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Hot water geothermal  f i e l d s  d i s c h a r g e  steam-water m i x t u r e s ,  which have 
proved d i f f i c u l t  t o  measure compared w i t h  t h e  d r y  steam from f i e l d s  l i k e  The 
Geysers  and L a r d e r e l l o .  

With t h e  development of t h e  l i p  p r e s s u r e  method, however (James 1962) ,  
a n  a c c u r a t e  method w a s  d e r i v e d  which could  measure t h e  f low when a geothermal  
w e l l  d i s c h a r g e s  t o  t h e  atmosphere a t  s o n i c  v e l o c i t y .  F o r t u n a t e l y  most d i s c h a r g e s  
from w e l l s  do i n  f a c t  a t t a i n  such v e l o c i t i e s ,  and as long as t h e  e n t h a l p y  of t h e  
m i x t u r e  i s  known, t h e  f low can b e  de te rmined .  Where t h e  e n t h a l p y  i s  unknown 
some o t h e r  measurement h a s  a l s o  t o  b e  made i n  o r d e r  t o  s o l v e  t h e  two f a c t o r s  of 
f low and e n t h a l p y .  By d i s c h a r g i n g  t h e  whole m i x t u r e  i n t o  a s i l e n c e r ,  t h e  
water p o r t i o n  can b e  e s t i m a t e d  by means of a w e i r ,  and t h i s  p r o v i d e s  t h e  second 
measurement ( d e s c r i b e d  i n  James 1966) r e q u i r e d  t o  s o l v e  b o t h  unknowns. 

The r e l a t i o n s h i p  a t  t h e  l o c a t i o n  of s o n i c  f low h a s  been e m p i r i c a l l y  
determined as f o l l o w s :  
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where G i s  t h e  mass-ve loc i ty  i n  l b / f t  s 

ho is  e n t h a l p y  i n  B t u / l b  
P i s  c r i t i c a l  d i s c h a r g e  p r e s s u r e  ( l i p  p r e s s u r e )  i n  p s i a .  

C 

To c o n v e r t  u n i t s  of G i n t o  u n i t s  of W l b / h  

where d ‘is t h e  i n s i d e  d i a m e t e r  of t h e  d i s c h a r g e  p i p e  i n  i n c h e s .  

The T o t a l  Flow Turbine  

T h i s  approach e n t a i l s  t h e  d i s c h a r g e  of t h e  whole unsepara ted  steam-water 
m i x t u r e  from t h e  geothermal  w e l l  through n o z z l e s  onto  t h e  wheel of a s p e c i a l l y  
des igned  impulse t u r b i n e  and thence  i n t o  a s e p a r a t i n g  condenser .  A development 
program t o  s o l v e  t h e  v a r i o u s  problems involved  i s  underway a t  t h e  Lawrence Livermo: 
L a b o r a t o r y ,  U n i v e r s i t y  of C a l i f o r n i a .  With t h e  more c o n v e n t i o n a l  approach of 
s e p a r a t i n g  t h e  steam from t h e  w a t e r  and p a s s i n g  i t  i n t o  a s team t u r b i n e ,  f lows can 

-1 98- 



b e  measured by means of o r f i c e  p l a t e  meters as d e s c r i b e d  by t h e  ASME (1959) ,  
a l t h o u g h  t h e r e  i s  some d i f f i c u l t y  w i t h  t h e  h o t  water  f low as t h i s  i s  e x a c t l y  a t  
t h e  b o i l i n g  p o i n t  and f l a s h  steam can appear  i n  t h e  l i n e  and f a l s i f y  t h e  f l o w  
estimate. Worse s t i l l ,  even a s m a l l  q u a n t i t y  of c a r r y o v e r  steam from t h e  
s e p a r a t o r  can w i l d l y  d i s t o r t  t h e  r e a d i n g s  and r e s u l t  i n  l a r g e  e r r o r s  (James 1975) .  
Such steam c a r r y o v e r  i s  by no means uncommon; i n  f a c t ,  t h e r e  i s  some i n d i c a t i o n  
t h a t  e f f e c t i v e  s e p a r a t i o n  depends t o  an  e x t e n t  on s m a l l  steam l o s s  i n t o  t h e  water 
phase  due t o  v o r t e x i n g  w i t h i n  t h e  vessel .  The measurement problem can be 
overcome by e x t e r n a l  c o o l i n g  of t h e  water l i n e  o r  i n c r e a s i n g  t h e  p r e s s u r e  head 
by r a i s i n g  t h e  l eve l  of t h e  water w i t h i n  t h e  s e p a r a t o r .  

