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ESTIMATING MI-\XIMUM DISCHARGE OF GEOTHERYAI, WELLS 

Russel l  James, 
D S I R ,  Wairakei, Taupo, New Zealand. 

ABSTRACT 

We cannot t e l l  how 'good' a w e l l  is un le s s  we can e s t ima te  the  
m a x i m u m  flow p o s s i b l e  under such i d e a l  condi t ions  a s  complete permeabi l i ty  
a t  t he  product ion horizon and b o i l i n g  po in t  throughout t h e  depth  o f  the  
r e s e r v o i r .  Calculated Lip p re s su res  f o r  v e r t i c a l  wide-open d ischarge  under 
these  cond i t ions  a r e  s u r p r i s i n g l y  independent of the  kind of f l u i d  tapped 
by t h e  w e l l ,  whether dry  sa tu ra t ed  steam o r  sa tu ra t ed  h o t  water .  

The s t a t u s  of an a c t u a l  wel l  can be e s t ab l i shed  by comparing the  
measured Lip p re s su re  wi th  the  ca l cu la t ed  t h e o r e t i c a l  maximum. 

Discharges a r e  simply determined from the  va lues  of Lip pressure  and 
supply f l u i d  enthalpy.  

INTRODUCTION 

Some yea r s  ago, I was working on  a Wairakei w e l l  which tapped a 
supply of s a t u r a t e d  hot  water (water a t  t h e  b o i l i n g  p i n t  f o r  i t s  p r e s s u r e ) .  
During a per iod  of  about a month, t h e  f l u i d  changed t o  d ry  sa tu ra t ed  steam 
a t  t h e  same temperature and p res su re ,  b u t  no change w a s  observed i n  the  
Lip p re s su re  a t tached  t o  the  v e r t i c a l l y  discharging wel l  when blown wide- 
open. Of course ,  t h e  a c t u a l  f low-rate  would have decreased considerably a s  
t h i s  i s  r e l a t e d  t o  Lip pressure  and f l u i d  enthalpy i n  t he  following 
equat ion ,  James (19621. 

- 
0.96 

1839 P 
G C 

1 . 1 0 2  
- - 

hO 

2 
G Flow, t / m  s 
P 

h F lu id  enthalpy,  kj/kg 

Lip p re s su re  , b a r s  
C 

0 

Obviously the d r iv ing  f o r c e  and c o n t r o l l i n g  f a c t o r  was the  presence 
of the compressible vapour phase, w i t h  the w a t e r  being merely dragged 
along a s  a passenger;  a t  l e a s t  t h a t  w a s  t h e  s u p e r f i c i a l  hypothesis  
advanced a t  the  t i m e .  It would, of course,  be  extremely d i f f i c u l t  t o  
experimental ly  v e r i f y  t h i s  phenomenon over a range of w e l l  depths  and 
f l u i d  temperatures and types.  Hence, t h e  approach undertaken here  i s  t o  
c a l c u l a t e  L i p  p re s su res  over a range of  w e l l  dep ths  and bore diameters 
f o r  (a) dry  s a t u r a t e d  steam, and (b] s a t u r a t e d  h o t  water .  This  i s  
accomplished s p e c i f i c a l l y  f o r  t h e  condi t ion  shown i n  Figure 1 where the  
w e l l  is  discharged wide-open v e r t i c a l l y  and where supply horizon 
permeabi l i ty  is  considered a s  p e r f e c t  w i t h  no r e s t r i c t i o n  o n  flow i n t o  
t h e  w e l l  a t  depth.  
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A s  an unmanageable mix of we l l  depths  and bottom hole  condi t ions  i s  
poss ib l e  t o  envisage,  i t  was decided t o  s impl i fy  ma t t e r s  by imposing 
a r e l a t i o n s h i p  between these  f a c t o r s .  Fo r tuna te ly ,  such a r e l a t i o n s h i p  
e x i s t s  i n  p r a c t i c e  a s  i t  appears  t h a t  geothermal r e s e r v o i r s  e i t h e r  a r e ,  o r  
tend towards Boi l ing  Po in t  wi th  Depth (BPD)  , so t h a t  bo th  pressure  and 
temperature inc rease  progress ive ly  wi th  depth from t h e  ground su r face ,  
o f t e n  down to  a so-ca l led  Base temperature.  Over the  depth a t  which BPD 
o b t a i n s ,  b o i l i n g  water and steam co -ex i s t ,  and depending on t h e  permea- 
b i l i t y - p o r o s i t y  of t h e  rocks ,  t h e  w e l l  may draw e i t h e r  of these  f l u i d s  
from t h e  supply horizon o r  even a mixture of both.  When suppl ied with 
sa tu ra t ed  h o t  water,  steam genera t ion  ( f l a s h i n g )  s t a r t s  immediately and 
cont inues a s  t he  f l u i d  ascends t o  t h e  wellhead. Supplementary steam from 
the  rock mat r ix  may inc rease  the  f l u i d  enthalpy above t h a t  expected 
f r o m  t h e  horizon w a t e r  temperature b u t  w e  s h a l l  only cons ider  the  extreme 
condi t ions  here ,  of a l l -water  o r  a l l - s team en te r ing  t h e  we l l .  

