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TWO-PHASE AIR-WATER FLOW PHENOMENA 

by 
Michael Pe t r i ck 

ABSTRACT 

An exper imenta l two-phase flow study was conducted 
on a s e r i e s of Lucite rec tangular channels with aspec t ra t ios 
of 2 to 16 using a n a i r - w a t e r s y s t e m a t a t m o s p h e r i c p r e s s u r e . 
The object ives of the study were : (1) to de te rmine the effect 
of sudden changes of flow a r e a on the density of two-phase 
fluids; (2) to invest igate the effect of m a s s flow ra te on the 
two-phase frict ion factor mul t ip l ie r ; and (3) to develop a 
sound method of measu r ing the density of a two-phase fluid 
in l a rge conduits . 

The density of the a i r - w a t e r mix tu re changed during 
ei ther an expans ionor contract ion of flow a r e a ; however, the 
magnitude of the change was not grea t and was readi ly p r e ­
dicted by a s emi - theo re t i c a l equation. A sizeable effect of 
m a s s flow ra te on the two-phase frict ion factor mul t ip l ie r 
was found which was not accounted for in the widely used 
Mar t ine l l i co r re l a t ion . A t r ave r s ing technique was developed 
for naeasuring the densi ty of a two-phase fluid which a l so 
gave a continuous t r a c e of the phase dis t r ibut ion. The method 
was t r i ed on Lucite mock-ups of s imulated two-phase flow 
pa t te rns , and excel lent agreenaent was obtained between the 
m e a s u r e d and calculated vo ids . 

I. INTRODUCTION 

During recen t y e a r s conside'rable effort has been expended in the 
field of two-phase flow (simultaneous flow of a liquid and gaseous phase) 
in an a t tempt to obtain empi r i ca l densi ty re la t ionships and p r e s s u r e drop 
friction factors for two-phase m i x t u r e s . This information is vi tal ly needed 
in such diversif ied fields a s the petroleuin, chemical and power indus t r i e s . 
The development of nuc lear boiling r e a c t o r s has prompted an even m o r e 
intensified r e s e a r c h p r o g r a m because of the in t imate in t e r - r e l a t ionsh ips 
between the densi ty of the boiling core coolant, r eac to r k inet ics , and s y s ­
t em hydrodynamics . 

In a na tura l c i rculat ion, two-phase sys t em the hydrodynamic c h a r ­
a c t e r i s t i c s a r e de te rmined p r i m a r i l y by the volume fraction of vapor 
existing in the two-phase region. In analyzing na tu ra l c i rcula t ion sy s t ems 



it becomes impera t ive to predic t the effect of a sudden geometry change of 
flow a r e a on two-phase mix ture density, should one occur . An example of 
such a geomet ry change is the use of r i s e r s in a na tura l c i rcula t ion sys t em 
to i nc r ea se m a s s flow r a t e s . The flow a r e a of the r i s e r may be ei ther g rea t e r 
or l e s s than the flow a r e a of the boiling section, depending upon the type of 
r i s e r added. In ce r ta in designs of boiling r e a c t o r s , where prac t ica l ly the 
en t i re "net na tu ra l c i rcula t ion driving head" exis ts in the r i s e r , knowledge 
of the volume fract ion of vapor in the r i s e r is a p re requ i s i t e to a competent 
hydrodynamic ana lys i s of the sys t em, A s e a r c h of the l i t e r a tu r e r evea l s a 
complete lack of data on such s y s t e m s . Therefore , this exper imenta l p r o ­
g r a m was under taken to provide sufficient information to evaluate the effect 
of sudden changes of flow a r e a on the dens i t ies of two-phase m i x t u r e s . 

Inherent in the evaluation of the effect of geomet r ica l changes on 
the dens i t ies of two-phase m i x t u r e s i s the p rob lem of obtaining accu ra t e 
m e a s u r e m e n t s of the vapor volume fract ion or "liquid holdups." The 
method mos t coiMmonly used in the past was to i so la te a port ion of a tube 
by m e a n s of two s imul taneously closing valves and, subsequently, to m e a s ­
u r e the actual quantity of liquid p re sen t . However, the volume fract ion of 
vapor obtained in this manner was an average value over a length of tube. 

During the past few y e a r s the use of radioact ive techniques for 
m e a s u r e m e n t of two-phase densi ty has become m o r e and m o r e preva len t . 
The radia t ion at tenuation method of densi ty de te rmina t ion is based on the 
absorp t ion of gamma r a y s (from a radioact ive source) which can be 
m e a s u r e d and re la ted to the void volume fract ion. This technique is a 
s imple means of obtaining local densi ty m e a s u r e m e n t s and vapor volume 
fract ion d i s t r ibu t ions . 

A majo r port ion of the exper imenta l program, for invest igat ing the 
effect of geomet ry on two-phase fluid densi ty covers a range of geomet r i e s 
on which radia t ion at tenuat ion techniques have not been t r i ed ( large channel 
spac ings) . There fore , i t became n e c e s s a r y to conduct a pa ra l l e l exper imenta l 
p r o g r a m to develop a sound technique for m e a s u r e m e n t s of two-phase den­
s i t i e s and to evaluate the accu racy of the vapor volume fractions obtained. 

A study of two-phase p r e s s u r e drop was a lso under taken in con­
junction with the p r i m a r y invest igat ion of a r e a changes on dens i t ies of 
m i x t u r e s . A number of inves t iga to rs have repor ted a m a s s flow r a t e 
p a r a m e t e r on the two-phase fr ict ion p r e s s u r e drop which is not accounted 
for in the Lockha r t -Mar t ine l l i co r r e l a t i on . Since a wide geomet ry change 
was being studied, the effect of m a s s flow r a t e could be conveniently in ­
ves t iga ted . Also, a method of co r r e l a t ing data on two-phase p r e s s u r e 
d r o p with the liquid holdup has been repor t ed by Lot tes and Flinn.( l) They 
suggest the local two-phaee p r e s s u r e drops a r e d i rec t ly re la ted to the 
local gaseous volume f rac t ion. This inefhod of co r re la t ion could readi ly be 
checked using the extensive liquid holdup m e a s u r e m e n t s of this invest igat ion. 



II. EXPERIMENTAL APPARATUS 

The exper imenta l appara tus was designed and const ructed in a c ­
cordance with the bas ic goals of the exper imenta l invest igat ion. The 
ranges of va r i ab les selected for study were : (l) flow a r e a changes, min i ­
m u m 1.25:1 and a max imum of 8 1, (2) the void volume fraction, a,, 0,02 to 
0.8; (3) m a s s flow ra te , G, 250,000 to 2,000,000 lb / (hr) (ft^); (4) water 
velocity8 V-^, 1 to 10 fps. 

The exper imenta l appara tus is shown pictor ia l ly in F ig . 2.1 and 
schemat ica l ly in F ig . 2.2. Basica l ly the loop consisted of a water and 
a i r - in jec t ion sys tem, the mixing sect ion the t e s t sect ions and an a i r - w a t e r 
s e p a r a t o r . The m e t e r e d s t r e a m s of a i r and water were injected into the 
m i x e r . The two-phase mix ture then flowed through the tes t sect ion and 
into the overhead sepa ra to r , where the a i r was l ibera ted to the a tmosphe re 
and the water was d iver ted back to the make-up tank. 

A. Descr ip t ion of Equipment Components 

1. Air Supply. The a i r was obtained from the main labora tory 
100-psi supply l ine . A Bailey a i r filter was used to remove excess ive 
m o i s t u r e and foreign m a t t e r . The flow ra te of a i r was regulated by a s e r i e s 
of th ree valves and m e a s u r e d at e i ther of two or i f i ces , A constant p r e s s u r e 
of 75 psi was maintained u p s t r e a m of the a i r orif ice by a Nogren a i r - r e g u l a t o r . 

2. Water Supply. De- rmnera l i zed water was pumped from the 
make -up tank through the water orif ice and into the bottom of the m i x e r . The 
water flow ra te was regulated by a bypass sys t em on the pump. After p a s s ­
ing through the tes t sect ion into the overhead s epa ra to r , the water was 
d iver ted back to the make-up tank bv gravity flow. 

3. A i r -Wa te r Mixer . The m.ixer sect ion i s shown schemat ica l ly 
in F ig . 2 .3 . The a i r en te red through the 3-inch pipe at the bottom and 
m e r g e d with the water s t r e a m through a s e r i e s of 350 holes ( 3 / l 6 in. D), 
spaced along the pe r iphery and top of the pipe. The mixing sect ion above 
the pipe consis ted of a s e r i e s of s c r e e n s and packed beds of s t a in less s tee l 
pads which extended through the t rans i t ion sect ion to the flange of the lower 
t e s t sect ion. The 100-mesh s c r e e n between the flanges of the t rans i t ion 
sect ion and lower t e s t sect ion ser\'-ed to d i s p e r s e any l a rge a i r bubbles 
which might tend to fo rm due to coa lescence . The quantity of sc reen ing and 
m e s h in the mixing sect ion was va r i ed until the re was no effect on the 
m e a s u r e d a i r volume fract ion at the exit of the lower tes t section for a 
given quality of the two-phase m i x t u r e . A s e r i e s of s c r e e n s with a m i n i ­
m u m of packing was found to be the m o s t sa t i s fac tory a r r a n g e m e n t . 
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4„ Test Section. Five tes t sect ions , each 4 ft long and 2 in. 
wide, with channel spacings of l / 8 in., 1/4 in., 1/2 in., 3/4 in. and 1 in., 
respect ive ly , were constructed from Luci te . Lucite was used to allow 
visual observat ion and photographic s tud ies . The sect ions could be i n t e r ­
changed to obtain the des i r ed geomet r ica l combinat ions . A s e r i e s of 
p r e s s u r e taps were inse r t ed into each section for m e a s u r e m e n t s of p r e s ­
su re d rop . 

B. Ins t rumentat ion 

1. Density Measuremen t . The equipment used for measu r ing 
the densi ty of the two-phase mix tu re is shown in F ig . 2.4. It consis ted of 
a 0.085-mev thulium source , a duMont photomult ipl ier tube with a Nal 
tha l l ium-act iva ted scint i l lat ion c rys ta l , a l inear cu r r en t amplif ier and a 
Brown r e c o r d e r ( 0 - 1 0 mv) . The gamma rays were d i rec ted through the 
tes t sect ion to the photomult ipl ier tube, where the unattenuated port ion 
of the beam produced a s ignal . The s ignal was amplified and t r ansmi t t ed 
to the r e c o r d e r . A m o r e detailed descr ip t ion of the p rocedure for the 
m e a s u r e m e n t of density i s gix'en m Section III. 

The source and photomult ipl ier tube were moxinted on a 
c a r r i a g e which could move m ei ther a horizontal or ve r t i ca l d i rec t ion . 
The movement of the c a r r i a g e was control led by two cons tan t - speed 
inotors in conjunction •vath a s e r i e s of r e l ays and a switch box. 

The gamma beam was coll imated at the photomult ipl ier 
tube by a lead window, 1 in. thick. Cooling coils were placed around the 
photomult ipl ier tube to mainta in a constant t e m p e r a t u r e , s ince both the 
Nal c r y s t a l and the tube a r e sensi t ive to t e m p e r a t u r e changes . 

2. P r e s s u r e Drop M e a s u r e m e n t s . The p r e s s u r e drop 
manomete r sy s t em is shown in F ig . 2 . 1 . Different m a n o m e t e r fluids 
(sp. g. - 1.25, 1„72, 2.95, and 13.6) were used for var ious operat ing ranges 
and t e s t sect ion combinat ions . 

