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Abs tract 

A fast neutron scattering and transmission method 

for determining void fraction and phase distribution in 

transi P-nt flow boiling was investigated . Shaped aluminum test 

sections containing water v1ere placed in a fa s t neutron beam , 

and the scattered and transmitted flux measur ed at several 

locations . Aluminum i s relatively neutron transparent and 

therefore s i mulated the vapour phase . The aluminum pie ces 

were shaped t o r epr esent vapour distributions in some of the 

main two-nhase flow regimes (annular , inverted annular, and 

stratified ). The scattered flu x was found to depend primarily 

on the volume fraction of water (and hence void fraction) in 

the test section. The transmitted flux profile on th e other 

hand, was sensitive to the distribution of water . The measure­

ments ther efor e indicat ed that ·the cross- section averaged void 

fraction could be de t er mined fr om th e scattered flux , whereas 

phase distributions could b e determined fro~ th e transmitt ed 

flux nrofil e . These measurements were followed by a series 

of experiments in which a t es t section containing a flowing 

air-water mixture was placed in the fast neutron beam. Void 

fractions deter mined from scattered n eutron f lux measurements 

were compar ed with void fracti ons meas ured by trapping t he 

flowing mixtur e between two quick closing valves and weighing 

the contents . The neutron scattering technique pr edicted 

values i n good agreement with the quick clos ing va lve measur e­

ments over the entire range of vo i d fractions . 
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1 INTRODUCTION AND OBJECTIVES 

1 . 1 Gen eral As pe cts 

Two- nhase flow through systems with complex int ernal 

g eometries occur in many indus trial s ituations . Exampl es are 

flow boiling in nucl ear r eactor cor es and in steam generators, 

gas - liquid mass transfer in naclced beds and fluidi zed bed 

reactors. To understand th e t rans fer mechanisms and pr edict 

transfer rat es in these sys t ems it is often desirable to know 

the volume fractions of each phase at a cross-section and the 

phase distribution (or flow r egime ). In particular, .void 

fraction ( volume fraction of gas-phas e) must be measur ed in 

order to interpr et blowdovm and emergency cooling exY)eriments 

relat ed to r eactor s afety assessments . 

A s urvey of th e literatur e r eveals a rich vari et y of 

void measur ement t echni ques . Excellent review pa pers on thi s 

subj ect have b een given by Hewitt and Lovegrove (1) and Lah ey 

(~). These t echniques can be broadly grouped into the following 

categori es: (A) volumetric, ( B) electrical, ( G) optical , (.0) 

ultrasonic, and (£) radiati on . 

(A) Volume tric Techni qu es 

Thi s technique involves th e dir ect or i ndir ect mea sur e­

ment of th e volume of t h e liqui d or vanour phase wi thin th e 

channel . 

Phase vol ume fra cti ons can b e me a sur ed dir ectly by 

s i :-n.u l tancous clos i ng qu.i C~{-cl os .i ne; va lves nlac ed at the i nlet 

1 
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and exit end of the section under consideration . The valves 

can be closed simultaneously either by actuating a mechanical 

linkage system or by the using of electro-magnetically actuated 

systems . Examples of the use of this technique for gas-liquid 

and vapour- liqui d flov,rs in tubes are gi ven in the papers of 

Hewi tt e t al (}), Roumy (~), and Seri zawa (.?). Schraub et al 

(§) have used the technique for studies in 9-rod bundles . Use 

of t his technique has also been made on heated t wo-phase flows 

and transient measurements (1), (§). 

The disadvantage of this technique is that to measure 

voi d fracti on at various times during a blow-down , _ r epeated 

r e-establishment of the original steady-state conditions is 

necessary and , typically, 15 or more individual measurements 

are required in the first 2-3 seconds of a transient. Repli­

cation of the initial conditions for each test can be very 

time consuming and is clearly impossible for many situati ons , 

e . g ., the Loss Of Fluid Tests (LOFT) at Idaho Falls in which 

an actu.al r eactor is being blo\'m dovm . 

Indirect measurements of void vol ume depends on the 

fact that , in a closed circuit , the generation of voids mus t 

necessarily be accompanied by some expulsion of the liquid 

phase fr om the system . By mea suring the volume expelled , one 

can measure the total voids generated . Applicati ons of this 

method have been described by Kemp et al (2 ). This meth od · . 

gives a global average void fraction for mos t blowdovm t ype 

experiments . It does not-give information regarding void 

fractions in portions of the syste~ . 
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Both these techniques can be inaccurate at very low 

or very high void fractions due to liquid sticking to piping 

walls . 

(B) 2lectrical Technioues 

Electrical Techniques include (i) th8 electrical 

impedanc e (Z) technique and (ii) the hst wire and film tech­

nique . 

(i) ?.lectrical Impedance (Z) Technique 

The electrical impedance (Z) techni ques can be broadly 

clas s ified into those intended for measuring the global (cross 

sectional averaged ) void fraction and those for local void 

fraction. 

Global Z- Probe 

The i mpedance (Z) of a two - pha se mixture is adequately 

modelled by a r esistance (R) in parallel with a capacitance (C) 

so that 

( I ) 

where f is the frequency of excitation . 

The capacitance C i s pronorti onal to the· av ·~rag e di elGctric 

con:::; ·cant <t> ':.'hic'.1 is r :3.1_at ,:;rl. to the gJ ob:.ll voi d fraction 

<a> by 

< t > = t.t ( I - < a > ) + tv- < a > ( 2) 

v1her e ~ and ( are th e dielectric constants for the liquid 
1/ 

and vapour ~hase respectiv~ly . Thu3 , usin.:; high fr equ ency (f) 

r::xcitat.i on such that 27rfC >>l1lf~ (see equation 1 ), t~1 e ca-:>acitanc-e 
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C and thus < ! > can be mea sur ed . By calibrating the pr obe , 

the global voi d fraction can be measur ed . Devices of t his 

type have been success fully calibrated and used i n out-of-core 

exueriments (1 0 ) • 
• L -

These global im~edance prob es have the advantage that 

they ar e non-intr usive and therefore ·_a not disturb the flow . 

The di sadvantage of this t e c~~ique includ es the s trong depend-

a:nce of the dielectric constant of the liquid ( !.t ) on tempera­

ture. As a res ult , a global Z-probe calibrated for one 

temperatur e may then b e useless for another t emperature. This 

vvould s trongly limit its use in bl ow- doV'm. experiments in 

particular. 

Local Z-Probe 

Local Z- pr obes generally consist of small co - axial 

probes which are insert .ed into the flow field t o measur e local 

void fraction . Vlhen the active area of the pr obe (the ti ~ ) 

i s s urroundod by liquid a reading is obtained which is 

differ ent from t hat when it i s surrounded by vapour. Then 

the local void fraction can be determi n ·ed fr om the time-av.;rage 

of a properly pr oc essed signal . The common disadvantage i s 

that the flmv may b e dis turbed owing to the intrusive nature 

of the prob e . Thre e modes of excitati on are commonly used : 

D. C. , A. C., and n .~ . excitations . 

In D. C. excitati on , one has more curr ent flow when 

the ti p i s in J.iqui d ( the conductin~ medium ) than i n vapour . 

Thi0 t ee m ique has been extens ively u3ed in 3t earn/ v,at er 
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experiments (11). In this mode of excitation , ions in the 

liquid phase 1ill cause polarization unless the probe voltage 

is very small t~Js implying the processing of low level signals . 

Ev:::n at low volta.~es, electrochemical attacl~ and deposits will 

age and darn.age the u:robes . Also such a technique is very 

sensitive to 'Vater resistivity changes , which vrould occur if 

temperature and/or \vat er purity changes . 

In A.C. exci tation , a co- axial probe i s driven at a 

fixed frequency , typically 10 -~Hz . A threshold is set such 

that when the pr o-::,.3 is surrounded by liquid t here will be a 

10 kHz outnut signal and there will be no output when in vapour . 

This signal is then inverted, yielding outputs when the probe 

is i n contact with void and no output when the probe is in 

l i quid . The time averaged local void fraction over time T 

is t hen given by 

a. = N void / N total ( 3) 

where Ntotal = ( 10 kHz) ( T) . ( 4) 

Low frequency A. C. sxcitaton has the advantage of relatively 

low cost and can eliminate probe damage a.:1d polarization 

problems . Disadvantages include some sens i tivity to liquid 

resistivity a::1 ths req_uir~men+, of A. C. circuitr,r (l). 

T .,..., ro "'==' 
.J... .1... .! \ • .... • :::xc:;.. tati·:m, onl,y- the die .ectric constant of 

the t~o-phase flui~ is sensed ( see equation 1 . That is, the 

techniqu e is ins ensitive to liqt<i:.l pha"'e resistivity . A 

threshold is ne eded to discriminate betwe en ' on ' and ' off ' 
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signals f or the probe being surrounded by vapour and liquid 

respectively as in the case of the A. C. excitation . The 

main disadvantage li es in the requirement of sophisticat ed 

and expensi ve R. F . circuitry , apart from the disadvantage of 

disturbing the flow . 

( ii) Hot ':li re & Film 'rechni que 

The principle of operation of a hot wire or film 

probe is based on Joul e heating and convective cooling. The 

pr obe is insert ed in the medium . When it i s surrounded by 

liquid, the heat transfer rate i s higher , increasing the 

current flow in the probe in order to maintain a constant 

temperature higher than that of the ambient liqui d . Likewise, 

th e current flow decreases when the probe i s surrounded by 

vapour . Delhaye ( 12) has made extensive use of conical hot 

film probes to study air/wat er flo ws . The main disadvantage 

of such a probe lies in its intrusive nature l eading to dis ­

turbanc e of the flow medium . This leads to difficulties in 

interpreting the signals as discussed by Delhaye (12 ) . 

(C) Ontical Technique s 

Optical techniques i nclude (i) optical local probes , 

(ii) infrared t echniques , (iii) holographic techniques , and 

(iv) light att enuation techniques. The com:non disadvantage 

shared by these techniqu es i s that it is usually not suitable 

f or high pr essure corr os ive sys t ems . However, sapphir e and 

diamond ti pped optical prob es are now being developed that 

may make these probes more useful . 
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(i / Lo cal Ontical Probes 

Optical ~robes are used for the ~easurement of local, 

time averaged , void fraction . The basic princi~le of opera-

tion of all optical probes is based on Snell ' s Law , i . e . a 

light ray , trav2lling from a denser medium with r efractive 

index n 1 to a less dense medium with refractive index n
2 

( i . e . n
1 

> n
2

) , will be internally refl ect ed at the inter face 

of the two media if the angle of inci dence ¢
1 

is grea ter than 

the critical incident angle cpc given by 

cp = 
c 

( 5) 

The immediate result of this is that if one has a glass probe 

cut at 45° , and light rays enter in a coaxial fashi on , the 

light rays ·1ill be r eflected bac c the way they covn e when the 

t i p of the probe i s surrounded by air (n = 1. 0) , and \'fill be 

lost in liquid (n = 1 . J.3 ). Thus the presence of void or liquid 

will give rise to ' on ' and ' off ' l i ght sie;nals . Several 

investigators have developed fiber optics d_vices f or the 

measur ement of void fr acti on in low temueratur e air/water 

(ii) Infrared Tcchniaues 

Infrar ed techniques have rec ently been used in the 

~.'[arviken experi:-:12nt ( 15 ) . T1.·1o infrared beams with Yravelengths 

A.
1 

and A.
2 

are L1cid en t on a test section . 'rhe ·cwo wavelenzths 

arc cho:;en :;uch t 1at th -J absor~tion cross - .:;ection of water is 

C'~~..,l 1 fo·~ \ -:-n ru' l arrr!"> ·"'or \ 
•.J. IU. • ..L • .!.. J\1 C<. - .__,--. J\2 ° 1he beam ''lith A.

1 
is used 



as the referenc e bea~ . By 3eer ' s Law~ 

() 
) 

(6) 

where 10 Aj i s the initial intensity at wave l eng th Aj , and 

~i is the corres~onding macros copic attenuation cros s - s ection , 

the two bea1ns should be differ entially absorbed . It can be 

shown that the void fraction a is given by (12): 

( 7) 

v1h er e c,3 = calibration 

P.t = density of liquid 

I = . 
I 

intensity of transmitted beam 

intensity of incident beam 

Thus , by measuring I 1 and I
3

, a can be deduc ed . Th e :naj or 

di s advantage is that it can not be us ed in test sections with 

metal walls . 

(ii i ) Hologra-ohi c Tech_Yligues 

Holography has recently been introduc ed into the 

field of two - phase flow by Mayi nger et al (16) . Temperature 

and concentration gradients in a test section can be dir ectly 

measur ed through the u se of doubl e exposure or two ( laser ) 

beam methods . 

The principal current limitati on to hol ographic 

t echniques i :3 the f a ct that the data can only be inter Dr eted 

for two-dimensio~al s ituati ons . 

A light beam will be attenuated when pass i ng through 



a bubbly or droplet flow . The amount of attenuation is 

directly proportional to the effective interfacial area . 

