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A STUDY O F O N E - AND T W O - C O M P O N E N T , 
T W O - P H A S E C R I T I C A L F L O W S 

A T LOW Q U A L I T I E S 

by 

R o b e r t E . H e n r y 

A B S T R A C T 

T w o - p h a s e , o n e - c o m p o n e n t c r i t i c a l flow w a s ob t a ined in long tubes 
( L / D > 40) for m a s s flow r a t e s of 512-6460 I b j ^ / s e c - f t ^ , ex i t p r e s s u r e s of 
4 0 - 1 5 0 p s i a , and t h e r m o d y n a m i c e q u i l i b r i u m q u a l i t i e s of 0 . 0 0 1 9 - 0 . 2 1 6 . E x i t 
void f r a c t i o n s a s we l l a s a x i a l v o i d - f r a c t i o n p r o f i l e s w e r e m e a s u r e d by a 
g a m m a - r a y a t t e n u a t i o n t e c h n i q u e for void f r a c t i o n s of 0 . 0 7 - 0 . 9 4 . T h e s e 
e x p e r i m e n t a l void f r a c t i o n s r e s u l t e d in v e l o c i t y r a t i o s t ha t w e r e c o n s i d e r a b l y 
l e s s than the e x i s t i n g a n a l y t i c a l p r e d i c t i o n s . 

The o n e - d i m e n s i o n a l and s t e a d y - s t a t e a p p r o x i m a t i o n s a r e e x p e r i 
m e n t a l l y j u s t i f i ed for h i g h - v e l o c i t y f lows wi th the a id of the m e a s u r e d 
a x i a l v o i d - f r a c t i o n p r o f i l e s . 

Two t e s t s e c t i o n s w e r e d e s i g n e d to i n v e s t i g a t e the m a g n i t u d e of t w o -
d i m e n s i o n a l e f fec t s a t the ex i t p l a n e . The twcc te s t s e c t i o n s w e r e i d e n t i c a l 
u p s t r e a m of the ex i t p l a n e . H o w e v e r , d o w n s t r e a m of the exi t , one t e s t 
s e c t i o n d i v e r g e d a t a 7° i nc luded ang le and the o t h e r a t a 120° i n c l u d e d 
a n g l e . R e s u l t s f r o m t h e s e t e s t s e c t i o n s i n d i c a t e t h a t p r e v i o u s e x p e r i m e n t a l 
da t a a r e in c o n s i d e r a b l e e r r o r for q u a l i t i e s be low 10% b e c a u s e of the 
in f luence of the d o w n s t r e a m t w o - d i m e n s i o n a l e x p a n s i o n on the r e a d i n g s of 
w a l l - p r e s s u r e t a p s l o c a t e d n e a r the ex i t p l a n e . 

A l though t e m p e r a t u r e and p r e s s u r e w e r e not m e a s u r e d s i m u l t a 
n e o u s l y , the da ta exh ib i t t r e n d s tha t s u g g e s t the e x i s t e n c e of a n o n e q u i l i b r i u m 
p h a s e c h a n g e . 

A m o d e l i s d e v e l o p e d to p r e d i c t o n e - c o m p o n e n t , t w o - p h a s e c r i t i c a l 
flow r a t e s for e q u i l i b r i u m q u a l i t i e s l e s s than 0 .02 . The m o d e l a p p r o x i m a t e s 
the n o n e q u i l i b r i u m p r o c e s s e s of the r e a l s y s t e m by t h e r m o d y n a m i c e q u i l i b 
r i u m p a t h s and shows good a g r e e i n e n t wi th the da ta for ex i t p r e s s u r e s of 
50 -150 p s i a . An a n a l y s i s of the da ta and a c o m p a r i s o n wi th the t w o -
conaponent da ta i n d i c a t e t ha t (1) the p h a s e c h a n g e o c c u r r i n g in the flow i s 
of a n o n e q u i l i b r i u m n a t u r e , and (2) the r a t i o of the a v e r a g e v e l o c i t y of the 
t w o - p h a s e s i s c l o s e to uni ty ; t h a t i s , the flow is n e a r l y h o m o g e n e o u s . 
B a s e d on t h e s e i n d i c a t i o n s , a h o m o g e n e o u s , p a r t i a l - p h a s e - c h a n g e , s o n i c -
v e l o c i t y m e c h a n i s m is p r o p o s e d a s an a p p r o x i m a t e e x p l a n a t i o n for the 
p h e n o m e n o n of t w o - p h a s e , o n e - c o m p o n e n t c r i t i c a l flow a t low q u a l i t i e s . 



CHAPTER I 

INTRODUCTION 

The existence of a maximum flow ra te for which a fluid can pass 
through a converging nozzle or a cons tan t -a rea duct at fixed stagnation 
conditions is well known from fluid-dynanaic considera t ions of a c o m p r e s s 
ible flow. In a s ingle-phase flow, the c r i t i ca l d ischarge ra te r e su l t s in a 
sonic-veloci ty state at the throat of a converging nozzle or the exit plane 
of a cons tan t -a rea duct. Such a sys tem can also be composed of two separa te 
phases which have great ly different bulk moduli, such as s teana-water or 
a i r - w a t e r m i x t u r e s . The exis tence of a c r i t i ca l d ischarge ra te for a two-
phase sys tem has been shown exper imenta l ly . However, the exact physical 
mechanisnn has not yet been demonstrated.®'' '^^ 

The in t e r e s t in two-phase c r i t i ca l flow evolved fronn. its occur rence 
in cascade dra in pipes of turbines and boi le rs as well as in the flow of 
re f r ige ran t s and condensing vapor s . F u r t h e r i n t e r e s t was generated by 
the safety aspects of wate r -coo led r e a c t o r s . Cr i t ica l flow de te rmines 
the ra te at which the radioact ive coolant and contaminants a re expelled 
from a ruptured r eac to r vesse l or a p r i m a r y piping sys t em. The inves t i 
gations init iated by these i n t e r e s t s produced exper imenta l data p r imar i l y 
in the quality range 0.01 < ^Ee — ^•^• 

The technology of l iquid-sodium-cooled "fast r e a c t o r s " and the 
assoc ia ted safety problems also requ i re a knowledge of the cr i t ical-f low 
phenomenon, but the physical c h a r a c t e r i s t i c s of the sys tem demand 
knowledge in a quality region where the validity of previous theoret ica l 
approaches is quest ionable. The formation of vapor (voidage) in a coolant 
channel may re su l t in a posit ive react iv i ty coefficient for the r e a c t o r . 
Hence it is of vital impor tance to know how fast the voidage can be 
discharged, and the max imum discharge ra te is de termined by the c r i t i c a l -
flow phenomenon. With a bas ic understanding of s t eam-wa te r c r i t i ca l 
flow at low qual i t ies , an extrapolat ion to sodium sys tems can be attennpted. 
Even if a d i r ec t extrapolat ion cannot be per formed, the r e su l t s of the one-
component, s t eam-wa te r sys t em will yield valuable information. The 
region of in te res t for these p rob lems is a flow field that is be t ter c a t e 
gorized by the void fraction (0.0 < a^ < 0.95) than the quality. 

The objectives of this r e s e a r c h were : 

1) To obtain one-component , two-phase , cr i t ica l - f low data in the 
void-fract ion range 0.20 < a^ < 0.95 and for exit p r e s s u r e s of 40-150 psia 
(which is the p r e sen t range of i n t e r e s t in the f a s t -b r eede r r eac to r design).. 

2) To evaluate, on the bas i s of the exper imenta l data, the validity 
of p rev ious ' theore t i ca l models in this range . 

3) If the previous models were found to be incor rec t , to develop 
a new model . 



C H A P T E R II 

P R E V I O U S WORK 

A. E x p e r i m e n t a l I n v e s t i g a t i o n s 

The fol lowing d i s c u s s i o n wi l l involve i n v e s t i g a t i o n s tha t s t u d i e d 
t w o - p h a s e c r i t i c a l flow in long c h a n n e l s and wi l l invo lve only w o r k s tha t 
a p p e a r e d in the l i t e r a t u r e s i n c e 1957. A c o m p r e h e n s i v e l i t e r a t u r e s u r v e y 
of w o r k b e f o r e 1957 i s g iven on p p . 11- 20 of Ref. 9. 

I sb in et al^.^^ s t u d i e d the c r i t i c a l flow of s t e a m - w a t e r m i x t u r e s in 
v a r i o u s p i p e s and annu l i for p r e s s u r e and qua l i ty r a n g e s of 4 - 4 3 p s i a and 
0 . 0 1 - 1 . 0 , r e s p e c t i v e l y . T h e y found t h a t e x p e r i m e n t a l nnass flow r a t e s w e r e 
a l w a y s g r e a t e r than t h o s e p r e d i c t e d by the h o m o g e n e o u s e q u i l i b r i u m m o d e l . 
The a u t h o r s p r e s e n t e d an e m p i r i c a l c o r r e l a t i o n , b a s e d on t h e i r da t a , for the 
qua l i t y r a n g e of 0 . 0 1 - 1 . 0 . 

To a c c u r a t e l y d e t e r m i n e the e x i t - p l a n e p r e s s u r e , F a l e t t i and Moul ton 
i n v e s t i g a t e d s t e a m - w a t e r c r i t i c a l flow in an a n n u l u s w h e r e the c e n t e r r o d 
s e r v e d a s a p r o b e . The m e a s u r e d ex i t p r e s s u r e s w e r e found to be l o w e r 
t han t h o s e o b t a i n e d in Ref. 21 and th i s w a s a t t r i b u t e d to a m o r e p r e c i s e 
t h r o a t - p r e s s u r e m e a s u r e m e n t . The r a t i o G J ^ / G , ^ ^ ^ ; w a s found to be i n d e p e n 
den t of the p r o b e d i a m e t e r and the ex i t p r e s s u r e s , for q u a l i t i e s g r e a t e r 
t han 0 .15 , and the t e s t - s e c t i o n l eng th , for l e n g t h s g r e a t e r than 9 in . F o r the 
qua l i t y r a n g e of 0 . 0 2 - 0 . 1 5 , the r a t i o G C / G C H E ^^^ d e p r e s s e d wi th i n c r e a s i n g 
t h r o a t p r e s s u r e . The add i t ion of s u r f a c e a g e n t s ( d e t e r g e n t ) to r e d u c e the 
s u r f a c e t e n s i o n i n c r e a s e d the ex i t p r e s s u r e bu t did no t af fect the m a s s flow 
r a t e . A c o r r e l a t i o n for G J ^ / G Q I - J E i'^ ^^^ qua l i ty r a n g e of 0 . 2 5 - 0 . 9 5 w a s 
p r e s e n t e d . 

Za loudek^ ' c o n d u c t e d an e x p e r i m e n t a l i n v e s t i g a t i o n tha t w a s s i m i l a r 
to t ha t of F a l e t t i and Moul ton e x c e p t t ha t h i s t e s t s e c t i o n s had c i r c u l a r fu l l -
b o r e c r o s s s e c t i o n s , and h i s ex i t p r e s s u r e w a s e v a l u a t e d f r o m a w a l l t ap 
l o c a t e d s l i gh t ly u p s t r e a m of the ex i t p l a n e . His r e s u l t s , for q u a l i t i e s 
g r e a t e r than 0.20, and the c o r r e l a t i o n p r e s e n t e d for t h i s r a n g e a r e n e a r l y 
i d e n t i c a l to t hose g iven in Ref. 8. The only d i f f e r e n c e b e t w e e n Z a l o u d e k ' s 
o b s e r v a t i o n s and t h o s e of F a l e t t i and Moul ton o c c u r s in the p r e s s u r e 
d e p e n d e n c y of the Gj^/G^f^j^ r a t i o for q u a l i t i e s of 0 . 0 2 - 0 . 2 0 . Both i n v e s t i 
g a t i o n s w i t n e s s e d the d e p e n d e n c y ; h o w e v e r , the m a g n i t u d e of the v a r i a t i o n 
d i f f e r s , 

F a u s k e ' o b t a i n e d s t e a m - w a t e r c r i t i c a l - f l o w da t a for h igh ex i t 
p r e s s u r e s (40 p s i a < P g < 360 p s i a ) and q u a l i t i e s (0 .01 < x g g < 0 .70) . 
Th i s w a s the f i r s t h i g h - p r e s s u r e e x p e r i m e n t a t i o n p e r f o r m e d . The 
t h e o r e t i c a l m o d e l d e v e l o p e d in Ref. 9 wi l l be d i s c u s s e d in P a r t B of th i s 
c h a p t e r . 



In 1963, Cruver^ presen ted a d i sse r ta t ion on the phenomenon of 
metas tab i l i ty in one-component , two-phase c r i t i ca l flow. The existence 
of metas tab i l i ty was deternnined by simultaneous t empera tu re and p r e s 
sure m e a s u r e m e n t s . Superheats (up to 14°F) and supercooling (up to 7.5°F) 
were m e a s u r e d when the expansion produced net evaporat ion or net conden
sation, respec t ive ly . The overa l l cr i t ica l - f low data obtained by Cruver com
pared favorably with that of Refs . 8 and 49. Cruver developed a s epa ra t ed -
flow model, which is d i scussed in P a r t B of this chapter . 

Klingebiel^' de te rmined the rat io of average vapor to liquid velocit ies 
in s t e am-wa te r c r i t i ca l flow by measur ing the thrus t of the expanding free 
jet with a nnodified impulse p la te . The velocity ra t ios at the exit plane 
dec reased from 5.05 to 1.34 with increas ing quality, which is not the 
behavior predic ted by separated-f low mode l s . Klingebiel a t t r ibuted the 
d i sc repanc ies between the m e a s u r e d and predicted velocity ra t ios to 
en t ra inment of the liquid in the vapor phase . He also investigated the p r e s 
sure dis t r ibut ion near the exit plane by comparing p r e s s u r e m e a s u r e m e n t s 
r ecorded by means of a center l ine probe with those de termined by wal l -
p r e s s u r e taps located within 0.005 in. of the exit p lane. Discrepancies 
between the two nneasurements indicated that the stat ic p r e s s u r e var ied 
radial ly near the throat , and this var ia t ion was asc r ibed to a wall effect. 

In a paper p resen ted at the Univers i ty of Exe te r , Fauske^* repor ted 
exit velocity ra t ios in a i r - w a t e r c r i t i ca l flow. The velocity ra t ios , which 
were de te rmined by measur ing the exit void fractions using a g a m m a - r a y 
attenuation technique, ranged from 1.13 to 2.39 and inc reased with increas ing 
quality. Visual observat ion of the flow reg ime at the exit plane revealed 
ei ther bubbly or highly d i spe r sed dis t r ibut ions r a the r than separa ted 
phases as a s sumed by the theore t ica l mode l s . Fauske concluded that the 
good ag reemen t between theore t ica l models and exper imenta l data was a 
r e su l t of high velocity ra t ios compensat ing for the p resence of metas tab i l i ty 
in the flow. 

In 1966, Uchida and Nariai"*^ studied the d ischarge of sa tura ted 
water through pipes and o r i f i ces . The flow was observed by means of a 
h igh-speed c a m e r a , which showed that the actual flow reg ime is one of a 
froth or m i s t flow. 

B. Theore t ica l Models P roposed 

F a u s k e ' developed a cr i t ica l - f low model based on the proposed 
c r i t e r ion that at c r i t ica l - f low conditions the magnitude of the p r e s s u r e 
gradient at the exit is a max imum for a given quality and flow r a t e . 

The model a s sumed that the expansion occu r r ed in an equi l ibr ium 
manner and that the phase-change t e r m could be expressed as an isenthalpic 
p r o c e s s . These assunnptions and the above c r i t e r ion caused a minimizat ion 



of the momentum specific volume, which resu l ted when k = Vv /VA. This 
approach exhibited good agreement with the overal l exper imenta l data 
(p re s su re , flow ra te , and equi l ibr ium quality) in a quality range 
(0.01 — Xp̂  < 1.0). However, the predicted velocity ra t ios a re much 
g rea t e r than those observed in Refs . 14 and 29. 

Moody'^^ derived a cr i t ica l - f low equation from the energy equation 
and used the assumpt ions of equi l ibr ium and constant entropy. The r e su l t 
of this approach was a minimizat ion of the energy specific volume, which 
occur red when k = ' vvg /vg . This was essent ia l ly the r e su l t obtained by 
Zivi, who used the principle of minimum entropy production in a s teady-
state p r o c e s s . This principle s ta tes that minimum entropy production is 
achieved when the kinetic energy is a minimum. Thus, for a given flow 
ra te , the kinetic energy will minimize when the energy specific volume 
reaches i ts minimum (k = ^ vg/vfl). The model developed by Moody 
displays good agreement with the data for equi l ibr ium quali t ies between 
0.01 and 1.0. However, the predic ted velocity ra t ios a re much g rea t e r 
than those observed experinnentally. Fo r a constant c r i t i ca l exit p r e s s u r e , 
this model p red ic t s increas ing flow ra t e s for decreas ing quali t ies until the 
quality becomes l e s s than 0.01, where the flow r a t e s dec rea se with quality. 

Cruver^ also developed a model that resu l ted in the predict ion that 
k ='v V /vj?. He showed there a re three mixture specific volumes: the 
energy specific volume, which min imizes when k = V v„/vg; the momentum 
specific volume, which minimizes when k = VVg/vn; and the continuity 
specific volume, which never minimizes with r e spec t to the velocity ra t io . 
C ruve r reasoned that since the energy specific volume minimized at the 
lowest value of the velocity ra t io , a higher value would inc rease the total 
energy r equ i r emen t of the flow. Hence the velocity ra t io of k = "^ ^u/^O, 
is the maximunn value that may exis t in two-phase separa ted flow. 

In 1965, Levy^^ presen ted a theore t ica l approach which assumed that 
all frictional l o s se s (including interfacial shear) and head lo s ses were 
negligible. This assumpt ion allowed h im to subt rac t the momentum equations 
for each phase and thereby obtain another equation rela t ing the quality and 
void fract ion. He also assunned an isentropic equi l ibr ium expansion. This 
approach produced r e su l t s in the quality range 0.01-1.0, that were a lmost 
identical with the theore t ica l predic t ions of Ref. 9. It also exhibits a m a x i 
mum in a plot of flow ra te ve r sus quality, as was descr ibed above in the 
discuss ion of Moody's theore t ica l nnodel. 



CHAPTER III 

ANALYSIS 

A. The Cri t ical - f low Cr i t e r ion 

The one-dimensional explanation of a c r i t i ca l d ischarge for adiabatic 
s ingle-phase flow is well defined, both physically and mathemat ica l ly . 
Physical ly , the flow is choked at the throat of a converging nozzle or a 
c o n s t a n t - a r e a duct when the fluid is acce le ra ted to the sonic velocity 
assoc ia ted with the throat t e m p e r a t u r e . Since the fluid velocity is equal 
to the propagation velocity of a p r e s s u r e wave, the r ece ive r p r e s s u r e 
cannot propagate into the duct to acce le ra te the flow to a g r ea t e r velocity. 
Hence the flow is choked. The inability of the r ece ive r p r e s s u r e to 
propagate into the duct r ende r s the flow ra te independent of var ia t ions 
in P-D . Fo r subsonic flows in the above geomet r i ces , one a s s u m e s that 
Pj^ = Pg . Hence, mathennatically the exit p r e s s u r e is dec reased until this 
maximunn flow ra te is obtained. This condition may be expressed as 

= 0. 

The designation of constant entropy is a r e su l t of approximations to the one-
dimensional nnomentum equation, 

du dP ^^w de ,., , , 

Near the exit plane of a cons t an t - a r ea duct or a converging nozzle, the 
p r e s s u r e d e c r e a s e due to the inc rease in momentunn is assumed to be 
much l a r g e r than the losses due to friction and head drop . Therefore 
Eq. 3-1 r e su l t s in the approxinnate nnomentum equation 

( 3 -2 ) 

The isent ropic designation is assigned because the assumption of no wall 
friction makes the momentum equation r eve r s ib l e ; for adiabatic flow, this 
assumption implies an isent ropic expansion. 

A genera l express ion for the c r i t i ca l d ischarge ra te can be obtained 
by using the continuity and momentum equations. Differentiating the con
tinuity equation (Gv = u) and applying the cr i t ica l - f low c r i t e r ion gives 

( 3 - 3 ) 



Subs t i tu t ion of E q . 3-3 in to E q . 3-2 p r o d u c e s 

6 P 
Gl = 

/ s 

Note tha t th i s r e l a t i o n s h i p can be ob ta ined for flow in an a d i a b a t i c , 
f r i c t i o n l e s s , c o n s t a n t - a r e a duc t wi thou t u s ing the c r i t i c a l - f l o w c r i t e r i o n . 
T h i s r e s u l t i m p l i e s tha t the only n o n z e r o ve loc i ty tha t nnay e x i s t t h r o u g h 
out the duc t u n d e r t h e s e i dea l cond i t i ons i s the son ic v e l o c i t y . The above 
e x p r e s s i o n for G^ i s the r e l a t i o n s h i p for the max imunn nnass flow r a t e of 
a s i n g l e - p h a s e fluid at a g iven ex i t p r e s s u r e and t e m p e r a t u r e . Since the 
flow is i s e n t r o p i c , the p r e s s u r e and vo lume follow the p o l y t r o p i c p r o c e s s 
Pv ' = C w h e r e C i s a c o n s t a n t . T h e r e f o r e 

G ^ = ^ ^ ^ . (3-4) 
C V 

^e 

and the ve loc i ty a t the t h r o a t m u s t equa l 
^'e = g c ^ P e ^ e = ^"' (3-5) 

which indeed shows the t h r o a t ve loc i ty to be equa l to the speed of p r e s s u r e -
wave p r o p a g a t i o n . 

The s a m e a p p r o a c h w a s i n i t i a l l y a t t e m p t e d for t w o - p h a s e c r i t i c a l 
flow. P h y s i c a l r e a s o n i n g d i c t a t e d tha t i s e n t r o p i c a d i a b a t i c flow in a t w o -
p h a s e m e d i a would be a t h e r m o d y n a m i c e q u i l i b r i u m p r o c e s s , wh ich i m p l i e s 
t ha t the two p h a s e s have the s a m e ve loc i t y and t e m p e r a t u r e . ( F o r a o n e -
c o m p o n e n t sys tenn, the t e m p e r a t u r e of the fluid a l s o c o r r e s p o n d s to the 
s a t u r a t i o n t e m p e r a t u r e for a g iven s y s t e m p r e s s u r e . ) Th i s r e s u l t e d in 
the h o m o g e n e o u s e q u i l i b r i u m m o d e l . (The t e r m h o m o g e n e o u s i m p l i e s 
equa l v e l o c i t i e s for the p h a s e s . ) The d e v e l o p m e n t is i d e n t i c a l to tha t 
of E q s . 3-1 t h r o u g h 3-3 e x c e p t t ha t the spec i f i c v o l u m e i s def ined as 

V = ( 1 - X ^ ) Vg +Xj,Vg. 

With th i s def in i t ion of the spec i f i c volunne, the c r i t i c a l - f l o w equa t ion for 
h o m o g e n e o u s e q u i l i b r i u m flow m a y be w r i t t e n as 

'̂ "' ^ '"̂ ^̂ ^ ^ {x.fe) .(v,-.„(^) .,.-..) 

w h e r e the s u b s c r i p t e r e q u i r e s t ha t the s y s t e m v a r i a b l e s and t h e i r d e r i v a 
t i v e s be e v a l u a t e d at the ex i t p l a n e . (This no ta t ion wi l l be u s e d t h roughou t 
th i s r e p o r t . ) 



At modera te p r e s s u r e s (Pg < 200 psia), the re la t ive nnagnitudes of 
the specific volume and compress ib i l i ty of water with r e spec t to those of 
s t eam a re 

v^/vg < 1 0 -

and 

dv^' 

s 

ap 

<10 - 3 

S 

Thus, the honnogeneous equilibriunn c r i t i ca l flow equation may be approxi
mated as 

G^ 
•gc 

{-&)/-&!}• 
When x-^ < 10"^, so that X£;(Sv„/^P)g and (1 - X£;)(S v^/SP)^ a re of the same 
magnitude, Vg(Sx^/SP) is the only sizable t e r m in the equation. Hence any 
e r r o r induced by this approximation is insignificant. When x^; = 1.0 and 
(dx£;/SP)g = 0, which is the s ingle-phase case , the above re la t ion reduces 
to the s ingle-phase cr i t ica l - f low equation. 

Many investigators®'' '^^' '*' have shown that the flow ra te s predicted 
by the honnogeneous equi l ibr ium model a r e considerably l ess than those 
obtained exper imenta l ly . Two reasons a re usually cited to explain why 
the exper imenta l flow r a t e s a r e higher: 

1. The density difference between the phases allows g rea t e r 
acce le ra t ion of the gas than the liquid for the same p r e s s u r e d e c r e a s e . 
Consequently, the veloci t ies of each phase may differ significantly. The 
fact that the ra t io of the phase veloci t ies k = u /u^ (velocity rat io) is 
different from unity has been shown to be one r eason for a d iscrepancy 
between the homogeneous equilibriunn model and exper imenta l ciata.^"* 

2. Cr i t i ca l flow is c h a r a c t e r i z e d by la rge p r e s s u r e grad ien ts near 
the exit plane. In this region, the sys tem p r e s s u r e nnay dec rease so rapidly 
that the phase change cannot follow an equi l ibr ium p r o c e s s . At quali t ies 
l e s s than approximately 50%, where expansion produces net evaporation, 
a lag in the phase change would cause both the actual quality and the ra te 
of phase change to be l ess than their thermodynannic equilibriunn va lues . 
These two phenonnena would d e c r e a s e the compress ib i l i ty of the sys tem 
and thus r e su l t in a flow ra te g r e a t e r than the equi l ibr ium c a s e . 
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F o r flow in long ducts, the f i r s t reason above has received more 
attention than the second r eason . Several thermodynamic equi l ibr ium 
models,' '•'^'^^ which incorpora te the velocity ra t io , were d iscussed in 
Chapter II. These nnodels show good agreement at quali t ies of 0.01-1.00. 
However, all the models predic t velocity ra t ios that a re much higher than 
those witnessed at and near c r i t i ca l flow.^"*'^''"*' Consequently, these models 
a re useful co r re l a t ions , but they do not appear to co r rec t ly outline the 
actual var ia t ion of the physical paranne te rs . 

The second reason mentioned has rece ived lit t le attention. The 
at tempt to account for nonequilibriunn in the low-quality region has been 
one of assuming "frozen flow" (dx/dP = 0) at the exit plane, i .e. , no phase 
change at the throat.^'*''*^ This assumption has been used in conjunction with 
var ious cor re la t ions for the velocity ratio.^ However, the re la t ionship 
between this approximation and the physical p roces s is questionable because 
the "frozen-flow" assumption is used with the thermodynamic equi l ibr ium 
quality. This type of approach a s s u m e s that the fluid expands in an equi l ib
r i um manner to the exit plane and then pas se s through the exit in a frozen 
s ta te . A more logical si tuation would involve the p resence of a nonequil ib
r ium state before, as well as at, the exit, and as the fluid pa s se s through the 
exit plane, a phase change o c c u r s . In this s tate , the actual quality would not 
be equal to the thernnodynamic equilibriunn quality and dx /dP would not 
equal z e r o . 

To begin the theore t ica l study of two-phase c r i t i ca l flow, the 
c r i t e r ion can be de te rmined in light of exper imenta l evidence. As was 
shown e a r l i e r in this chapter , s ingle-phase choked flow can be re la ted 
to the speed of a p r e s s u r e - w a v e propagation. Such a concise re la t ionship 
is not easi ly de termined in a two-phase nnixture. However, severa l 
exper imenta l investigators®'^^'^' '^' have witnessed that the flow ra te 
r eaches a maximum with r e spec t to the r ece ive r p r e s s u r e and that a 
further reduction in this p r e s s u r e fails to change the flow. F r o m this 
exper imenta l information, one can mathemat ica l ly expres s the phenomenon 
as (SGc/SPg)„3J.-U = 0, since Pg and Pj^ a re theoret ical ly the same until 
the c r i t i ca l condition is obtained. The path r e s t r i c t i on on the par t ia l 
der ivat ive , however, cannot be immedia te ly specified as i sen t rop ic . To 
deternnine the nature of the path, one mus t examine the equations governing 
the behavior of a two-phase fluid. 

