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ABSTRACT 

V a r i o u s m e t h o d s and t e c h n i q u e s of m e a s u r i n g void f r a c t i o n in 

boi l ing h e a t t r a n s f e r m e d i a a r e d i s c u s s e d . D e t a i l s of 1 7 void f r a c ­

t ion m e a s u r e m e n t s y s t e m s a r e a b s t r a c t e d . 

A d y n a m i c void f r a c t i o n m e a s u r e m e n t s y s t e m is d e s c r i b e d , 

c a p a b l e of c o n t i n u o u s l y m e a s u r i n g void f r a c t i o n a t any p o s i t i o n 

along a 12-ft t e s t s e c t i o n . 

Void f r a c t i o n (the r a t i o of v a p o r v o l u m e to t o t a l v o l u m e of a 

2 - p h a s e m i x t u r e ) i s m e a s u r e d in bo i l ing o r g a n i c coo lan t con ta ined 

by a t e s t s e c t i o n of 5 / 8 - i n . -OD n i c k e l tube w i th 0 .049 - in . w a l l 

t h i c k n e s s . M e a s u r e m e n t of void f r a c t i o n wi thou t p h y s i c a l con t ac t 

w i th the t e s t s e c t i o n i s a c h i e v e d t h r o u g h the u s e of a r a d i a t i o n 

a t t e n u a t i o n m e t h o d . The i n t e n s i t y of a n a r r o w 100-kev x - r a y b e a m 

t r a n s m i t t e d t h r o u g h the t e s t s e c t i o n i s m e a s u r e d and r e c o r d e d to 

p e r m i t c a l c u l a t i o n of void f r a c t i o n . An x - r a y tube and s c i n t i l l a t i o n 

d e t e c t o r s a r e m o u n t e d on a r e m o t e l y c o n t r o l l e d e l e v a t o r a s s e m b l y 

u s e d for h o r i z o n t a l and v e r t i c a l p o s i t i o n i n g . Majo r s o u r c e s of 

m e a s u r e m e n t e r r o r due to f luc tua t ions in x - r a y tube output and 

f luc tua t ion of d e t e c t o r p o w e r supply vo l t age a r e c a n c e l l e d by us ing 

two d e t e c t o r s c o n n e c t e d in a d i f f e r e n t i a l c i r c u i t . D e t e c t o r cool ing 

and heavy m a g n e t i c sh i e ld ing f u r t h e r r e d u c e m e a s u r e m e n t e r r o r s . 

Typ i ca l m e a s u r e m e n t a c c u r a c i e s for s m a l l and l a r g e void f r a c t i o n s 

a r e 0.05 ± 0 .015 and 1.00 ± 0 .022. 
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I. INTRODUCTION 

An a r e a of m a j o r c o n c e r n in power r e a c t o r o p e r a t i o n i s the d a n g e r of i n ­

h ib i t ing the flow of the r e a c t o r coo l an t c h a n n e l s be low a c c e p t a b l e l e v e l s . 

I n a d e q u a t e cool ing of the r e a c t o r c o r e can l ead to fuel e l e m e n t d e s t r u c t i o n and 

the s u b s e q u e n t p o t e n t i a l h a z a r d s a s s o c i a t e d wi th r e l e a s e of f i s s i o n p r o d u c t s . 

I nadequa t e cool ing m a y o c c u r in r e a c t o r s du r ing a l o s s - o f - p r e s s u r e a c c i d e n t , 

r e s u l t i n g in bu lk b o i l i n g . When s u c h bo i l ing o c c u r s in a r e a c t o r c h a n n e l , i n ­

c r e a s e d r e s i s t a n c e to flow in tha t c h a n n e l c a u s e s a d e c r e a s e in the flow r a t e , 

r e s u l t i n g in i n c r e a s e d bo i l i ng . T h i s , in t u r n , c a u s e s f u r t h e r d e c r e a s e in flow 

r a t e and m a y l e a d to f l ow-chok ing . 

39 

The a i m of the P r e s s u r e T r a n s i e n t s and F l o w Stab i l i ty P r o j e c t , p a r t of 

the A t o m i c s I n t e r n a t i o n a l R e a c t o r Safety P r o g r a m , i s to i n v e s t i g a t e , both a n a l y t i ­

ca l ly and e x p e r i m e n t a l l y , the ef fects of l o s s - o f - p r e s s u r e a c c i d e n t in o r g a n i c 

coo led r e a c t o r s . Th i s s tudy is r e q u i r e d to i m p r o v e the a c c u r a c y and the r e l i a ­

b i l i t y of p r e s e n t o r g a n i c coo lan t a n a l y t i c a l m o d e l s u s e d in the h a z a r d s e v a l u a t i o n 
40 

of the a c c i d e n t . C l o s e l y i n t e r r e l a t e d wi th an a d e q u a t e e v a l u a t i o n of the l o s s -

o f - p r e s s u r e a c c i d e n t is the ab i l i t y to p r e d i c t the void f r a c t i o n ( r a t i o of v a p o r 

v o l u m e to t o t a l v o l u m e of a 2 - p h a s e m i x t u r e ) of the coo lan t du r ing s u b c o o l e d and 

bu lk bo i l i ng . C o n s e q u e n t l y , the e x p e r i m e n t a l i n v e s t i g a t i o n of o r g a n i c c o o l a n t s 

void f r a c t i o n h a s b e e n inc luded in the e x p e r i m e n t a l effor t of the P r e s s u r e T r a n ­

s i e n t s and F low Stab i l i ty P r o j e c t , 

Spec i f i ca l ly , th i s r e p o r t d e s c r i b e s the d e v e l o p m e n t of e q u i p m e n t to c o n t i n u ­

ous ly m e a s u r e void f r a c t i o n o v e r a r e p r e s e n t a t i v e r a n g e of s t e a d y s t a t e bo i l ing 

cond i t i ons for t y p i c a l o r g a n i c c o o l a n t , flowing in a h e a t e d c h a n n e l at low s y s t e m 

p r e s s u r e s . In add i t ion , void f r a c t i o n m e a s u r e m e n t s a r e a l s o r e q u i r e d for t r a n ­

s i e n t bo i l ing cond i t i ons a s i nduced in the h e a t e d c h a n n e l by a g r a d u a l d e p r e s s u r i -

za t ion of the s y s t e m ( s i m u l a t e d l o s s of p r e s s u r e a c c i d e n t ) . 

The above r e q u i r e m e n t s p lus ab i l i t y to s c a n the h e a t e d c h a n n e l a long i t s 

l ength and wid th c o n s t i t u t e the b a s i c o p e r a t i o n a l s p e c i f i c a t i o n s for d e s i g n of the 

void f r a c t i o n m e a s u r i n g s y s t e m d e s c r i b e d in t h i s r e p o r t . M e a s u r e m e n t a c c u r a c y 

of ±0 .05 void f r a c t i o n w a s e s t a b l i s h e d a s a m i n i m u m a c c e p t a b l e l i m i t for the 

e x p e r i m e n t a l i n v e s t i g a t i o n . 
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A. M E T H O D S O F MEASURING VOID F R A C T I O N 

Void f r a c t i o n d e t e r m i n a t i o n of a 2 - p h a s e m i x t u r e m a y b e o b t a i n e d t h r o u g h 

e i t h e r of two m e a s u r e m e n t p h i l o s o p h i e s : 

1) D i r e c t M e a s u r e m e n t — a c t u a l v o l u m e t r i c m e a s u r e m e n t of the g a s 

p h a s e , and 

2) I n d i r e c t M e a s u r e m e n t — m e a s u r e m e n t of s o m e p r o p e r t y of the 2 - p h a s e 

m i x t u r e f r o m w h i c h the void f r a c t i o n can be i n f e r r e d . 

F o r e a c h of t h e s e b a s i c m e a s u r e m e n t p h i l o s o p h i e s , a n u m b e r of t e c h n i q u e s have 

b e e n s u g g e s t e d o r t r i e d . 

1. D i r e c t M e a s u r e m e n t T e c h n i q u e s 

a. V i s u a l O b s e r v a t i o n 

High s p e e d p h o t o g r a p h s a r e t aken t h r o u g h a t r a n s p a r e n t t e s t s e c t i o n 

con ta in ing a 2 - p h a s e m i x t u r e . The n u m b e r and s i z e of the b u b b l e s a p p e a r i n g on 

the p h o t o g r a p h give a d i r e c t i n d i c a t i o n of the void v o l u m e and h e n c e the void 

f r a c t i o n wi th in the t e s t s e c t i o n . 

b . V o l u m e t r i c F l o w 

V o l u m e t r i c f l o w m e t e r s a r e l o c a t e d a t the in l e t and ou t l e t of the t e s t 

s e c t i o n . The i n l e t f l o w m e t e r i n d i c a t e s the l iquid v o l u m e t r i c flow r a t e , wh i l e the 

ou t l e t m e t e r i n d i c a t e s the l i q u i d - p l u s - g a s v o l u m e t r i c flow r a t e . The i n s t a n t a n e ­

ous d i f f e r ence in f l o w m e t e r r e a d i n g s is a d i r e c t i n d i c a t i o n of the v o l u m e t r i c g a s 

flow r a t e . If t h i s quan t i t y i s d iv ided by the i n l e t flow r a t e , the r e s u l t is the 

a v e r a g e va lue of void f r a c t i o n for the e n t i r e t e s t s e c t i o n . 

c . Q u i c k - C l o s i n g Va lves 

S i m u l t a n e o u s l y o p e r a t e d q u i c k - c l o s i n g v a l v e s l o c a t e d a t the i n l e t and 

ou t l e t of the t e s t s e c t i o n a r e u s e d to e n t r a p the bo i l ing l iqu id . Af te r suf f ic ien t 

s e p a r a t i o n t i m e , the l iquid l e v e l in the t e s t s e c t i o n i s m e a s u r e d . Knowing the 

t o t a l l eng th of the t e s t s e c t i o n , the a v e r a g e void f r a c t i o n m a y be e a s i l y c a l c u l a t e d . 

2 . I n d i r e c t M e a s u r e m e n t T e c h n i q u e s 

Since d e n s i t y of a 2 - p h a s e ( l i q u i d - v a p o r ) m i x t u r e is a l m o s t i n v e r s e l y 

p r o p o r t i o n a l to void f r a c t i o n , and is r e l a t i v e l y e a s i l y m e a s u r e d , m o s t i n v e s t i g a ­

t o r s have u s e d d e n s i t y m e a s u r e m e n t t e c h n i q u e s . Many m e t h o d s e x i s t for 
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determining density by measu remen t of var ious p roper t i e s of the mixture such 

as absorptivity of vibrat ional energy, d ie lec t r ic constant, res i s t iv i ty , p e r m e ­

ability, attenuation of radiant energy, and absorption of radioact ive pa r t i c l e s . 

Various density measu remen t techniques a re d iscussed in the appendix l i t e ra tu re 

survey. 

B. DISCUSSION OF MEASUREMENT TECHNIQUES 

Selection of a void fraction m e a s u r e m e n t method requ i res considerat ion of 

the following fac tors : (1) tes t section cha rac t e r i s t i c s , (2) coolant c h a r a c t e r ­

i s t ics , (3) operating t empera tu re s and p r e s s u r e s , (4) m e a s u r e m e n t accuracy, 

resolut ion, and stability, and (5) response t ime of measu remen t sys tem. 

The tes t section used for the flow stability tes t loop consis ts of a 12-ft 

length of 5 /8 - in . -ODnicke l tube with a wall thickness of 0.049 in. The coolant, 

Santowax R, is an opaque, yellowish wax-l ike substance at room tempera tu re 
3 

and becomes liquid with a density of about 63 lb/ft at 300°F. The tes t loop is 

operated at t empera tu re s up to 750°F and p r e s s u r e s up to 50 ps ig . Void fraction 

measuremen t accuracy of about ±5% was based on the accuracy of other m e a s u r e ­

ments ( tempera ture , flow, and p re s su re ) with which the void fraction m e a s u r e ­

ments a re cor re la ted . 