P r e s s u r e gauges were ins ta l led at va r ious posi t ions along 
the tes t sect ions (Fig. 2.5). Also r e s e r v o i r s (8-inch sect ions of 1-inch pipe) 
were connected to each p r e s s u r e tap line to col lect any a i r ent ra ined in the 
water and thus prevent the a i r from enter ing the ve r t i ca l legs in the 
manomete r sys tem, 

3. Orif ices . The or i f ices for water and a i r were made a c c o r d ­
ing to the specif icat ions for sixiall dianaeter or i f ices by Grace and Lapple. '^/ 
The d iamete r of the orif ice for water was 0.5215 in. The orif ice d i a m e t e r s 
for a i r were 0.0961 in. and 0.2705 in< The or i f ices w e r e ca l ibra ted with water 
over the same Reynolds number range a s encountered in the exper imenta l in ­
vest igat ion. Excel lent agreement was obtained between the exper imenta l 
orifice d i scharge coefficients and the values of Grace and Lapple for s a m e 
s i zes of o r i f i ce s . 
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III. RADIATION ATTENUATION METHOD OF MEASURING DENSITY OF 
A TWO-PHASE FLUID 

A. Introduction 

The technique of radiat ion attenuation is a powerful r e s e a r c h 
tool when applied to fundamental two-phase flow s tudies , since the local den­
si ty and the re la t ive velocity of the two phases can be de te rmined readi ly . 
The method is essen t ia l ly ve ry s imple ; however, the r e su l t s obtained can 
be in cons iderable e r r o r tmless g rea t ca re is taken in the exper imenta l 
technique. 

A nuinber of inves t iga tors (see Section IV) have recent ly applied 
this technique on bas ic two-phase flow s tud ies . However, only Cook-^ and 
Egen, et al4 have r epor t ed studies in which the accurac ie s of the m e a s u r e d 
values of densi ty were a sce r t a ined and the var ious factors which contributed 
toward e r r o r s were evaluated. Cook3 conducted a s e r i e s of t e s t s on Lucite 
mock-ups to study s imula ted pre fe ren t ia l d is t r ibut ion of two phases , s o u r c e -
channel geomet ry , and the validity of the a s sumed exponential attenuation of 
the gamma beam. His r e su l t s showed that the e r r o r between m e a s u r e d and 
actual void volume fraction i nc reased as the channel spacing was i nc reased 
and as the distance between the radioact ive source and channel was dec reased 
E r r o r s of up to 93% were obtained. Egen, et a l4 obtained s imi l a r r e s u l t s . 
However, the Lucite Bnock-ups studied by Cook and Egen r ep re sen t ed ex­
t r e m e ca se s of p re fe ren t ia l d is t r ibut ions of the two phases which would not 
be encountered in actual two-phase flow, except in the instance of t rue 
annular flow. 

An exper imenta l study was the re fore undertaken to develop a 
more accura te method of m e a s u r e m e n t of void volume fraction for wide 
channels and to evaluate the e r r o r s in the m e a s u r e d void volume fraction 
utilizing Lucite mock-ups which give a more r ea l i s t i c r ep resen ta t ion of 
the actual flow pa t t e rns encountered in two-phase flow. In addition, a study 
was made on two-phase fluids in t e s t sect ions of var ious channel widths to 
compare the void fract ion m e a s u r e d by a "one-shot" method and a t r a v e r s ­
ing technique. These methods a r e desc r ibed on page 28. 

B. Theory 

The density of a substance is re la ted to the attenuation of a 
mono-energe t i c gamma r ay by the equation 

l/lo = e " ^ , (3.1) 
where 

I = in tens i ty of the gamma beam at x, c u r r e n t / c m ^ 
IQ = init ial intensi ty of the gamma beam, c u r r e n t / c m ^ 
jj, = l inear absorpt ion coefficient, cm~i 
X = th ickness of the abso rbe r , cm. 
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T h e l i n e a r a b s o r p t i o n coef f i c ien t , in t u r n , i s r e l a t e d to the d e n s i t y of the 
a b s o r b e r by t h e e x p r e s s i o n 

II = {NO/A) pa , (3.2) 

•where 

NQ = A v o g a d r o ' s n u m b e r (6.02 x 10^^ n u c l e i / g m - m o l ) 
A = A t o m i c we igh t , g m / g m - m o l 
0 = m i c r o s c o p i c a b s o r p t i o n c r o s s s e c t i o n , c m ^ / n u c l e u s ' 
p - d e n s i t y of a b s o r b i n g m e d i u m , g i n / c m ^ . 

The m a n n e r in wh ich t h e two p h a s e s a r e d i s t r i b u t e d i n a f luid 
c a n m a r k e d l y affect t h e m e t h o d u s e d to c a l c u l a t e the d e n s i t y o r v a p o r v o l ­
u m e f r a c t i o n . To i l l u s t r a t e t h i s poin t two e x t r e m e c a s e s a r e c o n s i d e r e d : 
C a s e I - t h e g a m m a b e a m i s p e r p e n d i c u l a r to l a y e r s of the two p h a s e s 
p r e s e n t ; C a s e II - t h e g a m m a b e a m i s p a r a l l e l to ind iv idua l l a y e r s of e a c h 
p h a s e . "With r e f e r e n c e to F i g . 3 . 1 , l e t : 

L = t o t a l l e n g t h of w a t e r - g a s m i x t u r e 
(ijj^ - -^n-i) ~ l eng th of i nd iv idua l l a y e r ( s t r u c t u r e , w a t e r , o r gas ) 

In = i n t e n s i t y of g a m m a at ex i t of n th l a y e r 
f t^ = m a s s a b s o r p t i o n coef f ic ien t of w a t e r 

H a = m a s s a b s o r p t i o n coef f ic ien t of g a s 
ftg^ = m a s s a b s o r p t i o n coef f ic ien t of s t r u c t u r e . 

C a s e I - G a m m a B e a m P e r p e n d i c u l a r to Indiv idua l L a y e r s 

Apply ing Eq . (3.1) to a n i nd iv idua l l a y e r , t he g e n e r a l equa t i on 
for e a c h s u b s t a n c e ( w a t e r , g a s , s t r u c t u r e , e t c . ) i s 

'w,. (In-i) e x p [ - p ^ {£^ ~ l n - i ) w ] 

C o m b i n i n g E q u a t i o n s (3 .3) , (3 .4) , and (3.5) and s i m p l i f y i n g : 

l ex i t = (lo) exp [-f i^ ( i ^ - i n - i ) w l 

exp | - f i g 2 ( i n - ^ n - i ) g } ] exp j-Mw^^^-^n - - ^n - i )w | 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

S ince 

2 ( i n - -^n-i)w + ^(-^n ~ -^n-i)g = ^ ' (3.7) 
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t h e n 

2 (^n • ^n-x)g = L - 2(^n " ^ n - i ) w • (3-8) 

Subs t i tu t ing Eq . (3.8) in E q . (3.6) and s imp l i fy ing , 

I = lo [ e x p { - M s t ( ^ n " ^ n - i ) s t } ] [e>^P ("MgL)] [e>^P f O V " Mg) S ( i n " ^n-i)w}] 

(3.9) 

and for the to t a l g a m m a flux 

* = (lo) (Ax) [exp {-Mst S(^n -4i-i)st}] [^^P ( " ^ ^)] [ ^ ^ P f W " Mg) 2(^n --^n-i)w}] / 3 , i o ) 

C a s e II - G a m m a B e a m P a r a l l e l to L a y e r s of E a c h P h a s e 

Applying Eq , (3.1) a s b e f o r e t h r o u g h l a y e r s of gas and w a t e r , 

^gexit " «̂ ^^''P ^"^st 2 i s t ) ] [e^^P (-Mg L)] ; (3.11) 

^ w e x i t " ^̂  ^®^P ^"^st ^ ^ s t ) ] [ e x p (-M^ L ) ] . (3.12) 

The t o t a l g a m m a exi t flux # i s 

I g A g + I ^ A ^ . (3.13) 

Combin ing E q s . (3.11), (3.12), and (3.13) 

<D = (lo) [exp ( -MstSis t ) ] t ( ^ g ) e'^P ("^'g ^ ) + ( ^ v ) exp (-Mw ^ ) ] 

(3.14) 

The g a m m a f luxes a s g iven by E q s . (3.10) and (3.14) c a n be i n t e r p r e t e d in 
t e r m s of v o l t a g e s , -which can be m e a s u r e d and r e c o r d e d in the folio-wing 
m a n n e r . 

T h e g a m m a f lux, <!', which i m p i n g e s on the f l u o r e s c e n t c r y s t a l 
and i s t r a n s f o r m e d into l ight i s 

<DL = K 2 0 , (3.15) 

w h e r e 

OT = t h e v i s i b l e l ight f lux 

Kg = the c o n v e r s i o n e f f ic iency of the c r y s t a l . 
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The visible light is then converted to e lec t r i c cur ren t by the photo-cathode 
of the photomultiplier tube. The cur ren t is given by 

i = K3V^4>L ' (3-16) 

where 

i = the photomultiplier tube anode cur ren t 

vjj = voltage of the photomultiplier tube supply. 

The cu r ren t is t r ansmi t t ed to the l inear amplifier whose output voltage is 

v = k4i (3.17) 

This voltage is measu red and recorded . Thus combination of Eqs . (3.15), 
(3.16) and (3.17) with (3.10) and (3.14) gives 

V = (K2){K3)(K4)(vh)'(g(AT) [exp (-Mst^Cin " -«n-.)st)] [«^P ("MgD] [exp{-{Mw -Mg)S{^n " •«n-i)w}] ( 3 . 1 8 ) 

V = (K2)(K3)(K4)(vh)^(lo) [exp (-Mst^-^st)] [(^g) exp (-MgD + ( A j exp (-MwL)] (3^19) 

Letting 

Ks = (K2)(K3)(K4)(vh)^(lo)(AT) exp (-Mst^^C^n " ^n- i )s t ^^P ("l^gL) 

(3.20) 

and 

K6 = (K2)(K3)(K4)(vh)^ (lo) exp (-Mst^^-^st) ( ^ T ) ' (3-21) 

Eqs . (3.18) and (3.19) become 

V = (Kg) [exp { ~(^i^ - Mg) 2 (in - ^n~i)w}] (3-22) 

V = K6 ^ ^ j exp (-MgL) + (^] exp (-MwD • (3-23) 

F r o m Fig . 3.1, by definition for Case I, 

a = ( 1 = ^ (3.24) 
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Substitution of Eq. (3.24) into Eq. (3.22) gives 

V = (Kg) exp [- ( M ^ - jUg) (1 - a ) ( L T ) ] • (3.25) 

F r o m F ig . 3.1, by definition for Case II, 

Ag /A^ = a . (3.26) 

Substitution of Eq. (3.26) into Eq. (3.23) gives 

V = (Kfc) [(a) exp (-^gL) + (1 - a) exp ( -^^L)] . (3.27) 

F o r each densi ty de terminat ion it is n e c e s s a r y to obtain a c a l i ­
bra t ion . Voltages a r e recorded when the channel is complete ly devoid of 
water (a = 1) and when the channel i s completely filled with water (a = 0). 
Applying these l imit ing conditions to E q s . (3.25) and (3.27), namely , 

V = Vf when a = 0 (3.28) 

and 

V = Vg when a = 1 , (3.29) 

and simplifying, t he re i s obtained 

F o r Case I: 

.n. (v/vf) 
; (3.30) 

o r 

a 

Case 

a 

In 

In 

II: 

V 

(v/vf) 

(ve/vf) 

- Vf 
(3.31) 

Ve - Vf 

Thus two equations for calculat ing the gaseous volume fract ion 
from the m e a s u r e d voltages a r e obtained f rom the two ex t r eme types of 
phase d i s t r ibu t ions . An actual two-phase mix ture would lie between the 
two ca se s ci ted. Since t he re is a cons iderable degree of homogeneity in 
two-phase fluids, the gamma rays would tend to be at tenuated exponential ly 
and the gas volume fraction would then be calculated by Eq. (3,30). All a i r 
volume fract ions in this study were calculated by Eq. (3.30). 