The one-dinnensional, steady-flow equations for adiabatic two-
phase flow in a constant a r e a duct a re given below.' '^' '^^ 

1. Continuity 

Fo r the vapor phase, 

l^(t£i) = 0. (3-6) 
dZ V vgx / ^ ' 



F o r the l iqu id p h a s e . 

d 
dZ 

Vi 

M o m e n t u m 

= 0. ( 3 -7 ) 

-dz = i^dzt^'g-'^'-'^'^^^ + ^ F + d z - ('-') 

3. E n e r g y 

^ [ ( l - K ) h , + xhg] = . ^ A [ ^ | + ( , . , ) „ y . (3-9) 

It w a s po in ted out p r e v i o u s l y t h a t an i s e n t r o p i c a d i a b a t i c e x p a n s i o n 
in t w o - p h a s e flow m u s t be in t h e r n n o d y n a m i c e q u i l i b r i u m . Hence e a c h p h a s e 
m u s t h a v e the s a m e v e l o c i t y and t e m p e r a t u r e . T h i s cond i t ion , un fo r tuna t e ly , 
d o e s no t e x i s t if n o n e q u i l i b r i u m s t a t e s and v e l o c i t y d i f f e r e n c e s a r e p r e s e n t . 
T h e s e i r r e v e r s i b l e p r o c e s s e s in the f r e e s t r e a m d i r e c t l y affect the 
m o m e n t u m e q u a t i o n b e c a u s e the c e n t r a l c o r e of the fluid i s no t i s e n t r o p i c . 
T h i s r e s u l t s u g g e s t s t h a t the c r i t e r i o n s e t fo r th in a s i n g l e - p h a s e flow i s 
not su f f i c ien t for t w o - p h a s e f low. 

E x a m i n a t i o n of the g o v e r n i n g e q u a t i o n s for t w o - p h a s e flow r e v e a l s 
t h a t the only one s y s t e m p r o p e r t y to be c o n s t a n t i s the s t a g n a t i o n e n t h a l p y . 
T h i s p r o p e r t y i s c o n s t a n t for any a d i a b a t i c f low. T h e r e f o r e the m o s t 
g e n e r a l c r i t e r i o n for c r i t i c a l flow i s 

(t), = 0. (3-10) 

Ho 

T h i s c r i t e r i o n m u s t hold for s i n g l e - o r t w o - p h a s e F a n n o flow. If the flow 
i s a p p r o x i m a t e l y i s e n t r o p i c , a s in the s i n g l e - p h a s e c a s e , then 

S G X fbG^ 

SP„ / " \ S P 
0 

= 0. 

^ s ' ^ ' H . 

B . G e n e r a l E q u a t i o n for C r i t i c a l F l o w 

B a s e d on the g e n e r a l c r i t e r i o n d i s c u s s e d above , one c a n d e r i v e a 
c r i t i c a l - f l o w r e l a t i o n s h i p t h a t i s va l i d for s i n g l e - o r t w o - p h a s e f low. 

Assunne tha t , l ike the s i n g l e - p h a s e c a s e , the m o m e n t u n n p r e s s u r e 
d r o p n e a r the ex i t p l ane i s m u c h l a r g e r than the s u m of the f r i c t i o n a l and 
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h e a d l o s s e s . T h i s a p p r o x i m a t i o n , p lus the r e s t r i c t i o n of c o n s t a n t s t a g n a t i o n 
en tha lpy , r e d u c e s the m o m e n t u m equa t ion to 

'^~^L ^ 't ^fr"g "• '̂ • "̂  "̂ WH. 

o r 

- 1 
gc ^Pe U 

[xk + ( 1 - x ) ] -}e] H . 
(3-11) 

I n t e g r a t i o n of the con t inu i ty e q u a t i o n s l e a d s to the fol lowing e x p r e s s i o n s : 

F o r the v a p o r p h a s e . 

a u 
xG = g 

V g 

for the l iqu id p h a s e , 

(1 - a) u^ 
( l - x ) G 

'^£ 

w h e r e 

a A „ / A and 1 - a = A « / A . 

T h e s e two i ndependen t r e l a t i o n s m a y be r e a r r a n g e d in to the following 
m o r e c o n v e n i e n t f o r m s : 

G = 
a k 1 - a 

L^g V i J 
U / (3-12) 

a n d 

X V , 

a k( 1 - x) v_g + xvg • 

E q u a t i o n 3-13 m a y be s u b s t i t u t e d in to E q . 3-12 and s i m p l i f i e d to 

k 

(3-13) 

G k( 1 - x) v^ + xVg u r 
(3-14) 



Substituting the continuity equation, Eq . 3-14, into the monnentum equation 
gives 

1 = 
_G__a_ ,'G[k(l - x ) v^ + xvg][xk + ( l - x ) f 

j H o 

The cr i t ica l - f low c r i t e r ion s ta tes 

aP, 

Therefore , 

<2 _ 

= 0. 

H. 

• g f 

[k(l -X) V^ + XVg] [xk -(- (1 - x ) ] 

}J 
(3-15) 

H„ 

This is the genera l express ion for s ing le - or two-phase c r i t i ca l flow. If 
the express ion is expanded, seve ra l order -of -magni tude approximations 
can be made . Differentiation of Eq. 3-15 re su l t s in 

G {[1 + x ( k - l ) ] x } 

+ {vg[l + 2x(k- 1)] + kv^[2(x- 1) + k(l -2x)]} 
Hn 

+ {k[l + x ( k - 2 ) - x2(k- 1)]} 

-(-^)(-.4)(ll) 
Hn 

H OJ 

(3-16) 

Two investigators^"*'^' have experinnentally deternnined the velocity 
ra t ios for c r i t i ca l flow at low p r e s s u r e s (15 psia < Pg < 40 psia) , and 
their r e su l t s show the magnitude to be of the o rder of 2 or 3, not 20 or 30. 
The velocity ra t io is mainly a r e su l t of the density difference between the 
phase s . Therefore , at higher p r e s s u r e s (P s 50 psia), the velocity ra t io 
should be even sma l l e r because the density difference is reduced. 
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Using the order -of -magni tude approxinnations l is ted on p. 18 and the 
exper imenta l fact that the velocity ra t io is 

k ~ 0(1) « A / - ^ ~ 0(10), V v_g 

one can simplify Eq. 3-16 to 

Gi = -gc^k ^1 + v„ri + [1 + x ( k - l ) ] x l ^ - ^ ; + v g [ l + 2 x ( k - l ) ] ( | | j 
Ho H, 

''<-=') f ( i ) IK 
HoJ 

(3-17) 

Equation 3-17 can be applied to s ingle-phase c r i t i ca l flows, which by 
definition requ i re that (SX/SP)TT =. 0, and that e i ther x = 0 or x = \, 
depending on whether the phase is liquid or gaseous . For gaseous flow 
(x = 1), Eq. 3-17 reduces to 

Gl -
B P . 

'cVSv 
ge /H, 

which is the same as the s ingle-phase equation der ived e a r l i e r in this 
chapter . (The equivalence of i sentropic and constant s tagnation-enthalpy 
paths for s ingle-phase flow was d i scussed previously in this chapter . ) 
Fo r liquid flow (x = 0), Eq. 3-17 r e su l t s in an infinite flow ra te , which 
is a consequence of the order -of -magni tude assumption that p r e sumes 
the liquid is i ncompress ib l e . 

C. An Approximation for Cr i t i ca l Flow at Low Quali t ies 

The par t i a l der iva t ives in Eq. 3-17 a re all cha rac t e r i s t i c of a non-
equi l ibr ium p roces s due to the nature of the flow. Since the only der ivat ives 
one can evaluate a re those of an equi l ibr ium p roces s , Eq. 3-17 could be 
solved if it could be re la ted to an equi l ibr ium p r o c e s s . 

Assume 

x = kNxrj. , (3-18) 

so that 

E 1^1 = kN, ̂ ^ L' "^Mh' """-M) (3-19) 
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where N is a cha rac t e r i s t i c paranneter of the sys tem. When x < 0.50, the 
net p rocess in a d e c r e a s i n g - p r e s s u r e field is one of evaporat ion. This 
implies that any lag in the phase change will cause the actual quality to 
be l ess than the thermodynannic equi l ibr ium value (x < x^,) In the large 
negative p r e s s u r e gradients assoc ia ted with c r i t i ca l flow, the average 
velocity of the gas should be g r e a t e r than that of the liquid (k > 1.0). These 
two facts r equ i re that (1) kN :S 1.0 and (2) N < 1.0. 

G^ 

Substitution of E q s . 3-18 and 3-19 into Eq. 3-17 produces 

c = -gc k | [ l + kNxE(k - 1)] k N x E ( ^ - ^ j ^ + ^g [1 + 2kNxE(k - 1)] 

Nxg( l -kNxj,) "4I?)HJ (3-20) 

If Xjg < 0.02, then (kNx-g) < 0.02, and if kg is no nnore than 2 or 3, severa l 

quantities a re smal l with r e spec t to unity. (It will be argued in Chapter V 
that, for one-component mix tures in this quality range, the velocity ra t io 
is very close to 1.0.) This approximation for low qualit ies (x-g < 0.02) 
sinnplifies Eq. 3-20 to 

^l -
N X T iK VgNl 

( ap/ + V 
Hn "^(^PL 

(3-21) 

where ( ^ X T ^ / S P ) is the derivat ive of a thermodynannic equi l ibr ium quantity. 

Hence, since it is an equilibriunn p a r a m e t e r , it is assoc ia ted with the 
r eve r s ib l e behavior of the adiabatic sys tem. The adiabatic and r eve r s ib le 
r e s t r i c t ions r equ i re that the p roces s be i sen t rop ic . When a p rocess is 
i sentropic and adiabatic, constant entropy and constant stagnation enthalpy 
are identical paths; this was also d iscussed in P a r t A of this chapter . 
This r e su l t s in 

(SI 
where (Bx-r/^Pg) may be evaluated from the s team t a b l e s . " 



T h e d e r i v a t i v e (Sv / ^ P ) i s d e t e r m i n e d b y t h e r e a l s y s t e m a n d 
g ^ Ho 

t h u s i s n o t a n e q u i l i b r i u m d e r i v a t i v e . H o w e v e r , t h e v a p o r e x p a n s i o n c a n 
b e r e p r e s e n t e d a s a p o l y t r o p i c p r o c e s s , a n d s i n c e h e a t i s b e i n g t r a n s f e r r e d 
t o t h e v a p o r a n d i t s t e m p e r a t u r e i s s t i l l d e c r e a s i n g , t h e p o l y t r o p i c e x p o n e n t 
n n u s t l i e b e t w e e n 1.0 < n < 1 .3 . I t i s d i f f i c u l t t o d e t e r n n i n e t h e v a l u e of n, 
b u t f o r xp. = 0 . 0 1 t h e t e r m x-^ibv^/'dP ) i s 10% of v ( ^ x g / S P g ) . T h e 

s HQ S HQ 

v a r i a t i o n of n a f f e c t s t h e f i n a l c a l c u l a t i o n of t h e c r i t i c a l f l ow r a t e b y 
o n l y 1%. T h u s i t m a k e s l i t t l e d i f f e r e n c e w h a t v a l u e i s a s s u m e d f o r t h e 
e x p o n e n t n . T o f a c i l i t a t e c a l c u l a t i o n s , t h e p o l y t r o p i c e x p o n e n t w i l l b e 
a s s u m e d t o b e u n i t y . 

E q u a t i o n 3 - 2 1 c a n n o w b e w r i t t e n a s 

g c 
Gc = ^ 

N 
^ E ^ g / ^ ^ E 

- P ^ - "gllF, , 'M^)HO 

(3 -22 ) 

E q u a t i o n 3-22 shows tha t the c r i t i c a l - f l o w e x p r e s s i o n for low 
q u a l i t i e s h a s b e e n r e l a t e d to t h e r m o d y n a m i c e q u i l i b r i u m p a t h s wi th 
r e s p e c t to the v a p o r e x p a n s i o n and the p h a s e c h a n g e . C o m p a r i n g th i s 
equa t i on wi th E q . 3-17 s h o w s t h a t only the v a r i a b l e N and i t s d e r i v a t i v e 
r e m a i n a s unknowns , w h e r e a s , p r e v i o u s l y one h a d to e v a l u a t e x, k, and 
t h e i r d e r i v a t i v e s . All the i r r e v e r s i b i l i t i e s i nvo lved in the r e a l p r o c e s s , 
s u c h a s s l i p b e t w e e n the p h a s e s and r e t a r d a t i o n of the p h a s e c h a n g e , a r e 
e n c o m p a s s e d by the t e r m s N_ and ( ^ N p / ^ P ) . 

« ^ HQ 

At low q u a l i t i e s [(1 - x) ~ 1], E q . 3-13 m a y be a p p r o x i m a t e d a s 

X = k - - ^ ^ — . (3-23) 
1 - a vg 

C o m p a r i n g E q s . 3 -23 and 3-18 shows tha t 

N = ,. ^ , . (3-24) 
x^{l -a) Vg 

The p a r a m e t e r N i s a c o m b i n a t i o n of p a r a n n e t e r s wh ich have b e e n d e t e r m i n e d 
e x p e r i m e n t a l l y in th i s s t udy . As w a s n o t e d p r e v i o u s l y , N i s a m e a s u r e of 
the d i f f e r ence b e t w e e n the r e a l and i s e n t r o p i c p r o c e s s e s at the poin t of 
chok ing . (Wall f r i c t i o n w a s n e g l e c t e d in bo th d e v e l o p m e n t s . ) If no i r r e v e r s 
i b i l i t i e s a r e p r e s e n t , N^ would equa l uni ty and ( S N g / ^ P g ) = 0. F i g u r e 1 

Ho 
shows e x p e r i n n e n t a l v a l u e s of Ng, wh ich i s c l e a r l y l e s s than uni ty , a s the 
r e s u l t of the i r r e v e r s i b l e p r o c e s s e s of s l i p b e t w e e n the p h a s e s and the 
n o n e q u i l i b r i u m n a t u r e of the p h a s e c h a n g e . 
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Fig. 1. Experimental Values of N, 

T o b e u s e f u l i n p r e d i c t i n g c r i t i c a l f l ow 
r a t e s , N m u s t b e c o r r e l a t e d w i t h r e s p e c t t o a n 
e q u i l i b r i u m q u a n t i t y s i n c e t h e e q u i l i b r i u m p a r a m 
e t e r s c a n b e e v a l u a t e d w i t h o u t w i t n e s s i n g t h e 
a c t u a l f l o w . F i g u r e 1 i l l u s t r a t e s t h e r e l a t i o n s h i p 
b e t w e e n Ng a n d X£;g f o r t h r e e d i f f e r e n t e x i t p r e s 
s u r e s . T h e v a r i a t i o n s i n t h e d a t a c a n r e s u l t f r o m 
i n a c c u r a c i e s i n t h e v o i d - f r a c t i o n n n e a s u r e m e n t o r 
f r o m a p r e s s u r e d e p e n d e n c y i n t h e r e l a t i o n s h i p 
b e t w e e n x-^ a n d Ng . A s a f i r s t a p p r o x i m a t i o n , 
a s s u m e t h a t N i s o n l y a f u n c t i o n of x j ^g . T h e 
d a t a p o i n t s of F i g . 1 w e r e c o r r e l a t e d w i t h a 
l i n e a r l e a s t - s q u a r e s t e c h n i q u e , w h i c h r e s u l t e d 
i n t h e f u n c t i o n p l o t t e d i n t h e f i g u r e . 

T o i n v e s t i g a t e t h e t e r m ( S N g / a P g ) ^ , o n e 

m u s t k n o w a x i a l p r o f i l e s of v o i d f r a c t i o n a n d 
p r e s s u r e . T h e v o i d - f r a c t i o n p r o f i l e s w e r e m e a s u r e d b y t r a v e r s i n g t h e 
d u c t w i t h t h e g a m m a - r a y e q u i p m e n t f r o m p o s i t i o n U 5 u p s t r e a n n of t h e t h r o a t 
a n d p r o c e e d i n g t h r o u g h t h e e x i t p l a n e . F i g 
u r e 2 d i s p l a y s t h e v a r i a t i o n s of P a n d N a s e 
f u n c t i o n s of Z n e a r t h e e x i t p l a n e f o r t h r e e 
e x p e r i m e n t a l r u n s of T e s t S e c t i o n R 7 .* T h e 
d e r i v a t i v e ( 3 N g / a P g ) T T m a y b e e x p r e s s e d 
a s t h e q u o t i e n t ( S N / S Z ) ^ / ( S P / S Z ) J ^ ^ e v a l u 
a t e d a t t h e e x i t p l a n e . A s i l l u s t r a t e d b y '• 
t h e g r a p h s i n F i g . 2, ( A P / A Z ) ^ ^ ^ i s l a r g e v e r y ^ 
n e a r t h e t h r o a t , b u t ( A N / A Z ) ^ ^ i s r e l a t i v e l y 
s m a l l . T h e r e f o r e , a s a f i r s t a p p r o x i m a t i o n , ^ 
( a N g / S P g ) p j m a y b e a s s u m e d t o b e z e r o . \' 
T h e v a l i d i t y of t h i s a p p r o x i m a t i o n w i l l b e 
d i s c u s s e d i n C h a p t e r V. ( N o t e t h a t in t h e . 
l o w e r i l l u s t r a t i o n of F i g . 2, t h e v a l u e of N 
a t p o s i t i o n U 5 i s g r e a t e r t h a n u n i t y , a n d i n 
f a c t i s i n f i n i t e a t t h i s p o i n t . T h i s a p p a r e n t 
c o n t r a d i c t i o n w i l l b e d i s c u s s e d i n S e c t i o n E : 
of C h a p t e r V, a n d a r g u m e n t s w i l l b e p r e 
s e n t e d t o s h o w t h a t t h i s b e h a v i o r i s n o t 
u n e x p e c t e d . ) T h e a s s u m p t i o n t h a t ( d N g / 
SPe)TT = 0 r e d u c e s E q . 3 - 2 2 t o 

gc 112-9292 

( 3 - 2 5 ) Fig-2. Experimentally Determined Axial 
Variations of N and P in the 
Vicinity of the Exit Plane 

'̂ The test sections used in this study are identified as R7, C7, and C120, where R and C refer to rectangular 
and circular cross-sectional areas of flow, respectively, and the numbers 7 and 120 refer to the number of 
degrees in the included angle of divergence of the expansion chamber. In some of the figures in this report, 
for the convenience of the reader, the test sections are labeled TS-R7, TS-C7, and TS-C120. 



or sinnply 

Gc 
G cHE N, 

(3-26) 

The above model used exper imenta l data for one-component, two-
phase c r i t i ca l flows to evaluate the paranneter N, and hence is only valid 
for such flows. It was shown that N simplified the t r ea tmen t of the par t ia l 
der iva t ives represen t ing the r a t e s of change of the phases and the velocity 
ra t io . It is in teres t ing to pursue a s imi la r derivat ion for two-component, 
two-phase c r i t i ca l flows at low qual i t ies . 

In two-component flow there is no phase change, and thus 
(Sx/aP)TT = 0. This condition reduces the previously der ived homogeneous 

• " o 

equil ibr ium cr i t ica l - f low equation to 

G c H 

' < ^ ) H, 
+ ( i - x y 

H, 
-< e 

The E subscr ip t is dropped from the quality because it is nneaningless to 
speak of an equi l ibr ium or a nonequil ibrium quality in a flow where there 
is no change of phase . The equil ibr ium notation is a lso dropped from the 
flow ra te to avoid confusion with the homogeneous equi l ibr ium equation for 
one-component flows. Since i r r e v e r s i b i l i t i e s may a r i s e due to a t e m p e r a 
ture difference between the phases , the equil ibrium re s t r i c t i on would requi r 
that the phases exist at the same tennperature . In the adiabatic expansion of 
air and water , the water loses heat to the a i r . For low-quality flows 
(x < 0.02), the m a s s of the liquid is so much l a r g e r than that of the air , 
that an equi l ibr ium expansion is approximately the same as an i so the rmal 
one. As has been d i scussed elsewhere,^^ the hea t - t r ans f e r r a t e s between 
the phases also appear to justify an i so the rmal approximation for the r ea l 
path of the fluid. Since there seems to be li t t le d iscrepancy between 
equil ibr ium and r e a l p r o c e s s e s with r e spec t to t empera tu re differences 
between the phases , the equi l ibr ium notation is not used in conjunction 
with two-component flow. 

F o r low-quality flows, the equi l ibr ium path may be approximated by 
the i so the rmal path. Thus the two-component homogeneous cr i t ica l - f low 
equation may be wri t ten as 

- g . 
' c H "'•a ̂  ( 1 - x ) 

Svg 

T 
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If the air is assumed to be a perfect gas, the re la t ive magnitude of the 
i so the rma l compress ib i l i ty of the water to that of a i r for p r e s s u r e s near 
a tmospher ic is 

B P / T 

51 10 i i 7 

Thus the conapressibi l i ty of the water may be neglected for x > 10"^. This 
approximation allows one to exp re s s the homogeneous c r i t i ca l flow ra te for 
two-component, two-phase flows as 

-z 

'""i^) 
The genera l equation of two-phase c r i t i ca l flow of two-conaponent 

fluids may be obtained by applying the (Sx/dP)TT = 0 c r i t e r ion to Eq. 3-16. 

(The sanae o rder -of -magni tude approximations apply here . ) The resu l t is 

^l = [1 + x ( k - 1)] X 
V . 

- x ( l - x ) - ^ 
k vap^Ho 

• 1 

( 3 -27 ) 

For low quali t ies (xg < 0.02), this re la t ion may be further simplified to 

G^ = A^) 
V , 

X 

- 1 

( 3 -28 ) 

The form of Eq . 3-28 r e s e m b l e s that of Eq . 3-22 in that the only remaining 
unknowns a r e k and (Sk / ^ P g ) , whereas previously they were Ng and 

(SNe/SPe)j j • It is not unexpected that there is a sinnilarity between k and 

N in the two-conaponent case as i l lus t ra ted by Eq. 3-18 when x = x-̂ . (two-
component flow). In this case , the re la t ion between N and k is 

N 1/k. 

In the d iscuss ion of one-component flow, it was s tated that N is a m e a s u r e 
of the i r r e v e r s i b i l i t i e s of the sys tem, which a re slip between the phases and 
re t a rda t ion of the phase change. In two-component flows, there is no phase 
change. Hence the only apparent i r r e v e r s i b i l i t y is a ve loci ty difference 
between the liquid and the g a s . The effect of this nonequil ibrium state is 
naeasured by k and i t s de r iva t ive . Therefore the quantity N is of no aid 
in two-component flow. 
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E x p e r i m e n t a l v a l u e s of the e x i t - p l a n e ve loc i t y r a t i o for t w o -
c o m p o n e n t , t w o - p h a s e c r i t i c a l f lows have b e e n r e p o r t e d in Ref. 14, The 
e v a l u a t i o n of the quan t i ty (Skg/BPg) , wh ich m a y be w r i t t e n a s (5k/SZ)TT / 

(ap/az)^^ 

m i n i n g (̂ ]N e 

, r e q u i r e s a x i a l v o i d - f r a c t i o n p r o f i l e s l ike t hose u s e d in d e t e r -

/3Pg)TT • Th i s i n f o r m a t i o n h a s no t ye t b e e n p u b l i s h e d in the 
0 

l i t e r a t u r e , bu t one m i g h t e x p e c t (akg/^Pg)TT to beconae snaal l , e i t h e r in the 

low v o i d - f r a c t i o n r e g i o n (ttg < 0.20), w h e r e w ide ly s e p a r a t e d b u b b l e s a r e 
e n t r a i n e d in the l iqu id , o r a t e l e v a t e d p r e s s u r e s w h e r e the d e n s i t y r a t i o 
i s snaa l l . The a s sunap t ion of (SNg/oPg)TT = 0 for o n e - c o m p o n e n t flow d o e s 

not in fe r in any way tha t (Sk / ^ P g ) = 0 for two-conaponen t f low. D i f f e r -

en t i a t ing E q . 3-18 and s e t t i n g ( S N g / o P e ) ^ = ^ r e v e a l s t ha t for s u c h a c o n -
HQ 

di t ion to e x i s t , the fol lowing r e l a t i o n naust hold: 

X c 

ap. = < 
e /Hr 

X 
kVap/Ho^ XE\ ap/jj^ 

An i n t e r p l a y b e t w e e n the c h a n g e of p h a s e and the v e l o c i t y - r a t i o d e r i v a t i v e s 
cou ld r e s u l t in (aNg/SPe)TT = 0. Such an i n t e r p l a y i s no t p o s s i b l e in t w o -

c o m p o n e n t f low. The a s s u m p t i o n tha t ( S k g / ^ P g ) = 0 shou ld p r o d u c e an 

asyna to t i c so lu t ion wh ich b e c o m e s m o r e e x a c t a t s m a l l void f r a c t i o n s o r 
e l e v a t e d p r e s s u r e s . T h i s s i m p l i f i e s E q . 3-28 to 

^l -
•grkP> 

X V , 
(3-29) 

g 

o r 

G, 

c H 
e" 

(3-30) 

The above r e l a t i o n s for o n e - and two-conaponen t , t w o - p h a s e 
c r i t i c a l f lows a long wi th p r e v i o u s t h e o r e t i c a l naodels a r e c o n a p a r e d wi th 
e x p e r i m e n t a l d a t a in C h a p t e r V. 
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C H A P T E R IV 

E X P E R I M E N T A L INVESTIGATION 

The e x p e r i n a e n t a l c r i t i c a l - f l o w da ta w e r e ob ta ined with the i n s t r u 
m e n t e d t e s t s e c t i o n ex tend ing f r o m the b low-down v e s s e l a s shown in the 
s c h e m a t i c d iag rana of the e x p e r i m e n t a l a p p a r a t u s (F ig . 3). The o p e r a t i n g 
p r o c e e d u r e , t e s t s e c t i o n , and m a j o r componen t , a s we l l a s b a s i c n a e a s u r e -

m e n t t e c h n i q u e s , a r e d e s c r i b e d in 
t h i s c h a p t e r . The r e s u l t i n g e x p e r i 
m e n t a l da ta a r e s u m m a r i z e d in 
t a b u l a r f o r m in Appendix D. 

A. O p e r a t i n g P r o c e d u r e 

The o p e r a t i n g p r o c e d u r e i s 
a s fo l lows: 

1. The fac i l i ty was f i l led 
wi th d e m i n e r a l i z e d w a t e r at 70°F. 
The w a t e r w a s c i r c u l a t e d t h r o u g h 
the 85-kW e l e c t r i c a l h e a t e r unde r 
suff ic ient p r e s s u r e to r e t a i n a 

l iquid s t a t e t h r o u g h o u t the fac i l i ty . This p r o c e d u r e con t inued unt i l the 
w a t e r in the b low-down v e s s e l a t t a i n e d the r e q u i r e d ( p r e d e t e r m i n e d ) 
t e n a p e r a t u r e . 

2. The e l e c t r i c a l h e a t e r w a s t u r n e d off, and c i r c u l a t i o n w a s con 
t inued to m i n i m i z e any t e m p e r a t u r e s t r a t i f i c a t i o n in the v e s s e l . When a 
u n i f o r m t e m p e r a t u r e w a s ob ta ined , c i r c u l a t i o n w a s h a l t e d and the v e s s e l 
w a s i s o l a t e d f r o m the hea t i ng loop. 

3. The e x p e r i m e n t a l run w a s t aken by opening the va lve to the 
t e s t s e c t i o n whi le p r e s s u r i z i n g the v e s s e l wi th n i t r o g e n frona the top . The 
n i t r o g e n w a s supp l i ed at a suff ic ient r a t e to m a i n t a i n a c o n s t a n t v e s s e l 
p r e s s u r e , wh ich w a s g r e a t e r than the c o r r e s p o n d i n g s a t u r a t i o n p r e s s u r e , 
t h e r e b y e n s u r i n g a l iqu id s t a t e in the v e s s e l . 

