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INTRODUCTION 

M i r a v a l l e s  geothermal f i e l d  l i e s  i n  t h e  
Guanacaste p rov ince  o f  Costa Rica i n  Cen t ra l  
America. A t  t h e  t i m e  o f  t h e  s tudy ( l a t e  
1982), t h r e e  w e l l s  (named PGM-1, PGM-2 and 
PGM-3), had been d r i l l e d  and p e r i o d i c a l l y  
t e s t e d  i n  t h i s  f i e l d  d u r i n g  1980-82. Dur ing 
severa l  o f  these t e s t s  s c a l i n g  of t h e  w e l l -  
bore appeared t o  be a se r ious  problem. Th is  
paper presents  a p o r t i o n  of  a s tudy conducted 
t o  d e f i n e  t h e  na tu re  and causes o f  t h e  
s c a l i n g  problem. 

study; i t  was based on t h e  a n a l y s i s  o f  
a l ready e x i s t i n g  data as o f  l a t e  1982. The 
main l i m i t a t i o n s  i n  t h e  data as regards t h i s  
study were: 

No new data were gathered d u r i n g  t h i s  

1. 

2 .  

3 .  

4. 

No bottomhole pressure measurements had 
been made. 

No temperature o r  pressure p r o f i l e  under 
f l ow ing  c o n d i t i o n  was a v a i l a b l e  from any 
we l l .  

A wellhead separator  was a v a i l a b l e  a t  
o n l y  one w e l l  (PGM-1). 

Although James' 1 i p  pressure measurement 
f a c i l i t i e s  were a v a i l a b l e  a t  a l l  we l l s ,  
i n  some o f  t h e  e a r l i e r  t e s t s  (up t o  May 
1981) no measurement o f  t h e  l i q u i d  f l o w  
r a t e  was made. 

The f a c t  t h a t  t h e r e  was sca le  d e p o s i t i o n  
i n  t h e  M i r a v a l l e s  w e l l s  was i n d i c a t e d  by 
severa l  observat ions:  

1. Unusual ly  r a p i d  d e c l i n e  had been exper- 
ienced i n  bo th  f l o w  r a t e  and wellhead 
pressure (pwh) except when t h e  w e l l s  
were f lowed a t  a r e l a t i v e l y  h i g h  pwh 
l e v e l .  For example, F i g u r e  1 presents  
t h e  s i t u a t i o n  f o r  w e l l  PGM-1 d u r i n g  a 
t e s t  (Test  1). Th i s  behavior  was n o t  
due t o  r e s e r v o i r  d e p l e t i o n  because t h e  
w e l l s  produced a much l a r g e r  cumulat ive 
mass w i thou t  a se r ious  drop i n  f l o w  r a t e  

2. 

3. 

o r  Pwh when f lowed above a c e r t a i n  Pwh 
l e v e l ,  whereas a much sma l le r  cumulat ive 
p roduc t i on  was p o s s i b l e  i f  a lower  pwh 
l e v e l  was maintained. 
t h e  d e c l i n e  i n  mass f l o w  r a t e  i n  some of 
t h e  t e s t s  had been caused by i n c r e a s i n g  
steam f r a c t i o n  i n  t h e  produced f l u i d .  

The d e c l i n e  i n  f l o w  r a t e  became p r e c i p i -  
tous towards t h e  end o f  some o f  t h e  t e s t s .  
Yet, t h e r e  had been no p r e c i p i t o u s  
d e c l i n e  i n  r e s e r v o i r  pressure. For 
example, on being shut  i n  a f t e r  severa l  
weeks o f  wide open d ischarge i n  1981, 
t h e  water l e v e l  i n  w e l l  PGM-1 re tu rned  
q u i c k l y  t o  t h e  o r i g i n a l  s t a t i c  l e v e l .  

I n  May 1981, c a l i p e r  l o g g i n g  i n d i c a t e d  
t h a t  t h e  borehole diameters i n  PGM-1 and 
PGM-3 were reduced sha rp l y  a f t e r  a few 
months o f  f l o w  (F igu re  2). 

Althouqh no sample o f  t h e  downhole sca le  

Only a p a r t  of 

had been recovered, t h e  l i k e l i h o o d  t h a t  t h e  
sca le  be ing formed was carbonate was i n d i -  
cated by severa l  observat ions:  

1. 

2. 

3 .  

4. 

Cal c i  urn carbonate p a r t i c l e s  have been 
found i n  t h e  wellhead separator  o f  PGM-1 
and i n  t h e  s i l e n c e r s  o f  a l l  we l l s .  