In addition to the possible e r r o r s which resu l t f rom pre fe ren t ia l 
phase dis t r ibut ion, a number of other fac tors tend to introduce substant ia l 
e r r o r in the technique of radiat ion attenuation unless adequate co r r ec t i ve 
m e a s u r e s a r e taken. However, the manner in which the var ious e r r o r s 



a r e produced is not completely imderstood. As a resu l t , it is ve ry difficult 
to at tempt a thorough e r r o r analys is which would yield the possible l imi ts 
of e r r o r s . A few of the more impor tant factors which must be cons idered 
a r e mentioned brief ly. A more complete evaluation of the radiat ion at tenu­
ation technique for densi ty determiination and d iscuss ion of the e r r o r s in ­
volved is given by Hooker and Popper.(5) 

Some of the fac tors which tend to produce e r r o r s in the r ad ia ­
tion attenuation technique a r e : 

(1) Variat ion in gain of the photomult ipl ier tube due to changes 
in the supply voltage. Since the gain is propor t ional to the supply voltage 
to the seventh power as shown in Eq. (3,16), a constant supply voltage is 
mandatory for accura te r e s u l t s . The supply voltage in this investigation 
could be regulated to within 0.1% of the sca le reading. 

(2) Variat ion in gain of the photomult ipl ier scint i l lat ion c rys t a l 
due to t e m p e r a t u r e changes . Cooling coils about the photomult ipl ier tube 
minimized this e r r o r . Thermocouples at tached to the c rys t a l surface 
showed that the t e m p e r a t u r e was held within ± 1/2 degrees Fahrenhe i t . 

(3) Variat ion of the t r ans fe r c h a r a c t e r i s t i c s of amplif ier due 
to ze ro drift over a per iod of t i m e . This e r r o r was e l iminated through 
per iodic adjustment . 

(4) Accuracy to which s t r i p char t can be r ead . This is a func­
tion of the s t rength of the source , s ize of "windows," type of flow being 
studied, e tc . 

(5) Decay of source over per iod during which runs a r e made . 
The miagnitude of the e r r o r depends on the half-life of the sou rce . This 
factor was e l iminated by obtaining cal ibra t ions on an empty and a fxill 
channel twice daily. 

C. Descr ip t ion of Equipment 

The bas ic components of the equipment for measur ing densi ty 
have been desc r ibed in Section II. Brief supplementary information is p r e ­
sented to give a m o r e complete descr ip t ion . 

The thulium source f rom which the gamma rays emanated was 
enclosed in a lead shield and col l imator as shown in F i g . 3.2(A). The radio 
active source was obtained by i r r ad ia t ing a thul ium pellet (d = 0.19 in.) en ­
cased in an aluininum container until the des i r ed act ivi ty was obtained 
(9 roentgens per hour at a dis tance of 6 inches in a i r ) . The thul ium-170 
produced has a half-life of approximate ly 129 days . The energy spec t rum 
of thulium-170 shows two peaks : 0.053 Mev and 0.084 Mev. In o rde r to obtain a 
monoenerget ic radia t ion, which is a p r e r equ i s i t e for the radiat ion attenuation 
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t e c h n i q u e , the l o w e r p e a k g a m m a e n e r g y m u s t be a b s o r b e d . T h i s w a s a c ­
c o m p l i s h e d by i n s e r t i n g a s t e e l p l a t e (0.25 inch th ick) b e t w e e n the s o u r c e 
and t e s t s e c t i o n . 

The s c i n t i l l a t i o n c r y s t a l w a s s u r r o u n d e d by a l e a d sh i e ld 
( F i g . 3 . 2 ( B ) ) to e l i m i n a t e any e x t r a n e o u s r a d i a t i o n which migh t i m p i n g e 
on i t . A r e c t a n g u l a r window of d e s i r e d d i m e n s i o n s w a s cut in to the face 
of the l e a d s h i e l d . 

The s c i n t i l l a t i o n c r y s t a l - p h o t o m u l t i p l i e r a s s e m b l y i s shown in 
F i g . 3 . 2 ( C ) . The p h o t o m u l t i p l i e r tube ( R C A - 5 8 1 9 ) w a s o p t i c a l l y coup led to 
the s c i n t i l l a t i o n c r y s t a l by a L u c i t e l ight gu ide . The e n t i r e a s s e m b l y was 
t h e n s e a l e d in an a l u m i n u m can to m a k e it i m p e r v i o u s to l igh t . 

A c o m p r e h e n s i v e d e s c r i p t i o n of the e q u i p m e n t for m e a s u r i n g 
d e n s i t y i s a l s o g iven by Hooker and P o p p e r . ( 5 ) 

D. P r o c e d u r e 

In p r e v i o u s s t u d i e s the void v o l u m e f r a c t i o n h a s b e e n m e a s u r e d 
by the " o n e - s h o t " r a d i a t i o n a t t e n u a t i o n m e t h o d . H o w e v e r , a s m e n t i o n e d 
p r e v i o u s l y , i n i t i a l L u c i t e m o c k - u p s t u d i e s showed tha t the m e a s u r e d v a l u e s 
of the void v o l u m e f r a c t i o n can be in c o n s i d e r a b l e e r r o r for the l a r g e r c h a n ­
ne l w i d t h s . T h e r e f o r e a t r a v e r s e t e chn ique was t r i e d on a s e r i e s of Luc i t e 
m o c k - u p s in an a t t e m p t to deve lop a m o r e a c c u r a t e m e t h o d of d e n s i t y m e a s ­
u r e m e n t and to c o m p a r e t h e r e s u l t s with the " o n e - s h o t " m e t h o d . 

In the " o n e - s h o t " m e t h o d a window s l i gh t l y w i d e r t han the t e s t 
s e c t i o n channe l to be s tud i ed w a s cut into the l ead s h i e l d p l a c e d on the 
s c i n t i l l a t i o n c r y s t a l ( s ee F i g . 3 .2(B)) . The window width was m a d e l / 3 2 in . 
g r e a t e r t han the channe l w^idth to f ac i l i t a t e a l i g n m e n t of the s o u r c e , t e s t 
s e c t i o n and p h o t o m u l t i p l i e r tube a s s e m b l y . The t e s t s e c t i o n was c a l i b r a t e d 
when c o m p l e t e l y e m p t y and when c o m p l e t e l y full of w a t e r (or Luc i t e for the 
m o c k - u p s tud i e s ) to give v a l u e s of ve and vf. A r e a d i n g was t h e n t a k e n 
du r ing the a c t u a l r u n (which r e p r e s e n t s the t w o - p h a s e fluid o r L u c i t e m o c k -
up) and the void v o l u m e f r a c t i o n c a l c u l a t e d f r o m Eq . (3 .30) . 

In the t r a v e r s i n g m e t h o d a con t inuous t r a c e of the d e n s i t y v a r i a ­
t ion (phase d i s t r i b u t i o n ) a c r o s s the channe l i s ob ta ined by t r a v e r s i n g the 
channe l h o r i z o n t a l l y with the n a r r o w s lo t ( 1 /32 in . w ide , o r l e s s ) in the 
s c i n t i l l a t i o n c r y s t a l l e a d s h i e l d . 

The m a n n e r in wh ich the da ta was t a k e n and r e d u c e d i s shown 
by s c h e m a t i c s t r i p c h a r t s in F i g . 3 .3 . C a l i b r a t i o n t r a v e r s e s w e r e m a d e a s 
for the " o n e - s h o t " m e t h o d to ob ta in e m p t y and full r e a d i n g s , Vg and vf. The 
t r a v e r s e s t a r t e d in the a i r beyond the t e s t s e c t i o n to ob ta in a r e f e r e n c e 
s t a r t i n g point t ha t cou ld e a s i l y be f ixed on t h e s t r i p c h a r t s for e a c h t r a v e r s e . 
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FIG. 3.3 SCHEMATIC DRAWING OF STRIP CHART 
ILLUSTRATING THE TRAVERSING TECHNIQUE 



The re fe rence point (A) was set at the instant the slot on the scint i l lat ion 
c rys t a l moved en t i re ly into the Lucite from the a i r . The beginning of the 
flow channel is point (B) and the end is point (C) on the empty t r a v e r s e . 
The t r a v e r s e of the actual two-phase fluid, v, l ies in between the einpty 
and full t r a v e r s e s . 

The channel posit ion and width was then laid out on the s t r ip 
char t record ing of the actual t r a v e r s e , v, by measur ing the distance from 
points A to B, and B to C as obtained from the empty t r a v e r s e . All m e a s ­
ured dis tances were c r o s s checked by calculat ion, using the known speeds 
of both the t r a v e r s e and s t r i p char t and t e s t sect ion geomet ry . It is ap ­
parent that the accu racy of the t r a v e r s i n g method depends very s t rongly 
on the abil i ty to mainta in a constant speed on the t r a v e r s i n g c a r r i a g e and 
record ing ins t ru inent . The speeds were checked per iodica l ly during the 
course of the exper imenta l invest igat ion. The t r a v e r s i n g c a r r i a g e speed 
was 0.1875 i n . / m i n and the s t r i p char t speed was 3 i n . / m i n . 

The void fraction dis t r ibut ion was then calculated for a number 
of se lec ted posi t ions in the channel by using Eq. (3.30), and the mean void 
fraction was obtained by integrat ion. 

E. Discussion of Resul t s 

1. Data P r o c u r e m e n t 

A s e r i e s of Lucite mock-ups , which s imula ted pre fe ren t ia l 
phase dis t r ibut ions corresponding to var ious flow pa t te rns encountered in 
two-phase flow, were made . The flow pa t te rns se lec ted for study we re : 
(1) annular flow - cen t ra l gas c o r e ; (2) local boiling dis tr ibut ion - gas layer 
at the wall with a liquid cen t ra l co re ; (3) parabol ic dis t r ibut ion; (4) a double 
annular vapor dis t r ibut ion; and (5) churn flow - vapor highly d i spe r sed in 
liquid. The mock-ups of the var ious pa t te rns a r e shown in F ig . 3.4. 

The mock-ups were cons t ruc ted from Lucite because of i ts 
c lose s imi l a r i t y to water in density and m a s s absorpt ion c r o s s sect ion. 
The voids in the Lucite were s imula ted by machining p rede t e rmined geome­
t r i c pa t te rns to effect the des i r ed s imulated phase dis t r ibut ion. 

The actual void volume fraction was obtained by calculation 
using physical m e a s u r e m e n t s of the Lucite mock-up . The calculated void 
volume fract ion was checked by compar ing the weight of the mock-up with 
the weight of an equally s ized spec imen of solid Luci te . 

2. Compar ison of "One-Shot" With T rave r s ing Technique 
on Lucite Mock-Ups 

A compar i son of the calculated, with the measu red , void 
dis t r ibut ions obtained by the t r a v e r s i n g technique is shown in F ig . 3.5. 
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FIG. 3.4 LUCITE MOCK-UPS OF FLOW PATTERNS 
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The mean value of the void volume fraction was then obtained by integrat ion 
and the resu l t s compared with the value p rocured by the "one-shot" method 
and the actual void volume fraction. Typical resu l t s a r e shown in Table 3 .1 . 

Table 3.1 

COMPARISON OF VOID FRACTIONS OBTAINED BY TRAVERSING 
AND "ONE-SHOT" TECHNIQUES WITH ACTUAL VOID FRACTION 

Simulated Phase 
Distribution in 

Mock-up 

Local Boiling 
Annular Flow 
Double Annular 
Parabo l ic 
Parabol ic 
Annular Flow 
Local Boiling 
Churn Flow 

Lucite 
Mock-up 
Width, in. 