For bubbly flow , assumine the validity of Beer ' s law wher 

I/1
0
= ex~( - ~~ ) , the problem reduces to determining the void 

dependence of the macroscopic cross section ~ Lockett 

et al (11 ) have sho\rn that the a ppropriate expression for 

low void fractions (a< 31% ) is given by 

fL = 6aK/9.21 Db ( 8) 

wher e K = 1 . os 

Db = bubble diameter in metr es 

By measuring I /I 
0

, ~ and thus a can be deduced . The 

disadvantage of this techni que is that is is only r eliable 

for low quality (bubbly ) and high quality (droplet ) flows, 

and i ts application to hiGh · temper ature steam/ water flows is 

diffi cult . 

(D) Ultrasonic Techniques 

Ultrasoni c techniques include ( i ) Pulse- Echo , (ii ) 

Transmission , and ( iii Doppler Shift Techniques . However, 

·thAse techniques should be considered developnental and they 

are not suita'Jle for high pressure steam/water systems as 

yet (1). 

( " ) :Ful:-:>e- Echo Technique 

This t ,:::;chnique works on the So~1ar principle . Vlhen 

an cmitt8d ultrasonic wave reaches a vapour/liquid interface 

there is a lar3e ~hasi c impedance mismatch . This mismatch 
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causes a reflected signal to be returned to the transducer. 

The time difference b ·?.tween the emitted wave an:i th e returning 

r efl ected signal yields the location of the vapour-liquid 

interface. This technique can ea s ily detect bubble location 

and s i ze , and appears to be a promising technique for use in 

either high or low quality two-phase flow (1). 

(i i) Transmission Techniques 

The speed of sound (~) in a two - phase mixture i s 

strongly dependent on void fraction . For example , for homo­

geneous flow in thermal equilibrium, the s peed of sound (~H ) 

in the mi xture i s given by (18): 

* 
1/C:={aA,+(1- a)fi}h;Pvc: +(1-a) 113, c;} ( 9) 

Si milar results ho l d for other kinematic and thermodyr1amic 

assumptions . 

By measuring the sonic velocity (1) in a two-phase 

mi xture , it is theoretically possible to determine the voi d 

fraction a . Howev er, the dependance of sound s peed on flow 

structur e is no t as yet clearly understood . 

(iii ) Donnl er Shift Techniques 

Bas ically , a transmitter , installed at a fi "ed angl e 

to the flow , sends out a continuous wav2 . Sor.1e of the en ergy 

in thes e :mve i s r efl ected back by the flo·<v'ing material . 

Since the mater i al flO\'Ting has a mean velocity c omponent in 

a direction av1ay fro r:1 th e r efl ected vtave , ther e i s a s hift in 

a -:;par ent fr equency of the s cattered wave ( :Joppl er Shift) . Thi s 

-::- 'I'~i s assu-n e:3 -'ch ·= f l o-;·, i ..:; des cri·oed by the Equal Vel oci ti es 

~ equal T e nperatu~ e ~oie l 
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frequency shift can ba shown to be pro~)ortional to the vela-

city of the flowin3 material , and by measuring the frequency 

shift , one ca:'1 also rneasure tl1e velocity of the flow as well 

as void fluctuation (l) . 

(E ) ~adiation Tachniaues 

Radiation techniques have always been regarded as 

the most reliable method of void measurement . Al though they 

are cumberso~e to set up and use , they are general l y quite 

accurate . An excellent review of these techni ques has been 

given by Schrock (_l2_ ) . Radiation techniques can be furth er 

grouped into ( i ) Gamma and X- ray , ( ii ) {3-ray , and (iii ) 

neutron techniques . 

( i ) Gamma and X- ray Technigues 

The attenua·tion of gamma rays has been extensively 

applied to ~easure voi d fractions . The basic princi~le of 

operation i s the familiar Beer ' s Law which says that a 

collimated gamma beam is exponentially attenuat ed by inter-

actinG material in the beam path . For a single beam , it can 

be shovm t 1a t the void fraction a in a tHo- phase sys tern is 

given by (l), 

a = 1 n [I I I ( 0 ) ] I 1 n [I ( 1 ) I I( 0 )] (I 0) 

v,rh·are l(O) = intensity of transr.1ittAd beam 1.'Jh8n the test 
section is full with liquid ( a = 0 ) 

!(I) = int ensity of tran:Ji:l.i tt ed br:!a:·n I'! hen the test 
secti on i s empty ( a= 1) 

I = i.ntcnsity of t-cans::1i tted ·beam for C( 



However , if the two- ~)hase sys tem is s tratifisd and if th e 

bea::a i s l-arall el to the Ilhases , it is then obvious that 

equation 10 will not hold but ins t ead ( 20 } , 

a = [I - I ( 0 )] ![I( 1 ) - I( 0 )] 

12 

(II) 

It i s then i m:nediately cl ear t1at th2 a[>plication of thi s 

technique r equir es som:3 knowledge of the flow reGi me , which 

is often consider ed a di s advantage . I'he other disadvantage 

is that gam:na rays ar e hi6hly attenuated by liletal tube walls 

but to a lesser degr ee by water . This constitute a pr obl em 

in high pressure system with low fluid to so lid volume ratios . 

In spit e of the disadvantages mentioned , this technique 

has been en]loyed in numerous investigati ons . Studi es using 

it on t wo - pha3 e flow in tubes include those .y 3ailey e t al 

in 19 55 ( 21 ) to J,eVert et al in 1973 ( 22 ) . ;.~e asur ements in 

annu.li are reported by =van0 sliste et al (~J.) and Za";:harova 

ct o.l (24 ) . f.Teasur e'llents in tube bundles ar e r eported by 

Gustafsson e t al (Z2). 

The principl es des cribed above for the single beam 

1ensi tornet ar has been extended to multiple beam arrays . Such 

cor,1:) l ex devices are required for large:. pi pes in order to 

ta~;:e phas::: di::::tribution eff ects into account . T1re e ( 3 )-b ea:n 

Gam~a d3nsitomet crs have bean independently developed by 

Lassc:Lrl (?6 ) a'!d. ~~eidrick et al (£2. , • Algorithms have been 
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Th ese algorithms are based on Beer ' s law and models for tv:o-

phase flow ~atterns . 

Th e side-scatt ering of gamma- rays , has been a pplied 

to rn easure void fracti ons ( 28 , ~) , although to a r.mch l ess 

extent . The principl e of operati on is based on the well - known 

Compton Scatt ering and the K.lei n - Ni shina formula for the 

differ ential Compton Scattering cross section . A typical 

device consists of a collimated garrrr1a source ( Cs - 137) and 

t v.ro Nai ( r:£'1 ) det·o;ctors placed above the source and one on top 

o:f th e other . The sour c e and the t vm de t ectors are collimated 

so that the lines of collimation i nter sec t at a point ins i de 

the test section \iliere th e local void fraction is to be 

measured . It can be shown (]J that the local average density 

of t he t wo phase ~i xture p is r.lated to th e c ounting rat es 

( 12) 

wher e c1 ' c2 , /3., and /32 are calibration constants . 

Thus , by :11easuri ng the Co:npton s cattered gamr:1a- rays one can 

mea sur 9 the local average density or local voi d fract i on . 

This is a relatively new technique . I t has the 

advantage of being non- intrusive and is promising in steady-

s tat e exper igents in con~lex g8ometries . However , this tech-

nique is not suitabl e for transient 2zperiments as t13 

counting rate is extre:ncly lov; . Jei thcr is it sui table in 

~yst2~s ~1~r3 a lot of metal is nresent i n the inci den~ and 

s cattnr ~d bea~ ~aths . 



TI e attenuation of ~-rays has been applied to M~a0ure 

chordal average voi d fractions . T.1e -,·,or:dns ~~::rinciple is 

s i milar to that for attcmuation of .::;a:mna rays . Ho 'rever , :~ -ray:3 

are more sensitive to liquid as the attenuation cross - secti on 

incr eases ra~idly for decreasing photon ener gy . Thus, 3eer ' s 

law imnlies that these low ener3y X-ray beams can produce 

excellent phas i c discrimination. An ·exam:ple of the application 

of this technique i s the: multi-beam X- ray system developed by 

.Smith (.lQ) f or ~dward ' s blowdom'l ex:periment in the U . IL 

The principal disadvantage lies in its efficient 

abs oruti on by metal , ·which makes it unsuitable for high- :9ressure 

sys tems . 

(ii) B -ray Techniques 

Absorption of ~-rays may used in void fraction 

measure:nent in a :11anner .3 ir.lilar to gam:na rays . However , this 

technique has severe limitations due to the absorption of • 1 Ll'le 

~ -rays in the channel '.'!all . This i s because /3- rays are 

electrically charged . An exan:ple of the application of this 

technique is si ven by Per1dns et al ( 31 ) . 

(i i i ) Ireutron Te ch11iaues 

3ecause neu t;rons are electri calJ.y nev.tral , they are 

exuected to penetrate metal tube walls without much atten1a-

tion . Conse~uently , high pressures systems and complc:x 

c3eo::netri c:s nay be considered. Unlil;:e gam:im and X-rays , 

neutron beam::; are often r.1ore s ensi ti ve to th e fluid than to 

·.:~etal r;a.J.l.:> . T~1i:::: is es:::;ecially true if neutron tran:;rJarenc 
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:ne uals lil~e 7- irconiu:-1 or aluminiur.'l are used ·:;it:1 ther rml 

neutrons , and stainless steel with fast neutrons . 

The r.1ethods of void deter r:1ination \'lith neutrons can 

be ,:srouped into the following categori es : 

(a) attenuation of thermal neutr ons by hydrogeneous 

materials . Thermal neutron beams from nucl ear r eactors have 

been used to determine void fractions (JZ., .dJ., ~) . The basic 

technique relies on the exponential attenuation of the thermal 

neutron beam . neutron transmission measurements were carried 

out in bubbly , churn and slug flows by Hancox et al ( .35 ). 

They used a gating technique to obtain discrete transmission 

measur enents over time-intervals much smal l er than the 

d.omi11ant void fluctuation period . This technique utilizing 

thermal neutro11s is limited to relatively thin test sections . 

( b ) thermalization of fast neutr ons by hydrogeneous 

material . This technique i s based on the phenomenon that 

f a st neutrons , on passing through mat erials of high scattering 

cross- secti on ( or moderating ~ower ), are sloi'led dovrn to thermal 

energies . The fractional los s in energy when a neutron 

collides with an a to:-n is greatest for the hydrogen a tom . 

Ther_fore , by passin8 a beam of fast neutrons through a 

series of .aterials of varying hydrogen dens ity, a relation-

shin s hould be observed between hydrogen cont ent and measured 

ther~al neutron intensity . However , the comple~ity of neutron 

moderation theory does not lend itself as readily to a simul e .. 
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rr:a themati cal treatment as does ther:nal neutron transmission . 

Thus, in t~is techniqu e , the usual experimental a,pr oach is 

to pr epar e a standard calibration curve from samples of 1~nm·m 

hydrogeneous :nat erial content and to relat e the measured 

thermal neutron intens ity of an unlmm'.rn sa:-n.ple to this curve . 

This technique has been applied in moistur e determination 

with californium sources (36) and i n steam volume fracti on 

det ermination in a ni ue \'.'i th ll} ~;1eV neutrons (J.Z). 

(c) c ·;mbined moderation and attenuation of fast neutrons 

by hydrog aneous materials containing strong absorber s of 

thermal neutrons . In a strong thermal neutron absorber , the 

thermal flux is directly related ·to the moderation of the 

fast flux in the immediate vicinity . Sha and Bonilla (JQ) 

Derforned an Out-of-Pile e:q) ~riment employing this t echnique 

to determine void fracti ons. ?ast neutrons from a Sb-J e 

neutron :':lource ·1er e used and Boron wa s dissolved in a 76-203 mm 

diam8ter yipe to increas e the att enuation coefficient of the 

water in th e yipe . Opti :~m1;1 a pplication of this technique 

requires test sections larger than 25 mm . 

Fr om the above discus s ions , it is evident that in 

e:{·0eriments vrh ·3r e th::; t •3St section i s thick vrall ed t fast 

neutron t echniqu es are ~~referable . Scatt ering of fast neutron t 

a relatively new t echnique , has already been us ed to measure 

voi c1 fractions for tv10 - phas e flo':/ in pipes. Preli minary vvor}c 

was re)orted by :i.o'Jr.>seau (.:&:_) and 3aner j ee ( 40 ) . These 

inves ti sati on3 indicated that the technique ~as promi s i ng . 



:Io': over , no systematic direct calibration ·:;as done . 

1 ? 0, . ..._ . 
· - OJ9C~lV8S 

The pr e:3ent war~~ \'!as und erta3r en to increase confi dence 

in the fas t neutron scatt ering tech~iquo introduced by Roussea u 

(12) and :Banerjee (1~·0 ) . It i s "',want to be the :firs t of a 

ser ies of se:cL~::J of efforts i n an extensive cali b~ation ur ·'J -

gram for void fraction in air-water flo~ through pipes and 

other ~eom2tries s uch as r od bundl es and :9acked beds . Test -

s ections 25 . ~- m:n and 50 .8 mm i n diameter v.rere u sed in th e 

1:;or~: re·oorted here . Alm':'linu:"J S'Joci:•1ens of unifor:n cros s -

sections were inserted into the t es t section to si~ulat e air 

(voi d ) suc;l that the ma jor flo';; patt erns of annular, inverted 

annular , and s trati:~i od fl 01.·.;s wer e obtained . 