How t h e n  can w e  measure t h e  f low of a steam-water m i x t u r e  t o  a t o t a l  
f low t u r b i n e ?  T h i s  can b e  accomplished by means of t h e  n o z z l e  which dischar-ges  
o n t o  t h e  wheel ,  so  long  as t h e  m i x t u r e  e n t h a l p y  is  known. A s  t h e  LLL program 
i s  s p e c i f i c a l l y  d i r e c t e d  t o  e x p l o i t i n g  t h e  l a r g e  geothermal  r e s o u r c e s  of t h e  
S a l t o n  Sea ,  t h e  e n t h a l p i e s  of t h e  w e l l s  t h e r e  ap  ear t o  b e  f a i r l y  s t a b l e  and 
draw on h o t  water w i t h  tempera tures  of about  300 C (A.L. A u s t i n  and o t h e r s  
1977) .  

g 

A canvergent -d ivergent  n o z z l e  i s  t h e  means by which t h e  h e a t  and p r e s s u r e  
energy of t h e  f l u i d  is  conver ted  t o  k i n e t i c  energy f o r  d i r e c t i n g  o n t o  t h e  t u r b i n e  
b l a d e s .  Study of such n o z z l e s  f o r  t h e  f low of superhea ted  and s a t u r a t e d  steam 
h a s  been w e l l  documented i n  t h e  l i t e r a t u r e  and i n  tex tbooks  on f l u i d  f l o w  and 
thermodynamics ( S t r e e t e r  1966) .  

Sonic  v e l o c i t y  i s  a t t a i n e d  a t  t h e  t h r o a t  of such n o z z l e s  and t h e  r a r i o  
between t h e  t h r o a t  p r e s s u r e  and t h e  up-stream manifold p r e s s u r e  h a s  been 
e x p e r i m e n t a l l y  determined f o r  steam. For superhea ted  steam, t h e  r a t i o  i s  about  
0.55 and f o r  s a t u r a t e d  (mois t )  steam i s  about  0.58 ( P o t t e r  1958).  Unpublished 
tests by t h e  a u t h o r  on steam-water f lows  through steam n o z z l e s  gave t h e  same r a t i o  
of 0.59 as f o r  s a t u r a t e d  steam. T h i s  i s  confirmed by t h e  tests under taken  by 
LLL i n  t h e i r  r e p o r t  on t h e  program s t a t u s  (1977).  

Hence, i t  i s  c l e a r  t h a t  so long as t h e  m i x t u r e  e n t h a l p y  i s  known, t o g e t h e r  
w i t h  t h e  n o z z l e  t h r o a t  p r e s s u r e ,  t h e n  t h e  formula f o r  t h e  l i p  p r e s s u r e  g i v e n  as 
e q u a t i o n  (1) may b e  employed t o  de te rmine  t h e  f low,  w i t h  P, t a k e n  as t h e  t h r o a t  
p r e s s u r e  and d be ing  t h e  t h r o a t  d i a m e t e r .  However, i t  would b e  unnecessary  
t o  a t t a c h  a p r e s s u r e  t a p p i n g  d i r e c t l y  t o  t h e  t h r o a t  of t h e  n o z z l e ,  as t h e  
mani fo ld  p r e s s u r e  j u s t  up-stream of t h e  t h r o a t  would b e  r a t h e r  p r e c i s e l y  
c o n t r o l l e d  by a t u r b i n e  governor valve and u s i n g  t h e  r a t i o  of 0.58, t h e  p r e s s u r e  
a t  t h e  t h r o a t  where c r i t i c a l  f low o c c u r s  ( s o n i c  v e l o c i t y )  can b e  e s t i m a t e d .  

