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a t  The Geysers, Cali fornia. 

This repor t  describes the design features, t e s t  resul ts ,  and operation o f  t h i s  
device. 

Another a c t i v i t y  was t o  review the chemistry and geochemistry o f  geopressured br ines 
and reservoirs, and t o  evaluate the u t i l i t y  o f  avai lab le computer codes f o r  modeling the 
chemistry o f  geopressured brines. 
usua l ly  the  l i m i t i n g  fac to r  i n  t h e i r  appl icat ion t o  geopressured systems, but  i t  was 
concluded t h a t  e x i s t i n g  codes can be updated w i th  reasonable e f f o r t  and can use fu l l y  
expla in  and p red ic t  the chemical charac ter is t i cs  o f  geopressured systems, given su i tab le  
input  data. 

The sampler has been designed, fabr icated from 

However, i t  has no t  y e t  been used i n  a geopressured well. 

A1 te rna t ive  sampler designs are a lso discussed. 

The thermodynamic data bases f o r  such codes are 
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Resul ts 

F1 u i d  Sampling and Chemical Modeling o f  Geopressured Brines 
Containing Methane 

Lawrence Berkeley Laboratory 
Un ive rs i t y  o f  C a l i f o r n i a  
Berkeley, C a l i f o r n i a  94720 

B. Dudak, R. Galbra i th ,  L. Hansen, D. Sverjensky, 0. Weres 

March 1980-Fe bruary 1981 
F i n a l  Report 

To design, f ab r i ca te ,  and t e s t  a remote sampler capable o f  
re tu rn ing  f l u i d  samples from geopressured we l l s  f o r  subse- 
quent analysis, w i thout  leakage and w i t h  minimum sample 
disturbance o r  a l t e ra t i on .  I n  addi t ion,  t o  review the  
s t a t e  o f  knowledge o f  geopressured b r i n e  chemistry, w i t h  
specia l  a t t e n t i o n  t o  eva lua t ion  o f  computer codes used t o  
model such systems. 

If the  energy ava i l ab le  i n  several  forms i n  the  f l u i d s  f rom 
geopressured format ions i s  t o  be developed c o m e r c i a l l y ,  
accurate knowledge o f  t he  nature o f  t he  f l u i d s  i s  essent ia l  
t o  understanding the  s i z e  o f  t he  resource, t he  e f f e c t  o f  
product ion on the  resource, and the  environmental e f f e c t s  
o f  product ion and re- in ject ion.  The c a r e f u l  analys is  need- 
ed and the  subsequent geochemical modeling and p red ic t i ons  
requi red presuppose a sample t h a t  t r u l y  r e f l e c t s  the  compo- 
s i t i o n  o f  t he  r e s e r v o i r  f l u i d ,  w i t h  minimum mod i f i ca t i on  by 
the  sampling i t s e l f .  Only a remote sampler can r e t u r n  t h i s  
type o f  sample w i t h  a h igh  confidence leve l .  La ter  work 
may a l low deduct ion o f  t h i s  composit ion from ana lys is  o f  
wellhead samples, bu t  o n l y  remote samples w i l l  a l low one t o  
determine the  composit ional re la t i onsh ips  f o r  a new we l l .  

Once such a sample i s  avai lab le,  soph is t i ca ted  geochemical 
techniques should be used t o  i n t e r p r e t  i t s  chemistry and 
o r ig in ,  and t o  p r e d i c t  t he  chemical consequences o f  re-  
source u t i l i z a t i o n .  This requ i res  c a r e f u l  se lec t i on  and 
evaluat ion o f  geochemical modeling codes and t h e i r  thermo- 
dynamic data bases. 

A f lowthrough remote sampler f o r  geopressured f l u i d s  has 
been designed, fabr icated,  and tested.  Constructed e n t i r e -  
l y  o f  t he  a l l o y  MP35N, i t  w i l l  r e t u r n  t o  the  surface, wi th-  
o u t  leakage and w i t h  minimal a l t e r a t i o n  by the  container, 
about one l i t e r  o f  f l u i d  f rom any geopressured w e l l  where 
the  pressure i s  below 20,000 p s i  and the  temperature i s  
below 450'F. It has been labora tory  and f i e l d  tested, t he  
l a t t e r  i n  a geothermal w e l l  a t  The Geysers, Ca l i f o rn ia .  
The sampler has performed e n t i r e l y  s a t i s f a c t o r i l y .  



eview o f  ava i l ab le  in fo rmat ion  on br ine.  ~, 
ncludes- tKa t  se-lected , e x i s t i n g  computer codes 

f o r  modeling brine-rock i n t e r a c t i o n  can be appl ied t o  geo- 
pre s s u red  pro  b 1 ems ,, w i t h r e  aso pab 1.e mod i f i qat  i on s , p r  i nc i - 
pal  l y  by p roper l y  extending t h e i r  thermodynamic da ta  bases. 
These codes should a.lJow adequate i n t e r p r e t a t i o n  of i n  s i t u  
b r i n e  chemistry, and-the p r e d i c t i o n  o f  t he  behavior o f  geo- 
pressured r e s e r v p i r s  under .production cond i t ions  w i t h  

The sampler design had t o  take  in to-account ,  cond i t ions  o f  
sa l  i n i t y ,  temperature, and pressure- somewhat more severe 
than o i l  f i e l d  brines, where much previous experience i n  

*a ) .  avo id s l i d i n g  ,eals where poss ib le  and a f lowthrough sam- 
p l e r  was- chos :,as the  best  c h o i c e < f o r  geopressured appl i- 
cat ion.  The sampler s i z e  was s e t  by t h e  volume o f  f l u i d  
des i r e d  (about one bci i t e r ) ,  and ,/the pressure. To prevent 
cor ros ion  by the;hof, br ine,  t he  multiph-ase a l l o y  MP35N was 
chosen ( i n  s p i t e  o f  i t s  p o o r m a c h i n a b i l i t y )  because o f  gen- 
e r a l l y  good experience w i t h  i t  i n  cor ros ive  environment 
To e l im ina te  e l e c t r o l y t i c _ c o r r o s i o n ,  a l l - p a r t s  i n  conta 
with the  f J u i d  aye o f  t h i s  same a l l o y ,  except t he  O-rin 
( v i t on ) .  
t o   supply^ adequate seal i ng  , fo rce  t o  prevent O-ring ex t ru -  

~ s ion, t he  va lves ergy s to red  i n  .spr ings 
which are s e t  ma ce and he ld  open by an 
electromagnet, en r f a c e  through the  wi re-  
1 i n e  conductor. u r r e n t  i n i t i a t e s  closure, 
which breaks the  e l e  u i t ,  p rov id ing  p o s i t i v e  
eviidence o f  c l o s  

Actual f i e l d  t e s t i n g  was performed i n  a geothermal w e l l  a t  
o f  about 7400 fee t -and  a t  a temperature o f  about 
Laboratory t e s t s  a t  h igher  temperatures and pres- 

sures i n d i c a t e  t h a t  ' the  sampler w i l l  perform p roper l y  i n  
any geopressured w e l l .  

!Review o f  t he  $erature o f  geopressured systems ind i ca tes  
t h a t  geopressu d - f l u i d s  a re  ,w i th in  the  range o f  composi- 
t i o n s  t h a t  should be=- t rac tab le  w i t h  present geochemical 
modeling techniques, although r e q u i r i n g  some ex t rapo la t i on  
i n  temperature and pressure. E x i s t i n g  computer codes are 
capable;, w i t h  *appcopriate ,addi t ions t o  t h e i r  data bases t o  

' the  pqoper t ies o f  geopressured.brines under rese rvo i r  con- 
dit ions.. 'It )would, be o f  cons iderable value t o  modify oner 
o f  the  e x i s t i n g  codes,.to corpora te- the  P i t z e r  theory o f  
e l e c t r o l y t e  so lut ions,  w h::would enable the  chemistry of 
,the b r i n e .  t o  .be modeled urate1 y under product i o n  
condi<t,ions. * 

acceptable accuracy.' \ I  

Tech n i c a l  
Approach 

. < -  remote-sampling has been obtaiQed. It was dec ided- ,ear ly - to  

To avojd ,uncertainty:.in , the t ime of closure, and 

I "+ 

, cover the  h igh  temperatures-and pressures, o f  p r e d i c t i n g  

I 
I . .  



Pro jec t  
Imp1 i c a t i o n s  

Although the  LBL sampler was completed and tes ted  i n  an 
autoclave and a geothermal w e l l  t he  associated sampler re- 
t r i e v a l  equipment was n o t  completed so the  system could be 
used on a DOE geopressured-geotheral  b r i n e  we1 1. Complet- 
i n g  the  sampler system and chemical analys is  system f o r  use 
i n  w e l l s  o f  i n t e r e s t  t o  the G R I  co-production o f  gas and 
water w i l l  be done i n  a fol low-on contract .  Whether a sec- 
ond sampler w i l l  be b u i l t  w i l l  depend on evaluat ions o f  the 
completed system and the  need f o r  it. 

G R I  P ro jec t  Manager 
Leo A. Rogers 
Manager, Geopressured Methane 
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PROJECT SUMMARY 

The o b j e c t i v e  of t h i s  p r o j e c t  was t o  provide R&D support t o  G R I  i n  the 

development of technology f o r  t he  recovery o f  na tu ra l  gas from geopressured 

resources. 

o f  a downhole sampler, which w i l l  provide data on the  amount o f  methane and 

other  gases present, the chemical composition o f  the br ines,  and geopressured 

r e s e r v o i r  cha rac te r i s t i cs .  

c h a r a c t e r i s t i c s  of geopressured br ines and reservoirs,  and t o  evaluate the  

u t i l i t y  o f  geochemical modeling codes i n  studying the  o r i g i n ,  propert ies,  and 

year 

The major e f f o r t  was d i rec ted  towards the  design and f a b r i c a t i o n  

Another ob jec t i ve  was t o  de f i ne  the  geochemical 

Geot h e m  a 1 

TASK 1 

The p r  

and t e s t  a 

u t i l i z a t i o n  o f  t h i s  resource. The p r o j e c t  scope f o r  t h i s  f i r s t  cont ract  

consisted o f  f o u r  major tasks, each o f  which i s  discussed below. 

Support f o r  t h i s  p r o j e c t  was a l so  provided t o  LBL by the  D i v i s i o n  of 

Energy , Depart men t o f  Energy. 

nc ipa l  o b j e c t i v e  f o r  the contract  year 1980 was t o  design, bu Id, 

f low-through sampler s u i t a b l e  f o r  use i n  geopressured wel ls.  A 

backup sampler was t o  be provided, i f  feas ib le .  

conceptual design, d e t a i l e d  design, and subsequent f a b r i c a t i o n  o f  t he  

sampler. 

p lan  t o  v a l i d a t e  the  sampler f o r  use i n  geopressured wel ls.  

The work p lan  e n t a i l e d  the 

The work p lan  a l so  included the  implementation o f  a s u i t a b l e  t e s t  

The f o l l o w i n g  tasks were performed dur ing the  con t rac t  year. The sampler 

was completed on January 1, 1981, and the  s p e c i a l l y  requi red t o o l s  were 

completed two weeks l a t e r .  The magnet assembly was 

labo ra to ry  tes ted  i n  December 1980 t o  ensure i t  operated s a t i s f a c t o r i l y  i n  a i r  

a t  388OF ( t h e  maximum achievable temperature o f  the oven t h a t  was used). 

Two t e s t s  were completed. 
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The completed sampler was labora tory  tes ted  i n  February 1981, which v e r i f i e d  

t h e  s a t i s f a c t o r y  mechanical and e lec t r , i ca l  operatio,n o f  * t h e  sampler when., 

immersed i n  tap  water a t  ambient temperature. The-samp,ler was successfu l ly  ~ 

f i e l d  tes ted  a t  t he  Geysers (Appendix D).-. > -  

The sampler spec i f i ca t i ons  are: i 

-I 4 0 s ’  

Overa l l  leng th  120.24 in.  (not* , inc lud ing s inker  bars) 

Diameter 2.25 in .  

Dry weight 

Sampl e vo 1 ume 

112 l b s  (no t  i nc lud ing  s inker  bars) 

980 m l  (approximate, pending vo lumetr ic  t e s t )  

A l l  p a r t s  i n  i n t e r n a l  and ex terna l  contact  w i t h  
b r i n e  are machined from MP35N a l l o y  c o l d  work 
bar,stock, and have become p a r t i a l l y  aged as a 
r e s u l t  o f  sampler use. 

Recommended cable MP35N monoconductor cab1 e 

Maximum bottomhole pressure No upper l i m i t  

Maximum outward d i f f e r e n t i a l  
p re  s s ure 

Maximum inward d i f f e r e n t i a l  
pressure 

25,000 p s i  a t  450OF (pending hyd ros ta t i c  
p roo f  t e s t  ) 

350 p s i  a t  45O0F,;(i .e., the  maximum amount 
by which the  ex terna l  pressure may exceed the  
i n t e r n a l  pressuce.before the  sampler valves are 
l i f t e d  o f f  t h e i r  seats, causing the  sampler t o  

450oF (5000F+*may be f e a s i b l e )  

i f  i ’ leak. ) c. 

Maximum downhole temperature 

Another, dup l i ca te  s e t  o f  ma te r ia l s  and s p e c i a l i t y  items, i nc lud ing  a complete 

magnet assembly, has been prepared f o r  use i n  a second backup downhoJe sampler 

u n i t  o f  , t he  same design. 

:+, The,lvalves c lose  when a ho ld ing  cu r ren t  o f  40 mA, suppl ied t o  the sampler 

va lve a c t i o n  re lease magnet, i s  ha l ted  o r  if the curKent4 f a l l s  below t h i s  

value. 

. 

An open c i r c u i t  i nd i ca tes  successful ,operat ion (c losure)  o f  .the’ 
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sampler valves. 

cu r ren t  i s  a few hundred m i l l i w a t t s ,  depending on the  c o i l  temperature. 

The requi red power f o r  ho ld ing the  magnet a t  safe holding 

The operat ional  l i m i t a t i o n s  on the  sampler are minimal. Any combination 

o f  wel l -head pressure and bottomhole pressure versus w e l l  temperature p r o f i l e  

i s  permissible, g iven the  f o l l o w i n g  condi t ions:  The i n t e r n a l  pressure o f  the 

sampler must exceed the  external  pressure a t  a l l  t imes du r ing  the ascent, the 

s tay i n  the  l ub r i ca to r ,  and a f t e r  removal from the  l u b r i c a t o r .  However, t he  

i n t e r n a l  pressure o f  t he  sampler must no t  exceed the external  pressure by more 

than 25,000 p s i  a t  any t ime dur ing i t s  ascent t o  the  surface. The temperature 

a t  any t ime must be l ess  than 45OoF. Once f i l l e d  w i t h  o i l ,  t he  sampler 

cable head must be kept  up r igh t  a t  a l l  t imes u n t i l  t he  sampler has been 

removed from the  1 ubr i  ca to r  a f t e r  sampl i ng . 
The major technica l  problems encountered du r ing  t h i s  con t rac t  year were: 

o 

o 

o Resolving mater i  a1 and manufacturing problems 

Producing a s a t i s f a c t o r y  conceptual design 

Converting the concepts i n t o  a s a t i s f a c t o r y  design 

o Scheduling and funding l i m i t a t i o n s  

o Implementing t e s t s  t h a t  provided essen t ia l  and r e l i a b l e  in format ion 

f o r  v a l i d a t i n g  the design and operat ion o f  t he  sampler. 

The ob jec t i ves  f o r  next year are t o  complete the t e s t i n g  o f  t he  sampler. 

f o l l o w i n g  t e s t s  have been accomplished t o  date: 

Atlas, i n  Houston, Texas on March 3, 1981, i n  which the  sampler operated 

p e r f e c t l y  i n  b r i n e  a t  21,000 p s i  and 40OoF; a f i e l d  t e s t  i n  an Aminoil USA 

Co. steam w e l l  i n  t he  Geysers geothermal f i e l d  on March 12, 1981, i n  which the  

The 

An autoclave t e s t  a t  Dresser 

sampler obtained a 975 m l  b r i n e  sample, wi thout  problems, from a depth o f  7400 

f e e t  and a t  a temperature o f  495OF-505OF. Dresser A t l as  provided the  
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w i r e l i n e  services. 

v a l i d a t i o n  us ing t y p i c a l  geopressured b r i n e  a t  25,000 p s i .  and 45OOF. 

A hydros ta t i c  proof t e s t  i s ' p lanned  t h a t  includes O-rings. 

Successful completion o f  t he  hyd ros ta t i c  t e s t  would i n  LBL's op in ion  f u l l y  

q u a l i f y  the  sampler f o r  use i n  'a geopressured design we l l . *  * ,  

"j , * 

TASK 2 ,. 

The ob jec t i ve  o f  Task 2 was t o  consider the  design o f  a second-generation: 

sampler w i t h  expanded c a p a b i l i t i e s  f o r  ma in ta in ing  sample p o i n t  cond i t ions  and 

mak ing-cer ta in  downhole measurements. 

o f  Gas Technology (IGT) t o  compare sampler capab i l t i t ies  and review the design 

A meeting was h e l d  w i t h  the  I n s t i t u t e  

s ta tus  o f  t h e  LBL, IGT, and Gerhardt-Owens samplers. The f o l l o w i n g  

conclusions resu l ted  from t h i s  meeting. 

I No p a r t i c u l a r  advantage i s  t o  be found i n  ma in ta in ing  downhole sample 

p o i n t  cond i t ions  o f  temperature f o r  chemical data; downhole measurements o f  

p roper t i es  l i k e  c o n d u c t i v i t y  o f  compress ib i l i t y  are s'imilarly viewed. 

Measurements o f  t h i s  type  are d i f f i c u l t  t o  make and o f  uncer ta in  value. It i s  

f e l t  t h a t  in fo rmat ion  needed about such p roper t i es  can be ca l cu la ted  from 

sample analyses o r  measured i n  the  labora tory  us ing simulated br ines.  

F a i l u r e  t o  ma in ta in  downhole temperature cond i t ions  may no t  change the  

contents o f  t he  sampler a f t e r  i t s  valves have c losed*and would there fore  no t  

a f f e c t  t h e  r e s u l t s  o f  t he  chemical analysis. Thus, mainta in ing sample 

temperature on the  way up may be of no great  advantage, unless p rec ipa ta t i on  

i s  l i k e l y  t o  occur. 

. The pH i s  worth t r y i n g  t o  measure under downhole cond i t ions  because of it; 

c e n t r a l  importance i n  the chemical cha rac te r i za t i on 'o f  aqueous so lu t ions .  

Making such a measurement i s  apparent ly  technologically'infeasible a t  t h i s -  

time, b u t  may be poss ib le  i n  the  near fu tu re .  
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Cer ta in  downhole measurements would, however, be o f  subs tan t ia l  value i n  

rese rvo i r  charac ter iza t ion  and engineering. 

der ived from having a t o o l  capable o f  making pressure, temperature, and f l o w  

measurements a t  var ious po in ts  w i t h i n  the  formation. 

extremely use fu l  f o r  b e t t e r  understanding the  f l u i d  f l o w  c h a r a c t e r i s t i c s  o f  

t he  reservo i r ,  t he  c o n t r i b u t i o n  o f  var ious producing zones, and would help i n  

the  p r e d i c t i o n  o f  f u t u r e  product ion behavior. 

combine i n  one t o o l  the  c a p a b i l i t y  o f  t ak ing  a sample and a t  t he  same t ime 

making pressure, temperature, and f l o w  r a t e  measurements would be h i g h l y  

valuable. 

samples f rom adjacent format ions a t  s p e c i f i c  horizons. 

Important advantages would be 

Such data would be 

A downhole device which would 

For maximum value, a downhole sampler should be capable o f  t ak ing  

A p re l im ina ry  proposal f o r  development o f  such a combined t o o l  was 

submitted t o  G R I  f o r  support i n  the  next con t rac t  period, b u t  was no t  

s c u r r e n t l y  being given t o  t h i s  concept. accepted. No e f f o r t  

TASK 3 

The ob jec t ives  o f  

chemical compos 

condi t ions,  and 

A review o f  

bore cond i t ions  

Task 3 were t o  review the  s t a t e  o f  knowledge o f  the  

t i o n s  o f  geopressured brines, f rom rese rvo i r  t o  product ion 

t o  review codes t h a t  could p o t e n t i a l l y  model t he  br ines.  

t he  chemistry o f  geopressured br ines  a t  rese rvo i r  and w e l l  

was completed. The conclusion was t h a t  about 90 percent o f  

analyzed geopressured br ines  are chemical ly w e l l  represented by the  system 

NaC1-CaC1-H20 i n  which the  Na:Ca mole r a t i o  i s  greater  than about 9 and the  

m o l a l i t y  o f  c h l o r i d e  i s  less  than about 2.8. 

I n  order t o  understand and p r e d i c t  brine-rock i n te rac t i ons  i n  the  

rese rvo i r  i t  i s  essent ia l  t o  know not  on l y  the  b r i n e  chemistry bu t  a lso  the 

host-rock mineralogy and geochemistry. Therefore, ava i l ab le  in fo rmat ion  on 
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t h e  mineralogy and geochemistry o f  shale and sandstone host  rock ( i n  the  Gulf 

Coast) was a lso  reviewed. 

t h e  mineralogy o f  t he  gra ins  and cements i n  the  r e s e r v o i r  host  rocks con t ro l s  

many important chemical cons t i t uen ts  o f  the  b r ines  and d 

and permeab i l i t y  o f  t he  r e s e r v o i r  rocks. 

suggests t h a t  the  h igh  secondary po ros i t i es ,  which are c h a r a c t e r i s t i c  o f  

economically a t t r a c t i v e ,  geopressured sandstone reservo i rs ,  are c o n t r o l l e d  by 

rock-water i n t e r a c t i o n s  invo lved i n  the  diagenesis o f  shale ,and sandstone. 

The f i r s t ,  and probably the  most important, phase o f  t h i s  review was a 

Such in fo rmat ion  i s  v i t a l  t o  b r i n e  modeling because 

. ,z 

ines the p o r o s i t y  

The ava i l ab le  in fo rmat ion  s t ron  

c r i t i c a l  survey o f  the  thermodynamic data bases f o r  minerals, aqueous species, 

and gases used i n  the  var ious codes. No matter  what code i s  used, 

t h e o r e t i c a l l y  p r e d i c t i n g  whether a b r i n e  w i l l  p r e c i p i t a t e  minera ls  depends so 

h e a v i l y  on the  thermodynamic data base i n  the  code t h a t  t h i s  data base i s  the  

l a r g e s t  s i n g l e  source o f  unce r ta in t y  i n  such p red ic t i ons  a t  rese rvo i r  and 

we1 1-bore temperatures and pressures. Data bases were reviewed f o r  the  codes 

HITEQ (Weres and Ig les ias ,  unpublished data), EQ3/EQ6 (Wolery, 1979), SOLMNEQ 

(Kharaka and Barnes, 1973) and WATEQ2 and i t s  r e l a t i v e s  ( B a l l  e t  al., 1980), 

and the  Jaycor code (Levine e t  al., 1980). The main r e s u l t s  o f  t h i s  review 

fo l low.  

The o n l y  adequate thermodynamic data base f o r  modeling geopressured b r i n e  

chemistry a t  rese rvo i r  and w e l l  bore cond i t ions  as w e l l  as brine-rock in te rac-  

t i o n s  i n  the  r e s e r v o i r  i s  t h a t  developed by Helgeson and coworkers (Un ive rs i t y  

of C a l i f o r n i a  a t  Berkeley) and embodied i n  the  program SUPCRT. The on ly  b r i n e  

modeling code conta in ing  a thermodynamic data base generated by SUPCRT (and 

e a r l i e r  work) i s  EQ3. 

low (steam-saturated) and h igh  (500 bars) pressures, b u t  data f o r  o ther  h igh ~ 

t 

EQ3 conta ins thermodynamic data f o r  computations a t  

pressures cou ld  be very simply generated us ing SUPCRT and added t o  EQ3. 
i.' 
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No s ing le  publ ished code i s  su i tab le  f o r  modeling the chemistry o f  

geopressured br ines  under a l l  poss ib le  condi t ions which occur f rom the  

r e s e r v o i r  t o  the surface. 

necessary. 

cond i t ions  (wi thout  a gas phase present)  i s  f eas ib le  using the codes EQ3 and 

EQ6, which contains the  best  ava i l ab le  thermodynamic data base. 

the chemistry o f  geopressured br ines i n  surface equipment, where gas and 

l i q u i d  phases coexis t ,  an expanded vers ion o f  HITEQ i s  recomnended. This 

would incorporate P i t z e r ' s  model o f  the e l e c t r o l y t e  so lu t ions  and 

thermodynamic data for g a s / l i q u i d  p a r t i t i o n i n g  i n  the system NaC1-CH4-H20 

present ly  being measured by  Prausni tz and coworkers a t  the Un ive rs i t y  of 

Ca l i f o rn ia ,  Berkeley. 

However, major code development i s  no t  considered 

Model i n g  t h e  chemistry o f  geopressured br ines  under rese rvo i r  

For modeling 

TASK 4 

The ob jec t i ve  of Task 4 was t o  examine the major problems associated w i t h  

producing and u t i l i z i n g  geopressured br ines  and t o  propose research top i cs  

which would address those problems. Accordingly, t he  f o l l o w i n g  tasks were 

proposed t o  G R I  t o  be undertaken dur ing  the next  con t rac t  year: 

o Complete the  labora tory  and f i e l d  t e s t i n g  o f  t he  downhole sampler and 

f a b r i c a t e  a second u n i t  t o  serve as a backup i n  the event t h a t  the 

f i r s t  sampler i s  damaged o r  l o s t .  Use the  sampler t o  ob ta in  b r i n e  

samples from geopressured design t e s t  we l l s  and we l l s  o f  oppor tun i ty .  

Complete the  design, f ab r i ca t i on ,  and t e s t i n g  o f  a f i e l d  

sample-handling system which w i l l  rece ive  the downhole b r ine  and gas 

samples obtained and process them f o r  subsequent labora tory  analys is  

a t  LBL. 

o 
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o Conduct labora tory  and theo re t i ca l  s tud ies concerning the  

p r e c i p i t a t i o n  of calc ium carbonate from geopressured br ines.  

Conduct a broad program of chemical’ data analys is  and jn te rpre ta t - ion  

u t i 1  i z i n g  sampler r e s u l t s  and other  pe t ro log i ca l  and mineralogical ’  

data i n  order t o  character ize the geochemistry o f  the geopress’ured 

r eservoi r s . 
Develop a design of a downhole sampler based on‘ the p is ton  p r i n c i p l e  

. o 

o 

as an a l t e r n a t i v e  t o  the flow-through sampler. 