1 
1 
1 
1 
1/z 
1/2 
1/2 
1/2 

Traver s ing 

0.406 
0.164 
0.151 
0.286 
0.350 
0.589 
0.401 
0.420 

Void Frac t ion 
"One -Shot" Method 

0.143 
0.324 
0.181 
0.322 
0.567 
0.741 
0.161 
0.419 

Actual 

0.364 
0.203 
0.166 
0.267 
0.345 
0.606 
0.345 
0.415 

The void volume fractions m e a s u r e d by the t r ave r s ing tech­
nique a r e in c loser agreement with the actual void volume fraction than the 
values obtained by the "one-shot" method. The average per cent deviation 
of the "one-shot" method is 36.5% whereas the average e r r o r for the t r av ­
ers ing technique is 7.3%. 

A possible explanation for the l a r g e r e r r o r of the "one-shot" 
method for the wider channels may be due to the geometry of the tes t section-

source - photomultiplier a r r angemen t as sche­
mat ical ly i l lus t ra ted in F ig . 3.6. The source -
photomultiplier sys tem sees only a portion of the 
flow channel as depicted by the dotted l ines . The re ­
fore, if a preferent ia l distr ibution of one phase 
occurs in the cent ra l region, the measu remen t of 
void volume fraction would be er roneous since 
the gamma radiation is passing through only a 
portion of the channel in which there is a g rea te r 
concentration of one phase . The e r r o r may pos ­
sibly be reduced by placing the source as far 
from the channel as feasible and by placing the 
scintil lation c rys ta l as close as poss ible . The 
e r r o r m a y b e el iminated by using a l a rge r source . 

1 

LEAD WINBOW ON 
-SOINTILLaTION 

CRYSTAL OF PHOTO-
MULTiPLIER 
ASSEMBLY 

U^ 
RADIOACTIVE 

SCHEMATIC DRAWING OF SOURCE-TEST 
SECTION-PHOTOWIULTIPLIER ASSEMBLY 

The t r ave r s ing technique appears 
super ior to the "one-shot" method for void f rac­
tion measu remen t , especial ly for cases of highly 
preferent ia l phase distr ibutions and wide chan­
nel spacings. 
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Comparison of "One-Shot" and T r a v e r s e Method on Actual 
Two-Phase Fluid. 

A s e r i e s of runs were made in t es t sections of var ious 
channel widths to obtain a compar ison between the t r ave r s ing and "one-
shot" methods on actual two-phase fluids. The resu l t s a re presented in 
F ig . 3.7. As expected, the values checked very closely for the sma l l e r 
channel spacings, but deviated as the channel spacing increased . 
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IV. E F F E C T OF FLOW AREA CHANGES ON TWO-PHASE FLUID 
DENSITY 

A. Introduction 

Pred ic t ion of the density of an adiabatic two-phase fluid in 
motion is difficult because of inadequate information concerning the r e l a ­
tive velocity between the gas and liquid p h a s e s . The gas volume fract ion 
is i n t e r r e l a t ed with the velocity of the two phases and the gas weight f r a c ­
tion through the well-known continuity equation, which will be d i scussed 
l a t e r . At the p r e s e n t t ime , all the fac tors that affect the re la t ive velocity 
or "s l ippage" between phases a r e not well es tabl ished. There is m e a g e r 
exper imenta l evidence which indicates that the re la t ive velocity of the two 
phases i s a function of the liquid flow r a t e , the gas weight fract ion, p r e s ­
s u r e , and, poss ibly the geomet ry of the flo-w path. 

Behr inger \ ° ) in a s e r i e s of exper iments on a s ta t ic s t e a m -
water sys t em showed that the re la t ive velocity of the two phases d e c r e a s e s 
with inc reas ing p r e s s u r e . Marcha te r re (7 ) observed a s imi la r effect over 
a p r e s s u r e range of 25 to 600 ps i with a na tu ra l c i rcula t ion sys tem. He 
a lso noted an effect of liquid flow r a t e on the re la t ive velocity of the two 
p h a s e s . Schurigl^) r epo r t ed a m a r k e d influence of the c i rcula t ion ra t e on 
the re la t ive velocity. The recen t data of Lo t t e s , et al.s(9) for a na tu ra l , 
and for a forced, c i rcula t ion boiling sys t em shows both a flow r a t e and a 
quality effect on the "s l ippage" between the two p h a s e s . They obtained 
local two-phase density m e a s u r e m e n t s by g a m m a - r a y at tenuation methods 
and readi ly conver ted the data to a slip ra t io V g / V ^ . Cook^l^) on the bas i s 
of an extensive two-phase density study of s team^water in mul t i sec t ion 
rec tangula r channels , concluded: (1) an i n c r e a s e of V g / V ^ occu r s with 
length along the heated channel; (2) the i n c r e a s e is a function of the r a t e 
of vapor izat ion; and (3) with no vaporizat ionj V « / V ^ is m e r e l y a function 
of geomet ry and the volume flow of the two p h a s e s . Denglexji^^/ using a 
radioact ive t r a c e r technique, m e a s u r e d liquid holdups in a 1-in. d iamete r 
pipe and c o r r e l a t e d them as a function of the mix ture quality, X. E d d y ( l l ) 
obtained local densi ty values at a tmospher ic p r e s s u r e for s t e a m - w a t e r 
m ix tu r e s in a hor izontal tube and showed the dis t r ibut ion of each phase in 
the tube. Sher(12) pe r fo rmed s imi l a r t e s t s in a ve r t i ca l tube„ His vapor 
volume f rac t ion-qual i ty data were approximate ly 10% higher than the data 
of Mar t ine l l i , et a l . 

Zmola , et aLgll^) m e a s u r e d two-phase dens i t ies of an a i r -
water sys t em over a wide geomet r i ca l range of flow pa ths . These r e s u l t s 
checked with the data of Behr inger in the high vapor volume fract ion r ange . 
A radia l parabol ic dis t r ibut ion of the vapor volume fract ion was observed 
in the var ious g e o m e t r i e s . Schwarz( l^) invest igated the densi ty and r e l a ­
tive veloci t ies of the water and s t eam phases in ve r t i ca l and hor izonta l 
boi ler tubes (2.36 ID). He a l so showed a r ad ia l parabol ic d is t r ibut ion of the 
vapor volume fractiono 
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Up to the p resen t no data has been published showing the liquid 
holdup var ia t ion due to a sudden change in flow a r ea resul t ing from ei ther 
an expansion or contract ion. Utilizing presen t ly available information on 
two-phase flow, it would be difficult to make a f i rm predict ion as to whether 
a change in density of the two-phase mixture will occur with a change of flow 
a rea , let alone to es t imate the magnitude of the change. Therefore , an ex­
per imenta l investigation was undertaken in an at tempt to provide adequate 
information on the effect of changes of flow a r e a on the two-phase fluid den­
sity and to explore further the factors which affect the re la t ive velocity of 
the two phases . 

B . Theory 

The density of a two-phase mixture is given hj: 

Pm = (1 - o^)Pw + ^^g • (4.1) 

The relat ionship of the gas volume fraction with the re la t ive velocity of the 
two phases and the gas weight fraction can be shown through the continuity 
equations as follows. 

Under s teady-s ta te conditions, the amounts of gas and liquid 
flowing pas t a point in a channel a r e given by 

Ww = V ^ A ^ p ^ (4.2) 

Wg = VgAgPg . (4.3) 

The a r ea relat ionship for each phase is 

A ^ = (1 - a) A T I (4.4) 

Ag = a A ^ (4.5) 

By definition, 

W^ = (1 - X) W T (4.6) 

Wg = (X) W^ , (4.7) 

where 

W„ + W = W^ . (4.8) 
g w i \ ' 



Substituting Eqs . (4.4), (4.5), (4.6) and (4,7) into Eqs . (4.2) and (4.3) 

(1 - X) W^ = V ^ (1 - a) A^Pw 

X W^ = Vg (a) A^Pg 

Dividing Eq. (4,10)by Eq. (4,9) and r ea r r ang ing , 

(4.9) 

(4.10) 

(4.11) 

As mentioned previously , exper imenta l evidence indicates that 
the re la t ive velocity of the two phases i s a function of both the circulat ion 
ra t e and the quality. For the case of an adiabatic sys tem such as an a i r -
water sys tem, where the quality is a constant, a or the density of the two-
phase mixture will vary only if the slip ra t io changes. As a resu l t , the 
density of a two-phase mix ture will change, due to an expansion or 
contract ion, only if the slip ra t io is a function of the velocity. 

Consider a change of flow a r e a between two points as depicted 
below. 

J a iM 

The gas volume fraction, a , can be expressed at each point by 

\ v j , = Vl ™xJV a / A p g [ 

(a/(A)(^)&), 

(4.12) 

(4.13) 
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Divid ing E q . (4.12) by E q . (4.13) and r e a r r a n g i n g s 

( X i / l - X i ) ( P w / P g ) i 

( % ) / ( ! - % ) ( V g / V w ) , 

{<^z)7{l -aa) (X2/1 - X )̂ (PwAg)a 

(VgAw), 

Since for an a d i a b a t i c s y s t e m 

X i = X2 

and 

(Pw)i = (Pw)2 

Eq , (4.14) b e c o m e s 

r ^ _ m . <̂«'̂  
T ^ ra. '̂ '̂. 

A s s u m e t h a t 

V 

Since 

then 

(4.14) 

(4.15) 

g- = K VS„ . (4.16) 
^ w 

W = V ^ ^ A P , (4.17) 

V = ^ . ^ 1 1 (4.18) 

Wo AP A 

for the c o n s t a n t t o t a l flow. 

Subs t i t u t ing E q . (4.18) in to E q . (4.16) 

l ^ - ^ : (4.19) 
^ w (A)N 
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also 

™ = - | ^ . (4-20) 
pg P M ' 

so that 

Pg = K 'P , (4.21) 

Substituting E q s . (4.19) and (4.21) into Eq. (4.15), and r e a r r a n g i n g , 

a , = - ^ -, ^ . (4.22) 
{(P2/P1) [ ( l A i ) - 1] / ( A i / A 2 ) N | + 1 

Based on forced c i rcula t ion boiling studies at Argonne, the exponent N was 
set at 0.2 for the init ial compar i son with the exper imenta l r e s u l t s (this is 
d i scussed m o r e thoroughly in the p resen ta t ion of r e s u l t s ) . 

The s ta t ic p r e s s u r e ra t io P j / P i mus t be included because of 
the l a rge changes in the specific volumes of the gaseous phase at the lower 
p r e s s u r e s . Thus , in addition to the change of the gas volume fract ion due 
to the velocity effect, the gas volume fract ion will a lso change due to the 
s ta t ic p r e s s u r e difference between pos i t ions . The l a t t e r effect will become 
negligible as the sys tem p r e s s u r e is i nc r ea sed (P > 25 psia)„ 

C. Discuss ion of Resul t s 

1, Data P r o c u r e m e n t 

In o rde r to invest igate the effect of sudden changes of flow 
a r e a on the densi ty of a two-phase mix tu re , a s e r i e s of expansion and con­
t rac t ion t e s t s were made using rec tangula r Lucite sec t ions , 2 in, wide and 
4 ft long, with spacings of 1/8 in, , 1/4 in. , 1/2 in. , 3/4 in. and 1 in. , r e s p e c ­
tively. (All future r e fe rence to the sect ions will be with r e s p e c t to spacing.) 

Data on expansions were obtained with the following sect ion 
combinat ions: l / S to l / 4 in, ; l / s to 1/2 in. ; l / S to 3/4 in.i l / S to 1 in . | 
1/4 to 3/4 in. I 1/2 to 3/4 in. I and 1/2 to 1 in. 

The sect ion combinat ions used for obtaining data on con­
t rac t ions we re : 1 to 3/4 in.; 1 to 1/2 in. ; 1 to l / 4 in.; 1 to l / S in,; 3/4 to 
1/4 in. ; 1/2 to 1/4 in. ; and l / 2 to l / s in. It was felt that the var ious geo­
m e t r i c combinations invest igated gave an adequate c r o s s sect ion of the 
expansion and contract ion geomet r i e s poss ib le . 