As concluded i n  t h e  nex t  sect ion,  t h e  
p r i n c i p a l  noncondensable gas i n  t h e  
Mir 'ava l les f l u i d  i s  COP and t h e  weight-% 
C02 i n  t h e  t o t a l  f l u i d  i s  0.091. Carb- 
onate s c a l i n g  i s  encountered i n  almost 
a l l  geothermal f i e l d s  w i t h  a s i g n i f i -  
cant  C02 concen t ra t i on  i n  t h e  f l u i d .  

The apparent r e d u c t i o n  i n  t h e  r a t e  o f  
s c a l i n g  when we1 1 head pressure was kep t  
h i g h  r e i n f o r c e d  t h e  b e l i e f  t h a t  t h e  
sca le  be ing formed was carbonate r a t h e r  
than s i l i c a  o r  s u l f i d e s .  

Our geochemical s tud ies  have i n d i c a t e d  
t h a t  o t h e r  types o f  sca l i ng ,  such as 
s i l i c a  o r  heavy metal s u l f i d e s  a r e  n o t  
l i k e l y  under t h e  borehole cond i t i ons  a t  
M i  r a v a l  1 es . 
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CONCENTRATION OF CO2 I N  RESERVOIR FLUID 

NCG percent  i n  steam samples a t  t h e  w e l l -  
head had been measured severa l  t imes d u r i n g  
1980 t o  1982, p a r t i c u l a r l y  a t  PGM-1. F i g u r e  
3 i s  a p l o t  o f  t h e  weight-% of NCG as a func- 
t i o n  o f  separator  pressure based on a l l  a v a i l -  
a b l e  data. Numerals on t h e  p l o t  i n d i c a t e  t h e  
date o f  c o l l e c t i o n  o f  t h e  steam/NCG sample. 

Po in ts  i n  F i g u r e  3 show a we l l -de f i ned  
t r e n d  regard less o f  t h e  date o f  sampling. 
Th is  i m p l i e s  t h a t  t h e  o v e r a l l  NCG concen- 
t r a t i o n  i n  t h e  produced steam/water m i x t u r e  
had remained n e a r l y  constant  d u r i n g  t h e  
p e r i o d  September 1980 t o  August 1982. 

t h e  r e s e r v o i r  f l u i d ,  va r ious  values were 
assumed f o r  t h i s  v a r i a b l e  and t h e  NCG concen- 
t r a t i o n  i n  t h e  steam phase a t  each o f  t h e  
g i ven  separator  pressures was c a l c u l a t e d  from 
CO2 v a p o r - l i q u i d  e q u i l i b r i u m  r e l a t i o n s  and 
t h e  g i ven  steam f r a c t i o n  ( X ) .  
steam f r a c t i o n  va lue  was n o t  a v a i l a b l e ,  i t  
was c a l c u l a t e d  assuming i s e n t h a l p i c  f l o w  be- 
tween t h e  wel lbot tom and separator .  

de r i ved  by assuming a constant  t o t a l  downhole 
f l u i d  enthalpy (235 cal/gm) t h a t  gave t h e  
minimum r o o t  mean square e r r o r  and t h e  maxi- 
mum c o r r e l a t i o n  c o e f f i c i e n t  between t h e  g iven 
and c a l c u l a t e d  X values. F i g u r e  4 shows t h e  
r o o t  mean square and average percent  e r r o r s  
i n  c a l c u l a t e d  steam f r a c t i o n  versus assumed 
t o t a l  f l u i d  enthalpy.  S i m i l a r l y  t h e  NCG con- 
c e n t r a t i o n  i n  t h e  t o t a l  f l u i d  was est imated 
t o  be 0.091% by m in im iz ing  t h e  average per- 
cent  e r r o r  and r o o t  mean square e r r o r  i n  t h e  
c a l c u l a t e d  NCG percent  i n  steam phase as a 
func t i on  o f  t h e  assumed NCG percent  i n  t h e  
t o t a l  f l u i d ,  f o r  a t o t a l  f l u i d  en tha lpy  o f  
235 cal/gm. 
and c a l c u l a t e d  NCG percent  i n  t h e  steam phase 
over t h e  e n t i r e  range o f  data. Th is  c o r r e l a -  
t i o n  i s  reasonable, cons ide r ing  t h e  e r r o r s  
i nhe ren t  i n  measurement. 