B . The B l o w - d o w n V e s s e l 

112-9310 

Fig. 3. Experimental Apparatus, Schematic Diagram 

The v e s s e l w a s c o n s t r u c t e d f r o m a 2 1 - i n . - I D s t e e l c y l i n d e r , 
180 in. long, wi th 2-2-in. w a l l s . It could hold a p p r o x i m a t e l y 2000 lb of 
w a t e r and w a s h y d r o s t a t i c a l l y t e s t e d to 2200 p s i a long wi th the r e s t 
of the b a s i c a p p a r a t u s . 

C. N i t r o g e n S y s t e m 

The n i t r o g e n s y s t e m c o n s i s t e d of s i x n i t r g o e n b o t t l e s and two 
d e l i v e r y l i n e s . The low-f low d e l i v e r y l ine w a s g o v e r n e d by a V i c t o r 
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air regulator and was capable of maintaining the tank pressure to within 
±1 psi. The high delivery system, used for large flow rates, was controlled 

by an air-driven, l/2-in. Annin 
TEST SECTION C7 valve, which naaintained the 

pressure to within ±2 psi. 

D. Test Sections 

'^'' SECTION^̂ O ^ ^^^^ f ^ ^ ^ ̂ ^^^^ ^^^^ 

sections were obtained in this 
experimental investigation. The 
test sections were 36 in. long 
and constructed of Type 304 
stainless steel. Figure 4 shows 
the test sections and their 
pertinent overall dimensions, 
and Table I lists the location 
of all pressure taps in each 
section. There was no readily 
available method for making 
the sections in one piece 
because of their length. Con

sequently, each test section was fabricated in two parts. The details of 
how the sections were constructed are given in Appendix A. 

TABLE I. Pressure-tap Locations in Test Sections 

112-9309 

Fig. 4. Schematic Diagram of Test Sections Used in This 
Experiment, Showing Important Dimensions 

Position 

U8 

U7 

U6 

U5 

U4 

U3 

U2 

Ul 

Exit 

Dl 

D2 

D3 

D4 

Test Section 

Distance 
from Exit 

Plane, 
in. 

+30.0 

+15.0 

+6.0 

+2.747 

+1.498 

+0.502 

+0.032 

+0.011 

0.000 

-0.123 

-0.500 

-1.002 

-2.5 

C7 

Accuracy 
of Pressure 

Measurement, 
psi 

±2.0 

±2.0 

±2.0 

±2.0 

±1.0 

±1.0 

±1.0 

±1.0 

±0.10 

±1.0 

±1.0 

±1.0 

±1.0 

Position 

U7 

U6 

U5 

U4 

U3 

U2 

Ul 

Exit 

Dl 

D2 

03 

04 

Test Section C120 

Distance 
from Exit 

Plane, 
in. 

+30.0 

+15.0 

+6.0 

+2.747 

+ 1.500 

+0.505 

+0.031 

+0.010 

-0.001 

-0.068 

-0.129 

-0.247 

Accuracy 
of Pressure 

Measurement, 
psi 

±2.0 

±2.0 

±2.0 

±2.0 

±1.0 

±1.0 

±1.0 

±0.10 

±1.0 

±1.0 

±1.0 

±1.0 

Position 

U8 

U7 

U6 

U5 

U4 

U3 

U2 

Ul 

Exit 

Dl 

D2 

D3 

D4 

Test Section 

Distance 
from Exit 

Plane, 
in. 

+30.0 

+15.6 

+6.0 

+3.250 

+2.000 

+ 1.250 

+0.687 

+0.127 

+0.010 

-0.5 

-1.0 

-3.5 

-5.0 

R7 

Accuracy 
of Pressure 
Measurement, 

psi 

±2.0 

±2.0 

±2.0 

±2.0 

±1.0 

±1.0 

±1.0 

±1.0 

±0.10 

±1.0 

±1.0 

±1.0 

±1.0 

Test Sections C7 and CI 20 were made to investigate the effect of 
the downstream geometry on the critical-flow data. This effect is discussed 
in Chapter V. Test Section R7 was constructed for two reasons: 



1. The different geomet r ica l configuration enabled the effect of 
c r o s s - s e c t i o n a l geometry on the c r i t i ca l flow rate to be studied, 

2. The width of the channel (0,930 in.) provided a suitable empty-
full ra t io so that the g a m m a - r a y attenuation technique for measur ing void 
fractions would give reasonably accura te r e su l t s . 

E, P r e s s u r e Measurement 

All p r e s s u r e m e a s u r e m e n t s , except for the exit p r e s s u r e in the 
40-60-ps ia range, were obtained using Bourdon-tube p r e s s u r e guages, 
which were per iodical ly ca l ibra ted against a dead-weight t e s t e r . The 
accuracy of each p r e s s u r e measu remen t , for 40 ps ia < Pe — ^^ psia, is 
l is ted in Table 1. The exit p r e s s u r e in this range was de termined by a 
100-in. m e r c u r y manomete r , which m e a s u r e d p r e s s u r e s accura te to 
within ±0.1 ps i . 

For exper imenta l runs taken at exit p r e s s u r e s of 100 and 150 psia, 
the exit p r e s s u r e was r ecorded b y a Bourdon-tube gauge which was accura te 
within ±1.0 ps i . F o r these runs, all p r e s s u r e m e a s u r e m e n t s other than the 
throat m e a s u r e m e n t were accura te to within ±2,0 ps i . 

The exit p r e s s u r e was always m e a s u r e d by the ups t r eam tap located 
c loses t to the exit plane. Tes t Section C120 had a 0.01 0- in . -d iam p r e s s u r e 
tap located 0.001 in. downst ream of the throat . Since p a r t of the tap was in 
a very l o w - p r e s s u r e field, it was concluded that the tap would not produce 
a p r e s s u r e represen ta t ive of the exit plane. The m e a s u r e m e n t recorded by 
the wall tap located 0.010 in. u p s t r e a m of the throat was used as the exit 
p r e s s u r e for Tes t Section C120. 

F . F low- ra t e Measuremen t 

Since the blow-down v e s s e l was quite tal l and the water in the tank 
was always maintained in a subcooled s ta te , a convenient method for 
measur ing the flow rate was to de te rmine the t ime in terval for a given 
head drop in the ves se l . The t ime in terva l was m e a s u r e d with a stopwatch, 
and the head drop by a Statham ±5-ps i differential p r e s s u r e t r ansducer , 
which was connected to p r e s s u r e taps located at the bottom and top of the 
tank as shown in Fig. 3, The input signal to the t r ansduce r was provided 
by a Hewle t t -Packard power supply, and the output was read on a four-digit 
Hewle t t -Packard digital vo l tmeter . The head of ni trogen above the water 
was taken into account by assuming the ni t rogen was at the same t e m p e r a 
ture as the water resul t ing in a 1-2% cor rec t ion in the flow ra t e . 

This method was checked by filling the tank with cold water and 
then blowing it down into a weight tank. The f low-rate m e a s u r e m e n t always 
compared with the weight- tank value within 2% and was usually within 1%. 
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The d i f f e r en t i a l t r a n s d u c e r w a s c a l i b r a t e d wi th a m e r c u r y m a n o m e 
t e r be fo re and a f te r e a c h r un . 

G. T e m p e r a t u r e M e a s u r e m e n t 

Two t h e r m o c o u p l e s w e r e u s e d in the b l o w - d o w n s y s t e m , A C h r o m e l -
A l u m e l t h e r m o c o u p l e w a s u s e d in the tank, and an i r o n - c o n s t a n t a n t h e r m o 
couple w a s u s e d in the 1 /2- in , p ipe l ead ing to the t e s t s e c t i o n . Both w e r e 
c a l i b r a t e d in a s i l i c o n oi l ba th u s ing a p l a t i n u m r e s i s t a n c e t h e r m o m e t e r a s 
the s t a n d a r d , A M u e l l e r b r i d g e and a L e e d s & N o r t h r u p g a l v a n o m e t e r w e r e 
u s e d to d e t e r m i n e the t e m p e r a t u r e of the p l a t i n u m r e s i s t a n c e t h e r m o m e t e r , 
and the t h e r m o c o u p l e s w e r e r e a d on a L e e d s & N o r t h r u p p o t e n t i o m e t e r . 

Dur ing a t e s t run , both t h e r m o c o u p l e s w e r e r e c o r d e d and a g r e e 
m e n t of ±0 ,5°F w a s a t t a i n e d when the s y s t e m w a s in a l iquid s t a t e a t 
both t h e r m o c o u p l e s . F o r the h i g h e r - q u a l i t y r u n s (x > 0.03), the down
s t r e a m couple w a s l o c a t e d in a t w o - p h a s e m i x t u r e . C o n s e q u e n t l y , i t s 
t e m p e r a t u r e w a s l o w e r than the t ank t e m p e r a t u r e . In th i s s i t ua t i on , 

the t ank couple w a s c o n s i d e r e d the 
s t a g n a t i o n t e m p e r a t u r e , 

H, V o i d - f r a c t i o n M e a s u r e m e n t 

Void f r a c t i o n s w e r e m e a s u r e d by 
the g a m m a - r a y a t t e n u a t i o n a p p a r a t u s 
shown in F i g , 5. The g a m m a - r a y s o u r c e 
w a s t h u l i u m - 1 7 0 , wh ich h a s e n e r g y p e a k s 
at 84 and 52 keV and a ha l f - l i f e of 129 d a y s . 

SOURCE 

^ ^ ^ ^ \ t \ \ - y "SECTION 
- 6 in.—-H k-3in—J 

PHOTOMULTIPLIER T U B E ' COOLING COILS 
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Fig. 5. Apparatus Used to Measure 
Void Fractions H o o k e r a n d P o p p e r d e r i v e d a n 

e x p r e s s i o n r e l a t i n g t h e v o i d f r a c t i o n of 
a t w o - p h a s e m i x t u r e a n d t h e a t t e n u a t i o n of g a m m a r a y s b e a m e d t h r o u g h 
s u c h a m i x t u r e . T h i s e x p r e s s i o n m a y b e w r i t t e n a s 

a ^n(0/0fJ/M0o/0f), (4-1) 

w h e r e 0o, 0f, and 0 a r e the e m p t y , full, and t w o - p h a s e s i g n a l s , r e s p e c t i v e l y . 

The d e r i v a t i o n for Eq . 4 - 1 is b a s e d on the p r e m i s e tha t the a t t e n u a 
t ion of a g a m m a b e a m is an e x p o n e n t i a l funct ion of the a b s o r p t i o n t h i c k n e s s 
and the a t t e n u a t i o n coef f ic ien t a s shown in the following equa t ion : 

I = (lo) exp( - f iy ) . ( 4 - 2 ) 

The a t t e n u a t i o n coef f ic ien t r e p r e s e n t s the s u m m a t i o n of the b e a m 
a t t e n u a t i o n due to s c a t t e r i n g and a b s o r p t i o n of the g a m m a r a y s , wh ich for 
the g a m m a - r a y e n e r g i e s c h a r a c t e r i s t i c of t h u l i u m - 1 7 0 is 80% s c a t t e r i n g 
and 20% a b s o r p t i o n . ^ 
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The rela t ionship given in Eq, 4-1 is based on two assumpt ions : 

1. The ganama-ray beam is monoenerget ic . 

2. The beam is attenuated in s e r i e s by the phases . (Series 
attenuation indicates that the gamma beam is perpendicular to distinct 
l ayers of each phase, as opposed to pa ra l l e l attenuation where the beam 
is pa ra l l e l to the l aye r s of each phase.) 

The sources available at Argonne National Labora tory a re encap
sulated in aluminum. Chr is tensen m e a s u r e d the energy spec t rum of the 

encapsulated source . This spec t rum is shown in 
Fig, 6, The gamma beam is far from being mono-
energet ic . However, Chr is tensen also conducted 
an exper iment to de termine the var ia t ion in the 
g a m m a - r a y signal to the detector as a function 
of the void fraction. His resu l t s show that the 
attenuation can st i l l be descr ibed by a single ab
sorpt ion coefficient. Hence the formulation given 
in Eq, 4-1 sti l l descr ibes the void fraction. 
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Fig. 6 

Gamma-ray Energy Spectrum 

Gouse d i s c u s s e d the u n c e r t a i n t y of the 
g a m m a - r a y a t t e n u a t i o n t e chn ique due to the d i s 
t r i b u t i o n of the p h a s e s . He showed tha t s y s t e m s 
wi th l a r g e e m p t y - t o - f u l l r a t i o s a s l a r g e a s 10^ 
a r e qui te s e n s i t i v e to the a s s u m p t i o n of s e r i e s o r 
p a r a l l e l a t t e n u a t i o n . In th i s s tudy , the e m p t y - t o -
full r a t i o w a s r a t h e r s m a l l (1.3) , H e n c e the d e g r e e 

of u n c e r t a i n t y w a s v e r y s m a l l . The flow r e g i m e s w i t n e s s e d at c r i t i c a l 
flow '"* a p p e a r e d as t h o r o u g h l y d i s p e r s e d m i x t u r e s wh ich a r e b e s t r e 
p r e s e n t e d by the s e r i e s - a t t e n u a t i o n m o d e l . T h u s the d e g r e e of u n c e r t a i n t y 
w a s r e d u c e d even m o r e . The l ead c o l l i m a t o r and d e t e c t o r window m i n i m i z e d 
the add i t i ona l g e o m e t r i c e f fec ts d e s c r i b e d by G o u s e , 

P e t r i c k and Swanson d e s c r i b e d p o s s i b l e e r r o r s in the " o n e - s h o t " 
t echn ique (the wid th of the d e t e c t o r window i s w i d e r than the channe l ) r e 
su l t ing f r o m a po in t s o u r c e and p r e f e r e n t i a l p h a s e d i s t r i b u t i o n s . T h e s e 
s o u r c e s of e r r o r w e r e e l i m i n a t e d by us ing a s o u r c e tha t w a s w i d e r t han 
the channe l . 

The n e g a t i v e h igh vo l t age w a s supp l i ed to the d e t e c t o r by an 
H V P 5 - 6 1 5 1 1 (500-1500 V) supp ly , and the d e t e c t o r was an RCA 6199 
p h o t o m u l t i p l i e r t u b e . The s i g n a l g e n e r a t e d by the g a m m a b e a m w a s 
ampl i f i ed by a Kie th l ey c u r r e n t a m p l i f i e r and r e c o r d e d on a B r o w n 
E l e c t r o n i k R e c o r d e r wh ich had a 0 , 2 5 - s e c r e s p o n s e t i m e . 

An e r r o r a n a l y s i s for the g a m m a - r a y a t t e n u a t i o n us ing the above 
a p p a r a t u s i s p r e s e n t e d in Append ix B , 
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C H A P T E R V 

DISCUSSION O F T H E R E S U L T S 

A. Va l id i ty of the O n e - d i m e n s i o n a l , S t e a d y - s t a t e A p p r o a c h 

The e q u a t i o n s d e r i v e d m C h a p t e r III a r e b a s e d on the a s s u m p t i o n s 
of one d i m e n s i o n a l i t y and s t eady s t a t e . T h e s e a s s u m p t i o n s a r e a p p r o x i -
naa t ions to the r e a l s i t ua t ion and a r e va l id only m l i m i t e d r e g i o n s . F o r 
e x a m p l e , m s i n g l e - p h a s e flow, the o n e - d i m e n s i o n a l a p p r o x i m a t i o n i s va l id 
only for h igh R e y n o l d s n u m b e r s , w h e r e the ve loc i ty p ro f i l e i s a l m o s t f lat . 
An i n v e s t i g a t i o n by Andeen and Griffith^ i n d i c a t e d t h a t an e x p e r i m e n t a l 
j u s t i f i c a t i o n of the o n e - d i m e n s i o n a l and s t e a d y - s t a t e a p p r o x i m a t i o n s w a s 
n e c e s s a r y b e f o r e t h e s e a s s u m p t i o n s could be u s e d m any t w o - p h a s e flow 
m o d e l . 

A n d e e n and Gr i f f i th i n v e s t i g a t e d t h e s e a p p r o x i m a t i o n s for s u b c r i t i c a l , 
t w o - p h a s e , a i r - w a t e r f lows . They m e a s u r e d the m o m e n t u n a flux by an i m 
p u l s e m e t h o d and a l s o m e a s u r e d the a v e r a g e void f r a c t i o n m the t e s t s e c 
t ion by m e a n s of q u i c k - c l o s i n g v a l v e s . T h e i r r e s u l t s show c o n c l u s i v e l y 

that , for l o w - v e l o c i t y flows ( s m a l l ax i a l 
p r e s s u r e g r a d i e n t s ) , the o n e - d m a e n s i o n a l , 
s t e a d y - s t a t e m o m e n t u m flux, v/hich i s c a l 
c u l a t e d f r o m the m e a s u r e d void f r a c t i o n 
and qua l i ty , i s c o n s i d e r a b l y l e s s than the 
m e a s u r e d flux T h i s i s i l l u s t r a t e d m F i g . 7 
w h e r e the m e a s u r e d m o m e n t u m flux i s c o m 
p a r e d to the p r e d i c t e d c u r v e s of the o n e -
d i m e n s i o n a l , s t e a d y - s t a t e m o d e l i n c o r p o r a t 
ing v a r i o u s v a l u e s for the void f r ac t i on . 
T h e m o m e n t u m m u l t i p l i e r u s e d m F i g . 7 i s 
def ined m Ref. 1 a s 

Measured 
d Fraction 

112-9313 Rev. 1 

Fig 7 Air-Water Results of Andeen and 
Griffith^ 

M M 
F O R C E 

G^A 

A n d e e n a n d G r i f f i t h p r e s e n t t h r e e r e a s o n s f o r t h i s d e v i a t i o n , 
( l ) u n s t e a d y f l u c t u a t i o n s s u c h a s s l u g g i n g , (2) t w o - d i m e n s i o n a l v e l o c i t y 
p r o f i l e s , a n d (3) t u r b u l e n t f l u c t u a t i o n s A l l t h e a b o v e r e a s o n s c a u s e t h e 
r e a l m o m e n t u m t o b e g r e a t e r t h a n t h e o n e - d i m e n s i o n a l , s t e a d y - s t a t e c a s e . 

A l t h o u g h t h e d a t a a n d c o n c l u s i o n s of A n d e e n a n d G r i f f i t h a r e q u i t e 
v a l i d a t l o w v e l o c i t i e s , t h e i r e x p e r i m e n t a l a p p a r a t u s c o n t a i n s p o s s i b l e 
e r r o r s f o r t h e h i g h v e l o c i t i e s c h a r a c t e r i s t i c of t w o - p h a s e c r i t i c a l f l o w . 
S i n c e t h e m e a s u r e d m o m e n t u m f l u x i s t h a t of t h e e x i t p l a n e , t h e e x i t v o i d 
f r a c t i o n i s r e q u i r e d t o c a l c u l a t e t h e m o m e n t u m e f f l u x p r e d i c t e d u n d e r t h e 
o n e - d i m e n s i o n a l , s t e a d y - s t a t e a p p r o x i m a t i o n s T h e q u i c k - c l o s m g - v a l v e 
m e t h o d of m e a s u r i n g v o i d f r a c t i o n s g i v e s a n a v e r a g e v o i d f r a c t i o n o v e r a 
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given axial length. This average void fraction is r epresen ta t ive of the exit 
void fraction only when the momentum p r e s s u r e drop is small compared to 
fr ict ional p r e s s u r e l o s s . When the momentum p r e s s u r e drop is the p r e 
dominant t e r m in the momentum equation, as it is in c r i t i ca l flow, the 
quick-c los ing-valve technique is no longer a reasonably accura te method 
of obtaining the exit void fraction. Hence, in flows cha rac te r i zed by large 
axial p r e s s u r e gradients , one mus t de te rmine the exit void fraction before 
the one-dimensional approximation is advocated or condemned. 

The total p r e s s u r e drop is the summation of the momentum and 
frictional p r e s s u r e drops when the head drop is negligible. That is , AP-p = 
A P ^ + APf. 

If Eqs , 3-6 and 3-7 a r e substi tuted in Eq. 3-8, the momentum p r e s 
sure drop for smal l -qual i ty (x^- < 0.02 -* naomentum of the vapor « m o 
mentum of the liquid) flow may be expressed as 

G 2 

APM = ^ ( r ^ r r ^ ) - ^'-'^ 
Rose and Griffith'*" have shown that frictional p r e s s u r e l o s se s may be es t i 
mated by 

where u |̂̂  i s the homogeneous velocity, 

G 
u.. (5-3) 

m p^( l - a ) + a p g ' 

and p is the two-phase density, 

p = apg + (1 - a ) p^ . (5-4) 

With the above equations, the total p r e s s u r e drop, based on the one-
dimensional , s t eady-s t a t e assumption, may be computed if the void fractions 
a r e known. This calculated p r e s s u r e drop can then be compared with the 
actual p r e s s u r e d e c r e a s e to de te rmine the validity of the assumed 
conditions. 

In this work, the void fract ions w e r e m e a s u r e d by the g a m m a - r a y 
attenuation technique at the exit plane and five posit ions ups t r eam. The 
one-dimensional , s t eady-s ta te p r e s s u r e drop was then calculated by s t a r t 
ing at the furthest point u p s t r e a m and summing the momentum and frictional 
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l o s s e s f r o m point to po in t . The f r i c t i o n a l 
l o s s e s w e r e b a s e d on an a v e r a g e void 
f r a c t i o n b e t w e e n the two po in t s and an 
a v e r a g e f r i c t i on f ac to r of f = 0 .020. T h e 
f r i c t i o n f ac to r i s a c t u a l l y a funct ion of 
the R e y n o l d s n u m b e r a s i l l u s t r a t e d in 
Ref. 40. H o w e v e r , for the R e y n o l d s n u m 
b e r s in t h i s s tudy (1.7 x 10^-4.9 x 10^), 
the e x p e r i m e n t a l c u r v e shown by R o s e 
and Gr i f f i th would have to be e x t r a p o l a t e d . 
S ince the e x t r a p o l a t i o n would be q u e s t i o n 
ab le and the p r e s s u r e - d r o p c a l c u l a t i o n s 
showed the f r i c t i o n a l l o s s e s to be only 
10-20% of the t o t a l p r e s s u r e d r o p , the 
above f i gu re w a s c h o s e n a s a r e p r e s e n 
t a t i v e m a g n i t u d e for the f r i c t ion f a c t o r . 

0 
EXIT 

F i g u r e 8 shows the a g r e e m e n t 
b e t w e e n the c a l c u l a t e d and m e a s u r e d p r o 
f i l e s for two r u n s of T e s t Sec t ion R7 . 
T a b l e II l i s t s the m e a s u r e d and c a l c u l a t e d 
t o t a l p r e s s u r e d r o p s b e t w e e n p o s i t i o n U5 
and the exi t p l ane for a l l the r u n s of T e s t 
Sec t ion R7 w h e r e t h i s type of v o i d - f r a c t i o n 
d a t a w a s ob ta ined . As i s d e m o n s t r a t e d 
by the g r a p h s and the t ab l e , t he a g r e e m e n t 

i s qu i t e good, i nd i ca t i ng tha t a o n e - d i m e n s i o n a l , s t e a d y - s t a t e a p p r o a c h r e a 
sonably a p p r o x i m a t e s the p h y s i c a l s i t ua t i on for h i g h - v e l o c i t y f lows . 

AXIAL LENGTH, in. 

112-9293 

Fig. 8. Comparison between Experimental 
Pressure Profiles and Those Predicted 
by Void-fraction Data 

T A B L E I I . C o m p a r i s o n b e t w e e n M e a s u r e d a n d 

C a l c u l a t e d T o t a l P r e s s u r e D r o p 

A P T > psi 
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Fig. 9. Comparison of Data for 
Test Sections R7 and C7 

B . G e o m e t r i c a l C o m p a r i s o n s 

F i g u r e 9 c o m p a r e s t h e d a t a 
of T e s t S e c t i o n s R 7 a n d C 7 a t 50 p s i a . 
T h e e x c e l l e n t a g r e e m e n t b e t v / e e n t h e 
r e s u l t s of t h e t w o t e s t s e c t i o n s i n d i 
c a t e s t h a t t h e c r o s s - s e c t i o n a l g e o m 
e t r y of t h e c h a n n e l ( r e c t a n g u l a r a s 
o p p o s e d t o c i r c u l a r ) d o e s n o t s i g n i f i 
c a n t l y i n f l u e n c e t h e f l ow . T h i s g e o 
m e t r i c a l i n d e p e n d e n c e c a n b e d e d u c e d 
a s a n o t h e r e x p e r i m e n t a l j u s t i f i c a t i o n 
of t h e o n e - d i m e n s i o n a l a s s u m p t i o n , 
w h i c h s u b s t a n t i a t e s t h e c o n c l u s i o n 
d r a w n i n S e c t i o n A of t h i s c h a p t e r . 

T h e s m a l l d e v i a t i o n s b e t w e e n T e s t S e c t i o n s R 7 a n d C 7 f o r x g > 0 . 0 3 
a r e d i s c u s s e d i n P a r t F of t h i s c h a p t e r . 

C . E x i t - p r e s s u r e M e a s u r e m e n t 

.\\\\\\\\\\\\\\\\\\\\\\\vc 

F i g u r e 10 d e m o n s t r a t e s t he t h e o r e t i c a l b e h a v i o r of the p r e s s u r e 
p r o f i l e s in a c o n s t a n t - a r e a duc t for s u b c r i t i c a l and c r i t i c a l f lows . The 
f igu re shows tha t when the r e c e i v e r 
p r e s s u r e i s l e s s than the t h r o a t p r e s 
s u r e , the flow i s choked , and u n d e r 
t h i s condi t ion , a p e r t u r b a t i o n in the 
r e c e i v e r p r e s s u r e d o e s not affect 
the u p s t r e a m p r e s s u r e p r o f i l e . One 
should be ab l e to i n c r e a s e the r e 
c e i v e r p r e s s u r e f r o m P o i n t d to 
P o i n t b wi thout af fect ing any of the 
u p s t r e a m c o n d i t i o n s . At P o i n t b, 
the r e c e i v e r p r e s s u r e i s e x a c t l y 
equa l to the t h r o a t p r e s s u r e ; t h i s i s 
the h i g h e s t r e c e i v e r p r e s s u r e t ha t 
wi l l p e r m i t c r i t i c a l flow for g iven 
u p s t r e a m s t a g n a t i o n c o n d i t i o n s . 

I -; 

112-9281 
Length 

Fig. 10. Theoretical Pressure Profiles for Subcritical 
and Critical Flows in a Constant-area Duct 

T a b l e I I I s u m m a r i z e s s o m e 
of t h e t w o - p h a s e c r i t i c a l - f l o w i n v e s 
t i g a t i o n s d i s c u s s e d i n C h a p t e r I I . 
E a c h i n v e s t i g a t i o n u s e d a t e s t s e c t i o n s i m i l a r t o t h e c o n s t a n t - a r e a d u c t 
p i c t u r e d i n F i g . 10 . H o w e v e r , t h e e x p e r i m e n t a l p r e s s u r e p r o f i l e s d i f f e r e d 
f r o m t h o s e s h o w n i n t h e f i g u r e . W h e n t h e r e c e i v e r p r e s s u r e w a s i n c r e a s e d 
f r o m d t o c, t h e e x i t p r e s s u r e a l s o i n c r e a s e d . 
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TABLE III. Investigations Observing Ex i t -p r e s su re Dependence 

References 

Test Cr i t ica l 
Testing Section P r e s s u r e , Quality 

Fluid ID, in. psia Range 

Method of 
Obtaining Exit 

P r e s s u r e 

Isbin et al . Water 0.374-1.04 4-43 

Falet t i and Moulton^ Water 0.574 26-106 

Zaloudek*' Water 0.520-0.625 40-110 

Klingebiel 29 Water 0.500 28-53 

0.01-1.0 Linear extrapolation 
for the last 1/2 in. 

