR FLOW PATTERN MAP I J MULT FLOW 1974 
FLOW REG P R E S S FLUCT I . J . M U L T . F . 1 9 8 4 
FLUCT FROTH P R E S S I J MULT F 1984 
VERT T P FLOWPATTERN I J MULT F 1985 
VOID MEAS PROBE ASME/AICHE CON 1969 
FLOW PAT INCLINED F L I J MILT F 1985 
SURF WAVES ON BUBBLE J DE PHYS C8 1979 
F L U I D CONV P I P E V IBR J MECH ENG S C , 1968 
MULT FREQ BUBB RESP J DE PHYS CB 1979 
TWO PHASE SON VEL I J MULT FLOW 1931 
CORRELATION TECHN PR NUCL EN 1977 
STOCH TWO P F L lUTAM SYMP 1983 
K S E P L N E D . T I J D . N A T . 06 
PSM S P E - A I M E , 1976 
FLOWSPEED-CORREL TECHN MESSEN 1986 
P R E S S FORCE D I S P E R S E I J MULT F 19B4 
TPF MEAS AT NEL F L MECH CONF NEL1979 
REVIEW TP FLOW PAT NUCL ENERBY 1903 
SPECTR P R E S S FLUCT ACOUST SOC AM 1986 
RAD ATTEN TPF MEAS ASME/AICHE CONF 1969 
AC SPEED STRAT RECT I J MULT F 1984 
NOISE PROD J ACOUST SOC AM 
GASDNTSNAPPING F T - T N - T H D 
HOLDUP TP FLOW I J MULT F 1984 
F L RES TRANSITIONS AICHE 1976 
HOR SLUG FREQ I J MULT F 1977 
V I R T U E L MASS-MP FLOW I J MULT F 1985 
HOT WIRE-VOID FRACT J PHYS E 
P R E S S FLUCT BS TRANS I . J . M U L T . F . 19B4 
FLOW REG INDICATOR I J MULT F 1982 
FLOW NOISE MEASUREM. ARGONNE NAT LAB 1970 
V O I D / B U B B L E V E L , S I Z E I J MULT F 1985 
G - L FLOW R E S NL I J MULT F 1984 
O R I F I C E TPF MEASUR. HERIOT-WATT UN 1973 