To study flow and p r e s s u r e t r ans i en t s , the response of the void fraction 

measu remen t system should be about 1 to 10 m s e c . The m e a s u r e m e n t system 

should be capable of measur ing localized void fraction at any position along the 

length of the tes t section. It is des i rab le that the ineasurement sys tem be capa­

ble of longitudinal and t r a n s v e r s e automatic scanning of the tes t section for the 

purpose of void fraction distr ibution s tudies . A rec tangular beam of 0.5 by 

0.1 in, was chosen to pe rmi t t r a n s v e r s e scanning of the tes t section. Direc t 

measu remen t techniques ei ther could not be used or would not satisfy the e s t ab ­

lished requ i rements for the void fraction measu remen t sys t em. 

An investigation of density measur ing techniques indicated that many of 

these techniques a re strongly dependent on the distr ibution of the vapor phase in 

the liquid phase, or necess i ta te the use of some form of signal which affects the 

phenomena under investigation. 
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U l t r a s o n i c d e n s i t y m e a s u r e m e n t t e c h n i q u e s w e r e c o n s i d e r e d , bu t the p o s ­

s ib i l i t y of affect ing bubble g r o w t h wi th v i b r a t i o n a l e n e r g y and the a p p a r e n t dif­

f icul ty of adap t ing th i s t e c h n i q u e to a 5 / 8 - i n . - d i a m e t e r t e s t s e c t i o n a t 7 5 0 ° F 

s u g g e s t e d t h a t a b e t t e r m e t h o d be found. The p h y s i c a l p r o p e r t i e s of the t e s t 

s e c t i o n and coo lan t d i s c o u r a g e d the u s e of d i e l e c t r i c c o n s t a n t , r e s i s t i v i t y , and 

p e r m e a b i l i t y m e a s u r e m e n t m e t h o d s . T h e s e m e a s u r e m e n t s would r e q u i r e the 

u s e of s m a l l , e l e c t r i c a l l y i n s u l a t e d p r o b e s p e n e t r a t i n g t h r o u g h the t e s t s e c t i o n 

into the c o o l a n t . D i e l e c t r i c c o n s t a n t p r o b e s of the s i z e w h i c h could be i n s t a l l e d 

in the t e s t s e c t i o n would r e q u i r e a m e a s u r e m e n t r e s o l u t i o n of ±0,032 jJ^jJ-f to 

m e a s u r e void f r a c t i o n w i th an a c c u r a c y of ±0 .05%. Although th i s type of m e a s ­

u r e m e n t could be conduc ted u n d e r l a b o r a t o r y c o n d i t i o n s , it would be v e r y dif­

f icul t and c o s t l y to do in the t e s t s e c t i o n e n v i r o n m e n t . R e s i s t i v i t y m e a s u r e -

9 

m e n t s of the o r g a n i c coo lan t , w i th a r e s i s t i v i t y of 10 o h m - c m , would be i m ­

p o s s i b l e to a c c o m p l i s h w i th the a c c u r a c y r e q u i r e d b e c a u s e of the s t r o n g d e p e n d ­

ence on v a p o r - l i q u i d p h a s e d i s t r i b u t i o n . P e r m e a b i l i t y m e a s u r e m e n t s of the 

o r g a n i c coo lan t , w i th a v e r y low r e l a t i v e p e r m e a b i l i t y , in the p r e s e n c e of the 

n i c k e l t e s t s e c t i o n wi th a v e r y h igh p e r m e a b i l i t y , wou ld y i e ld no usefu l 

i n f o r m a t i o n . 

P a r t i c l e a b s o r p t i o n m e a s u r e m e n t s could no t be u s e d b e c a u s e of the w a l l 

t h i c k n e s s and d e n s i t y of the t e s t s e c t i o n . C a l c u l a t i o n s of b e t a s o u r c e e n e r g y 

r e q u i r e m e n t s showed tha t a s o u r c e l o c a t e d e x t e r n a l l y to the t e s t s e c t i o n m u s t 

e m i t p a r t i c l e s w i th e n e r g i e s g r e a t e r than 10 M e v to p e n e t r a t e the t e s t s e c t i o n . 

An i n t e r n a l b e t a - e m i t t i n g i s o t o p e m i x e d wi th the coo lan t m u s t e m i t p a r t i c l e s 

w i t h an e n e r g y of o v e r 4 M e v in o r d e r to p e n e t r a t e the t e s t s e c t i o n . I s o t o p e s 

hav ing t h e s e b e t a e n e r g i e s a r e no t a v a i l a b l e . 

R a d i a t i o n a t t e n u a t i o n m e t h o d s w e r e i n v e s t i g a t e d and a p p e a r e d to be the only 

way w i th wh ich to m e a s u r e void f r a c t i o n u n d e r the e x i s t i n g t e s t loop cond i t i ons 

and to m e e t the r e q u i r e m e n t s e s t a b l i s h e d for the void f r a c t i o n d e t e c t i o n s y s t e m . 

In i t i a l r a d i a t i o n a t t e n u a t i o n c a l c u l a t i o n s i n d i c a t e d tha t any x - o r g a m m a - r a y 

w i t h an e n e r g y o v e r 50 k e v •would p e n e t r a t e the t e s t s e c t i o n w i thou t an u n r e a s o n ­

ably h igh d e g r e e of a t t e n u a t i o n (< 1 0 0 / 1 ) . 

An o p t i m u m r a d i a t i o n e n e r g y of 80 to 110 k e v w a s e s t a b l i s h e d a s the r e s u l t 

of a s e r i e s of c o m p r o m i s e s a m o n g s e v e r a l c o m p e t i n g f a c t o r s , i . e . , m e a s u r e ­

m e n t r e s o l u t i o n , s o u r c e a v a i l a b i l i t y , and v a p o r - l i q u i d p h a s e d i s t r i b u t i o n e r r o r . 
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II. DESCRIPTION 

A, GENERAL FEATURES 

The void fraction detector consis ts of an x - r a y tube photon source , col l ima­

to r s , water -cooled scinti l lation de tec to r s , and position t r an sduce r s ; all mounted 

on an elevator assembly which pe rmi t s scanning the tes t section ei ther ver t ica l ly 

or horixontally. Located outside of the tes t section enclosure a r e : the x - r ay 

control console and high voltage power supply, the elevator control panel , the 

detector control panel, detector power supply, differential amplif ier , X-Y 

r e c o r d e r , and line voltage r egu la to r s . This tes t loop ins t rumentat ion is shown 

in F igure 1. 

The x - r ay beam is split into two narrowly coll imated b e a m s . The top view 

of the col l imator a r rangement is shown in F igure 2. A side view of the detector 

col l imator a r rangement is shown in F igure 3 . One beam is t ransmi t ted through 

a dummy or reference tes t section filled with Santowax R, at room t e m p e r a t u r e . 

A c ro s s section of the tes t section and support s t ruc ture is shown in F igure 4. 

The other beam is t ransmi t ted through an e lec t r ica l ly heated tes t section. A dc 

signal voltage from each of two scintil lation de tec to r s , located behind each tes t 

section, is fed into a differential amplifier whch subt rac ts the re ference signal 

from the void fraction signal. The purpose of the reference signal is to reduce 

the effects of fluctuating high voltage to the de tec tors and fluctuation in x - r a y 

tube output. The dc output signal from the differential amplifier dr ives one axis 

of an X-Y r e c o r d e r , and a high speed recording osci l lograph, which a re ca l i ­

bra ted to read void fraction. The void fraction detector block d iagram is shown 

in Figure 5. 

B. PHOTON SOURCE 

A lower energy limit for the photon source was es tabl ished on the bas i s of 

the radiation attenuation cha rac t e r i s t i c s of the nickel walled tes t section. As 

photon energy dec rease s below about 200 kev the total m a s s absorption coeffi­

cient, and hence the radiat ion attenuation by the nickel tes t section, begins to 

inc rease rapidly. Below 100 kev there is a near ly exponential inc rease in attenu­

ation as energy is decreased . At 50 kev a beam of photons is attenuated by a 

factor of about 100/1 by the walls of the tes t section. For these r e a s o n s , a 

source energy of 50 kev was establ ished as a prac t ica l lower l imit . 

NAA-SR-7875 
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The high energy l imit for a photon source was determined by considering the 

radiat ion attenuation cha rac t e r i s t i c s of the coolant, and the ability of the m e a s ­

urement sys tem to accura te ly m e a s u r e a signal change corresponding to a 

change of void fraction of ±5%. (As the energy of the radiat ion source i n c r e a s e s , 

the change in attenuation of the coolant, due to a given void fraction change, 

dec rea se s ) . A reasonable es t imate of the m e a s u r e m e n t e r r o r of a well designed 

radiation intensity monitoring sys tem appears to be about 1 to 3%. The energy 

at which a ±5% change of void fraction re su l t s in a signal or attenuation change 

of less than 3% occurs at photon energy under 150 kev. The maximum energy 

of the photon source was therefore set at about 150 kev. 

Optimum photon source energy was determined by consiciering the m e a s u r e ­

ment e r r o r caused by var ious bubble or ienta t ions . When the mean attenuation 

length of the coolant is less than the coolant channel th ickness , the radiat ion 

intensity of the beam entering the detector will depend not only on void fraction 

but also upon bubble orientat ion. The most ser ious bubble orientat ion e r r o r s 
19 a r i s e when comparing bubble sheets with bubble slugs at 50% void fraction. If 

the photon source energy is set so that the attenuation coefficient of the coolant 

is considerably less than 1, the m e a s u r e m e n t e r r o r due to bubble orientation b e ­

comes very smal l . The optimum source energy was establ ished at about 100 ± 20 kev, 

where the measu remen t e r r o r due to the mos t ext reme bubble orientat ion p r o b ­

lems is equal to the e r r o r of the m e a s u r e m e n t sys tem (about 1 to 20%). 

To achieve the s ta t is t ical accuracy n e c e s s a r y for measur ing void fraction of 5% 

in 1 to 10 m s e c , the radiat ion intensity at the detector must be about 10 to 100 r / h r . 

Thus a 50-kev source would requ i re an intensity of from 1000 to 10,000 r / h r . 

In the energy range of in te res t , there is only one isotope available which can be 

obtained with a high specific activity and a half-life which is long enough to pe rmi t its 

u se . This isotope is thulium- 170 (half-life =129 days) which can presen t ly be obtained 
170 

with specific activit ies of about 100 c /gm. The Tm spec t rum consis ts of a continu­
ous background of Br ems strahlung due to the slowing down and stopping of e lec t rons 

170 emitted by Tm . Superimposed on the background a re two peaks due to decay 

of the yt terbium-170 (Yb ), daughter of Tm . These peaks r e s u l t f r o m decay 

g a m m a - r a y (84 kev, 3% yield) and K, x - r a y (53 kev, 5% yield) t rans i t ions in the 

Yb . Although it is possible to obtain Tm sources of sufficient intensity to 

adequately per form the des i red m e a s u r e m e n t s , the cost of a 1-yr supply of sources 

is g rea te r than the cost of an x - r a y machine of comparable or g rea te r output. 
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F r o m t e c h n i c a l d a t a on s m a l l c o m m e r c i a l x - r a y g e n e r a t o r s in the 5 0 - to 

75-kev c l a s s , a b e a m of the d e s i r e d s h a p e and i n t e n s i t y could p r o b a b l y be g e n ­

e r a t e d a t maxinmum o p e r a t i n g c o n d i t i o n s . H o w e v e r , b e c a u s e of the unknow^n 

a c c u r a c y of the m a n u f a c t u r e r ' s c l a i m s of m a c h i n e output , s p e c t r a l d i s t r i b u t i o n , 

and b e a m e n e r g y d i s t r i b u t i o n , and the i n h e r e n t diff icul ty in m a k i n g p r e c i s e m e a s ­

u r e m e n t s of t h e s e p a r a m e t e r s , i t w a s c o n c l u d e d t h a t a 5 0 - k e v x - r a y g e n e r a t o r 

of the t y p e s i n v e s t i g a t e d would only m a r g i n a l l y m e e t our r e q u i r e m e n t s . Of the 

x - r a y g e n e r a t o r s in the 100- to 150-kev e n e r g y r a n g e , only c o n s t a n t p o t e n t i a l 

m a c h i n e s w e r e g iven s e r i o u s c o n s i d e r a t i o n . The m a i n r e a s o n for choos ing a 

c o n s t a n t p o t e n t i a l x - r a y g e n e r a t o r i s , to e l i m i n a t e the c y c l i c f luc tua t ion in b e a m 

i n t e n s i t y and cyc l i c s p e c t r a l shif t w h i c h i s an i n h e r e n t c h a r a c t e r i s t i c of " r e c t i f i e d 

u n f i l t e r e d " g e n e r a t o r s . (Al though the d e t e c t i o n s y s t e r a w a s d e s i g n e d to e l i m i n a t e 

the m e a s u r e m e n t e r r o r , due to s m a l l c h a n g e s in x - r a y b e a m i n t e n s i t y , c a u s e d 

by p o w e r l ine s u r g e s ; it canno t c o m p e n s a t e for the l a r g e i n t e n s i t y f luc tua t ion of 

r e c t i f i e d - u n f i l t e r e d x - r a y m a c h i n e s ) . 