0.001-1.00 Probe 

0.004-0.99 Linear extrapolation 
for the las t 1/32 in. 

0.01-0.99 Probe and a tap 
0.005 in. ups t ream 
of exit 

I sb in et a l . w e r e the f i r s t to o b s e r v e t h i s d e p e n d e n c y of the exi t 
p r e s s u r e upon r e c e i v e r p r e s s u r e . T h e i r s u g g e s t e d e x p l a n a t i o n of t h i s b e 
h a v i o r w a s tha t a p r e s s u r e d i s t u r b a n c e could p o s s i b l y p r o p a g a t e t h r o u g h 
a th in l iquid a n n u l u s . 

F a l e t t i and Moul ton w e r e the next to o b s e r v e th i s p h e n o m e n o n f r o m 
m e a s u r e m e n t s m a d e wi th a p r o b e tha t ex tended the length of the t e s t s e c 
t ion and out into the r e c e i v e r . In effect, they m e a s u r e d the flow in an a n 
n u l u s . T h e p r e s s u r e t ap in the p r o b e w a s p e r p e n d i c u l a r to the flow s t r e a m 
so tha t the s t a t i c p r e s s u r e w a s m e a s u r e d . By mov ing the tap u p - and 
d o w n s t r e a m of the exi t p l a n e , they could ob ta in a p r e s s u r e p ro f i l e t h r o u g h 
the exi t p l a n e . T h i s t e chn ique for m e a s u r i n g the exi t p r e s s u r e a l s o r e 
v e a l e d a d e p e n d e n c y on r e c e i v e r p r e s s u r e . F a l e t t i and Moul ton r e a s o n e d 
tha t the exi t p r e s s u r e in t w o - p h a s e c r i t i c a l flow is not we l l defined, and 
tha t t h e r e i s a m a x i m u m a l l o w a b l e e x p a n s i o n c h a m b e r p r e s s u r e (MAECP) 
which , if e x c e e d e d , wi l l c a u s e the flow to b e c o m e s u b c r i t i c a l . E x c e e d i n g 
the M A E C P wi l l change the t h r o a t p r e s s u r e o r the flow r a t e or both . At 
q u a l i t i e s l e s s than 50%, F a l e t t i and Moul ton found the M A E C P to be l e s s 
t han the exi t p r e s s u r e for t w o - p h a s e c r i t i c a l f lows . 

Z a l o u d e k p e r f o r m e d e s s e n t i a l l y the s a m e e x p e r i m e n t s a s t h o s e 
d e s c r i b e d above , but i n s t e a d of u s i n g a p r o b e , he e x t r a p o l a t e d l i n e a r l y 
f r o m a wa l l t ap l o c a t e d 1/32 in. u p s t r e a m of the exi t p l a n e . His r e s u l t s 
c l o s e l y a g r e e d wi th t h o s e of F a l e t t i and Moul ton . 

Z a l o u d e k u s e d p r e s s u r e t r a n s d u c e r s and an X - Y r e c o r d e r to c l o s e l y 
s tudy the r e l a t i o n s h i p b e t w e e n the exi t and r e c e i v e r p r e s s u r e s . H i s i n s t r u 
m e n t a t i o n i n d i c a t e d tha t for q u a l i t i e s l e s s t han 75% a l a r g e enough d i f f e r 
en t i a l could not be p r o d u c e d b e t w e e n the exi t and r e c e i v e r p r e s s u r e s so 
tha t a f u r t h e r d e c r e a s e in the r e c e i v e r p r e s s u r e did not r e s u l t in a s l igh t 
d e c r e a s e in the exi t p r e s s u r e . T h i s effect w a s o b s e r v e d even when the 
d i f f e r en t i a l p r e s s u r e w a s a s l a r g e a s 100 p s i . T h i s o b s e r v a t i o n does not 
to ta l ly c o n t r a d i c t the e x p l a n a t i o n p r e s e n t e d by F a l e t t i and Moul ton , but 
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i n d i c a t e s tha t it i s h ighly q u e s t i o n a b l e b e c a u s e even at d i f f e r e n t i a l p r e s s u r e 
of 100 p s i a c r o s s the exi t p l a n e , Z a l o u d e k could not find an M A E C P . H e n c e , 
if such a p r e s s u r e e x i s t s , it m u s t be e x t r e m e l y low. Za loudek a t t r i b u t e d 
h i s e x p e r i m e n t a l o b s e r v a t i o n s to an a s y m p t o t i c a p p r o a c h to c r i t i c a l flow. 

A n o t h e r i n v e s t i g a t o r to w i t n e s s the r e l a t i o n s h i p b e t w e e n the exi t 
and r e c e i v e r p r e s s u r e s w a s Kl ingebiel .^^ He p l a c e d a w a l l t ap wi th in 
0,005 in. of the exi t p l a n e and a l s o u s e d a p r o b e to d e t e r m i n e if any d i s 
c r e p a n c y e x i s t e d b e t w e e n the two m e t h o d s u n d e r c r i t i c a l - f l o w c o n d i t i o n s . 
He found d i s c r e p a n c i e s b e t w e e n h i s p r o b e and the w a l l - t a p m e a s u r e m e n t s 
in the l a s t 0.10 in . , i nd i ca t i ng a r a d i a l p r e s s u r e d i s t r i b u t i o n n e a r the ex i t . 
He a t t r i b u t e d the d i s c r e p a n c i e s to a wa l l effect . H o w e v e r , the p r e s s u r e 
m e a s u r e m e n t s ob ta ined by m e a n s of the p r o b e a r e a l s o in f luenced by the 
r e c e i v e r p r e s s u r e . T h i s fact i n d i c a t e s tha t the p r o b e i s m e r e l y a n o t h e r 
wa l l wh ich su f fe r s f r o m the s a m e b e h a v i o r a s a t a p on the ou t s i de wal l , 
the m a g n i t u d e of the effect be ing l e s s . 

Al l the s t u d i e s d i s c u s s e d above u s e d a c o n s t a n t - a r e a t e s t s e c t i o n 
expand ing in to an e s s e n t i a l l y inf ini te r e c e i v e r , and each i n v e s t i g a t i o n i n 
d i c a t e d a d e p e n d e n c y of ex i t p r e s s u r e wi th r e c e i v e r p r e s s u r e . S ince t h i s 
d e p e n d e n c y b e t w e e n the exi t and r e c e i v e r p r e s s u r e s i s not p r e d i c t e d by a 
o n e - d i m e n s i o n a l a p p r o a c h , a p o s s i b l e r e a s o n for t h i s p h e n o m e n o n i s the 
two d i m e n s i o n a l i t y of the flow at the exi t p l a n e . 

Length 

112-9295 

Fig. 11. Two-dimensional Aspects of a 
Rapid Expansion 

A c r i t i c a l - f l o w f i e l d t h a t e n 
c o u n t e r s a n a b r u p t e x p a n s i o n s e p a 
r a t e s f r o m t h e w a l l s a n d e x p a n d s 
f r e e l y i n s h a p e of a " p l u m e , " a s 
s h o w n in F i g . 1 1 . A l l j e t s e n t e r i n g 
a n i n f i n i t e m e d i u m w i l l e x p a n d b e 
c a u s e of t h e v i s c o u s n a t u r e of t h e 
f l u i d . H o w e v e r , t h e e x p a n s i o n a s s o 
c i a t e d w i t h c r i t i c a l f low o c c u r s m u c h 
f a s t e r t h a n t h a t r e s u l t i n g f r o m a 
m o m e n t u m e x c h a n g e b e t w e e n t h e j e t 
a n d t h e f l u i d o c c u p y i n g t h e i n f i n i t e 
c a v i t y . T h i s r a p i d e x p a n s i o n m u s t 
b e a r e s u l t of a r a d i a l p r e s s u r e 
g r a d i e n t , w h i c h i m p l i e s t h e e x i s t e n c e 
of a t w o - d i m e n s i o n a l p r e s s u r e d i s 
t r i b u t i o n . T h i s t w o - d i m e n s i o n a l 
b e h a v i o r i s p i c t u r e d i n F i g . 11 w h e r e 
P g ; i s t h e d e p r e s s u r i z a t i o n a l o n g t h e 

c e n t e r l i n e a n d P . ^ i s t h a t m e a s u r e d 
a t t h e w a l l ( w h i c h i s t h e s a m e a s t h e 
s u r f a c e of t h e p l u m e ) . F i g u r e 11 
s h o w s a d i s c o n t i n u i t y b e t w e e n P g 



and P-,;^. wh ich canno t e x i s t in the r e a l c a s e ; t h e r e m u s t be a con t inuous 
d e p r e s s u r i z a t i o n of the fluid n e a r t h e w a l l . The fluid n e a r the w a l l i s s u b 
son ic , b e c a u s e of the z e r o v e l o c i t y r e s t r i c t i o n a t t he wa l l ; t h i s should e n 
ab le the r e c e i v e r p r e s s u r e to p r o p a g a t e u p s t r e a m s l igh t ly . The u p s t r e a m 
p r o p a g a t i o n wi l l a d j u s t the p r e s s u r e d i s t r i b u t i o n n e a r the ex i t p l ane , r e 
su l t ing in a s t e e p a x i a l g r a d i e n t a long the w a l l and t h u s in f luenc ing the 
m e a s u r e m e n t r e c o r d e d by a w a l l t ap l o c a t e d v e r y n e a r the ex i t p l a n e . The 
e s s e n c e of t h i s d i s c u s s i o n i s tha t if the p r e s s u r e f ield i s h ighly t w o -
d i m e n s i o n a l , a m e a s u r e m e n t r e c o r d e d by a w a l l t ap n e a r the t h r o a t m a y 
not be at a l l i n d i c a t i v e of the f r e e - s t r e a m p r e s s u r e for the s a m e a x i a l 
p o s i t i o n . 

The m a g n i t u d e of the r a d i a l p r e s s u r e g r a d i e n t i m m e d i a t e l y down-
s t r e a n a of the exi t p l ane m a y be d e c r e a s e d by d e c r e a s i n g the ang le of d i 
v e r g e n c e of the w a l l s to g e o m e t r i c a l l y r e s t r i c t the e x p a n s i o n of the fluid. 
If the m a g n i t u d e of the r a d i a l p r e s s u r e g r a d i e n t in the v ic in i ty of the exi t 
p l a n e i s d e c r e a s e d , t he p r e s s u r e m e a s u r e m e n t r e c o r d e d by a wa l l t a p 
l o c a t e d n e a r the ex i t wi l l be m o r e c h a r a c t e r i s t i c of the f r e e - s t r e a m p r e s 
s u r e for t ha t a x i a l p o s i t i o n . 

To d e t e r m i n e if the two d i m e n s i o n a l i t y of the flow field is a r e a s o n 
for the d e p e n d e n c y b e t w e e n the exi t and r e c e i v e r p r e s s u r e s , two t e s t s e c 
t i ons w e r e c o n s t r u c t e d . T h e s e two s e c t i o n s •were h y d r o d y n a m i c a l l y i d e n t i c a l 
u p s t r e a m of the exi t p l a n e , t he only d i f f e r e n c e be ing t h e i r d o w n s t r e a m g e o m 
e t r y , which , a c c o r d i n g to the n o r m a l d e s c r i p t i o n of c r i t i c a l flow, should not 
affect the cond i t i ons a t the t h r o a t . 

T e s t Sec t i on C120 w a s a c o n s t a n t - a r e a duc t wi th a 120° inc luded 
ang le d i v e r g e n c e a t the exi t p l a n e . The l a r g e d i v e r g e n c e r e s u l t e d in an 
a b r u p t e x p a n s i o n of the flow f ie ld . H e n c e th i s s e c t i o n w a s e s s e n t i a l l y the 
s a m e a s t h o s e u s e d by the p r e v i o u s i n v e s t i g a t o r s . T e s t Sec t ion C7 •was a l s o 
a c o n s t a n t - a r e a duct , but i t d i v e r g e d frona the exi t p l ane at an inc luded 
ang le of 7°. T h i s s m a l l d i v e r g e n c e would s t i l l allo'w the flow to choke a t 
the t h r o a t , but it would g e o m e t r i c a l l y r e s t r i c t the flow field d o w n s t r e a m . 
T e s t Sec t ion R7, l ike T e s t Sec t i on C7, w a s a c o n s t a n t - a r e a duc t wi th a 7° 
i nc luded ang le d i v e r g e n c e but had a r e c t a n g u l a r i n s t e a d of a c i r c u l a r c r o s s 
s e c t i o n . 

Al l t h r e e t e s t s e c t i o n s w e r e o p e r a t e d a t an ex i t p r e s s u r e of 50 p s i a 
in the qua l i ty r a n g e 0.002 < X£;g < 0.20, and the r e s u l t s of the e x p e r i m e n t s , 
a long wi th the d a t a of Ref. 49 a t 50 p s i a , a r e shown in F i g . 12. As shown 
by the f i gu re , t h e r e i s e x c e l l e n t a g r e e m e n t b e t w e e n the d a t a of Ref. 49 and 
T e s t Sec t ion C120, and a l s o b e t w e e n T e s t S e c t i o n s C7 and R7. T h e r e a r e , 
h o w e v e r , d i s t i n c t d i f f e r e n c e s b e t w e e n the d a t a t a k e n wi th an a b r u p t e x p a n 
s ion and t h o s e t a k e n wi th a 7° e x p a n s i o n s e c t i o n . 
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Downstream Geometries 

If the d i f f e r e n c e s exh ib i t ed 
in F i g . 12 a r e c a u s e d by d i f fe ren t 
t w o - d i m e n s i o n a l e x p a n s i o n s a t the 
exi t p l ane , and if T e s t Sec t ion 0 7 
r e d u c e s the m a g n i t u d e of the r a d i a l 
p r e s s u r e g r a d i e n t s , then the p r e s 
s u r e p r o f i l e s of T e s t Sec t ion 0 7 
should be m o r e c l o s e l y a l l i ed wi th 
the n o r m a l o n e - d i m e n s i o n a l e x p l a n a 
t ion of c r i t i c a l flow than t h o s e of 
T e s t Sec t ion C120. F i g u r e 13 shows 
the p r e s s u r e p r o f i l e s n e a r the exi t 
p l a n e for T e s t Sec t ion C120 u n d e r 
t w o - p h a s e c r i t i c a l - f l o w cond i t i ons . 
The d e p e n d e n c y b e t w e e n the exi t 
and r e c e i v e r p r e s s u r e s i s in a g r e e 

m e n t wi th t h e r e s u l t s of R e f s . 8, 2 1 , 29. and 49. which u s e d s i m i l a r g e o m 
e t r i e s . F i g u r e 14 shows the r e s u l t s of a s i m i l a r t e s t conduc ted wi th T e s t 
Sec t ion 0 7 for t w o - p h a s e c r i t i c a l flow. If the d o w n s t r e a m c u r v e d e s c r i b e d 
by Run 12-A is c o n s i d e r e d the s u p e r s o n i c e x p a n s i o n for the 7° g e o m e t r y , 
t he c h a r a c t e r i s t i c s of T e s t Sec t ion 0 7 a r e c l o s e l y r e l a t e d to s i n g l e - p h a s e 
c r i t i c a l - f l o w b e h a v i o r . In the s i n g l e - p h a s e c a s e , s u c c e s s i v e i n c r e a s e s in 
the b a c k p r e s s u r e r e s u l t in m o v i n g the poin t of d e v i a t i o n f r o m the s u p e r 
son ic c u r v e c l o s e r to the exi t p l ane un t i l the poin t of d e v i a t i o n i s co inc iden t 
wi th the ex i t . A f u r t h e r i n c r e a s e in the b a c k p r e s s u r e wi l l c a u s e the exi t 
p r e s s u r e , un t i l t hen fixed, to i n c r e a s e . T h i s b e h a v i o r is i den t i ca l to tha t 
m a n i f e s t e d by T e s t Sec t ion 0 7 for t w o - p h a s e c r i t i c a l flow. The only d i f fe r 
ence b e t w e e n the s i n g l e - and t w o - p h a s e flow c a s e s i s the r a t e of d e p a r t u r e 
f r o m the s u p e r s o n i c c u r v e . F o r s i n g l e - p h a s e flow the d e p a r t u r e t a k e s 
p l a c e in a sudden p r e s s u r e r i s e , w h e r e a s in t w o - p h a s e flow the d e p a r t u r e 
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i s a g r a d u a l l y i n c r e a s i n g d e v i a t i o n f r o m the s u p e r s o n i c p r o f i l e . T h i s b e 

h a v i o r for t w o - p h a s e " s h o c k s " w a s a l s o r e c o r d e d in Ref. 45 , wh ich i n v e s 

t i ga t ed o v e r e x p a n d e d n o z z l e s in o n e - c o m p o n e n t , t w o - p h a s e flow. 

It is conc luded f r o m the e v i d e n c e g iven in F i g s . 13 and 14 tha t T e s t 
Sec t ion 0 7 wi l l p r o d u c e an ex i t p r e s s u r e wh ich i s m o r e c h a r a c t e r i s t i c of 
the f r ee s t r e a m b e c a u s e it g e o m e t r i c a l l y m i n i m i z e s the m a g n i t u d e of the 
i n h e r e n t t w o - d i m e n s i o n a l e f f ec t s . T h u s the da t a of T e s t Sec t ion 0 7 m o r e 
c l o s e l y r e p r e s e n t the p h y s i c a l s i t ua t i on . 
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T h e m a g n i t u d e of t h i s t w o - d i m e n s i o n a l 
e f f e c t i n s i n g l e - p h a s e c r i t i c a l f low w a s i n v e s 
t i g a t e d b y c o n n e c t i n g a m a n o m e t e r b e t w e e n 
t h e e x i t •wall t a p a n d t h e f i r s t p r e s s u r e t a p 
d o w n s t r e a m of t h e e x i t f o r b o t h T e s t S e c 
t i o n s C 7 a n d O 1 2 0 . T h e t e s t s e c t i o n s w e r e 
p u t t h r o u g h t h e s a m e p r o c e d u r e d e s c r i b e d 
a b o v e u s i n g n i t r o g e n a s t h e ' w o r k i n g f l u i d . 
T h e r e s u l t s , s h o w n i n F i g s . 15 a n d 16, i n d i 
c a t e t h a t t h e d i s c r e p a n c y i s s t i l l p r e s e n t a l 
t h o u g h t h e m a g n i t u d e of t h e e f f e c t i s s n a a l l . 
T h i s o b s e r v a t i o n s u b s t a n t i a t e s t h e t"wo-
d i m e n s i o n a l e x p l a n a t i o n r a t h e r t h a n t h e d e 
s c r i p t i o n s of p r e v i o u s i n v e s t i g a t o r s ' ' •who 
a s s i g n e d t h i s b e h a v i o r o n l y t o t ' w o - p h a s e f l o w s . 

Fig. 15. Single-phase Pressure Pro
files for Test Section C120 If t h e t w o d i m e n s i o n a l i t y of t h e f low i s 

t h e o n l y c a u s e f o r d i s c r e p a n c i e s i n a r a p i d e x 
p a n s i o n , t h e e f f e c t s h o u l d d e c r e a s e a s t h e r e c e i v e r p r e s s u r e i n c r e a s e s 
a n d s h o u l d r e d u c e to z e r o a t t h e p o i n t w h e r e t h e e x i t a n d r e c e i v e r p r e s s u r e s 
a r e e q u a l . T h i s c o n d i t i o n r e s u l t s i n n o r a d i a l 
e x p a n s i o n a n d t h u s n o t w o - d i m e n s i o n a l e f f e c t s . 
H e n c e a w a l l t a p l o c a t e d n e a r t h e e x i t p l a n e 
s h o u l d p r o d u c e a r e p r e s e n t a t i v e p r e s s u r e u n d e r 
t h e s e c i r c u m s t a n c e s . A n a l y s i s of t h e t w o - p h a s e , 
o n e - c o m p o n e n t d a t a p r e s e n t e d b y K l i n g e b i e l a n d 
t h o s e s h o w n i n F i g . 13 i n d i c a t e s t h a t t h e f low 
m a y b e s u b c r i t i c a l w h e n t h e e x i t a n d r e c e i v e r 
p r e s s u r e s a r e n o t e q u a l . C o n s e q u e n t l y , a d d i 
t i o n a l p h e n o m e n a m u s t b e p r e s e n t i n t w o - p h a s e , 
o n e - c o m p o n e n t f l o w . T h e c o n d i t i o n s t h a t a r e 
m o s t l i k e l y a l w a y s p r e s e n t i n t w o - p h a s e , o n e -
c o m p o n e n t c r i t i c a l f l ow a r e s l i p b e t w e e n t h e 
p h a s e s a n d a r e t a r d e d p h a s e c h a n g e . 
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If t h e e x i t a n d r e c e i v e r p r e s s u r e s a r e 
e q u a l , t h e e x h a u s t i n g f l u i d s h o u l d a p p e a r a s a 

Fig. 16. Single-phase Pressure Pro
files for Test Section C7 



c o n s t a n t - a r e a j e t in a r e g i o n n e a r the exi t p l a n e . (The j e t wi l l s p r e a d fu r 
t h e r d o w n s t r e a m b e c a u s e of a m o m e n t u m e x c h a n g e wi th the s u r r o u n d i n g 
f luid.) F o r t w o - p h a s e f lows a t low q u a l i t i e s , t h i s c o n s t a n t a r e a b e h a v i o r 
i s d e s c r i b e d by E q . 5 - 1 , 

w h e r e the v i s c o u s e f fec t s a r e c o n s i d e r e d s m a l l . The above e x p r e s s i o n 
c l e a r l y s h o w s t h a t if the p r e s s u r e i s c o n s t a n t (exit and r e c e i v e r p r e s s u r e s 
a r e equa l ) , the void f r a c t i o n m u s t a l s o r e m a i n c o n s t a n t . The ex i t ing fluid 
c o n t a i n s two n o n e q u i l i b r i u m c o n d i t i o n s : s l i p b e t w e e n the p h a s e s , and a 
n o n e q u i l i b r i u m p h a s e d i s t r i b u t i o n w h i c h m a y r e l a x t o w a r d e q u i l i b r i u m . 
The s t a b l e s t a t e t h a t t h e s e two cond i t i ons a p p r o a c h i s h o m o g e n e o u s e q u i 
l i b r i u m flow. T h e v i s c o u s n a t u r e of the fluid w i l l r e d u c e the ve loc i t y r a t i o 
f r o m s o m e v a l u e g r e a t e r t han one to uni ty , w h i c h i m p l i e s an a c c e l e r a t i o n 
of the l iquid and a d e c e l e r a t i o n of the v a p o r . T h i s m o m e n t u m i n t e r c h a n g e 
of the p h a s e s w i l l i n c r e a s e the vo id f r a c t i o n . A n o n e q u i l i b r i u m , l o w - q u a l i t y 
m i x t u r e w i l l c o n v e r t s o m e s u p e r h e a t e d l iqu id in to s a t u r a t e d v a p o r un t i l the 
f r e e e n e r g i e s of the p h a s e s a r e equa l . T h i s " f l a s h i n g " of l iqu id into v a p o r 
wi l l a l s o i n c r e a s e the void f r a c t i o n . The r e l a x a t i o n of e a c h n o n e q u i l i b r i u m 
s t a t e r e s u l t s in an i n c r e a s i n g void f r a c t i o n which , f r o m Eq . 5- 1, m u s t be 
a c c o m p a n i e d by a d e c r e a s i n g p r e s s u r e . The d e c r e a s i n g p r e s s u r e i m p l i e s 
t ha t t he r e c e i v e r p r e s s u r e m u s t be l e s s t han the ex i t p r e s s u r e , and, t h u s , 
t ha t t h e r e w i l l be s o m e r a d i a l e x p a n s i o n of the j e t . E q u a t i o n 5- 1 only ho lds 
for c o n s t a n t - a r e a flow. H o w e v e r , it i l l u s t r a t e s the inaposs ib i l i t y of s u c h 
f lows w h e n the a b o v e - m e n t i o n e d n o n e q u i l i b r i u m c o n d i t i o n s a r e p r e s e n t . 
T h e e x i s t e n c e of t h e s e two s t a t e s p r e v e n t s t h e equa l i t y of the exi t and r e 
c e i v e r p r e s s u r e s even w h e n the flow i s s u b c r i t i c a l . T h i s i s why t w o - p h a s e , 
o n e - c o m p o n e n t s y s t e m s m a y exh ib i t a p r e s s u r e p ro f i l e w h i c h i s c h a r a c t e r 
i s t i c of c r i t i c a l flow by s i n g l e - p h a s e s t a n d a r d s (Pg > Pj^) . and the flow is 
s t i l l s u b c r i t i c a l . The r e l a x a t i o n of the two nonequ i l i b r i una s t a t e s m a y a l s o 
be one r e a s o n for t h e d e c r e a s i n g p r e s s u r e p r o f i l e in a d i v e r g i n g g e o m e t r y 
u n d e r s u b c r i t i c a l c o n d i t i o n s a s shown for T e s t Sec t i on C7 in F i g . 14. 

Any s y s t e m tha t d o e s not e x p e r i e n c e the p h e n o m e n o n d e s c r i b e d abov 
should suffer only f r o m the t w o - d i m e n s i o n a l a s p e c t s of the e x p a n s i o n a t the 
t h r o a t , w h i c h c a n be d e c r e a s e d by m a k i n g the ex i t and r e c e i v e r p r e s s u r e s 
n e a r l y equa l . S i n g l e - p h a s e c r i t i c a l flow in an a b r u p t e x p a n s i o n shou ld p r o 
duce th i s s i t u a t i o n . In P a r t E of t h i s c h a p t e r , t he r e l a t i v e i m p o r t a n c e of 
e a c h of the n o n e q u i l i b r i u m p h e n o m e n a i s d i s c u s s e d and e v i d e n c e i s p r e 
s e n t e d to show tha t t he v e l o c i t y r a t i o i s n e a r uni ty for l o w - q u a l i t y f lows . 
If t h i s i s t h e c a s e , a i r - w a t e r f lows shou ld not show m u c h d i s c r e p a n c y b e 
t w e e n the exi t and r e c e i v e r p r e s s u r e s a t the m i n i n a u m r e c e i v e r p r e s s u r e 
for c r i t i c a l flow. Fauske^* u s e d t h i s fact to d e t e r m i n e the e x i s t e n c e of 
c r i t i c a l flow in an a i r - w a t e r m i x t u r e ; w h e n the flow d i s p l a y e d an e x p a n s i o n 
a t the exi t , the s y s t e m w a s choked a t t he t h r o a t . 



D. D i s s o l v e d G a s e s 

The d a t a of T e s t Sec t ion R7, a s 
shown by F i g . 17, exh ib i t two i n t e r e s t i n g 
a s p e c t s : 

1. The p r e s s u r e g r a d i e n t d e v i a t e s 
f r o m the c o n s t a n t va lue c h a r a c t e r i s t i c of 
a l l l iqu id flow b e f o r e the s a t u r a t i o n p r e s 
s u r e IS r e a c h e d . 

2. The void f r a c t i o n is g r e a t e r 
than z e r o , which i n d i c a t e s the p r e s e n c e 
of a g a s e o u s p h a s e , w h e n the s t a t i c p r e s 
s u r e IS g r e a t e r t han the s a t u r a t i o n p r e s 
s u r e . (The s a t u r a t i o n v a l u e w a s d e t e r m i n e d 
by m e a s u r i n g the t e m p e r a t u r e of the s u b -
cooled l iqu id m t h e b l o w - d o w n v e s s e l . ) 

The f i r s t po in t i s i nd i ca t i ve of 
a c c e l e r a t i o n , wh ich can only be a c h i e v e d 
if the s y s t e m b e c o m e s c o m p r e s s i b l e . 
H e n c e a g a s e o u s p h a s e m u s t be p r e s e n t . 
The second a s p e c t c o n f i r m s the p h y s i c a l 
r e a s o n i n g of the f i r s t . 

