
u  GCAP-4395

ACC RESEARCH AND 

DEVCLOPMCHT RCPORT

PREDICTION OF 

TWO-PHASE CRITICAL FLOW RATE

Cy

S. LEVY

U.S. ATOMIC ENERGY COMMISSION 

CONTRACT AT(04-3)-189  

PROJECT AGREEMENT 27

Facsimile Price $ /<

Microfilm Price S

Available from The 

Office of Technical Services 

Departmenf of Commerce 

Woshina»on 25, D. C.

ATOMIC POWER EROIPMEMT DEPARTMENT

G E N E R A L ®  ELECTRIC
SAN IH S I. CALIFORNIA



PREDICTION OF TWO-PHASE CRITICAL FLOW RATE

S. Levy

P r e p a r e d  f o r

U. S. Atomic Energy Commission 

Contract AT(04-3)-189 

Project Agreement No. 27

Printed in U. S. A P rice  Available from  the

Office of Technical Services, Department of Commerce, 

Washington 25, D. C.

1 462-T10  

r.5 -  10/63

ATOMIC POWER EQUIPMENT DEPARTMENT

G E N E R A L  E L E C T R I C

SAN JOSE, CALIFORNIA



APPROVED BY:

E. Janssen, Project Engineer 
Two-Phase P ressure Losses

Approved By: l l  L .J - /

D. H. Imhoff. ManagVP 
Engineering Development

GEAP-4395

TABLE OF

SUMMARY 

INTRODUCTION 

DERIVATION OF EQUATIONS 

DISCUSSION OF RESULTS 

CONCLUSIONS 

NOMENCLATURE

CONTENTS

Page

- 1 -

- 2 -

-4-

-7-

-9-

- 10-

REFERENCES - 11 -



LIST OF ILLUSTRATIONS

Figure

1

Title

Critics* Flow Rate Prediction for Steam-Water Mixture
-12-

2
Comparison of Predictions with Test Results of Steam-Water 
Mixtures (0. 85 <x<0 . 95 and 0. 35 <x <0. 45)

-13-

3
Comparison of Predictions *W. l e s t  Results of Steam-Water 

Mixtures (0. 75 <x <*0. 85 and 0. 25 ' x  < 0 . 35)
-14-

4
Comparison of Predictions with Test Results <* Steam-Water 
Mixtures (0 .65 <x <0, 75 and 0 .15 • x ''0. 25)

-15-

5
Comparison of Predictions with Test> Result* <* Steam-Water 

Mixtures (0. 55 x *''0.65 and 0.05 * x 0 .15 )
-16-

6
comparison of Predictions with Test Results of Steam-Water 
Mixtures (0. 45 «'x <"0. 55 and 0.01 x 0 .05)

-17-

7
Comparison of Theoretical Predictions for Steam-Water M ixtures

-18-

GEAP-4395

.

SUMMARY

An analy tical model to p red ic t two-phase c ritic a l flow ra te  is proposed. The model is 

based upon therm al equilibrium , a  "lumped" trea tm en t of the two-phase velocity  (each phase 

is re p re se n te d  by a single mean velocity), and upon the  neglect of frictional and hydrostatic 

p re ssu re  lo sse s . A com parison of the proposed p red ic tio n s with available te s t  re su lts  and 

previous analyses shows that:

1. The present model a g re e s  very well with the  published test data.

2. In contrast to all e th e r analyses, the model req u ire s  no assum ption 

about the gas void frac tion .
■

,
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I N T R O D U C T I O N

W n e n  f l u i d  e s c a p e s  f r o m  a  h i g h  p r e s s u r e  r e s e r v o i r  in t o  l o w e r  p r e s s u r e  s u r r o u n d i n g s ,  

t h e  e s c a p e  f l o w  r a t e  f i r s t  i n c r e a s e s  a s  t h e  d i f f e r e n t i a l  p r e s s u r e  b e t w e e n  t h e  r e s e r v o i r  a n d  

t h e  s u r r o u n d i n g s  i s  r a i s e d .  I f  t h e  s u r r o u n d in g s  p r e s s u r e  c o n t i n u e s  t o  d e c r e a s e ,  t h e  f l o w  

r a t e  s o o n  r e a c h e s  a  m a x i m u m  v a l u e  w h ic h  c a n n o t  b e  e x c e e d e d  b y  f u r t h e r  l o w e r i n g  o f  t h e  