- 102 - P814 

S U B J E C T NR AUTHOR T I T E L P A P E R 

AC 0 6 7 ANDO V O I D D E T N O I S E A N A L J N U C L SCS.TECHN 1 9 7 5 
AC 0 6 8 BESSHO B O I L I N G B U B B L E ACOUS J N U C L SCSiTECHN 1 9 7 6 
AC 0 8 4 C H A L O V B U B B L E S O U N D NEAR C I L SOV P H Y S AC 1 9 7 5 
AC 0 7 8 CRAMER O S C I L L B U B B L E S R A D I A J DE P H Y S ca 1 9 7 9 
AC 0 7 6 CRUM O S C I L L B U B B L E S J DE P H Y S ca 1 9 7 9 
AC 1 1 0 D A V I S P R E S F L V A P - L I Q FLOW I . J . H E A T MASS 1 9 7 3 
AC 0 7 4 ERMAKOV GAS O S C I L L - A C / M A S S T R J ENG PHYS 1 9 8 4 
AC 0 9 1 G E L F A N D SHOCK W A V E S - G A S / L I Q SOV P H Y S DOKL 1 9 7 8 
AC 0 7 5 H S I E H O S C I L L NONSPHER B U B B J DE P H Y S CB 1 9 7 9 
AC 0 7 7 K E D R I N S K I I C A V I T A T I O N I N T P F J DE P H Y S ca 1 9 7 9 
AC 0 7 9 M A L Y K H P R E S S P U L S E L I Q - B U B B J DE P H Y S CO 1 9 7 9 
AC 0 8 0 N A B E R G O J S U R F WAVES ON B U B B L E J DE P H Y S C 8 1 9 7 9 
AC 0 8 1 N A Y F E H MULT FREQ B U B B R E S P J DE P H Y S CB 1 9 7 9 
AC 0 0 3 S K U D R Z Y K N O I S E PROD J ACOUST SOC AM 
AC ST 0 7 1 DE S T A S T I N C I P T P N O I S E NUCL T E C H N 1 9 0 3 
AC T H 0 6 3 C R I G H T O N TWO P H A S E SOUND GEN J F L U I D MECH 1 9 6 9 
AC T H 0 8 6 F R A N C E S C U T T O O S C I L L B U B B L E S A N A L Y AC L E T T E R S 1 9 8 3 
AC T H 0 8 2 GASENKO N D N L I N D I S T L I Q - B U B B SOV P H Y S ACOUST 1 9 7 9 
AC TH 0 8 3 GAUNAURD RES B U B B L Y L I Q U I D S J AC SOC AM 1 9 8 1 
AC T H 0 5 3 S I N A I AC S P E E D S T R A T RECT I J MULT F 1 9 8 4 
BU 0 4 0 B E Y E R L E I N B U B B L E CONC P R O F I L E I J MULT F 1 9 8 5 
B U 0 4 5 W E L L E , V A N DER V O I D / B U B B L E V E L , S I Z E I J M U L T F 1 9 B 5 
DE 0 3 3 A B E S E K E R A CROS COR TEMP F L U C T MEAS S< CONTR 1 9 7 2 
DE 0 3 7 A R N A U D E A U L / G F E E D MEAS UK P A T 1 9 8 4 
DE 0 8 5 B A K E R ELEC TR O MAG N FLO WMETER T E C H N MESSEN 1 9 8 5 
D E 0 6 9 B A N E R J E E A D V A N C E S T P F I N S T R U M ADV N U C L SC8<TECHN 1 3 
D E 0 7 3 B A R T H E L S R E V I E W T P F MEAS C H E M I E - I N G - T E C H N 1 9 6 8 
DE 0 9 2 B U T E N K O A C O U S T GAS CONC MEAS I N D L A B 1 9 7 7 
DE 0 5 1 C L A R K F R I C T P R E S S L O S S T P F I J M U L T F 1 9 8 4 
DE 0 9 5 F E L L U L T R A S CORR F L METER F L MECH CONF N E L 1 9 7 9 
DE 0 4 2 GUNN E L E C T R I C A L PROBE I J M U L T F 1 9 B 5 
D E 0 5 2 HARDY V O I D V E L M E A S , E L I M P I J M U L T F 1 9 S 4 

DE 1 2 5 H A R R I S V E N T U R I T P F P R . DROP N E L REPORT 5 4 9 1 9 7 2 

DE 0 9 6 H A R R I S O N R E V I E W FLOW MEAS CHEM ENG 1 9 8 0 

DE 0 8 8 H E W I T T R E V I E W T P F MEAS J BR NUCL EN S O C 1 9 7 3 
DE 1 0 3 HSU T P F I N S T R U M T R A N S AM NUCL S 1 9 8 0 