S ince the flow is a d i a b a t i c , the f o r m a t i o n of a g a s e o u s p h a s e , at a 
p r e s s u r e g r e a t e r than the s a t u r a t i o n p r e s s u r e , canno t be due to subcoo led 
bo i l ing . T h e r e f o r e t h i s p h e n o m e n o n m u s t be a r e s u l t of p r e v i o u s l y d i s 
so lved g a s e s c o m i n g out of so lu t ion . The fact tha t boi l ing i s n o n e x i s t e n t 
a t t h e s e p r e s s u r e s d o e s not n e g a t e the p o s s i b i l i t y of w a t e r - v a p o r fornaa t ion . 
As the g a s e s c o m e out of so lu t ion , they m a y a l s o c a r r y w a t e r v a p o r m the 
f o r m of humid i ty , and s ince the s y s t e m p r e s s u r e i s v e r y n e a r the s a t u r a 
t ion v a l u e , a g a s e o u s bubble ex i s t i ng a t 100% r e l a t i v e h u m i d i t y wi l l be 
a l m o s t e n t i r e l y c o m p o s e d of w a t e r v a p o r . In t h i s c apac i t y , the g a s e s 
c o m i n g out of so lu t ion a c t a s a s o u r c e to c r e a t e w a t e r v a p o r b e f o r e bo i l ing 
IS i n i t i a t e d . 

T h e e x p e r i m e n t a l a p p a r a t u s u s e d m th i s s tudy w a s not c a p a b l e of 
d e - a e r a t m g the w a t e r . H o w e v e r , Z a l o u d e k conamented on the inf luence 
of d i s s o l v e d g a s e s m t w o - p h a s e flow. He v a r i e d the a m o u n t of a i r d i s 
so lved m the w a t e r by hea t ing the fluid m an open t ank to 90°C; the d e c r e a s e 
m the a i r con ten t r e s u l t e d m c r i t i c a l flow r a t e s t ha t w e r e 5-8% g r e a t e r . 

F i g u r e 18 shows tha t t h i s s tudy w a s not the only t w o - p h a s e c r i t i c a l -
flow i n v e s t i g a t i o n p lagued by d i s s o l v e d g a s e s . ' '^^ A c l o s e e x a m i n a t i o n of 
the p r e s s u r e p r o f i l e s shows the flow w a s a c c e l e r a t i n g b e f o r e r e a c h i n g the 
s a t u r a t i o n p r e s s u r e , which m e a n s a g a s e o u s p h a s e w a s p r e s e n t . 

32 28 24 20 16 12 8 
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LENGTH, in 
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Fig. 17 Pressure and Void-fraction Profiles 
for Run 3 of Test Section R7 
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The p r e s e n c e of a g a s e o u s p h a s e 
whi le the p r e s s u r e i s g r e a t e r than the 
c o r r e s p o n d i n g s a t u r a t i o n p r e s s u r e de f i 
n i t e ly a f fec t s the a x i a l p ro f i l e of the 
quan t i ty N. E q u a t i o n 3-24 i n d i c a t e s 
tha t if a > 0 and x g = 0(P < P g a t ) ' 
t hen N i s in f in i te . H e n c e the v a r i a b l e 
N wi l l beg in at infinity and d e c r e a s e 
to the exi t va lue (as shown l a t e r in 
F i g . 24). 

E . C o m p a r i s o n b e t w e e n Data and T h e o -
r e t i c a l M o d e l s 

F i g u r e s 19-23 show the c o m p a r i 
son b e t w e e n the a u t h o r ' s t h e o r y , in i t s 
r a n g e of va l id i ty (Xj]g < 0.02), and the 
e x p e r i m e n t a l da t a . (As a r e s u l t of the 
c o n c l u s i o n s in P a r t O of th i s c h a p t e r , 
n e i t h e r the da t a of T e s t Sec t ion O120 
no r tha t of p r e v i o u s i n v e s t i g a t o r s a r e 
u s e d in the c o m p a r i s o n s . ) 

Fig. 18. Experimental Data of Refs. 6 and 29, 
Indicating That Dissolved Gases Are 
Coming Out of Solution 

F i g u r e 20 a l s o i l l u s t r a t e s the 
p r e d i c t i o n s of p r e v i o u s m o d e l s in the 
l o w - q u a l i t y r e g i o n . T h i s b e h a v i o r i s 
c h a r a c t e r i s t i c of t h e s e m o d e l s a t a l l 

p r e s s u r e s shown. H e n c e , for c l a r i t y , the m o d e l s a r e only d i s p l a y e d in 
F i g . 20. Two po in t s a r e i m m e d i a t e l y obv ious f rom F i g . 20: 

1. As p r e d i c t e d by the t h e o r i e s of Levy''^ and Moody,^^ the e x p e r i 
m e n t a l c r i t i c a l flow r a t e s do not exhibi t a m a x i m u m a s a func
t ion of e q u i l i b r i u m qua l i t y . 

2. None of the e q u i l i b r i u m t h e o r i e s p r e d i c t the c o r r e c t s lope for 
the d a t a in the l o w - q u a l i t y r e g i o n . 

The s lope of the d a t a (^Gc/^X£;g)-p in the l o w - q u a l i t y r e g i o n is an 

i n t e r e s t i n g quan t i t y . The h o m o g e n e o u s e q u i l i b r i u m m o d e l and the e q u i l i b 
r i u m t h e o r i e s of F a u s k e , Levy ,^ ' and Moody^^ d e m o n s t r a t e the r e s u l t of 
a s s u m i n g an e q u i l i b r i u m e x p a n s i o n . At low q u a l i t i e s , the s lope (SG^/5x-gg)p 

i s a p p r o x i m a t e l y z e r o b e c a u s e of the p r e d o m i n a n c e of the n e a r l y cons t an t 
e q u i l i b r i u m - p h a s e - c h a n g e t e r m v O x - ^ / ^ P ) in the c r i t i c a l - f l o w equa t ion . 

The da t a exh ib i t a v e r y l a r g e n e g a t i v e s lope , and, a s w a s d i s c u s s e d p r e v i 
ous ly , the d e v i a t i o n f r o m the h o m o g e n e o u s e q u i l i b r i u m t h e o r y m u s t be due 
to s l ip b e t w e e n the p h a s e s , a r e t a r d e d p h a s e change , o r both . If the p h a s e 
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Fig. 20. Comparison between Author's Theory, 
Equilibrium Theories of Refs. 9, 31, and 
35, and Experimental Data of Test Sec
tions C7 and R7 for Pg = 50 psia 
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change i s a s s u m e d to be in an e q u i l i b r i u m s t a t e , t hen the dev i a t i on i s due 
only to s l i p b e t w e e n the p h a s e s , in •which c a s e the l a r g e n e g a t i v e s lope 
would i n d i c a t e a ve loc i t y r a t i o t ha t i n c r e a s e d wi th d e c r e a s i n g qua l i ty and 
t h a t (dk/SP)p^ would a l s o b e h a v e in t h i s m a n n e r . The t e r m (dk /^P) -^ i s 
r e p r e s e n t a t i v e of the m o m e n t u m t r a n s f e r b e t w e e n the p h a s e s . When i t s 
v a l u e i s z e r o , the s y s t e m t r a n s f e r s m o m e n t u m b e t w e e n i t s p h a s e s at an 
inf ini te r a t e , a s i s t he c a s e in h o m o g e n e o u s flow. When the a b s o l u t e va lue 
of t h i s t e r m is l a r g e , l i t t l e m o m e n t u m i s t r a n s f e r r e d , wh ich i s the c a s e 
for d r o p l e t o r m i s t f lows . In the qua l i t y r a n g e r e p o r t e d h e r e , the flow r e 
g i m e i s f a r r e m o v e d f r o m m i s t flow and p r o b a b l y i s iVi s o m e f o r m of b u b 
bly flow. F o r g a s e o u s b u b b l e s e n t r a i n e d in a l iqu id , one would e x p e c t r a t h e r 
l a r g e r a t e s of m o m e n t u m t r a n s f e r , and a s the qua l i ty d e c r e a s e s , the bubble 
s i z e a l s o d e c r e a s e s so tha t the t r a n s f e r r a t e i n c r e a s e s . The i m p l i c a t i o n 
of the above d i s c u s s i o n i s t ha t i t d o e s not a p p e a r r e a s o n a b l e to expec t t ha t 
(Sk/BP)f^ wi l l i n c r e a s e wi th d e c r e a s i n g q u a l i t y . In fac t , one would p r o b a b l y 

e x p e c t the o p p o s i t e to o c c u r . If one a s s u m e s tha t the ve loc i t y r a t i o i s n e a r 
uni ty , the d e v i a t i o n f r o m t h e h o m o g e n e o u s e q u i l i b r i u m m o d e l •would t h e n be 
m o s t l y a r e s u l t of a n o n e q u i l i b r i u m p h a s e c h a n g e . F o r a p h a s e change to 
o c c u r , t he s y s t e m m u s t be in a n o n e q u i l i b r i u m s t a t e , wh ich i m p l i e s tha t a l l 
r e a l p h a s e c h a n g e s a r e of a n o n e q u i l i b r i u m n a t u r e . T h u s the q u e s t i o n b e 
c o m e s one of the m a g n i t u d e of t h e p h a s e c h a n g e and no t i t s n a t u r e . A s w a s 
m e n t i o n e d above , a t low q u a l i t i e s (x-gg '< 0.02), the p h a s e change v (dx-^ /Sp) 

5 HQ 

d o m i n a t e s the c o m p r e s s i b i l i t y of the m i x t u r e . H e n c e any m i s r e p r e s e n t a t i o n 
of the r e a l p r o c e s s , s u c h a s an a s s u n a p t i o n of an e q u i l i b r i u m p h a s e change , 
m a y r e s u l t in l a r g e d i s c r e p a n c i e s bet 'ween an a n a l y t i c a l m o d e l and the r e a l 
p h e n o m e n o n . S ince the m a s s t r a n s f e r i s of a n o n e q u i l i b r i u m n a t u r e and i t s 
f o r m u l a t i o n i s so c r i t i c a l a t low q u a l i t i e s , it i s qu i t e p l a u s i b l e t ha t t h e d e 
v i a t i o n s b e t w e e n G^jj^-^ and the d a t a a r e m a i n l y due to a r e t a r d e d p h a s e 
c h a n g e . If t h i s i s the c a s e , t he d e g r e e of r e t a r d a t i o n m u s t i n c r e a s e wi th 
d e c r e a s i n g q u a l i t y . At h i g h e r q u a l i t i e s (x-g > 0.20), the r e p r e s e n t a t i o n of 
the m a s s t r a n s f e r i s not so c r u c i a l and the e q u i l i b r i u m a s s u m p t i o n wi l l not 
affect a t h e o r e t i c a l m o d e l to any g r e a t d e g r e e . 

The p r e d i c t i o n of E q . 3 -25 shows good a g r e e m e n t wi th the da t a for 
x-gg < 0.02 and P g > 50 p s i a . F o r t h e s e l i m i t s , the d a t a a r e wi th in 20%, 
e x c e p t for t h e po in t s at v e r y low q u a l i t i e s w h e r e the p r o b l e m of d i s s o l v e d 
g a s e s c a u s e s t r e m e n d o u s s c a t t e r . T h e a g r e e m e n t b e t w e e n the t h e o r y and 
the d a t a i n d i c a t e s t ha t t he a s s u m p t i o n s m a d e in C h a p t e r III a r e r e a s o n a b l e 
a p p r o x i m a t i o n s to the p h y s i c a l c o n d i t i o n s . In p a r t i c u l a r , the a s s u m p t i o n s 
t h a t Ng i s not a funct ion of the exi t p r e s s u r e and t h a t (^N/Sp)-^ = 0 a p 
p a r e n t l y a r e not g r e a t l y d i f f e ren t t h a n the r e a l p r o c e s s . F o r P g = 40 p s i a , 
t he t h e o r e t i c a l p r e d i c t i o n c o n s i d e r a b l y u n d e r p r e d i c t s the c r i t i c a l flow r a t e s . 
H o w e v e r , it d o e s exh ib i t a s lope s i m i l a r to t ha t of the d a t a . 

At m o d e r a t e void f r a c t i o n s (0.30 < ttg < 0.80) and h i g h e r p r e s s u r e s 
(Pg s: 50 p s i a ) , the t h e o r y shows b e s t a g r e e m e n t wi th the da t a . T h i s i s not 
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u n e x p e c t e d s i n c e ( ^ N g / B p ) i n c l u d e s t h e t e r m ( S k g / ^ P g ) ^ ! . . A t l o w e r 
HQ -H-O 

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

(Skg/SPg)TT m a y b e c o m e g r e a t e r a n d t h u s d e s t r o y t h e i n t e r p l a y w i t h 

( S x g / S P g ) w h i c h p r o d u c e d t h e a p p r o x i m a t i o n t h a t (SNg/SPg)TT = 0 . A t 
'H 

v e r y l o w q u a l i t i e s (x-g < 0 . 0 0 5 ) , t h e s c a t t e r i n t h e d a t a b e c o m e s a p p r e 
c i a b l e a n d t h e e x p e r i m e n t a l f l o w r a t e s a r e 0 - 1 0 0 % g r e a t e r t h a n t h e a u t h o r ' s 
t h e o r y . T h e s c a t t e r a p p e a r s t o b e a r e s u l t of v a r y i n g a m o u n t s of d i s s o l v e d 
g a s e s e x i t i n g f r o m s o l u t i o n . A t v e r y l o w q u a l i t i e s , t h e s e g a s e s c o u l d o c 
c u p y a c o n s i d e r a b l e p o r t i o n of t h e r e c o r d e d v o i d f r a c t i o n . T h e v o i d f r a c 
t i o n s w e r e u s e d t o o b t a i n N i n a m a n n e r t h a t a s s u m e d a l l t h e v o i d a g e w a s 
o c c u p i e d by s t e a m , a n d t h e r e s u l t i n g c o r r e l a t i o n w a s u s e d a s if o n l y s t e a m 
a n d •wa te r e x i s t e d i n t h e c h a n n e l . I t "was sho^wn i n P a r t D of t h i s c h a p t e r 
t h a t t h e a c t u a l s y s t e m c o n t a i n s s t e a m , w a t e r , a n d a i r . T h e t h e o r e t i c a l 
d e v e l o p m e n t a s s u m e d t h a t a i r •was a n e g l i g i b l e q u a n t i t y c o m p a r e d w i t h Xg. 
Ho^wever , if i t w a s n o t , t h e s y s t e m •would b e l e s s c o m p r e s s i b l e t h a n p r o 
p o s e d by t h e t h e o r e t i c a l m o d e l b e c a u s e t h e a i r e x p e r i e n c e s o n l y a d e n s i t y 
c h a n g e a n d l a c k s t h e a d d i t i o n a l c o m p r e s s i b i l i t y i n d u c e d b y a p h a s e c h a n g e . 
S u c h a d e c r e a s e i n t h e c o m p r e s s i b i l i t y "would r e s u l t i n a h i g h e r f low r a t e . 
H e n c e t h e a i r c o n t e n t c o u l d c a u s e t h e d i s c r e p a n c i e s b e t w e e n t h e a u t h o r ' s 

t h e o r y a n d t h e e x p e r i m e n t a l d a t a . F i g u r e 24 
s h o w s t h a t t h e u p s t r e a m g r a d i e n t s of ( d N / S p ) p ^ 

a r e m u c h s t e e p e r a t l o w v o i d f r a c t i o n s t h a n 
t h o s e s h o w n i n F i g . 2 f o r h i g h e r v a l u e s of 
v o i d a g e . H e n c e t h e a p p r o x i m a t i o n t h a t 
( ^Ng/BPg)^ , - = 0 a p p e a r s t o b e s o m e w h a t 

w o r s e a t t h e l o w e r v o i d f r a c t i o n s . T h e i l l u s 
t r a t i o n s of F i g . 2 4 s h o w t h e s l o p e ( ^ N g / S P g ) 

HQ 

t o b e p o s i t i v e , "which p r o d u c e s a l a r g e r flo"w 
r a t e a s s h o w n b y E q . 3 - 2 2 . T h u s t h e b e h a v i o r 
of t h e d e r i v a t i v e i s i n a g r e e m e n t w i t h t h e h i g h e r 
e x p e r i m e n t a l flo"w r a t e s . T h e b r e a k d o w n of 
t h e a s s u m p t i o n (SNe /SPe )TT = 0 c o u l d a l s o 

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

112-9576 

Fig. 24. The Slope ( 9N/3P)HO for 
Low 'Void Fractions 

F i g u r e 25 c o m p a r e s t h e a u t h o r ' s t h e o r y a n d e x p e r i m e n t a l d a t a i n 
t h e v o i d - f r a c t i o n r e g i o n , w h i c h •was t h e a r e a of p r i n c i p a l i n t e r e s t . T h e e r r o r 

Fig. 25 

Comparison between Author's Theory and 
Experimental Data in Void-fraction Region 

112-9307 Rev. 1 



in the v o i d - f r a c t i o n m e a s u r e m e n t (which i s d i s c u s s e d in Appendix B ) i s 
i l l u s t r a t e d by the e r r o r b a r s . The m a x i m u m e r r o r in the f l o w - r a t e m e a 
s u r e m e n t , a s d i s c u s s e d in C h a p t e r IV, i s s m a l l e r t han the s i ze of the da t a 

p o i n t s . The good a g r e e m e n t v e r i f i e s 
the u s e f u l n e s s of the t h e o r y in c a l 
cu la t ing c r i t i c a l flow r a t e s for the 
v o i d - f r a c t i o n r a n g e (0.30 < ttg < 0.80) 
and exi t p r e s s u r e s in the r a n g e 
(50 p s i a < P g < 150 p s i a ) . F i g u r e 26 
d e m o n s t r a t e s the p r e s s u r e i n d e p e n 
dency of the G^/G^p^-g r a t i o a s g iven 

by Eq . 3 -26 . 

«>' 
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Fig. 26. Comparison between Theoretical Predic
tion of Gg/Ggĵ £ and Experimental Data 
for all Exit Pressures 
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F i g u r e 27 c o m p a r e s the 
t h e o r y for t^wo-component, t w o - p h a s e 
c r i t i c a l flow at low q u a l i t i e s wi th the 
e x p e r i m e n t a l da ta of Ref. 14. The 
t h e o r e t i c a l p r e d i c t i o n i s b a s e d on 
the e x p e r i m e n t a l ve loc i t y r a t i o s 

l i s t e d in T a b l e IV. The d e r i v a t i o n of Eq . 3-29 a s s u m e d tha t (Skg /^Pg ) = 

i s an a s y m t o t i c so lu t ion tha t b e c o m e s m o r e exac t a t l o w e r void f r a c t i o n s . 
As i l l u s t r a t e d in F i g . 27, t h i s r e a s o n 
ing i s v a l i d a t e d by the e x p e r i m e n t a l 
r e s u l t s . The d e r i v a t i v e (Skg /SPe)^ . 

' r ig 

c e r t a i n l y cannot be equa l to z e r o in 
the r e g i o n of s t e e p p r e s s u r e g r a d i e n t s 
( c r i t i c a l flow) when the p h a s e s have 
such widely d i f fe ren t d e n s i t i e s a s a i r 
and w a t e r do . H o w e v e r , the quan t i ty 
should d i m i n i s h in i m p o r t a n c e a s the 
void f r a c t i o n b e c o m e s v e r y s m a l l , thus 
exhib i t ing the a s y m t o t i c a p p r o a c h to 
the t h e o r y shown in F i g . 27. An e m 
p i r i c a l r e l a t i o n s h i p for the ve loc i ty 
r a t i o i s p r e s e n t e d in Ref. 14, and t h e o 
r e t i c a l a p p r o a c h e s a r e p r e s e n t e d in 
R e f s . 14 and 6 which d i f f e r en t i a t e th i s 
c o r r e l a t i o n to eva lua t e (Bk/dPg)TT . 
Note tha t t h i s c o r r e l a t i o n i s i n c o r r e c t 
b e c a u s e it i s a s u m m a t i o n of exi t v e 
loc i ty r a t i o s for d i f fe ren t flow r a t e s 
and s t agna t i on e n t h a l p i e s and hence d o e s not r e p r e s e n t the p h y s i c a l s i t u a 
t ion, which i s {b'k/bZ)ii / ( ^ P / S z ) j ^ eva lua t ed a t the exit p l a n e . The d e r i v 
a t ive (Sk/SPg)TT can only be eva lua t ed when the b e h a v i o r of k n e a r the 

exi t p l ane h a s been d e t e r m i n e d . 

0 
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Fig. 27. Comparison between Two-component 
Asymptotic Theory and Experimental 
Data of Ref. 14 for Pg = 17 psia 



51 

T A B L E IV. C r i t i c a l F low Da ta for a 0.123 x 1.0-in. L u c i t e 
Channe l ; C r i t i c a l P r e s s u r e , P ^ = 17 ± 0.25 p s i a 14 

Qual i ty , x 

0.00060 
0.00087 
0.00126 
0 .00173 
0.00235 
0.00276 
0.00568 
0.00885 
0.0130 
0.0177 
0.0334 
0.0827 

G e n e r a l O b s e r 

Void 
F r a c t i o n , 

a 

0.277 
0.336 
0.405 
0.474 
0.528 
0.558 
0.689 
0.768 
0.817 
0.860 
0.913 
0.964 

v a t i o n s 

Ve loc i ty 
Ra t io , k 

1.13 
1.24 
1.33 
1.39 
1.51 
1.58 
1.85 
1.95 
2.13 
2.11 
2.38 
2.39 

F low Ra te G^. 
l b m / s e c - f t ^ 

4500 
4000 
3300 
3100 
2800 
2600 
2100 
1800 
1600 
1450 
1100 

640 

F a l e t t i and Moulton^ and Zaloudek^^ o b s e r v e d tha t the e x p e r i m e n t a l 
r a t i o of Gj^/G^p^^; w a s i ndependen t of p r e s s u r e for q u a l i t i e s g r e a t e r t han 
20%. F o r 0.02 < x-̂ ^ < 0 .15 . a p r e s s u r e d e p e n d e n c y w a s ev iden t in both 
i n v e s t i g a t i o n s . H o w e v e r , they differ on the s h a p e of the c u r v e s in t h i s qual 
ity r e g i o n . Al though the l o w - q u a l i t y r e g i o n w a s the a r e a of p r i n c i p a l i n t e r 
e s t in t h i s s tudy, the r a n g e of q u a l i t i e s w a s ex t ended to inc lude th i s 
p h e n o m e n o n . 

F i g u r e 28 shows the b e h a v i o r of G^^/G^ii-£ in the qua l i ty r a n g e of 
i n t e r e s t . As -was shown in F i g . 12, t h e r e i s e x c e l l e n t a g r e e m e n t bet^ween 
Z a l o u d e k ' s d a t a and tha t of T e s t Sec t ion O120. The d i s c r e p a n c i e s b e t w e e n 

T e s t S e c t i o n s C120 and C7 a r e m o s t 
l ike ly due to e r r o n e o u s p r e s s u r e 
n a e a s u r e m e n t s , a s d i s c u s s e d in 
P a r t C of t h i s c h a p t e r , and hence 
should be the r e a s o n for the d i f fe r 
e n c e s m a n i f e s t e d in F i g . 28. F i g 
u r e 29 shows the p r e s s u r e dependency 
o b s e r v e d in t h i s r e s e a r c h , wh ich is 
a s u p p r e s s i o n of G^/GQH-^ wi th in 
c r e a s i n g p r e s s u r e . F i g u r e s 28 and 
29 show a def in i te " h u m p " in the 
da t a of T e s t Sec t ion 0 7 in the ne igh 
b o r h o o d of 0.05 < x£;g < 0 .08 . T h i s 
" h u m p " w a s a l s o o b s e r v e d by F a l e t t i 
and Moul ton; h o w e v e r , the naagni tude 
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Fig. 28. Comparison of G^/GcHE for 
Different Geometries 
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o DATA TS-C7 Pe=40psia 

• DATATS-C7 Ps=60psia 

112-9305 

Fig. 29. Pressure Dependency of G(,/GcHE 

of t h e i r r a t i o s w a s s l i g h t l y g r e a t e r 
t h a n t h a t of Z a l o u d e k ' s . It i s of i n 
t e r e s t t o i n v e s t i g a t e p o s s i b l e r e a s o n s 
f o r t h i s " h u m p . " F a u s k e ^ s h o w e d 
t h a t a i r - w a t e r c r i t i c a l f l ow a l s o 
e x h i b i t e d t h i s b e h a v i o r i n t h e r e g i o n 
of X = 0 . 0 5 , a s i s s h o w n i n F i g . 3 0 . 
T h e e x p e r i m e n t a l d a t a of Ref . 14 a l s o 
r e v e a l t h a t t h e v e l o c i t y r a t i o a p p e a r s 
t o r e a c h a m a x i m u m i n t h e s a m e r e 
g i o n . K l i n g e b i e l ^ m e a s u r e d v e l o c i t y 
r a t i o s i n a s t e a m - w a t e r s y s t e m a t 
q u a l i t i e s of 0 . 0 2 - 1 . 0 a n d found t h a t 
t h e v e l o c i t y r a t i o d e c r e a s e d w i t h i n 

c r e a s i n g q u a l i t i e s . T h e m a g n i t u d e of t h e m e a s u r e m e n t s i n Ref . 29 m a y b e 
i n e r r o r b e c a u s e of p o s s i b l e e r r o n e o u s e x i t - p r e s s u r e m e a s u r e m e n t s a n d 
n o n e q u i l i b r i u m p h a s e c h a n g e s . H o w e v e r , a t 
r a t h e r h i g h q u a l i t i e s (xj^g > 0 . 2 0 ) , t h e s e e f f e c t s 
s h o u l d b e s m a l l , a n d o n e s h o u l d b e a b l e t o r e l y 
u p o n t h e t r e n d s of t h e d a t a . T h e v e l o c i t y - r a t i o 
d a t a of R e f s . 14 a n d 29 a r e s h o w n i n F i g . 3 0 . 
A l t h o u g h t h e r e s u l t s of K l i n g e b i e l a n d F a u s k e 
w e r e o b t a i n e d i n d i f f e r e n t s y s t e m s a n d a t d i f 
f e r e n t p r e s s u r e s , t h e y s h o u l d r e v e a l t h e b e 
h a v i o r of k g a s a f u n c t i o n of t h e e x i t q u a l i t y . 
C o m p a r i n g t h e s l o p e s ( 3 k g / S x ) p f o r e a c h 

—o—CRITICAL FLOW DATA. REF (14) 
- — O - VELOCITY RATIO DATA, REF (14) 

. . a . . VELOCITY RATIO DATA, REF (29) 

112-9291 

Fig. 30. Experimental Evidence of 
a Maximum Velocity 
Ratio for a Given Exit 
Pressure 

i n v e s t i g a t i o n s h o w s t h a t t h e v e l o c i t y r a t i o e x 
h i b i t s a m a x i m u m i n t h e n e i g h b o r h o o d of 0 . 0 4 < 
X < 0 . 1 0 . I n t h e c r i t i c a l - f l o w e q u a t i o n , 

E q . 3 - 1 7 , t h e v e l o c i t y r a t i o i s t h e o n l y v a r i a b l e 
i n t h e n u m e r a t o r , a n d a l t h o u g h o n e c a n n o t p r e s e n t l y s p e c i f y t h e e x a c t b e 
h a v i o r of t h e d e n o m i n a t o r , a m a x i m u m in t h e v e l o c i t y r a t i o s h o u l d p r o d u c e 
a m a x i m u m i n t h e G / G TTT- r a t i o . T h e p r e s s u r e d e p e n d e n c y s h o w n in 

F i g . 29 i s t h e s a m e a s t h a t of t h e v e l o c i t y r a t i o ; t h e r a t i o i s s u p p r e s s e d 
w i t h i n c r e a s i n g p r e s s u r e . 

B a s e d o n t h e a b o v e o b s e r v a t i o n s , t h e " h u m p s " s h o w n i n F i g s . 2 8 - 3 0 
a p p e a r t o b e c h a r a c t e r i z e d by a m a x i m u m v e l o c i t y r a t i o f o r a g i v e n e x i t 
p r e s s u r e . 