The changes of flow a r e a invest igated ranged from a m a x i ­
mum of 8;1 using the 1-inch and l / 8 - i n c h sec t ions , and a min imum of 
1.333;1 with the 3 /4 - inch and 1-inch sec t ions . 



A s e r i e s of runs with varying a i r volume fract ions were 
made for each geomet ry combination. The a i r volume fraction was var ied 
from a = 0.2 to a = 0,75s p r i m a r i l y by adjusting the flow r a t e of a i r . 
Owing to the re la t ionship between specific volumes of the two phases , the 
quality range corresponding to the air volume fract ion range studied was 
very low (X = 0.00055 to X = 0.0045). 

Measuremen t s of the a i r volume fraction were taken at the 
exit of the lower section, and at posi t ions 4, 8, 24 and 44 in. in the upper 
sect ion. These posi t ions were selected so that both the t rans i t ion zone 
could be studied (using posi t ions at 4 in. and 8 in.) and the actual ove r - a l l 
change in two-phase densi ty could be de te rmined (using posi t ions at 24 in. 
and 44 in.) 

The a i r volume fract ion was m e a s u r e d and the data r e ­
duced by the methods descr ibed in Section III. 

2. Air Volume Frac t ion Changes - Expansion of Flow Area 

The a i r volume fract ions a r e plotted as a function of the 
r i s e r length in F ig . 4.1 for a s e r i e s of expansions. The e r r a t i c behavior 
of the void volume fraction in the t rans i t ion zone may be at t r ibuted to the 
varying degree of p r e s s u r e drop which accompanies the expansion. A 
local l o w - p r e s s u r e zone, whose magnitude will depend on the velocity, 
quality, and enlargement in flow a r e a is c rea ted . The void fract ion could 
therefore r i s e or fall abruptly in the t rans i t ion zone due to the s tat ic 
p r e s s u r e effect on the dens i ty-volume re la t ionship of a i r at atnaospheric 
p r e s s u r e , and to poss ible cavitation effects, since the solubility of a i r in 
water is sensi t ive to p r e s s u r e . The g rea t e s t i n c r e a s e in voids could be 
expected in the case of max imum a r e a enlargeinent , such a s from l / 8 to 
1 in. and from l / S to 3/4 in.s and at high qual i t ies , 

A d e c r e a s e in voids would be expected in expansions 
which have a smal l frlctional p r e s s u r e drop and an actual p r e s s u r e r e ­
covery (low veloci t ies and quali t ies and a min imum a r e a en largement) . 
Such r e su l t s were obtained for expansions of from l / 2 to 1 in. and from 
1/2 to 3/4 in. 

The t rans i t ion zone from a l / S - i n c h sect ion to a 1-inch 
section for var ious quali t ies i s shown in F i g s , 4.2 to 4 .5 , As the quality 
i n c r e a s e s , the formation of a jet occu r s over the f i r s t few inches ; the jet 
immedia te ly d i s s ipa tes into a ve ry turbulent flow region. 

The change in the a i r volume fract ion was calculated 
using Eq. (4.22), and the r e s u l t s were compared with the exper imenta l 
data. Very good ag reemen t i s shown (Fig. 4.6) between predic ted and 
m e a s u r e d va lues , with a m a x i m u m e r r o r of ± 10% and an average devi­
ation of 5%. 
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Air-VolumeJFrac t ion Changes^- Contraction in Flow 
Area . 

The var ia t ion of a i r volume fraction with length of r i s e r , 
for the s e r i e s of contract ions studied, is plotted in Fig. 4,7. In general 
the t ransi t ion zone appears to be very short and not as well-defined as 
in the case of expansion of flow a rea . The air volume fraction inc reases 
to a final value in the f i rs t few inches of r i s e r length. In some cont rac­
tions slight peaks occur red in the plots of a i r volume fraction vs . length 
of r i s e r as was observed in the expansions. However, the magnitude of 
the peaks were within the accuracy of the air volume fraction 
m e a s u r e m e n t s . 

The short t rans i t ion zone can also be seen in Fig . 4.8, 
which shows the contract ion from 1-inch to a l / 8 - inch section for i n c r e a s ­
ing mixture qual i t ies . The flow pat tern in the r i s e r tended to stabilize 
a lmost immediate ly after the contraction. 

The apparent instabil i ty of the air volume fraction in the 
r i s e r section for contract ions of 1 in. to 1/8 in., and 1/2 in. to 1/8 in. as 
shown in F ig . 4,7 was due to the large static p r e s s u r e changes in the 
1/8-inch section which resul ted from the excessive two-phase p r e s s u r e 
drops . As the static p r e s s u r e dropped along the r i s e r length, the specific 
volume of the air changed markedly which, in turn, affected the air volume 
fraction. The stat ic p r e s s u r e dropped from 30 psia to 15 psia ac ros s the 
l / 8 - inch section. Such a drop would approximately double the air volume 
fraction if a change in the re la t ive velocit ies of the two phases did not 
occur . For the other s e r i e s of contractions the static p r e s s u r e change 
a c r o s s the r i s e r section was not seve re , and therefore the air volume 
fraction stabil ized fair ly rapidly. 

The change in the a i r volume fraction was calculated by 
Eq. (4.ZZ) and compared with the data. The resu l t s a r e plotted in Fig. 4.9. 
Again, as for the expansions, the data is very well r epresen ted by 
Eq. (4.2Z), with a maximum deviation of ±15% and an average of 7%. 

The maximum deviation occurred for contractions of 
from 1 to 1/8 in, and from 1/Z to 1/8 in., as shown in Fig. 4.10. This can 
be at tr ibuted to the la rge static p r e s s u r e changes in the l /S- inch section. 
As mentioned previously , experimental studies have shown that the r e l a ­
tive velocit ies of the two phases dec rease with increasing p r e s s u r e . In 
addition, the exponent N in Eq, (4.ZZ) also dec reases with p r e s s u r e (a 
lower value of N would tend to reduce the deviation between the measured 
and predicted values) . Additional e r r o r in the predicted value of the air 
volume fraction was introduced from inaccurate static p r e s s u r e readings 
obtained from the gauges. The flow pat tern in the 1/8-inch r i s e r section 
was a collapsing annular type, which resul ted in very severe static 
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FIG. 4.8 TRANSITION ZONE FOLLOWING A CONTRACTION 
FROM A i^lNCH SECTION TO A 1/8-INCH SECTION 
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p r e s s u r e fluctuations. Since the magnitude of the fluctuations was , in most 
c a s e s , beyond the range of the gauges, it was very difficult to obtain a 
mean stat ic p r e s s u r e reading; th i s , in turn^ was ref lected in the predic ted 
a i r volume fraction change through the s tat ic p r e s s u r e ra t io P g / P i (see 
Eq. (4.22)), 

4. Relat ive Velocity of Gaseous and Liquid P h a s e s , 

The re la t ive velocity of the two phases was calculated for 
a number of data points util izing the m e a s u r e d a i r volume fraction and 
quality, and plotted in t e r m s of slip ra t io (Vg /V^) vs . the water velocity 
V ^ (based on sect ion flow a rea ) for a constant quality p a r a m e t e r . F i g ­
u r e 4.11 shows that the re la t ive velocity of the two phases in a function of 
both the water velocity and the quality. 

Since the slope of the quality p a r a m e t e r s in the plot of 
(Vg/V.^) v s . V ^ changed slightly, it was poss ib le that the percen tage 
deviations of the predic ted and m e a s u r e d a i r volume fract ion changes 
could be reduced if the exponent N in Eq. (4.22) were made a function of 
quality. 

An in te res t ing compar i son is obtained between the data 
for an a i r - w a t e r sys tem of this invest igat ion and data obtained from 
boiling water s tudies at Argonne National Labora to ry . The data for boil™ 
ing water in a ve r t i ca l rec tangular channel at p r e s s u r e s of 150, 250 8 and 
600 ps i were reduced to slip ra t ios in an analogous manner and were 
plotted as ( V „ / V ^ ) vs . V ^ . Considerable sca t te r was obtained, due 
p r i m a r i l y to the quality effect. The mean functions represen t ing the data 
for a quality range of X = 0,002 to X = 0.05 at 150 psi for the s t eam-wa te r 
sys tem, and X = 0.0043 at a tmospher ic p r e s s u r e for the a i r - w a t e r sys tem, 
a r e plotted in F ig , 4,12. The re is a good ag reemen t between the two se ts 
of data even though the two sys t ems a r e bas ica l ly different. Extrapolat ion 
of the quality range of a i r - w a t e r data to coincide with the quality range of 
the boiling data would p lace the values of slip r a t io fur ther above the 
150-psi data of the boiling sys t em. This i s in line with previous inves t i ­
gations which have shown that the re la t ive velocity of the phases i n c r e a s e s 
with dec reas ing p r e s s u r e . 

5. Extrapola t ion of S e m i - E m p i r i c a l Cor re la t ion for 
Pred ic t ing Changes in the Air Volume F rac t ion into 
the Higher P r e s s u r e Region, 

The effect of changes of flow a r e a on the vapor volume 
fraction for an adiabatic s t e a m - w a t e r sys tem would also be predic ted by 
Eq. (4,22), s ince the bas ic analys is applies to e i ther sys t em. 
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An es t imat ion of the p r e s s u r e effect on slippage between 
the two phases can be obtained by extrapolat ion into regions of higher 
p r e s s u r e , util izing the var ia t ion with p r e s s u r e of the density difference 
ip^ - Pg), which is a m e a s u r e of the buoyancy fo rce s , and the c r i t i ca l 
p r e s s u r e as a guide. The dens i t ies of the s team and water phases a p ­
proach a common value at the c r i t i ca l point and, the re fore , the slip r a t io , 
by definition, mus t be one. 

The major i ty of the slip ra t ios used to develop the slip 
ra t io - water velocity cor re la t ion for the s t e am-wa te r sys tem (Fig, 4,12) 
were obtained at the exit of the tes t sect ion. It has been shown expe r i ­
mental ly that the re la t ive velocity of the s team and water at the exit of 
a sect ion in which boiling occurs does not change when the fluid p a s s e s into 
an adiabatic r i s e r sect ion of equal flow a r e a . There fo re , the two-phase 
data plotted for the boiling sys t em also applied to an adiabatic s t e a m -
water sys tem over a quality range of 0,002 to 0,05. The exponent N in 
Eq, (4.22) was therefore a s sumed to be 0,31 for a p r e s s u r e of 150 ps i . F i g ­
u re 4,13 shows an extrapolat ion of the exponent N with p r e s s u r e . Thus 
E q s . (4,22) and F ig . 4.13 can be used to e s t ima te the change in the vapor 
volume fract ion (for a quality range of X = 0.2 to 0,05) due to sudden changes 
of flow a r e a for a s t eam-wa te r sys t em. F u r t h e r exper imenta l work is being 
c a r r i e d out to check the extrapolat ion at the higher p r e s s u r e s . 

6, P h a s e Dis t r ibut ions . 

The extensive a i r volume fract ion data (obtained with the 
t r a v e r s i n g technique) shows a parabol ic dis t r ibut ion of the a i r in the liquid. 
In genera l , the average to max imum ra t io of the a i r volume fract ion 
^^ave/'^rnax^' '^^^ich c h a r a c t e r i z e s the dis t r ibut ion, var ied with the quality 
of the mix ture and the channel spacing. F igure 4,14 shows typical a i r -
liquid dis t r ibut ions in 1/2"inchand l - inch sect ions at va r ious qual i t ies . In 
genera l , the dis t r ibut ions a r e symmet r i ca l with r e s p e c t to the ver t i ca l 
ax i s . 

