
A N L - 6 7 3 8 
E n g i n e e r i n g and E q u i p m e n t 
(TID-4500 , 22nd Ed. ) 
AEC R e s e a r c h and 
D e v e l o p m e n t R e p o r t 

ARGONNE NATIONAL LABORATORY 
9700 South C a s s Avenue 
A r g o n n e , I l l ino i s 60440 

D E V E L O P M E N T O F AN 
E L E C T R I C A L RESISTIVITY P R O B E F O R 

V O I D - F R A C T I O N M E A S U R E M E N T S IN 
A I R - W A T E R F L O W 

by 

G e o r g e P . N a s s o s 
N o r t h w e s t e r n U n i v e r s i t y 

R e a c t o r E n g i n e e r i n g Div i s ion , ANL 
and 

A s s o c i a t e d M i d w e s t U n i v e r s i t i e s 

T h i s r e p o r t is one of a s e r i e s t ha t d e s c r i b e s h e a t t r a n s f e r and 
f lu id- f low s t u d i e s p e r f o r m e d at A r g o n n e u n d e r a p r o g r a m spon­
s o r e d jo in t ly by the A s s o c i a t e d M i d w e s t U n i v e r s i t i e s and the 
A r g o n n e Na t iona l L a b o r a t o r y . 

The e a r l i e r r e p o r t s in t h i s s e r i e s a r e A N L - 6 6 2 5 , A N L - 6 6 6 7 , 
A N L - 6 6 7 4 , and A N L - 6 7 1 0 . 

T h i s r e p o r t h a s b e e n r e p r o d u c e d f r o m a t h e s i s s u b m i t t e d in P a r ­
t i a l F u l f i l l m e n t of the R e q u i r e m e n t s for the D e g r e e of M a s t e r of 
S c i e n c e in C h e m i c a l E n g i n e e r i n g in the G r a d u a t e School of N o r t h ­
w e s t e r n U n i v e r s i t y . 

June 1963 

Operated by The U n i v e r s i t y of C h i c a g o 
u n d e r 

C o n t r a c t W - 3 1 - 1 0 9 - e n g - 3 8 
wi th the 

U. S. A t o m i c E n e r g y C o m m i s s i o n 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



T A B L E O F C O N T E N T S 

P a g e 

A B S T R A C T 5 

I. INTRODUCTION 5 

II . REVIEW OF L I T E R A T U R E 6 

III. E X P E R I M E N T A L A P P A R A T U S . . . . . . . . . . . . . . . . . . . . 8 

A. F l o w S y s t e m 8 

1. D e s c r i p t i o n of E q u i p m e n t C o m p o n e n t s . . . . . . . . . 8 

2. I n s t r u m e n t a t i o n and C o n t r o l 9 

B . An E l e c t r i c a l P r o b e for L o c a l Void M e a s u r e m e n t . . . . IQ 

1. The P r o b e . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 

2. I n t e g r a t i n g C i r c u i t 11 

3. V o i d - p r o b e T r i g g e r 14 

C. R a d i a t i o n - a t t e n u a t i o n Method of Void M e a s u r e m e n t . . . 17 

D. P r o c e d u r e . . . . . . . . . . . . . . . . . . . . . . . . . 17 

IV. DISCUSSION AND R E S U L T S 19 

A. P r o b e Wet t ing 19 

B . I n t e g r a t i o n of P r o b e S igna l . 22 

C. U s e of G a m m a - r a y T e c h n i q u e 23 

D. C o m p a r i s o n of t h e Two T e c h n i q u e s 24 

V. CONCLUSIONS 31 

VI. A P P E N D I X 33 

VII. B IBLIOGRAPHY 35 

VIII. A C K N O W L E D G E M E N T 36 

IX. N O M E N C L A T U R E 37 



LIST O F F I G U R E S 

No. T i t l e P a g e 

3.1 E x p e r i m e n t a l A p p a r a t u s 8 

3.2 S c h e m a t i c D i a g r a m of F l o w S y s t e m 8 

3.3 S e c t i o n a l View of A i r - W a t e r M i x e r 9 

3.4 W a t e r - c o n t r o l Valve 10 

3.5 E l e c t r i c a l P r o b e 11 

3.6 P r o b e in C h a n n e l 12 

3.7 I n t e g r a t i n g C i r c u i t 12 

3.8 E l e c t r i c a l E q u i p m e n t 13 

3.9 V o i d - p r o b e T r i g g e r 15 

3.10 C o m p a r i s o n of P r o b e S igna l 16 

3.11 P r o b e S igna l 16 

4 .1 P r o b e Wet t ing 19 

4.2 D e p e n d e n c e of Void F r a c t i o n on T r i g g e r L e v e l Se t t ing 21 

4.3 D e p e n d e n c e of Void F r a c t i o n on T r i g g e r S e n s i t i v i t y Se t t ing . . 21 

4.4 Void P r o f i l e for X = 5.35 x 10"^ 24 

4.5 Void P r o f i l e for X = 8.15 x 10"^ 25 

4.6 Void P r o f i l e for X = 6.48 x 10"^ 25 

4.7 Void P r o f i l e for X = 10.45 x 10"^ 25 

4 .8 Void P r o f i l e for X = 6.82 x 10"^ 26 

4.9 Void P r o f i l e for X = 4 .48 x 10"* 26 

4.10 Void P r o f i l e for X = 3.09 x 10~* 26 

4 .11 Void P r o f i l e for X = 2.24 x 10"* 27 

4.12 Void P r o f i l e for X = 1.25 x lO""* 27 

4 .13 Void P r o f i l e for X = 1.60 x 10"* 27 

4 .14 Void P r o f i l e D e p e n d e n c e on M i x e r ; X = 6.38 x 10"* 30 

4 .15 Void P r o f i l e D e p e n d e n c e on M i x e r ; X = 10.45 x 10"* 30 



4 

LIST O F T A B L E S 

No. T i t l e P a g e 

4.1 I n t e g r a t i o n C o r r e c t i o n F a c t o r s 22 

4.2 C h e c k of I n t e g r a t i o n 23 

4.3 C o m p a r i s o n of a. . . . . . . . . 28 

4.4 Effec t of A d d i t i v e s on Void F r a c t i o n M e a s u r e m e n t . . . . . . . . 29 

A . l P r o b e Da ta 33 

A.2 P o l y n o m i a l Coe f f i c i en t s for P r o f i l e s . . . . . . . . . . . . . . . . . 34 

A,3 P o l y n o m i a l Coe f f i c i en t s for Uppe r E r r o r E n v e l o p e 34 

A.4 P o l y n o m i a l Coe f f i c i en t s for L o w e r E r r o r E n v e l o p e . . . . . . . 34 



D E V E L O P M E N T OF AN 
E L E C T R I C A L RESISTIVITY P R O B E F O R , 

V O I D - F R A C T I O N M E A S U R E M E N T S IN 
A I R - W A T E R F L O W 

by 

G e o r g e P . N a s s o s 

A B S T R A C T 

Work h a s b e e n done on the adap ta t ion of an e l e c t r i ­
c a l p r o b e , deve loped by N e a l ' ° ) for the m e a s u r e m e n t of 
l o c a l void f r a c t i o n s in m e r c u r y - n i t r o g e n flow, to a i r - w a t e r 
flow. The a d a p t a t i o n i s m o r e difficult b e c a u s e of we t t ing of 
the p r o b e by w a t e r . V a r i o u s p r o b e s h a p e s and f i lming a g e n t s 
w e r e e m p l o y e d wi thout g r e a t s u c c e s s . Some i m p r o v e m e n t 
w a s ob t a ined by m e a n s of a s e p a r a t e t r i g g e r i n g c i r c u i t , but 
t h e c a l c u l a t e d void f r a c t i o n w a s s t i l l s o m e w h a t low c o m ­
p a r e d with tha t m e a s u r e d by the g a m i n a - r a y - a t t e n u a t i o n 
t e c h n i q u e . P r e s u m a b l y , t h i s is due to a f inite r e s p o n s e 
t i m e of the p r o b e , a s s o c i a t e d with the wet t ing of the t i p ; 
h e n c e , f u r t h e r d e v e l o p m e n t of t h i s t echn ique is n e c e s s a r y . 