p r e s s u r e  o u t s i d e  t h e  r e s e r v o i r .  T h i s  " c r i t i c a l "  f l o w  c o n d i t i o n  h a s  b e e n  o b s e r v e d  in  b o th  

s i n g l e - p h a s e  a j id  t w o - p h a s e  s y s t e m s .  S i n g l e - p h a s e  c r i t i c a l  f l o w  h a s  b e e n  s t u d i e d  in  d e t a i l s  

a n d  is  k n o w n  t o  o c c u r  w h e n  t h e  f l u i d  e s c a p e  v e l o c i t y  e q u a l s  t h e  v e l o c i t y  o f  s o u n d .  I t s  p r e 

d i c t i o n  i s  c o v e r e d  in  m o s t  h y d r o d y n a m i c  b o o k s .  ^  ^

I n  r e c e n t  y e a r s ,  c o n s i d e r a b l e  a t t e n t i o n  h a s  b e e n  f o c u s e d  o n  t h e  s u b j e c t  o f  t w o - p h a s e  

c r i t i c a l  f l o w .  T h e  m a in  r e a s o n  i s  t h a t  t h e  c r i t i c a l  f l o w  c o n d i t io n  d e t e r m i n e s  t h e  m a x i m u m  

p o s s i b l e  e s c a p e  r a t e  o f  a  h i g h  p r e s s u r e  f l u i d  f r o m  t h e  s v s t e m  m  w h ic h  i t  i s  c o n t a i n e d .  F o r  

i n s t a n c e ,  i t  s p e c i f i e s  t h e  h i g h e s t  r a t e  a t  w h ic h  c o o l a n t  c a n  b e  lo s t  f r o m  t h e  p r i m a r y  o r  s e c o n 

d a r y  s y s t e m  o f  a  h ig h  p r e s s u r e  w a t e r  c o o l e d  n u c l e a r  r e a c t o r .  T h e  e s c a p e  r a t e ,  i n  t u r n ,  

f i x e s  t h e  p r e s s u r e  w i t h i n  t h e  c o n t a i n m e n t  b u i l d i n g  o r  p l a n t  e n c l o s u r e .  I t  a l s o  e s t a b l i s h e s  

w h e t h e r  t h e  r e a c t o r  f u e l  c a n  b e  u n c o v e r e d  in  t h e  c o u r s e  o f  t h e  a c c id e n t .

F o r  t h i s  r e a s o n ,  s e v e r a l  e x p e r i m e n t a l  a n d  a n a l y t i c a l  s t u d i e s  o f  t w o - p h a s e  c r i t i c a l  f l o w  

h a v e  b e e n  p u b l i s h e d  in  t h e  l a s t  f e w  y e a r s .  M o s t  o f  t h e  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  h a v * ;  b e e n  

p e r f o r m e d  w i t h  a  s t e a m - w a t e r  m i x t u r e  a n d  u t i l i z e  a  p i p e  e x t e n d in g  f r o m  a  h i g h  p r e s s u r e  r e s e r 

v o i r  i n t o  a  r e c e i v e r  t a n k .  T h e  r e c e n t  t e s t  r e s u l t s  o f  I s b i n ,  M o y ,  a n d  D a C r u z ,  ^  F a i e t t i ,  ^  

F a u s k e ,  ^  a n d  Z a lo u d e k  ^  a r e  e s p e c i a l l y  w o r t h y  o f  n o t e  b e c a u s e  t h e y  a c c u r a t e l y  d e t e r m i n e d  

t h e  p r e s s u r e  a t  t h e  c r i t i c a l  p o i n t  f r o m  t h e i r  p r e s s u r e  p r o f i l e  m e a s u r e m e n t s  a l o n g  t h e  p ip e s .

T h e y  u t i l i z e d  a  l a r g e  n u m b e r  o f  p r e s s u r e  t a p s  w h ic h  a r e  e s s e n t i a l  t o  o b t a i n i n g  g o o d  d a t a ,  p a r 

t i c u l a r l y  a t  t h e  p ip e  e x i t  w h e r e  r a p i d  d e p r e s s u r i z a t i o n  o f  t h e  f l u i d  o c c u r s .

