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ABSTRACT 

Geothermal w e l l s  d i s c h a r g i n g  hundreds of  
tonnes /hour  o f  steam-water mixtures  may be 
s u p p l i e d  a t  depth  from one very  narrow crack  
of  width 1 t o  2 mm, o r  a l t e r n a t i v e l y ,  from 
s o m e  hundreds of  h a i r l i n e  c r a c k s .  I n  t h e  
former c a s e ,  t u r b u l e n t  f low t a k e s  p l a c e  o u t  t o  
t e n s  o f  metres from t h e  w e l l  whi le  t h e  sum o f  
f r i c t i o n a l  and k i n e t i c  pressure-drop  i n d i c a t e s  
t h e  f l a s h i n g  d i s t a n c e  t o  be o f  t h e  o r d e r  of  
10 cm from t h e  w e l l  w a l l  f o r  pressure-temper- 
a t u r e  equi l ibr ium.  However it is  u n l i k e l y  
t h a t  e q u i l i b r i u m  o b t a i n s  because of  t h e  h igh  
water v e l o c i t y  (order  o f  100 m / s )  n e a r  t h e  w e l l  
g i v i n g  no time f o r  bubble  n u c l e a t i o n .  F lash ing  
and hence minera l  d e p o s i t i o n  are t h e r e f o r e  n o t  
a t  a l l  l i k e l y  i n  t h e  crack b u t  can occur  
w i t h i n  t h e  w e l l  from the crack  horizon upwards. 
In  t h e  case  o f  a m u l t i t u d e  of f i n e  c r a c k s  
g i v i n g  t h e  same t o t a l  f low,  s t r e a m l i n e  
c o n d i t i o n s  p r e v a i l  o v e r  t h e  flow p a t h  w i t h  t h e  
f l a s h  f r o n t  a metre o r  so from the w e l l ,  hence 
d e p o s i t i o n  i s  a p o s s i b i l i t y .  

INTRODUCTION 

The flow of  h o t  water t o  t h e  f e e d  l e v e l  o f  
geothermal wells may be cons idered  as either 
through one c rack  or f o r  t h e  same flow through 
a l a r g e  number of  m u c h  f i n e r  cracks. The 
l a t te r  c o n d i t i o n  i s  analogous t o  f low through 
g r a n u l a t e d  beds b u t  h a s  t h e  advantage of  
avoid ing  concepts  o f  p e r m e a b i l i t y  expressed  by 
u n i t s  such a s  the darcy.  

The r a d i a l  f low o f  p r e s s u r i s e d  h o t  water has  
been s t u d i e d ,  James, (1975a) u s i n g  test r e s u l t s  
from a w e l l  w i t h  a maximum discharge  of  
77 kg s-l (277 t h - l )  w i t h  a crack  width 
c a l c u l a t e d  a t  about  1.5 nun. P r e s s u r e  f e l l  
r a p i d l y  w i t h i n  t h e  c rack  when c l o s e  t o  t h e  
w e l l  t o  below t h e  va lue  a t  which it would b o i l  
under stable e q u i l i b r i u m  condi t ions .  However, 
it w a s  determined t h a t  t h e  t ime i n t e r v a l  f o r  
bubble n u c l e a t i o n  w a s  t o o  s h o r t  and hence t h a t  
the f l u i d  remained as a s ingle-phase  u n t i l  it 
b u r s t  i n t o  t h e  w e l l ,  a t  which p o i n t  exposive 
genera t ion  of  steam t a k e s  p l a c e  followed by a 
cont inuous g e n e r a t i o n  as t h e  mixture  ascends t o  
the wellhead.  This  r e s u l t  i s  of  some 
importance as i f  f l a s h i n g  commonly occurs  
w i t h i n  c r a c k s ,  there would be a s t r o n g  l i k e l i -  
hood o f  d e p o s i t i o n  of  minera ls  t a k i n g  p l a c e  

which would b e  imposs ib le  - or  extremely 
d i f f i c u l t  - t o  remove, whereas d e p o s i t i o n  
w i t h i n  t h e  well. c a s i n g  is a tractable c o n d i t i o n  
even i f  no t  an a t t r a c t i v e  one. 