I. INTRODUCTION 

T w o - p h a s e flow i s u s e d to d e s c r i b e the s i m u l t a n e o u s flow of a l i q ­
u id and g a s e o u s p h a s e , e i t h e r c o c u r r e n t l y o r c o u n t e r c u r r e n t l y . The d i s ­
t r i b u t i o n of the two p h a s e s d e p e n d s m a i n l y on the v o l u m e t r i c flow r a t e of 
e a c h p h a s e . V a r i o u s flow r e g i m e s can be d i s t i n g u i s h e d , depend ing upon 
the R e y n o l d s , F r o u d e , and W e b e r n u m b e r s , a s wel l a s upon jB, the v o l u m e t ­
r i c flow c o n c e n t r a t i o n . F o r low v a l u e s of |3 in v e r t i c a l p i p e s , the gas 
t e n d s to be d i s t r i b u t e d a s a s u s p e n s i o n of s m a l l bubb l e s (bubble- f low r e ­
g i m e ) . As /3 i n c r e a s e s , s m a l l b u b b l e s t end to c o a l e s c e , f o r m i n g l a r g e r 
b u b b l e s wh ich a l m o s t fill the c h a n n e l c r o s s s e c t i o n . T h i s r e g i m e is c a l l e d 
s lug flow. Upon f u r t h e r i n c r e a s e in the gas flow r a t e , the s lug l eng th in ­
c r e a s e s unt i l t he c o r e of the p ipe i s f i l led wi th gas and the l iqu id flows 
a long t h e wal l a s an a n n u l a r f i lm ( a n n u l a r - f l o w r e g i m e ) . At s t i l l h i g h e r 
gas v e l o c i t i e s , the l iqu id t e n d s to be d i s p e r s e d into the gas p h a s e a s a 
m i s t ( m i s t - f l o w r e g i m e ) . 

Al though t h e r e is i n t e r e s t in a l l four flow r e g i m e s , bubb le and s lug 
f lows a r e o b s e r v e d in m o s t c a s e s of p r a c t i c a l i m p o r t a n c e . In the s tudy of 
t h e s e two b a s i c flow p a t t e r n s , s o m e of the p a r a m e t e r s of i n t e r e s t a r e void 



f r a c t i o n , b u b b l e - s i z e d i s t r i b u t i o n , and bubb le f r e q u e n c y . An e l e c t r i c a l r e ­
s i s t i v i t y p r o b e w a s i n t r o d u c e d by N e a l w ) for the m e a s u r e m e n t of t h e s e p a ­
r a m e t e r s in c o c u r r e n t m e r c u r y - n i t r o g e n flow. T h i s p r o b e , h o w e v e r , cou ld 
not be u s e d d i r e c t l y for m e a s u r e m e n t s in a i r - w a t e r flow b e c a u s e of in ­
c r e a s e d w e t t i n g of the p r o b e t i p . 

T h i s r e p o r t d e s c r i b e s w o r k in the d e v e l o p m e n t of an e l e c t r i c a l r e ­
s i s t i v i t y p r o b e for m e a s u r e m e n t s of the l oca l void f r a c t i o n in a i r - w a t e r 
flow in which the l iqu id c a n be c o n s i d e r e d to be a con t inuous p h a s e . In 
add i t ion to p e r m i t t i n g t h i s use fu l m e a s u r e m e n t , it is hoped t h a t the p r o b e 
wil l p r o v i d e i n f o r m a t i o n wi th wh ich to c o m p a r e the t w o - p h a s e flow m o d e l s 
p r o p o s e d , a m o n g o t h e r s , by Bankoff'-^/ and Levyv°) . 

II. REVIEW OF L I T E R A T U R E 

B e c a u s e of i t s g r e a t i m p o r t a n c e in t w o - p h a s e flow and s t u d i e s of 
bo i l ing p h e n o m e n a , t e c h n i q u e s for the m e a s u r e m e n t of void f r a c t i o n have 
b e e n g iven c o n s i d e r a b l e a t t e n t i o n . A l i t e r a t u r e s u r v e y of t h e s e t e c h n i q u e s 
w a s conduc t ed by Gouse,^ ' who s u m m a r i z e d the r e s u l t s in t a b u l a r f o r m . 
A few m e t h o d s of v o i d - f r a c t i o n m e a s u r e m e n t a r e r e v i e w e d in t h e fol lowing 
d i s c u s s i o n . 

J o h n s o n and A b o u - S a b e ( ' ) p l a c e d s p e c i a l d i s k - t y p e v a l v e s , of u n i ­
f o r m tube d i a m e t e r when open , at e a c h end of the t e s t s e c t i o n . The s p r i n g -
loaded v a l v e s w e r e c l o s e d r a p i d l y and s i m u l t a n e o u s l y so a s to i s o l a t e the 
con t en t s of the t e s t s e c t i o n . 

Z u b e r and Hench^ •' mod i f i ed the p r e s s u r e - d r o p t e c h n i q u e by fixing 
one t a p n e a r the b o t t o m of the t e s t s e c t i o n and p l a c i n g a m o v a b l e t a p n e a r 
the t op . The m a n o m e t e r l eg c o n n e c t e d to t h e f ixed t a p w a s f i l l ed wi th w a t e r 
and the o t h e r l e g w a s f i l led wi th a i r by b l e e d i n g a s m a l l a m o u n t of a i r into 
th i s l eg so t h a t it bubb led out of the u p p e r t a p v e r y s lowly . By o b s e r v i n g 
the m a n o m e t e r r e a d i n g s b e f o r e and a f t e r the a i r flow w a s i n i t i a t e d , the 
a v e r a g e void f r a c t i o n b e t w e e n the two t a p s v/as d e t e r m i n e d . 

DenglerV^/ u s e d a t r a c e r t e c h n i q u e to d e t e r m i n e v o i d s . A r a d i o ­
a c t i v e s a l t , Mn CI2, w a s d i s s o l v e d in the l iqu id p h a s e . If the s a l t did not 
coa t the i n t e r i o r w a l l s , t he count w a s p r o p o r t i o n a l to the l iqu id f r a c t i o n . 

The g a m m a - r a y - a t t e n u a t i o n m e t h o d w a s s t u d i e d by H o o k e r and 
P o p p e r . ! " ) T h i s t e c h n i q u e e m p l o y s a r a d i o a c t i v e s o u r c e and a c r y s t a l d e ­
t e c t o r . The s t r e n g t h of the a t t e n u a t e d b e a m p a s s i n g t h r o u g h t h e s t r e a m is 
a funct ion of t h e s t r e a m d e n s i t y and, t h e r e f o r e , r e l a t e d to the void f r a c t i o n . 
Petricki-*--^z i m p r o v e d th i s m e t h o d by t r a v e r s i n g the s o u r c e and d e t e c t o r 
a c r o s s the c h a n n e l width , and thus o b t a i n e d a d e n s i t y p r o f i l e . Petrickv-'-'^) 
a l s o i n t r o d u c e d a p o l y n o m i a l - f i t t i n g t e c h n i q u e for d e t e r m i n i n g l o c a l void 
f r a c t i o n s in a r o u n d p ipe . B e t a r a y s have a l s o b e e n u s e d in p l a c e of 
g a m m a rays.l-*-3) 



Neal ' ' ' ' ' c o n s t r u c t e d an e l e c t r i c a l p r o b e for m e a s u r i n g l o c a l p a r a m ­
e t e r s in m e r c u r y - n i t r o g e n flow. T h e p r o b e c o n s i s t s of an i n s u l a t e d n e e d l e 
wi th an e x p o s e d t ip po in t ing into the flow. When a b a t t e r y and a r e s i s t o r 
in s e r i e s wi th the p r o b e w a s c o n n e c t e d to g round , a change in vo l t age w a s 
o b s e r v e d a s m e r c u r y and then n i t r o g e n c a m e into con tac t wi th t h e p r o b e . 
T h i s e l e c t r i c a l p r o b e w a s d e v e l o p e d in a s y s t e m w h e r e the con t inuous 
p h a s e w a s a l iquid m e t a l . The p u r p o s e of the p r e s e n t w o r k , t h e r e f o r e , 
w a s to ex tend th i s t e c h n i q u e to a i r - w a t e r flow. 

Af ter the p r e s e n t w o r k w a s e s s e n t i a l l y c o m p l e t e d , the au tho r 
l e a r n e d * tha t a p r o b e s i m i l a r to the one deve loped by Neal had b e e n i n d e ­
penden t ly c o n s t r u c t e d by Solomon!-'-^) for u s e a s a f l o w - r e g i m e i n d i c a t o r 
in t w o - p h a s e a i r - w a t e r flow. S o l o m o n ' s p r i n c i p a l i n t e r e s t was in d e t e c t ­
ing c h a n g e s in flow con f igu ra t i on , w h e r e a s the p r e s e n t w o r k was a i m e d at 
d e t e r m i n i n g l o c a l void f r a c t i o n s and b u b b l e - s i z e d i s t r i b u t i o n s . 

*Pr iva te communica t ion from Dr. P . Griffith to Dr. S. G. Bankoff 



III . E X P E R I M E N T A L A P P A R A T U S 

A. F low S y s t e m 

The a r r a n g e m e n t of the flow s y s t e m u s e d in t h e s e s t u d i e s i s shown 
p i c t o r i a l l y in F i g u r e 3.1 and s c h e m a t i c a l l y in F i g u r e 3.2, Th i s n a t u r a l -
c i r c u l a t i o n loop c o n s i s t s of a w a t e r - and a i r - i n j e c t i o n s y s t e m , the t e s t 
s ec t i on , and an a i r - w a t e r s e p a r a t o r . The m e t e r e d s t r e a m s of a i r and 
w a t e r w e r e fed to the b o t t o m of the t e s t s e c t i o n . The r e s u l t i n g t w o - p h a s e 
m i x t u r e f lowed up t h r o u g h the t e s t s e c t i o n and into the s e p a r a t o r w h e r e the 
a i r w a s l i b e r a t e d to the a t m o s p h e r e and the w a t e r w a s r e t u r n e d to the t e s t 
s ec t i on v ia a dov /ncomer by g r a v i t y . The flov/ s y s t e m w a s c o n s t r u c t e d a l ­
m o s t e n t i r e l y of L u c i t e to a l low for v i s u a l o b s e r v a t i o n . 