The above d i scuss ion  leads t o  t h e  
f o l l o w i n g  conclus ions rega rd ing  CO2 content: ' 

1. NCG cons is ted  predominant ly  o f  CO2, 
o therwise t h e  match between t h e  g i ven  
and c a l c u l a t e d  NCG percent  i n  steam 
would n o t  have been so reasonable. 

2. NCG content  i n  t h e  t o t a l  f l u i d  was 0.091 
weight-% . 

3. Dur ing  September 1980 t o  August 1982 t h e  
NCG content  i n  t h e  t o t a l  f l u i d  produced 
from PGM-1 had remained unchanged even 
though a t o t a l  f l u i d  mass o f  some 1,200 
m i l l i o n  kg  had been produced from t h e  
w e l l  d u r i n g  t h i s  per iod.  Therefore, i t  
was u n l i k e l y  t h a t  t h e  produced Cop o r i g i -  
nated from a gas/steam cap, which would 
have g i ven  r i s e  t o  a con t inuous ly  
d e c l i n i n g  COP content  i n  t h e  t o t a l  f l u i d .  

To es t ima te  t h e  concen t ra t i on  o f  NCG i n  

Where t h e  

Ca lcu la ted  steam f r a c t i o n  values were 

F i g u r e  5 compares t h e  measured 

DEPTH OF FLASHING I N  WELLBORE 

The depth o f  f l a s h i n g  was c a l c u l a t e d  as 
a func t i on  o f  t h e  t o t a l  mass f l o w  r a t e  f o r  a 
range o f  values o f  t h e  f r i c t i o n  f a c t o r  f o r  

,each o f  t h e  3 we l l s .  Ca lcu la t i ons  were based 
on est imated values of r e s e r v o i r  pressure, 
t r a n s m i s s i v i t y ,  dra inage r a d i u s  and CO2 
con ten t  i n  t h e  water. Pseudosteady s t a t e  i n  
t h e  r e s e r o v i r ,  zero s k i n  f a c t o r  and 
i s e n t h a l p i c  f low from wel lbot tom up t o  t h e  
f l a s h i n g  depth were assumed. Reservo i r  s ta -  
t i c  pressure was est imated from a s t a t i c  
pressure p r o f i l e  measured i n  PGM-2. The 
t r a n s m i s s i v i t y  values around t h e  we1 1 s were 
est imated from t r a n s i e n t  changes i n  water 
l e v e l  d u r i n g  f l ow .  

A CO2 weight-% o f  0.091 i n  t h e  t o t a l  
f l u i d  was assumed. The concen t ra t i on  o f  
o the r  NCG and t h e  s a l i n i t y  of t h e  r e s e r v o i r  
f l u i d  (about 6,500 ppm) were neglected. 
Because t h e  f r i c t i o n  f a c t o r  ( f )  f o r  t h e  cas ing 
o r  l i n e r  i s  unknown, and because f w i l l  change 
as sca le  forms on borehole w a l l ,  c a l c u l a t i o n s  
were made f o r  a r e a l i s t i c  range o f  f values. 

F i g u r e  6 shows t h e  r e s u l t s  o f  c a l c u l a -  
t i o n  f o r  one o f  t h e  w e l l s ,  presented as 
h e i g h t  o f  t h e  f l a s h  l e v e l  above wellbottom, 
assuming t h a t  t h e  main p roduc t i on  zone i s  a t  
t h e  wellbottom. A lso  i n d i c a t e d  on F igu re  6 
i s  t h e  depth o f  t h e  change i n  i n t e r n a l  
diameter o f  t h e  w e l l ,  f rom 17.7 cm ( s l o t t e d  
l i n e r )  t o  22.4 un (p roduc t i on  cas ing ) .  

PRESSURE-DROP CHARACTERISTICS BETWEEN 
FLASH DEPTH AND WELLHEAD 

Once water f l ashes  i n  t h e  borehole, t h e r e  
i s  a s t rong  l i k e l i h o o d  of sca l i ng ,  p a r t i c u l a r -  
l y  as t h e r e  i s  a f u r t h e r  pressure drop as t h e  
f l u i d  f l ows  upward from t h e  f l a s h  depth t o  
t h e  wellhead. 
c a s i n g - l i n e r  j o i n t ,  sca le  d e p o s i t i o n  i s  
spread over  t h e  s e c t i o n  of cas ing between t h e  
f l a s h  depth and t h e  wellhead. However, 
s c a l i n g  i n  these w e l l s  d i d  n o t  t a k e  p lace  
beyond a few hundred m downstream from t h e  
f l a s h  depth, because t h e  two-phase f l u i d  
cooled r a p i d l y  as a consequence o f  pressure 
drop, and thus t h e r e  was an i nc rease  i n  CaC03 
s o l u b i l i t y  . 