A collimatei horizontal fast-epithermal n eutr on b ea~ 

of r e ctanGular cr o::::::; - sec ti o~'1. 1 50 ::1m ·:ri de an:i 1 0 om 1ic;h , v;as 

"nade L1cident :)YJ th;; test - secti on whose a :;d s •:1as vertical . 

Th e s catt er c:l and trans'".'li tt .3d fluz was count ed . Th e s cattered 

and subs2qu e11tly th er r:1etlized neutrons \'!ere count ed by a neutron 

at the; Cj:' os:s - s ecti o:1 and not on its di:.:tr:i_ buti on . 

because sev eral colli s ions a r e required to dm·ms catter the 

neutron sc~~t ~ri~J i s c~arac~ erizad by a di ffus i on cros s -
, 

0 ....!:"' "=' -.) () , , ;- ......., .' ~ r~·~ - .1. 
J. ........ ' ·- v - • ' \., .1 c orr ':S)OT:1ing t o a m :an fT e e 



(50 m-;~1 ) . Ti12 te ~::; t s·::ctio~1 :liarqe t er is itse_f nuch l 33S than the 

mean frc o ~)ath of absor~:J ti on ·:,hich i s about 1+50 mm . Henc e , 

the inci~~nt fast/epithcr~al neutron s hould have , on the 

aver2.3 '~ , <.m::i e:r;one a large numb er of coll:L s i ons :i.n t h 3 v.ra t2r 

before l eaving the water and being counted as thermal neutrons . 

Under thes e c o:1.d. i tim1s , the water in the test sectio11 behaves 

lil;:e an i sotr oTJi c sourc2 of ther~nal n eutrons an.d the count ed 

s cattered flu:: c onvey s infor~ation regardiYlg the amount, but 

not the J i s tribution of water in the test section . 

On tl1e other hand , the transmitted fl1n r'lay be c ounted 

\'d_ th collir.:at cd c1.etectors . 'rhi s gives a measur e of the a:-:1ount 

of \·.Jater in ·th8 d3te ctor ' s colli ;'?lation ~onG sinc e different 

Yra tel'' :path l engths '.'.'ill l~ esu1 t in att snue. ti on of th e 1v~utron.:::: 

·>-n ,-~_ l· -"'J.- ..r._: ~-J"'"' .. - ~1 ->- r:.- r-l· pn t s ( 3.1J1)r0--'l. ·,,, a -l-!')1 v ""- :Y')o'Y'\ "''1..;- l· ~ 1 ) l.t - ....... ____ w ..._.. __ lJ_. _ _ .. . : .J.: _ .J.- - · - u..J-v .._.._ ._ .J.. ..... .l.J . u . c..t._, • Th'J.S l b y 

counting the ·:ra:1::F11i tt ~d n sutl~on flu:c at sever a:!. locati on3 , 

t~1e dist~:-- i bution of llydToc;eneous material may be reconstructeJ 

to th e e .. ct:mt that tl1 e ::1ain two - phase fl ou re~i ·n·e can b e 

id cmtifie ::L 

listed 

Tho :T:aL1 ob j 2c ti ves of the Di.:'esent ·.-rol~ : : cal1. tlwn b2 

.-, r • • 
'-'- '-' . 

flu~: i s related t o tl10 a ·:1ott.1t ')f hyc1.ro.:; en eou:::; mat:::rial a:1 c.~ 



IL.v: can be u.:;cd to id::mti :..y tho main flo·:t :cegimes . 

2 EXPERIMENTAL SET-UP 

In this section , th.-2! cx-oorimo:nta::'.. f aciliti es and 

set- up , \vhother exi s ti~u or specially built , are d es cribed . 

2, 1 Mc~1Ia s t er Nuclear Reactor ( ~;'INR ) 

:S1 .iJ.ding . 'l'hi E; r eactor i s a s v;i r,m1ing- pool type researc h 

J.h 
reactor produ cing n ::mtr on flu :ces u~) to 10· · neutrons :per 

? 
em- D8l"' se c o2.'1d \'Then it i s operated at a ma:~imu~n pov:er output 

J. ) 

0 .(:' 5 ..... , ( _,_, "'r · a l ' 
.L ' '"· t.. l1•...: '!1 . . J . I t n tili ses :::;nriched urani u.n ( ,.... 9J ;·j U- 2J5 ) 

The OTKm ')001 - . 

conce;;t ·):c ovi.. :lss -J a ::::y acc0s3 co t :1e reactor co..::·e a nd its 

0::<:ler L.1 Gntal facili t.Js , ma~:::L:.g it a very v Grsat ·_ 2. e facili ty . 

'J:h, currently availabl e faciliti es at the ~.Ic~.'Iaster 

:·;ucl :;ar ::i.eactor ar c li s t ec1 in Tabl e l 2.2.'1d. their l ocation s 

a r e .3h 0'.'/:.'1 i::1 "'::i. -:;ur e l . The de tail3 of those ·faciliti es ar 

av.., il "'bl"' _in t '1e li-'- r::- -~ .., -L,l -~ 0 (l'J c G._ .. co. ~~ l _ t.. ~1. c•. t..c. •. l 1' .. an~l \'Til l th2rcfore n ·Jt be 

:'Jpcate:1 here . .Suffic~J it to say , the •;rcs<Jnt \ ·:or:~ '.'las 



Table l 

Current MN~ Facilities 

A. Beam Ports 4 at 152 mm at core (#1 , 3 , , 4 , and- 6 ) 
2 at 203 mm at cor e (// 2 and 5) 

B. T~~gential Tubes l horizontal 
l vertical 

C. I r radiation . Pos i tions 

I Capsules 

II Rabbits 

D. Special Facili ties 

I PLUMP 

II RI FLS 

III SAGE 

IV SNERF 

v HOT CELL 

VI G A ,rr.'IA R 0 Ol'ii 

1 In- Core 
4 Graphite Reflectors 
1 Beryllium Reflector 
l Graphite , Low Flux 

1 In-Core terminal 
2 Fixed terminals . 

Flux r.1apping Facility 

Reactor Irradiation Facility for Large 
Samples 

Spent Assembly Gamma Ex~osure Facility 

Submersible Neutron Experimental and 
Radiography Facility 

Housing 5 kCi Co- 60 source 

20 
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k. i gure 1 

'l'h:; _.CJ Fac i li ties 
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2 . 2 Collimation of t he Neutron Beam 

Fission neutrons from the r eact or core were collimated 

by a seri es of collimators some of which wer e specially made 

for th e experiment . Fi gur e 2 shows the sectional view of t he 

collimat or ho l ier sys t em inside t he 1 . 8 m barytes concrete 

reactor poo l wal l at beam port No . 2 . Two barytes concrete 

cylinders c1 and c2 , each of 213 mm diameter and 381 m~ long 

fir s t collimat e the neutrons into a cylindrical beam of 64 mm 

diameter with its 64 mm centr e bore . Four more similar 

concr et e cylinders c
3

, c4 , c
5 

and c6 with 114 mm centr e- bore , 

when lined up one after t he other ins ide the beam port se cure 

a cylindrical a luminum collimator holder in pos ition as showD 

i n the fi gure . This cylindrical collimator holder is 

s eparately shown in Fi gure 3 . It consists of an aluminum 

cylinder with 102 mm ID and 3 mm thick v.ral l and 1. 50 m l ong 

with a f a ce plate at one end . The aluminum fac e plat e i s 

13 mm thick ani 533 mm i n diame t er . Eight holes each 14 mm 

in diameter are drilled t hrough the face plate on t he circum­

ferenc e of a ci rcle 483 mm in diameter . Each hole i s separat ed 

from its neighbour by 45° . The collimator holder can thus 

be further secured onto the reactor pool wall with. bolts 

through the eight holes on t he face plat e onto holes tapped 

through the reactor wal l . The cylindrical neutron beam 

previous ly collimated by cl and c2 i s further collimated by 

a collimator inserted into t he collimator holder . 



Figure 2 

Secondary Concrete Neutron Collimation System inside the 

Beam Tube and Holder for the Primary Beam Collimator 
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Figure 3 

Aluminum Holder for Primary Beam Collimator 
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rhe colli~ator is an assembly consisting of two 

identical sections . ~ach section consists of an aluminum 

cylindrical hou~ing enclosing a rectangular ~erspex ' tunnel '. 

Figure 4 sho~s both the fr ont and side vie~s of the perspex 

tunnel . =rot ·.ce that although the interior cross - sccti on of 

the pers~ex tunne l is uniform throuehout the vfuole length , 

the \'Tall thic~mess is greater for half the length of t~1is 

tunnel , r 93Ulting in a ' ste:-9 ' in the \'Tall thid::ness . Near 

each end of the tunnel , there is a set of four threaded holes 

each accommodating a position ing screw . After ins erting the 

~erspex tunnel into the cylindrical housing , by adjusting the 

positioning screws , th e a xi s of the perspex tunnel could be 

alirrned with that of the cylindrical aluminum housing . 

~"'igure 5 shows the aluminum housing 1:ri th the ::?erspex 

tunnel properly aligned a.~1d held in position . One end of the 

cylindrical housins was closed 11ith a circular end plate . A 

s:-:1all amount of mel ted paraffin wax vras pour ed in the space 

between the :pers:~e;~ tunnel and the hous.:..ng . An (~qual amount 

of borax po vder was added to the V·rax . The rnixture vras well 

mL~ed and l eft aside to cool and solidify . After the first 

layer of the mi:~ture of wax and borax had solidified thi s 

:rroc ess v1as r epeated to obtain a second layer a:'ld so on until 

all the syace between the perspex tunnel a:1cl the hou::;ing rrall 

was fill ~d . 1'his time - consuming operation was necessary as 

th:::; boraz :;)OVTder do <::s not dissolve in melted wax and tends 

to sin1;: . In thi s way , a r elati V3ly mor e; uniforr.1 !i1i:dure of 
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Figure 4 

Perspex ' Tunnel ' in Primary Beam Collimator 
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wa x and borax rowder can be obtai ned . 

As a fina l s t ep , the r 8~aining end of th~ cylindri cal 

hous i ng is clo::ed i'li t h an end plate wi th a pair of c onnector s 

welded on . ?i5ure 5 shows the front and s i de views of two 

such end 9lates , on e f or each co l limator hous ing . The 

connector s on cne en d- plate ar e male ( ho o1\:s ) v1hile those on 

th e other on e ar e f emal e ( eyes ). I n mounti ng the collinator , 

the collimator with t he f emal e conne ctor i s fir st s lipped 

into th e colli,. at or holder pos iti on ed on the r eactor pool 

·mll 'vi th the ' eyes ' f a cing av1avr from t h e noo . Th e other 

sec tion :s t1en inserted into t 1e collimator hol der with the 

h ooks f a cing the poo l . Ey r ota ting the outer collima t or 

cl oc_n·,rise , the out er collimator s ection can b e engaged onto 

the inner on e and the 1vhole collimator system can be r ota ted . 

Tur ni ng the outer collinator in the anti- clJckvri se direction 

·:Ti ll di s:mgage the t ·.vo coll i mators . 

Fast neutrons , on collis i ons wi th t he hydrogen in 

t he uar aff in ':.rax lose en ergy and s l ov.r dmvn . The bor on in 

the bor a::-: no ·;/d ·~r is a 1/ v abso::::-ber an1 absorbs th ·3 s l o\·led 

iv;utro;rs . Henc •3, t he comr)i nation of wa:~ anrJ. ooraz can ab.sorb 

f ast neutr ons . The perapex , being rich i n hydro~en , also 

r emov~s neutrons . Thus , neutrons can onl y go through the 

rec tan,:sular ' tunn ·3l ' in the middle of th::: p •2rspe:;~ tunno:::l 

and hence are collimated . 



Figure 5 

Pri mary Beam Collimator (On e Section) 
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between the s olidifi ed waz and th·e ·wall of th e ·oersnGz tunnel. - -" 

Any streaming t hrough craclcs in one section v1i ll be stopped 

by the v1ax or perspex i n the other section . 

After col l imation , th e neutron beam is available for 

the ex~eri:nent . However , in order that the experimenter can 

open or clos e the beam at will , a b eam shutter s ys t em i s 

ne cessary . Thi s shutt er s ys tem wi ll be di scussed in the next 

se c t i on . 

2 . J Beam- Shutter System ( 'ran~d 

The Bea~ Shutt er System consis t s of a beam shutter 

tan~{ , a beam shu tter pi p e , and vva ter dr aini ng system . The 

beam shutter tan~ i s a 0 . 914 m x 0 . 914 m x 0 . 914 m alumi num 

cubical tank with a vval l thi ckness of J mm . I t is supported 

by four legs J 80 mm from the ground . Figure 6 s hows th e front 

and s i de view of the shutter tank . Two holes , one of 127 :nm 

diameter and one of 203 mm wer e drilled through the centr es 

of the front an1 rear fac es respectively to accommodat e a 

stepped shutt er pipe as shown in t he figur e . 'r he length of 

shutter pi pe is 1 . 07 m. 

?or the first 610 mm the circular cr oss - secti on of 

the shutt er pipe i s 1 27 mm in dia:ne t er . 'rhe dia:neter is 

incr eas ,.3d to 203 :nm after 609 mm , providi ng a step 3 as shown 

on the s i de vi ew in the figur e . At the r ear end ( 203 mm 

dia:-r1et er) , the ::;hutt ,3r pi !')G i s clo sed '.'Ii th an end- plat e 25 mm 

fr om th e rear end of the pipe . Thi s shutter pi pe is welded 

onto th e t'NO hole~.J drill ed on the f ront a::d. r ear faces . 