F i g . 3 .2 . S c h e m a t i c D i a g r a m 
F i g . 3 . 1 . E x p e r i m e n t a l A p p a r a t u s of F low S y s t e m 

1. D e s c r i p t i o n of E q u i p m e n t C o m p o n e n t s 

A c r o s s - s e c t i o n a l v iew of the w a t e r - and a i r - i n j e c t i o n s y s t e m 
is shown in F i g u r e 3 .3 . The a i r e n t e r e d t h r o u g h two 1-in. c o p p e r t u b e s 
and m e r g e d wi th the v e r t i c a l l y flowing w a t e r s t r e a m t h r o u g h 168 h o l e s 
s p a c e d a long the p e r i p h e r y of the p i p e . 
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F i g . 3 .3 . Sec t iona l View of A i r - W a t e r Mixer 

The t e s t s e c t i o n w a s c o n s t r u c t e d f rom an 8-i--ft p i ece of 
2- j - in . Luc i t e p i p e . Six p r o b e t a p s , s p a c e d equa l ly 1 ft a p a r t , w e r e i n s e r t e d 
to al low for p r o b e m e a s u r e m e n t s to be m a d e at v a r i o u s d i s t a n c e s f rom the 
a i r i n j e c t o r . 

The s e p a r a t o r w a s a 33 x 24 x 18- in . L u c i t e t ank with an o p e n ­
ing in the t op . The ve loc i ty of the t w o - p h a s e m i x t u r e e n t e r i n g the s e p a r a t o r 
d e c r e a s e d suff ic ient ly , due to the i n c r e a s e in c r o s s - s e c t i o n a l a r e a , a l lowing 
the a i r to be c o m p l e t e l y r e m o v e d f rom the w a t e r . The w a t e r t hen e n t e r e d 
the 2 - - i n . d o w n c o m e r . 

4 

The a i r supply w a s ob ta ined f rom the m a i n l a b o r a t o r y l ine , and 
the w a t e r supply was ob ta ined f r o m the m a i n t a p - w a t e r l i ne . T a p , r a t h e r 
t h a n d e m i n e r a l i z e d , w a t e r w a s u s e d b e c a u s e of i t s h i g h e r e l e c t r i c a l con ­
duc t iv i ty , a n e c e s s i t y for p r o p e r funct ioning of the p r o b e . 

2. I n s t r u m e n t a t i o n and C o n t r o l 

The flow r a t e of a i r w a s r e g u l a t e d by two need le v a l v e s and 
m e a s u r e d at a 0 .125 - in . o r i f i c e . A c o n s t a n t p r e s s u r e of 70 ps ig w a s 
m a i n t a i n e d u p s t r e a m f r o m t h e o r i f i c e by two N o r g e n r e g u l a t o r s . 



The flow r a t e of w a t e r was r e g u l a t e d by an i n v e r s e p e r c e n t a g e -
flow plug v a l v e , shown s c h e m a t i c a l l y in F i g u r e 3.4, and w a s m e a s u r e d at a 

1 .375-in. o r i f i c e l o c a t e d at the bo t tom end 
of the d o w n c o m e r . Both the a i r and w a t e r 
o r i f i c e s m e t s p e c i f i c a t i o n s l i s t e d in G r a c e 
and Lapple(5) and in F lu id M e t e r s . ( 3 ) 

S t a n d a r d 6 0 - i n . m a n o m e t e r s , which 
could be r e a d to ±0.05 in . , w e r e u s e d for 
m e a s u r e m e n t s of p r e s s u r e d r o p . M a ­
n o m e t e r f luids of spec i f i c g r a v i t y 2.95 and 
1.25 w e r e u s e d for the a i r r a t e and w a t e r 
r a t e , r e s p e c t i v e l y . 

The w a t e r t e m p e r a t u r e was m e a ­
s u r e d with a d ia l t h e r m o m e t e r , with an 
a c c u r a c y of ±1°C, i n s e r t e d in the s e p a r a t o r . 
The a i r w a s a s s u m e d to be at r o o m 

F i g . 3.4. W a t e r - c o n t r o l Valve , , 
° t e m p e r a t u r e . 

B . An E l e c t r i c a l P r o b e for Loca l Void M e a s u r e m e n t s 

The void f r ac t i on , or gas f r ac t i on , at a p a r t i c u l a r point in a t w o -
p h a s e s y s t e m can be def ined as the f r a c t i o n of t i m e tha t the gas p h a s e 
e x i s t s at the poin t in q u e s t i o n . T h i s can be s t a t ed m a t h e n n a t i c a l l y a s fol lows 

a [ l - f ( t ) ] d t ;3 . i ) 

w h e r e a i s the void f r ac t i on , f(t) is a d i s con t inuous funct ion of t i m e tha t 
a s s u m e s a va lue of one when the l iquid p h a s e e x i s t s at the point in ques t ion 
and a va lue of z e r o when the gas p h a s e e x i s t s at t he point , and T is the t i m e 
i n t e r v a l o v e r which the void f r a c t i o n is d e t e r m i n e d . The i n t e r v a l T m u s t 
be l a r g e enough tha t a s t a t i s t i c a l l y good a v e r a g e can be ob ta ined at tha t 
po in t . 

1. The P r o b e 

An e l e c t r i c a l p r o b e , capab le of m e a s u r i n g i n s t a n t a n e o u s l y the 
l oca l r e s i s t i v i t y of a t w o - p h a s e m i x t u r e , and t h e r e b y p rov id ing a m e a s u r e 
of l oca l v a l u e s of void f r a c t i o n , was d e v e l o p e d . When a i r i s in con tac t 
with the p r o b e t i p , the r e s i s t a n c e b e t w e e n the p r o b e and g round i s inf in i te , 
w h e r e a s when w a t e r is in con tac t with the p r o b e , the r e s i s t a n c e i s about 
75,000 o h m s . By connec t ing a b a t t e r y and a r e s i s t o r in s e r i e s wi th the 
p r o b e , the vo l t age d r o p a c r o s s the r e s i s t o r could be o b s e r v e d . 



The p r o b e ( see F i g u r e 3.5) c o n s i s t s of a 6- in . length of 0 .031- in . 
s t e e l w i r e ben t at r i gh t a n g l e s 1-|- in . f r om one end. By m e a n s of an oil 
s tone and e m e r y p a p e r , t he t ip of the s h o r t e r s e g m e n t was filed to a po in t . 
The l o n g e r s e g m e n t w a s e n c a s e d in a 4 - i n . p i ece of —-in. s t a i n l e s s s t e e l 
tub ing , but w a s i n s u l a t e d f r o m it by Tef lon " s p a g h e t t i . " The filed p i ece 
w a s i n s u l a t e d by a K r y l o n s p r a y e n a m e l . In o r d e r to a s s u r e c o m p l e t e i n ­
su l a t ion , the bend w a s dipped in l iquid paraf f in and a l lowed to coo l . The 
p r o b e t ip was then c a r e f u l l y s c r a t c h e d to expose about 0.01 in. of the po in t . 

PARAFFIK 
INSULATION 

V — - v , ^ 

^ ' 

KRYLON SPRAY 
INSULATION 

17 DIA SST TUBE l — . O S I " DIA 

TEFLON INSULATION 

STEEL WIRE 

F i g . 3 .5 . E l e c t r i c a l P r o b e 

Upon c o m p l e t i o n of the p r o b e , it was i n s e r t e d in the channe l 
by m e a n s of a modi f ied "Swage lock" tube f i t t ing. The f i r s t f e r r u l e of the 
f i t t ings was r e p l a c e d by a -—-in. O - r i n g , and the second f e r r u l e was r e ­
v e r s e d . Th i s a l lowed the p r o b e to be t r a v e r s e d a c r o s s the pipe and at the 
s a m e t i m e r e m a i n l eak proof . The p r o b e was o r i e n t e d with the exposed 
t ip point ing into the d i r e c t i o n of flow (see F i g u r e 3.6). 