0 For the  case  where water i s  b o i l i n g  a t  t he  ground s u r f a c e  a t  100 C 
and a t  g r e a t e r  temperatures a t  depth due t o  t h e  inc reas ing  hydros t a t i c  
head imposed by b o i l i n g  water ,  w e  have the  fol lowing equat ion  der ived by 
J a m e s  (1970) and i n  t h e  metr ic  form: 

C 
0.2085 

69.56 H - - f o r  30 < H < 3 000 

0 
C Reservoir temperature ,  Ce l s ius  
H Depth i n  metres 

So f o r  any p a r t i c u l a r  depth of  w e l l , / w e  may take  the  supply f l u i d  
temperature from the  above equat ion and hence o b t a i n  from published Steam 
Tables,  t h e  a s soc ia t ed  p res su re ,  s p e c i f i c  volumes of steam and water a s  
we l l  a s  en tha lp i e s  and o t h e r  d a t a .  

under conditions of  BPD, 

DRY SATURATED STEAM CALCULATION 

Lapple (1943) t h e o r e t i c a l l y  es t imated t h e  flow of  compressible 
f l u i d  through long p i p e s  t o  t h e  atmosphere and t h i s  was l a t e r  experi-  
mental ly  confirmed by James (1964) s p e c i f i c a l l y  f o r  dry  s a t u r a t e d  steam. 
The method of c a l c u l a t i o n  i s  given i n  d e t a i l  by J a m e s  (1970) where c h a r t s  
are presented  o f  flow, v i s c o s i t y  and s p e c i f i c  volume toge the r  with 
formulas t o  e s t ima te  Reynold N u m b e r s  of  f lows and f r i c t i o n  f a c t o r s  i n  
commercial s t e e l  pipes. 

0 The approach i s  to  s e l e c t  a temperature ,  say 250 C and, from Steam 
T a b l e s ,  o b t a i n  t h e  steam p res su re  o f  39.73 b a r s ,  and from equat ion (2) 
the depth  of 462 m. The steam flow to  atmosphere is now ca lcu la t ed  and 
converted to  Lip p r e s s u r e  employing equat ion  (1) i n  which t h e  steam enthalpy 
h = 2801.5 kJ/kg a t  250 . A t r i a l  method i s  requi red  a f t e r  i n i t i a l  
gEessing of t he  f r i c t i o n  f a c t o r ,  and as umption of a w e l l  bore  diameter.  
Resul t s  a r e  char ted  on Table 1 a q a i n s t  c 
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s t r a i g h t  l i n e  on log-log paper when p l o t t e d  a g a i n s t  supply f l u i d  a s  shown 
on Figure 2.  

Table 1 P l o t  r e l a t i n g  supply steam temperature t o  
Lip p re s su re  and wel l  bore diameter 

C 

1 7 5  
200 
225 
250 
275 
3 00 
320 
340 

7 .46  
9 . 6 0  

1 2 . 1 3  
1 5 . 0 8  
18 .56  
22 .75  
26 .88  
32 .25  

SATLRATED HOT WATER CALCULATION 

I 

A s  f o r  dry s a t u r a t e d  steam, d e t a i l e d  c a l c u l a t i o n s  a r e  presented by 
James (1970)  t oge the r  with c h a r t s  of v i s c o s i t y  and s p e c i f i c  volume f o r  
homogeneous mixtures of steam-water substance,  a t  var ious  pressures  and 
e n t h a l p i e s .  
assumed v a l i d  f o r  t h e  case  of maximum u n r e s t r i c t e d  v e r t i c a l  flow t o  the  
atmosphere a s  i t  agrees  wi th  measured values  on powerful wel l s .  

The acceptance of no-s l ip  between the  steam and water  i s  

A s  i n  t he  case f o r  dry s a t u r a t e d  steam, a downhole temperature i s  
and s e l e c t e d  which permits  the depth to  be c a l c u l a t e d  from equat ion ( 2 )  

thermodynamic da ta  der ived from Steam Tables ,  b u t  here  w e  have a l l -water  
en te r ing  the  w e l l  and inc reas ing  i n  steam f r a c t i o n  a s  i t  r i s e s  t o  be 
discharged t o  the  almosphere. 
sound a t  the  Lip p re s su re  loca t ed  on t h e  r i m  of t he  p ipe  o u t l e t .  
method i s  necessary i n  which bo th  L i p  p ressure  and p ipe  f r i c t i o n  f a c t o r  
have t o  be i n i t i a l l y  guessed. Overal l  pressure-drop is the  sum of  
hydros t a t i c  pressure-drop, f r i c t i o n a l  pressure-drop and pressure-drop 
due t o  t h e  inc rease  i n  k i n e t i c  energy wi th in  t h e  p ipe  from bottom e n t r y  
to  top  e x i t .  