The r e s u l t s  o f  t h i s  research a re  expected t o  provide- data which w i l l  

con t r i bu te  impor tan t ly  t o  a number o f  areas: 

o 

o 

Es tab l i sh ing  the  chemical compositions o f  t he  br ines  i n  the  reservo i r ;  

Determining the causes o f  reg iona l  va r ia t i ons  o f  r e s e r v o i r  f l u i d  

composition and ma t r i x  propert ies,  such as po ros i t y  and permeabi l i ty ;  

Pred ic t ing  scale and sludge formation; 

E luc ida t i ng  the  ove ra l l  nature, d i s t r i b u t i o n ,  and genesis o f  t he  

geopressured resource. 

o 

o 

The proposed program i s  a f u l l y  in tegra ted  e f f o r t  between LBL design 

engineers, f i e l d  t e s t i n g  personnel, and chemists. 



9 

PROJECT OBJECTIVES 

The o b j e c t i v e  of t he  LBL program i s  t o  provide R&D support t o  G R I  i n  

developing the technology f o r  recover ing  na tu ra l  gas from geopressured 

r e s e r v o i r s  off t he  Gul f  Coast. For t h i s  reason, LBL chose areas o f  

i n v e s t i g a t i o n  t h a t  would address the fo l lowing:  

o Q u a n t i t y  o f  methane dissolved i n  the b r i n e  

o Presence o f  f ree  gas 

o Production behavior i n  the r e s e r v o i r  and we l l  bore 

o Reservoir proper t ies t h a t  con t ro l  the product ion process 

o Problems l i k e l y  t o  a r i s e  i n  the  surface handl ing and disposal o f  

geo pressured b r  i n  es 

I t was also recognized t h a t  i f  the  above questions were t o  be addressed, 

the f o l l o w i n g  data would have t o  be determined: 

o Volume and types o f  gases i n  place 

o Fluid-f low c h a r a c t e r i s t i c s  i n  the  r e s e r v o i r  

o F lu id- f low c h a r a c t e r i s t i c s  i n  the,wel l  s t r i n g  

o The chemistry o f  t he  b r i n e  and i t s  e f f e c t  on f l u i d  product ion and 

b r i n e  disposal. 

Since cu r ren t  economic analyses o f  the geopressured resource are based on 

the amount o f  gas present i n  the  r e s e r v o i r  and are h e a v i l y  in f luenced by 

chemistry-related problems, t h e  h ighes t  p r i o r i t y  was given t o  determining the  

amounts o f  na tu ra l  gas and other  dissolved const i tuents  o f  the br ines as w e l l  

as i n i t i a t i n g  an evaluat ion o f  t he  b r i n e  chemistry problems. This general 

area was i d e n t i f i e d  by the Nat ional  Petroleum Council, i n  June 1980, as’one O f  

t he  major areas o f  unce r ta in t y  r e q u i r i n g  r e s o l u t i o n .  



SCOPE OF WORK 1 ? ,  

The 'pro3ect author ized -and Winded by  < G R I  f o r  ' t h e  i n i t i a l  cont ract  persiod 

(March 1 , ."198 Febr ua%y 28, 31-981 consisted o f  four  s p e c i f i c  tasks:!  si^'*' 

Task 1: Design, cons t ruc ts  'an?l*%est 'a downhole f l u i ' d  sampl'er f o r  'u 
- r  + 

geopressured wel ls.  The sampler; was"r'to' be cooled4 and: depressur izedJat .the- - 2 b  

we1 1-head p r i o r  t o  o r  du r ing  e-xtractLion io f  -the$ samp"lJ; Laboratory gas+.'and- 
- -  < *  b r i ne  cons t i t uen t  analyses were t o  be made. 

Task 2: Design a downhoqe- ampler" t h a t  iwou1.d maintain'  downhole 

pressure and temperature'.and in'clude'imeasurement" ca 

requ i red  in'put t 

il i t i e s  -providing'  

ompu f e r  :prbgr ams . ' . 
Task 2: Review ava i l ab le  b r i n e  chemistry modeling c a p a b i l i t i e s  and 

defdn,e?th"e%-equirements - f o r  extension':of ex-ist?ng'model i n g  codes t o  ' 

geopressured appl i ca t ions .  

Task 4 :  Def ine fu tu re  r e s  a r e . o f  imm6diate value t o  

GRI. 

The f i r s t  th ree  tasks i'nvo 8 0 m a c t i v i t i e s ,  w h i l e  work' t o  b e  

performed through 1982 was t o  as par t '  o f  the f i n a l  proposal 

ca t e  gory. 

/ '  ' , I -  1 t . . J  

I TASK 1 DESCRIPTION . 

5.'EBL -was"to design, ' fabr icd te ,  $and t e s t  'a f low-through sampler t h a t  would 

bring"" sample o f  approximately one l i t e r  'volume t o  the surface w i thout  " 

leak ing:: ':Sample tempera 

va lue wh i l e  the'sampl'er$was'b 

be a c t i v e l y  'maintained' a t  the  downhole 

:The t a r g e t  design 
~ c.> r>*.  ; 

* ' i ,  1 : . : '  *, . %  . ,  spec i f i ca t i ons  were: 

o Maximum operat ional  temperature o f  400OF ; 

o Maximum operat ional  pressure o f  20,000 p s i  a t  400OF. 
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The f o l  lowing describes the conceptual design approach adopted by LBL. 

The sampler would be a tubular  pressure vessel w i t h  opposed "check valves" a t  

both ends. These valves would be equipped w i t h  subs tan t i a l  c l o s i n g  spr ings 

which e x e r t  a fo rce fu l  c los ing  ac t i on  of t he  valves, s u f f i c i e n t  t o  ensure f i r m  

i n i t i a l  seat ing o f  the seals incorporated i n  the valves. The valves would be 

designed t o  provide some f l u s h i n g  ac t i on  on the va lve seats, as wel l  as being 

r e l a t i v e l y  insenst ive t o  s i l t  p a r t i c l e s  deposited on the seats dur ing the 

c losure of t he  valves. F i l t e r s  would be incorporated t o  remove a l l  coarse 

p a r t i c l e s  . 
The valves would be cocked open a t  t he  well-head p r i o r  t o  sampler descent 

and h e l d  open dur ing the descent. A t  the desired sampling depth the va lve 

c losure would be ac t i va ted  by an e l e c t r i c a l  s ignal  from the  surface. This 

would r e q u i r e  the a v a i l a b i l i t y  o f  both a cable head assembly and an 

e l e c t r i c a l l y  operated i n i t i a t i o n  device capable of operat ing a t  downhole 

temperature and pressure and w i t h i n  the l i m i t e d  diameter and maximum length 

determined by the  we l l  bore and well-head i n s e r t i o n  equipment. 

Access t o  the sample f l u i d  would be through valves incorporated i n  the 

sampler va lve c losure assemblies. These valves would be commercial h igh 

pressure manual valves which could be closed p r i o r  t o  descent and opened a t  

t h e  time t h a t  access t o  the sample was required. 

The su r face -con t ro l l ed  e l e c t r i c a l  system would be designed, constructed, 

and tested both in, the l abo ra to ry  and i n  a geothermal we l l  i n  f u l l  too l  

conf igurat ion.  The t e s t i n g  would also inc lude both laboratory  t e s t i n g  o f  

i s o l a t e d  components, as we l l  as the  complete sampler system. The f i n a l  t e s t  

before a p p l i c a t i o n  i n  a geopressured w e l l  was t o  be downhole sampling i n  a 

geothermal we1 1 . 
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- The A compl e te  s amp1 er would 1 aboratory- tested ‘at  * iess than 30,000 p s i  

i n t e r n a l  pressure ‘ a t  72OFi ive-t losure and e’ lectr  uipinent ‘wbulb’ 
1 4  

be tes ted  i n  the  LBL-re iervo 

l i m i t s  of t h e  packer assembl 

d’er a t  presstires UP t o  ’&e 

temperatures be l  ow ‘3OOOF. ” 
, I - ’  - -, . 

ed ’at  400°F 1: ‘atmosphere. 

’ When sanipl i n g  a<borehole i n g  subsequent -chemical 

anafyses, i t  i s  important ’that, ’ t o  t he  e x t e n t  possible, ‘the f l u i d  b e i  

analyzed remains the  sa ‘ o r i g i n a l  i l u i  h a t  was sampled. I n  

geopressured wel ls,  f l u i d s  are a t  e levated temperatures and ve ry  h igh  

pressures. 

i t  t o  cool .  Fol lowing’  

ho ld ing  v e s s e l ’ u n t i l  analyzed.’ During each o f  these it‘eps, sample i n t e g r i t y  

t -high-pressure gas-Tiquid mix tu re  may reac t  

p l  ing”device, p a r t i c u l d r l  s present. Sampler conta iner  

- *  

The‘ sampling p lan  was to ‘ ”br ing the  ample t o  the  ‘subface and a l low 

press’urdat ion,  t he  sample wbuld be”tra6sferred t o  a 

, ?  

wal ls ,  seals, valves, ’etk;, should ’th 

mater i  a1 dur ing ‘ t h e  t ime t h a t  i t ’ * i s  i n * t h e  slampler. 

f o r e h  passive t o  the  contained 

. 

A l t e r a t i o n  of gas species would be minimized by coo l ing  the  sampler and 

then t r a n s f e r r i n g  the  gas phase t o  i t s -own3s t6 rage  vessel v i a  an i n e r t  c a r r i e r  

gas purge. 

l i q u i d  f rac t i on .  

desired, t he  gas phase cou 

conden s a t  i on t raps  . Water 

COP t rap:  The‘primary gases o f ’  i n t g r e s t  (CH4, C02, H2S, and o ther  ’ 
hjdrocarbon s ) cou 1 d $e f +ozen u t  w i t h ?  *a cryogenic ev ice wh i l e  the  i n e r t  

A gas purge would a1so’serve’-* to ’extract  d isso lved gases from the  

The l i q u i d  ma te r ia l  (ould then be s tored separately. If 

eparated’ i n t o  ma jor  components by 

f o r  example, cou ld  be removed w i t h  a s o l i d  

, <  
A _ .  
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TASK 2 DESCRIPTION 

LBL was t o  provide a pre l iminary design f o r  a downhole flow-through b r i n e  

sampler t h a t  could b r i n g  a sample o f  approximately 500 cc t o  the surface 

wi thout  leakage. 

temperature and was t o  be constructed o f  a nonreact ing ma te r ia l  t o  ensure 

t h a t  sample chemistry remained unchanged u n t i l  t he  requ i red  measurements of 

thermal and chemical proper t ies were completed. The measurments were t o  be 

made a t  t ne  well-head a f t e r  t h e  sampler was removed from the  we l l .  

procedure was considered more p - a c t i c a l  than making downhole measurements, 

s ince s a t i s f a c t o r y  downhole e l e c t r o n i c s  and transducers were no t  r e a d i l y  

avai lab le.  

provided t o  ensure accurate maintenance o f  t he  downhole condi t ions.  

This sampler was t o  include a c t i v e  maintenance o f  t he  b r i n e  

This 

Continuous measurement o f  the sample temperature was t o  be 4 

As p a r t  o f  Task 2 and Task 3, measurements o f  those const i tuents  important 

i n  the  chemical modeling were t o  be c l e a r l y  defined. This informat ion would 

ensure t h a t  a l l  necessary measurements were taken i n t o  account dur ing the 

sampler design phase. 

Task 2 a lso included the  se lec t i on  and pre l iminary design considerat ion o f  

probes and transducers t o  be included i n  the sampler. 

methodology and hardware requi red for  making t h e  necessary measurements. 

This would include the  

The 

f i n a l  design, construct ion,  and t e s t i n g  o f  the t o o l  was scheduled f o r  C Y  1981. 

Task 2 was also t o  include a review of t he  I G T  p r o j e c t  f o r  design and 

const ruct ion of a downhole sampler. The IGT sampler i s  designed t o  provide 

chemical and thermal analyses o f  t he  geopressured b r i n e  a t  r e s e r v o i r  

condi t ions.  The LBL review was t o  emphasize the technica l  f e a s i b i l i t y  of the 

IGT p lan and determine whether t h e  proposed measurements were appropriate. 
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TASK 3 DESCRIPTION 

A review o f  t he  cur ren t  geopressured b r i n e  chemistry,data was t o  be made 

t o  determine the range o f  chemical condi t ions i n  the undisturbed rese rvo i r ,  

t h e  rese rvo i r  and we1 1 bore dur ing  f l u i d  production, t he  ' rese rvo i r  (or other 

formations) and we l l  bore dur ing f l u i d  i n jec t i on ,  and r e l a t e d  well-head and 

o ther  surface equipment. '1 

- 

A review o f  t he  bas ic  theory, equations, and computer algor i thms t h a t  are 

incorporated i n  the  e x i s t i n g  operat ional  chemi-stry modeling, codes was t o  be 

made. 

va l i d ,  were t o  be presented and the, l imi ta t ions o f  the  theor ies  and algor i thms 

(if,any) were t o  be defined. The emphasis i n  t h i s  p a r t  o f .Task .3  was t o  be on 

the  l i m i t a t i o n s  i n  e x i s t i n g  chemistry models and on the  l i m i t a t i o n s  i n  e x i s t -  

i n g  computer algor i thms ava i l ab le  f o r m o d e l i n g  geopressured condi t ions.  

The b r i n e  condi t ions,  f o r  which the  e x i s t i n g  computer programs are 

The new chemistry model o f  P i t ze r  was t o  be f u l l y  ou t l i ned  t o  determine if 

an e x i s t i n g  computer program could be+modif.ied t o  incorporate t h i s  model, o r  

if i t  would be more des i rab le t o  develop a new computer code. 

TASK 4 DESCRIPTION 

Task 4 was t o  de f ine  the  scope and f e a s i b i l i t y  o f  o ther  ear th  science 

research r e l a t e d  t o  the  recovery o f  na tura l  gas from geopressured and o ther  

unconventional resources. Studies were t o  determine any add i t i ona l  problems 

associated w i t h  

o Producing and i n j e c t i n g  b r i n e  from geopressured rese rvo i r s  ; 

o Producing na tura l  gas from t i g h t  gas sands ; 

o Acqui r ing gas from other unconventional sources.. 
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Research 

t h e  key requ 

proposals could be developed once major problems were def ined and 

rements of experimental data were i den t  f i e d .  The research 

top ics  were t o  be ou t l i ned  and recommendations were t o  be made f o r  performing 

the  tasks. Proposals f o r  work i n  C Y  1981 were t o  r e l a t e  t o  top ics o f  i n t e r e s t  

t o  G R I  and f o r  which LBL had exper t i se  and f a c i l i t i e s .  

c 

The research p ro jec ts  f e l l  i n t o  two categories: rese rvo i r  studies and 

geochemis t ry lchemis try: 

o Reservoir Studies 

Design and const ruct ion of h igh  pressure downhole too ls ;  

S t a t i s t i c a l  s tud ies t o  analyze f i e l d  and labora tory  data fo r  

eva lua t ing  na tu ra l  gas f i e l d s ;  

Theory and ca l cu la t i on  o f  gas f low near and i n  

Measurement o f  r e l a t i v e  and absolute permeabil 

condi t ions.  

o Geochemis t ry /Chemist ry  

the w e l l  bore; 

t i e s  a t  geopressured 

Conceptual model i n g  o f  t he  chemical cha rac te r i s t i cs  o f  geopressured 

aqui fer  s; 

Chemical react ions between b r i n e  and the  hos t  rocks o f  a geopressured 

aqui fer ;  

Chemical problems a r i s i n g  du r ing  methane recovery, i .e., scal ing,  

i n j e c t i o n  we l l  plugging, and a i r  p o l l u t i o n ;  

Chemical response o f  r e s e r v o i r  rock t o  production; 

Support ing research r e l a t i n g  t o  the  o r i g i n  o f  geopressured aqui fers 

conta in ing  methane. 
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F-' ~ TASK 1 

+ . '  CONCEPTUALIZATION AND PRELIMINARY DESIGN 

Dur ing the  contract  year, LBL designed, b u i l t ,  and p a r t i a l l y  tested a 

flow-through type sampler which was < s p e c i f i c a l l y  capable o f  ob ta in ing  

representa t ive  samples of gas and b r i n e  from DOE "design we l l s "  i n  the. ~ 

geopressured b r ine  f i e l d s  along the Gul f  Coast o f  Texas and Louisiana. 

The i n i t i a l  discussions and presentat ions between G R I  and i t s  advisory 

board and LBL researchers took place i n  l a t e  f a l l  1979. 

discussions, a flow-through sampler was selected i n  preference t o  vacuum 

b o t t l e  samplers o r  p i s ton /asp i ra t i on  samplers. 

i n  s p i t e  of i t s  essent ia l  s i m p l i c i t y ,  r e j e c t e d  because o f  the extreme 

t rans ien ts  i n  pressure and temperature t h a t  occur i n  the sample as it f lashes 

i n t o  the  v,acuuml-bottle upon opening t h e  sampling valve. 

During these 

The vacuum b o t t l e  sampler was, 

It was f e l t  t h a t  t h i s  

might cause i r r e v e r s i b l e  changes i n  the physics and chemistry o f  the sample 

and thus n u l l i f y  the purpose of ob ta in ing  a geopressured we l l  downhole 

sample. 'The p i s ton  sampler was i n  p a r t  r e j e c t e d  because the I n s t i t u t e  o f  Gas 

Technology ( IGT),  which was a lso under cont rac t  t o  GRI, was us ing a 

Gearhart-(ken piston-type sampler i n  DOE "wel ls o f  oppor tun i t y "  i n  the 

geopressured f ie lds .  It was decided t h a t  LBL should no t  dup l i ca te  ongoing 

e f fo r t s *  w i t h  a s i m i l a r  sampler, b u t  provide a backup e f f o r t  w i t h  a sampler 

based on a d i f f e r e n t  operat ional  p r i nc ip le .  

Both the  p i s t o n  sampler and the  evacuated b o t t l e  sampler leave no doubt as 

t o  where i n  the  w e l l  the  sample was obtained. 

designed p i s t o n  sampler can prov ide i dea l  cond i t ions  f o r  the sampling process, 

Furthermore, a p roper ly  

i 

i n c l u d i n g  mixed f l o w  sampling. 

k i n d  o f  sampler. 

considerable soph is t i ca t i on  as w e l l  as an inherent  need f o r  s l i d i n g  seals. 

I n  p r i nc ip le ,  the  p i s t o n  sampler i s  the  best 

To make use of t h i s  super io r i t y ,  however, would have requ i red  



17 

Rel iab le  operat ion o f  such seals under the extreme condi t ions encountered i n  

geopressured we l ls  would present a very severe problem. Aspirat ion-type 

samplers can e l im ina te  the s l i d i n g  seals, b u t  on ly  w i t h  f u r t h e r  compl icat ion.  

LBL concluded t h a t  the  flow-through type would be a more s u i t a b l e  candidate 

f o r  the f i r s t  sampler design because o f  i t s  p o t e n t i a l l y  s impler bas ic  scheme. 

ENGINEERING DESIGN SPECIFICATIONS 

The fo l low ing  engineer ing spec i f i ca t i ons  were i n i t i a l l y  def ined by the  LBL 

ear th  s c i e n t i s t s  i n  discussions w i t h  GRI: 

o Flow-through sampler p r i n c i p l e  t o  produce a sampler capable o f  secur ing 

min imal ly  contaminated representa t ive  gas/br i n e  samples from 

geopressured we l ls  i n  Texas and Louisiana and t o  b r i n g  them t o  the  

surface w i thout  leakage o r  de ter io ra t ion ;  

o Maximum downhole pressure o f  25,000 psi ;  

o Maximum downhole temperature o f  450OF; 

o Sample s i z e  approximately 1000 m l ;  

o Sampler operat ion t o  i n i t i a t e  a t  w i l l  by e l e c t r i c a l  rneans from the 

surf ace ; 

o Sampler t o  i nd i ca te  a t  the surface the success o f  t he  sampler operation; 

o Diameter and length o f  the sampler both t o  be as small  as feas ib le  w i t h  

no l i m i t s  imposed on e i ther .  

Addi t ional  spec i f i ca t i ons  were added as fo l lows:  

o Downhole environment t o  be t yp i ca l ,  bu t  s lan ted  toward i n d i v i d u a l l y  

worst case geopressured b r i n e  cons t i tuent  combination o f  TDS, CH4, 

C02 and H2S. No f i r m  numbers were provided. 

ub r i ca to r  and bottomhole o f  
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permi t  l a t e r  add i t i on  o f .  i t e g r a l  instrumentat ion and 

The desdgn would be such mu1 t i p lexed  data transmission compartments. 

t h a t  these l a t e r  add i t ions  could be made w i t h  minimal expenditures o f r  e. 

engineering, new fabr ica t ion  time and cost, and mod i f i ca t i on  timeziand 
. 

cos t  t o  e x i s t i n g  sampler(s). 1 ”  

o Sampler cable t o  be a s ing le  conductor MP35N 10 x 16 armor logging 

cable manufactured b y  Vector Cable Company and designated 1-20 TFE: A 

cable design length of 20,000 ft was speci f ied.  

o Cable t o  be terminated i n  a cone and socket-arrangement s i m i l a r  t o  the  

Gearhart-Owen cable head terminat ion.  

CONCEPTUALIZATION AND PRELIMINARY DESIGN SYNTHESIS 

Conceptual iz ing t h e  flow-through sampler provided a means whereby the  

i nd i v idua l  components could be assessed f o r  s u i t a b i l i t y  o r  compa t ib i l i t y .  The 

t ime spent on t h i s  task was worthwhi le consider ing the  expense t h a t  would have 

otherwise accrued i f  changes were made dur ing  the d e t a i l  design or  

implementation phases. 

The design analys is  and p r e l  iminary synthesis consisted o f  t he  f o l l o w i n g  

main elements: 

’ o Sampler va lve locat ions,  type, and sequencing 

o Sampler va lve operat ion power source and operat ion i n i t i a t i o n  

o Sample pressure vessel requirements and safety ,  sample removal p o r t ( s )  

o Mater ia l  se lec t i on  

o Overal l  conf igurat ion,  general arrangements, spec ia l  schemes 

o Determination o f  smal lest  p r a c t i c a l  diameter and length 

o I d e n t i f i c a t i o n  of long  d e l i v e r y  t ime items or  spec ia l t y  items . 

o Fabr icat ion considerat ions and pre l im inary  cost ing.  
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Sampler Valve Locations, Type, and Sequencing 

Two valves are requ i red  f o r  a flow-through sampler--one a t  each end o f  the  

necessar i l y  elongated sample pressure vessel. Two opposed i n t e r n a l l y  seated 

check-valve type valves are used i n  the  sampler. During sample r e t r i e v a l  the  

i n t e r n a l  pressure r e l a t i v e  t o  the  outs ide pressure increases, which seats the  

valves more f irmly. The ac tua l  seal i s  produced by an O-ring i n  the va lve 

seat ing  surface. 

no O-ring ex t rus ion  under these condit ions, regardless o f  the  pressure 

d i f f e r e n t i a l  w i t h i n  the  l i m i t s  of  s t rength  o f  the cons t ruc t i on  mater ia ls .  

Valve sequencing presents a more complex problem. 

simp1 i c i t y ,  bo th  valves were arranged t o  remain open dur ing  sampler descent 

and then t o  c lose  a f t e r  some s u i t a b l e  pe r iod  a t  sampling depth. 

on l y  one s e t  o f  downhole va lve  ac t i on  c los ing  t o  secure the  sample. 

Proper va lve and va lve  seat g r i nd ing  and lapping w i l l  permi t  

I n  the  i n t e r e s t  o f  

This requ i res  

The f i l t e r s  present a r e a l  problem. If f i l t e r s  are used i n  the sample 

i n take  f l o w  path  the  f i l t e r s  might  c l o g  wh i l e  descending i n  a d i r t y  w e l l  and 

could poss ib l y  requ i re  excessive t ime a t  the  sampling depth i n  order  t o  ob ta in  

a representa t ive  sample. Further, t h e i r  use i n  two-phase f l o w  almost 

c e r t a i n l y  leads t o  problems i n  ob ta in ing  representa t ive  gas f r a c t i o n  samples. 

This, however, i s  be l ieved t o  be a generic disadvantage o f  f low-through 

samplers. Not using f i l t e r s  might lead t o  problems w i t h  va lve seat ing and 

O-ring ex t rus ion  i n  w e l l s  producing b r i n e  w i th  a l a r g e  content  o f  p a r t i c u l a t e s  

leading t o  leakage. The sampler was designed f o r  use w i t h  o r  wi thout  f i l t e r s .  

The requi red "parking" t ime a t  t he  sampling depth i s  a f u n c t i o n  o f  sample 

vessel volume versus the  f low r a t e  through the  sampler and the  des i red degree 

o f  sample q u a l i t y .  

between p e r f e c t  mix ing and p l u g  f low; g iven the  vessel shape and va lve 

loca t ions ,  i t  i s  c e r t a i n l y  c lose r  t o  the  l a t t e r .  The f l o w  r a t e  through the 

The f l o w  type i n s i d e  the  sample vessel i s  somewhere 
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sampler depends on several condi t ions:  the  w e l l  f l ow  ra te ;  the w e l l ' s  i n s i d e  

diameter and surface condi t ion;  t h e  sampler diameter; t he  shape o f  t he  bottom 

end o f  the sampler; the locat ion,  size, and shape o f  the  sampler's i n t e r n a l .  

f low , in le t  and o u t l e t  openings; and the  flow res is tance o f  t he  i n t e r n a l  f low. 

path,  from sampler i n l e t  t o  sampler o u t l e t ,  compared t o  the external  flow path.  

res is tance between the  same points .  

This f l o w  analysis could be made the  subject  o f  a s izeable .' 

analytical/computational exercise, b u t  an i n t e l l i g e n t l y  designed t e s t  i n  a 

su i tab le  f l o w  t e s t  r i g  (low pressure and temperature, w i t h  co r rec t i ons )  would 

be both cheaper and far  more convincing, p a r t i c u l a r l y  i f  the  in f luence o f  

clean o r  clogged f i l t e r s  i s  also t o  be ascertained. 

The sampler design based on these considerat ions i s  s t ra ight forward.  The 

design should provide as much f ree  i n t e r n a l  f low path cross-sectional area as 

possible,  i nc lud ing  f i l t e r  f ron ta l  area, t ak ing  i n t o  account the  mater ia l  and 

machining requirements. 

possible.  I n t e r n a l  flow i n l e t  and o u t l e t  &arrangements should u t i  1 i z e  the 

external  f low v e l o c i t y  e f f e c t s  i n  order t o  maximize the pressure d i f f e r e n t i a l  

t h a t  d r ives  the  i n t e r n a l  flow. The i n t e r n a l  flow ra te ,  however, can be on ly  a 

very  s m a l l ' f r a c t i o n  o f  the external  f l o w  ra te .  

