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ABSTRACT 

For a d e s c r i p t i o n  and a n a l y s i s  o f  t h e  f l o w  we 
cons ide r  t h e  conserva t i on  equat ions o f  t h e  
two phases separa te l y ,  b u t  i n  thermal and me- 
chan ica l  e q u i l i b r i u m ,  coupled b y  t h e  i n t e r f a c e  
shear f o r c e s  ( two  f l u i d  model, d r i f t  f l u x  
model 1. Coup1 i n g  may be weak o r  s t rong,  de- 
pending on Froude and Mach numbers o f  t h e  
f l o w .  The f l u i d  i s  h i g h l y  compress ib le ,  n o t  
because t h e  i n d i v i d u a l  phases move a t  such 
speeds t h a t  t h e i r  i n d i v i d u a l  d e n s i t y  changes 
a r e  s i g n i f i c a n t  b u t  because evapora t i on  
(phase change) r e s u l t s  i n  l a r g e  d e n s i t y  
changes o f  t h e  system a t  moderate p ressu re  o r  
temperature changes once f l a s h i n g  occurs.  

The s l i p  between t h e  phases i s  caused by  un- 
equal w a l l  shear s t r e s s ,  a c c e l e r a t i o n  o f  t h e  
f l u i d  o r  g r a v i t a t i o n a l  f o r c e s  and i s  h inde red  
by  t h e  i n t e r f a c e  i n t e r a c t i o n .  I f we denote 
by  y t h e  r a t i o  o f  t h e  l i q u i d  d e n s i t y  t o  t h e  
vapor d e n s i t y  and by  u t h e  r a t i o  o f  t h e  
vapor speed t o  t h e  l i q u i d  speed we f i n d  t h a t  

i n  h o r i z o n t a l  f l o w s  u = yl" y i e l d s  t h e  
maximum s l i p  ( n e g l e c t i n g  a c c e l e r a t i o n  e f f e c t s )  
t h a t  can be reached w i t h  no i n t e r f a c e  f o r c e  
a c t i n g  (assuming equal  f r i c t i o n  c o e f f i c i e n t s  
f o r  b o t h  phases a t  t h e  w a l l  ) .  

I f  one i n v e s t i g a t e s  t h e  c o n d i t i o n s  o f  thermo- 
dynamic f l o w  s i m i l a r i t y  between d i f f e r e n t  
substances i n  two phase f l o w ,  one f i n d s  t h a t  
t h e  l a t e n t  heat  o f  v a p o r i z a t i o n  i s  t h e  
p r i n c i p a l  c o n t r o l l i n g  parameter.  Thus, a 5cm 
diameter  t e s t  s e c t i o n  i n  two phase R-114, a t  
room temperature,  corresponds t o  a 30cm 
diameter  d u c t  i n  water-steam a t  b o i l i n g  con- 
d i t i o n s  a t  h i g h  temperatures such as 
encountered i n  geothermal and o t h e r  power p ro-  
d u c t i o n  systems. 

1. INTRODUCTION 

Two Phase Flow, as a branch o f  f l u i d m e c h a n i c s ,  
has commanded a g r e a t  dea l  o f  a t t e n t i o n  f o r  
t h e  l a s t  f o r t y  yea rs .  Most r e c e n t l y ,  research  
has been m a i n l y  concentrated on s p e c i f i c  
problems i n v o l v e d  w i t h  t h e  p roduc t i on  o f  
e l e c t r i c i t y  f rom geothermal energy and t h e  
s a f e t y  o f  n u c l e a r  power p l a n t s ,  i n  a d d i t i o n  
t o  t h e  chemical  eng inee r ing  process problems 

which p rov ided  t h e  o r i g i n a l  m o t i v a t i o n .  The 
number o f  approaches taken t o  t h e  problem, 
however, i s  n e a r l y  as l a r g e  as t h e  number o f  
i n v e s t i g a t o r s ,  and i t  seems as though a con- 
sensus has n o t  been reached on some o f  t h e  
most b a s i c  ques t i ons .  