Only two c o n s t a n t p o t e n t i a l x - r a y m a c h i n e s ( N o r e l c o and M u l l e r ) w e r e found 

wh ich s a t i s f i e d bo th t e c h n i c a l r e q u i r e m e n t s and b u d g e t a r y l i m i t a t i o n s . The 

M u l l e r m a c h i n e - w a s p r o c u r e d on the b a s i s of a c o s t a d v a n t a g e . 

Th i s d e v i c e i s the MG~150 i n d u s t r i a l un i t w h i c h i s con t i nuous ly a d j u s t a b l e in 

the r a n g e s f r o m 25 to 75 and f r o m 50 to 150 k v - d c . Con t inuous r a t e d output of 

the a p p a r a t u s is 3 kv/. An a u t o m a t i c l ine vo l t age c o r r e c t i o n uni t m a i n t a i n s the 

i n c o m i n g l ine v o l t a g e c o n s t a n t to wi th in ±1 .5% for v o l t a g e f l uc tua t i ons up to 

±40 v . The x - r a y tube i s a N o r e l c o MG~ 150 /1 double focus , b e r y l l i u m window, 

150 k v - d c t u b e . At a t a r g e t - t o - s p e c i m e n d i s t a n c e of 3 i n . , the d o s e r a t e output 

is 6.9 X 10 r / h r , w h e n o p e r a t e d at 100 kev and 18 m a . F o c a l spo t s i z e s a r e 

0.7 and 2 .5 m m . D u r i n g c a l i b r a t i o n of the void f r a c t i o n d e t e c t o r , s e v e r e l ine 

vo l t age f l uc tua t ions c a u s e d a v a r i a t i o n in x - r a y m a c h i n e output , w h i c h c o r r e s ­

ponded to a void f r a c t i o n change of about 100%. This p r o b l e m w a s so lved by 

i n s t a l l i n g a Sola c o n s t a n t v o l t a g e t r a n s f o r m e r and a S t ab l e l i ne c o n s t a n t v o l t a g e 

r e g u l a t o r in t a n d e m in the power l ine supply ing the x - r a y g e n e r a t o r . 

C, E L E V A T O R ASSEMBLY 

The e l e v a t o r t ab le c o n s i s t s of two p l a t e s s e p a r a t e d f r o m e a c h o the r by 

b a l l - b e a r i n g s and t r a c k s . R i g i d l y a t t a c h e d to the b o t t o m p l a t e i s a h o r i z o n t a l 

d r i v e m o t o r , r e d u c t i o n g e a r s , left and r i g h t l i m i t s w i t c h e s , and h o r i z o n t a l 
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position t r a n s d u c e r s . The x - r ay tube, co l l imators , dummy tes t section, and 

shielding a r e mounted on the top plate . The horizontal dr ive motor is a b id i r ec ­

tional, capacitance motor , which is actuated by a remote (left-off-right) switch 

located on the elevator control panel . A screw and nut dr ive-device couples the 

motor and reduction gea r s to the top plate, t ransforming rotat ional to rec t i l inear 

motion. The tes t section instal lat ion is shown in F igure 6. The top plate has a 

total horizontal movement of 1 in. but can be adjusted to about 2 in. for ho r i ­

zontal scanning of rec tangular t es t sec t ions . Initially the elevator table is manu­

ally adjusted so that the na r row x - r a y beam will pass through the center of the 

tes t section. The tes t section can then be remote ly scanned horizontal ly ±0.5 in. 

on ei ther side of the center l ine. Left and r ight l imit switches stop the drive 

motor when the top plate r eaches ±0.5 in. A synchro-posi t ion t r ansmi t t e r sends 

an e lec t r i ca l signal to a remote synch ro - r ece ive r unit located on the elevator 

control panel . Horizontal position is indicated in thousandths of an inch on a 

servo driven Veeder-Root counter . A 10-turn helipot, mechanical ly coupled to 

the gear t ra in , provides an e lec t r i ca l position signal for the input to the X-Y 

r e c o r d e r whenever plots of void fraction vs position a re requ i red , A complete 

hor izontal scan of the tes t section takes approximately 15 sec . 

The elevator ve r t i ca l dr ive mechan i sm is essent ia l ly ident ical to the h o r i ­

zontal dr ive with the exception of a more powerful motor . A sprocket wheel and 

chain r a i s e s and lowers the elevator table . Counter weights were used to reduce 

dr ive power to that r equ i red to overcome friction only. The e levator can be 

stopped at any elevation simply by cutting off power to the dr ive motor . Ver t ica l 

position t r a n s d u c e r s , which a r e identical to the horizontal t r a n s d u c e r s , a r e used 

to indicate ve r t i ca l position to within 0.1 in. The elevator can be reposi t ioned 

at a r a t e of 0.4 f t / s ec . 

The elevator table is guided by 4 ve r t i ca l s teel rods of 1-in. d i ame te r . 

They a r e maintained r igid by means of s t ru t s which connect to the main tes t loop 

support s t ruc tu re and to the building b e a m s . The elevator table r ides the s teel 

guide rods on par t i a l ball bushings which c lear the guide rod support s t r u t s . Be­

cause of the location of the x - r a y tube at the edge of the elevator table, the cen­

ter of gravity (CG) is displaced from the center of the table, resul t ing in an un­

des i rab le moment which would cause the elevator to bind. The CG is re tu rned to 

the geomet r ica l center of the table by means of lead counterweights . 
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The ent i re weight of the e levator table and counterweights is supported 

from above by means of s tee l reinforced pillow blocks which a re fastened to an 

overhead building beam. The total weight of the elevator assembly is about 

300 lb. 

D. COLLIMATORS AND SHIELDING 

The collimation system is i l lus t ra ted in F igure 7. The smal l focal spot of 

the x - r a y tube is used and the beam entering the detector is '~0,1 by 0.5 in. in 

c ros s section. 

A 1/4-in. -thick lead shadow shield 

is placed behind the de tec to rs to min i ­

mize the radiat ion escaping the tes t 

section enc losure . The maximum 

measu red dose ra te at the surface of 

the tes t loop enclosure is about 3 m r / h r 

At any of the operating posit ions or 

locations where personnel normal ly 

work, the radia t ion is not de tec table . 

REFERENCE 
TEST SECTION 

LEAD MASK 

TEST SECTION 
SUPPORT STRUCTURE 

TEST SECTION 

DETECTOR 

Figure 7. Coll imator and Shielding 

E. INSTRUMENTATION LINE 
VOLTAGE REGULATOR 

A Sorensen model 2501, 2500 va, 

rack-mounted regula tor unit supplies 

regulated power to the detector high 

voltage power supply, the differential 

amplif ier , and the X-Y r e c o r d e r . 

Regulation accuracy is ±0.01% for in­

put voltage var ia t ion of ±10%. The 

time constant for 63% recove ry from 

maximum input voltage var ia t ion is 

0.2 sec . Output voltage is adjustable 

from 110 to 120 vac . 
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F . D E T E C T O R P O W E R S U P P L Y 

The d e t e c t o r h igh v o l t a g e p o w e r supp ly , c o m m o n to bo th d e t e c t o r s , i s a 

J o h n F l u k e M o d e l 4 1 2 - A . Output p o l a r i t y can be e i t h e r p o s i t i v e o r n e g a t i v e and 

i s a d j u s t a b l e f r o m 500 to 2010 v a t a m a x i m u m c u r r e n t of 1 5 m a . The power 

supply i s n o r m a l l y o p e r a t e d a t about 750 vdc a t an output c u r r e n t of abou t 

2,5 m a . Output v o l t a g e s t a b i l i t y i s 0 .005%/hr and 0.05% d a y . 

G, D I F F E R E N T I A L A M P L I F I E R 

The d i f f e r e n t i a l a m p l i f i e r i s a K in t e l m o d e l 114A wi th f loat ing input and ou t ­

pu t . Gain i s a d j u s t a b l e f r o m 10 to 1000 in five s t e p s . S tab i l i ty is 5 v for 40 h r 

r e f e r r e d to the input . Bandwid th i s 100 c p s and output i s 10 v at 10 m a m a x i m u m . 

H, X-Y R E C O R D E R 

The X-Y r e c o r d e r i s a M o s e l e y m o d e l 3S "Autogra f " 2 - a x i s g r a p h i c r e c o r d e r 

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

p r o d u c e r e p r e s e n t a t i v e c a r t e s i a n c o o r d i n a t e c u r v e s on s t a n d a r d 8 - 1 / 2 x 11 - in . 

g r a p h p a p e r . N o r m a l l y the Y ax i s i s u s e d to r e c o r d void f r a c t i o n s i g n a l s f r o m 

the d i f f e r e n t i a l a m p l i f i e r and the X ax i s i s u s e d a s a t i m e b a s e . 

The r e c o r d i n g m e c h a n i s m e m p l o y s a "d ra f t i ng m a c h i n e " type l i n k a g e , cab le 

d r i v e n by i n d e p e n d e n t s e r v o m o t o r s w h i c h e f fec t ive ly convey Y - m o t i o n wi thou t 

c r o s s - c o u p l i n g to X a x i s . E l e c t r i c a l l y i s o l a t e d high ga in a m p l i f i e r s c o n t r o l the 

s e r v o m o t o r s . Input r a n g e s a r e in e l even c a l i b r a t e s t e p s f r o m 5 m v to 500 v on 

e a c h a x i s . By m e a n s of a t r a n s f e r swi t ch , e a c h input r a n g e m a y be expanded and 

m a d e c o n t i n u o u s l y v a r i a b l e to p e r m i t the f i t t ing of a r b i t r a r y v o l t a g e to any d e ­

s i r e d s c a l e . The r e c o r d e r a l s o c o n t a i n s full r a n g e z e r o s e t and one full s c a l e 

l eng th of z e r o s u p p r e s s i o n on e a c h a x i s . T h e s e f e a t u r e s p e r m i t full s c a l e r e ­

c o r d i n g r e s o l u t i o n of any p o r t i o n of the void f r a c t i o n s p e c t r u m . 

R e c o r d i n g a c c u r a c y i s b e t t e r than ±0 .25% of full s c a l e and r e s e t a b i l i t y i s 

± 0 . 1 % of full s c a l e . The m a x i m u m r e c o r d i n g s p e e d i s 0.5 s e c for full s c a l e 

t r a v e l on e a c h a x i s . 

I. SCINTILLATION D E T E C T O R S 

The s c i n t i l l a t i o n d e t e c t o r s o r i g i n a l l y c o n s i s t e d of an Nal (Tl) c r y s t a l w h i c h 

i s o p t i c a l l y coup led t h r o u g h a p o l i s h e d Inc i t e l ight p ipe to a 6 3 6 2 - m u l t i p l i e r 

pho to tube . The c r y s t a l , l igh t p i p e , and pho to tube a r e e n c a s e d by a w a t e r - c o o l e d , 

l ight t igh t s h i e l d . 
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< 

< 

The DuMont type 6362 is a 10-stage 

mul t ip l ier phototube with a flat end-

window type photo-cathode having an 

S-11 r e sponse . The tube d iameter is 

3/4 in. and i ts length is 4 - 7 / 8 in. The 

dynode str ing was designed for 1200 v 

operation at a cu r ren t of 2 ma . The 

scinti l lat ion detector schemat ic is shown 

in F igure 8 and the detector assembly in 

F igure 9. 

A sodium iodide ( thal l ium-activated) 

c rys t a l of 3/4 in, d iameter and 3/4 in, 

length is used for conversion of x - r a y 

photons. The c rys ta l , which is designed 

for low energy gamma detection, is 

backed with a 0.001 in. thick aluminum 

foil window. 