F a u s k e ' s a i r - w a t e r d a t a a p p r o a c h e d t h e h o m o g e n e o u s m o d e l a s t h e 
q u a l i t y d e c r e a s e d f r o m 1% t o z e r o . H o w e v e r , F i g . 28 s h o w s a r a p i d d i v e r 
g e n c e f r o m t h e h o m o g e n e o u s e q u i l i b r i u m m o d e l f o r l o w - q u a l i t y s t e a m -
w a t e r d a t a . A s w a s d i s c u s s e d i n P a r t E of t h i s c h a p t e r , t h i s r a p i d d i v e r 
g e n c e of t h e o n e - c o m p o n e n t d a t a i s a r e s u l t of e i t h e r i n c r e a s i n g s l i p 
b e t w e e n t h e p h a s e s o r a r e t a r d e d p h a s e c h a n g e . F o r l o w - q u a l i t y a i r - w a t e r 



f lows , the veTocity r a t i o and (dk/SP)pq[ bo th d e c r e a s e wi th d e c r e a s i n g q u a l 
i ty a s i s e v i d e n c e d by the v e l o c i t y r a t i o s r e p o r t e d in Ref. 14 and the r e s u l t s 
of F i g . 27; h e n c e , it a p p e a r s tha t th i s r a p i d d i v e r g e n c e i s a r e s u l t of a r e 
t a r d e d p h a s e c h a n g e . 

F i g u r e 9 showed the good a g r e e m e n t b e t w e e n T e s t Sec t ions C7 and 
R7 for X£;g < 0 .03 . H o w e v e r , for x ^ e — 0 .03 , the a g r e e m e n t is not too 
good, a s i s shown by F i g . 28. T h i s l a c k of a g r e e m e n t is b e c a u s e T e s t S e c 
t ion C7 w a s m a c h i n e d on a l a the and thus h a s a w e l l - d e f i n e d t h r o a t , whi le 
T e s t Sec t ion R7 w a s f o r m e d by an e l e c t r i c a l - d i s c h a r g e m a c h i n e tha t p r o 
duced an exit p l ane tha t w a s not so we l l def ined. As a r e s u l t , the t h r o a t -
p r e s s u r e tap for T e s t Sec t ion R7 w a s l o c a t e d u p s t r e a m of the a c t u a l 
t h r o a t . A p r e s s u r e g r e a t e r than the t h r o a t p r e s s u r e w a s t h e r e f o r e r e c o r d e d 
at t h i s p r e s s u r e t a p . At low q u a l i t i e s (xj^g < 0.03), the p r e s s u r e g r a d i e n t s 
a r e c o m p a r a t i v e l y g r a d u a l . H e n c e the r e s u l t i n g effect w a s s m a l l . H o w e v e r , 
a t h i g h e r q u a l i t i e s , the s t e e p e r g r a d i e n t s c a u s e d d i s c r e p a n c i e s be tween the 
da t a . On th i s b a s i s , T e s t Sec t ion C7 m o r e c l o s e l y r e p r e s e n t s the p h y s i c a l 
cond i t ion in the qua l i ty r a n g e xj^g > 0 .03 . 

S e v e r a l i n v e s t i g a t o r s ' ' vv'itnessed o s c i l l a t o r y p r e s s u r e s in c r i t i c a l 
f lows a t low q u a l i t i e s . They a t t r i b u t e d t h i s b e h a v i o r to the e x i s t e n c e of "s lug 
flo\v" in the t e s t s ec t i on . T h e s e o s c i l l a t i o n s v /e re not o b s e r v e d in t h i s r e 
s e a r c h . The s t u d i e s tha t w i t n e s s e d th i s p h e n o m e n o n c r e a t e d the t w o - p h a s e 
fluid by m i x i n g cold w a t e r and s u p e r h e a t e d s t e a m . F o r l o w - q u a l i t y f lows, 
the p r e s s u r e in the mix ing c h a m b e r m a y be h i g h e r t han the s a t u r a t i o n p r e s 
s u r e of the m i x t u r e . T h i s h i g h e r p r e s s u r e c a u s e s the s t e a m to c o n d e n s e 
r a p i d l y . Such c o n d e n s a t i o n u s u a l l y p r o d u c e s p r e s s u r e o s c i l l a t i o n s , such a s 
t h o s e e x p e r i e n c e d in c a v i t a t i o n s t u d i e s , and t h e s e o s c i l l a t i o n s m a y p r o p a 
ga te d o v / n s t r e a m and d i s t u r b the p r e s s u r e m e a s u r e m e n t s in the t e s t s e c t i o n . 
The only o s c i l l a t i o n s o b s e r v e d in t h i s i n v e s t i g a t i o n o c c u r r e d at h i g h e r q u a l 
i t i e s w h e r e it v/as n e c e s s a r y to " f l a sh" in the u p s t r e a m va lve , and the o s c i l 
l a t i o n s induced by t h i s p r o c e s s p r o p a g a t e d d o w n s t r e a m . 

T h e l a c k of p r e s s u r e o s c i l l a t i o n s a t low q u a l i t i e s f u r t h e r s u b s t a n 
t i a t e s the s t e a d y - s t a t e a p p r o a c h d i s c u s s e d in P a r t A of t h i s c h a p t e r . 

G. Slip b e t w e e n the P h a s e s and R e t a r d e d P h a s e Change 

Sl ip b e t w e e n the p h a s e s and the effects of r e t a r d e d p h a s e change 
a r e c o n s i d e r e d t o g e t h e r h e r e b e c a u s e of t h e i r i n t e r d e p e n d e n c y , wh ich i s 
ev iden t f r o m the fol lowing equa t ion : 

X 1 - a ^g 
1 - X a V f, 

(5 -5 ) 

T h i s m a y be a p p r o x i m a t e d to 



k = x 
1 - g V 

a V i 

— 

-

/ 
-

1 1 

L E V Y " ° ' ^ 

/ ^ ^ # 
FAUSKE"*'-

1 1 

1 1 
D DATA TS- R7 

Pe=50psia _ 

/ 

^ ^ ^ 
/ '^-

< °_^__ 

1 1 

when (l - x) a 1. When the d e n s i t y r a t i o and void f r a c t i o n a r e d e t e r m i n e d 
e x p e r i m e n t a l l y , t he a c t u a l v e l o c i t y r a t i o c a n only be c a l c u l a t e d •when the 

r e a l qua l i ty i s known. If an e q u i l i b r i u m e x p a n s i o n 
i s a s s u m e d , the e q u i l i b r i u m qua l i ty m a y be d e t e r 
m i n e d , and thus an " e q u i l i b r i u m ve loc i ty r a t i o " 
m a y be c a l c u l a t e d on t h i s b a s i s . F i g u r e 31 sho"ws 
the e q u i l i b r i u m ve loc i t y r a t i o s e x p e r i m e n t a l l y o b 
t a ined in t h i s s tudy a long wi th t h o s e ob ta ined u s i n g 
s e v e r a l t h e o r e t i c a l m o d e l s . If t he p h a s e s of a l ow-
qua l i ty " f l a sh ing" flow a r e not in e q u i l i b r i u m , t hen 
x < x-g, wh ich i n d i c a t e s t h a t the a c t u a l ve loc i ty 
r a t i o i s l e s s than the v a l u e b a s e d on the e q u i l i b r i u m 
a s s u m p t i o n . A s d i s c u s s e d in P a r t A of th i s c h a p t e r , 
the p r e s s u r e d e c r e a s e n e a r the t h r o a t in c r i t i c a l 
flow i s e s s e n t i a l l y due to an i n c r e a s e in m o m e n t u m 
of the fluid. In such a flow field, w h e r e the w a l l 
f r i c t i o n i s neg l i g ib l e and the p r e s s u r e g r a d i e n t i s 
n e g a t i v e , the ve loc i t y r a t i o should be g r e a t e r t han 
un i ty . H e n c e the ve loc i t y r a t i o i s bounded by the 
" e q u i l i b r i u m ve loc i t y r a t i o " and uni ty . T h e s e 
bounds i n d i c a t e tha t the da t a poin t for ttg = 0.94, 
kjjg = 1.3, shown in F i g . 31 h a s an a c t u a l ve loc i ty 

r a t i o b e t w e e n 1.0 and 1.3. Al l the po in t s in F i g . 31 m a y be b r a c k e t e d in 
t h i s m a n n e r . H o w e v e r , the poin t l i s t e d above h a s the c l o s e s t b o u n d s . S ince 
the va lue of a c t u a l ve loc i ty r a t i o i s known wi th in 30% for th i s p a r t i c u l a r 
point , it w i l l be u s e d a s a r e f e r e n c e poin t to e x a m i n e one c o m p o n e n t v e l o c 
ity r a t i o s in l ight of p r e v i o u s d a t a . 

0.4 0.6 
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Fig. 31 

Comparison between Experi
mental Equilibrium Velocity 
Ratios and Theoretical Models 
for Pg = 50 psia 

T h e c o r r e l a t i o n s e t for th in Ref. 14 i s b a s e d on m e a s u r e d void f r a c 
t i o n s in a i r - w a t e r , t w o - p h a s e c r i t i c a l f lows . S ince a t w o - c o m p o n e n t m i x 
t u r e w a s u s e d , the qua l i ty could be m e a s u r e d . T h e r e f o r e the a c t u a l ve loc i ty 
r a t i o could be c a l c u l a t e d b a s e d on e x p e r i m e n t a l v a l u e s of ttg and P g . T h e s e 
r e s u l t s i n d i c a t e t ha t the ve loc i ty r a t i o d e c r e a s e s wi th d e c r e a s i n g void f r a c 
t ion in the r a n g e 0.27 < a e — 0 . 9 1 . and a l s o show tha t the m a g n i t u d e of 
the ve loc i ty r a t i o i s wi th in the r a n g e 1.0 :S kg :S 2 .5 . Fauske^"* con tends 
t h a t the exi t ve loc i ty r a t i o s of an a i r - w a t e r m i x t u r e a r e g r e a t e r than o r 
equa l to t h o s e of a s t e a m - w a t e r m i x t u r e wi th the s a m e qua l i ty and dens i t y 
r a t i o . T h i s i s b a s e d on the r e a s o n i n g tha t a o n e - c o m p o n e n t m i x t u r e m u s t 
a c c e l e r a t e not only the e x i s t i n g v a p o r , but the newly f o r m e d v a p o r a s we l l , 
w h e r e a s a t w o - c o m p o n e n t s y s t e m only a c c e l e r a t e s the ex i s t i ng g a s e o u s 
p h a s e . Al though not m u c h d a t a h a s b e e n a c c u m u l a t e d on t h i s sub jec t , wha t 
h a s b e e n t a k e n a p p e a r s to a g r e e wi th the above r e a s o n i n g . F o r i n s t a n c e , in 
Ref. 14, X - 0 .033 , p ^ / p g ~ "700, and kg - 2.4; and in t h i s s tudy, x ^ g = 
0.039, 9l/Pa ~ 500, and kj-g = 1.3. Al though the dens i ty r a t i o s a r e not the 
s a m e , they a r e c l o s e enough to s u g g e s t t ha t the above r e a s o n i n g i s va l i d . 
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T h e e x p e r i m e n t a l o b s e r v a t i o n tha t t he v e l o c i t y r a t i o d e c r e a s e s a s 
the void f r a c t i o n d e c r e a s e s i s not u n e x p e c t e d . As the void f r a c t i o n d e 
c r e a s e s , the s y s t e m t e n d s to b e c o m e one of g a s e o u s b u b b l e s e n t r a i n e d in 
l iquid , and one would not e x p e c t v e l o c i t y r a t i o s m u c h l a r g e r t han un i ty . 

It h a s b e e n sho'wn in t h i s c h a p t e r tha t : 

1. The v a r i a b l e s k and {dk/Sp)f^ both d e c r e a s e wi th d e c r e a s i n g 
qua l i ty for lo^v-qual i ty a i r - w a t e r flo'ws. 

2. In the qua l i ty r e g i o n w h e r e the m a s s t r a n s f e r d o e s not d o m i 
n a t e the c o m p r e s s i b i l i t y of a o n e - c o m p o n e n t m i x t u r e , air-vi^ater and s t e a m -
w a t e r m i x t u r e s exhib i t a s i m i l a r b e h a v i o r in t ha t both d i s p l a y a m a x i m u m 
of CI^/GQIIJ^ ^^ ^ funct ion of qua l i t y for X-£Q ~ 0 .07 . T h i s m a x i m u m is 
a p p a r e n t l y t h e r e s u l t of a m a x i m u m of the ve loc i t y r a t i o a s a funct ion of 
q u a l i t y . 

3. T h e m e a g e r d a t a a v a i l a b l e i n d i c a t e t h a t the ve loc i t y r a t i o s of 
a s team-v^ 'a te r m i x t u r e a r e l e s s t han t h o s e for one c o m p o s e d of a i r and 
•water. 

It h a s b e e n a r g u e d tha t : 

4. P h e n o m e n o l o g i c a l l y , one would e x p e c t k and (Sk/SP)p^ to d e 

c r e a s e wi th d e c r e a s i n g qua l i ty for l o w - q u a l i t y s t e a m - w a t e r m i x t u r e s . 

The four s u m m a r y p o i n t s l i s t e d above i m p l y tha t ( l ) ( ^ k g / o x ^ g ) p > 

0, and (2) the a i r - w a t e r ve loc i t y r a t i o s a r e g r e a t e r t han t h o s e of s t e a m -
w a t e r m i x t u r e s . A s d i s c u s s e d p r e v i o u s l y , one knows the a c t u a l ve loc i t y 
r a t i o of the r e f e r e n c e po in t w^ithin 30%. H e n c e , if one p o s t u l a t e s a c u r v e 
r e p r e s e n t i n g the b e h a v i o r of the a c t u a l ex i t v e l o c i t y r a t i o s , it should s t a r t 
a t the r e f e r e n c e po in t and follow the b e h a v i o r p a t t e r n s d e s c r i b e d a b o v e . 
Such a c u r v e i s shown by the d a s h e d l i ne in F i g . 3 1 . T h i s l ine shows only 
q u a l i t a t i v e ef fec ts and c o n t a i n s no q u a n t i t a t i v e i n f o r m a t i o n . H o w e v e r , if 
the exi t v e l o c i t y r a t i o of the r e f e r e n c e point (k;gg = 1.3) i s t h e m a x i m u m 
exi t v e l o c i t y r a t i o in the r a n g e i n v e s t i g a t e d , t hen the exi t ve loc i ty r a t i o s 
a r e a l w a y s n e a r uni ty for l o w - q u a l i t y f lows . M o r e d i r e c t l y s t a t e d , t h i s 
i m p l i e s t h a t low^-quality f lows a r e n e a r l y h o m o g e n e o u s . 

B a s e d on t h e above c o n c l u s i o n , the d e v i a t i o n b e t w e e n the " e q u i l i b 
r i u m v e l o c i t y r a t i o s " and un i ty i s p r i m a r i l y due to a r e t a r d e d p h a s e c h a n g e . 
In fact , t h i s d e v i a t i o n can be u s e d a s an i n d i c a t i o n of the a m o u n t of s u p e r 
h e a t p r e s e n t in the l i qu id . 
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H. A P r o p o s e d M e c h a n i s m for O n e - c o m p o n e n t , T w o - p h a s e C r i t i c a l F l o w 
a t Low Q u a l i t i e s 

P a r t C of t h i s c h a p t e r showed e x p e r i m e n t a l l y ( F i g . 14) tha t the ex i t -
p l ane p r e s s u r e in t w o - p h a s e c r i t i c a l flo'w e x h i b i t s a b e h a v i o r t ha t c l o s e l y 
r e s e m b l e s t ha t of the s i n g l e - p h a s e c a s e . P a r t D c o n c l u d e d tha t t h e ve loc i t y 
r a t i o s in the v o i d - f r a c t i o n r a n g e 0.0 < ttg < 0.90 a r e v e r y c l o s e to un i ty . 
T h e e x i s t e n c e of a n o n e q u i l i b r i u m p h a s e c h a n g e in the flow^ field w a s d e 
duced in P a r t s D and F . 

In l igh t of the above e v i d e n c e , t h e fol lowing m e c h a n i s m is p r o p o s e d 
for o n e - c o m p o n e n t , t w o - p h a s e c r i t i c a l flow in the v o i d - f r a c t i o n r a n g e 
0.20 < a g < 0 .90: 

1. The fluid i s choked a t t he t h r o a t b e c a u s e of the e x i s t e n c e of a 
s o n i c - v e l o c i t y cond i t ion . 

2. T h i s son ic v e l o c i t y i s c h a r a c t e r i s t i c of the s y s t e m c o m p r e s s 
ib i l i ty wh ich i s d e t e r m i n e d by (a) the bulk m o d u l u s of e a c h p h a s e , (b) the 
v e l o c i t y r a t i o , (c) the r a t e of c h a n g e of the ve loc i t y r a t i o (dkg/SPg)TT , 

(d) the qua l i ty , wh ich i s l e s s t h a n the t h e r m o d y n a m i c e q u i l i b r i u m v a l u e , 
and (e) t h e p h a s e c h a n g e (Sxg /SPg) p,. , w h i c h i s n o n z e r o but l e s s t h a n the 
t h e r m o d y n a m i c e q u i l i b r i u m v a l u e . 

T h e h o m o g e n e o u s e q u i l i b r i u m son ic v e l o c i t y , w h i c h c o r r e s p o n d s 
to the h o m o g e n e o u s e q u i l i b r i u m c r i t i c a l - f l o w m o d e l d e r i v e d in C h a p t e r III, 
m a y be e x p r e s s e d a s 

w h e r e 

v j ^ ^ = ( 1 - x ^ ) v^ + x^Vg. (5-7) 

Subs t i t u t i ng Eq . 5-7 in to E q . 5 -6 and u s i n g t h e o r d e r - o f - m a g n i t u d e a p p r o x i 
m a t i o n s u s e d in C h a p t e r III p r o d u c e s 

2 
^HE 

g j ( l - x ^ ) v ^ + ^ E V ' 
(5 -8 ) 

so tha t 

^ H E = G ^ H E ^ H E . (5-9) 
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S e m e n o v and Kosterin"*^ deve loped a h o m o g e n e o u s son ic ve loc i t y wh ich 
a s s u m e d tha t no p h a s e change o c c u r s (^x/3p)p^ = 0 a s the pu l s e t r a v e l s 

t h r o u g h the m i x t u r e . They a l s o a s s u m e d tha t the p o l y t r o p i c exponent of 
the vapo r w a s equa l to the r a t i o of the spec i f i c h e a t s of v a p o r . T h e i r e x 
p r e s s i o n m a y be w r i t t e n a s 

[ (1 0 
^ H F Z 

v^ + x ^ v ]^ 
(5-10) 

X EVg 

The r e l a t i o n s h i p of Eq . 5- 10 i s often c a l l e d the h o m o g e n e o u s f rozen 
m o d e l , and it exh ib i t s the s a m e t r e n d s a s the s o n i c - v e l o c i t y da ta g iven in 
Ref. 44, a s shown in F i g . 32. The h o m o g e n e o u s f rozen m o d e l a p p e a r s to 
u n d e r e s t i m a t e the da t a shown. 

A THEORETICAL 

B EXPERIMENTAL 

1 AIR-WATER SYSTEM 
( l ' - p = l 2 5 l < g / c m ^ , 
l"-p=2kg/cm'^) 

2 STEAM-WATER SYSTEM, 
p = IOkg/cm^ 

3 STEAM-WATER SYSTEM, 
p=l5kg/cm^, 
CO-ORDINATE ORIGIN AT 0' 

4 STEAM-WATER SYSTEM, 
p=20kg/cm^, 
CO-ORDINATE ORIGIN AT O" 

Fig. 32 

Experimental and Theoretical Values for 
44 Two-phase Sonic Velocity 

0 2 0 4 0 6 0 8 10 
VOID FRACTION, a 112-9303 Rev. 1 

I t i s a r g u e d in t h i s r e p o r t t h a t t h e v e l o c i t y r a t i o s c h a r a c t e r i s t i c of 
l o w - q u a l i t y , o n e - c o m p o n e n t , t w o - p h a s e , c r i t i c a l f l ow a r e c l o s e t o u n i t y . 
H e n c e t h e s p e c i f i c v o l u m e of t h e m i x t u r e m a y b e a p p r o x i m a t e d by 

^H ( 1 - x ) V/, -I- XV 
g 

(1 - Nx£. ) v ^ -I- nx£;v 
g ' 

( 5 - 1 1 ) 

If E q . 5 - 1 1 r e a s o n a b l y a p p r o x i m a t e s t h e a c t u a l c o n d i t i o n , a n d if t h e m e c h 
a n i s m i s t h e s a m e fo r s i n g l e - a n d t w o - p h a s e c r i t i c a l f low, t h e n t h e s o n i c 
v e l o c i t y a s s o c i a t e d w i t h t w o - p h a s e c r i t i c a l f low a t l o w q u a l i t i e s m a y b e 
e x p r e s s e d a s 

G c ^ H e - ( 5 - 1 2 ) 

S u b s t i t u t i n g E q . 3 - 2 5 fo r t h e c r i t i c a l f low r a t e i n t o E q . 5 - 1 2 g i v e s 

- g ^ [ ( l - X ) V^ + XV ]2 

a g =< 

N 
X T T V 

E ^ g 
X T 

g V ^ P 

( 5 - 1 3 ) 
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o r 

^H ^HE 

^HE -/N 
(5-14) 

T h e t h r e e son ic v e l o c i t i e s d i s c u s s e d above a r e shown in F i g s . 3 3 -
35 for t h r e e d i f fe ren t p r e s s u r e s . The f i g u r e s show tha t Eq . 5-13 exh ib i t s 
c h a r a c t e r i s t i c s of both the e q u i l i b r i u m and f r o z e n m o d e l s . F o r i n s t a n c e , 
( l ) Eq . 5 -13 a p p e a r s to have a m i n i m u m ve loc i t y a s d o e s the f r o z e n m o d e l , 
and (2) a change of p h a s e o c c u r s a s in the e q u i l i b r i u m c a s e ; h o w e v e r , i t i s 
only a p a r t i a l p h a s e c h a n g e . 

s 
r 180 

=' 160 

140 

L \ 1 ' 1 
_ \ A. 

- \ 

-^ x 

' 1 ' 1 ; _ 
• SOpsia / // i w^/-

^ HOMOGENEOUS / / — 
FROZEN y^ 1 

- EQ (5-13) 

' , 1 , 1 

A , 
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, 1 , 1 , 
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120 

100; 

60 

60 

112-9314 

Fig. 33 

Homogeneous Sonic Veloc
ities for One-component. 
Two-phase Flows at 
Pg = 50 psia 

^HOMOGENEOUS 
EQUILIBRIUM 

I I I I I I I I 
0 2 0 4 0 6 0 8 10 

112-9315 

Fig. 34 

Homogeneous Sonic Veloc
ities for One-component, 
Two-phase Flows at 
Pg = 100 psia 

HOMOGENEOUS " 
EQUILIBRIUM 

I I I 
0 4 06 08 10 

112-9316 

Fig. 35 

Homogeneous Sonic Veloc
ities for One-component, 
Two-phase Flows at 
Pg = 150 psia 

I n s i n g l e - p h a s e f l ow , t h e r e i s g o o d a g r e e m e n t b e t w e e n t h e p r o p a g a 
t i o n v e l o c i t y of s m a l l p r e s s u r e p u l s e s a n d t h e t h r o a t v e l o c i t y e x p e r i e n c e d 
i n c r i t i c a l f l o w . C o m p a r i n g t h e s a m e q u a n t i t i e s in o n e - c o m p o n e n t , t w o -
p h a s e f l ow , o n e f i n d s t h a t t h e v e l o c i t i e s d i f f e r b y a t l e a s t a f a c t o r of t w o . 
T h i s r e s u l t i s n o t s u r p r i s i n g w h e n t h e c o m p r e s s i b i l i t i e s of t h e s y s t e m s a r e 
c o n s i d e r e d . F o r s i n g l e - p h a s e g a s f low, t h e c o m p r e s s i b i l i t y i s a f u n c t i o n of 
t h e t e m p e r a t u r e o n l y ; h e n c e , if t h e t h r o a t t e m p e r a t u r e i n c r i t i c a l f low a n d 
t h e s y s t e m t e m p e r a t u r e fo r a s o n i c p u l s e a r e e q u a l , t h e v e l o c i t i e s w i l l b e 
e q u a l . A s s h o w n b y E q . 3 - 1 7 , t h e c o m p r e s s i b i l i t y of a o n e - c o m p o n e n t , t w o -
p h a s e m i x t u r e i s a f u n c t i o n of 

ap\ rz^\ 
V V ^ / H ^ ' V ^ ^ H 

^ ^ . (^\ , k, 
^ P ^ H . 

; 5 - i 5 ) 

In t h e i r e x p e r i m e n t , S e m e n o v and K o s t e r i n p r o p a g a t e d a s m a l l p u l s e 
t h r o u g h an e q u i l i b r i u m m i x t u r e , w h e r e a s , in t h i s s tudy a h i g h - v e l o c i t y 
s t r e a m w a s choked at the t h r o a t . F o r the sanne p r e s s u r e and s t agna t i on 



en tha lpy , the t e r m s v„ and {bv„/bP) a r e p r o b a b l y s i m i l a r for e a c h s y s -
6 & Ho 

t e m . The s t e a d y - s t a t e ve loc i t y r a t i o k, and i t s d e r i v a t i v e could c o n c e i v a b l y 
be the s a m e in e a c h c a s e . The m a i n d i f f e r e n c e b e t w e e n t h e s e two s y s t e m s 
i s t he p h a s e c h a n g e . In the e x p e r i m e n t a l t r i a l s of Ref. 44, the p u l s e p r o p a 
ga ted t h r o u g h the e q u i l i b r i u m s t e a m - w a t e r m i x t u r e wi th e s s e n t i a l l y no 
p h a s e change , w h e r e a s , in l o w - q u a l i t y , o n e - c o m p o n e n t c r i t i c a l flow, a s i z 
a b l e p h a s e c h a n g e a p p e a r s to o c c u r at the t h r o a t . T h i s p h a s e change i s not 
an e q u i l i b r i u m p r o c e s s . R a t h e r , it i s one c h a r a c t e r i s t i c of c o n s i d e r a b l e 
s u p e r h e a t in the l iqu id p h a s e and i s d e t e r m i n e d by the r a t e p r o c e s s e s of 
h e a t and m a s s t r a n s f e r u p s t r e a m of the t h r o a t . H e n c e , t he two s y s t e m s 
d i s c u s s e d dif fer in the p h a s e - c h a n g e p r o c e s s , wh ich i s t he c o n t r o l l i n g q u a n 
t i ty at low q u a l i t i e s a s shown by the d i f f e r e n c e b e t w e e n the e q u i l i b r i u m and 
f r o z e n m o d e l s . T h e d a t a g iven in Ref. 44 a r e c h a r a c t e r i s t i c of a c o m p r e s 
s ion wave m o v i n g t h r o u g h a s t e a m - w a t e r m i x t u r e . Such a p u l s e t e n d s to 
c r e a t e a subcoo led l iqu id and a s u p e r h e a t e r v a p o r wh ich a r e bo th s t ab l e 
c o n d i t i o n s by t h e m s e l v e s . H e n c e the m a s s t r a n s f e r c a n o c c u r only a t t he 
p r e v i o u s l y d e t e r m i n e d p h a s e b o u n d a r i e s . F o r a r a r e f a c t i o n w^ave, wh ich 
i s m o r e c h a r a c t e r i s t i c of c r i t i c a l flow^, the u n s t a b l e cond i t i ons of s u p e r 
h e a t e d l iquid and s u p e r s a t u r a t e d v a p o r a r e p r o d u c e d . U n d e r t h e s e c o n d i 
t i o n s , the l iquid c a n " f l a sh" and the v a p o r c a n c o n d e n s e . T h e r e f o r e the 
s y s t e m s can t r a n s f e r m a s s i n d e p e n d e n t l y of the p r e v i o u s p h a s e b o u n d a r r e s . 
T h i s i n d i c a t e s t ha t c o m p r e s s i o n and r a r e f a c t i o n son ic p u l s e s m a y h a v e 
d i f f e ren t p r o p a g a t i o n v e l o c i t i e s , and e a c h of t h e s e m a y dif fer f r o m the 
choking v e l o c i t y in t 'wo-phase c r i t i c a l flov/. 