However, i f  the! f low w a s  d i s t r i b u t e d  over  a 
number of f i n e  c racks ,  s t r e a m l i n e  (v iscous)  
c o n d i t i o n s  would p r e v a i l  over the flow-path 
r e q u i r i n g  a d i f f e r e n t  c a l c u l a t i o n  and i n  t h i s  
case, t h e  f l u i d  v e l o c i t y  would b e  s e v e r e l y  
r e s t r i c t e d  and the r a d i u s  a t  which p r e s s u r e  
f a l l s  to  t h e  b o i l i n g  p o i n t  would be i n c r e a s e d .  
Both these e f f e c t s  l e a d  t o  steam genera t ion  
w i t h i n  t h e  c rack  and hence a p o t e n t i a l  f o r  
minera l  d e p o s i t i o n  would ncw exis t .  Because 
geothermal we1l.s commonly have s h a r p l y  d e f i n e d  
hor izons  of good inf low w i t h i n  t h e  depth o f  
i n t e r e s t  wi th  t h e  remainder g i v i n g  l i t t l e ,  i f  
any, feed  over  hundreds of  metres of  uncased 
h o l e ,  it appears  t h a t  flow from a l a r g e  number 
of  minute c racks  i s  rare compared wi th  t h e  case 
of  one ( o r  a few) l a r g e  c racks .  

I t  would be u s e f u l  t o  s tudy  a w e l l  wi th  a 
comparat ively poor  o u t p u t  (as a commercial 
p r o p o s i t i o n )  and see which of  t h e s e  two 
c o n d i t i o n s  b e s t  apply.  F o r t u n a t e l y  such a w e l l  
h a s  been d e s c r i b e d  r e c e n t l y  by Menzies and 
o t h e r s  (1982) w i t h  a few va lues  of  flow and 
feed-horizon p r e s s u r e s  reproduced below as 
T a b l e  1. 

TABLE 1: Flow C h a r a c t e r i s t i c s  of  Well 403, 
Tongonan, P h i l i p p i n e s .  

W -1 Flow, kg s 
'b 

Feed hor izon  p r e s s u r e ,  b a r  

0 
9 

22.8 
28.8 
30.2 

120 
113.3 
72 
37.3 

n o t  a v a i l a b l e  

RADIAL FLOW CALCULATIONS 

Taking t h e  l a r g e s t  f low w i t h  i t s  ass c i a t e d  
p r e s s u r e  from the t a b l e ;  
37.3 b a r ,  w e  can c a l c u l a t e  the crack  wid th ,  t ,  
from t h e  e q u a t i o n  o f  James ( i b i d )  making t h e  
assumption that  t u r b u l e n t  flow c o n d i t i o n s  
o p e r a t e  from t h e  w e l l  outwards t o  a d i s t a n c e  of 

28.8 kg s-' and 
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a t  least  a hundred w e l l  r a d i i .  This  w i l l  be  
checked a f t e r  p r o v i s i o n a l l y  de te rmining  t h e  
crack width.  
water us ing  t h e  publ i shed  en tha lpy  of  1270 J g  
f o r  t h i s  w e l l  g i v i n g  an a s s o c i a t e d  water 
temperature  of  286.5 C ,  s p e c i f i c  volume 
1.3535 1 9-l and v i s c o s i t y  of  0.088 c e n t i p o i s e .  
Notat ion is given la ter .  
t h e  pressure-drop a long  t h e  r a d i a l  flow-path 

The f l u i d  i s  considered a s  h o t - 1  

0 

Using t h e  metric form, 

is: 1.85v ,,0.15 

f f  2 w  
Po - Pb = 515.32 [&I Vf + t3 do.85 

(1) 

For a w e l l  bore  d iameter  of  220 mm and feed  
horizon p r e s s u r e  i n  t h e  r e s e r v o i r  of 120 b a r ,  
w e  have: 

120 - 37.3 = 515.32 [ - :Tz]2i. 3535 + 

0.15 (28.8)1.85 1.3535 (0.088) 

3 22ooee5 
3.034 

t 

Solv ing ,  t = 0.64615 mm 

The changeover from viscous  t o  t u r b u l e n t  flow 
is  g e n e r a l l y  regarded a s  t a k i n g  p l a c e  a t  a 
Reynolds Number, Nr = 2000, Perry  (1963). 

where G t  
Nr = - 

Vf 

and 

Hence, 

W t - 2000 = 

and 

-1 For a flow of 28.8 kg s and v i s c o s i t y  of  
0.088 c ' p i s e ,  t h e  r a d i u s  a t  t h e  v iscous-  
t u r b u l e n t  i n t e r f a c e  i s  26.04 mtres. Equat ion 
( 2 )  i s  s u r p r i s i n g l y  independent  of  c rack  width 
and g ives  a r a d i u s  t o  t h e  v iscous  c o n d i t i o n  
which is roughly e q u i v a l e n t  numer ica l ly  t o  the 
f low-ra te ,  and a t  a d i s t a n c e  of  237 w e l l  bore  
r a d i i .  

