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DISCHARGING THROUGH AN ORIFICE DETERMINES 
STEAM-WATER ENTHALPY 

R u s s e l l  James 

ABSTRACT 

A wide range of steam-water mixtures  w a s  
d i scharged  t o  t h e  atmosphere through a 10.7 mm 
d iameter  o r i f i c e  which w a s  sharp-edged with a 
minuscule t h r o a t  p r e s s u r e  tapping .  The ra t io  
of t h r o a t  p r e s s u r e  t o  up-steam p r e s s u r e  w a s  
found s e n s i t i v e  t o  dryness  f r a c t i o n  over  t h e  
whole range s t u d i e d  from 0.03 t o  1.0. 

The technique  (employing l a r g e  o r i f i c e s )  has  
t h e  p o t e n t i a l  of i d e n t i f y i n g  t h e  unknown 
e n t h a l p y  of geothermal w e l l s  d i s c h a r g i n g  l a r g e  
f lows.  

Cont rar iwise ,  a nozzle  (rounded e n t r y  o r i f i c e )  
was found remarkably i n s e n s i t i v e  over  n o s t  of 
t h e  dryness  range and hence i s  u s e l e s s  f o r  
such de termina t ions ;  however, it can be used 
t o  measure t h e  f low-ra te  when en tha lpy  is 
known. 

INTRODUCTION 

What is t h e  minimum wellhead equipment which 
w i l l  pe rmi t  t h e  e v a l u a t i o n  of a steam-water 
d i s c h a r g e  i n t o  i t s  components of f low,  
e n t h a l p y  and ( s a y )  e l e c t r i c  power p o t e n t i a l ?  
According t o  James (1970) ,  an  atmospheric  
s e p a r a t o r  i s  s u f f i c i e n t  t o  accolnplish t h i s  
when l i p  p r e s s u r e  and reject  water  flow are 
measured. However, many w e l l s  - and 
e s p e c i a l l y  i s o l a t e d  ones - a r e  f i r s t  
d i scharged  wi th  no in t roduced  equipment except  
t h e  necessary  d i s c h a r g e  p i p e  v e r t i c a l l y  
e r e c t e d  and b o l t e d  t o  t h e  wellhead valve.  
Under t h i s  c o n d i t i o n ,  it is s t i l l  p o s s i b l e  t o  
e s t i m a t e  t h e  power p o t e n t i a l ,  James (19751, 
wi th  an accuracy s u f f i c i e n t l y  good f o r  m o s t  
p r a c t i c a l  purposes .  It is even p o s s i b l e  t o  
sometimes g e t  an  a c c u r a t e  f i g u r e  f o r  t h e  
e n t h a l p y  of flow from h o t  water  r e s e r v o i r s  
when t h e  w e l l  is  d i s c h a r g i n g  under c o n d i t i o n s  
of t h e  h i g h e s t  p o s s i b l e  wellhead p r e s s u r e ,  
James (1980a) ,  and t h e  l i p  p r e s s u r e  then  
employed t o  e v a l u a t e  t h e  o t h e r  parameters .  

The importance of en tha lpy  is such t h a t  it 
would be of c o n s i d e r a b l e  va lue  i f  a technique  
could  be developed t o  measure it d i r e c t l y  from 
t h e  d ischarge .  An a t tempt  t o  do j u s t  t h i s  was 
undertaken by James and o t h e r s  (1980b) who 
compared d i f f e r e n t  approaches so a s  t o  f i n d  
t h e  most promising f o r  f u r t h e r  development. 
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The methods t e s t e d  inc luded  l a s e r  beam, 
hot-wire  anemometer, p i t o t  tube  and d i g i t a l  
thermometer. 

The b e s t  t e s t e d  proved t o  be a h y d r a u l i c  
analogue of t h e  hot-wire  anemometer, b u t  had 
t h e  disadvantage of i n t e r p o s i n g  a smal l  
d iameter  p i p e  a c r o s s  t h e  d ischarge  near  t h e  
s o n i c  l o c a t i o n  which would r e s u l t  i n  i t s  r a p i d  
e r o s i o n .  It would be of advantage, t h e r e f o r e ,  
t o  evolve an approach which avoided such 
i n t e r p o s i t i o n s  e s p e c i a l l y  when used on i n i t i a l  
d i s c h a r g e s  which o f t e n  e j e c t  rock fragments  a s  
w e l l  as steam-water mixtures  a t  speeds up t o  
0 .5  b/s.  