An optically polished lucite light pipe 

•©SIGNAL couples the scinti l lat ion c ry s t a l to the 

phototube. For good optical coupling, 

Dow-Corning DC-200 si l icone oil is used 

to connect the c rys t a l to the light pipe 

and the light pipe to the phototube. Under 

ideal conditions it would be best to couple the c rys t a l d i rec t ly to the phototube; 

however, the magnetic field generated by the tes t section heating cu r ren t i s so 

strong that the phototube had to be located some distance from the c rys ta l . Mag­

netic field intensity at the c rys t a l was calculated to be 96 gauss for a tes t section 

< 

< 

20K 
-AA/WAr 

DYNODE*5 

DYNODE * 6 

DYN0DE*7 

DYNODE * 8 

DYNODE * 9 

DYNODE* 10 

ANODE 

50K 

Figure 8, Scintillation Detector 
Schematic 

*While c a l i b r a t i n g the void f rac t ion d e t e c t o r it w a s d i s c o v e r e d tha t the d e t e c t o r ou tpu t d id not fa i thfu l ly fol low 
a l a r g e (50%) s t e p c h a n g e in r a d i a t i o n i n t e n s i t y s u c h a s might occu r dur ing a b u b b l e s l u g m e a s u r e m e n t . T h e 
d e t e c t o r ou tpu t would s h o w a s t e p c h a n g e to ab o u t 98% of t he f inal v o l t a g e l e v e l a n d then a l e v e l i n g off 
pe r iod of abou t 5 s e c for t he l a s t 2%, T h i s c a u s e d no problem dur ing s t e a d y s t a t e b o i l i n g m e a s u r e m e n t s bu t 
cou ld c a u s e m e a s u r e m e n t e r rors of abou t 2 to 4% void dur ing rap id bo i l ing t r a n s i e n t s . In sod ium i o d i d e ( N a l ) 
c r y s t a l s , t h i s l e v e l i n g off per iod o c c u r s b e c a u s e of p h o s p h o r e s c e n c e wh ich i s c a u s e d by e l e c t r o n t r a p p i n g a t 
ene rgy l e v e l s a s s o c i a t e d wi th impur i ty a t o m s . T h e s e m e t a s t a b l e s t a t e s h a v e been o b s e r v e d to l a s t for over 
30 s e c in h igh r a d i a t i o n f i e l d s . T h e p h o s p h o r e s c e n c e problem w a s s o l v e d by r e p l a c i n g the sod ium i o d i d e 
c r y s t a l s a n d l ight p i p e s wi th a p l a s t i c s c i n t i l l a n t of h igh pur i ty and shor t d e c a y c o n s t a n t (4 x 10*6 s e c ) . 
T h i s s c i n t i l l a n t i s known a s " P o l y f l u o r " and w a s o b t a i n e d from S e m i - E l e m e n t s I n c , of Saxonburg , P a , 
Al though the c o n v e r s i o n e f f i c i ency of " P o l y f l u o r " i s only a b o u t 30% of tha t for N a l (Tl), t h e r e w a s s u f f i c i e n t 
beam i n t e n s i t y r e s e r v e c a p a b i l i t y in the x-ray g e n e r a t o r to permit ope ra t i on of t he d e t e c t o r s a t the s a m e ou t ­
put l e v e l a s for N a l (Tl). 
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PART NO NAME MATERIAL 

0 
@ 
@ 

® 
® 
® 
© 
® 
® 
® 
® 

PHOTOMULTIPLIER TUBE 

DETECTOR HOUSING 

DETECTOR HOUSING 

END CAP 

END CAP 

DETECTOR HOUSING 

MAGNETIC SHIELD 

MAGNETIC SHIELD 

LIGHT SEAL 

INSULATING RING 

INSULATING RING 

STEEL 

STEEL 

STEEL 

STEEL 

STEEL 

SOFT IRON 

SOFT IRON 

ALUMINUM 

POLYSTYRENE 

POLYSTYRENE 

PART NO NAME 

(I2) INSULATING RING 

^ INSULATING RING 

(I4) RECEPTACLE SUPPORT 

'~' TUBE SOCKET 

^_^ LIGHT PIPE 

(n) INSULATING COLLAR 

' " " MAGNETIC SHIELD 

^ ^ SCINTILLATION CRYSTAL 

(2S) COAXIAL CABLE RECEPTACLE 

( i j ) O-RING 

(22) COOLING COILS 

MATERIAL 

POLYSTYRENE 

POLYSTYRENE 

ALUMINUM 

LUCITE 

POLYSTYRENE 

/^ METAL 

SODIUM IODIDE 

NEOPRENE 

COPPER 

F i g u r e 9, D e t e c t o r A s s e m b l y 

h e a t i n g c u r r e n t of 2400 a m p . At the p h o t o - c a t h o d e the m a g n e t i c i n t e n s i t y would 

be a m a x i m u m of 24 g a u s s if sh i e ld ing w e r e not u s e d . 

M a g n e t i c f ie lds a r e a t t e n u a t e d by a f ac to r of 1000 by the d e t e c t o r c a s e 

w h i c h s e r v e s as a h igh i n t e n s i t y m a g n e t i c s h i e l d . The c a s e c o n s i s t s of t h r e e 

c o n c e n t r i c t u b e s , of 1 / 8 - i n . - t h i c k soft i r o n , w h i c h a r e e l e c t r i c a l l y i n s u l a t e d 

f r o m e a c h o t h e r by p o l y s t y r e n e t u b e s . D u r i n g c a l i b r a t i o n we found tha t m a g n e t i c 

de focus ing of the p h o t o m u l t i p l i e r s w a s not c o m p l e t e l y e l i m i n a t e d by the m a g ­

ne t i c s h i e l d i n g . This p r o b l e m w a s so lved by w r a p p i n g a few t u r n s of h igh 

m a g n e t i c p e r m e a b i l i t y foi l a r o u n d the p h o t o m u l t i p l i e r . M a g n e t i c sh i e ld ing a l s o 

had to be app l i ed to the x - r a y tube to p r e v e n t s i g n a l c h a n g e s when the c u r r e n t 

t h r o u g h the t e s t s e c t i o n w a s c h a n g e d . 
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Cooling water is c i rculated through a coil of 1 /4- in-d iameter copper tubing 

which is b razed to the detector case . Cooling of the de tec tors substantial ly 

reduces t empera tu re induced sources of m e a s u r e m e n t e r r o r . The reduction in 

m e a s u r e m e n t e r r o r has been observed but not m e a s u r e d . 

During void fraction measu remen t , at ze ro void conditions, both the r e f e r ­

ence and tes t section de tec tors deliver a dc output signal to the input of the dif­

ferential amplif ier . The de tec tors a re differentially connected to the amplifier 

so that the resul tant input signal is ze ro v. Since detector c ha r a c t e r i s t i c s 

change somewhat with t ime , the detector output signals a r e per iodical ly balance 

by means of adjustable 50,000 ohm potent iometers which a r e connected in p a r ­

allel with the anode load r e s i s t o r . At 100% void the re fe rence detector output 

remains constant, and the tes t section detector output i n c r e a s e s . Differential 

connection of the two de tec to rs , with a lmost identical output c h a r a c t e r i s t i c s , 

great ly reduced m e a s u r e m e n t e r r o r s caused by var ia t ion of detector high voltag 

and x - r a y tube output. During cal ibrat ion of the void fraction detector , an 

attempt to m e a s u r e void fraction with one detector could not be accomplished 

because of excess ive fluctuation of detector output. 
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III. CALIBRATION & TESTING* 

A. D E T E C T I O N SYSTEM R E S P O N S E TO VOID F R A C T I O N CHANGES 

The a t t e n u a t i o n of a c o l l i m a t e d b e a m of m o n o c h r o m a t i c g a m m a - o r x -

r a d i a t i o n a s it p a s s e s t h r o u g h a m a t e r i a l can be c a l c u l a t e d f r o m the equa t i on 

w h e r e 

I = I e~^^ . . . (1) 

I = i n t e n s i t y of the r a d i a t i o n at a g iven p o i n t a f t e r p a s s i n g t h r o u g h the 

m a t e r i a l , 

I = i n t e n s i t y of the r a d i a t i o n at the s a m e poin t wi thou t the a b s o r b i n g 

m a t e r i a l , 

II = l i n e a r a b s o r p t i o n coeff ic ient of the m a t e r i a l , and 

X = t h i c k n e s s of the m a t e r i a l . 

Al though the output of an x - r a y g e n e r a t o r i s not m o n o c h r o m a t i c , the l i n e a r 

a b s o r p t i o n coef f ic ien t o b s e r v e d e x p e r i m e n t a l l y for s m a l l c h a n g e s in a b s o r p t i o n 

i s equa l to tha t for a m o n o c h r o m a t i c s o u r c e hav ing a n e n e r g y c a l l e d the " e f f e c ­

t ive k i l o v o l t a g e " of the x - r a y s o u r c e . In the p r e s e n t c a s e , w i th the x - r a y g e n ­

e r a t o r o p e r a t i n g at 150 kv and wi th the i n h e r e n t f i l t r a t i o n of the x - r a y tube p l u s 

tha t of the n i c k e l t e s t s e c t i o n , a r e a s o n a b l e e s t i m a t e for the effect ive k i l ovo l t age 

i s 100. 

If m o r e t h a n one m a t e r i a l i s a b s o r b i n g r a d i a t i o n f r o m the c o l l i m a t e d b e a m , 

the exponen t of e b e c o m e s 

i 

w h e r e x . i s the t h i c k n e s s of the i^h r n a t e r i a l and pL. i s the c o r r e s p o n d i n g a b s o r p ­

t ion coef f ic ien t . 

The r a d i a t i o n r e a c h i n g the d e t e c t o r can be e x p r e s s e d by 

*References 28 through 38 furnished information useful in Section III calcula t ions . 
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'^o^^'^vYj^i^iY'^A'^^^^ '°^^] • •' ^̂^ 

where 

expi-Y^jU.x. I accounts for the absorption of the nickel walls of the tes t 

^ i ' section, the insulation around it, and the a i r between source 

and detector , 

jLt = l inear absorpt ion coefficient of the Santowax R, 

X = thickness of the Santowax R, and 

0! = void fraction, the var iable to be measu red . 

The absorption of the nickel, a i r , and insulation is a s sumed to be constant. Dif­

ferentiating with respect to (X gives the following equation: 

y - = UxdOC . . • < (3) 

Substitution in this equation of 0.5 in. for the Santow^ax thickness and jLi calculated 

from values tabulated in Reference 27 for 100 kv and for a density of 0.8 g /cc 

gives 

• ^ = 0.17 d a . . . . (4) 

A consequence of this relat ion is that the m e a s u r e m e n t sys tem must have good 

stability. F o r void fraction accuracy of ±5%, the measu remen t sys tem stabili ty 

must be about ±1%. 

B, DETERMINATION OF DETECTOR OUTPUT 

One r / h r cor responds to about 6 x 10 photon/cm - s e c at 10 ev. The num­

ber of photoelectrons , P , which a re produced at the cathode of the photomult ipl ier 

tube, due to absorption of x- radia t ion energy, E , in the scint i l la tor , is given by 

the equation: 
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E r7g E 
P _ _ 

Tv f ' ^ . . . ( 5 ) 

where 

f = hu/r}g, 

E = energy absorbed in scint i l la tor in units of thousand of e lect ron vol ts , 

r) = the in t r ins ic efficiency of the scint i l la tor , w^hich is defined as the 

rat io of the light energy emit ted to the kinetic energy of the absorbed 

pa r t i c l e , 

hy = the energy of the luminescent quantum, energy pe r photon, in units 

of e lec t ron vol ts , 

g = the light efficiency of the optical sys tem and photocathode, and is 

given as photoe lec t rons / f luorescent photon. 

The figure of m e r i t of the scinti l lat ion detector , f, is the average energy 

absorbed in the scint i l la tor for each photoelectron ejected from the cathods of 

the photomult ipl ier . 

F o r a scinti l lation detector with good optical and geomet r ica l light uti l ization, 

the figure of me r i t , f, is approximately 2/r) ' , where rj ' is the light yield with 

re ference to anthracene . F o r Nal(Tl), 7]' is 2. Therefore for this case the fig­

ure of m e r i t , f, is equal to 1. P = Ep/f = 100/1 = 100 electron/photon. One 

e l e c t r o n / s e c cor responds to 1.6 x 10" •'̂ ° amp. The col l imator a r e a is 0.322 cm . 