SamDle Valve Power Source and I n i t i a t i o n  

Narrow f low paths should be made as shor t  as 

H e l i c a l  spr ings s e t  o r  cocked p r i o r  t o  sampler descent were chosen. as. the 

s implest  and most economical means o f  s t o r i n g  the  requ i red  va lve c losure 

energy w i t h  ve ry  h i g h  r e l i a b i l i t y .  

sampling depth by pyrotechnical  devices was b r i e f l y  considered (see Fig. 1.). 

The scheme was simple and economical, b u t  the problems associated w i  tti the 

an t i c ipa ted  we l l  pressure and temperature l e v e l s  caused t h i s  approach t o  be 

abandoned 

Release o f  the sp r ing  dr iven  valves a t  
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A 
SECTION B-B 

XBL 627- 23 I I 

Figure 1 .  Evolution of the high pressure flowthrough sampler-- 
f irst  sketch. 
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The i n t e n t  was t o  propel the valves toward t h e i r  seats w i t h  h igh  ve loc i t y ,  

thus c rea t i ng  enough disturbance i n  the b r i n e  t o  dis lodge and f l u s h  away any 

d i r t  t h a t  may have accumuTated on the seats. 

sea t i ng  fo rce  was expected t o  crush any remaining d i r t  pa r t i c l es ,  thereby 

ob ta in ing  t i g h t  enought seat ing- ' to <prevent O-ring ext rus ion.  

O-rings would furthermore e n s u r e ' i n i t i a l  sea l i ng  w i thout  which the  sampling 

The prov is ion  o f  h igh u n i t  area 

The firmly seated 

scheme w i l l  f a i l .  
I ,  

For t h i s  reason, ve ry  s t rong va lve  spr ings were-selected 

e i t h e r  a f a i r l y  robus t  re lease .'mechanism, or an' intermediate 

a m p l i f i c a t i o n  stage,J o r  both. Sampling would be achieved by 

* /  

which requ i red  

me ch an i c a l  

an 

e l  ec tr oma gne t i c a r r  an 

sampler va lve open and tr,ansmit 'the i e s u l t i n g  motion o f  t he  upper va lve 

through a connecting p u l l  r o d ' t o  a b a l l  lock ho ld ing  the lower va lve open, i n  

t u r n  re leas ing  t h e  lowe 

Sample Pressure Vessel Requirements and Safet 

n t ' t h a t  would re lease a b a l l  'lock ho ld ing  the upper 
I *  

,%  Ad I ." 

. i 

The sample pressure vessel invo lved two, maj'or bu t  unre la ted problems-the 
a c  

magnitude o f  the d i f f e r e n t i a l  pressure and thekneed t o  provide a path f o r  

removing t h e  sample. 

circumstances, perhaps even the  s ign )  o f  the d i f f e r e n t i a l  pressure t h a t  the  

sample pressure vessel would be  subjected to; No PVT data o r  bubble p o i n t  

data were ava i l ab le  for  a b i n a r y  wateraethane system, l e t  alone f o r  a mix ture 

o f  water, d isso lved solids,, and a mix ture of a t  l e a s t  three gases w i th  a small 

amount $of o ther  hydrocarbons. 

e s t a b l i s h  the  bas ic  pressure d i f f e r e n t i a l  and the  f i r s t  p r i n c i p l e s  of 

'thermodynamics establ ished a t  l e a s t  t h e '  s ign  o f  t h e  devi'ations f rom these 

values. 

'r' il 

I - -  
A ch ie f  concern was tfiedmagnitude (and under c e r t a i n  

< -  

Steam t a b l e  data f o r  l i q u i d  water was used t o  



For sampler pressure vessel des 

23 

gn purposes, the arges t con ce i v  ab 1 e 

d i f f e r e n t i a l  pressure would r e s u l t  when the sampler i s  i n  the  l u b r i c a t o r .  

This would occur at ,  o r  very  near, t he  bottomhole temperature o f  a f lawing 

w e l l  a f t e r  t h e  l u b r i c a t o r  pressure had j u s t  been released, b u t  before the  

coo l i ng  e f f e c t s  o f  the l u b r i c a t o r  had taken e f f e c t  ins ide  the  sampler. 

vessel would be subjected t o  the  w e l l  bottomhole pressure dur ing  t h i s  

t rans ien t  condi t ion.  

The 

The s implest  so lu t i on  was t o  make the the  sampler vessel s t rong enough t o  

susta in  t h i s  t rans ien t  condi t ion;  t he  r e s u l t  was an increased sampler 

diameter. With sa fe ty  as the  foremost considerat ion,  t he  sample pressure 

vessel was thus designed t o  simultaneously wi thstand a pressure d i f f e r e n t i a l  

equal t o  the  we l l  bottomhole pressure and a temperature equal t o  the  h ighes t  

downhole temperature. 

The second problem was t o  f i n d  a path through which the  sample could 

removed from the  sampler. Sample removal f rom e i t h e r  end o f  t he  v e r t i c a  

pos i t ioned sample vessel would make poss ib le  the  removal o f  gaseous o r  1 

contents on a separate o r  s e l e c t i v e  basis. The s o l u t i o n  invo lved hol low 

stems terminated w i t h  rup ture  disks, pe rm i t t i ng  r e t r i e v a l  o f  t he  sampler 

be 

1Y 

quid 

valve 

contents f rom e i t h e r  end o f  t he  vessel. 

valve could then be attached t o  e i t h e r  va lve 's  stem outer  end once the  sampler 

I n  t h i s  conf igurat ion,  a p i e r c i n g  

had been r e t r i e v e d  and the  pressure vessel sec t ion  had been removed from the  

sampler. The rup ture  disks, p roper l y  s ized  and ins ta l l ed ,  a lso  provided 

overpressure p ro tec t i on  f o r  t he  sample vessel, thus ensur ing safety.  

The upper va lve stem bore a long t h e  c e n t e r l i n e  o f  t he  stem w i l l  i nev i tab  

conta in  a small amount o f  trapped a i r  i f  the sampler i s  lowered down the we1 

w i thout  any specia l  measures. (The bore volume i s  about 1.5-2 m l  or  about 

0.15-0.2 percent o f  the t o t a l  sample vessel volume.) This amount of trapped 

Y 
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a i r ,  however small, must be considered a sample contaminant. . A  s i m i l a r  amount 

o f  a i r  w i l l  most ’ l i k e l y  be trapped i n  the  lower val.ve$stem-bore, s ince surface 

tens ion .e f fec ts  probably w i l l  prevent the trapped a i r  from r i s i n g  and being * .  

f lushed away. P a r t i a l  removal of t he  trapped a i r  i n  the va lve stems could be 

achieved b y ’ i n s e r t i n g  a loose ly  f i t t i n g  w i r e  i n  the stem bore, or  heat ing  or 

steaming t h e   sampler thoroughly i n  the l u b r i c a t o r  p r i o r  t o  pressur izat ion.  

The sample vessel i s  designed as a h igh  pressure vessel. ; The c o n t r o l l i n g  . 

dimensions were the  thread and thread r e l i e f  dimensions i n  the c losure ends o f  

the machined.,pressure vessel ba r re l .  The c losure u t i 1  i zed  modi f ied (maximum 

f e a s i b l e  bottom rad ius )  ACME, threads and was engineered f o r  l thread shear load 

and combin.ed loads from bending and a x i a l  load, w i t h  a nominal s t ress  

concentrat ion f a c t o r  of 3. 

MATERIAL SELECTION 

The extreme environment of a geopressuredswell and the  need f o r  t h e  sample 

vessel t o  a c t  as a h igh  pressure vessel requ i red  t h a t  c e r t a i n  mater ia l  

p roper t ies  had t o  be sa t i s f i ed ,  including: 

o Extremely h igh  s t rength  

o Extreme toughness 

o Imnunity t o  ch lo r i de  ion s t ress corros ion crack ing 

o 

Main ta in ing  t h e  p u r i t y  o f  t he  sample wh i le  i t  res ided i n  the sample vessel 

Immunity t o  s u l f i d e  s t ress  crack ing 

for  several  hours requ i red  except ional  general cor ros ion  res is tance a t  h igh  

temperatures* and pressures. 

To keep the  sampler diameter as small as possible, i t  was mandatory t h a t  

a l l  sampler par ts  ‘adjacent t o  the magnetic c i r c u i t  . o f  the va lve  re lease 

mechanism. be nonmagnetic. Fabr icat ion o f  t he  prototype o f  t h i s  f a i r l y  complex 

piece o f  equipment a lso  requ i red  s i n g l e  p o i n t  mach inab i l i t y  o f  the mater ia l .  
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The cons t ra in ts  o f  t ime and budget also made i t  desi rab le t h a t  the sampler 

ma te r ia l  be r e a d i l y  ava i l ab le  as bar  and tub ing  i n  a v a r i e t y  o f  diameters and 

wa l l  

as sp r ing  wi re,  bear ing bal ls, and fasteners. 

a lso desirable.  

thicknesses, and preferably  as semi fab r i ca ted  and standard items, such 

A low per-cubic-inch p r i c e  was 

Near ly a l l  conventional mater ia l  choices f a i l e d  some o f  these se lec t i on  

c r i t e r i a .  

completely s a t i s f i e d  these mater ia l  requirements. Thus, MP35N was judged t o  

be the most su i tab le  cons t ruc t ion  mater ia l ,  a t  l e a s t  f o r  the e n t i r e  sample 

O f  the candidate mater ia ls ,  the unique mult iphase a l l o y  MP35N most 

vessel assembly, a l l  the springs, and any other  h i g h l y  stressed sampler 

parts.  MP35N i s  a vacuum induc t ion  melted, vacuum arc remelted quaternary 

metal a l l o y  nominal ly  composed of 35% Co, 35% Ni ,  20% C r ,  and 10% Mo. 

the favorable combined proper t ies  o f  ve ry  h igh  strength,  good d u c t i l i t y ,  and 

except ional  res is tance t o  a l l  forms o f  corrosion, i nc lud ing  simultaneous 

It has 

immunity t o  bo th  ch lo r i de  s t ress  corros ion crack ing and s u l f i d e  s t ress  

cracking. It can e x h i b i t  u l t ima te  t e n s i l e  s t rength  l e v e l s  i n  excess o f  

260,000 p s i  wh i l e  s t i l l  mainta in ing good d u c t i l i t y - - a  40% reduc t ion  i n  

area. A modest increase i n  u l t ima te  s t rength  can be f u r t h e r  achieved by aging 

the a l l o y  a f t e r  work strengthening, a t  the expense o f  a very s l i g h t  lowering 

o f  d u c t i l i t y .  

Fat igue was no t  expected t o  be troublesome, s ince  the  load cyc le  count 

p red ic tab l y  would be low. Although f a t i g u e  crack ing u l t i m a t e l y  leads t o  

ca tas t roph ic  fa i l u re ,  i t  i s  ne i the r  sudden nor w i thout  warning; t he  crack 

progresses on ly  s l i g h t l y  w i t h  each load cycle, thus a f f o r d i n g  ample 

oppor tun i ty  f o r  i t s  detect ion.  

The mach inab i l i t y  of MP35N was the  l a rges t  concern. I t s  pecu l ia r  

propert ies,  p a r t i c u l a r l y  r e l a t e d  t o  work strengthening, make comparisons w i t h  
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other h i g h  performance alloys di.fficult. 

Waspaloy, :bu t  such a comparison misses i t s  mark.) 

aging is 'a matter of choice, b u t ' i n  any case i s  very d i f f i cu l t .  

machine shop m i g h t  run into severe problems. The amoun't and variety of I 

machining involved in this project proved very ambitious by cornparison to  

other projects involving MP35N machining. 

( I t  is generally compared to  

Ma'chiming before or after '  

The average I 

' -Availability of MP35N i n  ear ly  1980 was questionable: Bar stock was 

generalqy available ins limited diameters from the primary producer, Latrobe 

Steel 'Company.' The ava i lab i l i ty  o f  .any one diameter- could prove uncertain, 

w i t h  correspondingly long lead times. 

General Considerations 1 

The exter ior  of the sampler should be en t i re ly  srmoth and of uniform 

diameter to ~minimize;the"ch'ances of the sampler gett ing stuck i n  the we1 1. 

protuberances or appendages would be a1 lowed. 

No 

Proper 'function of the sampler logically placed the sample vessel assembly 

a t  the bottom of the sampler. 

pressure vessel (including machining considerations), prevented logitudinal 

piercing' or grooving of the vessel wall to  accommodate mechanical or 

e lec t r ica l  components required to  oper'ate the lower sampler valve. Threading 

e lec t r ica l  wires through the vessel inter ior  proper for this purpose i s  not 

feasible.  The only viable option i s  the pull- rod- through the center o f  the 

vessel. 

Maintaining the integri ty  o f  the sample 

Electrical wires in the sampler present both inconvenience and a 

r e l i a b i l i t y  problem. 

assembly, ought to  be eliminated and replaced w i t h  a better arrangement. The 

number of e lec t r ica l  contacts, or wiring jo in ts ,  should be minimized. 

Coiled wires, customarily used" to permit screwed 
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It was f i n a l l y  decided t o  s p l i t  t he  s inker  bars i n  h a l f ,  c e n t e r l i n e  b a l l  

m i l l  groove them lengthwise, and stack them on top  o f  t he  sampler, hooked 

together w i t h  l i m i t e d  freedom b a l l  and socket j o i n t s .  The s inker  bars would 

merely surround the  sampler cable which would cont inue unbroken i n t o  a cone 

and socket terminat ion i n s i d e  the  sampler cable head. This allowed el imina- 

t i o n  o f  the trouble-prone screwed and O-ring sealed mechanical and e l e c t r i c a l  

j o i n t s  which are normal ly found between the  s inke r  bars and the  s inker  bar and 

t o o l .  

considered less  prone t o  g e t t i n g  stuck i n  a w e l l  compared t o  a r i g i d l y  screwed 

s inke r  bar  arrangement. 

The l imber y e t  smooth arrangement o f  b a l l - j o i n t e d  s inke r  bars was a lso 

D i  ame t e r  and Len g t h  

The design o f  t he  sampler was aimed a t  minimizing both the  length and the 

diameter. A small diameter would mean t h a t  more we l l s  would be accessible for  

sampling, and a shor t  length would provide less chance o f  t r o u b l e  i n  the 

wel l .  Easier handl ing and reduced costs would r e s u l t  i n  both cases. 

DESIGN 

The design phase s ta r ted  i n  March 1980 w i t h  the  f o l l o w i n g  act ions:  

o Select ing o f  MP35N as the  sampler ma te r ia l  f o r  a l l  par ts  t h a t  would 

come i n t o  external  or  i n t e r n a l  contact  w i t h  the  br ine.  This amounts t o  

the e n t i r e  sampler except f o r  the pa r t s  immersed i n  pressure balance 

o i l .  

o Select ing t h e  sampler diameter o f  2.25 inches. 

o Ordering s u f f i c i e n t  bar stock f o r  two samplers. 

o Devising an electromagnetic type va lve re lease mechanism. 

o Designing the sampler valve mechanisms, coupl ing them, and connecting 

them t o  the  electromagnetic va lve re lease mechanism. 
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Electromagnetic Valve Release Mechanism 

The electromagnetic'  va lve release i s  achieved- b y  i n t e r r u p t i n g  t h e  cu r ren t  

t o a ' a  ho ld ing  magnet. Th i s  scheme'necessitates an extremely re1  i a b l e  magnet' 

power source t h a t  suppl ies the  'magn'et w i t h  a ho ld ing  cu r ren t  u n t i l  i t s  

armature ' i s  'released, which in' t u r n  releases (e.g., c loses)  the  samplepvalves 

sequent ia l ly ,  thus, accompl' ishing'tf ie capture' o f  t h e  sample. 

A t  ambient temperature, a ho ld ing  f o r c e  on the  order o f  175 t o  200 pounds 

can e a s i l y  be'produced w i t h  a'power expenditure i n  t h e  c o i l  i n  the range o f  a 

few tens t o  a few hundred m i l l i w a t t s ,  depending on the des i red sa fe ty  fac to r .  

The c o i l  power requ i red  t o  maintain a f i x e d  number o f  c o i l  ampere-turns 

increases p r o p o r t i o n a l l y  t o  the temperature induced increase i n  the  res is tance 

of  t h e  c o i l  conductor. A t  45OoF t h e  power would n o t  exceed 500 m i l l i w a t t s .  

The c o i l  'needs t o  be energized- f o r  f a i r l y .  long periods--during the descent and 

during, "parking,Io a durat ion o f ' b p  

continuous du ty  c o i l  exc i ta t i on .  

f u rn i sh ing  a very e f f i c i e n t  heat removal path enabl ing the  c o i l  e a s i l y  t o  shed 

ny: hours, e s s e n t i a l l y  r e q u i r i n g  

This'was'maae poss ib le  by a design 

i t s  i n t e r n a l l y  generated heat. 

Valve Mechanisms 

B a l l  lock arrangements, checK type valves, and h e l i c a l  spr ings were the  

p r i n c i p a l  design elements, se1ected"for t h e i r  re1 i a b i l i t y , - s i m p l i c i t y ,  and 

economy. These machine element< 'were success fu l l y  i n teg ra ted  w i t h  the  magnet 

re lease mechanism, the  s e t t i n g  mechanism and the  va lve operat ing mechanisms. r 

The f i n a l  design s o l u t i o n  was considered very sa t i s fac to ry :  

o The c a p a b i l i t y  o f  s e t t i n g -  the  f u l l y  assembled sampler a t  t he  surface 

f a c i l i t a t e s  predescent sampler t e s t i n g  and'greatly s i m p l i f i e s  sampler 

I operat ions i n  general. 
\ .  
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o The s e t t i n g  can be achieved s imply  and qu ick ly .  

o The operat ional  s ta tus o f  the  sampler i s  e x t e r n a l l y  v i s i b l e  a t  a l l  

t imes . 
o The necessary par ts  are e a s i l y  designed and manufactured. 

o The r e s u l t i n g  e l e c t r i c a l  and mechanical funct ions,  though s u p e r f i c i a l l y  

complex, i n  r e a l i t y  a re  s t ra igh t fo rward  and extremely r e 1  iab le .  

DETAIL DESIGN 

The d e t a i l  design s ta r ted  i n  e a r l y  May 1980. The i n i t i a l  layout  i s  shown 

i n  Fig. 2. 

o i l  imnersion arrangement f o r  t h e  cable head, the  magnet assembly and i t s  

switches. 

and provided f o r .  

areas-structure, o i l  compatibl i ty ,  and se rv i c ing  capab i l i t y .  

This program phase centered on the design o f  a pressure-balanced 

R e t r o f i t  c a p a b i l i t y  f o r  added inst rumentat ion was also inves t iga ted  

The design o f  t he  o i l  imnersion system emphasized three 

The design of t he  o i l - b r i n e  pressure balance chamber and i t s  outs ide 

connections invo lved the evaluat ion o f  the fo l lowing:  

o Re la t i ve  bulk modulus and volume thermal coef f ic ients  of b r i n e  and o i l  

o Re la t i ve  dens i ty  and surface tens ion re la t i onsh ips  and the mechanical 

clearance volume sizes and shapes 

o Damping requirements 

o O i l -b r ine  emu ls i f i ca t i on  problems 

o 

o Possible suct ion e f f e c t s  o f  t he  external  b r i n e  medium 

Generally, below the  b r i n e  breath ing p o r t  an upper s e t t i n g  chamber was 

I n t e r n a l  volume changes o f  o i l  space 

provided i n  which the  in te r face  ( i f  any) between o i l  and b r i n e  would l i e .  

This chamber would be separated from the  lower reg ions w i t h  a ceramic 

separator made from a Norton gr ind ing  wheel. P r i o r  t o  sampler use, t h i s  
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porous separator f i l l s  w i t h  o i l  as the e n t i r e  system f i l l s  w i t h  o i l  from the  

i n j e c t i o n  p o r t  below. The r e l a t i v e l y  low surface tension o f  Krytox o i l  (<20 

dynes per cm a t  78.8OF) promotes good wett ing.  A p r i n c i p a l  concern was t h a t  

f i n e  emulsions might form and s t a r t  t o  migrate about i n  the o i l  space, perhaps 

causing a shor t  c i r c u i t .  If emulsions form i n  the o i l - b r i n e  balance chamber 

(due t o  shaking and r a t t l i n g  o f  the sampler), the o i l  drops w i l l  coalesce i n t o  

t h e  o i l  wetted separator surface and the  water d rop le ts  w i l l  be repe l l ed  f rom 

the  separator surface. The separator thus ac ts  as an emulsion-breakdown 

surface f o r  t he  f l u i d  and simultaneously prevents d i r t  f rom enter ing  the  

i n t e r i o r  o f  t he  o i l  space. 

The o i l  selected for  these tasks had t o  d i sp lay  s u i t a b i l i t y  i n  the 

f o l l o w i n g  areas: 

o Evaporative loss r a t e  

o Thermal s t a b i l i t y  and nature of thermal breakdown products 

o Compat ib i l i t y  w i t h  the  necessary elastomers and e l e c t r i c a l  i n s u l a t i o n  

mater i a 1 s 

o Hydro l y t i c  breakdown res is tance 

o C a t a l y t i c  breakdown res is tance 

o 

o I n s u l a t i o n  c h a r a c t e r i s t i c s  

o Emuls i f icat ion proper t ies  and v i s c o s i t y  range 

o Flammabi l i ty  and t o x i c i t y  

The o i l  f i l l i n g  o f  t he  o i l - f i l l e d  sampler pa r t s  would be achieved through 

I n t e r s o l u b i l i t y  o f  br ine,  o i l ,  and a i r  

o i l  i n j e c t i o n  por ts  i n  t h e i r  lowest par t .  The unique Krytox f l u o r i n a t e d  o i l s  

developed by du Pont appeared genera l l y  sa t i s fac to ry .  

proper t ies o f  these syn the t i c  l i q u i d s  solves most o f  the an t i c ipa ted  

problems. These o i l s  e x h i b i t  extreme chemical inertness and res is tance t o  

The except ional  
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phys ica l  removal t h a t  permi t  operat ional  temperatures f a r  i n  excess of  

anyth ing 'encountered i n  a geopress'ured we1 1. 

grease are extreme pressure lubr ican ts -  and antiseiz'ure compoun 

funct ion we l l  a t  very  h igh  pressures. 

Both 1 Krytox o i l  and Krytox 

The movement of th'e o i l - b r i n e  in te r face  i n  the'balance chambers depends on 

the  pressure-temperature h i s  t o r y  as the sampler 'moves i n  the geopressured 

welT. 

volume thermal expansion c o e f f i c i e n t s  o f  the balanced f l u i d s .  

leaves the sampler dur ing  descent" and someb'brine enters  the chambers dur ing 

ascent. 

s i t u a t i o n  w i th  a large margin o f  safety ,  before the*  i n t e r f a c e  reached t h e '  

separator. The sampler requ i res  45 m i l l i l i t e r s  o f  o i l  t o  f i l l  the cablehead 

sec t ion  and 85 m i l l i l i t e r s  t o  fill the magnet assembly sect ion.  The dens i ty  

o f  Krytox 143 AD o i l  a t  room tempera e ' i s  approximately 1900 kg/m3, and a t  

a l l  encountered temperatures and pressures i t s  dens i ty  i s  h igher  than t h a t  of 

t he  geopressured we1 1 br ine .  

'' 
This interface*'mvement, o f  course, depends on the bulk moduli and the  

Generally, o i l  

The balance chambers were dimensioned t o  handle t h e  wor's't case 

The o i l - b r i n e  pressure balanced design, provided the f o l l o w i n g  advantages: 

o No l i m i t  t o  the downhole pressure c a p a b i l i t y  o f  the sampler mechanisms 

o No moving par ts  would be subjected t o  unbalanced pressure forces 

o No pressure d i f f e r e n t i a l s  across any O-rings external  t o  the sampler 

vessel, which impl ied a higher temperature to lerance f o r  these seals as 

we1 1 
t 7  

:e 0" Bui'l t - i n  l u b r i c a t i o n  and 'damping media 

. o ' 'E lec t r i ca l  i nsu la t i on '  immune t o  s c u f f i n g  and leakage paths 
, 

Both of t h e . o i l - b r i n e  balance pressure systems 'are f i l l e d  through o i l  

i n j e c t i o n  por ts  equipped w i t h  spr ing  loaded ceramic b a l l  check valves which ' 1  

I .  

open a t  external  overpressures o f '  about 4 50 p s i  . Lower i n j e c t i o n  pressures 
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were preferred and therefore the i n j e c t i o n  n i p p l e  i s  equipped w i t h  a s l i t t e d  

t e a t  t h a t  opens the  va lve when screwed i n  place f o r  f i l l i n g .  

The Krytox 143 AD o i l  i s  h i g h l y  viscous a t  room temperature. 

both the sampler o i l  spaces and the o i l  i n j e c t i o n  tube i s  necessary t o  make 

the o i l  move and proper ly  f i l l  the  spaces. 

Heating of 

(he hundred m i l l i l i t e r  glass 

hypodermic syringes were used f o r  t h i s  purpose. It i s  important t o  f i l l  the 

space very s lowly  t o  avoid trapped a i r  bubbles and t o  give g r a v i t y  and the low 

surface tension forces time t o  act  before a closed (i.e., s t a b l e )  o i l  surface 

forms around an a i r  volume. F i l l i n g  the o i l  space normal ly takes about 30 t o  

60 minutes. 

Heating t h e  sampler sections i s  e a s i l y  accomplished by f l e x i b l e  

wraparound, snap-on, or laced, i nsu la ted  s i l i c o n e  rubber e l e c t r i c  heater 

blankets, p r e f e r a b l y  fed by a Variac transformer and equipped w i t h  a 

thermostat. The sampler sections should be heated t o  about 225OF-250OF. 

A heater blanket power o f  about 5 watts per square inch a t  f u l l  heater vo l tage 

i s  required. 

I n d i r e c t  hea t ing  of t he  f i l l  tube i s  s u f f i c i e n t  and i s  most  s imply and 

q u i t e  s a t i s f a c t o r i l y  accomplished by i n s u l a t i n g  the tube. 

discharges d i r e c t l y  i n t o  a f low passage through a copper block p r i o r  t o  

en te r ing  the f l e x i b l e  tube. 

about 250OF w i t h  a c a r t r i d g e  heater c o n t r o l l e d  by a thermostat. 

The syr inge o i l  now 

The copper block can convenient ly be heated t o  

I n t e g r a l  instrumentat ion compartment(s), p rov i s ions  f o r  l a t e r  r e t r o f i t  o f  

an instrumentation, and an e lec t ron i cs  module would add a t  l e a s t  one external  

pressure vessel compartment and one o i l - f i l l e d  compartment t o  the  sampler. 