W e  may t a k e  it t h e r e f o r e  t h a t  Equat ion (1) is  
a p p l i c a b l e  and hence w e  can estimate t h e  feed  
hor izon  p r e s s u r e  Pb f o r  var ious  f lows through 
t h e  c rack  width above, as fol lows:  

120 - Pb = 515.32 1 121.3535 + 
10.646 (220)  

1.3535 (0.6945) W 

3.034 
(0.646) 2 2 0 ~ ' ~ ~  

1.85 
W 

2 Hence 

Pb = 120 - [- W + -1 (3) 
28.972 9.2664 

Equat ion (3) i s  used to e v a l u a t e  v a l u e s  of  P 
f o r  v a r i o u s  v a l u e s  of  w and t h e s e  are p l o t t e 2  
on Fig.  1 t o g e t h e r  wi th  t es t  r e s u l t s  from 
Table  1 and it i s  seen t h a t  good agreement is 
obta ined .  N o  sign of choking i s  i n d i c a t e d ,  as 
sugges ted  by Menzies, e t  a l .  ( i b i d )  and i t  
appears  t h a t  flow p r o g r e s s i v e l y  i n c r e a s e s  with 
lowering of feed  hor izon  p r e s s u r e .  

PRESSURE PROFILE TOWARDS WELL 

To determine t h e  f l u i d  p r e s s u r e  as it flows 
r a d i a l l y  towards t h e  w e l l ,  we employ Equation 
(1) with  d rep laced  by r a d i u s  R i n  metres  

where 
d 

R =  
2 (1000) 

Flow i s  taken a s  w = 28.8 kg s-l and 
t = 0.646 nun w i t h  o t h e r  f a c t o r s  a s  b e f o r e .  

120 - Pb = 515.32 2R'8 ] 1.3535 + 
I t  2000 R 

(28.8)1.85 1.3535 (0.6945) 
3.034 

t3 (2000 R)0*85 

(0.3464 8.2822'\ 

Equat ion (4) enables  the p r e s s u r e  p r o f i l e  t o  b e  
determined from v a l u e s  of  r a d i u s  R and r e s u l t s  
are p l o t t e d  on F i g .  2, where it i s  seen t h a t  
p r e s s u r e  o n l y  starts t o  f a l l  s i g n i f i c a n t l y  
when w i t h i n  a r a d i u s  of about  1 m from t h e  
w e l l  c e n t r e - l i n e .  
water  a t  286.5OC is  70.14 b a r ,  t h e  a s s o c i a t e d  
r a d i u s  i s  0.1684 - 0.11 = 0.058 m. To 
e v a l u a t e  t h e  t i m e  t aken  i n  p a s s i n g  from t h i s  
r a d i u s  t o  t h e  w e l l ,  w e  r e q u i r e  t h e  water 
v e l o c i t y  

As t h e  b o i l i n g  p r e s s u r e  f o r  
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f w v  
= -  

[&I vf 

TI [&I u =  
2 s R t  f 

For w = 28.8, V = 1.3535, t = 0.646 and 
assuming p r o v i s i o n a l l y  that t h e r e  is no 
f l a s h i n g  (steam g e n e r a t i o n ) ,  

f 

, 

-1 28.8 (1.3535) 9.601 
u =  = -  m s  

2 TI R 0.646 R 
f 

R = 0.1684 ' R = 0.1684 

6 R  R.  6R 

9.601 
- =  

f U 

r = 0.11 , r = 0.11 

I t  i s  submi t ted  t h a t  t h i s  i s  much t o o  s h o r t  a 
t i m e  t o  permi t  bubble n u c l e a t i o n ,  hence t h e  
water  remains s team-free b e f o r e  i t  e n t e r s  t h e  
w e l l  even though t h e  p r e s s u r e  d e c l i n e s  
s i g n i f i c a n t l y  below t h e  b o i l i n g  ( s a t u r a t e d )  
value.  

WHAT CRACK SIZE FOR COMPLETE VISCOUS FLOW? 

From Equation ( 2 )  and t a k i n g  R as e q u i v a l e n t  t o  
t h e  w e l l  r a d i u s  of  0 .11  m w e  o b t a i n ;  

W 

0 .11 = 
4 TI (0.088) 

hence w = 0.1216 kg s-l and f o r  t h i s  f low,  
v iscous  c o n d i t i o n s  apply over  t h e  whole flow- 
pa th .  To determine t h e  c rack  wid th ,  we employ 
t h e  b a s i c  equat ion  o f  James (1975b) i n  t h e  
m e t r i c  form and f o r  Reynolds Numbers less than  
2000. 

pf  w vf I n  [e] 
3 Po - Pb = 

39.37 t 
(5 )  

To o b t a i n  t h e  i d e n t i c a l  f low as b e f o r e ,  we 
r e q u i r e  

28.8 

0.1216 
- -  - 237 c r a c k s  each w i t h  

the same p r e s s u r e  drop  from 
120 t o  37.3 b a r .  We t a k e  a va lue  of t h e  
p e r i p h e r a l  r a d i u s  of  50 m approximating t o  
h a l f  t h e  d i s t a n c e  between w e l l s .  