J 5 

Figure 6 

Beam Shutter System 
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~inc2 the total length of shutter - pipe exceeded that of the 

.Jhu·cter tan:~ , a uortion of 152 mm of the shutter pi pe protrudes 

on tho outside of the tanl:: . _.or ease of description , this 

portion of the sh~tte~ pipe ~ill be designated ? . The bottJM 

of the portion P of the shuttar Di DG is attachJj tc a 0l~stic 

':Ja tor ba:-r 
C> f 19 li tros capacity '.vi th copper yi ping and tygon 

hose . The s hutter pi pe can thus be fill ed or empt i ed by 

raising the wat~r bag above , or loV!ering it below , the level 

of the shu~ter ~lpe . The ·top of the portion P of t1e shutter 

pi pe is onened to a bent copper pipe ventins hac~ into the 

simtter ta..YJ.:i>: . 1Ience , water can overflow into the shutter 

tan~.: fr om t.1e shutter pi~)e if necessary during filli ng . 

:Jur.in::s a reactor shut- do'Hn , the shutter tan~<: system 

v:as !~1ove agai:1st t.1e reactor pool wall and the axi s of the 

shutter pipe -·ias ali:;ncd ·..ri t 1 that of the: co2.li :nator . 3oth 

the r sactor l
. ,~ 

,:J starte1 up , th8 ~olli~ated neutron bea~ i s 

s to9ped by t1e water in both the shutt3r pipe and shutter 

tanlc . Tln stulJe:J. cl1ange in the dia·,;w t er of the shutter :pipe 

o.t .S \'Till revent stroa···1ing of neutrons alo"13 the alu:.1inum 

':.all of t:1e shutter p i pe . All stro.ight-Jj_::Je raths for ::.;trean-
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experiments run in other beam ports as well as caus ing poten­

tial health hazards to by-standers (the safety limit for 

visitors being 2.5 ~~/hr). For these reasons, a shielding 

system to contain these neutrons was necessary . 

2.4 Shielding System 

The shi elding system is composed of two shielding 

water tank, two beam catchers, and two wax boxes. Figure 7 

shows the top view of the shielding system surrounding an 

experimental 'cavity' on the beam port floor. The beam shutter 

system is flanlr ed by two shielding water tanks Sl and S2. 

The two shielding water tanks Sl and S2 are rectangular 

tanks 2.997 m x 1.625 m x 0.381 m and made of carbon steel. 

When filled with water, they provide effective shielding 

against scattered neutrons with the beam turned on. The gaps 

between the two shielding tanks and the shutter tank are 

each shielded by a wooden box ~ffil or WB2 0.305 m x 1.448 m 

x 0. 305 m filled with solid paraffin wax blocks. 

Transmitted neutrons are collected by two beam catchers 

BCl and BC2 . Beam catcher BC2 is a carbon steel water tank 

with the dimensions shown in Figure 7. Beam catcher BCl is 

a rectangular tank 0.813 m x 1.397 m x 0.610 m as shown in 

Figure 8 . Two ports of 229 mm diameter were cut into the 

front and rear faces and a cylindrical pipe of 229 mm diameter 

was welded into these two ports forming a 'tunnel' . The 

centr e of the pipe is 0.826 m above ground, i.e. at the same 

level a s th e n eutron beam . The rest of the space in the tan~ 
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Fi gure 7 

Shielding System agains t Neutrons and Gamma Rays around Beam 

Port No . 2 
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Figure 8 

Beam Catcher BCl 
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is filled with solid paraffin wax. 

The transmitted beam passes through the cylindrical 

'tunnel' in beam catcher BCl and is stopped by the water in 

beam catcher BC2. Neutron back scattered by BC2 will be 

att enuated by the paraffin wax in beam catcher BCl. Although 

the neutron flux seen by BCl and BC2 is much higher than Sl 

and S2 (BCl and BC2 being directly in the beam), the two 

beam catchers together provide . sufficient shielding in the 

beam path area. 

Gamma rays that are in the beam are shielded by lead 

bricks piled up against BC2 outside the experimental cavity. 

The shielding system together with the shutter tank system 

surrounds a space available for the test section and experi­

mental equipment. 

3 EQUIPMENT AND APPARATUS 

Apart from the availability of a collimated fast 

neutron beam and the shielding system , the experiment in the 

present wor1{ also requires the set-up of a test section 

(target), neutron detectors, and associated electronics. 

3.1 Test-Sections 

In the present work, two test-sections were built. 

In one test-section, the vapour phase is simulated by alu­

minum since this metal is quite neutron transparent (aluminum­

water test section). In the other, air and water are well 

mixed in the test section by passing air and water vertically 



dovm a flow loop (air-water test section) 

3.1.1 Aluminum-Water Test Section 

A test section assembly made of aluminum was built 
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to house both the aluminum-water test section and neutron 

detectors. Figure 9 shows the key components of the test 

section assembly. The base plate A is mounted on a rec­

tangular dexion frame 0.406 m long , 0.305 m wide, and 0.737 m 

high. At each bottom corner, the dexion frame is welded to 

an adjustment bolt so that the elevation of the frame can be 

adjusted to vnthin 25 mm . 

The spacer B has a circular slot whose centre coin­

cides with that of the semi-circular portion of the base 

plate . - The specimen · holder D, -when inserted into the circular 

slot in B provides' a turning pivot for the rotating arm C 

on which the neutron detector sleeve holder E rests. The 

specimen holder D, apart from providing a turning pivot for 

the rDtating arm C, houses different aluminum target specimens 

simulating different void fractions when the rest of the space 

between the inserted specimen and the specimen holder wall 

is filled with water. Specimen holder of ID's 50.8 mm and 

25 . 4 mm to house 50.8 mm and 25.4 mm specimens respectively 

are available. 

Three flow regimes were simulated by the aluminum 

specimens , namely , annular flow, inverted annular flow , and 

stratified flow. In the set of 50.8 mm specimens, for each 

simulated flow regime, five void fractions were chosen, 0.25, 



Figure 9 

Test Secti on and Detector Ho l der Assembly 
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0 . 50. 0.65, 0.75, and 0 . 90 . In the set of 25 . 4 mm specimens, 

void fraction of 0 . 25, 0 . 50, and 0 . 75 were available . These 

specimens and their dimensions are shown in Figure 10 and 

Table 2 . 

The neutron detector used in this experiment (see 

section 3.2) is shielded against background neutrons by a 

detector sleeve . The neutron detector sleeve consists of two 

parts Pl and P2 as shovm in Figure 11. Each of Pl and P2 

consists basically of two aluminum cylinders , one inside the 

other , held in position by two end plates . Both the end 

plates in Pl have a hole in the centre so that a cylindrical 

neutron detector can be inserted into the inner cylinder . 

The part P2 is shorter and has one end closed. The space 

between the inner and outer cylinder in both Pl and P2 is 

filled with borax powder which absorbs thermal/epi thermal 

neutrons efficiently. The tvvo parts Pl and P2 are placed 

between the vertical plates of the neutron detector sleeve 

holder with their axes perpendicular to the rotating arm and 

flush against either end of the neutron detector sleeve 

holder . Since Pl and P2 are separated by 50 mm, a neutron 

detector, when inserted into the inner cylinder of Pl and 

P2 will have an effective detection width of about 50 mm. 

3 . 1.2 Air - Vater Test Section 

In order to further check the feasibility of this 

void measurement technique using neutron scattering, an air­

water flow loop was built so that experiments could be done 

in a flowing two-phase system . Fi gure 12 is a schematic 
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Figure 10 

Speci;nens s imulating Vo i ds in Aluminum- Vla ter Test Sections 
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Table 2 ----

DIIviENSIONS OF TEST SECTION SPECII'·TENS (mmJ. 

(a) 50. 8 mn Spe cimens 

Void Fraction Annular Invert ed Annular Stratifi ed 
A B c D 

0 . 25 25 . 4 44 . 0 15 . 0 46 . 4 

0 . 50 35.9 35 . 9 25 . 4 50.8 

0.65 41.0 30.1 31.6 49 . 3 

0 . 75 44 . 0 25.4 35 . 8 46 . 4 

0 . 90 48 . 2 16 . 1 LJ-2 . 9 36 . 8 

(b ) 25 .1+ mm Specimens 

Vo i d Fraction Annular Inverted Annular Stratified 
A B c D 

0 .25 12 . 7 22 . 0 7 . 5 23 . 2 

0 .50 18 . 0 18 . 0 12 . 7 25 . 4 

0 . 75 22 . 0 12 . 7 17 . 9 23 . 2 



Figure ll 

Neutron Detector Sleeve 
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E"igure 12 

Schematic Diagram of Air - Water Flov.,r Loop 
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diagram of the air-water loop . The test section was an 

aluminum pipe of 38.1 mm ID and 3 . 2 mm wall thickness. The 

inlet and exit sides of the test section could be closed by 

two quick acting valves v1 and v2 separated from each other 

by 0 . 587 m. Each valve could be closed in 100 ms . The inlet 

section was a lucite pipe of the same ID a s the test section 

and was 0 .762 m in length. The transparency of the inlet 

section made visualization of flow patterns possible . The 

exit section consisted of an aluminum pipe 0 . 305 min length 

~~d of t he same I D a s the test section. Both the inlet and 

outlet sections were required to help develop a quasi-steady 

air-water flow . 

_ A centrifugal water pump with maximum capacity of 

4 . 42 litres/s pumped water into t~e mixer made of steel wool 

situated above the inlet section . In the mixer , the water 

was mixed with air at pressure up to 6 bars . The air-water 

mi xture, aft er passing through the test sect i on , emptied 

into the air/water separator which consisted of a cubic 

plastic tank 0.457 m on each side and a plastic partition 

0 . 305 m in height , that divided the air-water separator into 

an inlet and outlet compartment . The air-water mixture from 

the test section first emptied into the inlet compartment of 

the air- water separator. Since the water in the inlet 

compartment could access the outlet compartment of the air­

water separator only by overflowing over the partition , the 

air escaped back into the atmosphere before reaching the pump . 

The solenoid valve v4 remained closed while the two 



quick closing valves v1 and v2 were open and the 

pump v;as on . When v1 and v2 wer e closed , the solenoid valve 

v
3 

and the pump were turned off automatically and v4 would 

open , by-passing water from the pump into the air-water 

separator, and thus releasing residual pressure in the loop. 

This prevented damage to the. quick closing valves v1 and V2 . 

The loop was mounted on a dexion frame with the test 

section held in a vertical position . The neutron beam was 

made incident on the test section as sho~n in the figure. A 

neutron detector was placed at the same level as t~e beam and 

at 90° to both the beam and the test section . The detector 

sleeve (see section J.l.l) was adjusted so that the effective 

detection width of the detector was 38.1 mm (same dimension 

a s the test section) to count the scattered neutron flux. 

3.2 Neutron Detectors 

The detection of neutrons r equires some type of 

interaction b etween neutrons and the detector . There are 

several mechanisms by which the interaction with matter takes 

place and each of these i s the basis of a potential method 

of detection . The most useful ones are a s follows (42 ): 

(a) neutron-induced transmutations in which the product 

particles :nak e detection possible . Exampl es are (n, ci ) , 

(n, p ), (n, Y), and (n, fission) reactions. 

(b) n eutron-induced transmutations which r esult in 

radi oactive nuclei giving i nformation on th e neutron flux 

that induced the radi oactivity . 

(c) elas tic s catter ing of neutr ons in which the recoil 



particle is charged and is capable of being detect ed. 

In the present work , two kinds of neutron detectors 

employing process (a) have been used. They are He3 and BF~ 
) 

neutron detectors . 

'") 

3 . 2 .1 He J Detectors 

The availability of He3 made possible an important 

method of neutron detection , t he reaction being (~) 

HfJ + p + 765 keV 

where 765 keV is the Q value of the reaction and is the 

difference between the sum of rest masses for the system of 

parti cles before and after the reaction . 

This reaction has good properties for neutron 
\ 

detection. The cr oss secti on , starting with 5400 barns for 

thermal neutrons , varies smoothly over the entire energy 
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range of interedt , having no resonanc es . There are· no excited 

daughter products , and so the reaction products , the triton 

and proton , contain the entire energy in each reaction. 

From a simplified view point, a He3 neutron detector 

consists of He3 gas contained under pressure with a mixture 

of Kr and co2 in a cylindrical metal tube. A thin wire 

sus pended at the centre of the tube is positively biased at 

about 1 t o 2 kV while the metal case is grounded . These 

serve a s an anode and a cathode. The triton and proton , 

being charged (positive) particles , will dissipate all their 

s har ed en er gy in the r eacti on by ioni zi ng atoms around th em 

producing i on-pairs . The numb er of ion-pairs i s proportional 
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to the total energy of the triton-proton system, which is in 

turn linearly related to the kinetic energy of the incident 

neutron. Th ese ion-pairs are collected at appropriate 

electrodes giving ri s e to a puls e whose siz e then varies 

linearly with the kinetic energy of the incident neutron . 