To accomplish t h i s ,  it w a s  decided t o  s tudy 
t h e  e f f e c t  of d i s c h a r g i n g  steam-water mixtures  
through a nozzle  i n  t h e  e x p e c t a t i o n  t h a t  t h e  
r a t i o  of t h r o a t  p r e s s u r e  t o  up-stream p r e s s u r e  
would be r e l a t e d  t o  t h e  f lowing  en tha lpy .  
(Up-stream p r e s s u r e  i n  t h i s  c o n t e x t  is  t h a t  of 
a v e s s e l  t o  which t h e  nozz le  is a t t a c h e d  and 
whose dimensions are l a r g e  compared with t h a t  
of t h e  n o z z l e ' s  t h r o a t . )  Experiments i n  t h e  
p a s t  have determined t h a t  t h i s  r a t i o  is about  
0.55 f o r  superhea ted  steam and 0.58 f o r  moist  
steam, P o t t e r  (19591, hence it w a s  thought  
l i k e l y  t h a t  t h e  r a t i o  would i n c r e a s e  f u r t h e r  
wi th  steam wetness and provide  a method of 
e s t i m a t i n g  t h e  en tha lpy  of f l o w .  

EXPERIMENTAL FACILITY 

A geothermal w e l l  was used a s  t h e  source of 
t h e  steam and h o t  water which were 
i n d i v i d u a l l y  p iped  t o  a small p r e s s u r e  v e s s e l  
of 100 mm did. The non-condensible gas  
c o n t e n t  of t h e  steam a t  t h e  wel lhead s e p a r a t o r  
p r e s s u r e  of 10.75 b a r  was 2 .5  w t %  and steam 
and water e n t h a l p i e s  were 2781 and 777 kJ/kg 
r e s p e c t i v e l y ,  a t  t h e  same tempera ture  of 
183OC. By employing c o n t r o l  and meter ing  
v a l v e s  f o r  t h e  s e p a r a t e  phases ,  any d e s i r e d  
p r o p o r t i o n  of steam and water  could  be mixed 
i n  t h e  v e s s e l  and t h e n  d ischarged  through t h e  
nozz le  whose t h r o a t  diameter  was 10.7 mm. 
Because of t h e  p u l s a t i o n s  i n h e r e n t  i n  t h e  flow 
of  steam-water mixtures ,  glycerine-damped 
p r e s s u r e  gauges were mandatory wi th  needle  
v a l v e s  between t h e  gauges and t h e  p r e s s u r e  
l o c a t i o n s ;  t h e s e  were necessary t o  reduce t h e  
ampli tude of t h e  needle  swing t o  r e a d a b l e  
values .  The dimensions of t h e  nozz le  a r e  



shown on Figure  1 wi th  P as t h e  manifold 
v e s s e l  p r e s s u r e ,  and P a s  a c r i t i ca l  t h r o a t  
p r e s s u r e ,  i n  c o n s i s t e d  u n i t s .  C r i t i c a l  f low 
is  a t e r m  g e n e r a l l y  used about  compressible  
f l u i d s  which have a t t a i n e d  t h e  speed of sound 
(Mach 1 )  and which f o r  steam is  about  500 m / s .  
Because of t h e  l a r g e  d i f f e r e n c e  i n  cross 
s e c t i o n a l  area of t h e  manifold t o  t h e  t h r o a t  
t o g e t h e r  with t h e  former ' s  h i g h e r  p r e s s u r e ,  
t h e  v e l o c i t y  w i t h i n  t h e  manifold is only  3 .3  
m / s  f o r  c r i t i ca l  f low of steam through t h e  
nozzle .  Therefore ,  t h e  pressure-drop  a l o n g  
t h e  manifold is n e g l i g i b l e  and t h e  l o c a t i o n  of 
t h e  manifold p r e s s u r e  t a p p i n g  r e l a t i v e l y  
unimportant .  