In s u m m a r y , the p r e s s u r e p r o f i l e s s u g g e s t tha t a t w o - p h a s e fluid 
b e h a v e s m u c h l ike a s i n g l e - p h a s e m e d i u m ; h e n c e , a son ic ve loc i t y m e c h a 
n i s m i s p r o p o s e d . The v e l o c i t y r a t i o a p p e a r s to be n e a r uni ty and t h e p h a s e 
change i s n e i t h e r z e r o n o r the e q u i l i b r i u m v a l u e . T h e r e f o r e a h o m o g e n e o u s 
p a r t i a l - p h a s e - c h a n g e sonic v e l o c i t y w a s p r o p o s e d a s an app rox inaa t e m e c h 
a n i s m for the p h e n o m e n o n of l o w - q u a l i t y , o n e - c o m p o n e n t , tw^o-phase, c r i t i 
c a l flow. 



C H A P T E R VI 

SUMMARY AND CONCLUSIONS 

O n e - c o m p o n e n t , t w o - p h a s e c r i t i c a l f lows at low q u a l i t i e s w e r e i n 
v e s t i g a t e d a n a l y t i c a l l y and e x p e r i m e n t a l l y . The m a t h e m a t i c a l m o d e l d e 
ve loped a p p r o x i m a t e s the n o n e q u i l i b r i u m p r o c e s s e s by t h e r m o d y n a m i c 
e q u i l i b r i u m p a t h s . The m o d e l exh ib i t s good a g r e e m e n t wi th t h e e x p e r i 
m e n t a l da t a for Xrp — 0.02 and 50 p s i a — P — 150 p s i a . The t h e o r e t i c a l 
p r e d i c t i o n u n d e r e s t i m a t e s the c r i t i c a l flow r a t e s for l o w e r p r e s s u r e s and 
h i g h e r q u a l i t i e s . H o w e v e r , it exh ib i t s t he s a m e s lope ( B G c / ^ x E e ) p ^^ ^^^ 
da t a a t low q u a l i t i e s and Pg < 50 p s i a . The d e v i a t i o n t h a t e x i s t s b e t w e e n the 
m o d e l and the da t a is a r e s u l t of the a p p r o x i m a t i o n t h a t (SNe/SPe)TT - 0. 

- " • 0 

It w^as a r g u e d t h a t t he ex i t v e l o c i t y r a t i o s in l o w - q u a l i t y , o n e -
c o m p o n e n t c r i t i c a l f lows a r e not m u c h l a r g e r t h a n un i ty and tha t the p h a s e 
change at t h e s e low q u a l i t i e s i s a n o n e q u i l i b r i u m p r o c e s s . B a s e d on t h e s e 
a r g u m e n t s , a h o m o g e n e o u s , n o n e q u i l i b r i u m s o n i c - v e l o c i t y condi t ion i s 
p r o p o s e d a s t h e a p p r o x i m a t e m e c h a n i s m for o n e - c o m p o n e n t , t w o - p h a s e 
c r i t i c a l flow^ at low q u a l i t i e s . 

An a n a l y s i s of the e x p e r i m e n t a l d a t a l e a d s to t h e fol lowing 
c o n c l u s i o n s : 

1. A x i a l - p r e s s u r e and v o i d - f r a c t i o n m e a s u r e r a e n t s a p p e a r to 
jus t i fy the a s s u m p t i o n s of one d i m e n s i o n a l i t y and s t e a d y s t a t e for h i g h -
v e l o c i t y , t w o - p h a s e f lows . 

2. C o m p a r i s o n of the r e s u l t i n g da t a of T e s t S e c t i o n s C7 and C120 
i n d i c a t e d tha t p r e v i o u s l y r e p o r t e d d a t a involve exi t p r e s s u r e s t h a t a r e not 
c h a r a c t e r i s t i c of the choking p h o n o m e n o n due to the i n h e r e n t t v / o - d i m e n s i o n a l 
b e h a v i o r of a r a p i d expans ion . The e r r o r s a r e p a r t i c u l a r l y n o t i c e a b l e for 
XEg < 0.10. 

3. The e x i t - r e c e i v e r p r e s s u r e r e l a t i o n s h i p for a l l t h r e e t e s t 
s e c t i o n s l e a d s to the c o n c l u s i o n t h a t t he ex i t p r e s s u r e s of T e s t Sec t i ons C7 
and R7 a r e m o r e r e p r e s e n t a t i v e of the c r i t i c a l cond i t ion b e c a u s e the down
s t r e a m tw^o-d imens iona l e f fec ts a r e r e d u c e d by t h e g e o m e t r y . 

4. C o m p a r i n g the a x i a l v o i d - f r a c t i o n and p r e s s u r e p r o f i l e s r e v e a l s 
t ha t a c o m p r e s s i b l e p h a s e i s p r e s e n t when the p r e s s u r e is g r e a t e r t han the 
s a t u r a t i o n p r e s s u r e c o r r e s p o n d i n g to s y s t e m t e m p e r a t u r e . T h i s p h e n o m e n o n 
i s b e l i e v e d to be a r e s u l t of p r e v i o u s l y d i s s o l v e d g a s e s ex i t ing f r o m so lu t ion . 
T h e s e g a s e s a l s o p r o v i d e a s o u r c e for v a p o r f o r m a t i o n , in the f o r m of 
h u m i d i t y , b e f o r e the i ncep t ion of " f l a s h i n g . " 



5. The " e q u i l i b r i u m v e l o c i t y r a t i o s " r e p o r t e d a r e the m a x i m u m 
r a t i o for a g iven p r e s s u r e and void f r a c t i o n . H o w e v e r , even t h e s e w e r e 
s m a l l e r t h a n the t h e o r e t i c a l p red ic t ions .^ '^^ '^^ T h i s i n d i c a t e s tha t , a l though 
the c r i t i c a l - f l o w t h e o r i e s p r o p o s e d in Re f s . 9 , 3 1 and 35 d i s p l a y good a g r e e 
m e n t for 0.01 < Xv < 1.00, t h e y do not c o r r e c t l y def ine the p h y s i c a l 
p r o c e s s e s . 

6. The e x p e r i m e n t a l flow r a t e s do not exh ib i t a m a x i m u m in a p lo t 
of Gc v e r s u s xj-g a s p r e d i c t e d by the t h e o r i e s of R e f s . 31 and 35. 

7. A c o m p a r i s o n b e t w e e n the c h a r a c t e r i s t i c s of o n e - and t-wo-
c o m p o n e n t c r i t i c a l flo"ws r e v e a l s t r e n d s in the o n e - c o m p o n e n t s y s t e m s tha t 
s t r o n g l y s u g g e s t t he e x i s t e n c e and, for s o m e c o n d i t i o n s , the p r e d o m i n a n c e 
of a r e t a r d e d p h a s e c h a n g e . 

8. The " h u m p " v / i t n e s s e d by F a l e t t i and Moul ton w^as a l s o o b s e r v e d 
in t h i s s tudy. B a s e d on the v e l o c i t y - r a t i o da t a of Fauske^^ and Klingebiel ,^^ 
a m a x i m u m of the v e l o c i t y r a t i o a s a funct ion of the qua l i t y w a s p r o p o s e d as 
a p o s s i b l e e x p l a n a t i o n for the " h u m p . " 



C H A P T E R VII 

R E C O M M E N D A T I O N S F O R F U T U R E STUDIES 

A h o m o g e n e o u s , m e t a s t a b l e , s o n i c - v e l o c i t y m e c h a n i s m w a s p r o 
p o s e d in t h i s s tudy. Th i s i s only an a p p r o x i m a t i o n to the r e a l c a s e b e 
c a u s e in a r e a l s y s t e m t h e v e l o c i t y r a t i o wi l l be g r e a t e r t h a n un i ty and 
the d e r i v a t i v e ( d k g / ^ P g ) wi l l be n o n z e r o . If t he p r o b l e m of t w o - p h a s e 

c r i t i c a l i s to be u n d e r s t o o d , the m e c h a n i s r a of t h e c r i t i c a l condi t ion m u s t 
be c l e a r l y s e t fo r th . To do t h i s , one m u s t answ^er s u c h q u e s t i o n s a s : 

1. Is t w o - p h a s e c r i t i c a l flow t h e r e s u l t of a s o n i c - v e l o c i t y cond i 
t ion a t t he t h r o a t ? 

2. If it i s a s o n i c - v e l o c i t y m e c h a n i s m , how^ d o e s one m a t h e m a t i 
ca l l y r e p r e s e n t the v a r i o u s c o m p r e s s i b i l i t y t e r m s , (Svg/SP)TT , ( S X / ^ P ) T T , 

and (Sk/^P)TT , of the s y s t e m ? 

3. If t he p h e n o m e n o n i s due to a son ic cond i t ion , w^hich, if e i t h e r , 
of t h e p h a s e s t r a v e l s a t t h i s v e l o c i t y ? 

T h e s e a r e diff icul t q u e s t i o n s to a n s w e r . H o w e v e r , a l o g i c a l s t a r t i n | 
po in t would be a s tudy of t w o - c o m p o n e n t , tw^o-phase c r i t i c a l f lows in a 
g e o m e t r y s i m i l a r to T e s t Sec t i on R7. T h i s s tudy should inc lude ax i a l v o i d -
f r a c t i o n p r o f i l e s so t h a t the t e r m (Skg/SPg)TT m a y be i n v e s t i g a t e d . Such 

e f for t s shou ld a l s o be a c c o m p a n i e d by a t h o r o u g h i n v e s t i g a t i o n of the v e 
l o c i t y of sound in a tw^o-component m i x t u r e . If t he m e c h a n i s m c a n be 
deduced for tw^o-component flow^s, t h e n t h e s a m e m e c h a n i s m w^ill app ly to 
o n e - c o m p o n e n t f lows wi th the f u r t h e r c o m p l i c a t i o n of spec i fy ing the a d d i 
t i o n a l c o m p r e s s i b i l i t y r e s u l t i n g f r o m a change of p h a s e . 



A P P E N D I X A 

C o n s t r u c t i o n of t h e T e s t S e c t i o n s 

A s w a s d i s c u s s e d in C h a p t e r IV , t h e l e n g t h of t h e t e s t s e c t i o n s m a d e 
i t i m p o s s i b l e t o c o n s t r u c t t h e m f r o m o n e p i e c e of s t e e l . T h e r e f o r e t h e 
c o n s t a n t - a r e a s e c t i o n w a s f a b r i c a t e d in t'wo p a r t s . 

T e s t S e c t i o n s C7 a n d C 1 2 0 s h a r e d t h e s a m e u p s t r e a m p o r t i o n , w h i c h 
w a s m a d e f r o m a l / 4 - i n . S c h e d u l e 80 p i p e 32 i n . l o n g , w h o s e ID w a s e n 
l a r g e d t o 0 . 3 1 3 i n . b y p o l i s h i n g i t o u t w i t h e m e r y p a p e r . T h e OD w^as 
m a c h i n e d t o 0 . 4 3 7 in . f o r t h e l a s t 1 J5 i n . of t h e l e n g t h . 

T h e l a s t 4 i n . of t h e c o n s t a n t - a r e a s e c t i o n a n d t h e d o w ^ n s t r e a m 
g e o m e t r y of b o t h T e s t S e c t i o n s C7 a n d C 1 2 0 w e r e a c c u r a t e l y b o r e d on a 
l a t h e . T h e ID w a s d r i l l e d o u t t o 0 . 3 1 3 i n . , a n d t h e OD w a s c u t d o w n t o 
0 . 4 3 7 f o r t h e f i r s t 3 9 / 6 4 i n . of t h e s e c t i o n s . 

T h e u p - a n d d o w n s t r e a m s e c t i o n s w e r e j o i n e d b y a s t a i n l e s s s t e e l 
u n i o n , w h i c h w a s m o d i f i e d a s s h o w n i n F i g s . A . 1 a n d A . 2 . T h e f e m a l e 
p o r t i o n of t h e u n i o n w a s c o m m o n t o b o t h e x i t s e c t i o n s , b u t s i n c e e a c h 
s e c t i o n h a d i t s ow^n m a l e p a r t , t h e r e w e r e a c t u a l l y t h r e e p i e c e s t o t h e 
u n i o n . E a c h p a r t of t h e u n i o n w a s b o r e d o u t t o a d i a m e t e r of 0 . 4 3 8 in . 
T h e e x i t s e c t i o n of T e s t S e c t i o n C7 -was i n s e r t e d i n t o i t s h a l f of t h e u n i o n 
u n t i l i t s u p s t r e a m f a c e w a s f l u s h w i t h t h e s u r f a c e of t h e u n i o n , w h e r e i t 
w a s c l a m p e d a n d w e l d e d . T h e u n i o n w a s t h e n j o i n e d , a n d t h e u p s t r e a m 
p o r t i o n of t h e t e s t s e c t i o n w a s s l i d i n t o i t s u n i o n h a l f u n t i l i t b u t t e d a g a i n s t 
t h e e x i t s e c t i o n w h e r e i t w a s a l s o c l a m p e d a n d w e l d e d . T h e u n i o n w a s 
d i s e n g a g e d a n d t h e f e m a l e p o r t i o n w a s j o i n e d w i t h t h e m a l e of T e s t S e c t i o n C 1 2 0 . 
T h e e x i t s e c t i o n of T e s t S e c t i o n C I 2 0 w a s i n s e r t e d u n t i l i t b u t t e d a g a i n s t 
t h e u p s t r e a m s e c t i o n ; t h e r e i t w a s c l a m p e d a n d w e l d e d t o i t s u n i o n ha l f . 
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Fig. A.l. Assembly of Test Section CI Fig. A.2. Assembly of Test Section C120 

T o b e c e r t a i n n o l a r g e d e f o r m a t i o n s w e r e c a u s e d b y t h i s p r o c e d u r e , 
t h e p r e s s u r e p r o f i l e w a s o b t a i n e d f o r l i q u i d f low o n l y in e a c h t e s t s e c t i o n . 
A l i n e a r p r o f i l e w a s o b s e r v e d in a l l c a s e s . 

T h e d o w n s t r e a m d i v e r g e n c e of T e s t S e c t i o n C7 w a s c o n t i n u e d b y 
a t t a c h i n g a n a d d i t i o n a l 8 - i n . - l o n g s e c t i o n , w h i c h h a d t h e s a m e a n g l e of 



d i v e r g e n c e and ID a t the jo in t a s the exi t s e c t i o n . The two p a r t s w e r e 
we lded t o g e t h e r a t a poin t r e m o v e d f r o m the junc t ion to m i n i m i z e the d i s 
t o r t i o n of the i nne r s u r f a c e . 

T e s t Sec t ion R7 w a s a l s o c o n s t r u c t e d f r o m two p i e c e s . The u p 
s t r e a m s e c t i o n w a s f o r m e d by s q u e e z i n g a 3 / 4 - i n . - O D , 1 / l 6 - i n . - w a l l 
c i r c u l a r tubing wh ich r e s u l t e d in the c r o s s - s e c t i o n a l g e o m e t r y shown in 
F i g . 4 The d i m e n s i o n s of the flow p a s s a g e w e r e c o n s t a n t wi th in 0.002 in. 
The d o w n s t r e a m s e c t i o n w a s c o n s t r u c t e d us ing an e l e c t r i c a l - d i s c h a r g e 
m a c h i n e (EDM) to f o r m the channe l to the s a m e c r o s s - s e c t i o n a l g e o m e t r y 
a s t ha t of the u p s t r e a m p o r t i o n . T h e s e two p i e c e s w e r e t hen s o c k e t - w e l d e d 
t o g e t h e r . The d o w n s t r e a m g e o m e t r y of T e s t Sec t ion R7 w a s ex tended by 
weld ing an a d d i t i o n a l n o z z l e onto the exi t s e c t i o n . T h i s w a s done b e f o r e 
the final l a y e r of m e t a l w a s r e m o v e d f r o m the channe l so tha t the l a s t 
m a c h i n e p a s s would f o r m a s m o o t h s u r f a c e a t the junc t ion . As b e f o r e , the 
p r e s s u r e p ro f i l e w a s d e t e r m i n e d for T e s t Sec t ion R7 wi th l iquid flow only , 
and a l l t r i a l s y i e lded l i n e a r p r o f i l e s . Hence the c o n s t r u c t i o n t e chn ique did 
not p r o d u c e any l a r g e d i s t o r t i o n s of the channe l . 

D u r i n g the e x p e r i m e n t a l t e s t wi th T e s t Sec t ion R 7 , the u p s t r e a m 
s e c t i o n w a s b a c k e d up wi th 1 /2- in . s t e e l p l a t e s so it would not d e f o r m 
u n d e r i n t e r n a l p r e s s u r e . 

The p r e s s u r e t a p s n e a r the exi t p l a n e in a l l the t e s t s e c t i o n s w e r e 
f o r m e d by an EDM in o r d e r t o : ( l ) a c c u r a t e l y l o c a t e the t a p s , (2) p r e c i s e l y 
c o n t r o l t h e i r d i a m e t e r , and (3) e l i m i n a t e b u r r s . Tab le V l i s t s the d i a m e t e r 
and m e t h o d u sed to i n s t a l l e a c h p r e s s u r e t a p . 

TABLE V. Characteristics of Pressure-tap Installation 

Position 

U8 
U7 

U6 
U5 
U4 
U3 
U2 

Ul 
Exit 
Dl 

D2 
D3 
D4 

Test Section C7 

Diameter, 

in. 

1/16 
1/16 
1/16 
1/16 

0.010 

0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
0.010 
1/16 

Method of 

Installation 

Drilled 
Drilled 
Drilled 
Drilled 
EDM 

EDM 
EDM 
EDM 
EDM 
EDIVl 

EDM 
EDM 

Drilled 

Position 

U7 
U6 
U5 
U4 

U3 
U2 
Ul 
Exit 
Dl 
D2 
D3 
D4 

Test Section C120 

Diameter, 

in. 

1/16 
1/16 
1/16 
1/16 

0.010 

0.010 
0.010 
0.010 
0.010 

0.010 
0.010 
0.010 

Method of 
Installation 

Drilled 
Drilled 
Drilled 
Drilled 

EDM 
EDM 
EDM 
EDM 

EDM 
EDM 
EDM 
EDM 

Position 

U8 
U7 

U6 
U5 
U4 

J3 
U2 
Ul 
Exit 
Dl 

D2 
D3 
D4 

Test Section R7 

Diameter, 

in. 

1/16 
1/16 

1/16 
0.031 
0.031 
0.031 
0.031 
0.031 
0.031 
0.031 

0.031 
1/16 
1/16 

Method of 

Installation 

Drilled 
Drilled 

Drilled 
EDM 
EDM 

EDM 
EDM 
EDM 
EDM 
EDM 

EDM 
Drilltd 
Drilled 

T h e d e t a i l s of t h e a s s e m b l y of T e s t S e c t i o n s C 7 , C 1 2 0 , a n d R 7 a r e 
s h o w n in F i g s . A . 1 - A . 3 . I m p o r t a n t d i m e n s i o n s of t h e t e s t s e c t i o n w e r e 
i n d i c a t e d in F i g . 4 . 

Fig. A.3 

Assembly of Test Section R7 

112-9298 
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E r r o r A n a l y s i s of G a m m a - r a y E q u i p m e n t 

A t h o r o u g h e r r o r a n a l y s i s for the g a m m a - r a y a t t e n u a t i o n t e c h n i q u e 
i s p r e s e n t e d in Ref. 20. S e v e r a l s o u r c e s of e r r o r a r e d i s c u s s e d and e v a l 
ua t ed , but s o m e of the e r r o r s a r e n e g l i g i b l e in t h i s i n v e s t i g a t i o n . The 
s o u r c e s of e r r o r and t h e i r r e l a t i o n s h i p to t h i s s y s t e m a r e l i s t e d be low. 

1. E r r o r s r e s u l t i n g f r o m e l e c t r o n i c d r i f t ing of the c u r r e n t a m p l i 
f ie r and the n e g a t i v e h i g h - v o l t a g e supply and t h o s e due to the d e c a y of the 
r a d i o a c t i v e s o u r c e w e r e neg l i g ib l e b e c a u s e the t i m e l a p s e for a r u n w a s 
a p p r o x i m a t e l y 15 m i n , wh ich i s v e r y s h o r t c o m p a r e d wi th the t i m e n e c e s 
s a r y for a p p r e c i a b l e d r i f t . The s y s t e m w a s o p e r a t e d con t inuous ly to e l i m 
ina t e t r a n s i e n t s , and it w a s c a l i b r a t e d b e f o r e , and c h e c k e d a f te r , e a c h r u n 
to e l ina ina te the in f luence of long t i m e d r i f t i ng . 

2. E r r o r s m a y r e s u l t f r o m e x t e r n a l p a r a l l e l r a d i a t i o n p a t h s . How
e v e r , the s t a i n l e s s s t e e l of the t e s t s ec t i on , above and below the c h a n n e l , 
n e g a t e d t h i s s o u r c e of e r r o r for a l l p r a c t i c a l p u r p o s e s . 

3 . E r r o r s a r i s i n g f r o m p r e f e r e n t i a l p h a s e d i s t r i b u t i o n w e r e d e a l t 
wi th in C h a p t e r IV. 

4. The ga in of the p h o t o m u l t i p l i e r tube i s a funct ion of the e n v i 
r o n m e n t a l t e n a p e r a t u r e . Cool ing c o i l s w e r e u s e d to m a i n t a i n a c o n s t a n t 
t e m p e r a t u r e a r o u n d the t u b e . The t e m p e r a t u r e of the w a t e r supply w a s 
m o n i t o r e d , and a m a x i m u m v a r i a t i o n of ±2°F w a s d e t e r m i n e d be tv /een dif
f e r e n t d a y s . H o w e v e r , no f l u c t u a t i o n s could be o b s e r v e d in the t i m e r e 
q u i r e d for a r un . T h e r e f o r e t h i s s o u r c e of e r r o r w a s a l s o a s s u m e d to be 
n e g l i g i b l e . 

5. T h e B r o w n E l e c t r o n i k R e c o r d e r c o u l d b e r e a d t o w i t h i n 0 .1 m V , 
c o m p a r e d t o 3 0 . 0 m V f o r t h e f u l l - s c a l e r e a d i n g . T h i s i s t h e o n l y e r r o r 
l i s t e d i n Ref . 20 t h a t a p p l i e s to t h i s s y s t e m . 

A s sho 'wn i n C h a p t e r IV , t h e v o i d f r a c t i o n m a y b e r e p r e s e n t e d by 

ci = V-. ( 4 - 1 ) 
00 ^ ' 

Jcn 
0f 

If e m p t y and full m e a s u r e m e n t s a r e t a k e n a t the s a m e t i m e , the r a t i o (pQ/'tif 
i s i n d e p e n d e n t of d r i f t and d e c a y ; it i s only a funct ion of the t e s t - s e c t i o n 
g e o m e t r y . T h i s r a t i o w a s a v e r a g e d for m a n y r e a d i n g s , and the a v e r a g e 
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was used to calculate all the void f ract ions . Hence it may be considered a 
constant C £ so that Eq. 4-1 becomes 

To obtain an appreciat ion of the e r r o r s involved, one would like to 
evaluate A a / a . In Ref. 20, A a is r ep re sen ted by da (which only is valid 
when the e r r o r s a r e small) as 

d0 
0 
In 

d0f 

0f 

Cefr 
da = . ^ (B-2) 

o r 

A0 ^ f 
0 " 0 

Aa = — _ _ - L . (B-3) 
.gn Cgfj. 

The max imum e r r o r is 

A 0 ^ ^ f 
0 0f 

Aa .gn Cgf j . • 

The e r r o r s in reading the s t r ip char t a r e the same for 0 as for 0£. Hence 
A0 = A0£, or 

^" - ^* ^ % i V (B-4) 
a a 0 £ i n Cg£^ \ 0 

The above formulation is pe rmi s s ib l e for smal l e r r o r s . However, 
when the e r r o r s become la rge it will produce e r r o r magnitudes that a re not 
cha rac t e r i s t i c of the sys tem. 

F o r an e r r o r such as that c rea ted by mis read ing the s t r ip chart , the 
e r roneous void fraction may be r ep re sen t ed by 

0 + A0 
Ion-

0f + A0. 
a. = . V -. (B-5 

1 ^n Cgf j . 
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The v a r i a t i o n s A0 and A0£ a r e of the s a m e m a g n i t u d e , and the m a x i m u m 
e r r o r wi l l o c c u r when they a r e oppos i t e s i g n s , for wh ich 

aj^ = 

j,^^ 0 + A0 
0£ - A0£ 

in C e f r 
(B-6) 

A l s o , 

Aa 
a 

a - ai 

a 

a; 
1 - — = 1 

a 

0 + A0 
0£ - A0£ 

Hn 0_ 
0f 

(B-7) 

T h i s r e l a t i o n s h i p ho lds r e g a r d l e s s of the m a g n i t u d e of the e r r o r s . 

The two r e l a t i o n s h i p s a r e c o m p a r e d in F i g . B . l , and it i s r e a d i l y 
a p p a r e n t tha t t h e r e a r e l a r g e d i f f e r e n c e s in t h e i r p r e d i c t i o n s w h e n the 
e r r o r s a r e s i z a b l e . The two m e t h o d s c o n v e r g e for r e g i o n s of s m a l l e r r o r s , 
wh ich is in a g r e e m e n t wi th the d e r i v a t i o n of Eq . B - 4 . E q u a t i o n B - 7 i s a 
m o r e exac t f o r m u l a t i o n of the m a x i m u m p o s s i b l e e r r o r . 

EQUATION (B-7) 

J \ L 

Fig. B.l 

Maximum Percent Error in 
Void-fraction Measurements 

0 0 20 040 0.60 080 1.0 112-9290 



A P P E N D I X C 

E v a l u a t i o n of the T h e r m o d y n a m i c E q u i l i b r i u m Qua l i t y 

T e s t S e c t i o n s C7 and C120 w e r e c o m p l e t e l y i n s u l a t e d with a 1-in. 
l a y e r of f i be r g l a s s i n s u l a t i o n to m i n i m i z e the h e a t l o s s e s to the a m b i e n t . 
To f a c i l i t a t e the g a m m a - r a y a t t e n u a t i o n m e a s u r e m e n t s , the exi t s e c t i o n of 
T e s t Sec t i on R7 w a s not i n s u l a t e d . The h e a t l o s s e s f r o m th i s t e s t s e c t i o n 
w e r e e s t i m a t e d by a s s u m i n g the t e s t s e c t i o n w a s at t he t e m p e r a t u r e of the 
s t e a m - w a t e r m i x t u r e and by a s s u m i n g a h e a t - t r a n s f e r coef f ic ien t of 5 B t u / 
h r - f t ^ - ° F . The e s t i m a t e d l o s s e s w e r e 0.0007% of t h e h e a t con ten t of the 
m i x t u r e . S ince t h i s va lue i s so s m a l l and the l o s s e s of T e s t S e c t i o n s C7 
and C120 a r e even s m a l l e r b e c a u s e of t h e i r i n s u l a t i o n , a l l the e x p e r i m e n t a l 
r u n s w e r e a s s u m e d to be a d i a b a t i c . 