I f  f l a s h i n g  took p lace  below t h e  cas ing-  
l i n e r  j o i n t ,  s c a l i n g  might  occur on p a r t  o f  
t h e  r e l a t i v e l v  narrow-diameter l i n e r  as w e l l  
as on t h e  casing. Moreover, because t h e r e  was 
a sharp pressure drop a t  t h e  c a s i n g - l i n e r  
j o i n t  caused by t h e  sudden expansion o f  t h e  
two-phase m i x t u r e  as i t  passed from t h e  l i n e r  
t o  t h e  casing, t h i s  cou ld  cause p r e f e r e n t i a l  
d e p o s i t i o n  of ca lc ium carbonate a t  t h e  
cas i  rig-1 i ner j o i n t  . 
c a s i n g - l i n e r  j o i n t ,  because water f l ashed  t o  
steam below t h i s  depth. PGM-2 d i d  n o t  show 
de tec tab le  scal  i ng , presumably because i t  had 
a f l a s h  depth h ighe r  than t h e  c a s i n g - l i n e r  

I f  f l a s h i n g  occurs above t h e  

PGM-1 and PGM-3 showed s c a l i n g  a t  t h e  
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j o i n t .  Th i s  argument i s  discussed f u r t h e r  
below. I n  F igu re  2, note t h a t  s c a l i n g  had 
extended o n l y  t o  about 100 m downstream from 
t h e  c a s i n g - l i n e r  j o i n t ,  because f u r t h e r  tem- 
pe ra tu re  drop increased CaC03 s o l u b i l i t y  and 
prevented f u r t h e r  s c a l i n g  downstream. 

Th is  h i g h l y  l o c a l i z e d  s c a l i n g  caused 
development o f  a choke i n  t h e  f l u i d  path. 
Th is  was i n  c o n t r a s t  t o  t h e  s i t u a t i o n  o f  
f l a s h i n g  above t h e  c a s i n g - l i n e r  j o i n t ,  which 
d i d  n o t  cause se r ious  choking because s c a l i n g  
took p lace  over  a l a r g e  surface area i n  t h e  
casing. Therefore, f o r  t h e  same cumulat ive 
withdrawal o f  f l u i d ,  r e d u c t i o n  o f  w e l l  pro-  
d u c t i v i t y  due t o  s c a l i n g  was much more severe 
i f  f l a s h i n g  took p lace  below t h e  c a s i n g - l i n e r  

slow a t  f i r s t  b u t  became p r e c i p i t o u s  a f t e r  a 
s h o r t  t ime, because t h e  r a t e  o f  r e d u c t i o n  i n  
diameter acce le ra ted  as t h e  diameter became 
small e r  . 

F i g u r e  6 i n d i c a t e s  t h a t  i n  PGM-1 t h e  
f l a s h  l e v e l  should be above t h e  c a s i n g - l i n e r  
j o i n t  so l o n g  as t h e  f l o w  r a t e  remained below 
39 t o  48 kg/sec range (assuming a f r i c t i o n  
f a c t o r  range o f  0.005 t o  0.015). Dur ing Test 
1 (F igu re  l), PGM-1 was f lowed a t  a much 
h ighe r  r a t e  than  t h i s ,  presumably g i v i n g  r i s e  
t o  f l a s h i n g  below t h e  c a s i n g - l i n e r  j o i n t  and 
t h e r e f o r e  t o  a p r e c i p i t o u s  d e c l i n e  i n  w e l l  
p r o d u c t i v i t y  a f t e r  a few days. Dur ing Test  2 
(151 days' d u r a t i o n )  t h i s  w e l l  was flowed a t  
above 39 t o  48 kg/sec r a t e  f o r  a very s h o r t  
t i m e  d u r i n g  which we1 1 p r o d u c t i v i t y  dropped 
r a p i d l y .  Th i s  i n i t i a l  d e c l i n e  might  have 
been caused by sca le  bu i l dup .  But  a f t e r  t h e  
f l o w  r a t e  f e l l  below 39 kg/sec, w e l l  produc- 
t i v i t y  remained constant  f o r  severa l  months, 
presumably because f l a s h i n g  took p lace  above 
t h e  c a s i n g - l i n e r  j o i n t .  There was a sudden 
inc rease  i n  w e l l  p r o d u c t i v i t y  a f t e r  some 
2,000 hours o f  f l o w  most probably  due t o  
break ing o f f  o f  a p a r t  o f  t h e  s c a l e  bu i l dup .  
A f t e r  t h i s  p o i n t ,  f low r a t e  remained r e l a -  
t i v e l y  cons tan t  a t  around 45 t o  47 kg/sec. 