I n  t h e  case of steam-water mixtures ,  s o n i c  
v e l o c i t y  is s i g n i f i c a n t l y  less than  t h a t  of 
d r y  steam and t h e  steam c o n t e n t  of t h e  
manifold f l u i d  much less t h a n  t h a t  a t  t h e  
t h r o a t  be ing  a t  a h i g h e r  p r e s s u r e  and 
i d e n t i c a l  s t a g n a t i o n  en tha lpy ,  hence t h e  
v e l o c i t y  i n  t h e  manifold i s  much l e s s  t h a n  
t h a t  of t h e  comparable steam flow. This 
confirms t h e  r e l a t i v e  unimportance of manifold 
p r e s s u r e  t a p p i n g  l o c a t i o n  compared wi th  t h e  
geometry of t h e  t h r o a t  p r e s s u r e  t a p p i n g  which 
as seen  on Figure  1 i s  given wi th  some 
p r e c i s i o n  as it was suspec ted  t h a t  i ts  
l o c a t i o n  would be cr i t ica l  i n  both  s e n s e s  of 
t h e  word. The same argument a p p l i e s  t o  t h e  
o r i f i c e  of l a te r  tests which is a l s o  shown on 
F i g u r e  1. 

m 

NOZZLE TEST RESZnTS 

These are shown p l o t t e d  on Figure  2 and w i t h i n  
t h e  l i m i t s  of accuracy expected of f i e l d  
t e s t i n g ,  agree w e l l  wi th  t h e  c o n d i t i o n  of dry  
steam flow g i v i n g  a ra t io  a t  xm = 1.0 of about  
0.56  compared wi th  p u b l i s h e d  v a l u e s  of 0.58. 
There i s  not  much change i n  t h i s  ra t io  even 
when t h e  dryness  h a s  decreased  t o  a h a l f  a t  
x = 0.5 and even over  nrost of t h e  remaining 
dryness  range t h e  curve  i s  f a i r l y  sha l low and 
makes t h e  nozz le  an  u n e x c i t i n g  p r o s p e c t  f o r  
de te rmining  t h e  dryness  f r a c t i o n  w i t h i n  t h e  
manifold (and t h e r e f o r e  t h e  e n t h a l p y  of f l o w ) .  

A c h e e r f u l  aspect of t h e s e  r e s u l t s  however is 
t h a t  t h e  nozz le  can  be used as a f low meter ing  
device  i f  t h e  dryness  f r a c t i o n  a t  t h e  manifold 
p r e s s u r e  is i n  f a c t  known and it is wished t o  
d e t e r n i n e  t h e  f low-ra te  t o  t h e  atmosphere o r  
i n t o  a low-pressure v e s s e l  ( p r e s s u r e  less t h a n  
t h e  nozzle  t h r o a t  p r e s s u r e ) .  I n  t h i s  case, 
t h e  sha l lowness  of t h e  exper imenta l  curve  i s  
an  advantage i n  e s t i m a t i n g  t h e  va lue  of 
P which can  t h e n  be used i n  t h e  formula g iven  
b; James (1966) i n  t h e  metric form and f o r  a 
1.0 ll~ll t apping .  

m 

( 1 )  

w Flow of mixture ,  kg/s 
d Nozzle d iameter ,  mm 
P: Throat  p r e s s u r e ,  b a r  

ho S p e c i f i c  s t a g n a t i o n  en tha lpy  ( e n t h a l p y  of 
steam or steam-water mixture  i n  manifold 
a t  p r e s s u r e  P and dryness  f r a c t i o n  x m ) ,  
kJ/kg. 

m 

This r e s u l t  should have widespread use i n  
p e r m i t t i n g  c a l c u l a t i o n  of t h e  flow of 
steam-water mixtures  through nozz les  from 
v e s s e l s  of known p r e s s u r e  and e n t h a l p y  (or 
d r y n e s s )  i n  a s i m i l a r  manner t o  t h e  c l a s s i c a l  
method f o r  dry or superhea ted  steam, P o t t e r  
( 1959). 

Although t h i s  w a s  an  unexpected bonus, it 
merely compensated f o r  t h e  f a i l u r e  t o  develop 
a method of d i r e c t l y  de te rmining  e n t h a l p y  i n  
which t h e  nozzle  had appeared t h e  m o s t  
promising candidate .  A t  t h i s  p o i n t  t h e r e f o r e ,  
o t h e r  devices  had t o  be cons idered .  