Two b a s i c  approaches have been taken.  The 
f i r s t  encompassed n e a r l y  a l l  o f  t h e  e a r l i e s t  
work and i s  c h a r a c t e r i z e d  by  phenomenological 
c o n s i d e r a t i o n s  o r  s t a t i s t i c a l  methods. The 
development o f  f l o w - p a t t e r n  diagrams [l] and 
t h e  d i r e c t  c o r r e l a t i o n  o f  da ta  [2]  f o r  pres-  
su re  change and v o i d  f r a c t i o n  a r e  examples. 
Notably ,  most work i n v o l v e d  two-substance 
f l o w  w i t h o u t  phase change, such as a i r  and 
wa te r .  

The second approach has been t o  seek deeper 
understanding o f  t h e  phys i cs  o f  t h e  f l o w  i n  
o r d e r  t o  s u c c e s s f u l l y  and more a c c u r a t e l y  
p r e d i c t  behav io r  ove r  a f u l l e r  range o f  two 
phase c o n d i t i o n s  [7,8,9]. The importance o f  
c o m p r e s s i b i l i t y  i n  de te rm in ing  t h e  behav io r  o f  
a s ing le-substance f l o w  i s  more r e a d i l y  r e c -  
ognized i n  t h e  most r e c e n t  work. 
da te  c o l l e c t i o n  and d i s c u s s i o n  i s  g i v e n  i n  
Ref .  [ l o ]  and [ll]. 

An i n v e s t i g a t i o n  o f  t h e  p h y s i c a l  phenomena o f  
two phase f l o w  must cen te r  on t h e  b a s i c  con- 
s e r v a t i o n  equat ions o f  mass ( c o n t i n u i t y )  
momentum, and energy.  These may be w r i t t e n  
i n  t ime-averaged fo rm f o r  each o f  t h e  phases. 
The i n t e r f a c e  i n t e r a c t i o n  must be p r o p e r l y  
accounted f o r ,  i n c l u d i n g  t h e  presence o r  ab- 
sence o f  phase change. Hence, s i x  b a s i c  
equat ions can be w r i t t e n .  A d d i t i o n a l  i n -  
f o r m a t i o n  i s  r e q u i r e d  f o r  t h e  n a t u r e  o f  t h e  
i n t e r f a c e  coup l i ng .  
t u r e  e q u i l i b r i u m  i s  assumed, combinat ion o f  
t h e  conserva t i on  equat ions y i e l d s  t h r e e  i n -  
dependent equat ions,  one each f o r  momentum, 
energy and d i s s i p a t i o n  o r  mechanical  energy 
( i n  a d d i t i o n  t o  t h e  two c o n t i n u i t y  equat ions) .  

The p h y s i c a l  i n s i g h t  t h a t  can be gained f rom 
these b a s i c  c o n s i d e r a t i o n s  i s  t h e  goa l  of t h e  
p resen t  paper.  

An up- to-  

I f  pressure and tempera- 

2. THE B A S I C  PROBLEM 

F i r s t ,  we w i l l  assume t h e  case o f  a h o r i z o n t a l  
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p i p e  i n  which two separate f l u i d s  a r e  f lowing.  
We w i l l  assume t h a t  no phase change takes 
p lace .  Each f l u i d  has a c t i n g  on i t  t h e  p res -  
sure d i f f e r e n c e  and t h e  shear s t resses  as 
i n d i c a t e d  i n  F i g .  1. 

L Dl 

P P+4P A. 

F i g u r e  1. 

The shear s t r e s s  a t  t h e  i n t e r f a c e  between t h e  
two f l u i d s  i s  shown s c h e m a t i c a l l y  o n l y .  A 
s imple c a l c u l a t i o n  leads t o  t h e  c o n c l u s i o n  
t h a t ,  i n  t h i s  case, t h e  p ressu re  changes a r e  
so s l i g h t  t h a t  b o t h  f l u i d s  can be considered 
as i ncompress ib le .  
v e n t i o n a l  i n  f l u i d  mechanics, t h a t  t h e  
pressure i s  cons tan t  t h roughou t  a c ross -  
s e c t i o n .  
d imensional  f l o w  and t h a t  t h e  f r a c t i o n  o f  t h e  
w a l l  c i rcumference be ing  we t ted  by one sub- 
s tance i s  p r o p o r t i o n a l  t o  t h e  c r o s s - s e c t i o n  
i t  occupies.  
a c t i n g  on t h e  two f l u i d s  then  leads t o  