Consider ing t h e  approximate na tu re  o f  
our  f l a s h  depth es t ima te  (main ly  because we 
l a c k  a d e f i n i t e  knowledge o f  t h e  f r i c t i o n  
f a c t o r ) ,  i t  i s  conceivable t h a t  t h e  f l o w  r a t e  

. remained constant  a t  t h i s  l e v e l  because water  
f l a s h e d  above t h e  c a s i n g - l i n e r  j o i n t .  
a l s o  conceivable t h a t  a break o f f  o f  sca le  
b u i l d u p  had reduced t h e  f r i c t i o n  f a c t o r  and 
t h e r e f o r e  increased t h e  t h r e s h o l d  f l o w  r a t e  
f o r  f l a s h i n g  below c a s i n g - l i n e r  j o i n t  t o  48 
kg/sec. 

Dur ihg Tes t  3 (187 day 's  d u r a t i o n )  
f o l l o w i n g  a cleanup o f  scale, PGM-1 was 
flowed a t  30 t o  33 kg/sec. Consequently, 
f l a s h i n g  always occurred above t h e  casing- 
l i n e r  j o i n t ,  and t h e r e f o r e  t h e  w e l l  f lowed 
f o r  over  -6 months w i thou t  a s i g n i f i c a n t  
dec l  i ne i n  p r o d u c t i v i t y  . 

. j o i n t  t han  above it. I n  t h e  former case, t h e  
0 reduc t i on  i n  w e l l  p r o d u c t i v i t y  w i t h  t i m e  was 

It i s  

We est imated t h e  f l a s h  depth i n  PGM-2 
would be above t h e  c a s i n g - l i n e r  j o i n t  i f  t h e  
f l o w  r a t e  remained below 42 t o  50 kg/sec. 
Dur ing a 246 day t e s t ,  PGM-2 was f lowed a t  
8.4 t o  13.2 kg/sec ra te .  
f l a s h i n g  depth was above t h e  c a s i n g - l i n e r  
j o i n t  and t h e  w e l l  f lowed w i t h o u t  a major  
d e c l i n e  i n  p r o d u c t i v i t y  f o r  over  8 months. 

We s i m i l a r l y  est imated t h a t  no ma t te r  
what t h e  f low r a t e  i s ,  w e l l  PGM-3 w i l l  f l a s h  
below t h e  c a s i n g - l i n e r  j o i n t .  
we1 1 was probably  producing a two-phase mix-  
t u r e  from t h e  r e s e r v o i r .  Therefore, two 
t e s t s  o f  PGM-3 o f  35 and 29 days' d u r a t i o n  
showed r a p i d  d e c l i n e s  i n  p r o d u c t i v i t y .  
F i g u r e  2 i n d i c a t e s  t h a t  sca le  d e p o s i t i o n  i n  
PGM-3 had occurred p r i n c i p a l l y  a t  t h e  t a s i n g -  
l i n e r  j o i n t  a l though f l a s h i n g  had occured 
below t h i s  p o i n t .  We a t t r i b u t e  t h i s  behavior  
t o  t h e  s t r o n g  i n f l u e n c e  o f  t h e  sudden pressure 
drop a t  t h i s  j o i n t  upon n u c l e a t i o n  and depo- 
s i t i o n  o f  sca le  from water a l ready  sa tu ra ted  
w i t h  ca lc ium carbonate by f l a s h i n g  a t  a 
g r e a t e r  depth. 

RELATION BETWEEN WELLHEAD PRESSURE AND SCALING 

Consequently, t h e  

Indeed, t h i s  

No attempt was made i n  t h i s  s tudy t o  
q u a n t i f y  the pressure drop behavior  between 
t h e  f l a s h  depth and we1 1 head because n e i t h e r  
f l o w i n g  pressure nor  temperature p r o f i l e s  
n o r  any bottomhole pressure d a t a  were 
a v a i l a b l e  f o r  any o f  t h e  w e l l s .  