ORIFICE TEST RESULTS 

S h o r t  t u b e s  were t r i e d  and t h e s e  appeared t o  
have merit b u t  on ly  i f  very  s h o r t .  It  w a s  
f i n a l l y  decided t o  t a k e  t h e  s h o r t e s t  p o s s i b l e  
t u b e  and hence t h e  f i n a l  des ign  was i n  e f f e c t  
a sharp-edged o r i f i c e  be ing  a p l a t e  of 2 mm 
t h i c k n e s s  with a p r e s s u r e  t a p p i n g  h o l e  of 1.0 
mm diameter  d r i l l e d  w i t h i n  it a s  shown i n  
F igu re  1 where the  o r i f i c e  d iameter  w a s  10.7 
!tun a s  f o r  t h e  nozz le  t h r o a t .  

The exper imenta l  r e s u l t s  a r e  shown on Figure  2 
t o g e t h e r  with t h a t  of t h e  nozzle  and it is  
clear t h a t  t h e  p r e s s u r e  ra t io  is now much more 
s e n s i t i v e  t o  dryness  f r a c t i o n  over  t h e  whole 
range  t e s t e d ,  namely 0.03 t o  1.0 and can be 
used t o  determine it with f a r  g r e a t e r  
p r e c i s  ion. 

Sraall wetnesses  i n  steam a r e  n o t o r i o u s l y  
d i f f i c u l t  t o  estimate, b u t  t h e  o r i f i c e  appears  
t o  have t h e  c a p a b i l i t y  of e v a l u a t i n g  t h e s e  as 
e a s i l y  a s  f o r  h igher  wetnesses ,  as t h e  curve 
i s  of c o n s t a n t  s l o p e  over  a dryness  range of 
0.1 t o  1.0 (wetness  0.9 t o  z e r o ) .  

Although as has  been mentioned, t h e  t h r o a t  
p r e s s u r e  of t h e  nozzle  can be used t o  
c a l c u l a t e  f lows from v e s s e l s  a t  known 
e n t h a l p i e s  and p r e s s u r e s ,  it does not  appear  
t h a t  t h e  o r i f i c e  p r e s s u r e  P can be so 
employed a s  it is not  a t  a l f  c e r t a i n  i f  it 
f u n c t i o n s  under c o n d i t i o n s  of c r i t i c a l  f low a t  
Mach 1. A t  a given f low and e n t h a l p y ,  it 
g i v e s  a much lower r a t i o ;  f o r  dry  steam t h e  
nozz le  g i v e s  0.56 whereas t h e  o r i f i c e  g i v e s  
0.16 f o r  example. Perhaps t h e  t r u e  c r i t i c a l  
p r e s s u r e  e x i s t s  i n  t h e  o r i f i c e  a l i t t l e  
upsteam of t h e  p r e s s u r e  w i t h i n  t h e  p l a t e .  The 
p r e s e n t  test series has  not  s t u d i e d  t h e s e  
i n t e r e s t i n g  a s p e c t s  a s  they  a r e  perhaps 
i r r e l e v a n t  t o  t h e  purposes  of t h i s  
i n v e s t i g a t i o n  which was t o  d iscover  t h e  
s i m p l e s t  promising technique  ( a  s t r i c t l y  ad 
hoc approach o r  perhaps  even a minimal i s t  
one) .  
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FIGURE 2 TEST RESULTS ON STEAM-WAEP 
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From t h e  viewpoint  of geothermal w e l l s ,  t h e  
o r i f i c e  approach i s  not  an  i d e a l  s o l u t i o n  t o  
t h e  problem posed, as even f o r  a r e l a t i v e l y  
s m a l l  o u t p u t  w e l l ,  an  o r i f i c e  of 100 mm 
d iameter  would be r e q u i r e d  d i s c h a r g i n g  from a 
manifold v e s s e l  of 1.0 P diameter  and a t  l e a s t  
1.0 m long: f o r  powerful  w e l l s  t h e s e  
dimensions would have t o  be doubled g i v i n g  a 
v e s s e l  of not  i n c o n s i d e r a b l e  weight t o  be 
b o l t e d  t o  t h e  wellhead. I n  p r a c t i c e ,  t h e  
o r i f i c e  p l a t e  would have t o  be of s t a i n l e s s  
s t e e l  as a l though e r o s i o n  could  not  be 
d e t e c t e d  over  weeks of t e s t i n g ,  it is 
a n t i c i p a t e d  t h a t  s tandby c o r r o s i o n  would 
d e t e r i o r a t e  t h e  t h i n  p l a t e  and i ts  p r e s s u r e  
t a p p i n g  geometry. (Eros ion  i s  severe ,  however 
of o b j e c t s  which p e n e t r a t e  t h e  flow f o r  a 
s i g n i f i c a n t  p e r i o d  of t i m e . )  