We assume, as i s  con- 

We f u r t h e r  asqume e s s e n t i a l l y  one- 

E q u i l i b r i u m  between t h e  f o r c e s  

a Ni 
' T -  

dP 
dz -Twg - i R h C  

a - =  

We see t h a t  f o r  t h e  extreme case o f  n e g l i g i b l e  
i n t e r f a c e  shear f o r c e ,  t h e  w a l l  shear s t r e s s  
f o r  each component must be t h e  same. 
t h i s  i s  g i ven  by t h e  p roduc t  o f  a f r i c t i o n  
f a c t o r  and t h e  dynamic pressures o f  t h e  
f l u i d s ,  t h e  l a t t e r  must be i n  t h e  i n v e r s e  
r a t i o  o f  t h e  f r i c t i o n  f a c t o r s .  For f l o w s  o f  
p r imary  i n t e r e s t  t h e  Reynolds number w i l l  be 
l a r g e  enough so t h e  f l o w  i s  t u r b u l e n t  and t h e  
f r i c t i o n  f a c t o r s  as g i ven  by t h e  Moody d i a -  
gram w i l l  d i f f e r  o n l y  s l i g h t l y .  
case, i . e .  steam-water f l o w  w i t h  no phase 
change o r  a i r - w a t e r  f l o w ,  t h e  d e n s i t i e s  o f  
t h e  two f l u i d s  w i l l  be ve ry  d i f f e r e n t  and 
t h e r e f o r e  t h e  v e l o c i t i e s  must d i f f e r  g r e a t l y .  
Hence, s l i p  between f l u i d s  ensues. 

I f  we denote t h e  d e n s i t y  r a t i o  o f  t h e  two 
f l u i d s  by y, we f i n d  t h a t  i n  t h e  case o f  no 
i n t e r f a c e  s t r e s s ,  t h e  s l i p  r a t i o  u ,  i . e . ,  
t h e  r a t i o  o f  v e l o c i t y  i n  one f l u i d  t o  t h a t  o f  
t h e  o t h e r ,  w i l l  be equal  t o  t h e  square r o o t  
o f  t h e  s p e c i f i c  volume r a t i o .  As t h e  i n t e r -  
f ace  shear s t r e s s  increases,  t h i s  s l i p  r a t i o  
w i l l  d i m i n i s h  and becomes e s s e n t i a l l y  one if 
l a r g e  i n t e r f a c e  s t r e s s  i s  p resen t .  

s l i p  changes f rom u = yl" 

S ince 

I n  t h i s  

Thus, 

f o r  a s t r o n g l y  

s t r a t i f i e d  f l o w ,  t o  u = 1 f o r  complete mix-  
i n g .  
m i x i n g  t h a t  occurs w i l l  be r e l a t e d  t o  t h e  
Froude number s i n c e  t h e  g r a v i t y  i s  t h e  agent  
which tends t o  s t r a t i f y  t h e  f l o w .  

M a r t i n e l l i  [2 ]  has proposed t o  use as an i n -  
dependent v a r i a b l e ,  accoun t ing  f o r  t h e  
f r i c t i o n  e f f e c t ,  t h e  r a t i o  o f  t h e  f r i c t i o n a l  
p ressu re  drop each f l u i d  would exper ience i f  
i t  were f l o w i n g  s e p a r a t e l y  i n  t h e  absence o f  
t h e  o t h e r .  
t h e  c o n t i n u i t y  equa t ion  e s t a b l i s h e s  a r e -  
l a t i o n s h i p  between t h e  mass f r a c t i o n  r a t i o ,  
t h e  s l i p  and t h e  holdup)  we o b t a i n  F i g .  2 
which shows holdup ( 1  minus vapor v o i d  
f r a c t i o n )  as a f u n c t i o n  o f  t h e  M a r t i n e l l i  
v a r i a b l e  w i t h  s l i p  r a t i o  as a parameter.  
o f  t h e  proposed c o r r e l a t i o n s  g i v e n  i n  t h e  
l i t e r a t u r e  have been shown [3,4,6] as w e l l  as 
some da ta  f rom our  f a c i l i t y  [5]. 