2. The I n t e g r a t i n g C i r c u i t 

In o r d e r to d e t e r m i n e what f r ac t ion of t i m e gas was in con tac t 
wi th the p r o b e t ip , the p r o b e s igna l w a s e l e c t r o n i c a l l y i n t e g r a t e d for a 
t i m e T . The i n t e g r a t i n g c i r c u i t is shown s c h e m a t i c a l l y in F i g u r e 3.7 and, 
a long with the o the r e l e c t r i c a l c o m p o n e n t s , p i c t o r i a l l y in F i g u r e 3 .8 . It 
c an e a s i l y be shown t h a t th i s c i r c u i t y i e ld s the following r e l a t i o n s h i p : 

e(t) dt (3.2) 
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F i g . 3 .6 . P r o b e in Channe l 
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F i g . 3 .7. I n t e g r a t i n g C i r c u i t 
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1 1 2 - 2 7 3 4 

F i g . 3 . 8 . E l e c t r i c a l E q u i p m e n t 

Recorder 

Power Supply 

Integrator 

Trigger 

Upon mul t i p ly ing t h i s equa t ion by the cons t an t - R C / E T , one o b t a i n s : 

RC 1 
.T 

e t 
'° E T T 

d t (3.3) 

By c o m p a r i n g equa t ions (3.1) and (3.3) and not ic ing that e ( t ) / E and f(t) have 
i d e n t i c a l p r o p e r t i e s , one can then w r i t e : 

1 - a T I E 
"^0 

d t ;3.4) 



o r 

^- I -I. [^ ^ d t . (3.5) 
T / E ' 

The i n t e g r a t i n g c i r c u i t c o n s i s t s of a h i g h - g a i n a m p l i f i e r and 
a r e c o r d e r . The a m p l i f i e r , m o d e l U P A - 2 of G e o r g e A. P h i l b r i c k R e s e a r c h e s , 
Inc . , h a s a ga in of 10 . A B r i s t o l D y n a m a s t e r r e c o r d e r , m o d e l I P H 5 6 0 - 5 1 , 
with a r a n g e of 100 m v w a s u s e d to r e c o r d the output . A 2 . 2 - M o h m r e s i s t o r 
and a l-/if c a p a c i t o r w e r e u s e d to give the c i r c u i t a t i m e c o n s t a n t (RC) of 
2.2 s e c . 

, A M i n n e a p o l i s - H o n e y w e l l e i g h t - c h a n n e l " V i s i c o r d e r , " m o d e l 
906, w a s u s e d to r e c o r d the p r o b e s igna l wh ich w a s the input to the i n t e ­
g r a t i n g c i r c u i t . The f r e q u e n c y r e s p o n s e of the p a r t i c u l a r channe l u s e d 
w a s 0-2000 c p s , and the p a p e r d r i v e w a s se t at 25 i n . / s e c . In add i t ion , a 
M i n n e a p o l i s - H o n e y w e l l t i m e r w a s u s e d in o r d e r to i n t r o d u c e a t i m e s c a l e 
on the p r o b e s i g n a l r e c o r d . 

3 . V o i d - p r o b e T r i g g e r 

Neal(9) s t a t e d tha t , when u s i n g a p r o b e of t h i s type for m e a s u r i n g 
l o c a l void f r a c t i o n s , it i s a d v a n t a g e o u s for the con t inuous p h a s e of the t w o -
p h a s e m i x t u r e to be a l iquid m e t a l . The high s u r f a c e e n e r g y r e s u l t s in the 
nonwe t t i ng of the p r o b e , and a f a s t b r e a k in the c i r c u i t i s ob t a ined . With a 
fas t b r e a k in the c i r c u i t , a s q u a r e - w a v e r e s p o n s e i s ob t a ined , and the a r e a 
u n d e r the c u r v e is d i r e c t l y p r o p o r t i o n a l to the l iquid f r a c t i o n . Thus the r e ­
s p o n s e c a n be e l e c t r o n i c a l l y i n t e g r a t e d a s s t a t e d p r e v i o u s l y . 

H o w e v e r , in the s y s t e m u n d e r s tudy , w a t e r , which wet the p r o b e , 
w a s the con t inuous p h a s e , and th i s m e a n t tha t the change in r e s i s t a n c e f r o m 
75,000 o h m s to inf ini ty w a s g r a d u a l and not s h a r p enough to ob ta in s q u a r e 
w a v e s . T h e r e f o r e , in o r d e r to apply e l e c t r o n i c i n t e g r a t i o n , the p r o b e s igna l 
r e s p o n s e had to be a l t e r e d to a s q u a r e - w a v e r e s p o n s e such tha t the f r a c t i o n 
of the t o t a l t i m e tha t l iqu id w a s in c o n t a c t wi th the p r o b e w a s the s a m e for 
bo th r e s p o n s e c u r v e s . 

The p r o b l e m w a s so lved by e m p l o y i n g an e l e c t r o n i c c i r c u i t 
d e s i g n e d by T . T . A n d e r s o n . T h i s c i r c u i t , shown in F i g u r e 3.9, c o n s i s t s of 
two p r i n c i p a l c o m p o n e n t s : a t r a n s i s t o r i z e d e l e c t r o m e t e r a m p l i f i e r , and a 
t r a n s i s t o r i z e d Schmi t t t r i g g e r c i r c u i t . 

The Schmi t t t r i g g e r c i r c u i t c o n t a i n s t h r e e p o t e n t i o m e t e r s , the 
s e n s i t i v i t y , l e v e l , and z e r o " p o t s . " The s e n s i t i v i t y and l e v e l p o t e n t i o m e t e r s , 
which a r e l o c a t e d at the input , a r e ad ju s t ed e i t h e r to f i r e or t u r n off t he 
t r i g g e r when the a m p l i f i e r output vo l t age b e g i n s to d r o p f r o m a l eve l c o r ­
r e s p o n d i n g to a i r in con t ac t wi th the p r o b e t i p . The t r i g g e r wi l l t hen turn 
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Fig. 3.9. Void-probe Tr igger 
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off o r f i r e when the a m p l i f i e r output r e t u r n s to t h e o r i g i n a l vo l t age l e v e l . 
The t r i g g e r can be b i a s e d on o r off by m a k i n g the input vo l t age e i t h e r n e g ­
a t ive o r p o s i t i v e . Th i s c o r r e s p o n d s to i n t e g r a t i n g e l e c t r o n i c a l l y e i t h e r 
for the l iquid f r a c t i o n o r the gas f r a c t i o n , r e s p e c t i v e l y . By a d j u s t m e n t of 
the z e r o p o t e n t i o m e t e r , the i n t e g r a t o r vo l t age can be s e t to r e m a i n c o n s t a n t 
for a z e r o s igna l at the t r i g g e r output . F i g u r e 3.10 shows a c o m p a r i s o n 
of the t r i g g e r input and output s i g n a l s . 

^^~^" 

(a) INPUT TO TRIGGER CIRCUIT 

(b) OUTPUT OF TRIGGER CIRCUIT 

Fig. 3.10 

Comparison of Probe Signal 

T h e t r i g g e r o u t p u t w a s r e c o r d e d o n t h e " V i s i c o r d e r " s i m u l ­
t a n e o u s l y w i t h t h e i n p u t s i g n a l a n d t h e t i m e - s c a l e s i g n a l , a s s h o w n i n 
F i g u r e 3 . 1 1 . T h e t r i g g e r o u t p u t s i g n a l d o e s n o t a p p e a r a s " p e r f e c t " s q u a r e 

T 
.ISEC 

I TIME 
.3 

w^V —'•'•••«l»-' 

^^ S 

4 •'?-•'̂ -.'rf̂ ' 

•• • • ; • •-:• % 

**-

ACTUAL 
PULSE 

'' f 

MODIFIED 
PULSE 

112-2736 

Fig. 3.11. Probe Signals 



w a v e s b e c a u s e the f r e q u e n c y r e s p o n s e of the p a r t i c u l a r g a l v a n o m e t e r u s e d 
in the " V i s i c o r d e r " w a s only 0-600 c p s , a l though the i n t e g r a t i n g c i r c u i t i n ­
put w a s a p s e u d o - r a n d o m s q u a r e w a v e , i . e . , a s q u a r e wave with a r a n d o m 
n u m b e r of z e r o e s d u r i n g any p a r t i c u l a r t i m e i n t e r v a l . 

A T e k t r o n i x d u a l - c h a n n e l o s c i l l o s c o p e w a s u s e d to o b s e r v e the 
p r o b e input s igna l and the t r i g g e r output s igna l for l eve l and s e n s i t i v i t y 
a d j u s t m e n t s . 

C . R a d i a t i o n - a t t e n u a t i o n Method of Void M e a s u r e m e n t 

In o r d e r to c h e c k the v o i d - f r a c t i o n da ta ob ta ined with the p r o b e , 
an e s t a b l i s h e d t e c h n i q u e w a s a l s o e m p l o y e d . Th i s t e chn ique d e p e n d s on 
the a b s o r p t i o n of g a m m a r a y s by t h e w a t e r and not by the a i r . 