Assuming all the photons enter ing the scint i l la tor a r e absorbed, the photo-

cathode cu r r en t may be calculated as follows: 

cathode = p ( ^ \ ^ \ ^ ° ^ % 6 x l 0 ^ ( P ^ ° ^ ° " y , ^ " ^ ^ - g ^ ) x l . 6 x l 0 - ^ ^ ( T P : " ^ ^ ) x 0 . 3 2 2 ( c m ^ \ photon / \ r / h r / \ e l ec t ron / ^ ' 

= 3 .1x10 -11/amp m) • •••w 
5 

If the photomult ipl iers a re operated at a gain of 1.5 x 10 , the output cu r r en t is: 

I = 1 ^ 1 , ^ x gain = 3.1 x 10"^^ X 1.5 X 10^ ~ 5 X 1 0 " ^ - ? ^ - . . . ( 7 ) 
o cathode ° r / h r ^ ' 
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The maximum output of the x - r a y genera tor is 3.8 x 10 r / h r at a t a r g e t - t o -

specimen distance of 1 in. The radiation will be attenuated by the tes t section, 

coolant, a i r , and insulation. Even with the inverse square law cor rec t ion and a 

l a rge cor rec t ion for absorption, the photomultiplier cu r r en t s will be o rde r s of 

magnitude above the dark c u r r e n t s . Therefore , both the x - r a y generator and the 

photomult ipl iers can be operated at well below their maximum ra ted l eve l s . 

C. STATISTICAL ERROR 

To avoid photomultiplier fatigue effects, it is des i rab le to operate them in 

a sys tem such as this at levels well below the maximum ra ted level. The output 

c u r r e n t s -would then be in the m i c r o a m p e r e region. According to the calculation 
4 

in the previous section, assuming the photomult ipl ier gain is reduced to 1.5 x 10 

and I should be 50 ua, the radiation level after penetrat ing the tes t section 

would be about 100 r / h r . At 100,000 ev, this would cor respond to a b o u t 6 x l 0 
2 8 

photon/cm - s e c . Of these , 1.9 x 10 would enter the detector per sec . 

Assuming a measu remen t sys tem t ime constant of O.Ol sec , 1.9 x 10 photons 

would enter the detector . 

Since the c i rcui t is a r a t eme te r type, the relat ive s tandard deviation is given 

by the following: 

a = . ^ 7 = 5.1 X 10"^ . . . (8) 
\ /2 X 1.9 X 10^ 

Therefore , s ta t i s t ica l var ia t ions should not be a la rge source of e r r o r . Stat is t i ­

cal var ia t ions could be reduced by increas ing the x - r a y genera tor output and de­

creas ing the photomult ipl ier gain. 

D. CALIBRATION OF THE SYSTEM 

The void fraction measur ing sys tem is ca l ibra ted by inser t ing a 0.122-in. 

aluminum block into the x - r a y beam being t r ansmi t t ed through the reference 

tes t section. This cal ibrat ion is normal ly done before and after each run. The 

aluminum block was cal ibrated by comparing the r e c o r d e r deflection obtained 

when the aluminum block was inser ted to that deflection obtained when the 

tes t section changes from 0 to 100% void. Due to the differential na ture of 

the signal being recorded , inser t ing the aluminum block in the dummy channel 
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p r o d u c e d a s i g n a l of the s a m e p o l a r i t y a s t h a t ob t a ined w h e n v o i d s a r e p r o d u c e d 

in the t e s t s e c t i o n . S e v e r a l c a l i b r a t i o n s of the a l u m i n u m b lock p r o d u c e d an 

a v e r a g e de f l ec t ion of 78% of t ha t ob t a ined for 100% void a f t e r the f i g u r e s w e r e 

a d j u s t e d to r e p r e s e n t Santo-wsix R at 700° F . 

Signal s t r e n g t h a d j u s t m e n t in e i t h e r the r e f e r e n c e o r t e s t s e c t i o n c h a n n e l i s 

a c c o m p l i s h e d by a d j u s t m e n t of a 5 0 - k o h m p o t e n t i o m e t e r in p a r a l l e l wi th the 

2 0 - k o h m anode r e s i s t o r . N o r m a l p r o c e d u r e i s to ad jus t the 5 0 - k o h m p o t e n t i ­

o m e t e r s , i m m e d i a t e l y b e f o r e a bo i l ing run i s to be m a d e , so a s to ob ta in a dif­

f e r e n t i a l output of z e r o . The so l eno id w h i c h i n s e r t s the a l u m i n u m c a l i b r a t i o n 

b lock i s t h e n r e m o t e l y a c t u a t e d f r o m the c o n t r o l p a n e l . The c a l i b r a t i o n d e f l e c ­

t ion t h u s o b t a i n e d m a y be e x p a n d e d o r c o n t r a c t e d by ad jus t ing the r e c o r d e r ga in , 

d i f f e r e n t i a l a m p l i f i e r ga in o r the d e t e c t o r p o w e r supply v o l t a g e . Iminaediately 

fol lowing the boi l ing r u n , a c a l i b r a t i o n de f l ec t i on i s aga in o b t a i n e d to i n s u r e t ha t 

no th ing h a s h a p p e n e d w h i c h would c a u s e the ga in of the s y s t e m to v a r y . 

E . DATA R E D U C T I O N 

F i g u r e 10 r e p r e s e n t s a t y p i c a l r e c o r d i n g of a c a l i b r a t i o n and a void f r a c t i o n 

s igna l . The void f r a c t i o n (d) at the po in t V i s d e t e r m i n e d a s fo l lows . A poin t 

Z i s m a r k e d on the t r a c e at a po in t w h e r e it i s known t h a t no v o i d s e x i s t (a = 0) . 

The a v e r a g e bulk t e m p e r a t u r e of the Santowax (T ) at the po in t Z i s a v a i l a b l e 

f r o m a n o t h e r t r a c e w h i c h i s be ing r e c o r d e d s i m u l t a n e o u s l y . The a v e r a g e bu lk 

t e m p e r a t u r e a t the po in t V, (T ), i s a l s o o b t a i n e d and the e q u i v a l e n t vo id f r a c ­

t ion r e p r e s e n t e d by the d e n s i t y change of the Santowax R f r o m T to T i s c a l c u ­

l a t e d . T h i s e q u i v a l e n t void f r a c t i o n i s g i v e n by the fol lowing f o r m u l a . 

E q u i v a l e n t vo id f r a c t i o n = - (T - T ) -r-^ - ^ , • • . (9) 
V z A T pgi 

A p / A T = r a t e of c h a n g e of the d e n s i t y of Santowax R wi th t e m p e r a t u r e . 

p = d e n s i t y of Santowax R at i t s s a t u r a t i o n t e m p e r a t u r e . 

The n e g a t i v e s ign i s n e c e s s a r y b e c a u s e A p / A T is n e g a t i v e . 

The t o t a l void f r a c t i o n r e p r e s e n t e d by a change in s igna l f r o m point Z to 

po in t V i s (V - Z ) / C x E w h e r e E i s the e q u i v a l e n t void f r a c t i o n r e p r e s e n t e d 

by the a l u m i n u m c a l i b r a t i o n b l o c k . S u b t r a c t i n g the e q u i v a l e n t void f r a c t i o n r e p ­

r e s e n t e d by the d e n s i t y c h a n g e f r o m T to T we ob ta in : 
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Figure 10. Typical Void F rac t ion Signal vs Time 



«=(V^)EC + (T -T )^± . . . (10) 

This equation may also be wri t ten 

a = (~-^) 0.78 [l + 5.7 X lO'^^CTg - 700)1 + 
,„ „ , A p 1 (T - T ) — ^ 

^ ^ A T P s t 
. . . ( 1 1 ) 

This equation is c o r r e c t , assuming that we have a s t ra ight line cor re la t ion be­

tween % deflection and % void fraction (% deflection = % void fraction). 

Actually, % deflection = %D = 100 
^0.15950! , 

,0 .1595 , 

This curve is shown in F igure 11. 

04 06 

VOID FRACTION 

Figure 11. Void Frac t ion vs Relative 
Deflection, Assuming Both Linear and 

Exponential Function 
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a 
1 

0.1595 
in (1 + 0.173D) 

% void e r r o r ^ 1 0 O [ D - -^-j^^in (1 + 0.173D)] 

% error - ioo[0-1595 - ^ ( 1 + 0.173D)] 
/o e r r o r - lUO^ i n ( l + 0 . 1 7 3 D ) J * (12) 

These two curves a r e plotted in F igure 12. It is seen that the e r r o r can be ap­

proximated by a straight line with end points of 7.85% e r r o r at 0% deflection and 

0% e r r o r at 100% deflection. 
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Linear Function of Void Frac t ion 
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F . H O R I Z O N T A L POSITIONING O F T H E VOID F R A C T I O N D E T E C T I O N 
SYSTEM 

S e v e r a l v a r i a b l e s a r e p lo t t ed in F i g u r e 13. C u r v e s A and B a r e p l o t s of the 

r e l a t i v e s t r e n g t h of the a t t e n u a t e d b e a m v s h o r i z o n t a l p o s i t i o n . T h e s e c u r v e s 

a s s u m e a b e a m of z e r o wid th . C u r v e s C and D a r e the s a m e excep t tha t a b e a m 

wi th a wid th of 0 .0958 in. i s a s s u m e d . T h i s i s a p p r o x i m a t e l y the wid th of the 

b e a m wh ich i s u s e d . C u r v e E i s a p lo t of the d i f f e r e n c e in m a g n i t u d e of the 100% 

void s igna l and the 0% void s i g n a l , r e f e r r e d to the c e n t e r l ine of the t e s t s e c t i o n . 

C u r v e E w a s ob ta ined f r o m C u r v e s A and B. A s i m i l a r c u r v e ob t a ined f r o m 

C u r v e s C and D would be i d e n t i c a l e x c e p t for p o i n t s c l o s e to the w a l l of the t e s t 

s e c t i o n . C u r v e E shows tha t the h o r i z o n t a l pos i t i on ing of the x - r a y b e a m (about 

the c e n t e r l ine of the t e s t s ec t i on ) i s not a c r i t i c a l f a c t o r . A b e a m which is "off 

c e n t e r " by a s m u c h a s 10 m i l s wi l l c a u s e l e s s t han 1/2% change in the 0 to 100% 

void s i g n a l . 

G. T H E O R E T I C A L V E R I F I C A T I O N O F T H E VOID E Q U I V A L E N C E O F A 
0.122-IN. ALUMINUM BLOCK 

When d e t e r m i n i n g the a t t e n u a t i o n coe f f i c i en t s of a compound l ike Santowax R, 

the a t t e n u a t i o n coe f f i c i en t s of the e l e m e n t s c o n t a i n e d a r e w e i g h t e d a c c o r d i n g to 

t h e i r p e r c e n t a g e by w e i g h t in the c o m p o u n d . The a t t e n u a t i o n c o n s t a n t s for 0 .4785 in. 

of San towax R (6 .1% h y d r o g e n , 93 .9% c a r b o n ) and 0.122 in . of a l u m i n u m a r e 

p l o t t e d in F i g u r e 14 for s e v e r a l v a l u e s of k i l o v o l t a g e . 