DE 1 1 4 HSU OPT T E C H N T P F S T U D Y A S M E / A I C H E CONF 1 9 6 9 

DE 0 9 3 J O N E S T P F MEAS T E C H N F L MECH MEAS 1 9 8 3 

DE 1 0 4 K I P P H A N CORR FLOW MEAS NORTH H P U B L 1 9 7 8 

DE 1 0 1 L A H E Y REV T P FLOW MEAS T R A N S AM NUCL S 1 9 S 1 

DE 1 0 2 L A H E Y R E V I E W T H E R - H Y D R I N S T R A N S AM NUCL S 1 9 8 1 

DE 0 9 9 M A K H I N ACOUST V O I D F R A C T F L U I D MECH 1 9 8 2 

DE 1 2 1 M I L E R V O I D MEAS PROBE A S M E / A I C H E CON 1 9 6 9 

"DE 1 2 2 N A G U L E S W A R A N F L U I D CONV P I P E V I B R J MECH ENG S C , 1 9 6 8 

DE 1 0 0 P E T E R S F L O W S P E E D - C O R R E L T E C H N MESSEN 1 9 8 6 

DE 0 9 4 P U R S H L E Y T P F MEAS A T N E L F L MECH CONF N E L 1 9 7 9 

DE 0 8 9 SCHROCK RAD A T T E N T P F MEAS A S M E / A I C H E CONF 1 9 6 9 
DE 0 1 2 T O R A L HOT W I R E - V O I D F R A C T J P H Y S E 
DE 1 2 4 WOOD O R I F I C E T P F M E A S U R . H E R I O T - W A T T UN 1 9 7 3 