A g a m m a - r a y s o u r c e , thu l ium~170, was p l a c e d about 4 in . f r om t h e 
t e s t s e c t i o n with a c o l l i m a t o r b e t w e e n . The r a y s not a b s o r b e d by the w a t e r 
o r the Luc i t e t e s t s e c t i o n w e r e c o l l e c t e d by a s c i n t i l l a t i o n c r y s t a l pho to -
m u l t i p l i e r t u b e . The s i g n a l f r o m the p h o t o m u l t i p l i e r tube w a s then a m p l i ­
fied and r e c o r d e d on a M i n n e a p o l i s - H o n e y w e l l r e c o r d e r wi th a r a n g e of 
0-10 m v . S ince g a m m a r a y s a r e not a b s o r b e d a p p r e c i a b l y by a i r , the 
s t r e n g t h of the a t t e n u a t e d b e a m is a funct ion of the s t r e a m d e n s i t y and, 
t h u s , a funct ion of t h e void f r a c t i o n . By t r a v e r s i n g the s o u r c e and c o l l e c t o r 
a s a un i t , a c r o s s the width of the c h a n n e l , a con t inuous c u r v e of c h o r d a l 
d e n s i t i e s can be ob ta ined , w h e n c e the a v e r a g e void f r a c t i o n can be d e t e r ­
m i n e d . T h i s t e chn ique r e q u i r e s t r a v e r s i n g an e m p t y channe l , a full c h a n ­
n e l , and the t w o - p h a s e m i x t u r e . The t h e o r y and d e r i v a t i o n of equa t i ons 
of t h i s t e c h n i q u e w e r e shown by P e t r i c k . ( l l ) 

D. P r o c e d u r e 

B e f o r e the flow s y s t e m w a s f i l led wi th w a t e r , the t e s t s e c t i o n w a s 
t r a v e r s e d h o r i z o n t a l l y wi th the g a m m a - r a y equ ipmen t to ob ta in a t r a c e of 
the e m p t y c h a n n e l . At the s a m e t i m e , the i n t e g r a t o r r e c o r d e r w a s a l lowed 
to run for 60 s e c . T h i s ou tput s i g n a l c o r r e s p o n d s to a va lue of ex. = 1.0. 
F r o m equa t ion (3 .2) , t h i s s i g n a l i s s i m p l y - E T / R C and i s the quan t i ty by 
which a l l s u c c e e d i n g output s i g n a l s w e r e d iv ided to ob ta in the gas f r a c t i o n . 
By m e a n s of t h i s t e c h n i q u e the exac t va lue of the i n t e g r a t i o n t i m e c o n s t a n t 
RC need not be known. H o w e v e r , e a c h s u c c e e d i n g i n t e g r a t i o n should be 
m a d e o v e r the s a m e i n t e r v a l , T = 60 s e c , and the quant i ty E T / R C should 
r e m a i n c o n s t a n t for the e n t i r e e x p e r i m e n t . Since the va lue E T / R C is a 
l i n e a r funct ion of t i m e , a d i f fe ren t i n t e g r a t i o n i n t e r v a l can be u s e d , but 
t h e n the c o n s t a n t E T / R C m u s t be c h a n g e d a c c o r d i n g l y . 

It should be no ted t h a t a p o s i t i v e input vo l t age w a s app l i ed on the 
t r i g g e r , b i a s i n g the input t r a n s i s t o r "off" and thus i n t e g r a t i n g d i r e c t l y for 
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the quantity a . There fore , equation (3.4) should be rewritten as 

1 f^ e(t) ^ a = — -^-LJ- dt 
T I E 

^0 

T^fter filling with water , the tes t section was t r a v e r s e d to ob­
tain a full-channel t r a c e . Air was then bubbled through the tes t section, 
the air and water valves being adjusted for the p roper flow r a t e s . Again 
the tes t section was t r a v e r s e d with the g a m m a - r a y equipment to obtain the 
two-phase t r a c e . 

The level and sensit ivi ty adjustments were made by observing the 
t r igger input and output signals on the osc i l loscope . The zero adjustment 
was made by "zeroing" the Simpson m e t e r provided for this pu rpose . With 
the flow^ ra te s constant , the complete void-fract ion profile was obtained 
by integrat ing the probe signal at each of seven radia l posit ions and using 
equation (3.6) and the constant - E T / R C . 

A photographic r eco rd of the probe signal, shown in F igure 3.11, 
-wa'B obtained by alloAving the "Vis icorder" to run for 15 sec , which co r ­
responds to a 30-ft t r a c e of signal . 

;3.6) 



IV. DISCUSSION AND RESULTS 

A. P r o b e Wett ing 

The p r o g r a m for d e v e l o p m e n t of the p r o b e c o m m e n c e d with p r e ­
l i m i n a r y e x p e r i m e n t s conduc t ed in a 4 - g a l j a r . The o r i g ina l l y des igned 
p r o b e was s u s p e n d e d in the w a t e r - f i l l e d j a r , and a i r was s lowly bubbled 
up t h r o u g h a 1-in. L u c i t e c y l i n d e r t o w a r d the p r o b e . A 1.5-v b a t t e r y and 
100 ,000 -ohm r e s i s t o r w e r e c o n n e c t e d in s e r i e s wi th the p r o b e to ground , 
and the vo l t age d r o p a c r o s s the r e s i s t o r was o b s e r v e d on an o s c i l l o s c o p e . 
The pu l s e s igna l r e v e a l e d tha t a s h a r p b r e a k in the c i r c u i t did not occu r 
when the bubble w a s p i e r c e d by the p r o b e ; i n s t e a d , the change in vo l tage 
d r o p a s s u m e d an exponen t i a l pa th when going f rom a vol tage c o r r e s p o n d ­
ing to w a t e r s u r r o u n d i n g the p r o b e t ip to z e r o , which c o r r e s p o n d s to a i r 
s u r r o u n d i n g the p r o b e t i p . 

The c a u s e of t h i s i r r e g u l a r l y s h a p e d r e s p o n s e was b e l i e v e d to be 
the w a t e r a d h e r i n g to the p r o b e when a i r was ac tua l l y s u r r o u n d i n g it. The 
p r o b e w a s , t h e r e f o r e , i n s u l a t e d wi th Tef lon, and the t ip was t hen ca re fu l ly 
s c r a t c h e d so a s to expose the s t e e l po in t . T h i s , h o w e v e r , did not solve 
the p r o b l e m , p r o b a b l y b e c a u s e the e x p o s e d t ip w a s wet ted even though the 
r e m a i n i n g p a r t of the p r o b e was not . F i g u r e 4.1 shows what is be l i eved to 
be ac tua l l y happen ing a s an a i r bubble a p p r o a c h e s the p r o b e t i p . In p o s i ­
t ion 1 the bubble is a p p r o a c h i n g the p r o b e , w h e r e a s in pos i t ion 2 the p robe 
is j u s t t ouch ing the bubble s u r f a c e . S ince the p r o b e is s t i l l in the l iquid 
m e d i u m , the c i r c u i t is c l o s e d and a vo l t age d r o p a c r o s s the r e s i s t o r equal 
to E a p p e a r s on the o s c i l l o s c o p e . The p r o b e then beg ins to p i e r c e the 
bubble (pos i t ion 3), but a s m a l l quan t i ty of w a t e r ( e x a g g e r a t e d in the f igure 
to c l a r i fy the t h e o r y ) r e m a i n s on the p r o b e t i p , c a u s i n g the vo l t age g r a d u ­
a l ly to d e c a y f rom a va lue of E to z e r o . When the p robe is c o m p l e t e l y 
s u r r o u n d e d by a i r (pos i t ion 4) an open c i r c u i t is c r e a t e d unt i l the p r o b e 
aga in r e a c h e s the a i r - l i q u i d i n t e r f a c e (pos i t ion 5), thus c r e a t i n g a c l o s e d 
c i r c u i t and send ing the v o l t a g e to the o r i g i n a l va lue of E. 

F i g . 4 . 1 . P r o b e Wetting 



The d i s t a n c e t r a v e r s e d by t h e p r o b e into the bubb le b e f o r e the t i p 
w a s c o m p l e t e l y s u r r o u n d e d by a i r could be d e t e r m i n e d by r e c o r d i n g the 
pu l s e on the " V i s i c o r d e r " and v i s u a l l y e s t i m a t i n g the bubb le v e l o c i t y . 
F r o m the a s s u m p t i o n tha t the bubb le v e l o c i t y i s 2 f t / s e c and a m e a s u r e ­
m e n t of the " w e t t e d " d i s t a n c e a s — in. on a t i m e s c a l e of 25 i n . / s e c , it 
m a y be c a l c u l a t e d tha t the p r o b e p e n e t r a t e s a d i s t a n c e of about— in. into 
the b u b b l e . Al though b u b b l e s s m a l l e r t han -j in. wi l l be d e t e c t e d by the 
p r o b e , only t h o s e l a r g e r t h a n t h i s va lue wi l l c a u s e the o b s e r v e d vo l t age to 
d r o p to a z e r o v a l u e . 