The signal is then sent through a charge-sensitive preampli-

fier (see section 3.3.1) 

3.2.2 BF
3 

Detectors · 

The configuration of a Boron- Trifluoride- Filled 

gaseous Detector is similar to that of the He3 detector 

discussed in section 3.2.1. The boron isotope employed is 

B10 . The reaction employed in the detection of neutrons is 

8
10 I 

+ n L
. 7 4 

' + a + Q 

where Q is the reaction energy and attain the value of 2 . 30 · 

or 2 .78 MeV. Th e latter value corresponds to a direct 

population of the ground-state of Li? , The former value 

corres ponds to th e population of an excited state of Li? 

with excitation energy of 0 . 48 MeV leading to a subsequent 

emis s ion of a 0.48 MeV gamma photon on de-excitation. 

The detection proc es s of n eutrons with a BF
3 

det ector i s similar to that mentioned in s ection 3 . 2 . 1 . The 

only differ enc e is that the formation of ion-pairs is effe ct ed 

by Li? and the a - particle . The cros s - section of B10 (n, a ) 

reaction has a 1/ v dependenc e up to 30 lceV. 
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3.2.3 Comuarison between He3 and BFJ counters 

The He3 detector is more efficient than the BF
3 

detector in the detect ion of thermal neutrons (a reaction 

cross-section of 5400 barns for He3 compared with 3840 barns 

for B10 ) . The cross-section varies smoothly for He3 while 

there are resonances in the neutron cross-section for B10 . 

Also, He3 . does not disassociate in the presence of gamma 

r~ys as does BF
3

. · Therefore, it is suitable for application 

in a high gamma field . 

J,J Associated Electronics 

The output signals from the detector ar e too small 

in magnitude for counting instruments . Also , very often 

one may wish to count only pulses corresponding to neutrons 

of energy within a certain range (gating) . Thus, associated 

electronics are nec essary to amplify the detector output 

signals and/or to select pulses for counting . Most of these 

electronic equipment are available commercially as ' plug - in ' 

standard Nucl ear-Instrument-Modules (NIM). Details of the 

circuitry of thes e Nim modules can be found in the literature 

(~) and will not be repeated here . However , the function, 

particularly the characteris tic input-output, of the elec-

tronics us ed will be discussed . 

J , J,l Char~-S ensitive Pr eamplifier 

Charge- sen s itive preamplifiers are typically of two 

types (a) ac-coupled and (b) de-coupl ed . In either cas e , 

the pr ea mplifi er i s s uited for meas uring the kinetic en er gy 

of the de t$ct ed n eutron , because it integrates th e charge on 



a feedback capacitor. Thus, th e detection of a neutron 

result s in a fast ri se and slow decay voltage pulse at th e 

pr eamplifier ou t put (see Figure 13). The voltage output 

V 
0 

and decay time 't are respectively given by 

v = 

T = 
where QD = charge released by the detector 

cf = fe edback ca pacitor 

Rt = feedback r esistance 

( 13) 

( 14) 
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The charge-sensitive preamplifiers used in the present 

work ar e HARSHAW NB - 28 General Purpose Preamplifiers . 

3 . 3 . 2 -Lin.§£.....6!!!12lifi er 

A Linear Amplifi er takes a preamplifier output at its 

input. Through CR-RC pulse shaping , the linear amplifi er 

out~ut is semi - Gaussian shaped (unipolar) and the height of 

the centroid is proportional to that of the preamplifier 

output signal . Alternatively , through double differentiation, 

with CR- RC-CR pulse shaping, the linear amplifi er output 

extends both above and be_low the baseline (bipolar) with the 

centroids being proportional to the preamp output (see 

Figure 13) . 

The linear amplifi ers used in the present work ar e 

HARSHA.il NA - 23 Amplifiers . 

3.3 .3 Delav Amulifier 

A delay amulifier inputs an analog signal and 
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r eproduces it at its output (unit gain) at a later pr eset 

time interval (micro-second range ). It is useful in setting 

SCA windows (see sec tion 4 . 1) An ORTEC 427 delay amplifier 

i s used in the present work . 

J,J,4 Single Channel Analys er (SCA2 

A Single Channel Analyser (S CA ) marks t he occurrences 

of line~r amplifier output pulses that meet certain restric­

tions plac ed ·on their amplitudes (pulse hei ght s ). This instr ­

ment has both a lower-level and upper-level di s criminator 

t hat can be set to define a certain amplifi er output . The 

r egion between the lower-level and upper-level discriminator 

settings is called the SCA window . Pulses whose amplitudes 

fall within the window ar e marked by a logic output from the 

SCA . This logic output can be counted by a s caler or used 

to tr igger other NIM modules such as a linear gate . Single 

channel analys er s us ed in the present work are HARSHAW NC-12 

SCA ' s . 

3 .3.5 Linear Gate 

A Linear Gat e has t wo inputs , one for linear input 

and one for gate input . The linear input normally accepts 

analog (linear amplifi er output ) pulses . The Gate input 

takes logic puls es from an SCA . Vfuen the linear gate 

enc ounters gating input from the SCA, the ' gate ' insi de i s 

opened for a fi x ed time interval ( ,... '20 fLS ) • If an analog 

pulse happens to ent er th e linear gat e during thi s time 

int erval t hi s analog pulse will be l e t through the gat e and · 
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appears at the gat ed output. Pulses that arrive at times 

when the gate remains clos ed will be grounded . This instru­

ment is useful in coincidence counting and setting windows 

for the SCA . The linear gat e used in the present work i s an 

ORTEC 426 Linear Gate . 

3.3 .6 Multichannel Analyser (MCA ) 

A Mul ti-Channel-Analyser (MCA ) essentially consists 

of an Analog to Digital Converter (ADC ) and a memory bank 

(channels) . When an analog pulse of a particular height 

V· enters the ADC , it is analysed according to its height by 

the ADC . One count is then added to a channel in the memory 

which ' is linear . with respect to pulse height and stores the 

numbe~ of counts corr esponding to heights V ~ ~V . In the 

present work a TRACOR NORTHERN TN - 1705 MCA is used. 

4 EXPERIMENTAL PROCEDURE 

4.1 Single Channel Analyser Viindo·w Setting 

In an experiment where neutrons of energy within a 

specific range are to be counted, the pulses corr esponding 

to these neutrons must be differentiat ed from the rest before 

being counted. The Single Channel Analyser is an ideal 

instrument to select these pulses . Figure 13 shows the 

s chematic diagram for the counting circuitry used in the 

present work . 

An analog pulse from the linear amplifier is split 

int o t wo i dentical component s through the tt ee ' at the linear 
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Electronics for Neutron Counting 
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amplifier output. One compon ent is fed through the delay 

a mplifier and the other through the SCA with the window 

f ully opened . The delay amplifier output signal was 

externally triggered by the SCA output on a n oscilloscope . 

Delay in the delay amplifi er wa s a djust ed so that the delay 

amplifi er and SCA output signals would emerge at the same 

time . After this crucial step of sychr onizing the delay 

amplifier and the SCA outputs , the SCA l ogic output signal 

was split into two , one being fed t o a s caler and the other 

fed into the gate input of the Linear Ga te to trigger the 

' gate ', while the delay amplifier output signal was fed 
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int6 the other input of the Linear Gate . Since both the 

inputs had been sychronized, the analog delay amplifier 

output pulse woul d b e 'le t through ' the opened gate triggered 

by the SCA logi c trigger pulse and emerge at th e Linear 

Gat e output . If the Linear Gate output is analysed by an 

MCA , only the part of the pulse height spectrum that falls 

within the SCA window may be analysed and appear in the 

spectrum . The other r egion of the pulse height spectrum 

will be ' wiped out '. With the window in the SCA fully 

opened , a self- gated neutron ener gy spectrum is obtained . 

Figure 14 shows a typical neutron spectrum obtained with the 

neutron beam in beam port No . 2. Regi on A in the spectrum 

is due to ga mma rays . Region B i s due to elastic scatt ering 

of HeJ nuclei with neutrons. Region Cis the t hermal/epi ­

thermal peak (resolution of a HeJ count er is of the order 

of 50 keV) , Region Dis due to fast neutrons . 
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·Figure 14 

Pulse Height Spectrum of Neutron Detected 
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vfuenever a r egion in the spectrum is to be gated on , 

e . g . the thermal/epithermal peak ~ the lower discriminator 

in the SCA i s rai sed s o that the r egion to the left of the 

r egion of interest no longer a ppears in the spectrum (analog 

pulses corresponding to t he • ' wiped out ' region are grounded 

since the gate is not triggered a s analog pulses with height 

below the lower discriminator cannot generate trigger pulses ), 

The window of t he SCA is then narrowed to cut off the pulses 

to the right of the r egion of interest. After the window 

of the SCA is set in this way , the gated spectrum will 

consis t only of the region of interest. 

After the SCA window has been set, the components 

in the dotted square show~ in Figure lJ can be removed. The 

s caler will then count only pulses i n the pre - set region of 

the pulse - height spectrum . 

4 . 2 Beam Profile Measurement 

Before the test section could be properly aligned 

with the beam, the b eam profile must be mea sured , both 

horizontally and vertically . A sheet of cadmium 1 . 0 mm 

thick, was wrapped around the beam shutter pipe (see section 

2 . J) of the shutter tank to filter out thermal neutrons 

(Cadmium has a large total cross - section of 7500 barns at 

0 . 2 eV while thermal neutrons have energy of 0 . 025 eV) . The 

counting circuitry shown in Figure lJ was used with the SCA 

window set on the thermal/epithermal peak of the neutron 

spectrum . 

The axis of a HeJ de tector was aligned parallel to 



the beam direction and was traversed horizontally across 

the beam at intervals of 10 mm . At each interval, the number 

of counts in 50 seconds was recorded. Th e result (horizontal 

beam profile) is shovm in Figure 15. Similarly, the vertical 

beam profile was scanned and is shown in Figure 16 . 

4.3 Void Measurement by 90° Scattering for Aluminum- Water 
Tes t Section 

After t he beam profiles wer e measur ed , th e test 

section assembly (section J.l) was lowered into the experi -

mental cavity and positioned so that the 50. 8 mm specimen 

holder (test section) fell into the relatively flat part of 

the beam profile . The adjustment screws at the bottom of 

the base frame of the assembly was a d justed so that the 

axis of the He3 counter placed in the detector sleeve was 

level with the maxima of the v ertical beam profil e . The 

rotating arm, with the He3 det ector sitting on top , was 

rotated until it made an angle of 90° with the beam direction . 

Aft er this a lignment was completed, the test section 

would be scattering n eutrons in all dir ections, and a He3 

detector with a n effective width of 50.8 m~ would det ect 

scatter ed thermal/epithermal n eutrons at 90° . Figure 17 

shows th e s chematic plan vi ew of the experimental s et-up . 

Plas tic bags fill ed with borax powder and blocks of paraffin 

wax wer e pi led around the He3 detector to minimize background 

n ~mtron coun t s . 

The speci men hol:ier was fir s t emptied and th e b eam 

wa s turned on . Counts wer e accumulated f or 200 seconds . Th e 



Figure 15 

Horizontal Beam Profile 
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Fi gure 16 

Vertical Beam Profile 
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Fi gure 17 

Sch ematic Plan Vi ew of Experimental Set-up 
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counting rate obtained, denoted by N(l) , accounts for 

scattering due to the empty test section as well a s any 

stray, background neutron intercepted by the HeJ detector . 

The specimen holder was next filled completely with water 
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and the average s cattered neutron count rat e was obtained 

s i milarly . This count rat e is deno t ed by N(O) . The two 

quantiti es N(l) and N(O ) ar e two calibration points necessary 

for later analys es . The specimen simulating a void of 1.0 

(solid aluminum rod ) was inserted into the specimen holder 

and an avera ge count rate was obtained for that . This is 

denoted by N(l'). This quantity is useful in correcting for · 

scattering due to aluminum specimens . 

After the data for these calibration points wer e 

obtained , the experiment proceeded in a similar manner with 

counting being done for each specimen s imulating a different 

v oid fraction a, starting with t he smalles t value of a= 0 . 25 . 

For each a , speci mens simulating all thr ee voi d distributions , 

namely annular , inverted annular, and stratified , were 

experi mented with . Moreover , the s ame stratified specimen 

was rotat ed in four pos itions , name ly the straight edge 

perpendicularly f acing the bea~ , being on l eft side of the 

beam , per pendicularly facing away from the beam , and being 

on the right hand. side of the beam . In this manner, for 

each of .a = 0 . 25 , 0 . 50 , 0 . 65 , 0 .75 , and 0 . 90 , six data poi nts 

were obtained . 

During the experiment , the reactor power might chang e . 

As a way of corr ecting for this power fluctuation , the 
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following correction step was taken for each spe cimen . Bef ore 

the first counting and after the last counting of each set 

of specimens of the same void fraction i nserted , the specimen 

holder was fully filled with water and the corresponding 

count rates were obtained, The average of t hese t wo values 

was used to normaliz e the average counting rate for that 

specimen . As the fluctuation of r eactor power is a slowly 

varying function of time; this way of correcting for power 

fluctuation was found adequate . 

After several sets of ·data were obtained (each set 

consists of counting rates for all speci mens of a ll the J 

void fractions), ~he specimen holder wa s replaced with a 

25 .4 mm holder to accommodate a set of 25 .. 4 mm specimens . 