d u r i n g  f l o w  t e s t s  a t  M i r a v a l l e s  appeared t o  
prevent  t h e  r a p i d  d e c l i n e  i n  w e l l  p r o d u c t i v i t y  
experienced otherwise. For  example, Test 1 
of PGM-1 (F igu re  1 )  showed r a p i d  d e c l i n e  i n  
we l l  p r o d u c t i v i t y  w i t h  t i m e  because t h e  w e l l -  
head pressures were low. The same w e l l  d u r i n g  
Test 3 (187 days' d u r a t i o n )  d i d  n o t  show 
se r ious  d e c l i n e  i n  p r o d u c t i v i t y  f o r  a f a r  
l onger  p e r i o d  than  i n  Test 1, presumably 
because pwh was mainta ined a t  g r e a t e r  than 14 
kg/cm2( a). 

reduce t h e  w e l l  p r o d u c t i v i t y  d e c l i n e  r a t e  due 
t o  s c a l i n g  f o r  severa l  reasons: 

1. A r e d u c t i o n  i n  pwh and t h e  corresponding 
reduc t i on  i n  t o t a l  mass f l o w  r a t e  may 
cause f l a s h i n g  above c a s i n g - l i n e r  j o i n t .  
Th i s  should reduce s c a l i n g  e f f e c t  as 
discussed before.  

Maintenance o f  a h i g h  wellhead pressure 

An inc rease  i n  wel lhead pressure can 

2. I n  t h e  extreme case, i f  i t  i s  p o s s i b l e  
t o  prevent  f l a s h i n g  i n  t h e  borehole 
a l t o g e t h e r  ( t h a t  i s ,  by a l l o w i n g  f l a s h -  
i n g  o n l y  a t  wellhead), s c a l i n g  i n  t h e  
borehole can be e l i m i n a t e d  t o t a l l y .  
However, c a l c u l a t i o n s  show t h a t  t h i s  was 
n o t  p o s s i b l e  f o r  t h e  M i r a v a l l e s  w e l l s  
d r i l l e d  t o  da te  (see, f o r  example, 
F i g u r e  6). 
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3. A r e d u c t i o n  i n  Pwh causes r e d u c t i o n  i n  
mass f l o w  ra te .  Therefore, over t h e  
same t i m e  i n t e r v a l ,  l e s s  CaC03 i s  
a v a i l a b l e  f o r  depos i t i on .  I n  t u r n ,  t h e  
p o t e n t i a l  magnitude o f  s c a l i n g  i s  d im i -  
n i  shed. 

An at tempt  was made t o  assess t h e  r e l a -  
t i o n  between wellhead pressure and s c a l i n g  on 
t h e  b a s i s  o f  a v a i l a b l e  data on f l o w  r a t e  and 
pwh versus t ime.  
f i c u l t  f o r  severa l  reasons: 

However, t h i s  proved d i f -  

1. A d e c l i n e  i n  mass f l o w  r a t e  does n o t  
imp ly  sca l i ng .  Flow r a t e  can d e c l i n e  
due t o  d e c l i n i n g  r e s e r v o i r  pressure o r  
an increase i n  t h e  apparent s k i n  f a c t o r  
o f  t h e  w e l l .  
Changes i n  f l o w  r a t e  can be caused by 
changes i n  Pwh and 
o r  n o t  these changes a r e x t o  sca l i ng .  

2 .  
versa, whether 

3. Without any knowledge o f  t h e  bottomhole 
pressures i t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  
between a r e d u c t i o n  i n  w e l l  p r o d u c t i v i t y  
due t o  s c a l i n g  and t h a t  due t o  r e s e r v o i r  
d e p l e t i o n  o r  o t h e r  causes. 

t h e  t e s t s  a t  M i r a v a l l e s  had been caused 
by an i nc rease  i n  steam f r a c t i o n  o f  t h e  
f l u i d  e n t e r i n g  t h e  borehole, r a t h e r  than  
s o l e l y  by s c a l i n g  o r  r e s e r v o i r  pressure 
dec l i ne .  Although t h e  mass r a t e  had 
dec l i ned  d u r i n g  some t e s t s ,  t h e  
"normalized" vo lumet r i c  f l o w  r a t e  (Q*), 
de f i ned  as fo l l ows ,  had shown r e l a t i v e l y  
l e s s  dec l i ne ,  and a c t u a l l y  had increased 
i n  some cases. 