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

f i r s t  m o d e l  d e v e l o p e d  w a s  t h e  h o m o g e n e o u s  m o d e l  w h e r e  t h e  t w o - p h a s e  f l o w i n g  m i x t u r e  w a s  

t r e a t e d  a s  a  s i n g l e  p h a s e  h o m o g e n e o u s  f l u i d  o f  u n i f o r m  v e l o c i t y .  U n d e r  t h e s e  c o n d i t i o n s ,  t h e  

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

g h ’  -  e c <d p / dvH>s ( »

w h e r e  P  i s  t h e  f l u i d  p r e s s u r e ,  v H  t h e  h o m o g e n e o u s  s p e c i f i c  v o l u m e ,  a n d  S  t h e  e n t r o p y  . F o r  

h o m o g e n e o u s  f l o w ,

v H  = VL  ( 1 - x ) *  vGx ( 2 )

- 2 -
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Values of the homogeneous flow rate can be readily computed from Equations (1) and (2)

and the thermodynamic properties of the fluids involved. Convenient charts of Gu for steam-
n\ H

water mixtures have, for instance, been published by Tippets. ' ’ The predicted values are, 

however, considerably lower than the measured flow rates.

(g\
Linning made the first attempt to improve upon the homogeneous model. He utilized 

a simplified annular model of uniform liquid and gas velocity, and defined the critical flow 

condition as that where the two-phase energy, continuity, and momentum equation become in

compatible. His prediction still falls well below the experimental results.

More recently, Isbin, Moy, and Da Cruz, ^  Massena, ^  and Fauske ^  have developed 

improved models. All of these analyses are of the "lumped" type where each of the two phases 

is represented by a single mean velocity. If friction and head losses are neglected, the cri

tical flow rate is given by

Gs 2 = - * c (dP/dvM)s (3)

where vM is given by

VM * (vGx2/  a) + vL (1 - x)2/( l  -or) (4)

Equations (3) and (4) specify the c r it ic a l  flow Gc if the re la tion  between the g as volume fraction 

« and its weight fraction x is known. Isbin, Moy, and Da Cruz v used the M artine lli-L ockhart 

c o rre la tio n  for void fraction . M a ss e n a ^  u tilized  a modified form  of A rm and 's  correlation . 

T hese two methods a re  about equivalent and give fa i r  correspondence w ith the test r e 

su lts except at low weight frac tion  where they deviate from  the data by m ore than  50 percent.

F auske  noted that c ritic a l flow was attained when the p ressu re  gradient reached  a finite, 

but m axim um , slope in the tes t section . He postulated that this m axim ization resu lted  from the 

variation  of s lip  ra tio  and found that

«  =  | "  1  +  ( 1  -  x  )  f / v L / v q  x  J  ’ 1  1 5 )

F auske 's  m odel agrees well with the test resu lts  and is superio r to all o ther published models 

especially  a t low gas weight frac tion .

The purpose of this paper is  to present an analy tical solution of tw o-phase c ritica l flow.

It is based upon a lumped model. The model, however, req u ires  no additional assum ption about 

the gas volum e fraction. The analy tical model and its basic  equations a re  p resen ted  firs t: next, 

the p red ic ted  values a re  com pared  with available test re s u lts .

- 3 -
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D E R IV A T IO N  O F  E Q U A T IO N S

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

r e p r e s e n t e d  b y  a  s i n g l e  m e a n  v e l o c i t y .  U T a n d  l T~  . I f  t h e  s t a t i c  p r e s s u r e  d r o p  is t h e
^  n r

s a m e  f o r  t h e  tw o  p h a s e s ,  t h e  f o l l o w in g  m o m e n tu m  e q u a t i o n s  c a n  b *  w r i t t e u

d P  + P l  Ul  d U L  /  g c  = ( d P / a y )  L T p  d y  -  p  L  s i n  9 d y  (6)

d P *  ( l / 8 c A a ) d  (Ag p g U c 2 ) * ( U G / g c  A G ) d ( A Lp , U L ) = 

( d P / d y )  G T p  d y  -  p G s i n  9 dy (7)

I f  f r i c t i o n a l  a n d  h e a d  l o s s e s  a r e  n e g l e c t e d ,  E q u a t i o n s  (6 ) a n d  (7 )  c a n  b e  m u l t i p l i e d  

r e s p e c t i v e l y  b y  A ^  a n d  A G  a n d  a d d e d  to  g iv e

d P  + ( l / g c / i )  d  [ A 0  P g U g 2 + A l p l U l 2 ]  r  O  (8)