This set of specimens consisted of ones simulating a =0. 25 , 

0. 50, and 0. 75 . Again for each void frac tion the main flow 

r egimes (annular , inverted annular , and stratified) were 

simulated . The HeJ couP-ter was realigned so that the axi s 

of the det ector ma de an angle of 90° with the beam direction 

(diameter of detector is 25.6 mm ). The experi ment wa s 

repeated in a similar manner to obtain data for the set of 

25. 4 mm specimens . Also a set of data was collected using 

a BFJ counter. 

4 .4 Identificati on of Flow Regi mes (Neutron Transmission) 

nfter the accumulati on of data f or 90° s cattering 

was compl 8ted , the experiment moved on to determining the 

feasibil i ty of i dentifying flow r egi mes by counting transmitted 

neutrons . In this part of the experiment , th e HeJ detector 
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was aligned with its axis parallel to the neutron beam and 

l ev el \Vi th the c entroid of the beam . The detector was not 

shi elded (as in the case of 90° scattering experiment) becaus e 

the shielding material would scatter neutrons and this is 

not desirable . The window of the SCA was fully opened and 

the lower dis crimi nator was lowered to cut off only the gamma 

rays . In this part of the experiment , only 50 . 8 rrun specimens 

were used . The test section was filled with water and 

specimens simulating a given void fraction for a given distribu-

tion was ins erted one at a time . For each specimen insert ed , 

the detector was traversed across the beam at intervals of 

10 mm to obtain the corresponding transmi tted neutron beam 

profile . For a given specimen simulating a given voi d 

distribution , the profile of water path length would be 

d~fferent from that due to another specimen simulating the 

same voi d fraction but of different distribution . Thus , it 

was expected t hat each s pecimen would lead to a different 

n eutron transmi ssion. profile . 

4 . 5 Voi d Mea s urements for Air - Wa ter Tes t Section by Neutron 
s·cattering 

After the measur ements for both scattered and 

transmitted flux were made for the aluminum- water test 

section , t he aluminum- water test section as sembly wa s r eplaced 

by t he air-water flow loop . The test secti on was aligned 

with the neutron b eam s o that the t est secti on fell within 

the flat uortion of th e bea m a s in the case of the aluminum-

water t est section . A neutron detector was plac ed at t he 

s ame l ev el as the neutron beam with its axi s parall e l t o the 
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beam. Th e de t ector sleeve ( see s ection J . l.l) was adjust ed 

s o that t h e de t ector i s de t ecting scattered n eutr on flux at 

90° with an effective det ection width JB . l _mm ( s ame dimension 

as the t es t section ). 

The water pump and air supply wer e turned on. Th e 

flow rat es of wat er and air wer e maintained at a steady value 

to achi ev e a st eady air - vvat er flow in the test section . 

about on e minut e was given to the loop to develop a steady 

flow befor e counting of t h e scattered flux was started . The 

scattered flux was counted with counting time varying from 

· 60 s to 180 s . Th e two quick closing valves were closed 

simultaneously to trap the air-water mixture in the test 

section . The quick closing valve v2 at the exit side of the 

t est section was subsequently open ed to empty the trapped 

water i n t o a mea s uring cylinder. Comparing the v olume of 

thi s trapped wat er with t he volume of the t es t s ection 

betwe en t he t wo quick closing valves gives t he volume fraction 

of the water phase for thi s particular run . Since the fl ow 

wa s only qua s i-s t ea dy, the above proc edure was repeat ed 

many times (10 to 20 times) with both air and wat er fl ow 

rates maintained at the same value in order to determi ne the 

average of t he wat er phase fracti on by trappi ng the wat er 

between t he quick clos i ng valves a s \V ell as the averag e of 

the s cat tered neutr on flux . The average s catter ed flux wa s 

used t o de t ermine t he mean void f racti on in t he same way a s 

for t1e a lumi num- water test s ecti on . The v oi d frac ti on 

de t ermi ned by neutr on s ca t t er i ng wa s then c ompar ed wi th tha t 
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determined by trapping water between the quick closing valves . 

The above procedure was repeated for the entir e 

range of .void between 0 and 1 . 0 . 

5 ANALYSSS , RESULTS , AND DISCUSSIONS 

5.1 Void Fraction Determined by Neutron Scattering 

One of the main objectives of the pr esent work was 

t o de t ermine how the s cattered flux is r~lated to void 

f r a ction . Based on the hypothesis that t he s cattered flux • 

is proportional t o the amount of water in t he test section 

and that the scatter ed f lux is independent of the distribution 

of the water dis t ribution , the volume fraction of water in 
' I 

t he test section , aE , i s given by 

a'E = [N(a)-N(I)]/[N(O)-N( I)] (15) 

where N(O) = scattered neutron count rate at v oi d fraction 
o.o. 

N(l) = scattered neutron count rate at void fraction · 
1.0 

N(a) = scattered n eutron count rate at voi d fraction 
a . (This quantity is corrected for s cattering 
due to the aluminum specimen in the case of 
the aluminum- wat er test section a ssuming that 
the contribution due to aluminum is proportional 
to a and is . given by a •·.r ( 1 r ) 

Hence , the void fraction occupied by the aluminum 

specimen, aE , is then 
I 

a =I- a E E 

= [ N ( 0) - N (a~ I [ N ( 0) - N ( I ) ] ( 16) 
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To test th e a ssumut ion that the s catt er ed flux is indeuendent 
~ ~ 

of void distribution and proportional·to the amount of 

hydrogen eous material , the void fraction determined by neutron 

scattering , aE , wa s plotted against the ac tual void fraction . 

Th e actual void fraction wa s either that occupi ed by the 

aluminum specimen in t he aluminum- water tests or the average 

void fraction occupied by air determined by trapping water 

betvreen the quick closing valves in the air - water tests . If 

equation (16 ) is correct then the a ctual and calculated void 

fractions should agree . 

5 . 1 . 1 Results for Aluminum- /later Test Section 

Results obtained from the scattered neutron measure-

ments with the 25 .1+ m.'TI aluminum- water test section ar e shown 

in Figure 18 and the corr esponding data are shown in Appendix 

Al.l.l. A s ampl e data analysis and error analys is ar e giyen 

i n Appendices AJ . l and A4.l . l respectively . The position of 

the b ea:n , test section and counter are shown in th·s i nser t 

to the figur e . From the figure it is evident that there is 

a difference between measurements for the stratified patterns . 

If th e aluminum (i . e . the void) is closer to the counter , the 

detector ' sees ' less scattered neutr ons than when the aluminum 

(void ) i s further away . Hence , the void fraction determined 

when the alu,inum is closer to the detector is higher than 

the actual value. On th ~ ot_1er hand when the aluminu;n is 

furth er away, the detector ' sees ' more scatt ered neutrons and 

th~ voi d f racti on thus d3termined is lower . This effect can 

be co~~enz at ed fo~ by pos itioninG ·two detectors opposite each 



Figure 18 

Co"'relation between Void Fraction determined by Neutron 

Scattering and Actual Void Fraction in 25 . '-1- mm Aluminum­

~~ter Test Section 

32 
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other and averagi ng the count rates , 

Apart from the effect mentioned above , the data 

points do fall closely into a straight line indicating that 

equation (16) i s reasonably accurate . 

Fi gure 19 shows the experimental re~ults for the 
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50 . 8 mm test section and t he corresponding data ar e pr esented 

in Appendix Al . l . 2 . The effect of water distribution in 

stratified flow on experimentally determined void fraction 

is again evident and is s omewhat acc entuated. Again , the 

effect can be compensated for by averagi ng the count rates 

from two counters plac.ed opposite each other , The annular 

and inverted annular water distributions also lead to values 

of aE' s which are slightly lower than the a c tual void fraction . 

Apart from s light deviation fr om the linear behaviour 

of the results from the s cat tering experiments a s shmm in 

Fi gures 18 and 19 , equati on (16 ) is r ea s onably accurat e . 

The fast neutron scattering t echnique i s evident ly quite 

promi s ing for mea s uring void fractions . 

5 . 1.2 Results for Air- Water Tests 

Results for the air-vvater t es t s ar e shovm in Fi gure 

20 . The corresponding data are pr esented i n Appendix Al . 2 . 

Sampl e data analyses and error analyses ar e given in Appendices 

AJ . 2 and A4 . l.2 r espectively . 

The void fraction measured by trappi ng water be t ween 

quick clos ing valves i s an average of several mea s urements . 

2specially i n slug flow, the anount of water trapped varied 

by a considerable amount and the average v oid frac tion v1as 



Fi gur e 19 

Corr elati on between Void Fraction determined by Neutron 

Scatt ering and Actual Voi d Fraction in 50.8 mm Aluminum-

1:Iater Test .Section 
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obtained from fift een to twenty measurements . The void fraction 

det ermined by the s catter ed neutron flux was obtained by 

averaging the count rate over 60 t o 180 seconds . This 

averaging was done for the purposes of compari son with th e 

ensemble averaged quick clos ing valve mea sur ements . 

It can be observed from Fi gure 20 that the data points 

fall closely into a straight line with the excepti on of t wo 

poin t s . Also , the n eutron scattering me th od gives a void 

fraction slightly lower than obtained by the qui·ck · closing 

valve technique a s shown in the figure . These r esults ar e 

similar to those obtained for the aluminum-water test section 

i ndicating that this t echnique of measuring average void 

fraction is very promising. 

5.2 Flow Pattern I dentification 

In order to test the feasibility of identifying 

flow r egimes by measurement of transmitted neutrons , t ne 

transmitted neutron flux through each 50.8 mm specimen was 

scanned at intervals of 10 mm with HeJ detector as described 

pr eviously . The purpose was to deter~ine whether different 

void distributions ( different ~ater path- l ength profiles ) 

would l ea1 to different att enuation of the beam r esulting in 

different transmitted bea:n profiles . The results ar e shown in 

Fi gures 21 , 22 , 23 , an1 24 . Fi gure 21 shows the transmitted flux 

across the 50 . '3 m:n test section full of water ( a= 0) . Th e 

tran.smitte. bea11 profile is not enti r ely flat , so th e counts 



Figure 20 

Correlation between Void :Lo'raction determined by Neutron 

Scattering and Void Fraction determined by Trapping Wat er 

in the Air- 'lat er Test Section 
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:?i gur e 21 

Trans mitted Bea m Profi le for Full Tes t Section 
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ar e not exactly symmetric . However , it is evident that the 

transmitted f lux i s att enua ted by more than an order of 

magnitude by t he presence of wat er . 
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The way in which t he transmitted beam profile changes 

with flow pattern at a low void fraction (a = 0 . 25) i s shown 

in Figure 22 . The stratified flow pattern was such that the 

void was on the left hand side and the wa t er on the right 

hand side . Even at these low void fractions , the differ ence 

between the various flm·1 patt er ns is clear . Annular patterns 

give rise to a charact eri s tic doubl e humped profile . Strati­

fi ed patterns give a highly a symmetric profile and inverted 

annular patt erns give a symmetric profile with att enuation 

in the mi ddle . In Figure 23 these characteristic profile 

repeat themselv es and become more distinct from one another 

a s th e voi d fraction is i ncreased to a = 0 . 50 . I n Fi gure 24, 

we can see that the characteri s tic profiles are further 

accentuated at the higher voi d fraction of a= 0 . 75 . The 

di ff erences be t ween the flux urofiles for the vari ous s i mulat ed 

flov1 patterns ar e ver y large at the higher voi d fractions. 

6 CONCLUSIONS 

From the exper imental results presentsd above , the 

following concl usions may be dravm . 

(i) The sca ttered flux is no t entirely independent of 

the voi c. distribution a s can be shovm L om the results for 

stratifi ed void di stribution . 

( ii) In general, it a~pears t1at i f t wo counters are used 



Figure 22 

Transmitted Beam Profile for 25 ~(; Voided Tes t Section with 

Si mulat ed Annular , Invert ed Annular , and Stratified Flow 

li.egi:nes 

93 



f) 
:::l 
7 

9 
8 
7 
6 

5 

3 

) 2 
_) 
.u 
f) 

::) 
Y) 5 

10 
7 9 
- 8 
f) 7 

2 

a=0.25 

0 ANNULAR FLOW 
@ INVERTED ANNULAR FLOW 

~ STRATIFIED FLOW 

-30 -20 -10 0 10 20 30 

RELATIVE DETECTOR POSITION (mm) 



?5 

Fi gure 23 

Transmitted Beam Profiles for 50 ~ Voided Te s t Section with 

Si :nulated Annular , I nv ert ed Annular , and Strat ifi ed Flmv 
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Figure 2Lt-

Transmitted Beam Profile for 75 ~ Voided Test Secti on with 

Simulated Annular , Inver ted Annular , and Stratified Flow 
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to measur e the s catt er ed flux and the count rates ar e averaged , 

th en the t echnique will l ead t o voi d fractions ·which ar e clos e 

to the ac t ual values , t h ough perhaps s lightly low. 

(iii) The agr e ement of the voi d fractions bet ween t he 

trapped wa ter method and the neutron s catt ering method i s 

suffici ently good that the neutron scatt ering t e chnique may 

be used as a reference for calibrating other types of dens i­

tomet ers . 