I n  t h e  h o r i z o n t a l  p ipe ,  t h e  amount o f  

I f  we do so ( keep ing  i n  mind t h a t  

Some 

F igu re  2. 

A s i g n i f i c a n t l y  d i f f e r e n t  s i t u a t i o n  e x i s t s  i f  
t h e  p i p e  o r  d u c t  i s  o r i e n t e d  v e r t i c a l l y .  
F i g u r e  3 i l l u s t r a t e s  t h i s  case. 

F i g u r e  3 .  
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The g r a v i t a t i o n a l  f o r c e  a c t i n g  on t h e  two 
f l u i d s  w i l l  then be t h e  p r imary  cause o f  s l i p .  
Again, making t h e  assumption t h a t  t h e r e  i s  no 
i n t e r f a c e  shear s t r e s s  t h e  f o l l o w i n g  r e l a t i o n -  
s h i p  f o r  s l i p  r a t i o ,  f r i c t i o n  f a c t o r  and 
Froude number r e s u l t s  : 

S l i p  o f  t h e  i n d i c a t e d  magnitude i s  q u i t e  l a rge .  
V i o l e n t  m i x i n g  w i l l  occur  l e a d i n g  t o  such f l o w  
p a t t e r n s  as s l u g  f l o w ,  annu la r  f l ow ,  e t c .  
should be noted and i s  s i g n i f i c a n t  t h a t  i n  t h e  
h o r i z o n t a l  p ipe,  s l i p  i s  caused by unequal 
w a l l  shear s t resses  w h i l e  i n  t h e  v e r t i c a l  p i p e  
s l i p  i s  p r i m a r i l y  caused by g r a v i t y  a c t i n g  on 
f l u i d s  o f  d i f f e r e n t  d e n s i t i e s .  S ince t h e i r  
d e n s i t i e s  w i l l  n o t  change markedly  n e i t h e r  
f l u i d  w i l l  be a c c e l e r a t e d  s i g n i f i c a n t l y .  A 
f u l l y  developed f l o w  whose cha rac te r  w i l l  n o t  
change a long t h e  p i p e  w i l l  r e s u l t .  Successive 
s e c t i o n s  o f  p i p e  w i l l  be s i m i l a r  t o  each other .  

I t  

3. COMPRESSIBILITY AND SIMILARITY 

I f  t h e  f l u i d s  a r e  two phases o f  t h e  same sub- 
stance, t h e  decrease i n  p ressu re  due t o  
g r a v i t a t i o n a l  f o r c e s  and f r i c t i o n  w i l l  cause 
l i q u i d  t o  evaporate.  The accompanying l a r g e  
i nc rease  i n  s p e c i f i c  volume (decrease i n  
d e n s i t y )  w i l l  cause a c c e l e r a t i o n  o f  t h e  f l o w  
i n  a cons tan t  area duc t .  The l a t t e r  w i l l  be 
more pronounced i f  t h e r e  i s  l i t t l e  o r  no s l i p  
between t h e  phases. I n  o rde r  t o  accommodate 
t h e  i nc reased  k i n e t i c  energy o f  t h e  f l o w  due 
t o  t h i s  a c c e l e r a t i o n ,  t h e  p ressu re  w i l l  de- 
crease f u r t h e r .  
s p e c i f i c  volume may produce such a l a r g e  i n -  
crease i n  k i n e t i c  energy t h a t  i t  can no l o n g e r  
be accommodated i n  an a d i a b a t i c  system. The 
f l o w  then chokes. We see t h a t  t h e  f l o w  i s  
h i g h l y  compress ib le  even though t h e  vapor 
phase i s  s t i l l  moving a t  v e l o c i t i e s  f a r  below 
i t s  own v e l o c i t y  o f  sound. 