L e t  s u f f i x  0 r e p r e s e n t  up-stream s t a g n a t i o n  c o n d i t i o n s  w i t h i n  t h e  mani fo ld  
and s u f f i x  t r e p r e s e n t  t h r o a t  c o n d i t i o n s  where s o n i c  f l o w  o c c u r s .  

From e q u a t i o n  ( l ) ,  
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A s  i t  is  more u s u a l  t o  g i v e  f low through n o z z l e s  i n  l b / s  

w l b / s  = 36.8 d t2  P 
0.96 

0 

1 .102  
hO 

(3)  

I l l u s t r a t i v e  Example 

Taking t h e  LLL r e p o r t  (1977) on a n o z z l e  t es t  from t h e i r  Table  3-2, w e  have 
Po = 367 p s i a ,  ho - 526 B t u / l b  

Nozzle  t h r o a t  d iameter  c a l c u l a t e d  from t h e  t h r o a t  area of 

6.87 ( l o r 4  f t 2  ’ g i v e n  on t h e i r  F i g u r e  3-16. d t  = 0.35 i n c h e s  d i a m e t e r .  

From e q u a t i o n  (3) above: 

= 36.8 (0.35)’ (367) 0.96 - = 1.31 l b / s  
5261 * 102 

T h i s  e q u a l s  t h e  f l o w - r a t e  g i v e n  f o r  t h e i r  tes t  c o n d i t i o n s ,  so agreement 
l o o k s  v e r y  good. 

S a t u r a t e d  Water Flow Through Nozzles - 

I n  observ ing  steam-water f low through n o z z l e s  w e  assume t h a t  t h e r e  i s  steam 
p r e s e n t  w i t h i n  t h e  up-stream mani fo ld  w i t h  a volume exceeding t h a t  of t h e  
a s s o c i a t e d  water. I n  t h e  example above, f o r  i n s t a n c e ,  t h e  LLL tes t  gave a 
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manifo ld  d r y n e s s  f r a c t i o n  of 14% q u a l i t y  and such  steam i s  n e c e s s a r y  t o  g i v e  a 
r a t i o  of 0.58 f o r  P t  and f o r  s o n i c  c o n d i t i o n s  t o  p r e v a i l  a t  t h e  t h r o a t .  - 

Where a n  all-water s t a t e  o c c u r s  i n  t h e  mani fo ld ,  even i f  i t  i s  e x a c t l y  
a t  t h e  b o i l i n g  p o i n t  f o r  t h e  l i q u i d  p r e s s u r e ,  t h e  t h r o a t  p r e s s u r e  h a s  been found 
from tests a t  Wairake i  t o  be g r e a t e r  t h a n  0.9 P . It a p p e a r s  t h a t  t h e  t i m e  

none i s  a v a i l a b l e  f o r  bubble  format ion .  Hence, on ly  a n  a l l - w a t e r  c o n d i t i o n  
e x i s t s  a t  t h e  t h r o a t .  T h i s  i n v a l i d a t e s  t h e  c o n d i t i o n s  f o r  s o n i c  f l o w  and t h u s  t h e  
r e l a t i o n s h i p  of e q u a t i o n  ( 3 )  does n o t  ho ld .  I t  i s  a l s o  d i f f i c u l t  t o  s u s t a i n  
s t a b l e  f l o w  as t h e  f l a s h  f r o n t  w i t h i n  t h e  n o z z l e  c o n s t a n t l y  "hunts" from t h e  
t h r o a t  t o  some d i s t a n c e  downstream w i t h i n  t h e  convergent  p a r t ,  l e a d i n g  t o  
p u l s a t i o n s  of p r e s s u r e  and presumably c y c l i c  f l o w  v a r i a t i o n .  T h i s  might  create 
problems when a p p l i e d  t o  a t u r b i n e  as resonance  e f f e c t s  might f o l l o w .  