This d ischarge  takes  p lace  a t  t h e  speed of 
A t r i a l  

R e s u l t s  a r e  char ted  on T a b l e  2 s i m i l a r  t o  tha t  f o r  dry sa tu ra t ed  
steam, and then p l o t t e d  on Figure  2. 
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200 
250 
3 00 
330 
3 50 
360 

Table 2 P l o t  r e l a t i n g  supply water  temperature to  Lip 
p re s su re  and we l l  bore diameter  

9.35 
15.60 
22.71  
27.75 
31.00 
33.70 

CONCLUSIONS 

I t  should be poin ted  o u t  t h a t  t he  ex t raord inary  agreement shown 
on Figure 2 f o r  both steam flow and f l a sh ing  h o t  water would m o s t  
probably no t  have been inves t iga t ed  i f  unobserved on a geothermal w e l l  a t  
Wairakei, where ho t  water  a t  t he  bottom changed over  t o  steam a t  t he  same 
temperature and p res su re .  

A s  both  bottom h o l e  and e x i t  p re s su res  a r e  i d e n t i c a l ,  one might 
assume t h a t  t h e  p re s su re  curve over  t h e  w e l l  dep th  i s  a l s o  the  s a m e  and 
hence i t  may be p o s s i b l e  t o  e s t ima te  t h e  steam-water pressure-drop a t  any 
l o c a t i o n  by c a l c u l a t i n g  t h a t  f o r  t h e  steam curve ,  b u t  t h i s  would need 
v e r i f i c a t i o n  by experiment. 

I f  t he  match i s  so good f o r  v e r t i c a l  flow, would w e  expect  a s i m i l a r  
match f o r  hor izonta l  flow? Provis iona l  c a l c u l a t i o n s  i n d i c a t e  what one would 
suspec t ,  namely an inc reas ing  divergence with depth  as the  weight of t he  
water  f r a c t i o n  i n  t h e  steam-water mixture  e x e r t s  i t s  dominance. Presumably 
v e r t i c a l  flow has some compensating f a c t o r s  which b r ing  c l o s e  agreement 
with the  homogeneous model, a t  l eas t  over t he  tempera- 
t u r e  range common t o  geothermal r e s e r v o i r s  s u i t a b l e  f o r  p o w e r  e x p l o i t a t i o n  
(175' t o  350OC) .  

The s t r a i g h t  l i n e  on F igure  2 passes  through a l l  t h e  p l o t t e d  
p o i n t s  with good agreement and has t h e  fol lowing equat ion:-  

pc - - (&)2-1g5 
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( 3 )  
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ILLUSTRATIVE EXAMPLE 

I f  a 0.2 m diameter  geothermal we l l  i s  d r i l l e d  800 m i n t o  a r e s e r v o i r  
which is  a t  b o i l i n g  p o i n t  throughout i t s  depth,  what i s  the  maximum flow 
poss ib le?  

Maximum flow occurs  a t  wide-open v e r t i c a l  d i scharge  a s  shown i n  F igure  1, 
and f o r  p e r f e c t  permeabi l i ty  a t  t h e  downhole supply horizon,  which i s  he re  
assumed . 
The temperature a t  a depth of 800 m i s  ca l cu la t ed  from equat ion ( 2 )  

= 280.32O C 
0.2085 

C = 69.56 (800) 
From Figure 2 ,  t h e  equat ion of  t h e  l i n e  i s  now used:- 

0 I f  t h e  f l u i d  e n t e r i n g  the  w e l l  is  s a t u r a t e d  h o t  water a t  280.32 t h e  
enthalpy from Steam Tables is 1238 kj/kg. Then from equation (11, 

2 
0.96 

= 4.87 t / m  s 1839 (7.45) 

(1238) '.lo2 
G =  

Fluid  flow i n  tonnes/hour = 4 -87 (3600) - TT (0.2) 
4 

= 550.31 t /h  

I f  f l u i d  en te r ing  t h e  w e l l  is  dry s a t u r a t e d  steam, the  enthalpy from 
Steam Tables i s  2779 kj/kg. 
Then from equat ion (1) , 

2 0.96 
= 2.01 t / m  s 1839 (7.45) 

(2779) lo2 
G =  

2 
= 2 . 0 1  (3600) TT (0 .2)  Steam flow i n  tonnes/hour - 

4 

= 226.91 t/h 

These are the  maximum flow-rates  poss ib l e ;  a c t u a l  w e l l s  have reduced 
discharges due p r i n c i p a l l y  t o  r e l a t i v e  impermeabili ty of r e s e r v o i r  
rocks r e t a r d i n g  inf low a t  the  supply horizon (granula ted  bed, f i s s u r e  
o r  f r a c t u r e s ) .  
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