Thus, pressurized (and perhaps unpressurized) bulkhead and pressure vessel 

c losure designs, 2.25 inches i n  diameter, would be required, as would be 

high-pressure high-temperature e l e c t r i c a l  feed-throughs f o r  these bulkheads 

and closures. 
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The e lec t ron i cs  i nve r ted  pressure vessel would the re fo re  have t o  be 

i n s t a l l e d  between the top  o f  the sampler and. t h a t  sect ion o f  the sampler 

conta in ing t h e  electromagnetic re lease assembly. - A t  l e a s t  one l o c a t i o n  i n  the  

sampler w i l l  have t o  be an o i l  f i l l e d  space w i t h  o i l - b r i n e  balance chambers-to 

breathe r a d i a l l ’ y  t o  the  b r i n e  surrounding t h e  c y l i n d r i c a l  sampler. Thei 

ex te rna l  b r i n e  f l o w  condi t ions w i l l  d i f f e r  from the condi t ions o f  the 

breath ing path f o r  t he  o i l - b r i n e  balance chamber . i n  the cablehead sect ion.  

The design included f o r  t e s t  purposes a side-breathing’bulkhead t h a t  

separated the  magnetic re lease sect ion and the  cableti@ad section, w i t h  a view 

toward design a d a p t a b i l i t y  t o  a l a t e r  requi red pressur ized bulkhead w i t h  

pressur ized e 1 ec t r  i c a l  f eed-t hrough f o r  instrumentat ion compartment r e t r o f  i t 

c a p a b i l i t y .  The remaining d e t a i l  design tasks included the fo l lowing:  

o Sampler springs. The MP35N spr ings were ca lcu lated ’  us ing  a v a i l a b l e  

w i r e  sizes. The magnet armature re lease spr ings were ca l cu la ted  t o  

provide a s a f e t y  f a c t o r  o f  t h r e e  against  premature re lease with the+ 

magnet c o i l  energized and a safety f a c t o r  o f  three against  non-release 

o f  t h e  armature due t o  remanent magnetism a f t e r  t he  c o i l  had been 

de-energized. The sampler valve spr ings were designed t o  provide 165 

pounds o f  seated force, t o  wi thstand f u r t h e r  t r a n s i e n t  compression t o  

260 pounds f o r c e  dur ing se t t i ng ,  and t o  r e l a x  t o  212 pounds f o r c e  i n  

the  cocked condi t ion.  

o Screwed j o i n t s .  Arranging and marking o f  p re fe r red  l oca t i ons  o f  

screwed j o i n t s  a1 lowed convenient subassemblies t o  be preassembled, 

checked, and serviced. 

convenient removal o f  the sample vessel proper: 

I n  addi t ion,  t h e  j o i n t ‘ d e s i g n  permits f a s t  and 
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o Mechanical secur i ty .  Accidental i n t e r n a l  or external  disassembly was 

mainly guarded against  by proper mechanical design, and, where 

necessary, by lock screws and pins. 

o Clearances and tolerances. I n  most places close clearance was not  

required. With a few exceptions-the pressure vessel assembly and the 

re lease magnet assembly-clearances and r e s u l t i n g  to lerances were 

l i b e r a l .  Catalog tolerances were used f o r  a l l  O-ring grooves. 

o Surface f i n i sh .  I n  most places, surface f i n i s h  was not  considered 

c r i t i c a l .  

Seizure o r  ga l l i ng .  

subs tan t i a l  problem w i t h  MP35N. To s a t i s f a c t o r i l y  solve the problem, 

a l l  mating and moving MP35N surfaces were t rea ted  w i t h  tungsten 

d i s u l f i d e  by the "Dicroni teI1 process. 

All surfaces were passivated a f t e r  f i n i s h e d  machining. 

o Protect ion against  seizure o r  g a l l i n g  was a 

o Lubr icat ion.  The tungsten d i s u l f i d e  dry l u b r i c a n t  f i l m  may be 

s u f f i c i e n t  t o  l u b r i c a t e  those pa r t s  outs ide the o i l  immersion areas. 

However, a l l  threads and a l l  contact  areas were a d d i t i o n a l l y  l u b r i c a t e d  

w i t h  du Pont Krytox 240 AD f l u o r i n a t e d  grease, produced by th ickening 

Kry tox  143 AD o i l  w i t h  Vydax f luorotelomer sol i d s  . The grease was 

f u r t h e r  compounded w i t h  a 5 percent by weight suspension o f  tungsten 

d i s u l f i d e  so l ids.  

o Nonimnersed parts.  Prov id ing an acceptable environment f o r  mechanical 

p a r t s  n o t  imnersed i n  o i l  was a concern: sand o r  s i l t  might jam 

t h e  mechanisms. S i l t  problems were avoided b y  p rov id ing  l a r g e  

clearances wherever possible. 

having a l l  i n t e r n a l  spaces above the  sample vessel assembly make 

contact  w i t h  the outs ide b r i n e  s o l e l y  through the  sample vessel f low 

path exhaust f i l t e r  o r  the sample vessel i t s e l f .  

Sand was e l iminated .as a concern by 

Sand would the re fo re  
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be kep t  away from a l l  mechanical pa r t s  by f i l t e r s .  S i l t :  passing 

through the  f i l t e r ' s  genera l ly  would no t  be a problem .due t o  adequate 

clearances; moreover, s i l t  would have t o  move upward through stagnant 

b r i n e  t o  reach any mechanical parts.  The se t t ingap is ton  &clearance gap 

avoids c logging by  being f i l l e d  w i t h  Krytox grease dur ing assembly and 

a f t e r  s e t t  i n g. 

o E l e c t r i c a l  insu la to rs .  Alumina was selected f o r  t he  s t r u c t u r a l  

e l e c t r i c a l  i nsu la to rs  because o f  i t s  ind isputab ly  h igh  temperature 

capab i l i t y ,  c o m p a t i b i l i t y  w i t h  Krytox o i l s ,  and compatible c o e f f i c i e n t  

o f  thermal expansion. I t s  disadvantage -is the f r a g i l i t y  o f  ceramic. 

o Pressure'vessel  c losure O-ring seal backup r ings .  The best mater ia l  

f o r  t he  backup r i n g s  i s  probably annealed MP35N which w i l l  e l im ina te  

ga lvanic  couples and w i l l  presumably be s o f t  enough t o  act  as a 

s a t i s f a c t o r y  backup r i n g .  

problems. 

prototype sampler. 

Rupture disks.  

Krytox grease-coated Inconel  standard d isks have been used so f a r  w i t h  

no problems. 

I t might, however, cause some machining 

Brass r i n g s  coated w i t h  Krytox grease were chosen f o r  t he  

o The rup tu re  d isks 'ought  t o  be made from MP35N b u t  

o F i l t e r s .  An uncontroversial  so lu t i on  consis ts  o f  w i r e  mesh f i l t e r s  

made from MP35N. For the prototype sampler f i l t e r s ,  cut-down gr ind ing  

wheels were used b 

o Sinker bars and f i s h i n g  provis ions.  A general s inker  bar design scheme 

i s  avai lab le,  b u t  no d e t a i l  design. 

were t o  be agreed upon by DOE and the  we l l  operat ing company f o r  

execut ion p r i o r  t o  use i n  a spec i f i c  we1 1. 

F ina l  arrangements f o r  the bars 
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o Se t t i ng  t o o l s  f o r  the sampler. 

provided for  t h e  sampler. 

Two simple custom designed too l s  were 

FABRICATION 

The low-bid contract  was awarded i n  October 1980 t o  Humboldt Instrument 

Company, San Leandro, Ca l i f o rn ia .  They f i n i s h e d  the sampler i n  December 

1980. 

which were subcontracted and del ivered i n  January 1981. 

The on ly  delay occurred w i t h  the  valve c e n t e r l i n e  0.093 diameter bores, 

A l l  the s i n g l e  p o i n t  

machining performed by Humboldt Instrument Company was done w i t h  carbide 

tools,  except d r i l l i n g  and tapping, which was done w i t h  h igh  cobal t ,  h igh 

speed s tee l  b i t s .  The MP35N mate r ia l  and machining costs are summarized below: 

Mater ia l  cost  About $11 per purchased cubic inch, as 
average diameter bar stock. 

Complex p a r t  machining cost About $100 per cubic inch o f  ma te r ia l  
removed. 

Machining time About 0.60 cubic inches average removal per 
o v e r a l l  machining hour ( inc ludes 
sharpening, t o o l  changes, head scratching, 
etc.). 

Machining cost f o r  a s i n g l e  task About $10 per cubic inch removed 

Machining t ime About 2.5 cubic inches o f  removal per 
mach i n  i n g hour 

Both the  pressure vessel bore and the  va lve stem bores were completed 

wi thout  OD machining ( runout)  allowance. The machining was accomplished from 

both ends, meeting i n  the middle o f  t he  work piece. The r e s u l t i n g  meeting 

e r r o r  was approximately 20 m i l s  f o r  the gun d r i l l e d  vessel bore and 

approximately 5 m i l s  for  each of t he  va lve stem bores. 

Humboldt chose t o  machine the c o l d  drawn and unaged MP35N. Aging was 

delayed u n t i l  a l l  par ts  were machined. The sampler was n a t u r a l l y  aged dur ing 

scheduled l abo ra to ry  t e s t i n g  and i n  the we l l .  
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Contact assemblies were designed t o  permit  convenient, f a s t  and r e 1  i a b l e  

assembly and disassembly of t he  sampler. These arr-angements a lso al low simple 

and fas t  checkout o f  the sampler i n  the f i e l d .  The sampler s e t t i n g  (cocking) 

t o o l s  were also designed dur ing t h i s  per iod.  

The magnet and the  armature caused no p a r t i c u l a r  problems. The three 

a x i a l  o i l  passage grooves i n  both armature and magnet body were sparked, 

through w i th  a f u l l  form graphi te  electrode. 

The c o i l  was wound manually, guided on a standard c o i l  winding machine. A 

c o i l  form was used and each layer  was soaked w i t h  epoxy a f t e r  winding. The 

winding was done w i t h  a heat lamp c lose t o  the c o i l ,  c rea t i ng  a c o i l  

temperature o f  about 1700F-1900F dur ing  winding. The epoxy was brushed 

on, t ak ing  care t o  avoid trapped a i r .  A f te r  the winding was completed, the 

bulk  o f  t he  epoxy c o i l  form was machined away, the  copper sho r t i ng  r i n g  and 

the pure s i l v e r  contacts were i ns ta l l ed ,  and the e n t i r e  assembly was po t ted  i n  
.. 

a form w i t h  epoxy. Chce vacuum c u r i n g ' i n  an oven was completed, t he  epoxy 

form was machined away and the c o i l  was machined t o  f i n a l  dimensions. The 

e n t i r e  process worked very s a t i s f a c t o r i l y  w i t h  no signs o f  trapped a i r .  

A complete l i s t i n g  of the companies which suppl ied spec ia l t y  items o r  ., 

spec ia l  services f o r  t he  sampler i s  given i n  Appendix B. 

f in ished sampler par ts  i s  shown i n  Fig. 3. 

A photograph o f  t he  

A complete se t  of drawings f o r  the 

sampler i s  ava i lab le  a t  LBL (see Appendix C) .  

TEST1 NG 

Idea l l y ,  t he  sampler should be laboratory  tes ted  i n  a f a c i l i t y  t h a t  can 

dupl icate,  tor c l o s k l y  approximate, the geopressured *downhole environment. 

LBL's knowledge, no such f a c i l i t y  ex i s t s .  

piecemeal tes t ing ,  s imu la t ing  the downhole condi t ions e i t h e r  s i n g l y  o r  i n  

poss ib le  combinations. 

To 

The bes t  approach, then, i s  
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Figure 3. Flowthrough downhole sampler for geopressured brines 
developed for the Gas Research Insti tute.  
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The f o l l o w i n g  minimum t e s t s  were scheduled: 

o V e r i f i c a t i o n  t e s t  o f  t he  magnet re lease assembly i n  a i r  a t  a number o f  

temperatures up t o  400OF. 

o Operational t e s t  o f  sampler immersed (bare ly )  i n  water a t  ambient 

temperature 

o Hydrostat ic  t e s t  of t he  sample vessel assembly a t  pressures and 

temperatures up t o  25,000-30,000 p s i  and 450OF, us ing  a r t i f i c i a l  

b r i n e  (wi thout  the gaseous components). This t e s t  geo pressured we 1 

was also planned 

o Operational t e s t  

t o  serve as an O-ring se lec t i on  t e s t  f o r  t he  vessel. 

o f  sampler immersed i n  water or  b r i ne  i n  an autoclave 

a t  the  h ighes t  pressure and temperature ava i l ab le  w i t h i n  the  sampler's 

design envelope o f  25,000 p s i  and 450oF. 

Sat i s fac to ry  completion o f  these four  t e s t s  would amply q u a l i f y  the 

sampler f o r  use i n  a DOE "Design Wel l"  i n  Texas o r  Louisiana. I f  feas ib le ,  

the sampler could a lso be tested i n  a geothermal we l l  t o  v e r i f y  t h a t  the t o o l ,  

as expected and designed for, would behave w e l l  under f i e l d  condi t ions.  

A small  number o f  sampler accessories--such as convenient o i l  i n j e c t i o n  

gear, sampler heat ing jackets,  and a few specia l  assembly tools--were planned 

t o  be designed, purchased, o r  fabr icated,  as needs arose dur ing tes t i ng .  

The f o l l o w i n g  t e s t s  have been performed: 
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o Magnet design v e r i f i c a t i o n  t e s t .  The magnet and i t s  armature were 

i n s t a l l e d  i n  an oven i n  such a way t h a t  t he  f o r c e  requ i red  t o  p u l l  t he  

armature away f rom the  face o f  the  magnet would be measured. The maximum 

ava i l ab le  oven temperature was approximately 40OoF. The temperature o f  

t he  magnet proper could be measured w i t h  a thermocouple. 

Two measurements were taken, each repeated f i v e  times f o r  a number o f  

temperatures up t o  about 40OoF: Measurement o f  t he  f o r c e  requ i red  t o  

p u l l  t he  armature away from the  magnet face, when the  magnet c o i l  was 

d r i v i n g  the  magnet i r o n  h igh  i n t o  sa tu ra t i on  ( w e l l  beyond the  knee o f  t he  

magnet izat ion curve); measurement o f  t he  f o r c e  requ i red  t o  p u l l  the  

armature away f rom the  magnet face a f t e r  t he  magnet c o i l  had been 

de-energized f o l l o w i n g  magnetization. These t e s t s  measured the  p u l l  needed 

t o  remove the  armature as he ld  by  the  remanent magnetism o f  t he  magnet. 

The c o i l  ampere-turns were kept  constant dur ing the  tes ts .  The r e s u l t s  

were p l o t t e d  against  the  temperature o f  the magnet (F ig .  4 )  and e x h i b i t  

t he  expected f a l l o f f  o f  ho ld ing  power w i t h  increas ing temperature. The 

r e s u l t s  are a lso  p l o t t e d  on the  o r i g i n a l  design p l o t  f o r  t he  magnet 

( F i g .  5) .  I t  i s  ev ident  t h a t  the  design was entirely successful. The 

t e s t s  a l s o  showed t h a t  t he  vo l tage sp ike generated by t he  magnetic f i e l d  

co l lapse dur ing  acc identa l  re lease under f u l l  chosen c o i l  ampere-turns 

amounted t o  about 800-1000 vo l ts ,  which might damage the  c o i l  o r  the  cable; 

however, t he  capac i ty  o f  j u s t  a few hundred f e e t  o f  attached cable caused 

the  sp ike t o  drop below 100 vo l t s ,  which would be harmless t o  both the  c o i l  

and the  cable. 

During normal nonaccidental release, t he  c o i l  vo l tage spikes can be reduced 

t o  t r i v i a l  l e v e l s  by  e f fec t ing  the  re lease by s lowly  reducing the  suppl ied 

c o i l  vo l tage u n t i l  re lease occurs. 

as a p o t e n t i a l  problem by  revers ing  the  c o i l  p o l a r i t y  and s lowly  increas ing 

t h e  vo l tage from zero u n t i l  re lease occurs. 

Remanent magnetism can be e l im ina ted  
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' Figure 4. Sampler 'mgnet holding force versus temperature, five 
points w i  th each temeprature (December 15, 1980). 
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Ampere turns 
XBL 827-2309 

Figure 5. Magnet force plotted against the temperature of the magnet. 
Holding force curves 1 and 2 were plotted on March 18, 1980, 
fo r  a i r  gaps of 2 mils and 8 mils, respectively, assuming 
Allegheny Ludlum relay steel No. 5, bar stock, hydrogen 
annealed a t  1850°F (dry hydrogen). Actual s tee l  used for  
the magnet was carpenter e lec t r ica l  iron machined from 
2-1/2 i n .  diam. forging annealed a f t e r  machining i n  wet 
hydrogen (dew point 122°F) a t  1560°F fo r  4 hours (This 
s tee l  was available;  Relay No. 5 was not . )  Study of F i g .  4 
will resolve the apparent discrepancy between holding 
force,  spring force,  and release ampere-turns. 
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o Autoclave t e s t .  The sampler performed f l a w l e s s l y  a t  21,000 p s i  and 

400oF i n  b r ine .  The sampler was immersed i n  t h e  autocalve a t  about 

20WF and i n  approximately 1-1/2 hours it reached 21,000 p s i  and 

40OoF. 

I .  ~. 1 

< ,  L 

' ,  
%% 3 ' 

The sampling a c t i o n  was then i n i t i a t e d  and t h e  sampler 
9- 

I re tu rned  t o  t h e  Ilsampling success fu l l y  accomplished" i nd i ca t i on .  ' I t . 
!. , s-& 

was l e f t  to' '*cqol i n  the  autoclave overn ight .  Next morning t h e  

autoclave pressure and temperature were approximately 5000 psi": a t  ' 
f .  

* -2 I ^. " 1 .. 
- - P  

> i a 
fi 

' 25OoF. A f t e r  c o o l i n g  t o  *under bo i l ing- tempera ture ,  t h e  sampler was ',< 
' 2  

* 2-k- 
1 

f < .. 
removed. The obta ined sample was re leased *using, t h e  bottom va lve '  

s e t t i n g  tool. t o  ppen the  bottom valve. 

p a r t s  t o  be.k in ,per fect  cond i t ion ,  except f o r  t h e  bottom v 

which was blown in severa l  pieces when t h e  s e t t i n g  t o o l  s l o w l y  cracked' 

t h e  va lve  open. (The p i e r c i n g  va lves s t i l l 1  needed t o  be designed and, 

Disassembly proved ' a l l  sample 
t .  

c 

5 .' 

b u i l t . )  " 1  

3 -  . - 1  % 
I .  , & +  I I *  

o Geothermal w e l l  sampl.i.ng*; A 975vnl.'sample was secured a t  a depth of '' 
/ =  

5 9  ' : 
a t  a temperature.of%-approximately 5OO0F < i n  an Aminoi 1 

USA Co. steam w e l l  a t  t h e  Geyse thgrmal f i e l d .  The pressure was 

unknown, b u t  probably  about1700 

a t  275 f e e t  per  minu3 

The sampler descended the  w e l l  

u t  one minute a t  sampling depth p r i o r  

t o  i n i t i a t i o n  o f  sampling action, re tu rned ttsuccesst' s i gna l  t o  the  

surface, and was then re t r i eved .  The w e l l  had casing down t o  approxi- 

mate ly  4000 fee t .  The, sample was again re leased by crack ing the  
.e 

. i, i I 

i ., 
I 

I < ' .  ~ 

,I 
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lower sample valve open w i t h  the se t t ing  tool. Subsequent inspection 

proved tha t  a l l  sampler parts were i n  perfect condition. 

detailed account o f  the results of the sampl ing  are i n  Appendix D. 

A more 

7 

Both oil-brine pressure balance arrangements performed flawlessly. A t r i p  

into a hot well r e su l t s ,  as expected, i n  a net loss of o i l ,  b u t  without any 

problems. 

New rings were used for  the Houston t e s t  and for  the Geysers sampling; the i r  

condition a f te r  each t e s t  was excellent,  except as noted for the bottom valve 

All t e s t s  so fa r  were accomplished u s i n g  standard Viton O-rings. 

r ing for  the Houston tes t .  

Krytox o i l  showed no degradation and maintained h i g h  r e s i s t i v i ty .  Krytox 

grease was not washed away d u r i n g  e i ther  test. 

The magnet coil  was in perfect condition and the 

The Krytox grease/Oicronite 

combination gave perfect protection against galling or seizure. The brass 

backup rings i n  the pressure vessel section remained coated with Krytox grease 

and showed no evidence of corrosion. The Inconel rupture discs were also 

coated w i t h  Krytox grease. They also were removed i n  perfect condition. 

Dimensional changes have not caused any problems. Hardness tes t ing o f  the 

sampler has ver i f ied t h a t  well aging of the sampler i s  progressing. 

The magnet coil current a t  the instant  o f  release was f a i r l y  constant--4-5 

milliamperes for  a l l  t e s t s ,  regardless of environmental conditions. The coil  

voltage a t  the same instant varied w i t h  the coil temperature. The coil power 

a t  incipient release was approximately 2-8 mill iwatts (Fig. 5). 

The internal damping is  very sat isfactory both d u r i n g  se t t ing  of  the 

sampler and d u r i n g  the release of the sampler valves. A t  approximately 7OoF 

the armature takes about two seconds to  move from the face of the magnet to  

i t s  fu l ly  released position. 

All t es t ing  so f a r  indicates tha t  a l l  design objectives have b e e n  met or 

exceeded. The sampler performs exceptionally we1 1 and w i t h  perfect 



r e l l i a b l l i t y  under cond i t i ons  t h a t  exceed, by  a ve ry  wide margin, the average 

geopressured we1 1 environmental cond i t ions .  The o n l y  except ion may be the  

poss ib le  e f f e c t s  o f  simultaneous- combsination o f  h i g h  pressure, h igh  , 

temperature; and h igh  TDS b r ine ,  which u n f o r t u n a t e l y  has n o t  been t e s t e d , t o  

date. 

a n y s o t h e r  way than s a t i s f a c t o r i l y  i n  t h i s  case as we l l .  

There i s  :no reason whatever t o  expect t h a t  the sampler: would perform. 

, ,  t r 

L I M I T S  \. 

The reader  i s  r e f e r r e d  t o  Appendix A f o r  a d iscuss ion o f  ,the requirements 

f o r  geopressured we l l  sampling.,-iNo upper pressure , l i m i t  i s  be l i eved  t o  e x i s t  

f o r  sampl i n g  i n  geopressured o r  geothermal we l ls .  The temperature 1 i m i  t for .  

the isampler  as p r e s e n t l y  designed is-somewhat i n  excess o f  500OF. The l i m i t  

can be, increased t o  somewhat more than 600OF, w i th  625OF as a probable 

absolute upper 1 i m i t .  I 

The O-ring requirements f o r ,  mutual+ c o m p a t i b i l i t y  w i t h  both Kry tox  and 

So far,.however$, i t  appears t h a t  Krytox grease b r i n e  may cause problems. 

c o a t i n g  o f  V i ton  O-rings has success fu l l y  r e s i s t e d  removal by b r ine .  If  t h i s  

' c o n s i s t e n t l y  ho lds  t rue,  then the poss ib le  i n f l uence  o f  b r i n e  cons t i t uen ts  on 

t h e  O- r i ngs -w i l l  probabdy be a l l e v i a t e d  s u b s t a n t i a l l y .  

c t l  .>If the p a r t s  o f  the sampler i n  contac t  w i t h  the sampje f l u i d  are 

l u b r i c a t e d  w i t h  Kry tox  240 AD grease onJy- (no t  compounded w i t h  tungsten 

d i s u l f i d e  s o l i d s ) ,  then the sample'should be preserved as we l l  as the  

s ta te -o f - the -a r t  permits.  Based #on a l l  t h e  design : fea tures  discussed, t h e  

sampler should n o t  leak; however, v e r i f i c a t i o n  i s  iexceedingly d i f f i c u l t .  The 

o n l y  f e a s i b l e  check appears t o  be a bubble check i n  a water bath a f t e r  

r e t r i e v a l .  

. 
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Physical Data 

Overall length 

D i ame t er  

Dry wei gh t 

Sample volume 

Material 

Re commen ded cab 1 e 

Summary o f  Data for  the Downhole Sampler 

120.24 i n .  (not including sinker bars) 

2.25 in. 

112 l b  (not including sinker bars) 

980 ml (approximately, pending volumetric 
t e s t )  

A l l  parts i n  internal  and external contact 
with brine are produced from MP35N alloy 
work strengthened bar stock, by now 
par t ia l ly  aged. 

MP3 5N mono con du c t or cab 1 e 

Operational Limits 

Maximum bottomhole pressure No upper l imit  

Sample vessel maximum 
di f fe ren t ia l  pressure Internal overpressure 25,000 psi a t  

450OF (pending hydrostatic proof 
tes t ) ;  External overpressure 350 psi 
a t  any temperature. 

45OOF (500oF is  ap arently feasible a t  
present w i t h  possi le extension t o  
625OF, pending minor modifications) 

E Maximum downhole temperature 

Magnet coil  

Operational precautions 

2690 turns o f  32AWG copper magnet wire 
R2000C = 297.63 o h s  

The sampler m u s t  be kept u p r i g h t  a t  a l l  
times af te r  f i l l i n g  w i t h  o i l  

Operation 

The sample i s  obtained by i n t e r r u p t i n g  (by slow turn-down) the 40  mA dc 

current supplied to the sampler holding magnet. 

maintained without interruption from the moment the sampler has been cocked on 

This current must be 
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t he  sur face us ing  the two sampler s e t t i n g  too ls .  u n t i l  the  des i red depth and 

t ime o f  sampling. Successful sampling i s  i nd i ca ted  by open c i r c u i t  on the  

w i r e l i n e  terminals ,  i.e., the c u r r e n t  drops t o  zero regard less  o f  suppli.ed 

v o l  tage. 

. .  

.I . , 
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TASK 2 

DESIGN CONSIDERATIONS FOR A SECOND-GENERATION SAMPLER 

WITH ENHANCED CAPABILITIES 

The o b j e c t i v e  o f  t h i s  task was t o  consider  the design o f  a second 

generat ion sampler w i t h  expanded c a p a b i l i t i e s  f o r  ma in ta in ing  sample p o i n t  

cond i t i ons  and making c e r t a i n  downhole measurements. 

was h e l d  w i t h  IGT t o  compare sampler c a p a b i l i t i e s  and rev iew the  design s ta tus  

o f  the LBL, IGT, and Gerhardt-Owens samplers (see Table 1 f o r  a comparison o f  

these samplers as o f  May 1980). 