DE MA 0 1 1 V I N C E FLOW REG I N D I C A T O R I J MULT F 1 9 8 2 

DE MA S T 1 1 8 BOOT V E R T FLOW P A T T E R N MULT P F CONF 1 9 8 7 

DE S T 0 8 7 J O N E S R E V I E W T P F MEAS T E C H I J M U L T F 1 9 7 6 

DE S T 1 0 8 KEMENY N E U T R / A C O U S T V O I D M CONF H Y D R / F . M E C 1 9 7 4 

DE S T 1 1 2 WAMBGANSS FLOW N O I S E M E A S U R E M . ARGONNE NAT L A B 1 9 7 0 

GE 0 0 2 J A M I E S O N M - P FLOW MEAS P E T R REV 

8 E 1 2 3 J A M I E S O N M P F MEAS P L A T F O R M S P E T R R E V I E W 1 9 B 5 

GE 0 0 1 OOSTEROM K S E P L N E D . T I J D . N A T . 8 6 

GE 0 6 1 W I J N G A A R D E N G - L FLOW R E S N L I J M U L T F 1 9 8 4 

MA 0 7 0 B A K E R S I M U L T FLOW O I L - G A S O I L - G A S J 1 9 5 4 

MA 0 4 8 B A R N E A S L U G H O L D U P I N T E R N F L I J MULT F 1 9 8 5 



- 103 - P814 

S U B J E C T NR AUTHOR T I T E L P A P E R 

MA 0 4 3 B I S W A S C A P I L L A R Y FLOW MAP I J M U L T F 1 9 8 5 
MA 0 2 5 B R I L L TWO P FLOW I N P I P E S T U L S A / B H R A P R O J E C T S 
MA 0 3 8 CRAWFORD FLOW P A T - V O I D F R A C T I J M U L T F 1 9 B 5 
MA 0 9 8 D U K L E R GAS L I Q FLOW I N P I P E HOUSTON N X 2 8 1 9 6 9 
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DT 0 6 0 E L A M V A L U T H I H E A T T R A N S F V E R T T P F I J M U L T F 1 9 8 4 
QT 0 7 2 FOUDA T P NETWORK FLOW MEAS C I M 1 9 7 7 
OT 0 3 1 GREGORY S L U G V E L - F R E Q CORR A I C H E 1 9 6 9 
OT 1 1 5 GREGORY S L U G L I O V O L F R A C T I J MULT F 1 9 7 8 
OT 0 0 4 A H E N D R I K S WANDD. C A P A C I T I E F EO T N - T H D 
OT 0 0 4 B H E R W E I J E R W A N D S L I J T A G E EO T N - T H D 
OT 1 2 0 J E P S O N HOR S L U G C H A R A C T M U L T I P F CONF 1 9 8 7 
OT 0 5 7 K A M A T H V I R T MASS DRAG COEF I J M U L T F 1 9 8 4 
OT 0 5 9 MATSUMOTO F L U C T F R O T H P R E S S I J M U L T F 1 9 B 4 
OT 0 0 5 S M I T H G A S O N T S N A P P I N G F T - T N - T H D 
PSM 0 0 8 A L F O R D D E V , E V A L PSM J P E T R T E C H N 7 8 
PSM 0 0 7 P A T T E R S O N PSM S P E - A I M E , 1 9 7 6 
ST 0 6 6 AKAGAWA P R E S S F L U C T S L U G J S M E 1 9 7 1 
ST 0 4 9 D A V I S L A R G E S T R U C T G - L F L I J M U L T F 1 9 8 4 
ST 1 0 7 D E L H A Y E AVER OP T P F M O N I T O R SYM AS MECH EN G 1 9 7 7 
ST 1 2 6 ECN N O I S E A N A L Y S I S E C N - B R O C H U R E 1 9 8 7 
ST 0 1 5 J A I N S T O C H . FRACT?<PRESS I J M U L T F 1 9 8 3 
ST 0 3 4 S A M I S P E C T R P R E S S F L U C T A C O U S T SOC AM 1 9 8 6 
ST MA 1 1 9 A N N U N Z I A T O S T A T RECOGN FLOW P A T MULT P F CONF 1 9 8 7 
ST MA 0 5 0 D A L L M A N E N T R A I N M HOR A N N U L A R I J M U L T F 1 9 8 4 
ST MA 1 0 5 J O N E S V O I D F R A C T / F - P A T T E R N I J M U L T F 1 9 7 5 
ST MA 1 1 7 L I N G A T E R R A I N B L U B B I N G M U L T - P F CONF 1 9 8 7 
BT MA 0 5 8 S P E D D I N G H O L D U P T P FLOW I J M U L T F 1 9 8 4 
ST MA 0 1 0 T U T U P R E S S F L U C T BS T R A N S I . J . M U L T . F . 1 9 8 4 
TH 0 3 9 A B R I O L A S U R F A C E E F F E C T S I J M U L T F 1 9 8 5 
TH 0 6 2 B L A K E FLOW S O U N D S i V I B R A C A D E M I C P R E S S 1 9 8 6 
TH 0 2 4 C H E S T E R S SWO I I I D I C T T H D E L F T 
T H 0 3 6 CORCOS R E S O L U T I O N TURB P R E S ACOUST SOC AM 1 9 6 3 
TH 0 3 5 D O W L I N G SOURCES OF SOUND J O H N W I L E Y 

TH 1 0 9 ELMENDORP POLYMER B L E N D I N G PHD T H E S I S TUD 1 9 8 6 

TH 1 1 1 HENRY P R E S PROP T P F ARBONNE N A T L A B 1 9 7 1 

TH 0 2 8 H I N Z E T U R B U L E N C E MCGRAW H I L L 1 9 7 5 

TH 1 1 3 L E V I C H P H Y S I C O C H E M HYDRODAN P R E N T I C E H A L L 1 9 6 2 

TH 0 1 3 MAKHOUL L I N P R E D I C T I O N PROC I E E E 1 9 7 5 

TH 0 2 2 NBUYEN TWO P H A S E SON V E L I J M U L T FLOW 1 9 8 1 

TH 0 9 0 N I S H I H A R A C O R R E L A T I O N TECHN PR N U C L EN 1 9 7 7 

TH 0 5 4 F R O S P E R E E T I P R E S S FORCE D I S P E R S E I J M U L T F 1 9 8 4 

TH 0 4 6 T H O R L E Y V I R T U E L M A S S - M P FLOW I J M U L T F 1 9 8 5 
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9. SYMBOLS 