Some in te res t ing a i r volume fract ion dis t r ibut ion pa t t e rn 
changes for expansion occu r r ed in the r i s e r sect ion. A typical example is 
shown in F ig . 4 .15, A dis t r ibut ion pa t t e rn of the double annular type was 
formed at the midpoint of the r i s e r . This phenomena was observed in al l 
r i s e r sect ions at low qual i t ies or low a i r volume fract ions ( a < 0,4). Except 
for r a r e in s t ances , this type of flow pa t t e rn was not observed in sect ions 
with no rma l flow and no expansion of flow a r e a . The exceptions may be due 
to the jet flow pa t t e rn which was shown to occur at the expansion. 

F i g u r e 4,16 shows the a i r volume fraction profi le at a 
posi t ion four inches above the expansion. The depress ion of the a i r volume 
fract ion in the center of the sect ion i s in l ine with the jet shown in the 
photograph (side view. F ig , 4.5). 
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V, TWO-PHASE PRESSURE DROP STUDY 

A. Introduction 

Two-phase p r e s s u r e drop is exceedingly m o r e complex than 
s ingle-phase p r e s s u r e drop because of additional complicating fac to r s , 
i .e . , sl ippage between the two phases (relat ive velocity between liquid and 
vapor) , in terac t ion between the two phases , d is t r ibut ion of the phases in 
the conduit, e t c . 

Extensive exper imenta l work has been c a r r i e d out and seve ra l 
empi r i ca l and s e m i - e m p i r i c a l methods for calculating two-phase p r e s s u r e 
d rops have been published. The two mos t widely accepted methods a r e the 
Lockhar t -Mar t ine l l i co r re la t ion and the fr ic t ion-factor model . Because of 
the complexity of two-phase flow it is doubtful that a s imple co r re la t ion 
for predict ing two-phase p r e s s u r e drop over a l l possible p a r a m e t e r ranges 
will be obtained a s has been obtained for s ingle-phase flow. 

A comprehensive l i t e r a t u r e survey of two-phase flow has been 
published recent ly by I s b i n " ^ ) and Gresham; ( l ° ) therefore only selected 
r e fe rences per t inent to this investigation a r e mentioned. 

Visual s tudies have been m a d e b y a n u m b e r of investigators^-*- •"'^^/ 
in an a t tempt to analyze the complexi t ies of two-phase s y s t e m s . Various 
flow pa t te rns have been repor ted for both horizontal and ve r t i ca l conduits; 
these can be ca tegor ized a s follows: 

(1) Bubble flow - Bubbles a r e d i spe r sed in the liquid phase . 
The d iame te r of the bubble is a function of the m a s s of the 
two phases flowing. 

(2) Plug or slug flow - Coalescence of the sma l l e r bubbles into 
a l a rge gaseous plug. 

(3) F ro th , churn, or turbulent flow - The gas phase is highly 
d i spe r sed in the liquid phase and there is s t rong in terac t ion 
between p h a s e s . 

(4) Semi-annula r - Unstable annular flow that per iodical ly 
col lapses down the conduit. 

(5) Annular flow - Liquid film on the wall -with a gaseous 
cen t ra l c o r e . 

The flow pa t te rns observed in ve r t i ca l flow during the course 
of this invest igat ion a r e shown in F i g . 5 .1 . 

Severa l inves t iga tors have suggested that the fr ict ional p r e s ­
su re drop of the two-phase flow should be re la ted to the type of flow p re sen t . 
Based on his investigation, Alves i^ l ) decided i t was n e c e s s a r y to consider 
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the flow pat tern in order to pred ic t the p r e s s u r e drop. Radford^ ' ob­
tained different curves of the same genera l shape for var ious flow r a t e s 
when plotting the p r e s s u r e gradient v s . the exit a i r - w a t e r r a t io . He a lso 
noted that var ious flow pa t te rns were assoc ia ted with cer ta in port ions of 
the curves and that the max imum p r e s s u r e drop occur red in the froth-
flow region. 

As mentioned previously, the Lockhar t -Mar t ine l l i co r re l a t ion 
has becorae the mos t widely accepted method of calculat ing two-phase 
p r e s s u r e d rops . In the development of this co r re la t ion the au thors did not 
accoiint for the var ious flow pa t te rns possible , but did a t tempt to in­
corpora te var ious flow types by classifying the two phases individually a s 
e i ther turbulent or l amina r . Impress ive co r robora t ion of this method of 
calculation can be found in ni imerous s tudies repor ted in the l i t e r a t u r e . 
Conversely , a number of inves t iga tors have a l so pointed out significant 
shor tcomings . 

(231 Moen and Isbin^ ' have demons t ra ted a s izeable m a s s flow 
ra te p a r a m e t e r when plotting thei r data for s t e a m - w a t e r m i x t u r e s in the 
form of Lockhar t -Mar t ine l l i p a r a m e t e r s . Johnson and Abou-Sabei^"*/ in 
thei r investigation with an a i r - w a t e r sys t em showed that a m o r e accura t e 
cor re la t ion of their data could be obtained by introducing a liquid flow ra te 
p a r a m e t e r . Gazley and Bergelinl^^) concluded from their data on a 2- inch 
pipe that the Lockhar t -Mar t ine l l i co r r e l a t i on was not adequate for s trat i f ied 
and wave flow. Baker(2o) showed that the pipe d i ame te r had an effect on 
the magnitude of the two-phase p r e s s u r e d rop . The data of Chisholm and 
Laird^ ' for a rough tube show a s t rong effect of m a s s flow ra te on a plot 
of the two-phase fr ic t ion-factor mul t ip l ie r v s . the vapor volume fract ion. 
The highest p r e s s u r e drop occu r r ed with the lo-west l iqmd m a s s flo-w r a t e s 
and d e c r e a s e d with inc reas ing liquid flow r a t e . However, the i r data for a 
smooth and galvanized tube did not show the sanae effect. 

The data of Hoopes*^°' on a ve r t i ca l heated annulus with boi l ­
ing flow showed a s i m i l a r effect. Data for a l / 4 - i n c h sect ion were higher 
than for a 1/8-inch sect ion when reduced to the Mar t ine l l i p a r a m e t e r ($^ ) 
and plotted as a function of X « No explanation was given. Thus, it appea r s 
that there is a definite m a s s flow ra te p a r a m e t e r which is not adequately 
accounted for in the Lockhar t -Mar t ine l l i co r re l a t ion . 

A number of other rnodels and analyt ical t r e a t m e n t s of two-
phase flow have been presen ted in the l i terature.1^°"-^^/ In genera l , the 
bas ic assumpt ions of annular flow, no in te rac t ion between phases , e t c . , 
a r e essen t ia l ly the same in each analyt ical t r ea tmen t and r e p r e s e n t an 
over -s impl i f ica t ion of the ac tua l physical p i c tu re . Although the analyt ical 
solutions have been helpful, the i r usefulness a p p e a r s to be l imi ted until a 
m o r e thorough unders tanding of the in te rac t ion between phases and phase 
d is t r ibu t ion is obtained. 
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Recent ly Lot tes and Flinn^ '' used a s imple flow model to d e ­
r ive the following express ions for local two-phase p r e s s u r e gradient , R, 
and the ave rage two-phase friction factor, R, over a boiling length: 

H 1- tte/ ^\ 1- a^ 

(5.1) 

(5.2) 

The der ivat ion of Eqs . (5.1) and (5.2) is given in the Appendix. 
Their p r e l i m i n a r y data for a l / 4 - i n c h ve r t i ca l rec tangular channel with 
boiling showed fair ag reemen t with the model , but the r e su l t s were in­
conclus ive . Therefore , a study of exper imenta l two-phase flow p r e s s u r e 
drop was under taken to obtain additional information on the apparent m a s s 
flow p a r a m e t e r effect and to invest igate the flow model of Lottes and Flinn, 
uti l izing extensive local m e a s u r e m e n t s of the liquid holdup. 

B. S ingle-Phase P r e s s u r e Drop Resul t s 

A s e r i e s of p r e s s u r e drop runs were made on each rec tangular 
section to obtain l iquid-phase fr ict ion f ac to r s . The factors were requ i red 
in the reduction of the two-phase p r e s s u r e drop data to A P x p / A P w ra t ios 
used in cor re la t ing the da ta . The channels w e r e connected to an ent rance 
cone which provided a smooth t rans i t ion from the 4- inch pipe to the channel. 
M e a s u r e m e n t s of p r e s s u r e drop were made over the las t two feet of the 
channel; the init ial two feet se rved as a calming sect ion. The Reynolds 
num.ber was va r i ed (10,000 to 70,000) by adjusting the m a s s flow r a t e . The 
aspec t r a t io of the rec tangula r sect ions ranged f rom 2 (2 x 1-inch section) 
to 16 (2 X l / S - i n c h sect ion) . 

The calculated frict ion fac tors a r e compared with smooth tube 
fac tors in F i g . 5.2. The fr ic t ion factors tend to s epa ra t e for each channel 
geomietry (aspect ra t io) , and individ-ual l ines with different s lopes can be 
drawn to r e p r e s e n t the data of each channel . The slopes of the l ines were 
slightly l e s s than the cor responding values for smooth tubes . Although the 
fr ict ion factor curves tended to separa te with aspec t ra t io , the re was a 
random or ienta t ion of the curves about the smooth tube f-unction. Similar 
r e su l t s were obtained by London^^ ' and Schil ler , \^3) who invest igated a 
wide va r i e ty of g e o m e t r i e s . 

F o r al l p rac t i ca l purposes the smooth- tube function adequately 
r ep re sen t ed the data for a l l sect ions over the range of Reynolds Numbers 
studied. The max imum deviation of the data f rom snaooth tube is +14% and 
-11%, with an average deviation of 6%. 
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C. T w o - P h a s e P r e s s u r e D r o p R e s u l t s 

1. Da t a P r o c u r e m e n t and R e d u c t i o n . The t w o - p h a s e p r e s s u r e 
d r o p d a t a w e r e o b t a i n e d in t h r e e s e p a r a t e p h a s e s . The f i r s t s e t of d a t a w a s 
t a k e n in con junc t ion wi th the t r a v e r s i n g v s . "one sho t " vo id m e a s u r e m e n t 
s tudy ( s ee S e c t i o n III) . The m a j o r p o r t i o n of t h e p r e s s u r e d r o p d a t a w a s 
o b t a i n e d c o n c u r r e n t l y wi th the d a t a on the ef fec t of g e o m e t r y c h a n g e s on the 
a i r v o l u m e f r a c t i o n . The b a l a n c e of t h e d a t a w a s p r o c u r e d in a s e p a r a t e s e t 
of p r e s s u r e d r o p r u n s d e s i g n e d to s tudy the m a s s flow r a t e ef fect i n e a c h 
c h a n n e l . 

The nnass f low r a t e (G) w a s v a r i e d by e i t h e r of two m e t h o d s 
In t h e f i r s t two s e r i e s of r i m s , a s d e s c r i b e d a b o v e , t h e t o t a l we igh t f low (W) 
w a s k e p t c o n s t a n t and the m a s s flow r a t e v a r i e d a c c o r d i n g to the c r o s s -
s e c t i o n a l a r e a of e a c h s e c t i o n . As a r e s u l t , fo r the g iven s e c t i o n , t he m a s s 
flow r a t e r e m a i n e d c o n s t a n t . In the t h i r d s e t of r u n s the m a s s f low r a t e 
w a s v a r i e d in e a c h s e c t i o n by a d j u s t i n g t h e t o t a l flow r a t e . 

The r a n g e s of v a r i a b l e s s t u d i e d w e r e d i c t a t e d p r i m a r i l y by 
i n t e r e s t in a s p e c i f i e d r a n g e of the v a p o r vo l i ime f r a c t i o n : 

(X) = 0 .00055 - 0 .0043 
(a ) = 0.20 ~ 0.75 
(G) = 300,000 - 2 ,000 ,000 lb/ (hr)( f t2) 

(De) = 0 .24 to 1.333 i n . 