(iv) Mea surements of the transmitted flux i ndicate with 

good sens itivity the main flow patt erns , at leas t in the 

aluminum- wat er simulations . 
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APP.LNDD~ ----

Al DATA FOR VO I;J SCATT"S~ ING 

Scatt er ed neutron flux readings and the voi d f rac -

ti o~s deter~ined fro~ s uch r ea dings are renorted for both 

the alumi num- vater tes t secti on and the air- ~ater t~s t se c -

ti on in the following subsect i ons . A s ampl e data analys i s 

i s given in Appendix AJ . l and a s ampl e err or analys i s for 

the a ssociated error r eport ed in the subsequent sections i s 

g~ven in A4 . l . Zrrors quot ed in data tables ar e 'one standard 

errors ', i . e . 68% confidenc e l evel . 

Al . l Alurninum- ~'later ·:res t Section 

In the foll owing tables , different flow regimes ar e 

designated by a code numb er a s sho\'fn in th e f ollowing : 

Flov.,r Regime 

Annular 

I nverted Annular 

Stratifi ed 1 

Stratifi ed 2 

Stratifi ed ':l 
_) 

Stratifi ed 4 

Code 

l 

2 

3 

4 

5 

6 

·~ 

Configurati on 

@ 
e 

* See r elative detec t or pos i tioning on ~igures 1 and 19 . 



Al . l . l Alu~inu~- ··~t9r Test 3ecti on of 25 . 4 ~n 

(a) i"lun I ·~ o . l 

Counti ng Ti me : 100 s 

Actual Voi d .? l ow Regi me Counts of 
Scatter ed Neutr ons 

o. 95] 19 

0 . 25 ± 0 . 01 l 78793 

2 79992 

3 73305 

4 7 6 L~86 

6 8 0L~9 0 

0 . 50 ± 0 . 01 l 59294 

2 58482 

3 52599 

6 59952 

0 . 75 ± 0 . 01 l 37283 

2 38939 

3 33676 

6 39156 

1.0 a i r 111L~5 

a lu!lli num 19L~32 
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.foid ::'ra ct i on 

0 . 23 ± 0 . 04 

0 . 21 ± 0 . 04 

0 . 29 ± 0 . 04 

0 . 25 ± 0 . 04 

0 . 21 ± 0 . 04 

o. 48 ± o. oL~ 

0 . 49 ± 0 . 04 

0 . 56 ± 0 . Olj, 

0 . 4? ± 0 . 01+ 

0 . 76 ± 0 . OL~ 

o. 75 ± 0 . 04 

0 . 31 ± 0 . 04 

0 . 74 ± 0 . 04 



1Cl2 

( 1 -, 'T ? o .. \un ·, o . __ 

Counti~g Tima : 100 s 

Actual Void :21•)W Regi .. ne Counts of Void ~:-raction 
Scatt er ed Neutrons 

0 . 901J5 

0 . 25 :t J . 01 1 73.305 0 . 2J :t 0 . 03 

2 73951 0 . 22 :!: 0 . 0.3 

3 76993 0 . 29 :!: 0 . 03 

L~ 72229 0 . 24 :!: 0 . 03 

6 7520J 0 . 21 ± 0 . 03 

0.5 ± 0 . 01 1 55611 0 . -1-7 ± 0 . 04 

2 56071 0 . 47 :!: 0 . QL~ 

"' L~9239 o . 55 :t o . oL~ ) 

'+ 54147 0 . 49 ± 0 . Ql~ 

6 56702 0 . !.}6 ± j . '):+ 

0 . 75 ± 0 . 01 1 3606'~- 0 7L• + 0 0'' • t' - • _) 

2 35963 1). 7 I ± 0 . OJ 

3 .32383 0 7o + r Q"? • J - U • .J 

Li- J~-90S 0 . 75 :!: 0 . 03 
/ 

.J '? 11 LJ. 0 . 72 :!: 0 . 03 0 

1 . 0 air 9539 

a 1.u.nL1u~n 16669 



lOJ 

(c ) 2un No . J 

Counting Ti~e : 100 s 

Actual Vo i d ?lovv 1egime , ' 1.., oun-cs of -r oi J _•racti on 
~catt •::!r 8::l ::-reu tr ons 

0 . 0 1 )8J?6 J . 20 :!: 0 . 05 

0 . 25 ± 0 . 01 2 374JO 0 . 19 :!: 0 . 05 

J 8J 07J v . 27 ± 0 . 05 

4 35293 0 . 2J ± 0 . 05 

6 87661 0 . 20 ± 0 . 05 

0 . 50 :!: 0 . 01 1 73270 0 . 45 :!: 0 . 05 

2 71370 J . 48 ± 0 . 05 

J 6811-J-7 0 . 5J :t 0 . 05 

4 71798 0 . 48 :t 0 . 05 

6 73101 0 . 1~6 ± 0 . 05 

o :75 ± o . o1 1 58061 0 . 72 ± 0 . 05 

2 59273 0 . 70 ± 0 . 05 

J 5J36J 0 . 79 ± 0 . 05 

l..j- 58778 0 . 71 ± 0 . 05 
/' 

5831~-'+ 0 . 72 ± 0 . 05 0 

1.0 air 33;339 

alu:ninu~n l.J-211+-7 



A1 . 1 . 2 \1u~inu~- nate~ T2st Section of 50 . 8 mm 

(a) :tun : o • L 

C0u ti~g Time · 200 s 

.c t _al "hi :i 

. 25 :t 0 . 01 

.so ± 0 . 01 

0 . 7 5 ± ') . 01 

l_ . 0 

--:1 1 "1'' -,~ " 0' ; r~ -
- L v , , \ l .... . _-, L IJ , 

air 

1 

2 

J 

4 

5 

6 

1 

2 

J 

L~ 

5 

6 

1 

2 

J 

L!-

5 

6 

alu:- i nu·-.1 

Counts of 
-: ca tt ered :;eutron3 

10LH81 

85460 

87850 

76692 

83210 

90234 

63535 

7712 

53 416 

61622 

72068 

41190 

4J7JO 

32.368 

46.316 

l]JJLI-

20 - -

i id Fraction 

0 . 23 ± O. OJ 

0 . 21 ± Q, OJ 

O. J2 ± 0 . 0J 

:J . 26 :t O. OJ 

0 . 25 ± 0 . 0J 

0 . 17 ± O. OJ 

0 . 49 ± 0 . 03 

'J . 60 ± . OJ 

. 55 :t l . OJ 

~ . 51 ± ': . OJ 

O. J9 :t O. OJ 

0 . 7 5 :!: 0 . OJ 

0 . 72 :!; 0 . OJ 

0 . 85 :t . OJ 

n 70 + " J ,I • / - -l • 

0 7 ~ + rJ J f u - . . J 

'J . 69 :t ) , OJ 



l05 

(b) 2un = ~ o . ? 

Coun ·ti~~ TiDa: 200 s 

:,ct .al '!oi j ~low 'J oo·i ·1 " _ _._ vi l \.-....
0 

.11...,. Counts of VoiJ 7ractiJns 
..... cat ter ed I-Teutr ons 

0 . 0 10;723 

0 . 25 ~ 0 . 01 1 85697 0 . 22 :! 0 . 03 

2 87323 0 . 20 :!: 0 . 03 

0 . 50 :!: 0 . 01 1 66440 0 . 45 :!: O. OJ 

? 661J7 0 . 45 :!: 0 . 0J 

0 . 65 :t 0 . 0 1 5/.-i-3JO 0 . 59 :!: 0 . 0J 

2 54J 50 o.So :!: 0 . OJ 

") 42450 0 . 72 :!: O. OJ ...) 

L~ 4'-i-863 0 . 70 ~ 0 . OJ 
,.. 

51'-1·l~ 7 ) 
0 /~. 

. 0.) :!: - . OJ 

6 60LJ-5J 0 . 5J :!: o. o;. 

0 . 75 .± ) . 01 1 h523 7 c . 70 :!: . OJ 

2 4~JOJ ~ . 7 + r OJ - J. 
. 90 ~ !) • 01 1 J2200 0 . 36 :!: 0 . OJ 

2 ; 66 7 0 . 36 :!: 0 . OJ --' 

..., 
25 '.- ')0 0 nJ + n O"J .J • .J _ u • ./ 

1-:- 269LW 0 . 92 ~ 0 . 0.3 

5 JlOJJ 0 . 87 ~ 0 . OJ 

6 J22J J 
Q/ .. o :!: 'J . OJ 

1 • 0 air 10310 

a . u:~1inum 1926J 
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8evera1 runs were cor p13tad to investigat~ the feaoi -

O.i i ty of the t3chnique of '1.eutron scattering in. ,.1,::: a surin3: 

voic1 i::1. an air- "Ta t 2r test '"'ecti on . J.i.esu1t s sho·;m in ?i.;ure 2C 

are the co··:T'')OSi te of these runs . 

( a) rtUl1 ~·~ 0 . 1 

Counti ng TL·ae : 60 3 

:Average Volume Av:3ra,:re Void Average Scattered Void Fraction 
of from i~eutron Counts from Neutr on 

·:rater Tranued 
• ~ ( ml) 

Trapped ':Ta ter .S cattering 

669 ~ 7 0 . 0 05Sl~ ~ 661 

310 ~ 66 0 . 5Li- ~ 0 . 12 6799 ± J5'.J- 0 . 52 ~ 0 . 12 

.266 ~ 3) 0 . 60 ~ 0 . 09 58 4 ± 98 0 . 65 ± 0 . ll 

115 ± 5 o . 83 ± o . oL~ 5310 + 66 0 . 73 ± 0 . 12 

194 ± 27 0 . 71 ~ 0 . 10 5535 ± 119 0 . 70 ± 0 . 12 

0 l. O J3L.t-.2 ± '296 

( b ) Run ~; o . 2 

Countin3 Ti~~ = 130 s 

,'l_verage Volu'ne :~verage Voiu :\.vcra:;e .Scattered Void :?raction 
of frO 'i1 :Teutron Counts fro 'n r ,utron 

Ta~)ped ~·rat3r Trapped \'later S cat t eri ng 
(ml ) 

6~(' + 7 0 . 0 11026 ± 1ll~ 
/ 

535 ± 12 0 . 20 ± 0 . 01 9316 ± 85 0 . 19 ± 0 . 02 

4?.8 + ':l O. ) i5 ! 0 . 01 g200 ~ 131 O • .J1 ±{'\ . 02 

J')O ± l? O. lP ~ 0 . 01 7539 + 6'-~ O. J) ± ) . 0?. 

J73 ± 21 O . l~] :!: 0 . 02 7'4-08 + 57 0 . /.p + '"\ ,2 - J • 

";1-:2 + h 0 . 0') ± 0 . 00 1015~ + 5~ 0 . ~0 ± n. 02 

0 l.O ;017 + 70 



(c) 2un ~i o . J 

Counting Time 60 s 

Average Volu:ne Avera ge Void Average Scatter ed Void Fracti on 
of from ;;;eutron Count s fro.a i\eutron 

Trapped ·:rater Trapped ~'lat er Scattering 
(ml ) 

669 :t 7 0 . 0 11026 ± llL~ 

535 ± 12 0 . 20 ± 0 . 01 9.3 16 ± 85 0 . 19 ± 0 . 02 

423 ± 3 O. J6 ± 0 . 0l 8216 ± 131 0 . .31 ± 0 . 02 

390 ± l2 o . L~2 ± o . o1 75.39 :t 6L1- 0 . .39 :t 0 . 02 

.378 ± ~ l 0 , L~ J ± 0 . 02 7408 ± 57 O.l-1-0 ± 0 .02 

612 + 4 0 . 09 ± 0 . 00 10159 + 52 0.10 :! ') . 02 

0 l.O 2017 + 70 

I n thi s r un , th e a~~ i s of the HeJ d9t9 ctor .?as uarallel 

to that of the neutron beam and the detactor vras traver s ed 

acr oss the beam profil e at intervals of 10 mm each . Stratified 

flo·;: r e.si:nes in the follo :ring tabulated data means that the 

aluminum (void) is on the left and thus the wat er is on the 

right from the view of the detector loo~ine directing at the 

beam. Th ~ co1ntins time for each scanning position i s 30 3 . 

(a) a= 0 . 0 

~ _. lati V3 ':>::t-::ctor :?o :; ition Counts 
(10 n.r.'1 ) 

- 3.0 71·!- 21)0 

- '2 . 0 22h_20 

, ~ L~670S - ~ . _..I 

- l. 0 J:SJ.?.') 
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(a) Con t i n 1ed 

~1e1ati V8 !Jet ector ,-.. • t . 