The 0 .122 - in . a l u m i n u m b lock w a s i n s e r t e d into the x - r a y b e a m of the ref­

e r e n c e c h a n n e l and the r e s u l t i n g s igna l r e d u c t i o n e n a b l e d us to c a l c u l a t e the 

a t t e n u a t i o n c o n s t a n t " K ^ " of the a l u m i n u m . The a t t e n u a t i o n c o n s t a n t for 0 .4785 in. 

of San towax R (K ) a t 7 0 0 ° F w a s t h e n d e t e r m i n e d f r o m F i g u r e 14. The c h a n g e 

in s i g n a l p r o d u c e d by the c a l i b r a t i o n is n e g a t i v e and equa l in m a g n i t u d e to 

C(e -^^ - 1)^ w h e r e C i s a c o n s t a n t d e t e r m i n e d by the ga in of the s y s t e m . The 

c h a n g e in s i g n a l r e s u l t i n g f r o m p r o d u c t i o n of 100% vo ids i s p o s i t i v e and equa l in 
rvg 

m a g n i t u d e to C(f - ! ) • The r a t i o of the m a g n i t u d e of t h e s e two s i g n a l s i s equa l 

to the % void r e p r e s e n t e d by the c a l i b r a t i o n if we a s s u m e a l i n e a r r e l a t i o n s h i p b e ­

t w e e n void f r a c t i o n and s igna l . Th i s a s s u m p t i o n i s not s t r i c t l y t r u e due to the 

e x p o n e n t i a l n a t u r e of the s i g n a l . The e r r o r i s s m a l l , h o w e v e r , and m a y be a c -

coiinted for in the d a t a r e d u c t i o n p r o c e d u r e if the i n c r e a s e in a c c u r a c y i s d e s i r e d . 
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F igure 15 is a plot of the void fraction rep resen ted by the 0.122-in. aluminum 
- K A ] 

cal ibrat ion block vs e . Indirect ly, this graph is a plot of the void fraction 

rep resen ted by the aluminum block vs the effective kilovoltage seen by the block 

and the Santowax. 
-K^ l 

The m e a s u r e d value of c was 0.873 as shown on F igure 15. This p r e ­
dicts that the deflection produced by the cal ibrat ion block will be 7 3.6% of that 

produced by 100% voids. The cal ibrat ion block actually produces a deflection 

of 78% of that produced by 100% voids, a difference of. 4.4% void. There a re 

severa l possible sources for this e r r o r . If we take the der ivat ive of E = 

(1 
•K Al K 1 

)(€ - 1) with respec t to its va r i ab les we can calculate the magni­

tude of the effect of e r r o r s in the var ious p a r a m e t e r s . 
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K . , and K a r e a c c u r a t e to 3%, and € sha l l be a s s u m e d to h a v e b e e n m e a s ­

u r e d a c c u r a t e l y to wi th in 1%. The m a x i m u m p o s s i b l e e r r o r in E f r o m t h e s e 

s o u r c e s would be 

d E = 5 . 8 d K . , + 5dK + 2.3d(e"-^Al) V Al s ^ ' 

= 5 . 8 x 4 x 10~^ + 5 x 4 . 8 x 10"^ + 2 . 3 x 8 . 7 x l O ' ^ 

= 0.067 = 6.7% void . . . . (14) 

H. ACCURACY O F VOID F R A C T I O N M E A S U R E M E N T S 

The void f r a c t i o n E q u a t i o n No. 10 is r e p e a t e d b e l o w . 

a = (V - Z) -2-+ (T - T )4^~-^ C V z ' A T p 
St 

It i s n e c e s s a r y to e x a m i n e e a c h t e r m of t h i s equa t i on to d e t e r m i n e the a c ­

c u r a c y of the m e a s u r e m e n t . E / C d e t e r m i n e s the % v o i d / d i v i s i o n on the r e ­

c o r d i n g . F o r a t y p i c a l r un , C i s a d j u s t e d to span a p p r o x i m a t e l y 80 d i v i s i o n s . 

The r e c o r d e r m a y be r e a d to urithin 0.3 d i v i s i o n , wh ich g i v e s an a c c u r a c y of 

0 .3% (C = 7 8% vo id ) . By the s a m e type of a n a l y s i s , E i s d e t e r m i n e d to be a c ­

c u r a t e to w i t h i n 0 .3%. T h i s g i v e s an a c c u r a c y of 0.6% for the t e r m E / C . 

Using the s a m e r e a s o n i n g (V - Z) m a y be r e a d to wi th in 0.3 d i v i s i o n s . Th i s 

h o w e v e r , d o e s not r e p r e s e n t 0 . 3 % e r r o r , bu t 0 . 3% void e r r o r . Looking a t t he 

s e c o n d t e r m of the equa t ion , A p / A T and 1/p a r e both a c c u r a t e to wi th in 0 . 1 % , 

and (T - T ) i s a c c u r a t e to w i th in 1%. Th i s g i v e s an a c c u r a c y of 1.2% for the 

s e c o n d t e r m . F o r p r a c t i c a l l y a l l r u n s the s e c o n d t e r m i s l e s s t han 10% void , 

w h i c h m e a n s tha t the a c c u r a c y of the t e r m is b e t t e r than 0.12% void . 

F i g u r e 16 shows a t y p i c a l s i g n a l d r i f t c u r v e f r o m the m o m e n t the x - r a y 

g e n e r a t o r i s t u r n e d on. If the x - r a y g e n e r a t o r i s a l l owed to w a r m up at l e a s t 

2 h r and the d r i f t i s m e a s u r e d a t l e a s t e v e r y h o u r , the d e v i a t i o n of the d r i f t 

c u r v e f r o m a s t r a i g h t l ine e x t r a p o l a t i o n w i l l be l e s s than 1% void . 

The d i f f e r e n t i a l a m p l i f i e r and the r e c o r d e r a r e bo th l i n e a r to w i th in 0 . 1 % , 

and the l i n e a r i t y of the p h o t o m u l t i p l i e r t u b e s and c r y s t a l s i s a s s u m e d to be 

p e r f e c t . 
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The var ious sources of e r r o r a re all l i s ted below and a r e separa ted into two 

groups. Group I contains e r r o r s which a re pe rcen tages of the signal being meas­

ured while Group II contains fixed void fraction e r r o r s . 

I II 

E /C c 
Amplifier 

Recorder 

0.6 

0.1 

0.1 

Total e r r o r 0.8% 

(Tv - T^) 

1/^st 
A p / A T 

Drift 

V - C 

0.1 

0.01 

0.01 

1.0 

0.3 

Total e r r o r 1.42% Void 

The total effect in % e r r o r vs void fraction is plotted in Figure 17. 
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Figure 17. Void F rac t ion Measurement Accuracy 
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I. TRANSIENT MEASUREMENTS 

The ability to make t rans ien t m e a s u r e m e n t s in any inst rumentat ion sys tem 

is l imited by those components having the smal les t bandwidth. In this sys tem, 

the differential amplif ier and the recording galvanometer a re the limiting factors 

each with a high frequency cutoff of 100 cps and a low frequency cutoff of 0 cps . 

Any t ransient which has the major port ion of its povv^er spec t rum in the 0 to 100 cps 

range will be faithfully reproduced. 

Looking at the response of a sys tem to a pulse input impor t s valuable insight 

to its t r ans ien t c h a r a c t e r i s t i c s . If a pulse is applied to a sys tem with a cutoff 

frequency f , the pulse width T should be equal or g r e a t e r than 5/f if the output 

is to closely r e semble the input. Fo r this sys tem, the pulse width should be 

T = 5/100 = 0.05 sec . The r i s e t ime of the outputpulse wouldbe 0.8/100 = 0.008 sec 

or 0.5/100 = 0.005 sec , depending upon the definition of r i se t ime . The t rans ient 

response of the sys tem will therefore pe rmi t faithful m e a s u r e m e n t of boiling 

t rans ien t s with a r i se t ime of 5 msec or longer and a durat ion of 50 msec or 

longer. 
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APPENDIX 

LITERATURE SURVEY OF VOID FRACTION DETECTION METHODS 

A. E X T E N T O F SURVEY 

The l i t e r a t u r e s e a r c h on 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 s c o v e r s the 

p e r i o d f r o m 1951 to da te and i n c l u d e s w o r k done in E n g l a n d , G e r m a n y , and Ne-w 

Z e a l a n d , a s w^ell a s in the U . S . A . F o r t y r e f e r e n c e s a r e l i s t e d in the b i b l i o g r a p h y . 

Of t h e s e , 21 h a v e b e e n revie-wed; and of t h o s e r e v i e w e d , 18 a r e a b s t r a c t e d in 

T a b l e I . T h o s e r e f e r e n c e s r e v i e w e d but no t a b s t r a c t e d in T a b l e I d u p l i c a t e i n f o r ­

m a t i o n a l r e a d y in t h i s t a b l e . R e f e r e n c e s 1, 9, 18, 20 , 2 1 , and 26 w e r e n o t a v a i l -

ab le for re-view, but the i n f o r m a t i o n c o n t a i n e d in t h o s e r e f e r e n c e s would not 

change the c o n c l u s i o n s of t h i s l i t e r a t u r e s u r v e y . 

T a b l e I s u m m a r i z e s r e s u l t s of p r e v i o u s l y p u b l i s h e d a t t e m p t s to m e a s u r e v o i d -

f r a c t i o n in v a r i o u s t y p e s of 2 - p h a s e flow s y s t e m s . The r e f e r e n c e s a r e e n t e r e d 

in c h r o n o l o g i c a l o r d e r . 

It i s i m m e d i a t e l y a p p a r e n t f r o m T a b l e I tha t t he m o s t c o m m o n l y u s e d m e t h o d 

of m e a s u r i n g v o i d - f r a c t i o n i s by m e a n s of y - r a y a t t e n u a t i o n (14 r e f e r e n c e s ) and 

the l e a s t u s e d m e t h o d i s t ha t of a r a d i o a c t i v e t r a c e r (1 r e f e r e n c e ) . G a m m a - r a y 
3 

a t t e n u a t i o n h a s b e e n t r i e d by i n v e s t i g a t o r s a t T u l a n e , B a t t e l l e M e m o r i a l I n s t i -
1 7 12 

t u t e . U n i v e r s i t y of M i n n e s o t a , M I T , and p r i n c i p a l l y a t A r g o n n e N a t i o n a l 
L a b o r a t o r y . ' ' > ' ? J > P h o t o g r a p h i c t e c h n i q u e s have b e e n u s e d a t MIT 

24 
and the J e t P r o p u l s i o n L a b wh i l e x - r a y a t t e n u a t i o n h a s b e e n t r i e d a t the U n i -

15 16 17 
v e r s i t y of C a l i f o r n i a , ' the G e n e r a l E l e c t r i c C o m p a n y , and c u r r e n t l y at 

18 R a m o - W o o l d r i d g e . B e t a p a r t i c l e a b s o r p t i o n h a s b e e n u s e d at the G e n e r a l 
20 23 21 

E l e c t r i c C o m p a n y , the U n i v e r s i t y of Wash ing ton , in New Z e a l a n d , and 
22 in E n g l a n d . 

On the b a s i s of v o i d - f r a c t i o n s a c t u a l l y r e p o r t e d a s m e a s u r e d , i t a p p e a r s t ha t 

the v a r i o u s m e t h o d s in o r d e r of d e c r e a s i n g sensit i-vi ty a r e : p h o t o g r a p h i c , x - r a y 

a t t e n u a t i o n , ^ - a b s o r p t i o n , y - a t t e n u a t i o n , and r a d i o a c t i v e t r a c e r . It i s not p o s ­

s ib le to d e t e r m i n e wha t the a c t u a l a c c u r a c i e s -were in m o s t of the re-viewed 

r e f e r e n c e s . 
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B. DISCUSSION OF PUBLISHED RESULTS ACCORDING TO METHOD 

1. Photographic 

The use of high-speed photography is perhaps the mos t informative and 

mos t sensi t ive method of measur ing void-fraction. However, the p r o c e s s of 

taking high-speed photographs and then counting and measur ing bubbles i s tedious 

and t ime-consuming. The successful use of a -visual method is l imi ted to an 

apparatus -with some t r anspa ren t -wall a r ea , usually g l a s s . The use of g lass 

imposes ser ious l imi ts on the allowable operating t empera tu re and p r e s s u r e 

l eve l s . Finally, the methods can be accura te ly employed only in lo-w void-

fraction situation; i . e . , 0.2 or l e s s , because of the difficulty encountered in 

in terpre t ing 2-dimensional photographs of a 3-dimensional phenomenon. 

25 In spite of the difficulties mentioned above, Griffith m e a s u r e d void-
24 fraction as low as 0.0002. Gunther did not actually m e a s u r e void-fract ions, 

but such information can be extracted from his data. Much of the analytical 

work in the l i t e r a tu r e i s based on these two visual studies as they have provided 

the analyst with a model of the flow phenomena investigated; namely, forced 

convection nucleate boiling. 

2. y-Ray Attenuation 

The mos t commonly used source of y - rays has been the 0.084 mev peak of 
170* 75t 192§ 

thulium with selenium and i r id ium, each being used once. All i nves ­

t igators have used thal l ium-act ivated Nal scinti l lat ion c rys t a l s in conjunction 

with some type of photomultiplier tube as a detector sys tem. Various source 

geometr ies and types of source collimation have been t r i ed . Best r e su l t s were 

obtained when a wel l -coUimated beam of y-radiat ion was employed. 
The lowest void fraction actually repor ted as m e a s u r e d (but with unknown 

14 accuracy) is 0.01 by Richardson. 