F i n a l l y ,  an i nc rease  i n  

The choking v e l o c i t y  w i t h  no s l i p  i s  a prop-  
e r t y  o f  t h e  substance. 
magnitude o f  t h i s  v e l o c i t y  o f  “sound” f o r  
s a t u r a t e d  l i q u i d  as a f u n c t i o n  o f  temperature,  
f o r  water  and f r e o n  R-114 ( t h e  substance we 
a r e  u s i n g  i n  ou r  l a b o r a t o r y ) .  

Thus, we can d e f i n e  a Mach number a t  any p o i n t  
i n  ou r  f l o w  as t h e  r a t i o  o f  t h e  f l o w  v e l o c i t y  
t o  t h e  choking v e l o c i t y  a t  t h a t  p o i n t .  
compress ib le  f l u i d  ( two phases o f  a s i n g l e  
substance) w i l l  p rogress f rom a p o i n t  where 
f l a s h i n g  occurs a t  t h e  f l a s h  Mach number, 
through a s e r i e s  o f  s t a t e s  u n t i l  i t  f i n a l l y  
chokes as shown i n  F i g .  5. 

F i g u r e  4 shows t h e  

Th is  

CHOKE 

u FLASH 

F i g u r e  5 .  

T h i s  l eads  us t o  two b a s i c  ques t i ons :  ( 1 )  Can 
we e s t a b l i s h  any s i m i l a r i t y  between such a 
f l o w  o f  one substance and t h e  f l o w  o f  another  
substance? and ( 2 )  I f  we cons ide r  one sub- 
s tance on ly ,  what a r -  t h e  s i m i l a r i t y  paraneters 
t h a t  a r e  r e q u i r e d  t o  be met between t h e  f l o w  
o f  t h i s  substance a t  one i n i t i a l  s t a t e  and t h e  
f l o w  o f  t h e  same substance a t  another  i n i t i a l  
s t a t e ?  

Thermodynamic behav io r  o f  substances i s  com- 
p l i c a t e d  and we do n o t  expect  t h a t  exac t  
s i m i l a r i t y  laws e x i s t .  
a s i m p l i f i e d  model o f  a f l u i d  by assuming t h e  
l a t e n t  hea t  t o  be cons tan t ,  t h e  s p e c i f i c  hea t  
and d e n s i t y  o f  t h e  l i q u i d  t o  be cons tan t  and 
t h e  vapor t o  behave as a p e r f e c t  gas w i t h  an 
apparent  gas cons tan t .  
e s t a b l i s h  a s e t  o f  s c a l i n g  parameters which 
w i l l  y i e l d  s i m i l a r i t y  o f  f l o w s  between sub- 
stances o r  s i m i l a r i t y  w i t h i n  t h e  f l o w  regimes 
o f  one substance [12 ] .  

However, we can c r e a t e  

For t h i s  we can 

F igu re  4 
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There is  a single dimensionless s imi la r i ty  
parameter between substances N D ,  the 
"Di ckinson number" : 

_ _  - 
.16 

E 

II 
5 

I5 \ 

iT .12 

f .OB \ 
\ 

N \ 

(3 )  

Logonda 
R l l 4  20 C 
yo 200 c 

where c1 i s  the dimensionless temperature, 

.04 (4)  \ 

a t  a reference point. 

The analysis a l so  y ie lds  the proper scaling 
parameters fo r  a l l  variables,  such as 

fo r  velocity and 

( 5 )  

f o r  length. On the other hand f o r  flow simi- 
l a r i t y  the essential  parameters a re  the Mach, 
Froude and Reynolds numbers, known from 
f lu id  mechanics. 

Figure 6 shows the s imi la r i ty  parameter 
f o r  water substance and R-114 plotted against  
temperature. 

ND 

I 
I /.. I 

Figure 6.  

We see t h a t  thermodynamic s imi la r i ty  ex i s t s  
between water substance a t  200°C and R-114 a t  
-20°C fo r  instance. 

Figure 7 .  

Figure 7 shows the dimensionless length along 
a ver t ica l  pipe fo r  water substance a t  200°C 
and R-114 a t  20°C plotted against  the non- 
dimensional temperature. 

The agreement between substances appears t o  be 
sa t i s fac tory .  For purposes of i l l u s t r a t i o n  
f r i c t i o n  e f f ec t s  were neglected ( i . e . ,  isen- 
t rop ic  flow was assumed). The physical depths 
a re  319m and 41.5m fo r  water and R-114, 
respectively.  