S ince i n t e g r a t i n g t h e s igna l d e p e n d s on a s q u a r e - w a v e p u l s e , the 
t r i g g e r c i r c u i t d e s c r i b e d in the p r e v i o u s c h a p t e r w a s i n t r o d u c e d in the 
i n t e g r a t i n g c i r c u i t . A s l igh t dev i a t i on f r o m E of the p r o b e s i g n a l vo l t age 
would c a u s e the t r i g g e r to " t u r n off," and t h e t r i g g e r output vo l t age would 
d r o p i n s t a n t l y f r o m a va lue of E ' to z e r o . Upon r e t u r n i n g to the o r i g i n a l 
va lue of E , t he p r o b e s igna l v o l t a g e would c a u s e the t r i g g e r to " f i r e , " and 
then the t r i g g e r output vo l t age would i n s t a n t l y r e t u r n to i t s o r i g i n a l va lue 
of E ' , a s shown in F i g u r e 3.10. I n t e g r a t i n g the t r i g g e r output s igna l would 
r e s u l t in ob ta in ing t h e l iqu id f r a c t i o n 1 - a . H o w e v e r , r e v e r s a l of the p o ­
l a r i t y of the t r i g g e r input would c a u s e the t r i g g e r to " f i r e " when the p r o b e 
p i e r c e s the bubble and " t u r n off" when it i s a g a i n s u r r o u n d e d by l iquid ; 
i n t e g r a t i o n of t h i s s igna l g ives the gas f r a c t i o n a . T h i s p r o c e d u r e w a s 
u t i l i z e d for a l l the expe r imien ta l da t a . 

By ad ju s t i ng the " l e v e l " p o t e n t i o m e t e r , t h e v o l t a g e v a l u e of the 
p r o b e s i g n a l a t wh ich the t r i g g e r would " f i r e " could be s e t at any d e s i r e d 
l e v e l . Ad jus t ing t h e " s e n s i t i v i t y " p o t e n t i o m e t e r would m i n i m i z e the dif­
f e r e n c e b e t w e e n the vo l t age l e v e l s for " f i r i n g " and " t u r n i n g off." If the 
t r i g g e r v o l t a g e l e v e l is s e t too c l o s e to the p r o b e vo l t age E , n o i s e in the 
e l e c t r i c a l c i r c u i t cou ld c a u s e the t r i g g e r to " f i r e " even when no bubble i s 
p r e s e n t . On the o t h e r hand , if t h e t r i g g e r l e v e l i s not se t c l o s e enough, 
s m a l l b u b b l e s could p i e r c e the p r o b e wi thou t " f i r i n g " the t r i g g e r . The 
o p t i m u m s e t t i n g of t h e two a d j u s t m e n t s w a s m a d e by o b s e r v i n g the p r o b e 
and t r i g g e r output s i g n a l s on a d u a l - c h a n n e l o s c i l l o s c o p e and no t i c ing when 
bubb l e s of a l l s i z e s c a u s e d t h e t r i g g e r to f i r e but , a t t he t i m e , m a k i n g s u r e 
tha t e l e c t r i c a l n o i s e d idn ' t i n t e r f e r e . 

F i g u r e 4.2 shows tha t if the t r i g g e r l e v e l a d j u s t m e n t is not s e t 
p r o p e r l y , an i n a c c u r a t e v a l u e of the void f r a c t i o n is ob t a ined . The d e ­
p e n d e n c e of t h e vo id f r a c t i o n on the t r i g g e r s e n s i t i v i t y s e t t i n g is shown in 
F i g u r e 4 . 3 . It can , t h e r e f o r e , e a s i l y be s e e n tha t p r o p e r s e t t i n g of t h e s e 
two c o n t r o l s i s a v i t a l f a c t o r . 
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B. Integrat ion of Probe Signal 

The probe was inser ted in the channel at a dis tance of 35 pipe di­
a m e t e r s downst ream from the a i r injector. Void-fraction profi les were 
obtained by integrat ing the t r i gge red probe signal at each of the following 
seven values of r ' = T/R : 0.0, 0.136, 0.273, 0.454, 0.636, 0.818, and 1.00. 
This was c a r r i e d out for ten values of quality ranging from 1.145 x 10" 
to 1.045 X 10"^. Quality is defined by 

W 

where W Q and W-, a r e the gas and liquid m a s s flow r a t e s , respect ive ly . 

During the electronic integrat ion for local void fract ions, a 
30-ft t r a c e (taking about 15 sec) of the probe signal and t r igger output s ig­
nal was obtained on the "Vis icorder . " This r eco rd of the signals was used 
for two specific purposes : (1) checking the t r igger c i rcui t , and (2) check­
ing the in tegra tor . 

A par t i a l check of the t r igge r c i rcui t was accomplished by simply 
looking for all the bubble pulses that did not "f ire" the t r i gge r . The total 
dwell t ime of these "missed" bubbles was obtained by summing the dwell 
t imes of the individual bubbles. Division by the total t ime elapsed (15 sec) 
resul ted in a number corresponding to a void fraction to be added to those 
values obtained by integrat ion. These cor rec t ion factors were all smal l , 
as seen from Table 4 .1 . 

Table 4.1 

INTEGRATION CORRECTION FACTORS 

Run No. Cor rec t ion F a c t o r s 

2 0.00308 
3 0.00317 
4 0.0007 
5 0.0007 
6 0.0007 
7 0.0012 
8 0.0003 
9 0.0025 

Since the t r igger c i rcui t did m i s s a few bubbles, it is possible that 
each t r igger output pulse was slightly sma l l e r than its corresponding probe 
pulse. This would resu l t in a low value for the void fraction. This e r r o r , 
along with any e r r o r in the e lect ronic integrat ion, was checked as follows. 
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One va lue for the vo id f r a c t i o n w a s ob ta ined m a n u a l l y f r o m the pho tog raph i c 
r e c o r d of the p r o b e s i g n a l . A c o m p a r i s o n b e t w e e n th i s va lue and i t s c o r ­
r e s p o n d i n g va lue o b t a i n e d f r o m the i n t e g r a t o r shows a s m a l l e r r o r , a s s e e n 
in T a b l e 4 .2 . 

T a b l e 4.2 

C H E C K OF INTEGRATION 

a (manua l l y d e t e r m i n e d ) a ( e l e c t r o n i c a l l y d e t e r m i n e d ) 

0.3004 0.290 

0.2232 0.224 

0.1237 0.126 

In e a c h e x p e r i m e n t a l r u n , the p h o t o g r a p h i c r e c o r d of the t r i g g e r 
input and output s i g n a l s w a s o b t a i n e d by a l lowing the " V i s i c o r d e r " to run 
for 15 s e c . P r e l i m i n a r y c a l c u l a t i o n s h a d b e e n m a d e to d e t e r m i n e w h e t h e r 
an i n t e r v a l of 15 s ec would give a s t a t i s t i c a l l y good a v e r a g e va lue for the 
vo id f r a c t i o n . A t r a c e c o r r e s p o n d i n g to 20 s ec w a s u s e d to c a l c u l a t e m a n ­
u a l l y the void f r a c t i o n for each of four 5 - s e c i n t e r v a l s and a l s o for the 
f i r s t 10 s e c , 15 s e c , and 17 s e c , a s we l l a s for the e n t i r e t r a c e . E a c h 
va lue o b t a i n e d c a m e wi th in 10% of the to t a l a v e r a g e v a l u e , whi le tha t va lue 
for the f i r s t 15 sec c a m e wi th in 1%. 

C. Use of G a m m a - r a y T e c h n i q u e 

S ince the e l e c t r i c a l p r o b e t e c h n i q u e is the f i r s t c a p a b l e of m e a s u r i n g 
l o c a l or poin t v a l u e s of void f r a c t i o n , t h e r e a r e no p r e v i o u s da ta wi th which 
to c o m p a r e the r e s u l t s . H o w e v e r , the v o i d - f r a c t i o n p ro f i l e can be c h e c k e d 
by a s s u m i n g tha t the void f r a c t i o n can be e x p r e s s e d a s a function of the 
p o l y n o m i a l 

<̂ r = C7 + a i ~ j + ^^^{^ • 

which is an equa t ion in four u n k n o w n s : a , a, b , and c . By m e a n s of the 
g a m m a - r a y t e c h n i q u e , c h o r d a l d e n s i t i e s can be found at four r a d i a l p o s i ­
t i o n s , s a y r = 0, 0.4 R, 0.6 R, and 0.8 R. The p r o b l e m then r e d u c e s to 
so lv ing s i m u l t a n e o u s l y 

— a b c , . > 
CCo^o + -j+— +— (4 .3 ) 

ao.4R = a + 0 .44a + 0.256b + 0 .1779c (4.4) 



(X0.6R 

•^O.sR 

a + 0.573a + 0.365b + 0.255c 

a + 0.76a + 0.587b + 0.465c 

(4.5) 

(4.6) 

for the four unknowns . D e r i v a t i o n of t h e s e equa t ions is shown in 
r e f e r e n c e (10). 