4. Reduction i n  mass f l o w  r a t e  i n  some of 

Q* = Qr/Me (1) 

Q* = "normalized" vo lumet r i c  f l o w  r a t e  

Qr = downhole vo lumet r i c  f l o w  r a t e  
(1 i t e r s / s )  , 

Me = e f f e c t i v e  m o b i l i t y  ( l / c p )  g i ven  by 
Me k r  / + krw/ UW, 

k r s  = r e f a t i v e  p e r m e a b i l i t y  t o  steam, 
k, = r e l a t i v e  p e r m e a b i l i t y  t o  water, 
p s  = v i s c o s i t y  o f  steam phase (cp), 

and 
pw = v i s c o s i t y  o f  water  phase (cp). 

I n  c a l c u l a t i n g  Q*, a s t r a i g h t - l i n e  r e l a t i v e -  
p e r m e a b i l i t y  r e l a t i o n s h i p  had been assumed, 
f o r  s i m p l i c i t y .  

Consider ing above problems, i t  was 
decided t o  mon i to r  t h e  mass f l o w  r a t e  
ob ta inab le  a t  a f i x e d  wellhead pressure i n  
o rde r  t o  assess t h e  s c a l i n g  problem. Back 
pressure (de l  i v e r a b i l  i t y )  t e s t s  had been con- 
ducted a t  PGM-1 severa l  t imes d u r i n g  1980 and 
1981 us ing  a wellhead separator .  

a t  9 kg/cmz(a) wellhead pressure as a func- 
t i o n  o f  t ime, s t a r t i n g  from A p r i l  29, 1982, as 

where 

( l i t e r * c p / s ) ,  

F i g u r e  7 shows t h e  f l o w  r a t e  ob ta inab le  

est imated from t h e  p e r i o d i c  d e l i v e r a b i l i t y  
t e s t  data.  The p o i n t s  f o r  t o t a l  mass, water 
and steam f l o w  r a t e s  each show a l i n e a r  t r e n d  
i f  one neg lec ts  t h e  f i r s t  p o i n t .  S i m i l a r  
l i n e a r  t r e n d  i n  t h e  d e c l i n e  o f  water, steam 
and t o t a l  f l o w  r a t e s  were noted on p l o t s  f o r  
pwh v$ lues o f  6.0, 12.0, 13.6, 14.44 and 15.0 
kg/cm ( a ) .  Separator and/or l i p  pressure 
data were u t i l i z e d  i n  d e r i v i n g  these p l o t s .  

f l o w  r a t e  normal ized t o  a s p e c i f i c  Pwh 
dec l i ned  l i n e a r l y  w i t h  t ime  was a u s e f u l  
observat ion.  
r a t e  o f  d e c l i n e  w i t h  t ime  o f  t h i s  normal ized 
f l o w  r a t e  as a f u n c t i o n  o f  pwh. F igu re  8 was 
de r i ved  from F i g u r e  7 and s i m i l a r  p l o t s  a t  a 
s e r i e s  o f  Pwh l i s t e d  above. F i g u r e  8 shows 
t h a t  t h e  r a t e  o f  d e c l i n e  i n  w e l l  p r o d u c t i v i t y  
(kg/sec/day) corresponding t o  a s p e c i f i c  
Pwh becomes sma l le r  w i t h  l a r g e r  Pwh. Between 
t h e  Pwh values o f  13.6 and 14.44 kg/cm2(a), a 
sharp r e d u c t i o n  i n  t h e  d e c l i n e  r a t e  took 
place. Therefore, i f  wellhead pressure was 
mainta ined above a t h r e s h o l d  va lue ( i n  t h i s  
case about 14.4 kg/cm2(a)), w e l l  p r o d u c t i v i t y  
should have dec l i ned  a t  a much slower r a t e .  

F i g u r e  8 i s  based on data d u r i n g  Test  3 
of PGM-1. The Pwh was h i g h e r  than  14 
kg/cm2(a) d u r i n g  most o f  t h i s  t e s t .  
t o t a l  f l o w  r a t e  showed a s l i g h t  dec l i ne ,  pre-  
sumably because o f  i n c r e a s i n g  steam f r a c t i o n  
due t o  gradual heat  up o f  t h e  wel lbore.  As 
discussed above, separator  t e s t s  showed t h a t  
t h e  w e l l  p r o d u c t i v i t y  normalized t o  any spe- 
c i  f i  c Pwh b e l  ow 14.4 kg/cm2( a)  had dec l  i ned 
s t e a d i l y  d u r i n g  t h i s  t e s t .  Therefore, 
a l though t h e r e  was apparen t l y  no s i g n i f i c a n t  
d e c l i n e  i n  w e l l  p r o d u c t i v i t y  d u r i n g  t h i s  
t e s t ,  t h e  t r u e  p r o d u c t i v i t y  o f  PGM-1 a t  
we1 1 head pressures b e l  ow 14.4 kg/cm2( a)  had 
s u f f e r e d  s i g n i f i c a n t  reduct ion.  
t h i s  phenomenon was unc lear .  One p o s s i b l e  
exp lana t ion  i s  as fo l l ows .  