I f  tests on l a r g e  s i z e d  o r i f i c e s  confirm t h e s e  
r e s u l t s ,  t h e n  t h e  example f o l l o w i n g  may be 
t y p i c a l  of v a l u e s  o b t a i n e d  on a c t u a l  w e l l s  
which d ischarge  steam-water mixtures  of h igh  
en tha lpy .  

ILLUSTRATIVE EXAMPLE 

Discharge through a 1.0 m diameter  manifold 
and 100 mm d iameter  o r i f i c e  g i v e s  a manifold 
p r e s s u r e  of 15 bar and o r i f i c e  t h r o a t  p r e s s u r e  
of 6 bar .  E s t i m a t e  t h e  e n t h a l p y  of d i scharge ,  
and f low-rate. 

From Figure  2 f o r  t h e  o r i f i c e ,  xm = 0.485 

f g  
Enthalpy ho = hf + xm h 

ho = 844.89 + (0.485) 

where 844.89 and 1947.3 are t h e  s e n s i b l e  and 
l a t e n t  h e a t s  of steam a t  15 bar  from steam 
t a b l e s ,  Keenan and o t h e r s  (1969) .  

For a nozzle  of t h r o a t  d iameter  100 mm and 
i d e n t i c a l  manifold p r e s s u r e  and dryness  
f r a c t i o n  of x = 0.485. 

1947.3 = 1789.3 kJ/kg 

m 

D D 

= 0.57 c =  - 
P 15 m 

Hence nozzle  P = 15 (0.57)  = 8.55 b a r  
From e q u a t i o n  71 ) 

( 1 0 0 ) ~  ( 8 . ~ 5 ) ~ ' ~ ~  w = 1.6234 1.102 = 33.16 kg/s 
(1789.3) (119.38 t/h) 

A good high-enthalpy w e l l  of s t a n d a r d  c a s i n g  
c a n  p o s s i b l y  d i s c h a r g e  up t o  400 t o n n e s h o u r ,  

hence an  o r i f i c e  of 200 mm diameter  would be 
r e q u i r e d  t o  cover  a f u l l  range of ou tputs .  

CONCLUSIONS 

For d i s c h a r g i n g  mixtures  a t  known entha lpy  t o  
t h e  atmosphere,  t h e  nozz le  appears  t o  be a 
u s e f u l  ins t rument  t o  determine f low-ra te  b u t  
i s  r e l a t i v e l y  i n s e n s i t i v e  t o  en tha lpy .  
However, t h e  o r i f i c e  has  r e v e r s e  
c h a r a c t e r i s t i c s  i n  t h a t  it is  s e n s i t i v e  t o  
e n t h a l p y  and can be used t o  e v a l u a t e  t h i s  
impor tan t  parameter  while  incapable  of 
e s t i m a t i n g  f low-rate .  The o v e r a l l  accuracy of 
t h e  o r i f i c e  a s  a geothermal f i e l d  device  can 
probably only be e v a l u a t e d  i n  t h e  l a s t  
a n a l y s i s  by f i e l d  t e s t s  on f u l l y  s i z e d  
d iameters  of 100 and 200 mm. However, t h e  
r e s u l t s  on even t h e  s m a l l  ins t rument  r e p o r t e d  
h e r e  show no i n h e r e n t  problems a r e  
a n t i c i p a t e d .  

The o r i f i c e  may a l s o  have wide a p p l i c a t i o n  i n  
i t s  a b i l i t y  t o  determine small  wetnesses  
c a r r i e d  by n e a r l y  dry  steam i n  convent iona l  
steam engineer ing .  
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