_~ o3l "Llon Count3 
(10 l:lm ) 

- 0 . 5 32369 

0 . 0 .2S396 

0 . 5 2837'+ 

1.0 }3326 

1.5 91078 

2 . 0 255378 

J . O 591193 

( b ) a = 25 , ~ 

~(elati ve :Jetector i1.nnular Inverted Annular Stratifi ed 
Position (10 mm ) Flow Flow Flow 

- 2 . 0 327390 458724 806340 

-1.5 113926 

- 1.0 L~645J L~2 8 74 '-~026l!,5 

- 0 . 5 48271 36118 192427 

0 . 0 48248 32767 44619 

0 . 5 44684 32498 3J03l 

1.0 5ooLJ,J J6517 

1. 5 56364 77664 

2 . 0 362454 2'+2736 

2 . 5 373912 



(c) Ci = 50 ·~ 

:\e lative Det~ctor !mnu1ar lnverted "''.nnu1ar ~trati:fi ed 

:'ositi on (1 0 :nm) 0'1o ·; 2J.ow :?low 

- 2 . 0 311097 618157 871682 

- . 5 10. Lj.L~5 

- 1.25 94820 

-1. 0 102527 156L~51 758003 

- 0 . 5 116758 L~800 5 

0 . 0 120590 lH.297 407279 

0 . 5 114288 51395 203981 

. 0 98029 131996 5'-no2 

1.25 98615 

1 . 5 101.~730 8J921 

2 . 0 2lJ-26Jl SlJ-2459 253292 

J . O 550223 636724 

( d ) a = 75 ~ 

::telativG Jetector Annular J.nvert cd Annular .3tratified 
:?ositi on (1 0 :in ) ~low Flow Flc\·; 

- 3 . 0 77L(J.34 

- 2 . 0 J759J5 766747 3701JL~ 

- 1.5 261694 

- 1.0 J03039 38'+099 814821 

- 0 . 5 J2 •662 173327 

- 0 . 25 l 082Lr6 

0 . 0 ;.JJh l6 )'2JL~ J 799766 

0 . ?5 12'4 965 

n ~ 
J • ,/ l?.7l09 2 OJ 21~-2 
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( d ) ContL1ued 

Re lative Det e ctor :\nn.ular Inverted Annular Stratified 
Position (10 mm ) Fl o ·r :5'lOV/ FlO''! 

1.0 JOJJ3J 3<.38742 1+9655h 

1.5 .'288 744 319997 

1. 75 279858 

2 . 0 370627 711-0868 2801.!-19 

2.5 422219 

3 . 0 602121 588231 

A3 SA11PLZ DATA ANALYSES 

A3 . 1 Alur.1inum- Wat er Test Section 

The data analysi s for the data point of s i mulated 

annular flow with a= 0 .25 in run No .1 of 25 . 4 mm aluminum-

wat er secti on i s g iven a s a sample . 

It was found that th e r eactor power d i d not fluctuat e 

for mor e than 1. 0 %. Th er e v.,ras thus n o n e8d to correct t he 

counts of scattered neutr ons for the power fluct u-ation . 

From the tabl e in Al .l. l (a) , us eful data ar e shovn 

as the f ollowi ng : 

N( O) = 95919 

N(l) = 1111}5 

n ( . 25) =78798 

; ( 0) = c oun t c of s ca tter Gd '' e l tron ·:~lv:m t:1 "') t ~ :::; t 
.Je c ci'J~1 i :::; full of water ( a= 0 . 

3(1 ) = co~l~t3 o: s~2.ttc:.~ ~ n ;; 1tron.3 when the t 8st 
s t=: ction is fill e d wit~l a l r ( a= 1 ). 



l l l 

N( l I ) = counts of scat ter ·::' i :'1:;utr 8~.; -··h·?:"l. tl :: 
test section is fL l ·.::d '.'rith th~ alu:-:1:..n1r-!1 
speci~2n simulating air ~n- a v0id ~f ~-~ 

2H0 . 2.5 ) = C·Jun-:s of scattered neutrons for a= J . 25 
without correcting for alu~inum s_a t t ~ in; . 

It can be observed that alu~inum does scatt a~ ~~utron3 

f or scattering due to alu~inum in the specimen s i mulating the 

void , it is a3sumed , to th e first approxi ma tion , that th~ 

amount of scatt~ring is pr oportional to the amount of a l uminum . 

Hence , the numb er of scatter ed n9utrons corr ect ed for aluminu~ 

scattering , N( 0 . 2_5 ) , is then given by 

N( a ) = n ( a ) - [ ~ (1 ' )- N( l ) ]a 

N( 0 . 2_5 ) = n ( 0 . 2.5 )- [ : (1 ' )- :J(l)] : 0 . 2_5 

(194)2 - 1114_5 ) X 0 . 2_5 

= 787?3 ·- 2072 

- 76726 

Ta deter~ine void fraction from neutron scatt ~r i~3 . 

use equation 16 , 

= ~ T ( n ) - ~T( a ) 
~H o - ~H 1) 

= (95919 - 76726 )/ (9.5919 - 11145) 

= 0 . 2) 

The s a11e -pr o e"lure hold :or all data -po i nt3 i n th-:: 

runs fro th3 25 . 4 mm as 50 . 3 ~m test s3ction . 

' ' <Jl . . ·"'rac+i n,.,., · ,..., ""' ."' a ·~ ·r "' --1 1...,-, (! ' ·--~·1·- ~_ ! .., 
I; -- .J.. lJ - -....:. ..1. , t-.1,-..) 'it _, ..) 1 __ \.... -· ·J L I v- ... __ ... -- - ._) 
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\'Tater bet1..vae:':1 t he t wo qui c 1 c - clo ~ing valves , an:J. ( i i) by neu t r on 

s catter ing method . 

The volume of water trapped in 10 trials are listed 

as 4J3 , 380 , 312 , 338 , 260 , 256 , 223 , 238 , JJl , and 329 ~1 . 

The average volume V is 
10 

then 

v = 2: v . j1o 
i = I l 

= 310 ml. 

.Since th e vo l ume of 1Nat er in a fu l l t es t section is 

669 ml , th e voi d fraction measur ed by trapping the vvater , 

is then 
-
y = 1 - 310/669 

= o . SL~ 

( ii) Neutron Scattering 

Corresponding scattered neutron counts for the 10 

trappings are 6518 , 7151 , 70 7 , 6989 , 6331 , 7102 , 6845 , 6658 , 

6452 , 69J8 . The average counts ov er each counting int erval , 

N is than 
I~ 

N = ~ ]\T I l 0 i.;-1 ,j i ( .. \ 

= 6799 

The aver age count s for a full and empty test N( O) 

and N(l) were obtained i n s inilar manner and were found to 

be 10554 and 3342 r espec tively . 

Using equation 16 , void fraction measured uslng 

n~utr on scattering is obtain~d as 

a = 

= (10554 - 6799)/(10554 

= 0. 52 



llJ 

The aoov . 9rocedurs of analy:.:>es hold for other data 

po ints i n all runs for the air - ,~ter tes t section . 

A4 '~· ~0? ,1.iTALY.3I S 

- os.::; i le error s f or counting rates include the flue-

tuation df reactor power , pos iti oning error , and stati stical 

fluciuation in counting rate . 

Reac tor power may fluct1ate during the course of the 

exper i ment , especially if the experi ment is performed within 

a few hours after reator start - up . However , the present work 

was done at relati vely stable reactor power . On checking 

with the power monitor chart at the r eactor control r oom , • ,J.. 

l v 

was found that the reactor novter did not fluctuate mor e than 

l ~ . Thi0 was also confirmed by the r eactor power monitor 

counting rats obtained (fr equent chec~in;:;s for full test 3ec -

tio.:-1. counti l1g rate ). Thus , a l ;0 error ·.vas t;lac ·2d a.: an uppper 

l i mit on the error due to reactor po Ner fluctuation . 

Si nce the beam \vid th was larger than the di amet er of 

th :J tes t s2ction ( se e the beam profi l e in .i?i gure 15) , the 

error associated Dith mi salignment of the test s.ction with 

tha b::;am i s negligible. The only error arising from position­

ing i s the .. ni salign::1ent of the 90° tlet ector with th8 t 8st 

"ridt!1 of t;1 'J i8 t ::: ctor o•:tin; to misali 6 n.nent . ·ro the fir s t 

a-ppr :Li "nati:n , =..tis r easonabl e to as.::;'J..1.J that th e countin6 

at ·::; i s Jrc::ort i Jnal to t:1·J lett::ction wi j th of th ; :l::; t3ct:or . 



and l ~ fo~ 50 . 8 m~ tea t section . 

::?or t 1s alu:ninu:n- 't/8.t er t e . .:> t s3cti O{J. , -t:12 ..:;rr or 1u~ 

to statistical fluctuation is 2:iven by the ~1 0ual ~ e.:::tL.1at e . 

7or th .J air - ';Jat er t ::;s t section , the ~ean of count rat~ r ead-

ings for the same voi d cr eat eJ was taten . 'r~'l.e r oo t - ·nean- .::>quare 

deviat i on (one standard deviation ) was t a ken a s the error of 

the count rate given by (46 , : 

N 2 
~ = c 2: ( . ~ . - l1 ) I C ;r -

i =I J 

•:1her~ E = -, ta tis tical 8l ... I' 0 C' 

Ri = count r ate of i t h trial 

N = number of t r i a ls 

The . error a~soc:ated wi th the l i near dimension in t h e 

machi ned alu::tinu:.1 speci es is es timated to ~e 
_ ? 

5 X lC - . Jl . 1'~~ 

err or of the :nean of volu n·e of trapped ','later is a gaL:. ..L 
0 lJ 

~tandard 1eviation ~rom the ~ean . A sam,le error analy0is 

i s 6iven bo-ch t e alu:.1inu::1- water anJ. air - vat:;r t8st se cti ~~1 . 

Th~ err or anal ysis f or th e data Doint of 25 ~ voi~ , 

annular fl o• . ., z iv ::m in :;.un ·~o . l of 25 . 11. lim tsst secti on .is 

or essnt od 3.8 a sam~la . 

Th~ simulated vo i d , a is gi ven by 

a = 1T ( R
2

- /)I 1T R.?l 

r 

2 
= 1-(r/R) 

= taJ i ~s of s~e ci ~en 

R = 



wi th 

2 
~a = ~(riR) 

( r I R )
2 Vz ( ~ r I r )

2 + 2 ( ~ R I R )
2 

} 

~r = ~R = 0 . 05 r:1iTI 

r = / ')5 O . j :r:n 

R = 12 . 7 rn:n 
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( r I R )
2 

= 0 . 250 

Thus ~a. = 0 . 250 ± J . OOJ 

It can thus be 38en that an ·3rror of 0 . 01 can b3 put 

as an upp2r limit on th e r;rror of the lmO'/m simulatsd void . 

The error in the scatte· Gd. neutr on cour..ts is a 

composite of thos~ 1uc to reactor fluctuation (l ~ ), positi o~ 

( 2 ~ ), an:! statistical fluctuation ( 1/ / 7 ) . 'l'hus , th ~~ r? a -

tiv~ ~rror in th~ scatter2d neutron counts uncorrect~i f ~~ 

~N' j 2 2 :z v = (0.01) + (0.02) + (1/./78798) 

= 0.023 

Similarly , relative 8rror fo. ~ ( 0 ), N( l) , and ~ (l') 

ar2 :foun:l to be 0 . 023 , 0 . 02':-, a rl.l C. 02J res"9ectively . 

c..u~ to 

·~ · -.. "',..., 
- - .;. J. ...... ; ' 

?he scattered nGutron counts cor:''::!C ted fer scatt ~?rLl~ 

alu~inum i3 given by 

N(a) = N'(a)- a(N(1')-N(1)) 

~N(a)= [ (~N't+a2~(N(1 )-N(1))~(z 
2 2 2 2 J./2 

= {(0. 023 x78798) + (0.25) [ (0.023 x194 32) + (0.024 x 11145) ]) 

= 1817 
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then 
2 2 1/2 

f:j,aE/ aE = ·{[ 6 {N(O) - N{a))] + [6(N(O)- N{ I))]} 
(N ( 0) - N {a)) ( N { 0) - N (I)) 

2 2 2 2 t/2 
= co.023x95919) +1817 1" (0.023x95919) +(0.024x11 145) } 

(95919-78798)
2 

(95919 -11145)
2 

= 0 .17 

or = 0.23 ± 0.04 

AL:- . 1. .2 Air- -·Jate· Test 3-:ction 

Th~ error analysi s for th e data ~oint of 54 ~ voi d in 

~un r o . l f or th e air - VTat er t 2s t secti on i s given as a sa:nple 

err or analys i s . 

Th<:; r 3a dings of volu~n ~ of trapped •:1ater f Jr 10 trials 

are li s t ed a s 433 , ]80 , 312 , 3J3 , 250 , 256 , 223 , 239 , 331 , 

and 329 ml. :-I ·3nc f! , th ~ :n2an volume of tra-o'Jed .:rater V is 

e;iven by 
N 

v ::; L v. I N 
i=1 l 

= ( L~ J J + ] '3 ~') + :__. 12 

= JlO 

N 
{ L (V . 

- ") 

I and l:l .I = vr-
. 1 l I= 

N ") 

= t ~ (V . 31o r-
i =1 l 

= 66 

(i'T - 1)} t 

I .; }-} 

Ths r?a in~~ o~ ccatt rr e~ neutr on counts corr~spondinJ 

to those 10 trials ar . 6518 , 7151 , 7007 , 6?39 , 633 - , 7 . 02 , 

~ tan~ard ~~viati on a3 tho arror in the c oun ts , tha ~catt ~r ~ i 
I 
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n r>_ .utr~ on cou-.t_..,+-:._· , ':7 r ' • • • a ·- "u · . , a ; lu ,Zl V '~n .'3 

r espective y , th e void fraction deter~in ed by neutr on s catter -

i ng aE i~ found to be 

a = 0 . 5? ! 0 . 12 

A4 . 2 Neutron Transmi ss ion ~-~easurement 

The err or for each r eading of transmitted neutron 

counts i s ta\en as ..r-.. 3i.ncJ th e counts are of the order of 

105 , the perc entag e err or s are of th e order of O. J . ~ and i. s 
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