To t h i s  end, a meet ing 
I 

Regarding t h e  needs f o r  chemical data, t h e r e  does n o t  appear t o  be any 

p a r t i c u l a r  advantage i n  ma in ta in ing  downhole sample p o i n t  cond i t i ons  o f  

pressure and temperature. Nor i s  t he re  any apparent v i r t u e  i n  a t tempt ing t o  

make downhole measurements o f  p roper t i es  l i k e  c o n d u c t i v i t y  o r  

compress ib i l i t y .  Measurements o f  t h i s  type are d i f f i c u l t  t o  make and o f  

unce r ta in  value. Such in fo rma t ion  can be c a l c u l a t e d  f rom sample analyses o r  

measured i n  t h e  1 aboratory us ing  s imulated br ines.  

F a i l u r e  t o  ma in ta in  downhole temperature and pressure cond i t i ons  would n o t  

change the  contents  o f  t he  sampler a f t e r  i t s  va lves have c losed and, 

there fore ,  would n o t  s e r i o u s l y  a f f e c t . t h e  r e s u l t s  o f  t h e  chemical ana lys is .  

Also, most t e s t i n g  and measurements would f i r s t  r e q u i r e  t h a t  t he  sample be 

cooled and depressurized. Therefore, ma in ta in ing  bo th  the  sample temperature 

and pressure on the  way up i s  o f  l i t t l e  value. 

Only the  pH (because o f  i t s  c e n t r a l  importance i n  the chemical 

c h a r a c t e r i z a t i o n  of aqueous so lu t i ons ) ,  i s  worth t r y i n g  t o  measure under 

downhole condi t ions.  However, i t  does n o t  y e t  appear t o  be t e c h n o l o g i c a l l y  

f e a s i b l e  t o  make such a measurement; 



Table 1. Comparison o f  downhole samplers (as o f  May 1980). 

Features I n s t i t u t e  o f  Gas Technology Lawrence Berkeley Laboratory Gerhardt-Owens 

Pressure (ps i )  15,000 
..l 

20,000+ 

Temperature (OF) t350 450 

-Dimensions 
. OD 

Length 

WOO 

2 inches 

Wainoco only 

2-114 inches 
9-112 f e e t  

NIA 

Design t e s t  wel ls A p p l i c a b i l i t y  - some App l i cab i l i t y  - A l l  

Date avai lable f o r  f i e l d  use 1 s t  Qtr 1981 October-November 1980 

Sample s i ze  750 cc 1000 cc 

Sample analysis Compressi b i  1 i ty-conductivi  ty  None 

Operatonal p r i nc ip le  Flow-through Flow-through 

Hater i  a1 

Valve closure 

Sealing mechanism 

R35N 

Explosive 

Metal-metal 

Sample t rans fer  Valve-one end 

Design status I n  process 

Surface ind ica t ion  o f  closure 

Sampler cleanup t ime Few hours 

Turn-around t i m e  Few hours t o  one 

W35N 

Electromagnetic 

“0” Ring 

1-11/16 inches t o  2 inches 
6-9 fee t  

OK 

N I A  

NOW 

500-700 cc 

None 

Aspirated 

413014340 

Explosive 

“0” r i n g  

Val ve-both ends Valveone endlpiston 

Completed Completed 

Yes Yes 

Few hours One-time use 

Few hours N I A  

cn 
0 
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Cer ta in  downhole measurements would, however, be o f  s u b s t a n t i a l  value i n  

r e s e r v o i r  c h a r a c t e r i z a t i o n  and engineer ing.  

de r i ved  f rom a t o o l  capable o f  making pressure, temperature, and f l o w  

measurements a t  var ious  p o i n t s  w i t h i n  the  format ion.  

ext remely u s e f u l  f o r  b e t t e r  understanding the  f l u i d  f l o w  c h a r a c t e r i s t i c s  o f  

t he  rese rvo i r ,  t he  c o n t r i b u t i o n  o f  var ious  producing zones, and the  p r e d i c t i o n  

o f  f u t u r e  p roduc t ion  behavior. A downhole dev ice which would combine i n  one 

t o o l  t he  c a p a b i l i t y  o f  t a k i n g  a sample and a t  t he  same t ime  make p, t, and q 

measurements would be h i g h l y  valuable.  For maximum value, a downhole sampler 

should be capable o f  t a k i n g  samples f rom adjacent fo rmat ions  a t  s p e c i f i c  

hor izons. 

Impor tant  advantages would be 

Such da ta  would be 

During these inves t i ga t i ons ,  t h e  r e l a t i v e  advantages and disadvantages o f  

I t  was concluded t h a t  a var ious  sampler concepts cont inued t o  be reexamined. 

p i s t o n  t ype  sampler o f f e r s  s u f f i c i e n t  advantages over the  f low-through sampler 

t h a t  i t  should be pursued as an a t t r a c t i v e  design a l t e r n a t i v e  f o r  f u t u r e  

development. These advantages i nc lude  i t s  c a p a b i l i t y  i n  e i t h e r  f l o w i n g  o r  

nonf lowing we l l s .  

c e r t a i n  and the  q u a l i t y  o f  t h e  sample taken i s  more rep resen ta t i ve  o f  t he  

fo rma t ion  f l u i d s .  

aimed a t  improving t h e  c u r r e n t  p i s t o n  type samplers, based on exper ience 

gained w i t h  the  f low-through sampler. 

Moreover, t h e  depth a t  which the  sample i s  taken i s  more 

It was t h e r e f o r e  proposed t h a t  LBL undertake a design s tudy 
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TASK 3 

RESERVOIR CHEMISTRY AND MODELING 

- 1  PART 1 

CHEMICAL COMPOSITION OF GEOPRESSURED BRINES 

SAW LED AT THE WELL-HEAD 

,,Relatively few chemical analyses of geopressured brjnes have been 

reported. However; sufficient analyses are available to demonstrate that the 

overall range of chemical compositions is not significantly different from the 

well-known , I  chemistry of oil-field brines. A sumnary of the temperatures, 

pressures, and well-head salinijties of geopFessured brines is given in 

Table 2. In some cases, the salinities are greater than those in adjacent 

normally pressured units; In other cases, they are lower. 

entire salinity range of 12,200 to 346,000 ppm, greater,than 99 percent by 

. weight o f  the nonvolatile s.olutes consists of chloride, sodium, and calcium. 

Therefore, the chemical composjJions of the brines can be accurately modeled 

by the system NaC1-CaCl2-H20.- The range of Na:Ca ratios is from about 1 

to 150 (see Fig. 6). 

ion concentrations, most of the geopressured brine cpmpositions have Na:Ca 

ratios greater than 5 by weight (about 9 by mole ratio) and chloride 

Thcoughou.t the 

Despite the extreme range Na:Ca ratios and chloride 

concentrations of less than about 100,000 ppm (2.8 molal). 

of geopressured brine major element compositions are well represented by the 

NaC1-rich portion of the ternary system NaC1-CaC12-H20 in which the Na:Ca 

mole ratio is greater than about 9 and the stoichiometric molality of chloride 

is less than about 2.8. 

Thus, the majority 

- 
Less than 1 percent by weight of the nonvolatile 

solutes consists of dissolved Mg, K, Sr, Ba, Fe, Br, S, Si02 and CH COOH. 3 
Some pairs of aqueous species such as Ba2+ and SO4 , alkaline earths 
(Ca, Mg, Sr) and HCO; have inverse abundance ratios, as in oil-field 

2- 



Table 2 .  Summary o f  known temperatures, pressures, and s a l i n i t i e s  of geopressured br ines.  

Reference Local  i ty T('C)1 P ( b a r s ) l  S a l i n i t y  (ppm)2 

Kharaka e t  a l .  (1980) Pleasant Bayou Well No. 2, 138-150 787-843 108,000-132,000 
B r  azor i a 

Kharaka e t  a l .  (1977) Northeast Brazor ia  County, Texas 117-150 463-800 50,200-73,300 
San P a t r i c i o  County, Texas 100-136 521-624 12,200-36,300 

Kharaka e t  a l .  (1978) Vermilion, I b e r i a  and S t .  Mary 105-159 431-1166 22,400-274,000 
Parishes , Lou i s  iana 

Dickey e t  a l .  (1972) Acadia and La fayet te  Parishes, Not repor ted  
Loui  s i ana 

v1 54,800-346,000 w 

Schmidt (1973) Calcasieu Parish, Louis iana 110-127 524-650 1 5 ,700- 2 5,800 

1 Measured under downhole condi t ions.  
2 Determined by chemical ana lys is  o f  samples c o l l e c t e d  a t  the well-head. 



54 

,. . ,  
1 I I I I I I 1 I 

.- . 

;.. 

2°F .:;; , 0, , * ~  , , ,. 0 .  
0 .  

50 100 I50 200 250 

XBL 827- 2308 
CI (ppt) 

Figure 6. Chemical _. compositions of geopressured br ines  i n  i the G u l f  
Coast (Kharaka 1977,- 1978, '1980; Dickey. et. alp. 1972; 
Schmidt' 1973).  
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br ines,  suggest ing t h a t  t h e  geopressured b r ines  i n  t h e  r e s e r v o i r s  were 

sa tu ra ted  w i t h  b a r i t e  o r  carbonate minera l  s. Add i t i ona l  elements t h a t  coul  d 

range up t o  concent ra t ions  o f  severa l  hundred ppm i n  geopressured b r ines  bu t  

are more commonly present  a t  t he  1 t o  20 ppm l e v e l  o r  l ess  are L i ,  Rb, Cs, Pb, 

Zn, Cu, Mn, B, F, I, N. A summary o f  t he  present  es tab l i shed  range o f  

concent ra t ions  o f  a l l  these species i s  prov ided i n  Table 3. 

The major v o l a t i l e  so lu tes  i n  geopressured b r i n e s  f rom t h e  Gu l f  Coast are 

CH4 and C02. 

hos t  rocks  i n  Cent ra l  M i s s i s s i p p i  ( G r i z z a f f i  and Thompson, 1970). The 

concent ra t ions  o f  CH4, C02 and H2S i n  t h e  b r i n e s  under r e s e r v o i r  

cond i t i ons  i s  unce r ta in  and a t  present  can be est imated o n l y  f rom analyses o f  

t he  gases separated a t  t h e  sur face  and knowledge o f  gas:water r a t i o s  (see 

below). 

H2S a l so  i s  present  i n  t h e  geopressured b r i n e s  i n  Jurass ic  

CHEMICAL COMPOSITION OF BASES SEPARATED FROM GEOPRESSURED BRINES AND THEIR 

LIKELY CONCENTRATIONS UNDER RESERVOIR CONDITIONS 

Table 4 summarizes the  composi t ion o f  gases separated f rom geopressured 

b r i n e s  i n  sur face  equipment. C lear ly ,  the major  components a re  CO and 

CH4. 

economic value. However, carbon d i o x i d e  i s  more c r i t i c a l  t o  chemical modeling 

o f  b r i n e  composi t ions because i t  c o n t r o l s  the  p r e c i p i t a t i o n  o f  carbonate 

minera ls  (e.g., as cements i n  t h e  r e s e r v o i r  rocks o r  as scale i n  the  w e l l  bore 

o r  surface/equipment) .  

b r i n e s  under r e s e r v o i r  cond i t i ons  i s  uncer ta in .  

sur face  equipment t h e  b r i n e s  have a d i sso l ved  b icarbonate content  o f  about 208 

t o  780 ppm. To date, t he  Pleasant Bayou Well No. 2 appears t o  con ta in  b r i n e s  

2 

Methane i s ,  o f  course, t h e  main component o f  t he  gas t h a t  i s  o f  

* 

The t o t a l  CHq and C02 conten t  o f  the  geopressured 

Even a f t e r  separa t ion  i n  the  

w i t h  t h e  h ighes t  t o t a l  d isso lved C02. By combining the  365 ppm HC03 
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Table 3. Range of concentrat ionsa o f  dissolved analyzed species 
i n  well-head samples o f  geopressured, br ines.  , 

s i e t  i es Concentrat ion Spec i es Concenthat i on 
~ . .. 
Na 

Ca 

c1 

K 

Mg 

Sr 

Ba 

Fe 

Br 

S$ 

s2- reduced 

S i  O2 

C H3 COO- 

H C O j  

4000-84,600 

42-1 5,800 

7000-168,000 

4-1 900 

9-1 500 

4-1440 

1-760 

0.1-162 

6-5 95 

0.6-691 
b 0.02-3 e 6  

26-200 

53-1280 

2 00- 1 340 

L i  

Rb 

cs 

Pb ' 

Zn 

CU 

Mn 

B 

F 

I 

NH3 

2-39' 

0.1-8 

0.5-87 

0.001-1 

0.003-45 

0-0;02 ' 

0.04-3 

16-91 

0 07-2 

10-4 5 

4-118 

a A l l  concentrations as mg per kg water . 
, AS H2S 

? 
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Table 4. Compositions o f  gases ( i n  mole percent)  separated f rom 
geopressured br ines  i n  surface equipment. 

Gas P1 easant Bayou F a i r f a x  Foster  Beulah Simon Edna Delcambre 
No. 2 S u t t e r  No. 2 No. 2 

H4 84.5-88.9 

C2H6 3.0-4.7 

O2 

H2S t O . O 1  

N2 

5 -2-10.5 

0.6-0.7 

Reference 1 

89.6 89.6 89 .O-96.1 

1.8 2.3 1 .l-4.1 

7.9 6.6 0.06-3 e 2  

tO.OO1 -- -- 
0.5 -- 0.14-1 -4 

2 3 4 

1. Kharaka e t  a l .  (1980) 
2. McCoy and Hartsock (1980) 
3. Randolph e t  a1 . (1980). 
4. Karka l  i t s  and Hark ins (1980) 
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f rom t h e  b r i n e  analyses w i t h  t h e  gas composit ion and gas:water r a t i o  i n  

Table 4 one a r r i v e s  a t  t o t a l  C02 concent ra t ion  o f  about 0.02 mola l  under 

r e s e r v o i r  condi t ions.  Ca lcu la t i on  o f  methane concentrat ions i n  the  b r ines  

under r e s e r v o i r  cond i t i ons  suggests t h a t  t h e  b r ines  are c lose  t o  sa tu ra t i on  

w i t h  methane (Kharaka e t  al., 1980; McCoy and Hartsock, 1980). 

ISOTOPIC COWOSITIONS OF GEOPRESSURED BRINES AND THEIR IMPLICATIONS 

A very  smal 1 number of D I H  and l80/l6O analyses o f  geopressured b r ines  

have been pub l ished (Kharaka e t  al., 1977, 1980). These analyses are  o f  g rea t  

i n t e r e s t  because they  con f i rm  t h a t  t h e  water i n  t h e  geopressured b r ines  i s  

l a r g e l y  o f  meteor ic  o r i g i n  j u s t  as i t  i s  i n  o i l  f i e l d  b r i nes  (e.g., Clayton 

e t  al., 1966). The i s o t o p i c  data show a very l a rge  spread i n  6l80 values 

r e l a t i v e  t o  a very  smal l  spread o f  6 D  values t h a t  extends towards t h e  i s o t o p i c  

composit ions o f  present-day ground waters  band the  meteor ic  water 1 i n e  

(F ig .  7). 

t h e  water; however, t h e i r  i n t e r p r e t a t i o n  i s  based on an unusual ly  steep p l o t  

Kharaka e t  a l .  (1980) c l a i m  these da ta  support a marine o r i g i n  f o r  

o f  t h e  meteor ic  water l i n e .  

Analyses such as these cou ld  be o f  g rea t  p r a c t i c a l  value du r ing  f l o w  

t e s t i n g  o f  geopressured wel ls ,  p a r t i c u l a r l y  i n  combination w i t h  Cl'/Br- 

data. 

sha le  beds adjacent t o  t h e  sandstone reservo i rs ,  cou ld  be very  e a s i l y  

addressed i f  samples o f  water were analyzed over extended per iods o f  w e l l  

Impor tant  problems, such as t h e  ex ten t  o f  c o n t r i b u t i o n  o f  f l u i d s  f rom 

t e s t i n g .  
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Figure 7 .  Isotopic compositions o f  geopressured (0) and associated 
normally pressured (e) brines, and ground waters (0) in the 
Gulf Coast (Kharaka 1977, 1980). 
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MINERALOGY AND GEOCHEMISTRY OF THE HOST ROCKS OF GEOPRESSURED BRINES I N  THE 

GULF COAST 

The most i n t e n s i v e  s tud ies  t o  date o f  t h e  hos t  rocks o f  geopressured 

br ines  i n  the  Gu l f  Coast are l i m i t e d  t o  the  shale and sandstone u n i t s  o f  the 

Miocene/Ol igocene F r i o  Formation along t h e  Texas G u l f  Coast. 

composit ional v a r i a t i o n s  occur i n  the  F r i o  Formation l a t e r a l l y  along the  Texas 

Gu l f  Coast, corresponding t o  minera log ica l  d i f f e rences  i n  the  sediments 

deposited, and v e r t i c a l l y  w i t h  depth through the geopressured zone because t h e  

seaiments are undergoing diagenesis. 

geochemistry o f  t he  F r i o  Formation i s  drawn from Freed (1980), Hower e t  a l .  

Important 

The summary below o f  the  mineralogy and 

(1976), Bebout e t  a1 (1978), and Per ry  and Hower (1970, 1972). 

I n  shale u n i t s  of the  Upper Texas Gu l f  Coast, the most abundant minera ls  

are m i  xed-1 ayer i 1 1 i t e /  smect i t e  c l  ays , c a l  c i t e  , K-f e l  dspar , p l  ag ioc l  ase , 
quar tz ,  k a o l i n i t e ,  and c h l o r i t e .  

abundant minerals, c o n s t i t u t i n g  a t  l e a s t  60 percent  or  more o f  t h e  whole 

rock. No pub l ished r e p o r t s  are ava i l ab le  on the  v a r i a t i o n s  o f  t he  

* The mixed-layer c lays  are by f a r  the most 

mineralogi-cal compositions of t h e  shales along t h e  Gulf Coast region; however, 

impor tant  changes occur as a func t i on  o f  depth below the surface. 

d iagenet ic  changes occur i n  response t o  increases o f  temperature and pressure 

These 

and changes o f  po re - f l u id  composltion caused by progress ive ly  deeper b u r i a l  

Because temperature may be t h e  most s i g n i f i c a n t  o f  these va r iab les  and because 
1 .  

t h e  geothermal g rad ien t  va r ies  s i g n i f i c a n t l y  along t h e  Gu l f  Coast, t he  

d iagenet ic  changes are bes t  represented as a f u n c t i o n  o f  temperature r a t h e r  

than depth (Fig. 8). The depth scale below corresponds approximately t o  t h e  

geothermal g rad ien t  i n  t h e  Upper Te'xas Gulf Coast. The most impor tant  

d iagene t i c  changes i n  the  shales are complete by about 95'to 127OC 

I 

(12,000 ft), b u t  they  commence a t  temperatures o f  about 56OC t o  88OC. 
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Figure 8. Diagenetic changes i n  the F r i o  Formation, Upper Texas 
Gul f Coast . 



Mi xed-layer mon tmor i 11 on i t e  (80 percent) / i l l  i te (20 percent) changes t o  

montmorillonite (20 percen t ) / i l l i t e  (80 percent), ca lc i te  disappears, 

plagioclase 

disappear. 

occur. The 

of a t  l eas t  

is converted to a lb i te ,  and e i ther  K-feldspar or de t r i ta l  i l l i t e  

Small changes in the quantit ies of chlor i te  or kaolinite may also 
. 

final mineral assemblage that pers is ts  with depth t o  temperatures 4 

175OC'is mixed-layer i l l i t e  (80 percent) montmorillonite 

(20 percent), a lb i te ,  ch lor i te ,  quartz, and kaolinite.  

T h e  sandstones of the Fr io  Formation consist of de t r i t a l  quartz, 

plagioclase, K-feldspar, and volcanic and carbonate rock fragments. The 

proportions of quartz, feldspar and rock fragments vary from subarkose and 

sublitharenite in the Upper Texas Gulf Coast to feldspath 

l i tharen i te  i n  the Lower Texas Gulf Coast. 

fragments i n  the sandstones o f  the Lower Texas Gulf' Coast are fa r  more 

abunaant t h a n  i n  the Upper Texas G u l f  Coast. 

1 i tharenite and 

In particular,  carbonate rock 
* 

.,. 
Changes i n  the sandstones as a 

function o f  depth and temperature are summarized below. ., . 

In the shallow subsurface, t o  depths of about 8500 f ee t  (93oC), the most 

s ignif icant  changes i n  the sandstones are. * .  development of ca l c i t e  or 

quartz-rich cements, which reduce the primary porosity of the sediment from 

about 0.40 to  about 0.15. Over a re la t ive ly  narrow d e p t h  interval ( to  about 

11,000 f e e t ,  12OoC) a s ignif icant  porosity increase occurs t o  values of 

about 0.30, and petrographic evidence suggests partial  dissolution of rock 

fragments , pl agiocl ase, cal c i t e  cements , and carbonate rock fragments . 
Overgrowths of a lb i t e ,  quartz, and kaolinite occur partly w i t h i n  th i s  interval 

and below i t  to depths of a t  l eas t  16,000 fee t  ( 1 7 6 O C ) .  

a replacement of feldspar and as a cement with iron carbonates that tend to  

Kaolinite occurs as 
, '  I >  

reduce the porosity of the rock to about 0.10 t o  0.20 a t  depths below 12,000 

c 
fee t  and extending to  a t  l eas t  16,000 feet .  In core from the Pleasant Bayou 

h 
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No. 2 we l l ,  Loucks e t  a l .  (1980) found t h a t  k a o l i n i t e  occurred as described 

over t h e  depth i n t e r v a l  of about 11,000 t o  15,000 feet ,  b u t  n e i t h e r  k a o l i n i t e  

nor i r o n  carbonate occurred below about 15,000 fee t .  Moreover, a d d i t i o n a l  

d e t a i l e d  minera log ic ,  petrographic, and chemical s tud ies  are needed t o  

e s t a b l i s h  the  prec ise  minera l  assemblages ( i nc lud ing  mineral composit ions) fo r  

t h e  purposes o f  modeling t h e  water-rock i n t e r a c t i o n s  du r ing  b u r i a l  and 

e s t a b l i s h i n g  the minera log ica l  con t ro l s  over the p o r o s i t y  and pe rmeab i l i t y  o f  

t h e  sands tones. 

PART 2 

DATA BASES FOR SIMULATING THE CHEMISTRY OF GEOPRESSURED BRINES 

Computer codes f o r  s imu la t i ng  t h e  chemistry o f  geopressured br ines  and 

t h e i r  i n t e r a c t i o n s  w i t h  rocks  are here discussed i n  fou r  sect ions:  

o Review o f  thermodynamic data bases f o r  minera ls  and aqueous species 

o Review of methods o f  c a l c u l a t i n g  a c t i v i t y  c o e f f i c i e n t s  o f  aqueous 

species 

o Computational c a p a b i l i t i e s  o f  b r i n e  modeling codes 

o P o t e n t i a l  app l i ca t i ons  o f  b r i n e  modeling codes t o  the  s tudy o f  

geopressured f l u i d s  

Probably t h e  most impor tant  p a r t  of such a review i s  a c r i t i c a l  survey o f  

the  thermodynamic data bases f o r  the  minerals, aqueous species, and gases used 

i n  t h e  var ious codes. Regardless o f  t h e  code, t h e o r e t i c a l l y  p r e d i c t i n g  

whether or no t  a b r i n e  w i l l  p r e c i p i t a t e  minera ls  r e l i e s  so h e a v i l y  on the  

thermodynamic data base i n  the  code t h a t  t he  data base i s  genera l l y  t he  

l a r g e s t  s i n g l e  source o f  unce r ta in t y  i n  such pred ic t ions ,  p a r t i c u l a r l y  a t  

elevated temperatures and pressures. 

survey o f  the  models used i n  the codes f o r  c a l c u l a t i n g  i n d i v i d u a l  ion a c t i v i t y  

c o e f f i c i e n t s .  A c t i v i t y  coe f f i c i en ts  are impor tant  because they r e l a t e  measured 

The second phase of t h i s  review i s  a 
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concentrations of aqueous species to  the thermodynamic ac t iv i t i e s  in the 

chemical1 mael ing. The uncertainties in calculated ac t iv i ty  coefficients are 

much smaller than the uncertainties associated w i t h  the .thermodynamic data,  

base, except for re la t ive ly  simple chemical systems a t  low temperatures and 

pressures. 

* 

The t h i r d  phase i s  a survey of the actuaJ ,makeup of the comptter * 

codes for modeling brine chemistry. The final review phase detai ls  potential 

applications of brine modeling codes to the study of geopressured f luids .  

THERMODYNAMIC DATA BASES FOR MINERALS AND AQUEOUS SPECIES 

Data bases have been comRared for  the codes EQ3/EQ6 (Wol-ery, ,1979), 
* 

HITEQ, SOLMNEQ (Kharaka and Barnes, 1973), and WATEQZ and i ts ,  re la t ives  (Ball 

e t  a1 ., 1979). All these codes. .contain data bases consisting of thermodynamic 

equilibrium constants for the dissolution of minerals and the dissociation of 

aqueous species or standard free energies o f  the. minerals and aqueous 

species. Uncertainties i n  these equilibrium constants (or f ree  energies) a re  

the largest  source of uncertainty in chemical.. modeling (Nordstrom e t  a1 . , 
1979),  yet accurate knowledge of these equd1i.brium constants a t  elevated 

temperatures and pressures is essential .  Two different  approaches to  this 

problem are  discussed below with reference t o  th.e-codes cited above and the 

special s i tuat ion of geopressured? brines. 

Equili.brium Constants for Dissolution of Minerals Determined Experimentally 

from Solubili ty Studies a t  High Temperatures and Pressures 

Most' of the codes make direct .use o f ,  or interpola'te, equilibrium -, 

constantsr. t h a t  were determined by h i g h  temperature/pressure experimental 

*Documentation ,for HITEQ has not.been published,.)  However, HITEQ i s  discussed 
and i ts  use demonstrated by Weres, Tsao, and Inglesias (1980). 
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studies. However, the amount of such data is relatively small. 

the data bases in these codes need to be constantly revised and updated to 

ensure that the best experimentally determined data are used and that new 

values adopted are not inconsistent thermodynamically with previous 

determinations. 

solubilities will be the best check on the types of calculation described 

bel ow. 

Therefore, 

Ultimately, accurate experimental determinations of mineral 

Equilibrium Constants for dissolution of Minerals at Elevated Temperatures and 
Pressures Calculated from Standard State Thermodynamic Data Referenced to 
'25% and 1 Bar 

Where equilibrium constants have been determined at 25% and 1 bar, or 

can be calculated from estimated standard free energies, thermodynamic theory 

provides the means of calculating them at elevated temperatures and pressures 

(Helgeson, 1967, 1969, and Helgeson et al., 1978). The following are general 

equations for calculating an equilibrium constant at arbitrary T and P from 

standard enthalpies, heat capacities, and volumes: 

AH'(T~,P~) 
log K(T,P,) = log K(Tr,P,) - 2.303R 

where 

K is the equilibrium constant of interest 

Tr and Pr are the l1referencel1 values of temperature and pressure 

(usually 298.15 K and 1 bar) 
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T and P are the  temperature and pressure f o r  which K i s  t o  be ca lcu lated.  