120 - 37.3 = 

t =  

TO o b t a i n  t h e  

50 
0.088 (0.1216) 1.3535 I n  - 

0.11 

39.37 t3 

0.030 mm 

p r e s s u r e  p r o f i l e  wi th  r a d i a l  
f low towards tfie w e l l ,  we have: 

0..088 (0.1216) 1.3535 I n  

3 120 - Pb = - 
39.37 (0.030) 

14 Pb = 120 - 13.51  I n  

Equat ion (6)  i s  used t o  p l o t  the p r e s s u r e  
p r o f i l e  f o r  v i scous  flow on Fig .  2 and can be 
compared wi th  t h e  case o f  t u r b u l e n t  f low.  
I d e n t i c a l  f lows are assumed wi th  one c rack  of  
width 0.64 mm p a s s i n g  a t u r b u l e n t  flow of  
28.8 kg s-' whi le  f o r  v i scous  flow 237 cracks  
are r e q u i r e d  each of 0.03 mm width and p a s s i n g  
0.1216 kg s-l. For c racks  narrower than  0.03 mn 
a l a r g e r  number i s  r e q u i r e d  t o  s u s t a i n  t h e  same 
flow,  b u t  t h e  p r e s s u r e  p r o f i l e  remains the same. 
For a l l  such v iscous  curves  of F ig .  2 ,  t h e  
p r e s s u r e  f a l l s  t o  the b o i l i n g  va lue  of 70.14 b a r  
a t  a r a d i u s  of 1.25 m from t h e  w e l l  c e n t r e - l i n e  
and from there t o  the w e l l  w a l l  t a k e s  about  
0.9 seconds f o r  t h e  0.03 mm c rack  and much 
l o n g e r  f o r  narrow cracks .  Hence f l a s h i n g  of  
steam is c e r t a i n  and t h e  p o t e n t i a l  f o r  minera l  
d e p o s i t i o n  e x i s t s ,  c r e a t i n g  a ' s k i n '  e f f e c t  
c l o s e  t o  t h e  w e l l  with  i n c r e a s i n g  r e s i s t a n c e  
and hence d iminish ing  flow wi th  t i m e .  

For  v i scous  c o n d i t i o n s  and s u f f i c i e n t  c racks  t o  
g i v e  e q u i v a l e n t  f lows,  a s t r a i g h t  l i n e  relation- 
s h i p  i s  obta ined  on Fig .  1 which can b e  compared 
wi th  t h e  curve der ived  f o r  the same flows 
through one c rack .  Downhole measurements o f  
f lowing  w e l l s  should permi t  d i f f e r e n t i a t i o n  
between these f l o w  types  as suggested i n  James 
(1975a) .  

CONCLUSIONS 

Probably t h e  f e e d  t o  geothermal w e l l s  i s  from 
solo f i s s u r e s  of  a s i z e  g r e a t e r  t h a n  1 mm f o r  
reasonable  conmiercial d i scharges .  For minute 
c r a c k s  o f  to ta l .  e q u i v a l e n t  f low,  a very l a r g e  
number i s  r e q u i r e d  approaching thousands,  and 
i s  analogous t o  flow through granula ted  beds ,  
which appears  t:o b e  r e l a t i v e l y  rare, o therwise  
minera l  s c a l i n g  i n  t h e  neighbourhood of  w e l l s ,  
would be common i n  reg ions  where t h e  deep w a t e r  
h a s  a h igh  chemical c o n t e n t .  Even w e l l s  which 
scale right down t o  t h e  f e e d  zone are 
re juvenated  af ter  reaming, i n d i c a t i n g  t h a t  
s o l i d s  are not d e p o s i t e d  w i t h i n  the rock f r a c t -  
u r e s .  I f  t h e  oppos i te  w e r e  t r u e ,  geothermal 
s c i e n c e  would b e  faced  w i t h  p o t e n t i a l l y  
s e r i o u s  p r o b l e m  of  d e s c a l i n g  the m a t r i x .  
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Flow-rate ,  kg s . 
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-1 
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0 t e s t  r e s u l t s  from Table 1 
I 

t u r b u l e n t  f low 

s t r e a m l i n e  ( v i s c o u s )  

F igu re  1. 
Flow-rate v e r s u s  p r e s s u r e  a t  
f eed  horizon. 

W 

20 40 60 80 I O 0  120 
Pb b a r  
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