In add i t ion to the v o i d - f r a c t i o n p r o f i l e , the c r o s s - s e c t i o n a l a v e r a g e 
va lue w a s c h e c k e d . T h i s v a l u e w a s ob t a ined by g r a p h i c a l i n t e g r a t i o n of the 
p rof i l e d e t e r m i n e d by the p r o b e m e t h o d , and f r o m the g a m m a - r a y t e c h ­
n ique by s u b s t i t u t i n g equa t ion (4.2) into 

a 

I 2Trra dr 
^ 

/ 27rrdr 
(4.7) 

The l a t t e r va lue w a s a l s o c o m p a r e d wi th the a v e r a g e va lue ob t a ined f r o m 
a c o m p l e t e t r a v e r s e of the c h a n n e l . T h i s w a s done in o r d e r to v a l i d a t e , to 
s o m e d e g r e e , the p o l y n o m i a l fit. 

D. C o m p a r i s o n of the Two T e c h n i q u e s 

The v o i d - f r a c t i o n da ta ob t a ined by the p r o b e m e t h o d a r e p lo t t ed 
along wi th the po lynomia l p r o f i l e s , given a s so l id l i n e s , in F i g u r e s 4 . 4 - 4 . 1 3 . 
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The da ta , fronn which the p o l y n o m i a l s w e r e d e t e r m i n e d , could b e r e a d to 
an a c c u r a c y of ±0.05 m v . T h e s e da ta w e r e t hen c h a n g e d by ±0.05 mv, and 
the p o l y n o m i a l coe f f i c i en t s w e r e r e d e t e r m i n e d . T h e s e p a i r s of p r o f i l e s , 
deno ted as e r r o r e n v e l o p e s and i n d i c a t e d a s d a s h e d c u r v e s , w e r e p lo t t ed 
to show the s e n s i t i v i t y in the a c c u r a c y of da t a r e d u c t i o n . 

The a v e r a g e v o i d - f r a c t i o n v a l u e s ob ta ined by t h e t h r e e d i f fe ren t 
m e t h o d s a r e t a b u l a t e d in T a b l e 4.3 a long wi th the qua l i t y of e a c h run . 

T a b l e 4 .3 

COMPARISON OF a 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Qua l i ty x 10* 

5.35 
8.15 
6.48 

10.45 
6.82 
4 .48 
3.09 
2.24 
1.25 
1.60 

' ^ P r o b e 

0 .1016 
0.1710 
0 .1728 
0 .1601 
0 .1313 
0 .1123 
0 .0864 
0 .0648 
0.0370 
0.0466 

' ^Po lynomia l " ^ T r a v e r s e d 

0 .1878 0.1751 
0.3021 0.2867 
0.2326 0 .2224 
0.2633 0.2451 
0.1802 0,1700 
0.1510 0 .1498 
0.1000 0.1110 
0.0920 0 .0838 
0.0505 0 .0853 
0 .1028 0.1106 

The r e s u l t s of p lo t t ing t h e p r o f i l e s and d e t e r m i n i n g a show t h a t , in 
e a c h r u n , the p r o b e t e c h n i q u e g i v e s low v a l u e s of vo id f r a c t i o n . T h i s could 
be due to a de lay in the p r o b e p i c k u p b e t w e e n the t i m e when the p r o b e j u s t 
p i e r c e s a bubble and the t i m e when a dev ia t ion in the p r o b e s igna l o c c u r s . 
The p r o b e t e c h n i q u e does j h o w e v e r , i m p r o v e wi th d e c r e a s i n g q u a l i t i e s . 

In o r d e r to s e a r c h for the s o u r c e of t h i s e r r o r , s a l t s w e r e d i s s o l v e d 
in the w a t e r , and v o i d - f r a c t i o n v a l u e s w e r e c o m p a r e d . Sod ium c h l o r i d e 
w a s added to c h e c k the effect of the e l e c t r i c a l conduc t iv i t y of the w a t e r , 
and s o d i u m ethyl x a n t h a t e w a s u s e d to d e c r e a s e the s u r f a c e t e n s i o n . As s e e n 
in T a b l e 4.4 n e i t h e r of t h e s e a d d i t i v e s had an a p p r e c i a b l e effect on t h e void 
m e a s u r e m e n t s . 

The v a l i d i t y of the da t a w a s p a r t i a l l y de termined by checking the 
rat io of the a v e r a g e p h a s e v e l o c i t i e s by m e a n s of 

(4.8) 

which i s a w e l l - k n o w n equa t ion in the f ie ld of t w o - p h a s e flow. The c r o s s -
s e c t i o n a l a v e r a g e void f r a c t i o n v a l u e s ob ta ined by t h e g a m m a t e c h n i q u e 

V Q 

V L 

X l - a ^ 
1-X a P G 
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w e r e u s e d in equa t ion (4.8) , r e s u l t i n g in v e l o c i t y s l ip r a t i o s in the range 
b e t w e e n 1.18 and 2 .75 . F r o m p r e v i o u s e x p e r i e n c e , t h e s e a r e known to be 
r e a s o n a b l e . 

T a b l e 4.4 

E F F E C T O F ADDITIVES ON VOID F R A C T I O N M E A S U R E M E N T S 

Sodium E thy l Xan tha te 

a (no sa l t ) a (10 p p m added) a (20 ppm added) 

0.1082 0.1150 0.1062 
0 .1696 0 .1832 0.1745 
0.239 0.243 0.233 

Sodium C h l o r i d e 

a (190 p p m added) 

0 .1073 0.0926 
0.1885 0.1496 
0.239 0.215 

T h e s e n s i t i v i t y of the e l e c t r i c a l p r o b e w a s d e t e r m i n e d by m e a s u r ­
ing the s m a l l e s t p u l s e o b s e r v e d on the p h o t o g r a p h i c r e c o r d of the s i g n a l s . 
The d u r a t i o n of the s m a l l e s t p u l s e o b s e r v e d was 4̂ i^^-. which c o r r e s p o n d s 
to a bubble dwel l t i m e of 0 .0006 s e c . If t he bubble v e l o c i t y is 2 f t / s e c , 
t h i s p u l s e r e s u l t e d f r o m a bubb le hav ing a d i a m e t e r a s s m a l l a s 0.015 in. 
If, h o w e v e r , t h e r e i s a de l ay in the s y s t e m , as m e n t i o n e d b e f o r e , t h i s p u l s e 
would be the r e s u l t of a m u c h l a r g e r bubb l e , and any bubble s m a l l e r t han 
t h i s one would not be d e t e c t e d a t a l l . 

One m a y have n o t i c e d tha t the p o l y n o m i a l s a p p r o x i m a t i n g the void 
p r o f i l e s w e r e not a l w a y s d e c r e a s i n g funct ions of the r a d i u s . T h i s was 
p r o b a b l y due to the in jec t ion of a i r a long the p e r i p h e r y of the t e s t s e c t i o n 
such tha t the flow w a s not fully deve loped at the m e a s u r i n g poin t . To 
c h e c k t h i s t h e o r y , a 100 m e s h s c r e e n w a s i n s e r t e d jus t above the m i x e r 
and t h e p r o f i l e s w e r e r e d e t e r m i n e d . The r e s u l t s a r e shown in F i g u r e s 4.14 
and 4 .15 . 

Al though a l l the r e s u l t s do not favor the u s e of an e l e c t r i c a l p r o b e 
for l o c a l m e a s u r e m e n t s of a i r - w a t e r flow p a r a m e t e r s , f u r t h e r d e v e l o p ­
m e n t of t h i s p r o b e m a y i m p r o v e it to a point w h e r e it will b e c o m e a v e r y 
use fu l tool in t h i s f ie ld. 
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V. CONCLUSIONS 

The e l ec t r i ca l probe tip is wetted by the water and an irregularly 
shaped pulse r e s u l t s . 

A t r igger ing c i rcui t incorpora ted in the integrating circui t employed 
improves the pulse shape, but the p re sen t technique still gives low 
values of local void fraction as compared with resu l t s from the 
g a m m a - r a y technique. 

The low e lec t r i ca l conductivity of water has little effect on m e a s u r e ­
ments of void fraction. 