I n t r o d u c t i o n  o f  t h e  g a s  w e i g h t  a n d  v o id  f r a c t i o n  f r o m

g i v e s

p L  A  L  U L
= G A  (1 - x )

^ G  A  G  U G
= G A x >

(a g / a ) = o ;  ( A . / A )  = l -  o

d P  + ( l / g c ) G 2 d  [ ( V G  x 2 /  « )  + V L  ( l - x ) 2 / ( l - o r )  ]

(9)

d P  * ( l / g c ) G 2 d V M = O

T h e  a b o v e  e q u a t io n  c a n  b e  r e w r i t t e n  t o  y i e l d

G 2 = g c ( d P / d V M ) , (1 0 )

T h e  t o t a l  m a s s  f lo w  r a t e  p e r  u n i t  a r e a  w i l l  b e  m a x im u m  w h e n  th e  p r o c e s s  i s  i s e n t r o p i c  

a n d  E q u a t i o n  (1 0 )  r e d u c e s  t o  E q u a t i o n  (3 ).

I f  w e  n ow  s u b t r a c t  E q u a t i o n  (6) f r o m  E q u a t io n  (7 )  a n d  u t i l i z e  t h e  s a m e  a s s u m p t i o n s  a s  

a b o v e ,  t h e r e  r e s u l t s

(G 2 /  g P L ) d  [  ( 1 - x ) 2  /  ( l -»)  + x 2 p  L  /  « p G  -  ( 1 / 2 )  ( 1 - x ) 2 /  ( 1 - a ) 2 ] = O  (1 1 )

- 4 -
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E q u a tio n  (11) can  be in te g r a te d  w ith  a = O a t  x  = O s o  that
( 12 )

x  =
a  ( l -2 o r )  + a  # / ( l - 2 a ) 2 + ® [ ( 2 p  L / P q ) (1 - <*)2 + a  ( l - 2 c i* ) ]

( 1 2 )

\
( 2 P L / p G) (1 - a)2 + «  (1 -  2 a )

In o th e r  w o r d s , for  th e  s p e c i a l  c a s e  of no f r ic t io n  a n d  head  lo s s ,  no fu r th e r  a ssu m p tio n s  

about a a r e  n eed ed  and th e  r e la t io n  b etw een  a and x  i s  g iv e n  by E quation  (1 2 )  and the m o m en 

tum  m o d e l o f  r e fe r e n c e  (12).

U n d er t h e s e  co n d itio n s , th e  c r i t i c a l  flow  Gg ca n  b e  ca lc u la te d  r e a d ily . T h e  entropy  

S of the tw o -p h a s e  flu id  i s  f i r s t  d e f in e d  as

S = S L ( l - x ) +  S G x 

so  that at c o n s ta n t  en trop y

(13)

dS  = (?  S / a P ) x d P  + (?S/?x)p dx = O (14)

and

d x  = - [ ( ? s / ? P ) x /  ( a s / a x ) p  j d P  = - ^ x ( d s G / d P )  + ( i - x ) ( d s L / d P ) J  /  ( s G - s L ) (1 5 )

S im ila r ly ,

d V M = (?VM / ? P ) x d P  + (?VM / " X ) P d x  (16)

V. .

and s u b s t itu t io n  of Equation (15) g iv e s

(d  V M /d P ) s = (3VM / ? P ) X - (aVM / ? x ) p  [ x  (d S G / d P )  + (1 -  x ) (d S L / d P ) J / ( S G- S L )

(17)

The p a r t ia l d e r iv a t iv e s  ( ? V ^ j / 0 P ) X and ( ^ V ^ j / d x J p  3X6 o b ta in ed  by d if fe r e n t ia t in g  E quations 

(4) and (12)

- 5 -



G E A P - 4 3 9 5

( v  ̂ K (1"X)2] [ 2(1“x) V L / ( 1 _ r / )  ’ 2x V L /  °  • (1*x) VL / ( l - a ) 2]  VL (1_x) (18)

M  P  ( 1 - a ) 3  [ v L  ( l - x ) 2 / ( l - o r ) 2  -  x 2  V G / a 2  -  V L ( l - x ) 2 / ( l - a r ) 3 ]  O - o ) 7 '

__ [v l (1-x )2 X2 / o ][(Vg / V l ) (d V L / d P )  - ( d V G / d P ) ]

M  X ( l - o r ) 3 j ~ v L  ( i _ x ) 2 / ( i - a ) S x 2  V G / o ! 2  -  V L ( l - x ) 2 / ( l - a ) 3  j