The l i m i t e d r a n g e and m a g n i t u d e of the qua l i t y s t u d i e d i s i n h e r e n t wi th a n 
a i r - w a t e r s y s t e m a t a t m o s p h e r i c p r e s s u r e , due to the d i f f e r e n c e in s p e c i f i c 
v o l u m e fo r e a c h componen t s 

The r e d u c t i o n of t w o - p h a s e p r e s s u r e d r o p d a t a in v e r t i c a l 
f low w a s a c c o m p l i s h e d in the fo l lowing m a n n e r . F r o m the f a m i l i a r m e ­
c h a n i c a l e n e r g y b a l a n c e , the p r e s s u r e d r o p o v e r a g iven l e n g t h i s 

i n t e g r a t i n g , 

Pi"'P2=ĵ  p^dL + j ^ Pm-^^Ji ^^ "̂f • ^^'^^ 

F o r a t w o - p h a s e m i x t u r e , 

Pm = (1 - a ) p ^ + p „ a . (5.5) 
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Since Pvy»Pg> Eq. (5.5) reduces, except when a = 1, to 

Pm = (1 - a ) Pw . (5.6) 

Because the pressure drop data were taken only in portions of the section 
where a did not vary with length, 

j^ PmdL=J^ (1 - a) p^dL = (1 - a )p^L . (5.7) 

For the same reason: 

P^^-O . (5.8) J: g 

since the velocities of the two phases do not change. Therefore, Eq. (5.4) 
reduces to 

Pi - P2 = (1 - a ) p ^ L + f PmdHf . (5.9) 

( i j P w .(5.10) 

where 

Substituting Eq. (5.10) into Eq. (5.9), and rearranging, 

4)2 _ (Pi - Pz) - (1 - g) (Pw) (J-) (5,12) 

Examination of Eq. (5.12) shows that considerable scatter 
should be inherent in the calculated values of $ .̂y for the large equivalent 
diameter sections. The static head pressure drop approaches the total 
pressure drop in magnitude and, therefore, any slight error in the measure­
ment of the air volume fraction a will produce a very large error in <t^. 
Ironically, the accuracy of void measurement also decreases with increased 
channel spacing. These observations were verified by the data of the one-
inch by two-inch channel; it was impossible to obtain reliable pressure 
drop results that could be correlated with any degree of confidence. Further 
evidence of the anticipated increased scatter of the pressure drop results 
for the larger sections can be seen in Figs. 5.3 and 5.8. A definite de­
crease of scatter in the data is apparent as the equivalent diameter is reduced. 
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2. Compar ison of Two-Phase P r e s s u r e Drop Data With 
Mar t ine l l i , et a l . 

In the Lockhar t -Mar t ine l l i cor re la t ion for two-phase 
fr ict ional p r e s s u r e drop datal-^'*) each phase was classif ied into flow types 
(either turbtilent or v iscous) , and a s e r i e s of p a r a m e t e r s were der ived that 
were used in cor re la t ing the var ious two-phase flow combinations possible , 
i .e . , liquid phase turbulent, gaseous phase v i scous , e t c . 

The p a r a m e t e r s a r e : 

\ AL/rpP 
$2 ^ l i £ l ( 5 J 3 ) 

/ A P \ 
I A L / ^ 

I—] 

I—] 
X^= \ A L ^ ^ ^5^j5j 

(I?), 
The p a r a m e t e r x can be shown to be a function of the physical p rope r t i e s 
and flow r a t e s ; it r educes to 

where n is the exponent of the Reynolds number in the famil iar express ion 
for the frict ion factor: 

F r o m the s ingle-phase data a s shown in F ig . 5.2 the exponent n was taken 
to be 0.25. Therefore : 



A plot of %ff v s . X is shown in F ig . 5.3 for the f i r s t two 
se ts of data (mass flow ra te var ied with geometry) . A very pronounced 
separa t ion occur red with r e spec t to channel geometry . As the m a s s flow 
ra te dec rea sed ( large channels) , the two-phase friction factor mul t ip l ie r 
i nc reased . The data for the l / 8 - i n c h section showed good ag reemen t with 
the Mart inel l i co r re la t ion for the turbulent viscous flow, which is the 
same type of flow obtained in the tes t sec t ions . 

The third se t of p r e s s u r e drop data was taken in an effort 
to de te rmine whether the separa t ion was due to an effect of geomet ry or 
to a m a s s flow ra te phenomenon. The m a s s flow r a t e s were va r i ed in 
each sect ion. The r e su l t s a r e shown in F i g s . 5.4 to 5.7. F i g u r e s 5.4 and 
5.5 show a definite d e c r e a s e of the two-phase frict ion factor mul t ip l ie r , 
^w» with inc reas ing m a s s flow ra te for the 1/2 and 3 /4- inch sec t ions . 
The data for the different m a s s flow r a t e s tended to fall on and n e a r the 
l ines of equivalent m a s s flow ra t e s shown in F ig . 5.3. 

When the m a s s flow ra te was reduced in the l / 8 - i n c h and 
l / 4 - i n c h sec t ions , the factor C^ inc reased as shown in F i g s . 5.6 and 5.7. 
The data again tended to follow the same m a s s flow ra te pa t te rn a s shown 
in F ig . 5.3. 

The r e su l t s obtained by the two different methods of v a r y ­
ing the m a s s flow ra te tended to prove that the observed separa t ion 
phenomenon is due to a m a s s flow ra te effect and not to a geometry factor . 
However, a m o r e comprehens ive exper imenta l p r o g r a m -will be requ i red 
to substant iate this conclusion, since the scope of the l a t t e r se t of p r e s ­
su re drop runs was l imited in the range of va r i ab les invest igated and 
number of runs . 

Thus the Mart inel l i co r re la t ion i s inadequate for p r e ­
dicting ve r t i ca l flow, two-phase p r e s s u r e drop over wide ranges of flow 
ra t e , pa r t i cu la r ly at the lower flow r a t e s . However, the co r re la t ion a p ­
pea r s to hold well a t the higher m a s s flow r a t e s [G >10 lb / (hr) (ft^)]. It 
should be noted that the major i ty of the exper imenta l data used in develop­
ing the original Mar t ine l l i cor re la t ion , and the subsequent co r robora t ing 
data, was obtained in horizontal conduits . This el iminated the necess i ty 
of evaluating the two-phase hydros ta t ic head which is inherent in ve r t i ca l 
flow p r e s s u r e - d r o p m e a s u r e m e n t s . 

It i s conceivable that the m a s s flow ra te effect may be 
m o r e pronounced for ve r t i ca l flow than for hor izontal flow. Although the 
same bas ic flow pa t te rns have been observed in both horizontal and ve r t i ca l 
flow, the effect of gravi ty on phase dis t r ibut ion and in te rac t ion between 
phases will be different in each case , and thus the p r e s s u r e drop c h a r a c ­
t e r i s t i c s would be soinewhat different. 
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Visual observat ions during the course of the exper imenta l 
investigation tended to show a re la t ionship between flow pa t te rn and p r e s ­
su re d rop . Different flow pa t te rns and varying degrees of turbulence and 
in terac t ion between phases were noted with each sect ion and varying m a s s 
flow r a t e s . F o r example, turbulent or churn pa t te rns were observed in 
the 1/2-inch and 3 /4 - sec t ions with low m a s s flow r a t e s . As the m a s s flow 
ra te was inc reased , the flow pa t te rn changed to a highly d i spe r sed bubble 
flow (s]m.all d i ame te r a i r bubbles) . The factor 4>w d e c r e a s e d sharply when 
the flow pa t te rn changed. The r e v e r s e effect was obtained with the l / 8 - i n c h 
and 1/4-inch sec t ions . As the m a s s flow ra te was reduced, the flow pat­
t e rns changed from a semii-annular to a wavy-type flow where there was 
considerably m o r e in terac t ion between phases and, as expected, the f r i c ­
tional p r e s s u r e d rop i nc r ea sed . 

Since the flow pa t t e rns occur r ing in two-phase flow have 
been shown to be re la ted to the m a s s veloci ty of each phase, it i s poss ible 
that the m a s s flow ra te effect i s indi rec t ly re la ted to the flow pa t t e rn s , 

3, Cor re la t ion of Data With Air Volumie F rac t ion . In a recen t 
paper , Lot tes and Fl inn( l ) p resen ted two-phase p r e s s u r e drop data for boi l ­
ing water in a ve r t i c a l rec tangular channel; they co r re l a t ed the data a s a 
function of the vapor volume fract ion ( a ) . They postulated a s imple flow 
model which a t t r ibuted the higher fr ict ional p r e s s u r e drops of two-phase 
flow p r i m a r i l y to the drag of the inc reased liquid velocity, due to the p r e s ­
ence of the vapor phase . F o r constant values of the vapor volume fract ion 
the ra t io of the two-phase to s ingle-phase p r e s s u r e drop is given by: 

R = f-^^ . (5.19) 

Therefore the data obtained in this study was plotted a s 
R vs a in F i g . 5.8. The same type of separa t ion occur red with m a s s flow 
r a t e as noted previous ly when using the Mar t ine l l i p a r a m e t e r s . Com­
pa r i son with the theore t ica l R function a s given by Eq. (5.19) i s shown in 
F ig . 5.9. There is c lose a g r e e m e n t between the theore t ica l R and the 
exper imenta l R for the l / 4 - i n c h and the l / S - i n c h sect ions for a < 0 . 5 . 
As a becomes g r e a t e r than 0.5, the theore t i ca l R approaches the ex­
pe r imen ta l R values for the l / 2 - i n c h sect ion. Thus the s imple flow 
model of Lot tes and Fl inn does not hold over wide ranges and i ts use 
appea r s to be l imi ted . 

The p r e s s u r e drop data in which the m a s s flow ra te was 
va r i ed in each sect ion were a l so plotted as R vs a . Essen t ia l ly the s ame 
r e s u l t s were obtained (F igs . 5.10 to 5.13). As the m a s s flow ra te in the 
l a r g e r channels was inc reased , the two-phase frict ion factor mul t ip l ie r 
R dec reased ; as the m a s s flow r a t e in the s m a l l e r channels was reduced, 
R i n c r e a s e d . 
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VI, CONCLUSIONS 

The following conclusions can be drawn from this exper imenta l in^ 
vest igat ion, and a r e l is ted according to the appropr ia te Section headings. 

Section III: Radiation Attenuation Method of Measur ing the Density of a 
Two-Phase Fluid 

1. Lucite mock-up studies have shown that the radiat ion attenuation 
method is a s imple , accu ra t e technique for obtaining local 
densi ty m e a s u r e m e n t s of t 'wo-phase fluids. 

2 . The "one-shot" method can be used for m e a s u r i n g the dens i t ies 
of two-phase fluids in n a r r o w rec tangular channels (spacing 
<0.5 in . ) . 

3. The t r ave r s ing technique is a m o r e accura t e method of m e a s u r ­
ing the dens i t ies of two-phase fluids and can be used for wide 
rec tangular channels . 

4 . Phase dis t r ibut ions can be accura te ly obtained by the t r ave r s ing 
technique. 

Section IV: Effect of Flow Area Changes on Two-Phase Fluid Density 

1. The void volume fraction, and hence densi ty, of an a i r - w a t e r 
mix ture changes during an expansion and a contract ion. The 
magnitude of the change at a tmospher ic p r e s s u r e can be e s t i ­
mated by the following equation. 

( A i \ 0 . 2 

2. The re la t ive velocity of a two-phase (a i r -wate r ) fluid is a 
function of water velocity and the mix ture quality. 

3. The length of the t rans i t ion zone following an expansion is a 
function of quality, m a s s flow ra te and the a r e a ra t io . 