4.  EQUATIONS FOR THE TWO-FLUID SYSTEM 

To complete the presentation i n  t h i s  paper we 
l i s t  the combined conservation equations f o r  
the two-fluid model with s l i p  [ 5 ] .  

The conservation of mass equations: 

(7) i X f  = P f a f w f ;  $Xg = P 9 9 9  a w 

1 - x  = Y 1-a or - x o a '  
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The conservation of momentum: 

The conservation of energy: 
2 

h t t g l R h  = h o  (9) 



2 w i t h  wrmS = 1 xpwi,  s u b s c r i p t  p i n d i c a t -  
D 
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i n g  t h e  phaser ( f  o r  9 ) .  

SlIp11.3  
f-1% 

$ \ 

The d i s s i p a t i o n  equa t ion :  

T h i s  l a s t  equa t ion  i s  independent o f  t h e  r e s t ,  
hav ing been d e r i v e d  f rom i n d i v i d u a l  phase con- 
s e r v a t i o n  laws and t h e  Gibbs r e l a t i o n .  

S l i p  u i s  con ta ined  i n  a l l  t hese  equat ions 
as a parameter w h i l e  t h e  i n t e r f a c e  shear 
s t r e s s  appears i n  t h e  d i s s i p a t i o n  equat ion.  
S l i p  and i n t e r f a c e  shear a r e  r e l a t e d  v i a  t h e  
p h y s i c a l  phenomena ment ioned i n  t h e  beg inn ing  
o f  t h i s  paper.  Such r e l a t i o n s h i p s  a r e  u s u a l l y  
r e f e r r e d  t o  as c losu res .  

Very l i t t l e  i s  known about  reasonable c losu res  
de r i ved ,  as they  should be, f rom t h e  b a s i c  
p h y s i c a l  i n t e r a c t i o n s  between t h e  f l u i d s .  

The work done by T a y l o r  [13] and work r e l a t e d  
t o  t h e  f a l l i n g  o f  d r o p l e t s  may serve as a 
gu ide t o  develop such r e l a t i o n s .  
i t i v e  approach t o  t h e  problem one can 
i n t r o d u c e  a pseudo f r i c t i o n  f a c t o r  f so t h a t  
d i s s i p a t i o n  i s  p r o p o r t i o n a l  t o  t h e  k i n e t i c  

energy o f  t h e  system ( w : ~ ~ , ~ ) .  T h i s  r e l a t i o n  

can be so l ved  t o g e t h e r  w i t h  equat ions ( 7 1 ,  ( 9 )  
and (10)  f o r  f i x e d  va lues o f  f and U. 

As a pr im-  

- 

a 
C 

c 
.. 

T(Tcrsp~roture In C) 

F i g u r e  8. 

F i g u r e  8 shows t h e  change i n  temperature 
versus l e n g t h  o f  t h e  two phase f l o w  ( f r o m  
f l a s h  t o  choke) upward i n  a v e r t i c a l  p ipe ,  
f o r  f = 1% and two d i f f e r e n t  va lues o f  u.  

We n o t e  t h e  l a r g e  e f f e c t  on t h e  l e n g t h  o f  t h e  
p i p e  f rom f l a s h  t o  choking produced by a 

r e l a t i v e l y  smal l  i nc rease  o f  t h e  s l i p  r a t i o  
f rom 1 t o  1.3. Void f r a c t i o n  measurements as 
r e p o r t e d  i n  F i g .  2 i n d i c a t e  t h a t  s l i p  r a t i o s  
as h i g h  as 3 may be p resen t  even i n  h o r i z o n t a l  
duc ts .  

On t h e  o t h e r  hand, as t h e  f l o w  ge ts  c l o s e r  t o  
choking t h e  m i x i n g  o f  t h e  phases becomes more 
v i o l e n t ,  reduc ing  s l i p ,  and t h e  e f f e c t  shown 
i n  F i g .  8 may be exaggerated. 