AH' i s  t h e  heat o f  r e a c t i o n  

ACO is, t h e  change i n  heat capac i ty  associated w i t h  the  reac t i on  

A V O  i s  t h e  change o f  volume associated w i t h  the  r e a c t i o n  

$R,i,s t h e  Universa l  Gas Constant = 8.314 j /mo l  K, and * 

P 

,TI, P ' . a r e  dummy i n t e g r a t i o n  va r iab les  

K, AH', A$, and A V O  are func t i ons  o f  T and P. 

The p r a c t i c a l  u t i l i t y  of these equations depends on how w e l l  t h e  constants 

I 

K(TI;,P,,), AH~(T,, P,), and t h e  funct ions ACO(T',P,) and AV'(T,P.') are known. 
..- P 

I f  they  have been f i t t e d  t o  adequate experimental da ta  t h a t  spans the -ya lues  
T 

> * d k r . :  

o f  T and P o f  i n t e r e s t ,  Eqs. (1) and (2)  e s s e n t i a l l y  serve as a means o f  

i n t e r p o l a t i o n  and g i ve  good values o f  K. 

t h e  equations are  used ou ts ide  o f  t h e  range f o r  which emp i r i ca l  da ta  i s  

ava i lab le ,  o r  i f  t h e  equations are approximated, t h e  values obtained w i l l  be 

no more than estimates. 

I f  these values are p o o r l y  known, i f  
I 

I n  t h e  WATEQ2 codes, e q u i l i b r i u m  constants a t  T and P are ca l cu la ted  using 

o n l y  t h e  f i r s t  two terms on t h e  r ight-hand s ide  o f  Eq. (1). Such an approach 

i s  a very crude approximation t o  c a l c u l a t i n g  t h e  temperature dependence of 

e q u i l i b r i u m  constants, and i t  completely ignores t h e  pressure dependence. 

Consequently, codes such as WATEQ, WATEQF, and WATEQ2 are useless i n  

c a l c u l a t i n g  values f o r  temperatures above about 5OoC (L.N. Plumner, USGS, 

Reston, Va., pers. comm. ). They are, therefore,  t o t a l  l y '  inadequate f o r  

modeling the  chemistry o f  geopressured br ines-  under r e s e r v o i r  cond i t i ons  i n  

t h e  w e l l  bore and probably  i n  most o f  t he  sur face equipment as wel l .  

The da ta  base i n  the  code SOLMNEQ, as o r i g i n a l l y  published, was ca l cu la ted  

us ing t h e  methods and data g iven i n  Helgeson (1967) f o r  temperatures t o  
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35OoC and pressures corresponding t o  the  1 iquid-vapor equi  1 i b r i u m  o f  water 

(165.13 bars a t  35OoC (Helgeson and Kirkham, 1976)), by us ing  an 

approximat ion t o  the  l a s t  term on the  r ight-hand s i d e  o f  Eq. (1 ) .  

Consequently, t h e  e q u i l i b r i u m  constants  c a l c u l a t e d  us ing  t h i s  method f o r  t he  

d i s s o l u t i o n  o f  minera ls ,  such as c a l c i t e  and b a r i t e ,  a re  accurate. However, 

pressure dependence ( t h e  l a s t  term i n  Eq. ( 2 ) )  i s  n o t  inc luded i n  the  

thermodynamic base i n  SOLMNEQ. Therefore, t he  code i s  o n l y  use fu l  f o r  

modeling geopressured b r i n e s  under sur face  cond i t i ons  a f t e r  t h e  pressure i s  

reduced a t  t he  choke. S i m i l a r  c o n s t r a i n t s  app ly  a t  present  t o  HITEQ. 

The o n l y  code con ta in ing  a thermodynamic da ta  base adequate f o r  modeling 

geopressured b r i n e s  under r e s e r v o i r  and wel l -bore cond i t i ons  i s  EQ3/EQ6. 

e q u i l i b r i u m  constants  i n  EQ3/EQ6 are taken d i r e c t l y  f rom t h e  ou tpu t  o f  t h e  

computer program SUPCRT (Helgeson e t  al., 1978) which i s  t h e  o n l y  publ ished 

code t h a t  uses equat ions s i m i l a r  t o  Eqs. (1)  and ( 2 )  w i thou t  neg lec t i ng  any o f  

t he  terms. 

w e l l  as cons is ten t  w i t h  most a v a i l a b l e  h igh  temperature/pressure and low 

The 

The thermodynamic da ta  i n  SUPCRT are  i n t e r n a l l y  cons is ten t ,  as 

temperature/pressure exper imental  da ta  and conta ins  s u f f i c i e n t  thermodynamic 

da ta  t o  c a l c u l a t e  e q u i l i b r i u m  constants  f o r  t he  d i s s o l u t i o n  o f  minera ls  a t  

bo th  e leva ted  temperatures and pressures ( t o  6OO0C and 5 k i l o b a r s ) .  

A t  present,  EQ3/EQ6 conta ins  thermodynamic da ta  f o r  computations a t  low 

(steam-saturated) and h igh  (500 bar )  pressures, b u t  da ta  f o r  o t h e r  h igh  

pressures cou ld  very s imp ly  be generated us ing  SUPCRT and added t o  the  data 

f i l e s  o f  EQ3. 

E q u i l i b r i u m  Constants f o r  t h e  D i s s o c i a t i o n  o f  Aqueous Species a t  Elevated 

Temperatures and Pressures 

The values o f  e q u i l i b r i u m  constants  f o r  the  d i s s o c i a t i o n  o f  aqueous species 

such as HSOi,  H2S, H2C03, and HCO; a t  e leva ted  temperatures are essen t ia l  f o r  
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modeling b r i n e  chemist ry  and are  known more p r e c i s e l y  than are e q u i l i b r i u m  

constants  f o r  t he  d i s s o l u t i o n  o f  minera ls  (Helgeson, 1967, 1969). 

Th is  i s  n o t  t h e  case f o r  the  d i s s o c i a t i o n  constants  of,aqueous complexes 

( f o r  an i n d i c a t i o n  of t h e  u n c e r t a i n t i e s  invo lved,  see Helgeson, 1969). 

For tunate ly ,  a t  t h e  temperatures and pressures o f  geopressured br ines,  

complexes such as NaClO, MgCl , and CaCl are e s s e n t i a l l y  complete ly  

d issoc ia ted .  However, complexes o f  Mg, Ca, Sr ,  and Ba w i th  anions such as 

SO4 
Uncer ta in t i es  i n  t h e  l o g  K values o f  complexes such as MgCO: and CaS04 

are  a t  l e a s t  o f  t h e  order  o f  4 . 3  a t  about 15OoC and 1 bar; whereas, f o r  

NaS04 and KS04, t h e  u n c e r t a i n t i e s  under the  same cond i t i ons  are a t  

l e a s t  a.5 ( B a l l  e t  al., 1980). 

and CaHC03 have l o g  K values known t o  w i t h i n - M . l  a t  100°C ( B a l l  

e t  al., 1980). 

+ + 

2- and HCO; may be important,  because they  are r e l a t i v e l y  s tab le.  

+ 
Species such as MgCO!, MgHC03, CaCO:, 

+ 

Such u n c e r t a i n t i e s  are perhaps inevi,tabJe. Frequent ly,  these complexes 

appear i n  geochemical c a l c u l a t i o n s  mostly, as a convenient a r t i f i c e  which 

compensates f o r  t he  fundamental inadequacy of t h e  most commonly used models 

e l e c t r o l y t e  so lu t i ons .  The i r  phys i ca l  r e a l i t y  sometimes i s  debatable. 

The most impor tant  complexes o f  t r a n s i t i o n  metals, under the  cond i t i ons  

low t o t a l  d isso lved s u l f u r  common i n  geopressured br ines ,  a r e - t h e  c h l o r i d e  

complexes. The o n l y  cons is ten t  s e t  o f  da ta  f o r  these complexes, used by 

o f  

o f  

e s s e n t i a l l y  a1 1 subsequent workers, a re  those o f  Helgeson (1969). Uncert-ain- P 

t i e s  i n  the  d i s s o c i a t i o n  constants  o f  these complexes are r e l a t i v e l y  h igh  

because most o f  them are c a l c u l a t e d  a t  h igh  temperatures by us ing  e q u i l i b r i u m  

constants  measured a t  low temperatures and ent rop ies,  of d i s s o c i a t i o n  eskimated 
- 
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from entropy-radius correlation considerations. For example, the average 

standard deviation for an entropy of dissociation is about 3 cal. mole-', 

which results in an uncertainty for log K of about 4.7. 

Dissociation equilibria are not greatly affected by pressure at 

temperatures less than 3OO0C (Helgeson, 1969; Wolery, 1979). 

over the range 5 to 500 bars at 15OoC, log K for MgCOi decreases by 

about 0.24. 

Review of Thermodynamic Data Bases for Gaseous Species and Gas-Liquid 

Partitioning 

For example, 

Of the codes SOLMNEQ and WATEQ and its derivatives EQ3/EQ6 and HITEQ, only 

the last was designed to calculate conveniently the partitioning of gases 

between liquid and vapor, and t o  predict the effect of phase separation on 

liquid phase chemistry. Ideally, for modeling geopressured brines under all 

possible pressure-temperature conditions, it would be necessary to have 

solubilities and Henry's law constants for COP, CH4, C2H6, H2, and 

N2, with respect to NaC1-CaC12-H20 solutions over a range of temperatures 

and pressures. 

the data are sufficient f o r  solubilities in NaCl solutions at the temperatures 

of interest, but there are no such data for H2, C2H6, or N2. 

law constants are even more poorly known. 

solutions are known at elevated temperatures (Ellis and Golding, 1963), 

although gas-liquid partitioning is being determined for the system 

NaC1-CH4-H20 by Prausnitz and coworkers (University of California, 

Berkeley) 

Very little o f  this data is available. For C02 and CH4, 

Henry's 

Only those for C02 in Na/C1-salt 

Despite the lack of thermodynamic data for gaseous species and gas-liquid 

partitioning at elevated temperatures and pressures, there are sufficient data 

for the partitioning of C02 between gaseous and liquid phases at the 
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re la t ive ly  low pressures and temperatures expected-during surface treatment of 

geopressured brines. Consequently, HITEQ may be used for such applications; 

HITEQ was, i n  f ac t ,  developed t o  t r ea t  just such problems. However, 

gas-liquid equi l ibr ia  in the reservoir,  a t  elevated temperatures and 

pressures, cannot yet be real  i s t i c a l l y  modeled. . ., 

For the purposes of modeling the 'chemistry of geopressured brines under 

reservoir,  well-bore, and surface conditions, there is no single code, 

available w i t h  a thermodynamic data base covering temperatures i n  the. range 'of 

2 5 O C  to  160OC and pressures i n  the range of 400 t o  1200 bars, which also 

models gas-liquid-mineral equi l ibr ia .  ' However, the code EQ3/EQ6 is sui table  

for modeling the chemistry of geopressured brines under reservoir. and 

well-bore conditions, provided a gas phase does not e x i s t ,  because i t  has a 

thermodynamic data base covering the en t i r e  temperature range of in te res t  a t  

500 bars pressure. Data f i l e s  forihigher pressures could very simply be added 

to EQ3/EQ6 from the output of the code SUPCRT. In  order t o  model the 

chemistry of geopressured brines under surface conditions, HITEQ or a 

derivative of i t  could be used. *Most of the thermodynamic data needed for 

this purpose appears to  be available. 

METHODS OF CALCULATING ACTIVITY COEFFICIENTS OF AQUEOUS SPECIES 

Extended Debye-Huckel Equations 

The codes SOLMNEQ, HITEQ, and EQ3/EQ6 a l l  use some form of the extended 

Debye-Huckel model t o  calculate individual ion ac t iv i ty  coefficients--general ly  

the method outlined by Helgeson (1969). 

equation for the individual ion ac t iv i ty  coefficient of the j th aqueous 

species i n  sodium chlorine-rich solutions a t  elevated temperatures and 

saturation pressures: 

Helgeson's method uses the following 
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-A( T) zi 2- I 1/2 
l o g  yi(T,T) = + B.(T)I (3 )  

i s  t h e  a c t i v i t y  c o e f f i c i e n t  o f  the  ith aqueous species yi 
Zi i s  t h e  charge o f  species i 

I t h e  t r u e  i o n i c  s t rength  o f  t he  s o l u t i o n  

i s  t h e  s i z e  parameter f o r  t he  ith i o n  ai 
A(T) and B(T) are func t i ons  o f  temperature 

Bo i s  t he  "dev ia t ion  func t ion"  and i s  a l so  a f u n c t i o n  o f  temperature. 

The two most uncer ta in  parameters i n  t h i s  equat ion are 8, and B.. The 

former i s  assumed t o  be independent of temperature and equal t o  t h e  values 

g iven f o r  i n d i v i d u a l  ions  by K i e l l a n d  (1937). The l a t t e r  was ca l cu la ted  as a 

f u n c t i o n  of temperature by Helgeson (1969), who a l so  demonstrated t h a t  Bo was 

e s s e n t i a l l y  independent o f  i o n i c  strength. 

Equation (3 )  was designed f o r  p r e d i c t i n g  a c t i v i t y  c o e f f i c i e n t s  i n  aqueous 

so lu t i ons  w i t h  i o n i c  s t rengths t o  about th ree  i n  which more than 80 percent o f  

t h e  so lu te  i s  NaC1. The range o f  temperatures covered i s  25% t o  300OC a t  

pressures o f  t he  l iqu id-vapor  e q u i l i b r i u m  for  water. 

c o n s t r a i n t s  correspond very  c l o s e l y  t o  the  bulk  of chemical compositions o f  

geopressured b r ines  (see Task 3, P a r t  1). 

These chemical 

This  very  simple equation i s  a t t r a c t i v e  because i t  al lows p red ic t i ons  t o  

be made over a wide range o f  condi t ions,  knowing orl'ly a few parameters. 

P red ic t i ons  may e a s i l y  be made a t  h igher  pressures as we l l  ( t h a t  i s ,  pressures 

greater  than the  vapor pressure o f  the given s o l u t i o n ) .  

All e l e c t r o l y t e  models of t h e  extended Debye-Hkkel type are approximate, 

and are used on ly  because they are easy t o  app ly  over a wide range of 
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cond i t ions .  

may be q u i t e  accurate under c e r t a i n  circumstances, b u t  t hey  are  e s s e n t i a l l y  

The values f o r  t h e  i o n  a c t i v i t y  c o e f f i h i e n t s  t h a t  t h e  models g ive  , 
I 

o n l y  estimates. 
/, I. 

A s p e c i f i c  weakness o f  such extended Debye-HUckel treatments i s  t h a t  'they 

are incapable o f  desc r ib ing  t h e  s t rong pa i rw ise  i n t e r a c t i o n s  between ions o f  

oppos i te  charge t h a t  a re  important f o r  d i v a l e n t  and po lyva len t  ions a t  room 

temperature, and may be impor tant  even f o r  un i va len t  ions a t  h igh  temperature. 

To overcome t h i s  de f ic iency ,  recourse i s  made t o  the  concept o f  " ' ion-pairing." 

I t  i s  debatable i f  such p a i r s  a c t u a l l y  e x i s t  except i n  specia l ,  and ' r e l a t i v e l y  

l i m i t e d  cases; i n  p rac t ice ,  i o n ' p a i r i n g  i s  l i b e r a l l y  used as 'a  c r u t c h  t o  prop 

up a model which i s ,  i n  essence,' o v e r l y  s i m p l i s t i c .  Also, i n t roduc ing  i o n  

p a i r s  g r e a t l y  compl i ca tes  t h e  a lgor i thms o f  b r i n e  modeling codes' and ca 

I 
1 '  

them t o  be slower than they  might be' o t te rw ise .  ' *  

Nonetheless, i f  c a r e f u l l y  and :cons is ten t ly  app-l'ied;' t h i s  whole body o f  

t heo ry  can lead t o  use fu l  resu l ts ;  

u n c e r t a i n t y  i n  t h e  values o f  t h e ' y  

many geochemical app l i ca t ions ,  t h e  

t i v i t y  c o e f f i c i e n t s  i s  t h e  smal les t  

u n c e r t a i n t y  among many; usua l ly ,  t h e  unce r ta in t y  i n  an a c t i v i t y  c o e f f i c i e n t  i s  

l ess  than an order  o f  magnitude, w h i l e  t h e  s t a b i l i t i e s  o f  t h e  s o l i d  phases 

present, o r  t h e  f u g a c i t i e s  o f  gases, may be unce r ta in  t o  severa l  orders o f  

magnitude. Also, t h e  extended Debye-Hkkel model o f f e r s  the  o n l y  p r a c t i c a l  

means o f  making w i t h  some degree of confidence t h e  brea th tak ing  ex t rapo la t i ons  

t h a t  are f requen t l y  requ i red  i n  geochemical ca l cu la t i ons .  

The *leading work i n  t h i s  a r e a  has been t h a t  o f  H. Helgeson and h i s  

I n  recent  years ' students a t  t h e  U n i v e r s i t y  o f  Ca l ' i f o rn ia  a t  Berkeley. 

have developed a f a r  more"genera1 k t h o d  o f  c a l c u l a t i n g  a c t i v i t y  c o e f f i c i e n t s  

o f  aqueous species (Helgeson and Kirkham, 1974ab; 1'976): Th is  method i s  

cons i s ten t  w i t h  t h e  thermodynamic data base of these workers (discussed above) 

t o  600% and 5 k i l oba rs .  
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Pitzer ' s  Model of Electrolyte Solutions 

The Debye-Hiickel model can be further extended and maae more accurate by 

T h i s  approach adding additional terms tha t  are  f i t t ed  t o  experimental data. 

is often referred t o  as the v i r i a l  coef f ic ien t  method. Although v i r i a l  

expansions are  capable of h i g h  accuracy given su f f i c i en t  data to f i t  the 

formulas, t h e i r  pract ical  u t i l i t y  i s  severely limited by the number of 

coef f ic ien ts  t ha t  must be f i t t ed ,  very often drawing on limited data.  

Recently, a r e l a t i v e l y  simple and powerful v i r i a l  coef f ic ien t  model of 

e l ec t ro ly t e  solut ions has been developed by K.S. Pitzer and his students a t  

the University of California,  Berkeley (P i tzer ,  1973; Pi tzer  and Mayorga, 

1973; Pi tzer  and K i m ,  1974). 

By carefu l ly  considering the thermodynamic and s t ruc tura l  properties of 

e l ec t ro ly t e  solutions,  Pitzer has succeeded i n  recast ing the v i r i a l  equations 

into a form t h a t  involves a r e l a t i v e l y  small number of adjustable parameters. 

This model is the most accurate and eas ies t  t o  use i n  its c lass .  The 

following summation closely follows t h a t  of Pi tzer  (1979). 

The development of P i t ze r ' s  model s t a r t s  w i t h  an expression fo r  the excess 

Gibbs free energy of  t h e  s o l u t i o n  per kilogram of solvent i n  t h e  f o r m  

i j  i j k  

where 

f (  I )  i s  a Debye-Huckel term describing long-range e l e c t r o s t a t i c  forces  

j i m j . .  . . are  the mola l i t i es  of the various ions present 

x i j  and u i j k  account f o r  short range binary and ternary interact ions 
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It i s  assumed t h a t  t he  p i j k  a re  independent o f  i o n i c  s t rength iand I" are 

n e g l i g i b l e  i f  ions  i, j, k a r e  a l l  o f  t h e  same sign. 

. Su i tab le  manipulat ions o f  t h i s  formula u l t i m a t e l y  y f i e l d  the  f o l l o w i n g  ; 
I 

equat ions f o r  t he  i n d i v i d u a l  i o n  a c t i v i t y  coe f f i c i en tsL60 f  a x a t i o n  M,or  an 

anion X: D 

where L "  

Z = Z  1 r n ~  = 2  1 ma l Z a l  

'I2) + ( 2 / b ) l n ( l ~ b 1 1 ~ 2 ) ]  / /  + 12 m c m a 6 '  c a  F = A(T)[I1/'/(1+bI 

a c c  
C 

c a  

1 1 C mamal e i a l  . 
a a' 

The osmotic c o e f f i c i e n t  o f  t he  s o l u t i o n  i s  g iven by 

.. . . .  
: '  

e 8 i .: 
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na t ions  o f  a ' s  and t h e  C I S  and $Is are comb na t  i ons 

of P I S .  Un l i ke  the  i n d i v i d u a l  a ' s  and P I S ,  t he  B ' s ,  e's, and $Is may be 

evaluated f rom exper imental  data. 
n 

8 The c o e f f i c i e n t s  BMX and BMX are  func t i ons  o f  i o n i c  s t rength.  For * 

1-1 and 1-2 e l e c t r o l y t e s ,  
* 

where a = 2, and t h e  func t ions  gand g '  are g iven by 

2 g (x )  = Z [ 1  - ( l+x)e-xJ /x  

2 -x 2 
g ' ( x )  = -2[1 - (1 + x + 1 / 2  x )e ] / x  

The parameters, CMX, are r e l a t e d  t o  the  tabu la ted  parameters o f  P i t z e r  

8 and Mayorga (1973), CMx, as f o l l o w s :  

If there  i s  o n l y  one s a l t  present  i n  the  s o l u t i o n  ( t h a t  i s ,  o n l y  one k i n d  

o f  anion and o n l y  one k i n d  o f  ca t ion ,  t he  0 's  and $ 's  a l l  equal zero. 

Therefore, t he  p r o p e r t i e s  o f  a pure e l e c t r o l y t e  s o l u t i o n  are completely 
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def ined by the values o f  t he  8 ' s  and C 's  f o r  the sol'ution. The values o f  the 

B I S  are,' i n  turn,  determined by the values o f  B~~ '(0) and ' B~~ (P) . fiMX Y O )  , & U  MX , 
' 1 ,  

are funct ions o f  temperature. It i s  these th ree  funct ions t h a t  and CMx 8 

must be 

proper t  

'i j 
q i j k  i s  

3- 

f i t t e d  t o  the experimental data i n  order t o  completely describe 
- 

the  

es o f  the s o l u t i o n  o f  a s i n g l e  e lec t ro l y te .  

i s  nonzero o n l y  when both i and j are cat ions or\ i f  both are an ons. 

nonzero o n l y  when i, j, and k are a l l  d i f f e r e n t  ions, and are not 

* 

8 * - *  

a l l  o f  t h e  same charge type. 

and (6-1) on ly  i f  the s o l u t i o n  contains three o r  mo're k inds o f ,  ions. 
YM 

Thus, they appear i n  the expressions f o r  yx, 

The e's and q ' s  are c o l l e c t i v e l y  re fer red t o  as the mixing terms, and express 

the  e f f e c t s  o f  i n te rac t i ons  between ions o f  l i k e  sign. 0hnd  6 funct ions may 

be determined from the proper t ies o f  so lu t ions t h a t  contain no more than three 

ions--the so-cal led common ion b inary mixtures (e.g., a so lu t i on  t h a t  contains 

NaCl and Na2S04). However, once the B ' S ,  C I S ,  b l s ,  and $Is have been 

determined from the proper t ies o f  pure e l e c t r o l y t e  so lut ions and common ion 

b ina ry  mixtures, they a l low the proper t ies o f  so lu t ions t h a t  contain any 

number o f  ions t o  be accurately predicted. This i s  a major a t t r a c t i o n  o f  

P i t z e r ' s  model. 

When both i and j have the same charge, 0. i s  a func t i on  o f  temperature 
1 j  

only. When i and j d i f f e r  i n  charge, so-called unsymmetrical mixing terms 

a l so  appear: 

b 
qj. -3 Oij + 1J . ( I )  +, 1% 1J .(I) 

E Oij -3 Oij + 0. .(I) 

0: = E & . ( I )  

1J 

1 j  1J 

E '  Equations f o r  c a l c u l a t i n g  . ( I )  and 8 .  . ( I )  have been der ived 
1J 1J 

and publ ished by P i t z e r  (1975);' therefore, these funct ions are known, and 
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e i j  remains the only adjustable parameter which must be f i t t e d  t o  the 

experimental data. 

The J, functions are functions of temperature only. 

P i tzer ' s  model also allows most "ion pairs" t o  be completely dispensed 

with; the e f fec t  of "ion pairing" i s  simply incorporated into the values 

assumed f o r  BMX, and i t  need not be treated separately. 

great promise f o r  dramatically simplifying geochemical calculations i f  f u l l y  

T h i s  feature h o l d s  

exploited in practice. 
The in t r in s i c  limitation on the use of P i tzer ' s  model i s  t h a t  eMX (0) , 

(1) 6 
BMX 3 'MX, e i j  
There is, as yet ,  no way of predicting the values of these functions, or even 

predicting how they vary with temperature. This  has the e f fec t  of res t r ic t ing  

the practical  u t i l i t y  of the model t o  the solutions whose pure electrolyte  and 

common ion binary subsystems have been experimentally studied a t  the 

I and $i jk  must be f i t t ed  t o  experimental data. 

temperatures of interest .  

To date, many pure and mixed electrolyte  solutions have been accurately 

described us ing  P i tzer ' s  model a t  25"C, b u t  only a few systems have been 

f i t t e d  u p  t o  h i g h  temperature and concentration. What i s  ava i l ab le  is b r i e f ly  

summarized i n  Table 5. What h a s  been f i t t e d  u s i n g  P i tzer ' s  model essent ia l ly  

r e f l ec t s  the range of re l iab le  experimental data tha t  is available. 

The publication of Pi tzer ' s  model has stimulated e f fo r t s  to generate new 

a n d  improved experimental data needed to  expand i t s  range of u t i l i t y .  

Therefore, the si tuation i n  this regard is improving rapidly. 

To date, almost a l l  detailed studies of e lectrolyte  solution properties 

have been limited to pressures not much greater than the vapor pressure of the 

given solution i t s e l f .  Pioneering work i n  h i g h  pressure solution chemistry i s  

now underway by Pitzer and his  students (for example, Rogers, 1981). However, 



Table 5. Systems f i t t e d  us ing P i t z e r ' s  model o f  e l e c t r o l y t e  so lut ions.  