T h e e n e r g y equa t i on for a d i a b a t i c flow m a y be w r i t t e n a s 

Ho = h n + x h r ^ -I-L p t x n . t 
^ i g 2g J 

X 3 v | ( l - x ) 3 v | 

L a 2 ( 1 - a ) ' 

2 

(C-1) 

If an e q u i l i b r i u m s t a t e i s a s s u m e d , the p r e s s u r e at a point f ixes 
hp h£ , vfl, and v The s t a g n a t i o n en tha lpy i s c o n s t a n t for a d i a b a t i c flow 
and can be e v a l u a t e d by knowing the t e m p e r a t u r e of the w a t e r when it i s 
subcoo led . G i s the m e a s u r e d flow r a t e . T h i s l e a v e s Eq . C-1 with two 
unknowns , x and a. It w a s po in ted out in C h a p t e r III t ha t the only type of 
flow in t h e r m o d y n a m i c e q u i l i b r i u m i s a h o m o g e n e o u s e q u i l i b r i u m flow. If 
Ho. G, and P g a r e e x p e r i m e n t a l l y d e t e r m i n e d for a g iven flow, one wi l l 
c a l c u l a t e the e q u i l i b r i u m qua l i t y only w h e n a h o m o g e n e o u s flow i s a s s u m e d . 
In e s s e n c e , one is m e a s u r i n g p a r a m e t e r s c h a r a c t e r i s t i c of a n o n e q u i l i b r i u m 
s t a t e , but when the p r o c e s s i s f o r c e d to e q u i l i b r i u m by a s s u m p t i o n , the only 
flow m o d e l tha t m a y be u s e d i s t he h o m o g e n e o u s one . H o m o g e n e o u s flow 
s i m p l i f i e s Eq . C - 1 to 

QZ 
Ho = h^ +XEhfg + - — y (vf + XEV£g)2. (C-2) 

A knowledge of Hg, G, and P g now e n a b l e s one to d e t e r m i n e the t h e r m o 
d y n a m i c e q u i l i b r i u m qua l i ty x-g. 

T h e qua l i ty c a l c u l a t e d by the above m e t h o d i s only a r e f e r e n c e v a l u e 
p e r t a i n i n g to a g iven s t a t e d e t e r m i n e d by the i r r e v e r s i b l e p r o c e s s e s of m e t a -
s t ab i l i t y and s l ip b e t w e e n the p h a s e s . In the t r u e s e n s e of t h e r m o d y n a m i c 
e q u i l i b r i u m in a d i a b a t i c flow, the q u a l i t y - m u s t l i e b e t w e e n the v a l u e s d e t e r 
m i n e d by an i s e n t r o p i c and an i s e n t h a l p i c e x p a n s i o n f r o m the i n i t i a l s t a t e 
( s a t u r a t e d l iqu id in t h i s r e p o r t ) to the g iven p r e s s u r e . S ince the above fo r 
m u l a t i o n u s e s e x p e r i m e n t a l v a l u e s t h a t a r e c h a r a c t e r i s t i c of a n o n e q u i l i b r i u m 
s t a t e , the above e x p r e s s i o n m a y v i o l a t e the Second L a w of T h e r m o d y n a m i c s ; 
i . e . , it m a y p r o d u c e a qua l i t y l e s s t han tha t c o r r e s p o n d i n g to an i s e n t r o p i c e x 
p a n s i o n . T h e r e f o r e , the qua l i ty ob ta ined f r o m E q . C - 2 i s only a r e f e r e n c e 
v a l u e a c q u i r e d by a s s u m i n g tha t t he flow a t a poin t is in t h e r m o d y n a m i c 
e q u i l i b r i u m . 



APPENDIX D 

Exper imenta l Data 

TABLE VI Critical-flow Data and Exit Parameters for Test Section C120 

Exit Parameters 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
14-A 
14-B 
14-C 
14-D 
14-E 
14-F 
14-G 
15 
16 
17 
18 
19 

Ho. 
Btu/lbm 

272 1 
316 9 
366 3 
339 6 
425 6 
300 7 
287 6 
277 4 
279 4 
277 1 
273 6 
285 5 
3913 
290 0 
289 7 
289 5 
289 5 
289 1 
288 8 
288 3 
288 0 
267 6 
267 5 
297 3 
268 9 
264 3 

Gc 
Ibm/sec-ft2 

3126 
1062 
855 

1000 
685 

1115 
1126 
1269 
1168 
1365 
1427 
1168 
783 

1115 
n i l 
1115 
1100 
1100 
1092 
1107 
1089 
2185 
2542 
1153 
2505 
4068 

Pe 
psia 

540 
500 
48 7 
50 9 
505 
50 4 
500 
49 9 
49 8 
501 
49 8 
49 4 
48 8 
49 0 
49 0 
49 5 
505 
52 5 
549 
57 5 
605 
501 
49 9 
49 6 
508 
507 

XE 

0 015 
0 065 
0112 
0 084 
0168 
0 049 
0 038 
0 028 
0 030 
0 027 
0 024 
0 036 
0 135 
0 041 
0 041 
0 040 
0 039 
0 036 
0 034 
0 030 
0 027 
0 016 
0 016 
0 047 
0 016 
0 011 

Gc/GcHE 

500 
2 23 
2 14 
2 23 
186 
2 22 
215 
2 38 
2 20 
2 49 
2 62 
2 25 
2 07 
219 
2 18 
2 19 
2 11 
2 01 
191 
178 
160 
3 79 
4 51 
2 32 
4 36 
6 91 

TABLE VII Pressure Profiles (psia) for Test Section C120 

Position 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
14-A 
14-B 
14-C 
14-D 
14-E 
14-F 
14-G 
15 
16 
17 
18 
19 

U7 

97 
124 
142 
138 
153 
103 
98 
82 
88 
81 
78 
86 

149 
88 
88 
88 
88 
88 
88 
88 
88 
84 
87 

100 
85 

107 

U6 

83 
112 
119 
118 
129 
98 
88 
78 
84 
77 
74 
83 

125 
86 
86 
86 
86 
86 
86 
86 
86 
76 
77 
95 
77 
84 

U5 

76 
97 
99 

100 
105 
91 
85 
75 
81 
74 
71 
80 

102 
82 
82 
82 
81 
81 
81 
81 
81 
71 
72 
90 
72 
74 

U4 

72 
84 
86 
88 
90 
82 
78 
71 
76 
70 
68 
75 
88 
76 
76 
76 
76 
76 
75 
75 
75 
67 
68 
82 
68 
68 

U3 

70 0 
76 0 
76 0 
78 0 
815 
75 5 
73 0 
67 5 
710 
67 0 
65 0 
70 5 
78 0 
72 5 
72 5 
715 
715 
72 0 
715 
715 
72 0 
65 0 
660 
75 0 
67 0 
660 

U2 

68 0 
67 5 
67 0 
69 0 
710 
67 5 
66 0 
640 
65 5 
63 5 
62 0 
66 0 
69 0 
66 0 
65 0 
65 0 
645 
65 0 
65 5 
65 5 
67 5 
605 
62 0 
66 5 
63 5 
62 5 

Ul 

57 0 
53 5 
515 
53 5 
540 
53 5 
53 0 
53 0 
53 0 
53 0 
53 0 
53 0 
53 0 
52 5 
515 
52 5 
53 0 
545 
56 5 
58 5 
62 5 
53 0 
53 5 
53 0 
540 
540 

Exit 

540 
50 0 
48 7 
50 9 
505 
504 
500 
49 9 
49 8 
501 
49 8 
49 4 
48 8 
49 0 
49 0 
49 5 
50 5 
52 5 
549 
57 5 
60 5 
501 
49 9 
49 6 
508 
507 

01 

39 5 
36 0 
345 
36 5 
35 0 
36 5 
36 0 
37 0 
37 0 
38 0 
38 0 
37 0 
35 5 
37 0 
37 0 
39 0 
410 
46 0 
50 0 
540 
59 0 
37 0 
38 0 
36 0 
38 0 
36 0 

D2 

25 0 
14 5 
14 0 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
15 5 
14 5 
14 5 
14 5 
22 5 
345 
39 5 
45 5 
49 5 
545 
58 5 
20 5 
22 5 
14 5 
22 5 
26 5 

03 

23 0 
14 5 
14 0 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
23 5 
35 5 
40 5 
45 5 
49 5 
545 
58 5 
16 5 
18 5 
14 5 
18 5 
25 5 

04 

23 0 
14 5 
14 0 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
14 5 
23 5 
345 
39 5 
45 5 
49 5 
545 
58 5 
17 5 
18 5 
14 5 
18 5 
25 5 



70 

i2 

vO OO 
C M 0 0 * O L r \ ^ ^ ^ ( - H i r \ \ 0 C T * C M m ^ 3 " O 

• — ^ - " O C T ^ i — ( ^ . — t C M C M C M n S - . - . 
O C D O O O O C D C D O O O 

L n i n « | O ^ O C 3 ^ ^ . ^ C M ^ C ^ < 
^ <3 CM C3 S S C) CD o d o o o o o o o c5 S •-< --̂  S Ĉj Cvj o o o 
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TABLE IX. Pressure Profiles (psia) for Test Section C7 

Position 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
12-A 
12-B 
12-C 
12-D 
12-E 
12-F 
12-G 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 

U8 

114 
109 
95 
75 
76 
98 
91 
101 
106 
93 
63 
117 
116 
116 
116 
116 
116 
115 
115 
85 
64 
68 
73 
73 
79 
92 
95 
86 
57 
56 
61 
59 
53 
146 
127 
135 
120 
124 
113 
131 
85 
81 
86 
72 
118 
66 
94 
67 
72 
77 
77 
84 
104 
109 
92 
69 
146 
153 
134 
169 
155 
88 
87 
100 
82 
78 
80 
80 
87 
112 
116 
97 
77 
127 

U7 

95 
91 
80 
67 
57 
85 
78 
84 
88 
77 
59 
98 
97 
98 
97 
97 
97 
97 
97 
78 
60 
64 
68 
68 
72 
79 
80 
75 
55 
53 
54 
52 
50 
89 
107 
114 
102 
108 
97 
108 
80 
76 
68 
63 
101 
62 
87 
65 
70 
74 
74 
80 
93 
% 
85 
63 
124 
130 
119 
140 
129 
83 
82 
% 
74 
74 
77 
77 
84 
104 
106 
93 
73 
94 

U6 

78 
76 
67 
59 
47 
75 
66 
71 
72 
63 
57 
79 
78 
78 
78 
78 
78 
78 
78 
65 
58 
59 
62 
62 
64 
67 
69 
66 
52 
50 
49 
48 
48 
60 
87 
94 
83 
92 
81 
74 
75 
69 
59 
58 
84 
60 
78 
62 
66 
71 
70 
74 
81 
84 
77 
59 
99 
107 
103 
112 
104 
81 
77 
89 
70 
71 
75 
75 
80 
93 
95 
87 
70 
79 

U5 

67 
64 
58 
53 
44 
65 
58 
61 
62 
54 
52 
67 
66 
66 
66 
66 
66 
66 
66 
57 
52 
54 
56 
56 
57 
58 
60 
58 
49 
47 
46 
46 
46 
50 
75 
81 
71 
80 
71 
74 
68 
63 
56 
55 
72 
59 
69 
60 
63 
66 
65 
66 
71 
73 
68 
56 
86 
93 
90 
97 
89 
76 
73 
81 
68 
69 
72 
71 
75 
82 
84 
81 
68 
73 

U4 

59.5 
57.0 
50.5 
47.0 
42.5 
59.0 
52.0 
53.5 
56.0 
49.0 
48.5 
59,5 
59.0 
59.5 
59.0 
59,0 
59.0 
59.0 
59.0 
51.5 
49.0 
49.0 
50.5 
51,0 
51.5 
52.0 
52.0 
51.0 
46.5 
45.0 
45.0 
45.0 
44.0 
46.0 
67.0 
71.0 
63.0 
70.0 
61.5 
66.5 
63.0 
56.5 
54.5 
53.5 
63.0 
56,0 
63.5 
57.5 
59.5 
61.0 
60.0 
62.0 
64.0 
64.0 
62.0 
54.5 
76.0 
82.0 
80.0 
87.0 
79.5 
71.0 
69.0 
75.0 
67.0 
66.5 
69.0 
68.5 
71.0 
75.0 
75.0 
74.0 
66.5 
70.0 

U3 

53.0 
50.5 
45.0 
43.0 
41.0 
51.0 
46.5 
48.0 
49.5 
43.0 
44.0 
53.0 
52.5 
52.5 
52.0 
52,5 
52,5 
53.0 
53,0 
45.5 
44.5 
44.5 
45.5 
46,5 
46,5 
45,5 
45,5 
45,5 
44,0 
43,0 
43,0 
42,5 
42.0 
42,0 
59,0 
63,5 
55,5 
63,0 
55,0 
58,5 
57,5 
51,5 
53,5 
52.0 
56,5 
54,0 
57,5 
53,5 
56,0 
56,0 
55.5 
56,5 
58,0 
57,0 
56.0 
53.0 
67.5 
73.5 
71,5 
66.0 
70.5 
66.5 
65,0 
68.5 
65,0 
64,0 
65,5 
65.0 
65,5 
68,5 
69.0 
68.0 
63.0 
66,5 

U2 

45,0 
44,0 
40,0 
39,0 
39,0 
47,5 
42,0 
42,0 
43,0 
37,0 
40,0 
45,5 
45,5 
45,0 
45,0 
45,0 
45,0 
46.0 
47,0 
41,0 
40,5 
40,5 
41,0 
41,5 
41,5 
40.5 
41,0 
40.5 
41,0 
41,0 
41,0 
41,5 
40.5 
39.5 
51,0 
56.0 
49,0 
57.0 
50,0 
48,5 
52,5 
46,5 
51,0 
49,5 
50,0 
51,0 
52,0 
50,5 
51,0 
50,5 
50,5 
51,0 
52,0 
51,5 
51,0 
51.0 
58,0 
64.5 
63.5 
64,5 
58.0 
61,0 
60.5 
62,5 
62.0 
61,0 
61,5 
61,0 
60,0 
61.0 
62,0 
62,0 
60,5 
62.5 

Ul 

42.5 
41,5 
37,5 
36,5 
37,5 
45,0 
39,5 
39,5 
40,5 
35,5 
38,5 
44,0 
43,5 
43,5 
43,5 
43,5 
43,5 
44,5 
45,5 
39,5 
39,5 
39,5 
40,5 
40,5 
41,0 
40,0 
40,0 
40.0 
39,5 
39,5 
40,5 
40,5 
40,5 
39,0 
48,0 
54,0 
47,0 
54,0 
47.0 
46,5 
51,0 
45.5 
49,5 
48,0 
47,5 
50,0 
50,0 
49,0 
50.0 
50,5 
50,0 
50,5 
50,5 
50,0 
49,5 
50.0 
55,5 
62.0 
61.0 
62.0 
57.0 
60,0 
58.5 
61.0 
60.0 
60.0 
60.5 
60,0 
59.0 
60.0 
60,5 
59.5 
60,0 
61.0 

Exit 

42,5 
42,0 
37,7 
36,3 
37,3 
44,8 
39,5 
39,9 
40,9 
35,3 
38,8 
43,8 
43,6 
43,6 
43,5 
43.4 
43.8 
44.6 
45.8 
39.5 
39,8 
39,4 
40,6 
40,5 
41,1 
40,0 
40,4 
40,5 
39,9 
39,9 
40,1 
40.1 
39.8 
39.0 
48.2 
54.0 
47.2 
54.2 
47,2 
46,3 
51,2 
45,5 
49,4 
48.3 
47,6 
50.0 
49.9 
49.1 
50.0 
50,5 
50,0 
50,6 
50,5 
50,3 
49,7 
50,1 
55.5 
61.7 
60,6 
61,8 
56,8 
59,5 
59.0 
60.9 
60.3 
60.0 
60.5 
59,9 
59,2 
60.3 
60.5 
59,9 
60,0 
61,0 

Dl 

37,0 
37,0 
35,0 
34,5 
37,0 
42,5 
37,5 
36,0 
36,0 
31,5 
36,0 
40,5 
40.0 
40,0 
40.0 
40,0 
41.5 
44.0 
43.5 
37.5 
37,5 
37,0 
37.5 
38.5 
38,5 
37,5 
37.5 
37,0 
37,0 
38,5 
40,0 
40,5 
39,5 
38,0 
42.0 
48.0 
41.5 
50.5 
44.0 
40,0 
47,0 
42,0 
48,5 
47,5 
44.0 
48.5 
46,5 
46.5 
47.0 
47.5 
46,0 
46.5 
47,0 
47.0 
46.0 
49,0 
48.5 
56,0 
57,5 
53,0 
49.0 
54.5 
55.5 
57.0 
58.0 
56.5 
58,5 
56.5 
55.0 
56.0 
56,0 
56,0 
58,5 
59,5 

D2 

29,0 
29.5 
29,0 
29,5 
37,0 
34,0 
31,0 
29,5 
29,0 
25,0 
30,0 
31,0 
31,0 
31,0 
31,0 
34.0 
37.0 
41,0 
43,0 
30,0 
31,0 
30,5 
31.0 
31,0 
31,0 
30,0 
30,0 
30,0 
32,5 
35,5 
39,0 
39,5 
38,0 
38,0 
32,5 
38,5 
33,5 
42,0 
36,0 
31,0 
40,0 
35.5 
48.5 
45,5 
35,5 
42,0 
38.0 
40.0 
39.5 
39.5 
38,5 
39,0 
38,5 
38,0 
37,5 
47.0 
37,5 
44,5 
47,0 
40,5 
37.0 
47,0 
48.0 
47.0 
55.5 
54.5 
49.5 
48,5 
44.5 
44.0 
45,0 
45,0 
55,5 
58.5 

D3 

20.0 
20,0 
20,0 
21,0 
35,5 
25.5 
23,0 
20,0 
19,0 
16,0 
22,0 
22,0 
22,0 
22,5 
26,0 
32,0 
38,0 
42,0 
44,0 
21,5 
22,5 
21,5 
22,0 
22,5 
22,5 
20,5 
20.5 
21,0 
24,5 
29,0 
36.0 
37,5 
33,5 
36,0 
23,0 
27,5 
24,0 
30,0 
26,5 
21.0 
29.5 
26.5 
46,0 
43,5 
25,5 
32,0 
28,5 
29,0 
29.0 
28.5 
28,5 
29,5 
28.0 
27,5 
27,5 
44.5 
26.0 
32.5 
34.0 
28.0 
26.0 
34,5 
36.0 
35,0 
53,5 
43,0 
37.0 
36.5 
33,0 
33.0 
33.5 
33,0 
48,5 
55,5 

04 

10,0 
12,5 
13,5 
14,5 
32,0 
14,5 
14,0 
13,0 
12,0 
12.5 
14.5 
11,0 
14,5 
20,0 
26,5 
33,5 
38,5 
41,5 
43,5 
13,5 
13,5 
15,5 
15.5 
15,5 
16.0 
15,5 
15,5 
15,5 
16,5 
18,5 
28,5 
29,5 
20,5 
35,0 
10,0 
14,0 
13,0 
16,5 
14,5 
10,5 
15,5 
15,5 
40.0 
33,0 
14,0 
16,5 
14,4 
14.5 
16,5 
16,5 
16,5 
16,5 
16,5 
16,5 
16,5 
30,0 
11,5 
15.5 
17.5 
13,0 
11.5 
17,5 
19,5 
16,0 
33,5 
22,5 
19.5 
19,5 
18,0 
18.0 
18,0 
17,5 
26.5 
49,5 



TABLE X, Critical-flow Data and Exit Parameters for Test Section R7 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Ho. 
Btu/lb^ 

270,2 
264,5 
259,6 
256,6 
255.4 
257,5 
260,9 
312,2 
342.8 
288,0 
257,6 
267,9 
307,0 
317,4 
311,1 
348,1 
277,2 
260,5 
310,2 
251,7 
257,2 
251,9 
254,8 
251,9 
254,0 
253,6 
369,6 
316,3 
298,3 
335,4 
344.9 
362.0 
332.2 
308.0 
303.9 

•^C' , 
Ibm/sec-ft2 

1004 
1110 
1348 
1912 
2278 
1669 
1280 
1998 
2826 
892 

1498 
1040 
2473 
1620 
2290 
2351 
931 

1267 
866 

4836 
1608 
3459 
1912 
3959 
5177 
2387 
705 
864 
882 

4787 
2631 
2010 
1510 
2387 
3423 

Pe. 
psia 

49,6 
49,6 
49.7 
49.9 
49.4 
49.8 
49.6 

102,0 
148.0 
49,8 
49,3 
49,6 
98,0 

100.0 
102,0 
149,0 
49.3 
49.9 
50.1 
48.9 
49.7 
49.3 
49.6 
49.8 
50.5 
50.3 
49,5 
50,8 
50,3 

145,0 
149,0 
150,0 
100,5 
100,0 
101,5 

XE 

0.021 
0.016 
0,010 
0,0068 
0.0061 
0.0079 
0,012 
0,013 
0,015 
0,039 
0,0087 
0,019 
0,011 
0,021 
0.012 
0.020 
0.029 
0.011 
O.OOO 
0.0025 
0.0077 
0.0025 
0.0053 
0,0019 
0,0030 
0,0035 
0.118 
0.065 
0.049 
0,0080 
0,016 
0.035 
0,036 
0,010 
0,0053 

Exit Parameters 

"e 

0,78 
0,70 
0,57 
0,37 
0,28 
0,38 
0,59 
0,58 
0.49 
0,94 
0,39 
0.77 
0,34 
0,72 
0,34 
0,64 

u/c. 
ft/sec 

77.3 
61,0 
54.2 
52.4 
54,7 
46,5 
54.2 
85.0 

101,0 
257 
42,5 
78,3 
66,4 

104.0 
62.0 

119.0 

kE 

3,0 
3,3 
3,9 
5,8 
7,9 
6.4 
4,2 
2,4 
2,5 
1,3 
6,8 
2,9 
5,2 
2.0 
5.8 
1,9 

Gc/GcHE 

1,82 
1,96 
2,32 
3,24 
3,83 
2,84 
2.22 
1.94 
1.96 
1,75 
2,55 
1,87 
2,37 
1,64 
2,21 
1,67 
1,74 
2.19 
1.79 
8.15 
2.73 
5,70 
3.21 
6,53 
8,42 
3,89 
1,75 
1,82 
1,76 
3,21 
1.84 
1,52 
1,64 
2.27 
3.17 

TABLE XI , Pressure Profiles (psia) with Void-fraction Traverses for Test Section R7 

Run 

8 

9 

Pressure 
Void fraction 

Pressure 
Void fraction 

Pressure 
Void fraction 

Pressure 
Void fraction 

Pressure 
Void fraction 

Pressure 
Void fraction 

Pressure 
Void fraction 

Pressure 
Void fraction 

Pressure 
Void fraction 

U8 

76 

70 

71 

76 

82 

71 

70 

150 

217 

U7 

70 

65 

64 

65 

67 

62 

63 

135 

194 

U6 

66 

62 

60 

59 

59 

58 

59 

125 

178 

U5 

63 
0.55 

60 
0.41 

58 
0,39 

58 
0,15 

58 
0.12 

57 
0.07 

58 
0.36 

120 
0.47 

175 
0.14 

U4 

60,5 
0.56 

58,0 
0,45 

56.0 
0.42 

56.5 
0.17 

56.0 
0.12 

55,5 
0.11 

56,5 
0.39 

116 
0.49 

171 
0.19 

U3 

58,5 
0,58 

56,5 
0.49 

55,5 
0,45 

55.5 
0,22 

54.5 
0,14 

54.5 
0,20 

55.0 
0.41 

115 
0.49 

168 
0.24 

Position 

U2 

56.0 
0.66 

54.5 
0.56 

54.0 
0.50 

54.0 
0.25 

53.5 
0.17 

53.5 
0.24 

54,0 
0.52 

111.0 
0.52 

162 
0.31 

Ul 

51.0 
0,75 

51.0 
0,67 

50.5 
0.55 

51,0 
0,35 

51.0 
0,23 

50.5 
0.33 

51.0 
0.56 

103.5 
0.55 

149 
0.43 

Exit 

49.6 
0.78 

49.6 
0,70 

49.7 
0.57 

49.9 
0.37 

49.4 
0.28 

49.8 
0.38 

49.6 
0.59 

102.0 
0.58 

148 
0.49 

Dl 

37.5 

39.5 

43.5 

47.0 

47.5 

46.0 

43.0 

84.5 
0.88 

-

D2 

28,5 

30.5 

36.5 

44.5 

45.5 

42,5 

35.0 

67.0 

105 

D3 

Vac^ 

Vac3 

15.5 

25,0 

28,5 

21.0 

15.0 

28.5 

44.5 

D4 

17.0 

17.0 

18.0 

21.0 

23.5 

19.0 

18.0 

23.5 

34.5 

^Vac denotes pressure less than atmospheric. 



TABLE XI I . Pressure Profiles (psia) without Void-fraction Traverses for Test Section R7 

Position 

Run 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

U8 

89 
69 
73 
141 
140 
145 
222 
79 
69 
112 
173 
70 
117 
83 
136 
194 
94 
143 
118 
100 
286 
228 
229 
163 
165 
194 

U7 

83 
61 
68 
125 
132 
129 
203 
74 
63 
105 
109 
62 
83 
70 
92 
120 
78 
117 
106 
94 
219 
204 
219 
155 
143 
158 

U6 

77 
57 
64 
115 
126 
120 
187 
70 
60 
84 
69 
58 
63 
61 
68 
73 
65 
91 
87 
81 
178 
185 
205 
144 
127 
132 

U5 

70 
56 
62 
114 
122 
118 
180 
66 
59 
74 
65 
57 
62 
59 
66 
69 
62 
79 
76 
72 
174 
178 
1% 
136 
121 
127 

U4 

66.5 
55.0 
59.5 
111 
119 
115 
176 
63.0 
57.0 
69.0 
61.0 
56.0 
59.0 
57.0 
61.5 
63.0 
59.5 
73.0 
71.0 
68,0 
168 
174 
192 
131 
117 
122 

U3 

62.0 
54.0 
58,0 
110 
117 
114 
172 
60.5 
55.5 
65.5 
57.5 
54,5 
57.0 
55,0 
59,0 
59,0 
57.5 
68.5 
66.5 
64.0 
164 
169 
186 
127 
115 
118 

U2 

58.5 
53.0 
56.0 
106.0 
113 

110.5 
167 
57,0 
54.0 
61.5 
54.5 
53,5 
55.0 
53,5 
56.0 
55,5 
55,5 
63,5 
62.5 
60,5 
160 
165 
178 

119.0 
109.0 
113.0 

Ul 

50.0 
50.0 
51.0 
99.0 
103.0 
103.5 
154 
51.0 
51.0 
52,5 
51.5 
51,0 
51.0 
50.5 
52.0 
53.0 
51.5 
52.5 
53.0 
52.5 
150 
153 
157 

105.5 
103.0 
104.0 

Exit 

49.8 
49.3 
49.6 
98.0 
100,0 
102,0 
149,0 
49,3 
49.9 
50,1 
48.9 
49.7 
49.3 
49,6 
49,8 
50,5 
50.3 
49,5 
50.8 
50.3 
145.0 
149.0 
150.0 
101.5 
100.0 
100.5 

Dl 

34,5 
45.0 
38.5 
89.0 
73.5 
91.0 
-b 
35,0 
42.5 
34.5 
47.5 
45.5 
47.5 
45.5 
47.5 
48.5 
47.0 
32.5 
35.0 
35.5 

-
-

102.0 
69.5 
87.5 
92.0 

02 

25,5 
40.0 
30.5 
80.0 
54.5 
78.0 
86.0 
26.5 
34,0 
26.0 
47.0 
41.5 
46.5 
42.0 
47.5 
48.5 
44.5 
22.5 
26,0 
26,5 

-
97,0 
73,0 
51,5 
74.5 
84.0 

D3 

Vaca 
18.5 
14.5 
35.0 
23.5 
34.5 
36.0 
Vac 
15.5 
Vac 
41.5 
20.5 
38.0 
23.0 
39.0 
42.5 
29.0 
Vac 
Vac 
Vac 
78.5 
41.5 
30,0 
21.5 
34.0 
48.5 

D4 

16.5 
18.5 
17.0 
30.0 
20.5 
27.5 
29.0 
16.5 
17,5 
16,0 
38.0 
19.5 
31,5 
20.0 
34,0 
39,5 
23,5 
14.5 
16.0 
16.5 
58.0 
32.5 
24.5 
19,5 
27.5 
37,5 

^Vac denotes pressure less than atmospheric, 
^- denotes pressure greater than range or gauge. 
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