a m p l i f i c a t i o n o f t u r b u l e n t p r e s s u r e by a bubble -

a d i a m e t e r o f gas bubble m 

a c r i t i c a l bubble d i a m e t e r m 
c r 

c speed o f sound m/s 

i n t e r n a l p i p e diameter m 

f ^ b u bble resonant f r e q u e n c y . 1/s 

f ^ j ^ ^ ^ s l u g f r e q u e n c y 1/s 

f ( t ) f a s t RMS value o f the f l o w - n o i s e V 
2 

g g r a v i t a t i o n a l c o n s t a n t m/s 

K e m p i r i c a l c o n s t a n t i n f o r m u l a 5.8. -

L s c a l e o f t u r b u l e n c e m 

P i n s t a n t a n e o u s p r e s s u r e N/m^ 

P average p r e s s u r e N/m^ 
^ 2 

p i n s t a n t a n e o u s v a r i a t i o n o f p r e s s u r e N/m 
p p r e s s u r e i n gas bubble N/m^ 

^ 2 
p^ l i n e p r e s s u r e • N/m 

PQ average p r e s s u r e i n l i q u i d N/m 
2 

p' r o o t mean square v a l u e o f p N/m 

Q volume r a t e m^/s 

Re Reynolds number 

Ŝ  i * " * ^ s t a t i s t i c a l v a r i a b l e v a r i o u s 

T n u m e r i c a l a v e r a g i n g t i m e c o n s t a n t 

Ü i n s t a n t a n e o u s f l u i d v e l o c i t y m/s 
U average f l u i d v e l o c i t y m/s 
a 

U^^ n o - s l i p v e l o c i t y m/s 

U^^ s u p e r f i c i a l gas v e l o c i t y m/s 

U^^ s u p e r f i c i a l l i q u i d v e l o c i t y m/s 

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

u' r o o t mean square v a l u e o f u m/s 

V ^ ^ ^ g S l u g v e l o c i t y m/s 



t 
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AP p r e s s u r e d r o p over AL N/m 

AL l e n g t h o f p i p e - l i n e m 

7 r a t i o o f p r i n c i p l e s p e c i f i c h e a t s -

e power consumption i n t u r b u l e n t f l o w per u n i t mass J/s kg 

n dynamic v i s c o s i t y kg/ms 

\ K o l m o g o r o f f l e n g t h s c a l e m 

p f l u i d d e n s i t y kg/m"^ 

gas d e n s i t y kg/m^ 

l i q u i d d e n s i t y kg/m"^ 

average l i q u i d d e n s i t y kg/m"^ 

i n t e r f a c i a l t e n s i o n N/m 

a n g u l a r f r e q u e n c y o f t u r b u l e n c e 1/s 

resonant a n g u l a r f r e q u e n c y o f bubble 1/s 

CMC carboxy m e t h y l c e l l u l o s e 

COPS clamp-on p r o d u c t i o n s u r v e i l l a n c e m o n i t o r 

PSD power s p e c t r a l d e n s i t y 

PSM p r o d u c t i o n s u r v e i l l a n c e m o n i t o r 

RMS r o o t mean square 



7̂L8<Ï 80T -



- 109 - P814 

ACKNOVrt.EDGEMENT 

The author would l i k e t o express h i s g r a t i t u d e t o a l l t h e people who have 

been s u p p o r t i n g t h i s p r o j e c t i n a m a t e r i a l , p r a c t i c a l , m e n t a l , or any o t h e r 

way. The members o f the s e c t i o n Measurement and C o n t r o l f o r t h e i r 

h o s p i t a l i t y and a s s i s t a n c e . Jan de B r u i n , P i e t de Graaf, and Dennis van 

Berkum f o r the m o d i f i c a t i o n s o f t h e t e s t - l o o p s , Sarah Ashby, and Cock 

Schimmel f o r s e a r c h i n g f o r l i t e r a t u r e , and Max Colon f o r measuring 

v i s c o s i t i e s and t h e o r e t i c a l p a r t o f t h e work. F i n a l l y t h e a u t h o r would l i k e 

t o thank the Wolga and t h e Donau f o r t h e i r e v e r l a s t i n g s t i m u l a t i n g f l o w -

n o i s e . 