( 1 /2 )  ( d V L / d P )  [  U  ( 1 - x ) 2 /  ( 1 - a ) 2  ]  (19 )

'  ' 1

E q u a t i o n s  ( 3 ) ,  (1 2 ) ,  ( 1 7 ) ,  ( 1 8 ) ,  a n d  (1 9 )  d e f in e  t h e  d e s i r e d  s o lu t io n .  T h e  c a l c u l a t i o n  m e th o d  

p r o c e e d s  a s  f o l l o w s :

1 . F o r  g iv e n  v a l u e s  o f  P ,  V ^ ,  V G , a n d  c o r r e s p o n d i n g  d e r i v a t i v e s ,  a  v a l u e  

o f  nr i s  a s s u m e d ,  a n d  x  i s  c a l c u l a t e d  f r o m  E q u a t i o n  (1 2 ).

2 . T h e  d e r i v a t i v e s  ( ? V ^ j / p x ) p  a n d  ( ? / a I >) x  a r e  c o m p u te d  f r o m  E q u a t i o n s  

(1 8 )  a n d  (1 9 ).

3 . T h e  to t a l  d e r i v a t i v e  ( d V ^ j / d P ) g  i s  o b t a i n e d  f r o m  E q u a t i o n  (1 7 )  a n d  i t s  s u b 

s t i t u t i o n  in  E q u a t i o n  (3 )  g i v e s  th e  c r i t i c a l  f lo w  r a t e  G g.

I t  s h o u l d  b e  n o te d  t h a t  i f  i t  i s  d e s i r e d  to  a s s u m e  t h a t  t h e  f lo w  p r o c e s s  i s  o t h e r  th a n  

i s e n t r o p i c ,  t h e  s a m e  m e th o d  c a n  b e  e m p lo y e d .  F o r  i n s t a n c e ,  f o r  a n  i s e n t h a l p i c  p r o c e s s ,  a l l  

th e  a b o v e  e q u a t i o n s  a p p ly  e x c e p t  f o r  r e p l a c i n g  th e  e n t h r o p y  SG by  th e  e n t h a l p y  h G , a n d  S L  

by h j  in  E q u a t i o n  (1 7 ). E q u a t i o n  (1 0 ) w i l l  th e n  g iv e  t h e  c o r r e s p o n d i n g  i s e n t h a l p i c  c r i t i c a l  

f lo w , G h .

*

- 6 -
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DISCUSSION O F RESULTS

The proposed a n a ly s is  involves th ree  m a jo r  assum ptions: the n eg lec t of fric tional and 

head  lo s s e s , therm al e q u ilib riu m , and the lum ped nature  of the so lu tion . The f irs t  assu m p 

tion is  not serio u s; as no ted  prev iously , it is  com m only made in c r i t ic a l  flow m odels, in 

cluding  sing le-phase  so lu tio n s . It is  not expected  to  produce a s ig n ifican t e r r o r ,  since 

c r i t ic a l  flow conditions o c c u r  over very sh o rt d is ta n c e s  and the m om entum  interchange d o m i

n a te s . The second assu m p tio n  excludes m e ta s tab le  flow system s*  i. e . , c r itic a l d ischarge  

fro m  very short tubes. ^   ̂ The th ird  a ssu m p tio n  is m ore se r io u s ; the liquid and gas 

d is tr ib u tio n s  a re  expected  to  vary along the te s t  sec tio n  and to depend upon the flow p atte rn  a t 

e v e ry  position. Our understand ing  of tw o-phase flow is  such that the ap p ro p ria te  velocity d is 

tr ib u tio n s  and flow p a tte rn s  cannot be p red ic ted  ac cu ra te ly  at th is tim e . F u rth e rm o re , the 

flow conditions a re  changing so  rapidly along th e  te s t  section in a c r i t ic a l  flow te s t that it is  

d ifficu lt to fo resee  how an a c cu ra te  p redic tion  of flow patte rns and v e lo c itie s  could ever be 

developed. The ap prox im ate  lumped nature of th e  p re se n t model m ust s t i l l  be recognized, even  

though m ore basic m odels may not yield m ore  a c c u ra te  answ ers as they  a re  developed.

C ritica l flow ra te s  w e re  calculated  from  th e  proposed  model fo r  s te a m -w a te r m ix tu res  at 

v a r io u s  p re ssu re s . The r e s u l ts  a re  shown in F ig u re  1 *or isen trop ic  and  isenthalp ic p ro c e s s e s . 