Depos i t i on  o f  ca l c ium carbonate , sca le  
might  have been going on d u r i n g  Test 3, a l b e i t  
a t  a ve ry  low ra te ,  even though pwh was kep t  
h igh  and t h e  water presumably f l ashed  above 
t h e  c a s i n g - l i n e r  j o i n t .  Th i s  sca le  d i d  n o t  
a f f e c t  w e l l  prod c t i v i t y  s e r i o u s l y  f o r  pwh 

these h i g h  values o f  Pwh, t h e  su r face  va l ve  
s e t t i n g  was small  enough t o  e f f e c t i v e l y  
c o n t r o l  t h e  f l o w  r a t e  and mask t h e  f l ow-  
r e s t r i c t i n g  e f f e c t  o f  t h e  scale. 
t h e  va l ve  s e t t i n g  was open wide enough f o r  t h e  
sca le  t o  a c t  as a choke. 

Th is  concept cannot be proven unless 
t h e r e  i s  a d e t a i l e d  s i m u l a t i o n  o f  t h e  pressure 
drop behavior  i n  t h e  w e l l  coupled w i t h  measure- 
ment o f  f l o w i n g  pressure and temperature pro-  
f i l e s ,  o r  c a l i p e r  l o g s  a re  run  t o  v e r i f y  i f  
any s c a l i n g  had indeed taken p lace  d u r i n g  
Test 3. It should be noted t h a t  t h e  w e l l  was 
cleaned o f  sca le  be fo re  Test 3 s ta r ted .  

The f a c t  t h a t  a t  any wellhead pressure, 

F igu re  8 shows a p l o t  o f  t h e  

The 

The cause o f  

above 14.4 kg/cm 8 (a) ,  perhaps because a t  

A t  low pwh, 
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Consider ing t h e  r e s u l t s  shown i n  f i g u r e  
8, t h e  economic l i f e  o f  PGM-1 w i l l  be reduced 
sharp ly  i f  wellhead pressure i s  no t  main- 
t a i n e d  above 14.4 kg/cmz(a). I f  our  concept 
i s  co r rec t ,  and a minimum economic l i m i t  o f  2 
MW pe r  w e l l  i s  assumed, ma in ta in ing  wellhead 
pressure above 14.4 kg/cm2(a) w i l l  r e s u l t  i n  
a w e l l  l i f e  o f  between 1 and 2 years, w h i l e  
ma in ta in ing  pwh i n  t h e  6 kg/cm2(a) range w i l l  
g i ve  a 5 t o  6 month l i f e .  Well l i f e  here 
i m p l i e s  t h e  f l o w  p e r i o d  o f  a w e l l  be fo re  i t  
has t o  be cleaned. Inc reas ing  pwh f r o m  6 t o  
14.4 kh/cm2 (a )  w i l l  reduce t h e  i n i t i a l  power 
p o t e n t i a l  from about 8.6 t o  3.6 MW from t h i s  
we l l .  Therefore, i n  o rde r  t o  reduce t h e  f r e -  

c 

quency o f  sca le  c lean ing  by ma in ta in ing  a 
h i g h  Pwh, one has t o  accept a lower  MW pro- 
duc t i on  per  w e l l .  
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FIGURE 1. 
Time. Test 1 o f  Yell PW-1 (December. 1980-January, 1981) 

Total Mass F l o w  Rate and Downhole Volumetric F l o w  Rate versus 

FIGURE 2. Completion o f  the Yells and Scale Deposition. 
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FIGURE 3. Measured Concentration o f  Non-Condensable Gases in the Steam 
Phase versus Separator Pressure at Various Times, Well PGM-1 
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FIGURE 4. Root Mean Square Error and Average Error in Calculated Steam 
Fraction versus Assumed Enthalpy o f  Total Fluid, Well PGM-1 
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FIGURE 6. Flash Level Height versus Total Mass Flow Rate, Well PGM-1 
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FIGURE 7. Flow Rate at 9 Kg/CrnZ Wellhead Pressure versus Time, Well PGM-1 
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FIGURE 8. Productivity Decline Rate versus Flowing Wellhead Pressure, 
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