3. X-Ray Attenuation 

In pr inc ip le , the x - r a y attenuation method is identical to the y - ray at tenu­

ation method, the only differences being the nature of the source of photons and 

their relat ive energy, x - r a y s general ly being a softer radiat ion. An x - r a y s y s ­

tem is identical to a y- ray system with the additional complication that the x - r a y 

•References 1 , 2 , 4 - 6, and 8 - 14. 
tReference 7. 
§Reference 3 . 
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tube wh ich s e r v e s a s a s o u r c e of r a d i o a c t i v e p a r t i c l e s m u s t be coo led . If the 

v o i d - f r a c t i o n m e a s u r i n g a p p a r a t u s i s to t r a v e r s e the l eng th of a t e s t s e c t i o n , 

then f lex ib le e l e c t r i c a l l e a d s and coo l ing w a t e r supply l i n e s to the x - r a y tube 

m u s t be u s e d . 

4. ^ - P a r t i c l e A b s o r p t i o n 

A s t a t i s t i c a l a n a l y s i s of the a b s o r p t i o n of b e t a p a r t i c l e s i s c o m p l i c a t e d by 

the fac t t h a t they a r e e m i t t e d wi th a con t inuous s p e c t r u m and t h a t a b e t a p a r t i c l e 

c a n l o s e a l a r g e f r a c t i o n of i t s e n e r g y in one c o l l i s i o n . H o w e v e r , i t h a s b e e n 

shown t h a t an exponen t i a l a b s o r p t i o n l aw c o m b i n e d wi th a m a x i m u m r a n g e i s 

a p p r o x i m a t e l y v a l i d . 

90 
If s t r o n t i u m (/3 e n e r g i e s to 2.2 m e v ) i s u s e d a s a s o u r c e , t hen the to t a l 

w e i g h t / u n i t a r e a of a b s o r b i n g m a t e r i a l b e t w e e n the s o u r c e and d e t e c t o r should 

not e x c e e d 1.2 g m / c m . T h i s i m p l i e s t ha t only th in--wal led, s m a l l - d i a m e t e r 

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

E v e n though the ^ - a b s o r p t i o n m e t h o d i s l i m i t e d to u s e in th in c r o s s -

s e c t i o n s , i t h a s the a d v a n t a g e tha t i t i s p o s s i b l e to o b t a i n a w e l l - d e f i n e d b e a m 

for u s e in m a k i n g m e a s u r e m e n t s of void f r a c t i o n . 

23 90 

C o s t e l l o h a s r e p o r t e d v o i d - f r a c t i o n of 0.03 ± 0 .013 wi th s t r o n t i u m a s 

the ^ - p a r t i c l e s o u r c e . He e m p l o y e d an a n n u l a r t e s t s e c t i o n wi th a c y l i n d r i c a l 

s o u r c e i n s i d e the i n n e r s t a i n l e s s s t e e l tube and the d e t e c t o r o u t s i d e the o u t e r 

g l a s s t u b e . W a t e r -was the t e s t m e d i u m . 
5. R a d i o a c t i v e T r a c e r 

? 6 
Only one i n v e s t i g a t o r , D e n g l e r , h a s r e p o r t e d u s i n g t h i s t e c h n i q u e . It 

i s e s s e n t i a l l y a y - r a y a t t e n u a t i o n t e c h n i q u e wi th the s o u r c e d i s t r i b u t e d in the 

t e s t f luid . T h i s t e c h n i q u e o f f e r s no a d v a n t a g e s o v e r the p r e v i o u s l y d i s c u s s e d 

m e t h o d s . S e r i o u s sa fe ty p r o b l e m s a r e i n t r o d u c e d by the u s e of t h i s m e t h o d . 

C. T Y P E O F V O I D - F R A C T I O N M E A S U R E M E N T 

In e x a m i n i n g T a b l e I , one wi l l s e e the fol lowing e x p r e s s i o n s : (1) One shot , 

(2) L o c a l t r a v e r s e , and (3) L o n g i t u d i n a l t r a v e r s e . T h e s e e x p r e s s i o n s a r e 

def ined belo-w. 

N A A - S R - 7 8 7 5 
41 



1. One Shot 

At a given c r o s s section along the length of a t es t section, the attenuation 

of a beam of radioactive pa r t i c l e s is m e a s u r e d and the void-fraction in fe r red . 

In some c a s e s , the beam dimensions a re such that only a port ion of the flo-w 

through the c r o s s section of the tes t section is scanned. In other c a s e s , the 

beam is -wider than the tes t section, and the ent i re flow through the c r o s s section 

is scanned. 

2. Local T r a v e r s e 

In this case , at a given c r o s s section along the length of the tes t section, 

a ^vell defined beam of radioactive pa r t i c l e s and an equally wel l -coUimated 

detector a r e simultaneously t r a v e r s e d a c r o s s a c r o s s section of the tes t section. 

In this case , the dimension of the beam of radioact ive pa r t i c l e s in the direct ion 

of t r a v e r s e is much l e s s than the corresponding dimension of the tes t section 

being scanned. 

3. Longitudinal T r a v e r s e 

Usually a one-shot local m e a s u r e m e n t is used he re with the source and 

detector simultaneously t r ave r s ing the length of the tes t section, gi-ving infor­

mation as to the distr ibution of void-fract ion along the length of the tes t sect ion. 

The most informative type of m e a s u r e m e n t would be a combination of 

local and longitudinal t r ave r s ing . This , however, would not be possible in 

t rans ien t situations as such a measur ing p rocedure would be t ime consuming. 
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TABLE I 
SUMMARY OF METHODS 
AND RESULTS OF VOID 

FRACTION MEASUREMENT 

Flow Dii ec t ion 
and TL bt F la idb 

T e s t Sec t ion 
M a t e r i a l and G e o m e t r y 

S o u r c e 
T y p e , G e o m e t r y , 

S t r e n g t h , and 
C o l l i m a t i o n 

D e t e c t i o n E q u i p m e n t , 
B e a m , &: C o l l i m a t i o n C a l i b r a l ion Type of M e a s u r e m e n t s 

M a d e 

M i n i m u m M e a s u r e d 
Void F r a c t i o n 

R e p o r t e d 

X-Ra> • 

(15) 
3 / 5 1 

(16) 
10 /54 

(19) 
Z / 2 9 / 6 0 

V e r t i c a l upflow ol 
w a t e r subcoo led 
and bulk b o i h n ^ 

Vo flow 
w a t e r - s t ea in 

V e r t i c a l upflow 
w a t e r - s t e a m 

1/4' ID X 23 lonn 
s t a i n l e s s s t e e l 

P'y r e x b a t t e r y j a r 
6 - 1 / 2 " \ 8 - 1 / 2 " X 
1 1 - 1 / 2 " t l e c t r u r e s i s t a n c e 
bulk heatintJ of l iquid 

1060 aluminuiTi, 24 625" 
long X 0 .830" X 0 116" . 
E l e c t i i t a l l x , hea t ed 

P r t Sbure , 100 to 
2500 p s i a . Si ibcool ing, 
0 to 2 3 6 ' ' F . 
Heat flux to 3 8 x 10^ 
B t u / h r - f t 2 . 
M a s s flow. 0 . 9 6 x 10^ 
to 7.7 X 10^ I b / h r . 

P r e s s u r e . 14.7 and 
135 ps ia 

No Data 

250 kv, 10 m a . 
Wefatinghouse 
X- r ay uni t 

W e s t m g h o u s e 
250,000 V Quad-
r o c o n d e x t h e r a p y 
unit o p e r a t e d at 
10 m a . No ex ­
t e r n a l r e g u l a t i o n 
or f i l t r a t i o n of 
p o w e r supply-

G. E . C A - 7 Mo 

t a r g e t x - r a y tube 
m G . E . X R D - 5 
d i f f r ac t i on x - r a y 
m a c h i n e l ine vo l t ­
a g e and tube c u r r e n t 
s t a b i l i z a t i o n , 30 kv 
p o t e n t i a l , 23 m a 
tube c u r r e n t . Con­
v e r t e d to c o n s t a n t 
p o t e n t i a l m a c h i n e . 

C a d m i u m - t u n g Statt 
c r y s t a l s , l u c i t e l ight 
p ipe , pho to - m u l t i p l i e i 
tube 

EGA 5819 p h o t o -
m u l t i p l i e r c a l c i u m 
t u n g s t a t e s c i n t i l l a t i o n 
c r y s t a l 

Ba SO4 s c r e e n on 
RCA 931A photo 
i n u l t i p l i e r c o n v e r t e d 
to Nal c ry s t a l and 
Dumont 629 2 pho to -
m u l t i p l i e r . 

No Data 

F u l l - e m p t y r e a d ­
ings and i n t e r p o l a ­
t ion 

Fu l l - t mpty and 
i n t e r p o l a t i o r 

One shot 

One sho t 

One sho t s a m p l e of c r o s s 
s e c t i o n v e r t i c a l t r a v e r s e . 

0.01 g / c c 
0.04 g / c c 

0.05 

No Data 

@0 c p s 
@ 100 cps 

Attt ni iat iou 

{12.) 
2 / 5 5 

(23) 
8 /59 

V e r t i c a l upflow of 
w a t e r - subcoo led 
bo i l ing 

V e r t i c a l upflow of 
w a t e r - subcoo led 
boi l ing 

R e c t a n g u l a r c h a n n e l , 0 . 1 7 7 " x 
0.80' X 60 c m . 
Oval channe l , 0 .177" x 0 .80" 
X 60 c m . 
H e a t e d l eng th , 60 c m . 
S t a i n l e s s s t e e l with 0 .010" 
wal l t h i c k n e s s . 

F low in a n n u l u s , 0 .190" OD. 
I n n e r h e a t e r tube , 304 s t a in ­
l e s s s t e e l . 
0 .516" I'D o u t e r tube , s t a m 
l e s s s t e e l o r g l a s s . 

Exi t p r e s s u r e , 3 0 " H ^ O . 
Inlet ve loc i ty , 12 ' / s cc . 
Inlet t e m p e r a t u r e . 
4 4 . 3 ° C . 
Heat flux to 550 w / c m . 

P r e s s u i e, 34" Hg. 
Inlet ve loc i ty , 1.5, 3, 
and 4 fps . 
Heat flux to 8.21 x 
10^ B t u / h r - f t 2 . 

: ) r a s e o d y m i u m - 144 
and d a u g h t e r 
c e r i u m - 144. 
20 m c , 1/2" d i a m 
b e a m 

s t r o n t i u m - 9 0 
( 3 up to 2.2 mev) 
10 c o l l i m a t i o n 

End window G e i g e r tube 
with 2 m m coun t ing 
tmne . 
I o n i z a t i o n c h a m b e r , 
1/2" d i a m ho le m 
d e t e c t o r s h i e l d . 

G e i g e r tube and T r a c e r -
lab s c a l e r , m o d e l 
SC-5 1 

Fu l l - e m p t y with 
v a r i o u s l i qu ids and 
i n t e r p o l a t i o n 

L u c i t e i nockup with 
3 diffei eiit s o u r c e 
s t r e n g t h s 

One shot 
t r a v e r s e 

One shot 
t r a v e l s e 

l ong i t ud ina l 

l o n g i t u d i n a l 

No Data 

).03 ± 0 .013 

P h o t o g i a p h i t 

(25) 
8 / 5 8 

V e r t i c a l upfloxv of 
w a t e r - bubcooled 
boi l ing 

R e c t a n g u l a r 
2 b ides g labS. 1 s i d e h e a t e r 
s t r i p , 0 .378" wide x 3 " long. 
0.5, 0 .18 , o r 0 .09" to op­
pos i t e wa l l f r o m h e a t e r . 

P r e s s u r e , 500, 
1500 p s i a . 
Wate r ve loc i t y , 
and 30 fps . 