I d u r a t i o n  i s  so  s h o r t  when t h e  f l u i d  p a s s e s  from ?he manifold t o  t h e  t h r o a t  t h a t  

T h e r e f o r e  i t  may b e  n e c e s s a r y  t o  e x e c u t e  some d e g r e e  of t h r o t t l i n g  
upstream of t h e  n o z z l e  manifold i n  o r d e r  t o  permi t  some steam t o  e x i s t  w i t h i n  
t h i s  chamber and t h e r e b y  s t a b i l i z e  t h e  f low; perhaps t h i s  w i l l  a l l o w  s o n i c  f low 
a t  t h e  n o z z l e  t h r o a t .  I f  t h i s  proves  c o r r e c t ,  measurement of t h e  d i s c h a r g e  may 
a g a i n  b e  p o s s i b l e  as f o r  genuine steam-water f low d e s c r i b e d  above. 

F i e l d  T e s t  Condi t ions  

T h i s  example w a s  based on v a l u e s  t a k e n  from a l a b o r a t o r y  t es t  u s i n g  c l e a n  
water and n e g l i g i b l e  non-condensible g a s .  F u t u r e  tests i n  t h e  S a l t o n  Sea 
geothermal  f i e l d  w i l l  i n v o l v e  steam-water m i x t u r e s  where t h e  water c o n t a i n s  up 
t o  30% w t  of d i s s o l v e d  s o l i d s ,  w h i l e  t h e  steam phase may c o n t a i n  s u b s t a n t i a l  
q u a n t i t i e s  of g a s ,  mainly carbon d i o x i d e  (perhaps  up t o  10% w t ) .  C o r r e c t i o n  
f a c t o r s  w i l l  have t o  b e  e s t i m a t e d  t o  a l l o w  f o r  t h e s e  s i g n i f i c a n t  d e p a r t u r e s  
from t h e  steam-.water employed i n  l a b o r a t o r y  experiments .  Grens (1975) h a s  
c a l c u l a t e d  t h e  e f f e c t  of i n t e n s e  b r i n e s  on d r y n e s s  f r a c t i o n  and e n t h a l p i e s  of 
such m i x t u r e s .  A l s o  t h e  q u a n t i t y  of g a s  can b e  used t o  compute t h e  p a r t i a l  
g a s  p r e s s u r e  a t  t h e  n o z z l e  t h r o a t  which, t o g e t h e r  w i t h  t h e  vapor  p r e s s u r e  of 
t h e  s t e a m ,  combines t o  g i v e  t h e  t o t a l  t h r o a t  p r e s s u r e .  

Obviously some f i e l d  tests w i l l  b e  r e q u i r e d  t o  a s c e r t a i n  t h e  e f f e c t i v e n e s s  
of t h e s e  ' ' cor rec t ions ' '  on t r u e  f low-rates .  

CONCLUSIONS 

With t h e  hoped-for commercial s u c c e s s  of t h e  t o t a l  energy t u r b i n e  i n  t h e  
n e a r  f u t u r e ,  i t  w i l l  b e  n e c e s s a r y  t o  have a means of measuring t h e  steam-water 
f low i n t o  t h e  machine.  A s  long  as t h e  e n t h a l p y  of t h e  f lowing  f l u i d  i s  known, 
t h e r e  should  b e  no i n t r i n s i c  d i f f i c u l t y  i n  o b t a i n i n g  t h i s ,  as t h e  n o z z l e s  
themselves  ac t  as m e t e r i n g  d e v i c e s  due t o  t h e  phenomena of s o n i c  v e l o c i t y  a t  
t h e  t h r o a t .  High g a s  c o n c e n t r a t i o n s  i n  t h e  steam phase ,  t o g e t h e r  w i t h  h i g h  
chemical  c o n t e n t  i n  t h e  water phase ,  r e q u i r e  t h e  u s e  of t ' c o r r e c t i o n s t t  which w i l l  
have t o  b e  determined from f i e l d  tests t o  conf i rm theory .  Clean steam-water 
m i x t u r e s  appear  t o  p r e s e n t  no d i f f i c u l t i e s .  
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