Sys tems 
Temperature Concentr a t i on 

range range Reference 

Many pure e l e c t r o l y t e s  o f  the  1-1, 1-2, 
1-3, 1-4, and 1-5 type 

25'C o n l y  Various P i t z e r  and Mayorga (1973) 

Pure s u l f a t e  s a l t s  of Mg+2 
Cu+2, Zn+?, Cd+2 Co+2, Ca+j, 
Be+2, Mn+2, and UO22 

52 common i o n  b ina ry  systems, and 11 
b i n a r y  systems w i thout  common ions 

Ni+2 

Phosphoric a c i d  and i t s  ions 

S u l f u r i c  a c i d  and i t s  ions 

NaC 1 

Pure ch lo r ides ,  n i t r a t e s ,  and per- 
ch lo ra tes  o f  t he  r a r e  ea r th  elements 

Temperature de r i va t i ves  o f  P i t z e r  para- 
meters f o r  varous pure e l e c t r o l y t e s ,  
most ly  o f  t h e  1-1 o r  2-1 type  

I o n i z a t i o n  o f  water i n  NaCl so lu t i ons  

I o n i z a t i o n  of Si(OH)4 i n  NaCl s o l u t i o n s  

KC 1 

CaC12 

MgClk. 

M ix tu re  o f  NaCl and KC1 

25'C o n l y  Various 

25'C o n l y  Various 

25'C o n l y  0-6 m 

25qC o n l y  0-6 m 

O-3OO0 C TO i a t u r a t i o n  

25qC o n l y  0-2 m 

Der iva t ives  a t  Various 
25°C a l low 
1 i m i  t e d  ext ra-  
po l  a t i o n  

0-3OO'C To sa tu ra t i on  with 
NaCl 

0-3 OO'C 1-5 m i n  NaCl 

109-2 01 ' c 1.2-7.0 m 

109-2010c 0.8-3.5 m 

109-2 01 ' c 0.8-3.2 m 

11 0-201 9 c 0.6-6.0 m t o t a l  C1 

P i t z e r  and Mayorga (1974) 

P i t z e r  and K i m  (1974) 

P i t z e r  and. S i l v e s t e r  (1976) 

P i t ze r ,  Roy, and S i l v e s t e r  (1977) 

S i l v e s t e r  and P i t z e r  (1977) 
w 
03 

P i  t z e r  , Peterson, 
and S i l v e s t e r  (1977) 

S i l v e s t e r  and P i t z e r  (1978) 

Busey and Mesmer (1976 ) 

Busey and Mesmer (1977) 

Holmes, Baes, and Mesmer (1978) 

Holmes, Baes, and Mesmer (1978) 

Holmes, Baes, and Mesmer (1978) 

Holmes, Baes, and Mesmer (1979) 
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Table 5. (Continued) 

Systems 
Temperature Concentrat ion 

range range Reference 

Seawater w i thou t  Ca+2 o r  HC03-, b u t  
i n c l u d i n g  s o l i d  phases produced on 
evaporation; t h a t  i s ,  t he  system H20- 
(Na', Mg+2, K+) (Cl-,S$2) 

25'C To complete 
c r y s t a l  1 i z a t i o n  

Harv ie  and Weare (1980) 

110-201 0 c 
100 and 130'C 

Mix ture  o f  NaCl and CaC12 

Pure NiC12 and CoC12 

Up t o  6 m NaCl Holmes, Baes, and Mesmer (1981 ) 

Holmes and Mesmer (1981) To l i m i t  o f  
hyd ro l ys i s  

25-3000 C , 
1-1 000 bar 

P.S.Z. Rogers (1981) NaCl 0-4 m 

30-2009 C , 
1-200 tiar 

N aS 04 P.S.Z. Rogers (1981) 0-2 m 

25'C o n l y  S o l u b i l i t y  of Cas04 i n  evaporated 
seawater 

S o l u b i l i t y  of SrS04, and Bas04 i n  
NaCl s o l u t i o n s  and MgC12 so lu t i ons  

0.3-5 m 
i o n i c  s t rength  

P.S.Z. Rogers (1981) 

25'C o n l y  P.S.Z. Rogers (1981) 0-2.0 m i n  NaCl 
o r  MgC 12 

25OC o n l y  Mix tures o f  NaCl and NaHC03 0-1.0 m t o t a l  
sod i um 

P i  t z e r  and Pe i  per 
(Work i n  Progress) 
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b a r r i n g  a dramatic breakthrough i n  a b i l i t y  t o  p r e d i c t  what has no t  y e t  been 

measured, i t  i s  no t  l i k e l y  t h a t  P i t z e r ' s  model w i l l  ever be able t o  span the  

range o f  cond i t ions  and components t h a t  are o f  i n t e r e s t  t o  geochemists. 

I 

I 

There is,>also t h e  danger t h a t  a t tempt ing t o  use P i t z e r ' s  model when no t  

a l l  needed p.arameters a re  known w i l l  l ead  t o  gross er ro rs .  

Bo method i s  t o  be pre fer red  i n  such cases, s ince i t  i s  a t  l e a s t  systematic 

Generally, t he  

and i t s  l i m i t a t i o n s  a re  w e l l  understood. 

However, i n  those cases f o r  which needed data i s  ava i l ab le  and has been 

f i t t e d  us ing P i t z e r ' s  model, t h i s  model w i l l  g i ve  the  bes t  p red ic t i ons  

poss ib le . '  This w i l l  soon' be the  case f o r  a s u i t e  o f  problems which a r i s e  i n  

connection w i t h  var ious  energy e x t r a c t i o n  and conversion technologies. 

P i t z e r ' s  model, great' accuracy ought t o  be soon achieved when modeling t h e  

fo l l ow ing  impor tant  s a l i n e  waters--sea- water, coo l i ng  tower water, o i l  f i e l d  

-. 
Using 

, 

br ines ,  and geopressured b r ines  a t  moderate pressure. 

I n  such cases, t h e  p r e d i c t i o n  and c o n t r o l  o f  s o l u t i o n  pH, t h e  p a r t i t i o n  of 

gases between l i q u i d  and vapor, and s c a l i n g  p o t e n t i a l  a re  u s u a l l y  o f  g rea tes t  

concern. Such c a l c u l a t i o n s  normal ly  concern themselves w i t h  o n l y  a r e l a t i v e l y  

few impor tant  components and species. I t  i s  p r e c i s e l y  these important 

components t h a t  have rece ived most a t t e n t i o n  i n  t h e  work summarized i n  Table 5. 

F i n a l l y ,  such p r a c t i c a l  app l i ca t i ons  r e q u i r e  much g rea te r  p r e d i c t i v e  

accuracy than most geochemical research app l ica t ions .  Thus, t h e  g rea te r  

accuracy o f  P i t z e r ' s  model' o f f e r s  r e a l  advantages here. Such c a l c u l a t i o n s  

have t r a d i t i o n a l l y  been performed us ing e l e c t r o l y t e  models.of t h e  extended 

Debye-Htickel type; very  o f t e n  they  have y i e l d e d  u n r e l i a b l e  r e s u l t s .  

I 
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COMPUTATIONAL CAPABILITIES OF BRINE MODELING CODES 

A l l  codes reviewed are capable o f  c a l c u l a t i n g  t h e  concentrat ions and 

thermodynamic a c t i v i t i e s  o f  t he  species i n  an aqueous so lu t i on ,  given a 

complete chemical ana lys is  o f  t h e  so lu t i on .  

ca l cu la t i on ,  a f t e r  which the degree o f  sa tu ra t i on  o f  the s o l u t i o n  w i t h  respec t  

c 

This i s  a species d i s t r i b u t i o n  

t o  minerals can be ca lcu lated.  

The species d i s t r i b u t i o n  ca l cu  a t i o n  has been approached thermodynamically 

i n  two d i s t i n c t  ways--the e q u i l i b r  urn constant approach and the  Gibbs Free 

Energy approach (Nordstrom e t  al., (1979).  Use o f  one o f  these approaches i n  

any p a r t i c u l a r  code de f ines  t h e  c h a r a c t e r i s t i c s  o f  t he  code by l i m i t i n g  the  

choice o f  numerical techniques ava i lab le .  The e q u i l i b r i u m  constant  approach 

r e s u l t s  i n  a s e t  o f  non l inear  equations t h a t  a re  solved by us ing e i t h e r  the  

technique o f  successive approximation o r  t h e  Newton-Raphson method. 

f r e e  energy approach r e s u l t s  i n  a s e t  o f  non l inear  equations t h a t  are so lved 

by numerical techniques such as p a t t e r n  search, l i n e a r  programming, steepest 

descent, o r  g rad ien t  methods. 

e q u i l i b r i u m  constant  approach t o  t h e  species d i s t r i b u t i o n  problem; t h e  JAYCOR 

code uses t h e  Gibbs Free Energy approach. 

The Gibbs 

The codes EQ3, SOLMNEQ, and HITEQ use t h e  

EQ3 

The codes EQ3 and EQ6 are  ext remely general i n  na ture  and c a p a b i l i t i e s .  

They were w r i t t e n  by  T. J. Wolery and are described i n  Wolery (1979) and 

Wolery and Walters (1975). 

concentrat ions o f  a l l  simple aqueous species i n  a f l u i d ,  e.g., t o t a l  sodium 

I n p u t  t o  the  program EQ3 cons is ts  o f  t h e  

concentrat ion,  together  w i t h  t h e  pH, some measure of t h e  redox s t a t e  o f  the  

s o l u t i o n  (Eh, pe-, oxygen fugacity, d isso lved oxygen content, o r  

concentrat ions o f  a redox couple, such as s u l f a t e  and s u l f i d e ) ,  temperature, 
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and pressure. From consideration of 'mass balance. requirements on* cations and 

anions ,, together w i t h  mass action expressions, the equi,librium concentrations 

and ac t iv i t i e s  of a l l  aqueous species of geochemical importance are calculated 

for  the particular f lu id  under consideration. The program then calculates the 
- 

s t a t e  of saturation of the f lu id  w i t h  respect t o  a l l  relevant minerals.in the 

thermodynamic data base. 3 ,  

EQ6 
The program EQ6 uses the output of program EQ3 to carry o u t  computations 

of chemical equilibrium .and mass transfer according to  models developed by 

Helgeson (1968, 1979). 

output of EQ3 is allowed t o  react w i t h  a reactant subsystem, consisting o f  a 

s e t  of minerals, w i t h  which i t  is not i n i t i a l l y  i n  equilibrium. Progressive 

addition of the reactant subsys tey. resu l t s  i n  chemical reactions and mass 

t ransfer  t h a t  are  computed by assuming tha t  partial  equilibrium is obtained 

a f t e r  each increment of reaction progress. Overall equilibrium is achieved 

when t h e  solution f ina l ly  equilibr.ates w i t h  the reactant assemblage. 

output of EQ6 predicts the changes i n  solution composition and the amounts of 

product minerals as a function of reaction progress. The reaction progress 

variable may, i f  desired, describe changes of temperature and pressure as well 

A fixed mass of the aqueous soclution specified i n  the 

The 

as i r revers ible  reaction of the solution with the reactant subsystem. 

. .  * - HITEQ I *. 

HIJEQ was developed specif ical ly  for model ing surface treatment processes 

associated w i t h  production of geothermal brines. The, i n p u t  t o  HITEQ specifies 

the pressure, the amount of water i n ,  the system, the total  heat content of the 

systey, and the amount o f  each of about 15 chemical components of practical 



83 

importance. HITEQ then calculates the par t i t ion of water, heat,  and chemical 

components between the liquid phase and the vapor phase, the temperature, the 

pH, the concentrations of various species in the liquid phases, and the 

saturation r a t io  for each of the major scale-forming carbonate and  su l fa te  

minerals. A t  present, the thermodynamic data base i n  HITEQ i s  limited to  the 

simple sulfate  and carbonate minerals of the alkaline earth elements (e.g., 

s t ron t ian i te ,  ca l c i t e ,  witherite,  bar i te ,  ce l e s t i t e ,  e tc . )  for which 

thermodynamic data were taken from Helgeson (1969) as outlined i n  this report. 

The capabi l i t ies  of HITEQ and the chemical components that  i t  incorporates 

r e f l ec t  the practical needs of geothermal brine treatment process design. 

These needs are essent ia l ly  the same as those of geopressured brine treatment 

process design. Incorporation of P i tzer ' s  model of e lectrolyte  solutions i n t o  

HITEQ and updating i t s  data base would give a s t a t e  of the a r t  tool for use i n  

these and related areas. 

An a t t r ac t ive  feature which HITEQ shares w i t h  i t s  re la t ives  EQBOX and 

KINBOX is the simplicity of i ts  algorithm: the overall problem to  be solved i s  

reduced to a single nonlinear equation i n  hydrogen ion ac t iv i ty  which i s  

solved u s i n g  the Newton-Raphson method. Two outer loops i te ra t ive ly  solve f o r  

the ion ac t iv i ty  coefficients and the par t i t ion o f  the various components 

between the l iquid and vapor phases. In practice, a l l  three loops converge 

rapidly,  and, as a r e su l t ,  the codes are very f a s t  r u n n i n g .  P u t t i n g  P i tzer ' s  

model into HITEQ would actually simplify the algorithm fur ther ,  and possibly 

make i t  r u n  even fas te r .  

The l i s t i n g  and documentation of HITEQ have not been  published, b u t  HITEQ 

i s  discussed and i t s  use demonstrated by Weres, Tsao, and Iglesias (1980). 
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Pre l im ina ry  Technical Assessment o f  t h e  JAYCOR Code and I t s  Use i n  Modeling 

t h e  Chemistry o f  Geopressured B r i  nes 

JAYCOR's code i s  a recent  a d d i t i o n  t o  a fami ly  o f  codes whose use i n  

geochemistry s t a r t e d  i n  the  1960's. 

when f u l l y  developed may have more c a p a b i l i t i e s .  However, i t  d i f f e r s  f rom 

almost a l l  o ther  s i m i l a r  codes i n  th ree  impor tant  respects. F i r s t ,  i n  

expressing t h e  chemical e q u i l i b r i u m  problem, i t  uses a f r e e  energy 

min imiza t ion  approach r a t h e r  than one based on e q u i l i b r i u m  constants. 

claimed t h a t  t h e  code has an e legant  and r a p i d  numerical method f o r  s o l v i n g  

t h i s  problem, but ,  assessing t h i s  p a r t i c u l a r  advantage o f  the  code must be 

It i s  s i m i l a r  i n  purpose t o  EQ3/EQ6, bu t  

4 

It i s  

deferred u n t i l  t he  code i s  documented. 

Second, t h e  JAYCOR code, a t  present, has a very  inadequate thermodynamic 

data base f o r  s o l i d s  t h a t  i n  no way represents the present s t a t e  o f  knowledge 

of t h e  thermodynamic p roper t i es  o f  minerals. Proper t ies  o f  s o l i d s  t h a t  have 

no geo log ica l  s ign i f i cance,  such as ca lc ium.chlor ide,  are inc luded i n  the data 

base. Also, t he re  i s  no data base f o r  volumes o f  minera ls  i n  the  code. This 

i s  ser ious  because i t  w i l l  no t  permi t  any modeling o f  t he  h igh  pressure regime 

c h a r a c t e r i s t i c  o f  geopressured rese rvo i r s .  There i s  no mention i n  the  

p r e l i m i n a r y  account o f  the  code ava i l ab le  (Levine e t  a1 . , 1980) o f  the  

ex tens ive  thermodynamic data base f o r  minera ls  developed by  Helgeson and 

coworkers (1978) and used i n  EQ3/EQ6. 

1 1 1  

Third, JAYCOR has attempted t o  develop a l i q u i d  phase model based on 

P i t z e r ' s  model o f  e l e c t r o l y t e  so lu t ions ,  and a vapor phase model capable o f  
1, 

dea l ing  w i t h  the  very  h igh  dens i t i es  and pressures under which the  vapor i s  i n  

e q u i l i b r i u m  w i t h  geopressured 

s i m i l a r  t o  the  one t h a t  Weres 

b r i n e  i n  the  wellbore. The e l e c t r o l y t e  model i s  

has proposed be pu t  i n t o  HITEQ. 
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The problem w i t h  the electrolyte  model chosen i s  that  many empirical 

parameters are needed t o  specify i t .  

t h a t  the Jaycor code will ultimately be able to  properly model using P i t ze r ' s  

model will be much larger than that  covered by HITEQ because of the lack o f  

such data. Indeed, Levine e t  al .  (1980) do not appear to be familiar w i t h  

important recent l i t e r a tu re  i n  this area. In par t icular ,  they seem t o  be 

unaware of the high temperature f i t s  for the dissociation of water in NaCl 

solutions (Busey and Mesmer, 1976), the dissociation of monosilicic acid i n  

NaCl solutions (Busey and Mesmer, 1977), the dissociation of boric acid i n  

NaCl solutions, (Mesmer e t  a l . ,  1972), the osmotic coefficients and mean 

a c t i v i t i e s  of M $ 1 2 ,  CaC12, and SrC12, i n  aqueous solutions, (Holmes 

e t  a l . ,  1978, 1979), and the recent work on the evaporation o f  brines by 

Harvie and Weare (1980). 

I t  i s  unlikely tha t  the range o f  species 

I n  addition, Levine e t  a l .  (1980) apparently intended to  approximate many 

of the empirical parameters i n  the Pitzer model from the available h i g h  

temperature data for NaCl and the room temperature data for lother s a l t s .  

However, the formulas proposed by them to make these estimates (eqs. 3.14 and 

3.17 i n  Levine e t  a1 ., 1980) a re  incorrect, as  may quickly be determined by 

comparing the i r  predictions w i t h  the available data o f  Silvester and Pitzer 

(1978). In f ac t ,  the approximations introduced by these formulas may well 

r e su l t  in a loss of accuracy, ra ther  than any improvement over the simple 

extended Debye-Hickel theory. The l a t t e r  is a t  l eas t  self-consistent and has 

well-known limitations.  

More generally, the JAYCOR code may not be sui table  to  some problems tha t  

are important i n  practice. 

code may be elegant and e f f i c i en t ,  b u t ,  i n  f ac t ,  the code does riot seem 

capable of precisely the very important kind of liquid-vapor equilibrium 

The thermodynamic formulation and algorithm i n  the 
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problem f o r  which HITEQ was s p e c i f i c a l l y  developed (H. Levine, JAYCOR, pers. 

corm., 1980). 

w i t h  the  bas ic  k i n d  o f  modeling problem t h a t  a r ises  i n  the design o f  b r i n e  

t reatment  processes. 

on l y  a l i q u i d  phase as convenient ly  as does HITEQ. 

Even if modified, i t  s imp ly  appears no t  t o  be designed t o  deal 

However, i t  should be able t o  so lve  problems i n v o l v i n g  

A r e l a t e d  concern i s  the  runn ing  t ime and the  complexity o f  input .  I 

Because HITEQ i s  designed t o  deal w i t h  on l y  one k i n d  o f  problem, i t  reduces 

t h e  fundamental mathematical problem t o  j us t .one  equation which i s  quick and - 

easy t o  so lve numer ica l ly .  Because of i t s  more ,general c a p a b i l i t i e s ,  JAYCOR 

i s  f a r  more complicated. Therefore, i t  i s  expected t h a t  t he  JAYCOR code would 

be slower i n  so l v ing  prob1,ems o f , t h e  s o r t  t h a t  HITEQ was developed f o r .  

Likewise, each component i n  each',ph.ase and each chemical r e a c t i o n  t o  be 

modeled would r e q u i r e  a separate l i n e  o f  i n t e r a c t i v e  terminal  i n p u t  or  inpu t ,  

card. For example, a t y p i c a l  b r i n e  modeling problem us ing  HITEQ would 

probably  r e q u i r e  about fou r  l i n e s  o f  input ,  wh i l e  t h e  JAYCOR code would 

, * <  r e q u i r e  about 25. 
I * I .*  

The JAYCOR code appears n o t  t o  o f f e r  any grea t  advantage over H ITEQ i n  t h e  

range o f  problems t h a t  HITEQ was developed f o r .  

as an advanced and improved s u b s t i t u t e  , _  f o r  codes o f  t h e  EQ3/EQ6 type; t h a t  i s ,  

once f u l l y  developed and prov ided w i t h  an adequate thermodynamic data base i t  

might ,be used f o r  rock-water  i n t e r a c t i o n  modeling and r e l a t e d  problems under 

geopressured r e s e r v o i r  and downhole condi t ions.  

a very general and long-term p r o j e c t  t h a t  i n  our op in ion  requ i res  a subs tan t i a l  

amount o f  a d d i t i o n a l  work, i n c l u d i n g  work by  geochemists. 

I t s  u l t i m a t e  va lue might  be 

Developing t h e  JAYCOR code i s  
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POTENTIAL APPLICATIONS OF BRINE MODELING CODES TO THE STUDY OF GEOPRESSURED 

FLUIDS 

Reservoi r  F1 u i d Chemistry 

EQ3 can e s t a b l i s h  the  chemical compositions, e q u i l i b r i u m  'speciat ions, and 

s ta tes  o f  s a t u r a t i o n  of geopressured br ines i n  the  rese rvo i r s .  This i s  a 

d i r e c t  a p p l i c a t i o n  o f  t he  r e s u l t s  o f  t h e  downhole sampling program. 

in fo rmat ion  gained w i l l  be v i t a l  t o  r e a l i s t i c  p red ic t i ons  o f  s c a l i n g  du r ing  

t e s t i n g  and production, and, i n  addi t ion,  w i l l  h e l p  t o  e s t a b l i s h  the  impor tant  

b r  ine-rock i n t e r a c t  ions i n f  1 uencing reservo ir poros i t i e s  and permeab i 1 i t i e s  . 
The r e s u l t  of we l l  head sampling (summarized e a r l i e r  i n  t h i s  r e p o r t )  can 

The 

be used as a check on the  r e s e r v o i r  f l u i d  compositions es tab l i shed by the  

downhole sampling program. For example, one composit ional parameter o f  grea t  

i n t e r e s t  i s  the t o t a l  d isso lved carbon d iox ide contents o f  geopressured br ines  

under r e s e r v o i r  cond i t ions .  This parameter w i l l  be measured d i r e c t l y  on 

downhole samples r e t r i e v e d  under the downhole sampling program. However, i t  

can a lso be estimated from we l l  head analyses i n  a t  l e a s t  two ways. F i r s t ,  

t he  r e s u l t s  o f  the gas phase analys is  a t  the  sur face and the measured 

gas:liquid ratio can be used to calculate t h e  total dissolved carbon dioxide 

under downhole cond i t ions  (Kharaka e t  al., 1980). Second, from the  results o f  

pet rographic  studies, i t  can be assumed t h e  b r ines  are probably i n  e q u i l i b r i u m  

under r e s e r v o i r  cond i t ions  w i t h  a carbonate minera l ,  such as c a l c i t e  or  

dolomite, e.g., 

CaC03(cc) + 2H+ = Ca2+ + C02(aq) + H20 

The mass a c t i o n  expression fo r  t h i s  e q u i l i b r i u m  i s  
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co2 
log K = log aCa2+/(aH+l2 + log a 

This expression can be used t o  ca lcu la te  the concentration of carbon dioxide 

i n  the brine from the a c t i v i t y  coef f ic ien t  o f  C02 in NaCl solutions 

(Helgeson, 1969), the a c t i v i t y  of Ca2+ (which can be calculated from the  

well head ana lys i s ) ,  the equilibrium constant K (calculated using the data i n  

Helgeson e t  a l . ,  1978), and the pH. The pH of the brine can be calculated by 

further assuming from the r e s u l t s  of petrographic s tudies ,  t h a t  the brine i s  

i n  equilibrium with the assemblage a l b i t e ,  kaol in i te ,  and quartz under' 

reservoir  conditions, e.g., 

+ + 2NaA1Si308 + 2H + H20 = 2Na + A12Si205(OH)4 + 4Si02 

The mass act ion expression f o r  this' e-quilibrium can be written 

log K = 2 log (aNa+/aH+) 
I 

i.e., pH = 1 / 2  log K - log aNa+ " 

Using thermodynamic data from He1 geson e t  a1 . (1978) the equil i b r i u m  constant 

can be calculated.  

analysis fo r  to ta l  dissolved sodium and the method of calculat ing a c t i v i t y  

coef f ic ien ts  described by He1 geson (1969). 

The a c t i v i t y  of Na+ can be calculated from the well head 

Consequences of Cooling the Reservoir Fluid and I r revers ib le  Reaction of the 

Fluid w i t h  I t s  Host Rocks 

EQ6 was spec i f i ca l ly  created for  applications l i k e  the prediction of  the 

. 

consequences of cooling or decreasing pressure on a f l u i d  or fluid-plus-rock 
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system. 

i s  s t i l l  useful  because many geopressured problems do no t  i n v o l v e  a vapor 

Even though EQ6 does n o t  a t  present model gas - l i qu id  e q u i l i b r i a ,  i t  

phase. For example, i t  i s  o f  great  i n t e r e s t  t o  p r e d i c t  the e f f e c t s  on the  

f l u i d  of processes such as 'small b u t  s i g n i f i c a n t  amounts o f  coo l ing ,  e.g., i n  

a nonf lowing  w e l l  bore. I n  add i t ion ,  i f  s i g n i f i c a n t  drops i n  pressure occur 

i n  the  r e s e r v o i r  around t h e  w e l l  bore,the f l u i d  may undergo i r r e v e r s i b l e  

r e a c t i o n  w i t h  i t s  r e s e r v o i r  h o s t  rocks  t h a t  cou ld  a f f e c t  t h e i r  p o r o s i t y  and 

permeab i l i t y .  E i t h e r  o f  these two a p p l i c a t i o n s  cou ld  be made by t a k i n g  t h e  

degree o f  r e a c t i o n  progress i n  EQ6 t o  be some ( a r b i t r a r y )  f u n c t i o n  of 

temperature o r  pressure. 

Reservoi r  Geochemistry 

The combined EQ3/EQ6 package i s  i d e a l l y  s u i t e d  f o r  model ing t h e  s p e c i f i c  

minera l  p r e c i p i t a t i o n  and d i s s o l u t i o n  reac t i ons  t h a t  i n f l uence  po ros i t y ,  

permeab il i ty ,  and s c a l i n g  d u r i n g  product ion o f  geopressured br ines .  

I n t e g r a t i o n  o f  a l l  t he  r e s u l t s  o f  the downhole sampling p r o j e c t  w i t h  a v a i l a b l e  

knowledge of t h e  pet ro logy,  mineralogy, and minera l  chemistry o f  t h e  r e s e r v o i r  

rocks  cou ld  be used as c o n s t r a i n t s  du r ing  such modeling o f  rock-water 

i n t e r a c t i o n s .  I n  add i t ion ,  b y  e s t a b l i s h i n g  t h e  b u r i a l  h i s t o r y  o f  t he  

r e s e r v o i r ,  i t  should be poss ib le  t o  p r e d i c t  more accu ra te l y  maximum l i k e l y  

depths f o r  e x p l o i t a t i o n  o f  geopressured r e s e r v o i r s  and t h e i r  poss ib le  response 

t o  product ion.  
- 

Such work would u t i l i z e  the  r e s u l t s  o f  t h e  chemical analyses made o f  

b r i nes  c o l l e c t e d  a t  the  wel l -head by  LBL and o the r  researchers,  IGT, McNeese 

State,  USGS, as w e l l  as those c o l l e c t e d  under LBL's downhole sampler program, 

t o  e s t a b l i s h  the  chemical compositions and e q u i l i b r i u m  spec ia t ions  i n  the 

b r i n e s  under r e s e r v o i r  cond i t ions .  I n  p a r t i c u l a r ,  t h e  r e l a t i o n s h i p  o f  b r i n e  



90 

composition to  the petrology o f  the reservoir  rocks.would be studied. 