5. CONCLUSIONS 

It i s  c l e a r  f rom t h e  f o r e g o i n g  t h a t  t h e  q u a l i -  
t a t i v e  behav io r  o f  t h e  evapora t i ng  two phase 
system w i t h  i t s  c o m p r e s s i b i l i t y  e f f e c t s  and 
choking i s  w e l l  understood.  Also,  w e l l  i n  
hand i s  t h e  f o r m u l a t i o n  o f  t h e  t ime-averaged 
t w o - f l u i d  conserva t i on  equat ions.  The p resen t  
d i f f i c u l t i e s  a r i s e  w i t h  t h e  b a s i c  understand- 
i n g  and q u a n t i t a t i v e  assessment o f  t h e  i n t e r -  
f a c e  i n t e r a c t i o n s  and f o r c e s  i n h i b i t i n g  t h e  
s l i p  between phases. The s t r o n g e r  these i n -  
t e r a c t i o n s  are,  t h e  s m a l l e r  w i l l  be t h e  s l i p  
and t h e  s h o r t e r  w i l l  be t h e  l e n g t h  o f  t h e  
d u c t  f rom f l a s h i n g  t o  choking.  

I n  t h e  case o f  t h e  geothermal r e s e r v o i r  o r  
w e l l  i n  two phase f l ow ,  choking g r e a t l y  r e -  
duces p r o d u c t i v i t y .  
t ransmiss ion  systems o r  o t h e r  a p p l i c a t i o n s  on 
t h e  s u r f a c e  t h i s  i s  o f t e n  recognized and 
e f f o r t s  a r e  made t o  separate vapor and l i q u i d  
phases and t r a n s p o r t  them separa te l y ,  g r e a t l y  
d e l a y i n g  o r  e l i m i n a t i n g  choking.  

A b e t t e r  understanding,  and a development o f  
methods f o r  c a l c u l a t i o n ,  o f  t h e  i n t e r a c t i o n s  
p resen t  i f  b o t h  phases f l o w  t o g e t h e r  i n  one 
d u c t  may l e a d  t o  s i m i l a r l y  e f f e c t i v e  methods 
i n  t h e  Geothermal system. 

I n  t h e  case o f  f l u i d  
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LIST OF SYMBOLS 

L a t i n  l e t t e r s  

v e l o c i t y  

pressure 

l e n g t h  

d iameter  o f  p i p e  

a c c e l e r a t i o n  o f  g r a v i t y  

gas cons tan t  

temperature 

f l o w i n g  dryness f r a c t i o n  
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L a t i n  l e t t e r s  

h 

ho 

f 
S '  

C 
N 
i 

Rh 

NP 

W F r  = - 
JSD 

hfg 

ND 
W cm 

W rms 

2 = z/Rh 

Greek l e t t e r s  

P f 
Y = p  

9 

P 

a 

'IW 

5 
JI 

'li 

PI 
en tha lpy  

s t a g n a t i o n  en tha lpy  

f r i c t i o n  f a c t o r  
en t ropy  [41 

[51 

i n t e r i o r  p i p e  c i rcumference 

l e n g t h  o f  i n t e r f a c e  

h y d r a u l i c  r a d i u s  o f  p i p e  

l e n  t h  o f  p i p e  c i rcumference 
wet!ed by phase p 

Froude number [61 

s o e c i f i c  hea t  o f  l i a u i d  on V I  
s a t u r a t i o n  1 i n e  

l a t e n t  hea t  

D ick inson  number 

v e l o c i t y  o f  t h e  cen te r  
o f  mass 
rms v e l o c i t y  

s l i p  r a t i o  

d e n s i t y  r a t i o  

d e n s i t y  

v o i d  f r a c t i o n  
w a l l  shear s t r e s s  t121 

d imensionless temperature 1131 

f l o w r a t e  pe r  u n i t  area 

i n t e r f a c e  shear s t r e s s  

Subsc r ip t  g r e f e r s  t o  vapor q u a n t i t i e s  

S u b s c r i p t  f r e f e r s  t o  1 iq .u id  q u a n t i t i e s  

Subsc r ip t  p r e f e r s  t o  f o r  g 

Note: Change i n  s u b s c r i p t  o r d e r  
on 'I changes s ign .  
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