Fu r the r development of this technique is neces sa ry . 
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VI. A P P E N D I X 

Table A-1 

PROBE DATA 

R u n 

1 

2 

3 

4 

5 

r ' 

0 .0 
0 . 1 3 6 

0 . 2 7 3 
0 . 4 5 4 

0 . 6 3 6 
0 . 8 1 8 
1.0 

0 .0 

0 . 1 3 6 
0 . 2 7 3 
0 . 4 5 4 

0 . 6 3 6 
0 . 8 1 8 
1.0 

0 .0 

0 . 1 3 6 
0 . 2 7 3 
0 . 4 5 4 

0 . 6 3 6 
0 . 8 1 8 
1.0 

0 .0 

0 . 1 3 6 
0 . 2 7 2 
0 . 4 5 4 

0 . 6 3 6 

0 . 8 1 8 
1.0 

0 . 0 

0 . 1 3 6 
0 . 2 7 2 
0 . 4 5 4 

0 . 6 3 6 
0 . 8 1 8 
1.0 

a 

0 . 2 0 1 

0 . 1 9 8 
0 . 1 4 3 

0 . 1 3 3 
0 . 0 9 5 
0 . 0 8 2 
0 . 0 

0 . 2 7 9 
0 . 2 6 3 

0 . 2 5 9 
0 . 2 3 3 
0 . 2 0 2 

0 . 1 3 3 
0 . 0 

0 . 2 5 0 

0 . 2 4 5 

0 . 2 4 8 
0 . 2 1 4 
0 . 1 8 0 

0 . 0 8 8 
0 . 0 

0 . 2 9 0 

0 . 2 8 6 
0 . 2 7 5 

0 . 2 5 3 

0 . 1 7 9 
0 . 0 9 9 
0 . 0 

0 . 2 2 4 
0 . 2 1 0 

0 . 2 1 1 
0 . 1 9 0 
0 . 1 5 2 

0 . 0 8 9 
0 . 0 

' ^ c o r r e c t e d 
( ^ c ) 

0 . 2 5 3 
0 . 2 4 8 
0 . 2 5 1 

0 . 2 1 7 
0 . 1 8 2 

0 . 0 8 9 
0 .0 

0 . 2 9 3 

0 . 2 8 9 
0 . 2 7 8 

0 . 2 5 6 
0 . 1 8 1 
0 . 1 0 0 
0 . 0 

0 . 2 2 5 
0 . 2 1 1 

0 . 2 1 2 

0 . 1 9 1 
0 . 1 5 3 
0 . 0 8 9 
0 . 0 

2 a ^ r ' 

0 . 0 
0 . 0 5 5 

0 . 0 8 1 

0 . 1 2 1 
0 . 1 2 1 
0 . 1 3 5 
0 . 0 

0 . 0 

0 . 7 2 

0 . 1 4 7 
0 . 2 1 3 
0 . 2 5 8 

0 . 2 1 8 
0 . 0 

0 . 0 

0 . 6 8 

0 . 1 4 3 
0 . 1 9 8 
0 . 2 3 2 

0 . 1 4 6 
0 .0 

0 . 0 

0 . 0 7 9 
0 . 1 5 8 

0 . 2 3 3 
0 . 2 3 1 
0 . 1 6 3 
0 . 0 

0 . 0 

0 . 0 5 8 
0 . 1 2 0 
0 . 1 7 4 

0 . 1 9 5 

0 . 1 4 6 
0 . 0 

R u n 

6 

7 

8 

9 

10 

r ' 

0 .0 

0 . 1 3 6 
0 . 2 7 2 
0 . 4 5 4 

0 . 6 3 6 
0 . 8 1 8 
1.0 

0 .0 

0 . 1 3 6 
0 . 2 7 3 
0 . 4 5 4 

0 . 6 3 6 
0 . 8 1 8 
1.0 

0 .0 

0 . 1 3 6 
0 . 2 7 3 
0 . 4 5 4 

0 . 6 3 6 
0 . 8 1 8 
1.0 

0 .0 

0 . 1 3 6 

0 . 2 7 3 
0 . 4 5 4 

0 . 6 3 6 

0 . 8 1 8 
1.0 

0 .0 

0 . 1 3 6 

0 . 2 7 3 
0 . 4 5 4 

0 . 6 3 6 
0 . 8 1 8 
1.0 

a 

0 . 1 9 6 
0 . 1 8 6 
0 . 1 8 4 
0 . 1 6 0 

0 . 1 2 6 
0 . 0 8 0 
0 .0 

0 . 1 2 6 
0 . 1 2 7 

0 . 1 1 9 
0 . 1 1 2 
0 . 0 9 3 
0 . 0 7 3 
0 .0 

0 . 1 1 3 
0 . 1 0 4 
0 . 0 9 4 

0 . 0 8 1 
0 . 0 7 3 
0 . 0 5 0 
0 .0 

0 . 0 6 7 
0 . 0 6 3 

0 . 0 5 8 
0 . 0 5 0 

0 . 0 4 4 

0 . 0 2 9 
0 .0 

0 . 0 8 4 

0 . 0 8 2 

0 . 0 8 3 

0 . 0 7 1 
0 . 0 4 5 
0 . 0 3 0 

0 .0 

' ^ c o r r e c t e d 

( ^ c ) 

0 . 1 9 7 
0 . 1 8 7 
0 . 1 8 5 

0 . 1 6 1 

0 . 1 2 7 
0 . 0 8 0 

0 .0 

0 . 1 2 7 

0 . 1 2 8 
0 . 1 2 0 

0 . 1 1 3 

0 . 0 9 3 

0 . 0 7 3 
0 .0 

0 . 1 1 4 

0 . 1 0 5 

0 . 0 9 5 
0 . 0 8 2 
0 . 0 7 4 
0 . 0 5 0 
0 .0 

0 . 0 6 7 
0 . 0 6 3 

0 . 0 5 8 
0 . 0 5 0 

0 . 0 4 4 

0 . 0 2 9 
0 . 0 

0 . 0 8 6 
0 . 0 8 4 

0 . 0 8 5 

0 . 0 7 3 
0 . 0 4 6 
0 . 0 3 1 
0 .0 

2 a j , r ' 

0 .0 

0 . 0 5 2 
0 . 1 0 5 
0 . 1 4 6 
0 . 1 6 2 

0 . 1 3 2 
0 .0 

0 .0 

0 . 0 3 6 

0 . 0 6 8 
0 . 1 0 3 

0 . 1 1 9 
0 . 1 2 0 
0 .0 

0 .0 

0 . 0 2 9 
0 . 0 5 4 

0 . 0 7 5 

0 . 0 9 5 
0 . 0 8 2 
0 .0 

0 .0 

0 . 0 1 8 

0 . 0 3 2 
0 . 0 4 6 

0 . 0 5 6 
0 . 0 4 8 
0 . 0 

0 .0 

0 . 0 2 3 
0 . 0 4 5 
0 . 0 6 5 

0 . 0 5 7 

0 . 0 4 9 
0 .0 



Table A-2 

POLYNOMIAL COEFFICIENTS FOR PROFILES 

Run 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 

a 

0.2529 
0.3495 
0.3211 
0.3200 
0.2341 
0.2075 
0.1478 
0.0924 
0.1417 

0.1539 

a 

0.1172 
0.5327 
0.0430 
0.4647 
0.3760 
0.4043 
0.0757 
0.3363 
-0.5347 
-0.2485 

b 

-0.3887 
-1.7833 
-0.3258 
-1.4921 
-1.2686 
-1.6811 
-0.5628 
-1.0626 
0.9802 
0.6860 

c 

0.0235 
1.1227 

-0,0055 
0.8338 
0.7009 
1.2072 
0.4081 
0,6718 
-0.6023 
-0.6226 

Table A-3 

POLYNOMIAL COEFFICIENTS FOR UPPER ERROR ENVELOPE 

Run 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 

a 

0.2573 
0.3667 
0.3417 
0.3380 
0.2593 
0.2231 
0.1683 
0.1477 
0.1640 
0.1747 

a 

0.2328 
0.4907 
-0.0114 
0.4245 
0.2766 
0.4118 
0.0165 
0.0486 
-0.5087 
-0.2424 

b 

-0.6888 
-1,6360 
-0.0593 
-1.2188 
-0.8937 
-1.6923 
-0.3450 
-0,4413 

0.8119 
0.6637 

c 

0.2594 
1.0186 

-0,2685 
0,5404 
0.3718 
1,2326 

0,2409 
0,3017 
-0.4162 
-0.5872 

Table A-4 

POLYNOMIAL COEFFICIENTS FOR LOWER ERROR ENVELOPE 

Run 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 

a 

0.2224 
0.3237 
0.3054 
0.3017 
0.2223 
0.1835 
0.1249 
0.1053 
0.1205 

0.1339 

a 

0.5657 
1.1535 
0.0454 
0.4996 
0.3333 
0.3976 
0.0921 
-0.2408 
-0.5576 
-0.2423 

b 

-2.1999 
-4.5138 
-0.3652 
-1.5751 
-1.1863 
-1.5317 
-0.5316 
0.7048 
1,0596 
0.6915 

c 

1.5888 
3.5618 
0.0272 

0.8691 
0.6394 

1.0291 
0.3380 
-0.6948 
-0.6853 
-0.6676 
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IX. NOMENCLATURE 

C electrical capacitance, farads 

E electrical voltages v 

e(t) voltage signal from electrical probe, v 

R pipe radius, ft; electrical resistance, ohms 

r variable pipe radius, ft 

r' dimensionless variable radius, r/R 

T integration time, sec 

t variable time, sec 

VQ cross-sectional average gas velocity, ft/sec 

VL cross-sectional average liquid velocity, ft/sec 

WQ gas mass flow rate, lb/sec 

WL liquid mass flow rate, lb/sec 

X quality, dimensionless 

a l o c a l vo id f r a c t i o n 

a J. radial distribution of void fraction 

a cross-sectional average void fraction 

^ volumetric flow concentration 

PQ gas density, Ib/ft^ 

PL liquid density, Ib/ft^ 