The c r it ic a l  flow ra te s  a r e  p lo tted  in te rm s of s te a m  quality. The co rresp o n d in g  to tal r e s e r 

v o ir enthalpy hQ is

hQ - hL (1-x) ♦ hGx ♦ (G2/2gc) [ ( x 3 Vg 2 / o 2) + (1-x)3 VL 2 / ( l - a ) 2 ]  (1 /J) (20)

The isen tro p ic  p red ic tio n s  fa ll above the isen th a lp ic  ones as expected. An in teresting  a sp e c t of 

the so lu tions is that they exh ib it a maximum in te rm s  of steam  quality . The maximum sh ifts  

to h ig h er steam  qualities a s  the p re ssu re  is  ra is e d . Within the ran g e  of p resen tly  availab le 

d a ta , the maximum o c c u rs  a t steam  qualities below 1 percent. At th e se  conditions, the a c 

c u ra c y  in determ ining the  experim en ta l steam  quality  is  ra th e r  poor, and the te s t re su lts  cannot 

be expected  to confirm  th e  o ccu rren ce  of the p re d ic te d  maximum. T h is  confirm ation m ust 

aw ait te s ts  at much h ig h er p re s s u re .

C om parisons of the p red ic tio n s  with ex p e rim e n ta l re su lts  a re  shew n on F igures 2 to 6. 

The ag reem en t is good o v e r  the en tire  range of t e s t  re su lts . The a n a ly s is  fa lls  slightly below 

the d a ta  at high steam  qu ality  and slightly above it fo r steam  q ualities  below 0. 2. It should be 

noted  that the test steam  q u a litie s  a re  ca lcu la ted  on the basis of a hom ogeneous model so th a t

ho = h L (1-x) + hGx + G2 VH2 / 2 g cJ (21)

•  T h is is inherent in the assum ption  that « -  0 a t x = 0.

- 7 -
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If Equation (20) instead of Equation (21) had been used  to reduce the te s t  da ta , the experim ental 

points would shift to the r ig h t, particu larly  those in the mid to low s team  quality range. This 

would mean that the ana ly tica l model would tend to  underpredict the c r i t ic a l  flow ra te s  at a ll 

steam  qualities, but the d ep a rtu re  would still vary  from  only 5 percen t to  at most 10 percen t.

I

A comparison between the present model and previously published analyses is shown on 

F igu re  7 for steam -w ater m ix tures at p re s su re s  of 30 to 50 psia. In addition to the models 

of re fe ren c e s  3 ,5 , and 9, a  vapor choking model which assum es that the  steam  vapor trav e ls  

at son ic  velocity is i llu s tra te d  on the same graph. It is  seen again tha t the proposed model 

g ives good agreement with Zaloudek data up to and including the low s team  quality region. The 

p re sen t model is superio r to  the homogeneous and vapor choking model and the models p roposed  

in re fe ren c e s  3 and 9. It is  about equivalent to the  F auske 's  model. T he p resen t model, how

e v e r , has the advantage that once the frictional and head losses a re  neglected , no further a s 

sum ptions about vapor s lip  a re  needed. Such an assum ption was req u ire d  in all previous 

a n a ly se s , including the hom ogeneous model which inherently postu lates equal gas and liquid 

velocity .

- 8 -
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CONCLUSIONS

1. A ’lumped' analytical model to predict two-phase critical flow rate is derived.

2. The model gives very good agreement with available experimental results.

-9 -
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NOMENCLATURE

2
A Cross sectional area of flow, ft

2
G Mass flow rate per unit area, lbm /  sec-ft

gc Constant in Newton's law of motion, (lbm/lb j) (ft/sec^)

h Enthalpy, Btu/lbm

J Mechanical equivalent of heat, ft-lbj/Btu

P Pressure, lbf /ft^

5 Entropy. Btu/lbm R

U Velocity, ft/sec

x Vapor or gas weight fraction, nondimensional

y Distance measured along flow direction, ft

a Vapor or gas void fraction, nondimensional

6 Angle of inclination of test section

p Density, lbm/ft^

i

Subscripts

G Gas or Vapor

GTP Gas or vapor in two-phase flow

H Homogeneous

h Isenthalpic

L Liquid

LTP Liquid in two-phase flow

M Momentum

S Isentropic
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