4. The t rans i t ion zone following a contract ion is not a s pronounced 
a s for an expansion and is a l so a function of the quality, m a s s 
flow ra te and a r e a r a t i o . 

5. The dis t r ibut ion of the a i r phase in the water phase was parabol ic 
in na tu re , but the ra t io of c^jj^ajj/o-avg which c h a r a c t e r i z e s the 
dis t r ibut ion va r i ed at random. 



Section V: Two-Phase P r e s s u r e Drop Study 

1. The i so the rma l s ingle-phase friction factors for rec tangular 
channels with aspec t ra t ios of 2 to 16 a r e r ep re sen t ed by the 
smooth- tube function as given on the Moody friction factor plot 
with a maximum deviation of +14% and - 1 1 % , and an average 
deviation of 6%. 

2. The Lockhar t -Mar t ine l l i cor re la t ion does not adequately predic t 
two-phase p r e s s u r e drop for m a s s flow r a t e s G < 10 lb/'(hr)(ft ). 

3. The two-phase friction factor mul t ip l ie r #^ o r R is a function of 
the m a s s flow r a t e . 

4. The m a s s flow ra te effect on the two-phase p r e s s u r e drop is r e ­
lated to the flow pa t te rn existing in the two-phase fluid. 

5. The proposed flow model of Lottes and Flinn does not adequately 
co r r e l a t e the two-phase p r e s s u r e drop data over wide ranges of 
m a s s flow r a t e . 
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APPENDIX 

DERIVATION OF THEORETICAL TWO-PHASE FRICTION 
FACTOR MULTIPLIER 

The flow model proposed by Lottes and Flinn is one where most 
of the liquid phase is in contact with the channel walls and most of the 
steain is flowing down a cen t ra l core . This essent ia l ly is the same as the 
Martinell i flow model for turbulent flow of both the liquid and vapor phases . 
The difference in the method of descr ibing the behavior is that the p r e sen t 
flow model i s d i scussed on a s team volume f rac t ionbas i s r a the r than on a 
s t eam weight flow fraction b a s i s . It is proposed that the friction of the 
mixture may be found by calculating the frictional drag of the water phase 
along the channel wall, taking into account the change in velocity of the 
water phase along the channel ' 

^ Pw 
AP = / V^ dL . (1) 

2g De 

F r o m a nnass balance, the inlet velocity i s re la ted to the local liquid 
velocity by the equation 

^w 1 - X 

Vw 1 - a 
(2) 

Defining an i so the rma l local two-phase friction factor mult ipl ier as 

substituting Eq. (2) into Eq. ( l ) , and combining with Eq. (3), 

As shown in Section IV, from a m a s s balance 
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For boiling water in a channel of uniform heat addition, if i t is assumed 
that the slip rat io is independent of boiling length, s t eam voidSj power 
density and quality, Eqs . (2) and (5) may be combined to give 

'Wo 
_ w ^ 1 + 1 ^ ^ - 1 

Wg 
X (6) 

By assuming a constant slip ra t io and constant p r e s s u r e in Eq. (5), the 
slip ra t io V g / V ^ is a l inear function of X| for the case of uniform heat 
generat ion it will also be a l inear function of channel length. 

Define an average two-phase friction factor mult ipl ier as 

AP. 
R = 

T P 
APn (7) 

'where R is the rat io of frictional p r e s s u r e drop over the boiling length to 
the frictional drop over the same channel at the same mass flow ra te with 
no boiling. Under these conditions Eqs. (l) and (7) may be combined to give 

R ' " L j , W g / 
(8) 

Since the liquid velocity is l inear with length, Eq. (8) becomes 

rL_ 
R = 

^T^w„ Jo ŵ„ + (V^e - Vw„) J: d L (9) 

where V ^ is the liquid velocity at the exit of the channel and L / L is the 
posit ion in the boiling channel. 

Upon simplification^ Eq. (9) reduces to 

K=i-
^Wo \ ^WQ 

(10) 

Combining Eq. (2) and (lO)^ 

«4 1 + 
1 - a. 

f 
1 - ttg 

(11) 
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It is in te res t ing to note that by definition 

R= ( Y ^ ) = *w(i-x)^ • ^̂ ^̂  

Since the quality range studied in this e : ^e r imen ta l invest igat ion is so 
small j Eq. (l2) becomes 

R = < (13) 



BIBLIOGRAPHY 

(1) Lot tes , P . A. and W. S. F lmn. "A Method of Analysis of Natura l 
Circulat ion Boiling S y s t e m s / ' Nuclear Science and Engineering, 
Vol. 1, No. 6, (December 1956). 

(2) Grace , H. P . and C. E. Lapple. "Discharge Coefficients of Smal l -
Diameter Orifices and Flow Nozzles ," T r a n s . ASME (July. 1951). 

(3) Cook, W. H. "Boiling Density in Ver t ica l Rectangular Multi - channel 
Sections with Natura l Circulat ion," ANL-5621 (November, 1956). 

(4) Egen, R. A., D. A. Dingee, and J. W. Chastain, "Vapor Format ion 
and Behavior in Boiling Heat T rans fe r , " BMI-1163 (February 4, 1957). 

(5) Hooker, H. H. and G. F . Popper . "A Gamma-Ray Attenuation Method 
for Void Frac t ion Determinat ion in Steam-Water Mixtures , " ANL-5766 
(To be published). 

(6) Behr inger , P . "Velocity m Rise of Steam Bubbles in Boiler Tubes ," 
Vere in deutscher Inginieure , Forschungsheft 365B, 4 (1934). 

(7) M a r c h a t e r r e , J. F . "Effect of P r e s s u r e on Boiling Density in Multiple 
Rectangular Channels ," ANL-5522 (February , 1956). 

(8) Schurig, W. "Water Circulat ion in Boi lers and Movement of Liquid 
Gas Mixture in Tubes ," Verein deuscher Inginieure, Forschungsheft 
365B, 13 (1934). 

(9) Lot tes , P . A., W. S. Flinn, R. J. Weatherhead, and M. Pe t r i ck , "Natural 
Circulat ion Boiling Studies ," ANL-5735 (To be published) 

(10) Dengler, C„ E. "Heat T rans fe r and P r e s s u r e Drop for Evaporat ion of 
Water in a Ver t ica l Tube," Unpublished Sc. D. Thes i s , Massachuse t t s 
Institute of Technology (l952), 

(11) Eddy, K, D. " P r e s s u r e Ratios in Two-Phase Flow," Unpublished 
M.S. T h e s i s , Univers i ty of Minnesota (1954). 

(12) Sher, N. C. "Liquid Holdup in Two-Phase Steam Water Flow," Unpub­
lished Thes i s , Univers i ty of Minnesota (1964). 

(13) Zmola, P , C. and R. V. Bailey. "Power Removal from Nuclear R e a c ­
t o r s , " Unpublished paper p resen ted at ASME meet ing, Boston, 
Massachuse t t s ( l955). 



(14) Schwarz, K. "Investigation Density Distribution, Water and Steam 
Veloci t ies , as well as P r e s s u r e Loss in Vert ical and Horizontal Upflow 
Boiler Tubes ," Vere in deutscher Inginieure, Forschungsheft 445B, 
1 (1954). 

(15) Isbin, H. S., R. H. Moen, and D. R. Mosher . "Two-Phase P r e s s u r e 
Drops ," AECU-2994 (November, 1954). 

(16) Gresham, W. A., P . A. Fos t e r , and R, J. Kyle. "Review of the L i t e r ­
a ture on Two-Phase (Gas-Liquid) Fluid Flow in P ipes , " WADC-TR-55-422 
(June, 1955). 

(17) Kirschbaum, E. , B. Kranz, and D. Starck. "Heat Trans fe r with a Ver t i ­
cal Vaporizing Tube," Zeitschrif t des Vereines Deutscher Inginieure, 
Forschungsheft 375 (l935). 

(18) Badger , W. L. "How Long. Tube Evapora tor Works ," Cham, and Met. 
Eng^, Vol 46, 640 (l939). 

(19) Lewis , W. Y. and S. A. Robertson. "The Circulat ion of Water and 
Steam in Water Tube Boi le r s , and the Rational Simplification of 
Boiler Design," P r o c . Inst . Mech. Eng., (London), Vol, 143, 147 (1940). 

(20) Mart inel l i , R. C , L. M. K. Boel ter , T.H.M. Taylor , E, G. Thomsen, 
and E. H. Morr in . " I so the rmal P r e s s u r e Drop for Two-Phase Two-
Component Flow in a Horizontal P ipe , " T r a n s . ASME, Vol. 66, 139 
(1944). 

(21) Alves, G, E. "Co-Cur ren t Liquid-Gas Flow in a Pipeline Contactor ," 
paper p re sen ted at San F ra nc i s c o meet ing of A.I .Ch.E. , 
(September 14, 1953), 

(22) Radford, B, A. "Gas-Liquid Flow in Ver t ica l P ipes - A P r e l i m i n a r y 
Investigation," M.S T h e s i s . Univers i ty of Alber ta (1949). 

(23) Moen, R. H. and H Isbin. P e r s o n a l Communication, Universi ty of 
Minnesota. 

(24) Johnson, H. A. and A, H. Abou-Sabe. "Heat Trans fe r and P r e s s u r e 
Drop for Turbulent Flow of Ai r -Water Mixtures in a Horizontal P ipe , " 
T r a n s . ASME, Vol. 74, 977, (l952). 

(25) Bergel in , O. P . and C. Gazley. "Co-Cur ren t Gas-Liquid Flow, I, Flow 
in Horizontal Tubes ," Heat T rans fe r and Fluid Mechanics Insti tute, 
Berkeley, California (l949). 



(26) Baker , O. "Design of P ipe l ines for Simultaneous Flow of Oil and Gas ," 
The Oil and Gas Journa l (July 26, 1954). 

(27) Chisholm, D. and A. D. K, Lai rd . "Two-Phase Flow in Rough Tubes ," 
ASME Pape r No. 5 7 - S A - l l , p r e s e n t e d at Semi-Annual Meeting, San 
F ranc i s co , California (June 9-13 , 1957). 

(28) Hoopes, W. H, "Flow of S team-Water Mixtures in a Heated Annulus 
and Through Ori f ices ," A.I .Ch.E. Journal Vol. 3, No. 2 (1957). 

(29) Levy, S. "Theory of P r e s s u r e Drop and Heat Trans fe r for Two-Phase 
Two-Component Annular Flow in P ipes , " Ohio State Univ. Eng, Exp, 
Station Bui. No. 149. 

(30) Gazley, C. "Co-Cur ren t Gas-Liquid Flow - III - Interfacial Shear and 
Stability," Heat Trans fe r and Fluid Mechanics Insti tute, Berkeley, 
California Meeting, ( l949), 

(31) Harvey, B. F , and A, S. Foust , "Two-Phase One-Dimensional Flow 
Equations and thei r Applications to Flow in Evapora tor Tubes ," Chem. 
Engr. P r o g r e s s Symposium Se r i e s , No. 5, Vol. 49, "Heat Trans fe r -
Atlantic City," Publ. by Am. Inst. Chem. Engr s , , 91 , ( l953). 

(32) London, A. L. and W, M. Kays, "Compact Heat Exchangers , " The 
National P r e s s , Palo Alto, California (1955). 

(33) Schil ler , L, Zit, S. 131, Z, angew. Math. Mech. Bd. 3 (1923) S. 2. Z. 
VDI Bd 67 (1923) S. 623, 

(34) Lockhart , R, W. and R, C, Martinelli^ "Proposed Corre la t ion of Data 
for I so the rmal Two-Phase , Two Component Flow in P i p e s , " Chemical 
Engineering P r o g r e s s , 45, 39 (1949), 

(35) Sher, N. C. "Es t imat ion of Boiling and Non-Boiling P r e s s u r e Drop in 
Rectangular Channels at 2000 PSIA," WAPD-TH-301. 