Heat flux, 0.Z5 
to 2.7 •< 10^ 
Btu/ 1 ' . 

lOuu, 

20 

X 106 

Bubb le count ing anu 
m e a s u r e r n e n t Buljl)U coun t ing 

mc a s u i emc nt 
a n u None 1 ( (quired \ o f iata 0.0002 
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TABLE I (Continued) 

R e f e r e n t e 
and D a t e 

F l o w Di rec t ion 
and T e s t F l u i d s M It 

Pc St S L ( l i o n 
t 1 la l and Oc o i n e t i y 

Tc St C o n d i t i o n s 
Typ 

bt i 
C , 

boui«- e 
. G e o m e t r y , 

t ru ' th. and 
)11 iiTi i t iun 

De t ec t i 
Be a m . 

on Fr]uii)mi nt . 
& C o l l i m a t i o n 

C l l M J Ul , 1 
T / p e of M e a s u r e m e n t s 

i^La(le 

M i n i m u m M e a s u r e d 
Void F r a c t i o n 

Re p o r t e d 

7 - Ray A t t e n u a t i o n 

(2) 
4 / 1 5 / 5 5 

(3 ) 
1 2 / 2 1 / 5 5 

(4 ) 
1 2 / 5 5 

(5) 
2 / 5 6 

(6) 
1 1 / 5 6 

(7 ) 
3 / 5 7 

(8) 
2 / 5 7 

(10 and 11) 
3 / 5 8 

(12) 
8 / 5 8 

(13) 
1 1 / 5 8 

(14) 
1 2 / 5 8 

No flow only 
s t a t i o n a r y l u c i t e 
m o d e l s and l a y e r s 
of w a t e r , s t e e l . 
and b r a s s 

V e r t i c a l , no l iquid 
t h r o u g h p u t 
a i r - w a t e r 
a i r - m e t h a n o l 
a i r - g l y c e r i n e 

V e r t i c a l upflow 
s t e a m - w a t e r 

V e r t i c a l upflow 
s t e a m - w a t e r 

V e r t i c a l upflow 
s t e a m - w a t e r 

V e r t i c a l upflow 
of s t e a m - w a t e r 
m i x t u r e s 

V e r t i c a l upflow of 
s t e a m - w a t e r 
m i x t u r e s 

V e r t i c a l vipflow of 
a i r - w a t e r 
m i x t u r e s 

V e r t i c a l upflow of 
a i r - w a t e r 
m i x t u r e s 

V e r t i c a l upflow of 
s t e a m - w a t e r 

H o r i z o n t a l flow ol 
a i r - w a t e r 
mix tu re s 

No Data 

2 " - s t d s t e e l p ipe , 6- , 1 0 - . L 
2 0 ' - l o n g . 
6 " - g l a s s p i p e , l O ' - l o n g . 
6- & 1 2 " - s t d s t e e l p ipe . 
10- & 20' - l ong . 
2 4 " - s t d s t e e l p ipe , 5 ' - l o n g . 

1/4 X 4 X 60" s t a i n l e s s s t e e l 

5 p a r a l l e l c h a n n e l s 
2 - 7 / 3 2 x 3 - 5 / 8 x 4 8 " ( o u t e r ) 
3 - 7 / 1 6 x 3 - 5 / 8 x 4 8 " ( i n n e r ) 
304 s t a i n l e s s s t e e l 

7 / 1 6 " x 3 - l l / 1 6 " x 2 ' 
7 / 1 6 " x 3 - l l / l 6 " x 4 ' 
s t a i n l e s s stet^l 

0 .872" ID X 16' long 

304 s t a i n l e s s s t e e l i e c t a n g u -
l a r 1 X 0 .103 x 27" 
e l e c t r i c a l l y h e a t e d 

L u c i t e , r e c t a n g u l a r c r o s s -
s e c t i o n s 2 X 1 / 8 " , 1/4" , 
1/2", 3 / 4 " , 1" - a l l 4 ' long 

0 .724" ID g l a s s tube 
5' long 

s t a i n l e s s s t e e l , r e c t a n g u l a r 
1/2" X 2 " . 1/8" th i ck wa l l , 
e l e c t r i c a l l y h e a t e d 

Due i t e , r e c t a n g u l a r c r o s s -
s e c t i o n s , 2 X 1/8" , 1/4", 
1/2", 3 / 4 " , and 1". 
T e s t s e c t i o n length 10 ' . 

Ainbient 

Gas v e l o c i t y to 5.7 fps 
Diquid v e l o c i t y to 
10 fps 

P r e s s u r e , 600 p s i a . 
M a s s flux, 
3.10^ I b / h r - f t ^ 

P r e s s u r e , 114.7 to 
615 p s i a . 
Inlet v e l o c i t y , 1.52 to 
1.83 f t / s e c . 

Exit q u a l i t y , 
1.9 to 8.2%. 

P r e s s u r e , 164.7 to 
614.7 p s i a . 
Inlet s u b c o o l m g to 20 ° F 
Exi t qua l i ty to 0 .15 7o 

M a s s flow r a t e s u s e d 
0 .347, 0 .526 , & 0 .702 
l b / s e c . 
M a x i m u m q u a l i t y 4% 

P r e s s u r e , 2000 p s i a . 
Heat flux, 0 . 0 4 x 1 0 6 t o 
0 . 5 0 x l 0 6 B t a / h r - f t 2 , 
M a s s flux, 0.7 x 10^ to 
0 . 9 x l 0 6 l D / h r - f t 2 
Inlet t e m p e r a t u r e . 
500, 575. a n d 6 2 5 ° F . 

\ m b i e n t t e m p e r a t u r e 
M m o s p h e r i c p r e s s u r e 
Water v e l o c i t y , 1 to 
10 fps. 
M a s s f l u x , 2 . 5 x 10= to 
'Ox 1 0 5 l b / h r - f t 2 

\ m b l e n t p r e s s u r e 
and t e m p e r a t u r e 

No Data 

Ambien t t e m p e r a t u r e . 
a t m o s p h e r i c p r e s s u r e . 
qual i ty 0.000 5 to 
0.0517 Wfj 0.3 to 
3.66 1b/secf W^^^, 
0 00 1 toO 06 lb/SIC . 

t h u l i u m - 170 
No c o l l i m a t i o n 

i n d i u m - 192 
1/2" d i a m b e a m 

t h u l i u m - 170 
1/2 r / h r @ 1 ft 

t h u l i u m - 170 
(0 .085 m e v y ) 
1/2 r / h r @ 1 ft 

t h u l i u m - 170 
(0 .085 m e v y ) 
2 r / h r @ 1 ft 

s e l e n i u m - 75 
10 u c , c o U i m a t e d 
by 1 / 16" d i a m 
a p e r t u r e 

t h u l i u m - 170 
(0 .085 m e v and 
0 .053 m e v p e a k s ) 
c o i l i m a t e d by 0.2 x 
0 . 2 " h o l e 

t h u l i u m - 170 
(0 .085 m e v peak) 
P e l l e t 0 . 1 9 " d i a m 
9 r / h r (^ 6" 

t h u l i u m - 170 
O . O F ' d i a m x 1 - 1 / 8 " 
l ong , 0.9 l^c 

t h u l i u m - 1 7 0 
(0 .085 m e v peak) 
P e l l e t 0 . 1 9 " d i a m 
9 r / h r @ 6" 
c o i l i m a t e d by 1/2" 
d i a m h o l e 

t h u l i u m - 170 
(0 .085 m e v peak) 
P e l l e t 0 . 2 " d i a m 
9 r / h r @ 2" 

No Da ta 

t h a l l i u m - a c t i v a t e d 
N a l c r y s t a l 

D u m o n t photo 
m u l t i p l i e r t u b e , and 

s c i n t i l l a t i o n c r y s t a l 

D u m o n t photo 
m u l t i p l i e r t ube , 
H e w l e t t P a c k a r d 
c u r r e n t a m p l i f i e r , 
and E s t e r l m e Angus 
r e c o r d e r 

D u m o n t pho to 
m u l t i p l i e r t u b e . 
H e w l e t t P a c k a r d 
c u r r e n t a m p l i f i e r , 
and E s t e r l m e Angus 
r e c o r d e r 

M o d e l DS- 1, N u c l e a r 
I n s t r u m e n t and 
C h e m i c a l C o r p . 
s c i n t i l l a t i o n c o u n t e r 

Na l c r y s t a l w a t e r 
coo led m a g n e t i c 
s h i e l d i n g 

Nal t h a l l i u m a c t i v a t e d 
s c i n t i l l a t i o n c r y s t a l . 
R C A 5819 p h o t o -
m u l t i p l i e r t u b e , 
L u c i t e l igh t p ipe b e ­
t w e e n c r y s t a l and t u b e . 
L i n e a r c u r r e n t a m p l i ­
f i e r , B r o w n 0 -10 m v 
r e c o r d e r . B e a m c o i ­
l i m a t e d at tube by P b 
window 1" t h i c k wi th 
blot 1 /32" X •?" . 
Na l c r y s t a l c o o l e d by 
w a t e r c o i l s . 
B a i r d A t o m i c 8125 
s c i n t i l l a t i o n p r o b e . 
B a i r d A t o m i c 131 
s c a l e r . 

Nal t h a l l i u m a c t i v a t e d 
c r y s t a l , 1 - 1 / 4 " d i a m 

X 1" t h i c k . R C A 5819 
o r Dumont 629 2 p h o t o -

m u l t i p l i e r t ube d e t e c t o r 
s h i e l d e d by M U - m e t a l 
a g a i n s t m a g f ield and 
Pb s h i e l d a g a i n s t b a c k ­
g r o u n d and s c a t t e r . 
w a t e r - c o o l e d d e t e c t o r . 
b e a m c o i l i m a t e d at 
c r y s t a l by 1/2" x 
5 / 8 " P b w indow. 

SaiTie a s 10. B e a m c o i ­
l i m a t e d at c r y s t a l by 
1/2" X 5 / 8 " w indow o r 
1/32" X 1/2" w indow. 
L a r g e window for one 
shot , s m a l l window 
for t r a v e r s i n g . 

No Da ta 

T e s t s e c t i o n full 
and e m p t y 

No D a t a 

I n t e r p o l a t i o n 
b e t w e e n full l iquid 
and full v a p o r 

L u c i t e m o c k u p s 
w a t e r - a i r l a y e r s 

No Data 

T e s t s e c t i o n , full 
and e m p t y with 
m t e r p o l a t i Dn, 
L u c i t e voic m o d e l s 

L u c i t e m o c k u p s of 
2 - p h a s e flow p a t ­
t e r n s , a n n a l a r f low. 
l o c a l bo i l i ng , p a r a ­
bo l ic d i s t r i b u t i o n of 
vo ids in liciuid. 
h o m o g e n e o u s f low. 

T e s t s e c t i o n full and 
e m p t y i n t e r p o l a t e in -
b e t w e e n . Check 
a g a i n s t qui^k c l o s i n g 
v a l v e s to t r a p f lowing 
m i x t u r e . 

L u c i t e m o c k u p s and 

i n t e r p o l a t i o n b a s e d on 
full and e m p t y r e a d i n g 
of t e s t s e c - i o n 

9 d i f f e r en t L u c i t e 
m o c k u p s 

One sho t of L u c i t e 
m o d e l s and w a t e r - a i r 
m o d e l s 

R a d i a l t r a v e r s e , s o u r c e 
m s i d e p ipe , m o v e d a long 
d i a m m 24" p i p e 

No D a t a 

One sho t t r a v e r s e 
l o n g i t u d i n a l 

One sho t t r a v e r s e 
l o n g i t u d i n a l 

L o n g i t u d i n a l t r a v e r s e 
L o c a l t r a v e r s e 
R o t a t i o n a r o u n d t e s t 
s e c t i o n to s a m p l e 
v a r i o u s d i a m a t a 
g iven s t a t i o n 

One sho t m e a s u r e m e n t s 

One sho t , l o c a l t r a v e r s e 
l o n g i t u d i n a l t r a v e r s e 

O n e sho t and l o c a l 
t r a v e r s e 

One sho t and l o n g i t u d i n a l 

t r a v e r s e 

O n e sho t and l o c a l t r a v e r s e 
a c r o s s a g iven c r o s s - s e c t i o n 
L o n g i t u d i n a l t r a v e r s e a long 
l eng th of t e s t s e c t i o n . 

L u c i t e m o d e l 

0 13^ ^ ^^'^' 
^'^^^ - 100% 
H^O l a y e r s 
0,044 ± 1 5 % 

0.09 

0 .05 

0 . 1 

0.006 

0 I 

0,01 

0 . 1 

No D a t a 

No D a t a 

0.09 l o c a l t r a v e r s e . 
O.OI, one sho t 0 09 
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