Accurate documentation of changes of the  mineralogy and chemistry of Gulf 

Coast shales and sandstones as a function of dep th  are  necessary for  

under.standing the controls of petrology over brine chemistry and porosity. 

h c h  descriptive work of t h i s  k i n d  has been and will  be carr ied out by both . '  

the t3ureau of Economic*Geology a t  Austin, Texas, and Louisiana State  

University a t  Baton Rouge (under DOE sponsorship). 

useful b u t  should be supplemented by additional mre detai led studies t o  

es tab l i sh  accurate mineral compositions and abundances. For example, 

quant i ta t ive  r e s u l t s  for  the changes i n  abundance o f  the minerals i n  the core 

and cut t ings as a function of dep th  are  necessary and the clay mineralogy of 

the sandstone reservoir  rocks needs investigation. The s.tandard laboratory 

techniques of microscopy, X-ray d i f f rac t ion  and fluorescence, and electron 

microprobe analysis could be used for  such s tudies .  

Many of their r e s u l t s  are 

_ I  

All  above laboratory and theoret ical  work could then be used t o  es tab l i sh  

the spec i f ic  mineral p rec ip i ta t ion  and dissolut ion reactions tha t  have 

control led the poros i t ies  and permeabili t ies of the  reservoir  rocks d u r i n g  

their  burial  history.  As a consequence, the chemical compositions, 

equilibrium speciation, and s t a t e s  of saturat ion of the reservoir  brines would 

be f i rmly established as a function of the burial  h i s to r i e s  of the 

reservoirs.  

porosity and permeability changes caused by chemical reactions i n  the 

reservoirs  t h a t  occur i n  response t o  production. 

I t  should then be possible t o  make r e a l i s t i c  predictions of 
~ 

Pract ical  Problems of Brine Hand1 ing 

Depressurizing geopressured brine t o  separate the dissolved, gases from i t  
b .  

causes a large chemical perturbation; i n  par t icu lar ,  the  removal of CU2 from 
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I 

s o l u t i o n  increases the pH and causes ca lc ium carbonate t o  p r e c i p i t a t e .  So 

far ,  t h i s  i s  t he  o n l y  type o f  sca le  t h a t  has been observed i n  geopressured 

b r i n e  handl i n g  operat ions.  Br ine d isposal  by  r e i n j e c t i o n  u s u a l l y  invo lves  

m ix ing  t h e  b r i n e s  from d i f f e r e n t  we l ls ,  and a l s o  m ix ing  o f  t h e  b r i n e  be ing  

i n j e c t e d  w i t h  the  b r i n e  i n  the  r e c e i v i n g  format ion.  

d i f f e r e n t  composi t ion has of ten been observed t o  cause s c a l i n g  i n  o i l  f i e l d  

and geothermal f i e l d  operat ions,  and the  same danger e x i s t s  i n  the case o f  

geopressured b r ines  as we1 1 . 

Such m ix ing  o f  b r i nes  o f  

P r e d i c t i n g  and con t ro l1  i n g  such scale depos i t ion  processes of ten requ i res  

accurate c a l c u l a t i o n s  o f  l i q u i d  phase e q u i l i b r i a  and pH, and o f  the p a r t i t i o n  

of  gases between l i q u i d  and vapor. U s e f u l l y  p r e d i c t i n g  these th ings  requ i res  

more accuracy than i s  the case w i t h  most geochemical research app l i ca t i ons .  

To be sure, i n  o i l  f i e l d  p r a c t i c e  such problems have o f t e n  been solved by 

t r i a l  and e r r o r  t es t i ng ,  and the generous use o f  th resho ld  type sca le  

i n h i b i t o r s .  I n  p r i n c i p l e ,  chemical problems associated w i t h  t h e  handl i n g  o f  

geopressured b r ines  might  a lso  be addressed i n  t h i s  way. 

geopressured b r ines  (and geothermal b r i n e s )  appears t o  be fundamental ly 

d i f f e r e n t  i n  p rac t ice .  An obvious d i f f e r e n c e  i s  the much h igher  temperature 

o f  these br ines;  t h i s  l i m i t s  t h e  use o f  "beaker experiments," and narrows the  

range o f  add i t i ves  t o  choose from. 

d i s t i n c t i o n  i s  t h e  very  l a r g e  volume of b r i n e  t h a t  must be handled and 

However, the case of  

An even more impor tant  and p r a c t i c a l  

disposed of i n  u t i l i z i n g  geopressured and geothermal resources. T y p i c a l l y ,  

t h i s  i s  one o r  two m e t r i c  t ons  per  d o l l a r  o f  u l t i m a t e  product  value. This  i s  

one o r  two orders  o f  magnitude h igher  than i s  t h e  case w i t h  o i l  f i e l d  b r ines .  

The very l a r g e  amount o f  b r i n e  t o  be handled and di'sposed o f  means t h a t  

ve. This  m i l i t a t e s  aga ins t  
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t h e  r o u t i n e  use o f  e x o t i c  add i t i ves ,  and places a premium on cleverness in ,  

b r i n e  t reatment  process des i gn. 

understanding o f  the chemist ry  o f  the  br ine ,  and t h i s ,  i n  tu rn ,  requ i res  good 

b r i n e  modeling c a p a b i l i t y .  

example o f  p r a c t i c a l  geothermal b r i n e  t reatment design.) 

Such cleverness demands a thorough 

(See Weres, Tsao, and Inglesias, ,  (1980) f o r  an 

HITEQ was p u r p o s e f u l l y  designed t o  model j u s t  such problems o f  s c a l i n g  and 

gas-1 i q u i d  e q u i l i b r i a .  

P i t z e r ' s  e l e c t r o l y t e  model, H ITEQ cou ld  be used t o  c a l c u l a t e  the  fo l l ow ing :  

A f t e r  updat ing  i t s  data base and inco rpo ra t i ng  

o Degree o f  supersa tura t ion  o f  the  b r ines  w i t h  the common carbonate and 

s u l f a t e  minera ls  

o P a r t i t i o n  of v o l a t i l e  components between b r i n e  and vapor a t  r e l a t i v e l y  

1 ow pressures 

o Chemical e f f e c t s  o f  separa t ing  t h e  vapor frorii the  b r i n e  

o 

This i n fo rma t ion  cou ld  be used t o  s tudy . the  chemist ry  o f  b r i n e s  t h a t  a re  

obta ined i n  the downhole sampling p r o j e c t  and & '  t o  h e l p  develop e x t r a c t i o n  and 

p r e i n j e c t i o n  b r i n e  t reatment  processes th,at a re  s u i t a b l e  f o r  these br ines .  

E f f e c t s  o f  chemica l l y  mod i fy ing  the  9' br ine .  

1 '  

Use o f  P i t z e r ' s  model appears t o  be a p r a c t i c a l  p r o p o s i t i o n  i n  t h i s  case, 

because the  temperatures and pressures of g rea tes t  i n t e r e s t  a re  moderate and 

exper imen ta l l y  access ib le ,  and o n l y  a l i m i t e d  number o f  components are o f  

p r a c t i c a l  importance. For t h e  most pa r t ,  these components are j u s t  those t h a t  

a re  r e c e i v i n g  the most c a r e f u l  study. (Compare the l i s t s  below w i t h  Table 5 ) .  
J 

L i s t e d  here are  t i le  var ious  ions, s o l i d s ,  and gases t h a t  a re  o f  g rea tes t  

p r a c t i c a l  importance i n  the contex t  o f  sca le  format ion and c o n t r o l .  Those 

t h a t  a re  known t o  be impor tant  i n  the  case of geopressured b r ines  are 

under 1 ined. 

. 
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The f o l l o w i n g  i ons  are f r e q u e n t l y  present  i n  h igh  concent ra t ion  i n  s a l i n e  
+ 

waters: - ’  Na K+, Mg+2, &+2, - C1-, and SO:-. The f o l l o w i n g  are the  common 

sca le  fo rming  minera ls :  

( CaS04), gypsum ( CaS04- H20), s t r o n t i a n i  t e  ( SrC03), c e l e s t i t e  ( SrS04), 

b a r i t e  ( BaS04), w i t h e r i t e  ( BaC03), amorphous s i  1 i c a  ( Si02).  

C a l c i t e  and aragon i te  (bo th  CaC03); anhydr i t e  

The f o l l o w i n g  are  impor tant  i n  determin ing the  s o l u t i o n  phase p H  (a long 

w i t h  t h e i r  conjugate a c i d  and base forms):  C02, H2S, HN3, -3-’ CH COOH 

S I (OH)p  B(OH)3* 

The f o l l o w i n g  f r e q u e n t l y  are impor tant  components o f  t h e  vapor o r  gas 

phases t h a t  may c o e x i s t  w i t h  such f l u i d s :  CH,, CO,, H2S, NH3, Np, 02, 

c&j 9 H2 

Most o f  t h e  ions, so l ids ,  and gases under l ined  are inc luded i n  the  present 

vers ion  o f  HITEQ. 
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TASK 4 

RESEARCH PROJECTS 

Task 4 aimed t o  examine t h e  major problems associated w i t h  the  development 

o f  geopressured b r i n e s  and t o  propose research t o p i c s  which addressed those 

problems. Accordingly,  du r ing  t h e  con t rac t  year, LBL proposed t h e  f o l l o w i n g  

tasks  t o  G R I :  

o Complete l abo ra to ry  and f i e l d  t e s t i n g  o f  t h e  downhole sampler and 

f a b r i c a t e  a second u n i t  t o  serve as a backup i n  the event t h a t  the  

f i r s t  sampler i s  damaged o r  l o s t .  The downhole sampler i s  designed t o  

ob ta in  b r i n e  samples from DOE geopressured Design Test Wells and Wells 

o f  Oppor tun i t y  . 
o Complete the  design, f a b r i c a t i o n ,  and t e s t i n g  o f  a f i e l d  

sample-handling system which w i l l  r e c e i v e  the downhole b r i n e  samples 

ana process them fo r  subsequent l abo ra to ry  ana lys i s  a t  LBL. 

o Conduct l abo ra to ry  and t h e o r e t i c a l  s tud ies  o f  the p r e c i p i t a t i o n  of  

ca l  cium carbonate from geopressured br ines .  

o Conduct a broad program o f  chemical data ana lys is  and i n t e r p r e t a t i o n ,  

u t i 1  i z i n g  sampler r e s u l t s  and o ther  p e t r o l o g i c a l  and minera log ica l  

data, i n  order  t o  charac ter ize  the geochemistry o f  the geopressured 

r e s e r v o i r s .  

Develop a design of  a downhole sampler based on the p i s t o n  p r i n c i p l e  as 

an a1 t e r n a t i v e  t o  the flow-through sampler. 

o 

a 

The r e s u l t s  of t h i s  proposed research are  expected t o  prov ide i i i iportant 
D 

. 

data which w i l l  c o n t r i b u t e  impor tan t l y  t o  a number o f  areas: 

o E s t a b l i s h i n g  t h e  chemical compositions o f  t he  b r ines  i n  the  r e s e r v o i r  

o Determining the causes o f  r e g i o n a l  v a r i a t i o n s  o f  r e s e r v o i r  f l u i d  

composi t ion ana m a t r i x  p roper t i es ,  such as p o r o s i t y  and permeab i l i t y .  
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o 

o E l u c i a a t i n g  t h e  o v e r a l l  nature, d i s t r i b u t i o n ,  and genesis o f  the 

P r e d i c t i n g  sca le  and sludge fo rmat ion  

geopressured resource. . 
The proposed program i s  a f u l l y  i n teg ra ted  e f f o r t  between LBL design 

engineers, f i e l d  t e s t i n g  personnel, and a n a l y t i c a l ,  t h e o r e t i c a l ,  and 

geochemical sc ien ti s t s  . 
A d e t a i l e d  desc r ip t i on  o f  these proposals was presented t o  G R I  i n  an LBL 

document e n t i t l e d  O u t l i n e  o f  LBL Research Proposals f o r  Submission t o  t h e  Gas 

Research I n s t i t u t e  (October 1980). 
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APPENDIX A 

CAL CU LAT IONS OF PR ESS URE-TEM P ER ATUR E EFFE CTS 

ON LBL FLOW-THROUGH SAMPLER OPERATION 

The LBL sampler i s  designed t o  take advantage o f  the c h a r a c t e r i s t i c s  of  

geopressured we l l s ,  t h a t  i s ,  a regime where methane and b r i n e  are under 

unusua l ly  h i g h  pressures a t  h i g h  temperatures. It i s  t h i s  h i g h  temperature 

t h a t  mainta ins t h e  r e l a t i v e l y  h igh  pressure i n  the  sampler, r e l a t i v e  t o  the  

wel l -bore f l u i d ,  as the  sampler comes up the  w e l l .  To ensure t h a t  the sampler 

would operate s a t i s f a c t o r i l y  under var ious cond i t i ons  o f  pressure and 

temperature, i t  was necessary t o  mathemat ica l ly  model the watermethane system 

i n  the  w e l l  and the  sampler. This work was conducted by E. I g l e s i a s  a t  LBL 

under DOE funding. 

This  computer program used f o r  these c a l c u l a t i o n s  p r e d i c t s  the  pressure 

and temperature regime f o r  a f i x e d  volume o f  methane and pure water i n  any 

composi t ional  r a t i o .  The sampler w i l l  remain sealed a f t e r  t he  va lves c lose  so 

long as t h e  sampler i n t e r n a l  pressure i s  g rea ter  than the  w e l l  bore pressure. 

The computed r e s u l t s  show t h a t  t h i s  c o n d i t i o n  i s  predominant ly a f u n c t i o n  o f  

temperature; thus, t he  temperature p r o f i l e  w i t h i n  the  w e l l  l a r g e l y  determines 

whether t h e  sampler can be success fu l l y  used. 

F igure  A-1 shows t h e  range o f  cond i t i ons  under which t h e  sampler w i l l  

operate p roper ly .  

temperature, l e s s  well-head temperature) i s  p l o t t e d  aga ins t  bottom ho le  

pressure. 

Fig. A-1, t h e  sampler i s  expected t o  work s a t i s f a c t o r i l y .  

f a l l  w i t h i n  t h e  s c a t t e r  o f  p o i n t s  i n  F ig.  A-1, t h e  sampler w i l l  p robably  work 

I n  t h i s  f i gu re ,  t h e  d i f f e r e n t i a l  temperature (bottom ho le  

If t h e  w e l l  cond i t i ons  i n  t h e  f i e l d  f a l l  below t h e  l i n e  shown i n  

If the  cond i t i ons  

we l l ,  b u t  w i t h  l e s s  c e r t a i n t y .  
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F igure  A-1 was cons t ruc ted  us ing  data f rom Fig.  A-2, which shows the  

pressure and temperature d i s t r i b u t i o n  f o r  var ious  methane sa tu ra t i ons  i n  pure 

water. 

expected (assuming s a t u r a t i o n )  f o r  geopressured we1 1s. 

h o l e  pressure the  temperature should f a l l  w i t h i n  t h e  s t i p p l e d  zone. To 

cons t ruc t  F ig .  A-1, a se r ies  o f  pressures were assumed and t h e  corresponding 

temperatures were read f rom F ig .  A-2. 

a t  15,000 and 10,000 p s i  i n  F ig.  A-2. 

as each pressure l i n e  i n t e r s e c t s  t h e  edge o f  t h e  s t i p p l e d  area. These 

temperatures correspond t o  t h e  maximum and minimum concentrat ions o f  methane 

The s t i p p l e d  area i nd i ca tes  the  range o f  methane concentrat ions 

For any g iven bottom 

This  i s  i l l u s t r a t e d  by t h e  l i n e s  drawn 

A h igh  and low temperature i s  de f ined 

expected i n  geopressured we l ls .  

Each of  these pressures and temperatures were taken as bottom ho le  

cond i t ions .  The mathematical model then ca l cu la ted  the pressure f o r  a f i x e d  

volume of f l u i d  as the  temperature decreased t o  75OF. F igure  A-3 i s  an 

example o f  one of these p l o t s .  

t o  be equal t o  the  l i t h o s t a t i c  load  o f  1 p s i  per f o o t  Thus, a 15,000 p s i  

bot tom ho le  pressure was assumed t o  represent  a w e l l  15,000 f e e t  deep. This  

does no t  represent  the ac tua l  case i n  the  w e l l s  tes ted  t o  date, s ince  i n  

The i n i t i a l  bot tom ho e pressure was assumed 

geopressured we1 s pressures are t y p i c a l l y  g rea ter  than hyd ros ta t i c ,  b u t  l ess  

than l i t h o s t a t i c  however, t h i s  approximat ion prov ides a margin o f  sa fe ty .  

The h y d r o s t a t i c  oad (0.43 p s i / f t )  was then subt rac ted  from the bottom h o l e  

pressure t o  approximate a we l l  head pressure. Again, t h i s  is n o t  the  r e a l  

s i t u a t i o n  because the w e l l  i s  f i l l e d  w i th  b r i n e  which i s  heav ie r  than water, 

b u t  t he  e r r o r  g ives  an a d d i t i o n a l  margin o f  sa fe ty .  Th is  w e l l  head pressure 

represents  the minimum pressure needed i n  the  sampler t o  keep i t  closed. The 

sampler i n t e r n a l  pressure i s  predominant ly a func t i on  o f  i t s  temperature. The 

minimum sampler temperature i s  i nd i ca ted  where the sampler's i n t e r n a l  pressure 

, 
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F igure  A-2, Methane s a t u r a t i o n  i n  water  as a f u n c t i o n  o f  temperature. 
Zone o f  methane s a t u r a t i o n  found i n  w e l l s  (-:e:*); ppm methane, 
3200. 



, 
- -  

0 0  
0 

4 9 9 ! 3  1; IkO 2;)O '2b !bo 3 i O  

A- 5 

400 

15,000 I I 1 I i i 
0 0 

0 

0 

0 

Starting Conditions 

t = 309OF 

pressure 
0 

0 

0 

0 

p = 14,700 psi 
t = 374 OF 

- 0 .  

0. .. 
0 .  

0 .  - 
0 0  

mo 

0 0 

1 

Minimum sampler 
temperature 

0 
0 

Bottom pressure 14,700 psi 0 
Hydrostatic pressure 6,32 I 0 

We1 I head pressure 8,379 psi 
0 0 

0 
I 1,000 

n 

'G 10,000 

2 
3 9,000 

2 
a. 8,000 

7,000 

6,OOo 

5,000 

a 
Y 

cn cn 

Figure A-3. Sampler internal pressure versus temperature. 
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l ine  crosses the well head pressure, as shown i n  F i g .  A-3. Thus, the 0 
temperature gradient under which the sampler will  work is defined for this 

bottom hole pressure and the maximum and minimum expected methane saturations. 

The process was repeated for e i g h t  pressures from 20,580 t o  10,290 psi. 
P 

The sixteen different ia l  temperatures are plotted against bottom hole pressure 

i n  F i g .  A-1. I t  i s  remarkable that  the different ia l  temperature from the h i g h  

and low end of the methane saturations are so close. The methane saturation 

appears t o  have l i t t l e  or no practical effect  on the sampler operation. 

A l ine  was a rb i t r a r i l y  drawn below a l l  the data points i n  F ig .  A-1. The 

area below the l ine  indicates where the sampler will work as designed. 

Because of the safety factors i n  the ca culation, we suspect that  sampler 

would function properly even if the we1 condition f e l l  within the area of 

scattered data points in Fig .  A-1. For the three wells of opportunity tested 

by Eaton Operating Co., the sampler would have worked in the G. M. Koelrnay 

No. 1 and the P. R. Girouard No. 1 well without any problem. The A. Sacdana 

Well No. 2, which was abandoned because of low flow, would have fal len i n  the 

"probably would work" range of Fig .  A-1. 

Generally accepted sampling procedures require tha t  a well be flowed for 

long periods prior to sampling, thus .  reducing the temperature' d i f ferent ia l  in 

the well. Therefore, proper operation of the sampler is anticipated t o  

proceed without encountering any d i f f icu l ty  under anticipated well conditions. 
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APPENDIX B 

LIST OF COMPANIES SUPPLYING SERVICES 

The f o l l o w i n g  companies supp l ied  s p e c i a l t y  i tems or  prov ided spec ia l  . 
serv ices  f o r  LBL i n  the f a b r i c a t i o n  and assembly o f  the downhole sampler. 

American Hol low Bor ing  Company 
1901 Raspberry S t ree t  MP35N sample pressure vessel  Cost $586. 
E r ie ,  Pennsylvania 16512 
G. T. Clover 

Gun d r i l l i n g  1-1/4 in .  bore  through one 

Del i v e r y  3 weeks 

(814 ) 452-3664 

Autoclave Engineers, Inc .  Inconel  r u p t u r e  d isks  
2930 West 22nd S t r e e t  
E r ie ,  Pennsylvania 16512 
(814 ) 838-2071 

E. I. du Pont Nemours and Company Kry tox  o i l  and grease 
1007 Market S t r e e t  
Wilmington, Delaware 19898 
Charles B. M i l l e r  
(303) 774-0027 o r  
( 800) 44 1-94 75 

Humbol d t  Inst rument  Company 
400 Preda S t r e e t  
San Leandro, C a l i f o r n i a  94577 
Alan Day 
(415) 638-3957 

Latrobe Stee l  Company 
Latrobe, Pennsylvania 15650 
C. J. Stalnaker  
(412) 537-7711 

Northwest D i  cron i t e  
1954-H 01 d M i d d l e f i e l  d Way 

Mark Feely  

Rea Magnet Wire Company, Inc .  
3600 East Pont iac S t ree t  
F o r t  Wayne, Ind iana 46896 
Richard D. Murphy 

* Mountain View, C a l i f o r n i a  94043 

(415) 967-6940 

(219) 74 3-8032 

Machining a l l  MP35N p a r t s  f o r  one 
sampler. Cost, $27,000; 
D e l i v e r y  2 months 
Machining two requ i red  sampler s e t t i n g  
too ls ;  Cost 82,500; D e l i v e r y  2 weeks 

Suppl ied a l l  r equ i red  MP35N bar stock f o r  
two samplers, i n c l u d i n g  allowances. Approx- 
i m a t e l y  593 pounds t o t a l ,  de l  i ve red  du r ing  
s p r i n g  1980. To ta l  cost ,  819,863. 

D i c r o n i t e  process dry  f i l m  l u b r i c a t i o n  
t reatment  o f  t he  sampler and i t s  s e t t i n g  
too ls .  Cost, $440; Del ivery ,  4 days 

32 AWG Pyre-lvlL i n s u l a t e d  ( s i n g l e  b u i l d )  
copper magnet w i r e  (NEMA thermal r a t i n g  
220OC), purchased l o c a l l y  f o r  ap r o x i -  
mate ly  $7 per  pound ( 6  i nch  spoo 7 ) 
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Spr ing Engineer ing Company 
P. 0. Box 94150 
Hous ton, Texas 77018 
Tom Upton 
(713) i68679488 

U1 t raspher ics ,  Inc .  
1390 I n d u s t r i a l  Park Dr ive  
Saul t Ste. Marie, Eriichigan 49783 
Nancy Mark lev i  ts 

V i k i n g  M e t a l l u r g i c a l  Corporat ion 
544 Cleveland Avenue 
Albany, C a l i f o r n i a  94710 
S. Courtney 
(415) 5264881 

(906.) 632-7310 
1 ,  

Ten complete sets  o f  MP35N spr ings  f o r  one 
sampler. To ta l  c o s t ,  81,696; De l i ve ry ,  3 
months ,-s ~ ' i 

On,e hundred bal:ls, aged MP35N, 0.250 i n .  
diameter, grade 50. Cost, $625; del i ve ry ,  
4 months, complete 

r 3 L t  

Bar, f,orging, 2-1/2,in.. diameter x 28 in.  5 

long, annealed, forged from Carpenter 
E l e c t r i c a l  I ron ,  Carpenter Heat No. 27252. 
Cost, $235; de l i ve ry ,  3 weeks 

. . 



CAtECC IRV COX% 4 

P P N J I N G  
t lUnEER 

rep3113 
1683121 
1883143 
1863154 I S E ~ I C ~  
1SB3173 
1863182 
lhB3131 
ltb32d2 
1 e63221 
1Sr3231 
1 S Z  3262 
:3B3c'72 
I S E X C 2  
I613291 
lSE3301 
1SF3'rll 
lCC3Si2 
lPP3331 
1563341 
1 SE 3353 
18P3361 
1 CE33': 1 
19P3362 
l i f  533: 
12E34el 
16E34 12 
l t 6 3 4 2 2  
1Sb3431 
lCf344Z 
1 S t 3 4 5 1  
13b3462 
1 EP34 72 
1EE3431 
1863432 

1 SP 35 12 
1662521 
16S5532 
l Z E 3 4 2  
1 Sb 3552 
186 3563 
1233573 
18P3598 

1883682 
lEb3612 
1EB3623 
1363632 

1883653 
1 BE 3662 

i e e x o i  

1 8 ~ 3 5 3 ~  

ieex42 

c- 1 

APPENDIX C 

LBL DRAWING LIST OF THE DONNHOLE SAMPLER 
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APPENDIX D 

FIELD TEST OF THE SAMPLER AT THE GEYSERS 

On March 12, 1981, the  f lowthrough downhole b r i n e  sampler designed and 

fab r i ca ted  by LBL f o r  G R I  was successfu l ly  f i e l d  tes ted  i n  a we l l  a t  the 

Geysers geothermal f i e l d  i n  C a l i f o r n i a .  This w e l l ,  which belongs t o  Aminoi l  

USA, i s  loca ted  near the extreme southeastern extens ion o f  the f i e l d .  The 

area i s  be l i eved  t o  be near t h e  t r a n s i t i o n  between a vapor dominated r e s e r v o i r  

t o  the  northwest and a l i q u i d  dominated r e s e r v o i r  f u r t h e r  t o  the southeast. 

Nei ther  t h e  name o f  the  we l l  nor  i t s  exact l o c a t i o n  were g iven t o  LBL f o r  

p r o p r i e t a r y  reasons. 

The sample was taken a t  a depth o f  7400 f e e t  (2.25 km) subsurface. A 

survey taken two days e a r l i e r  i n d i c a t e d  t h e  water l e v e l  t o  be a t  7200 f e e t ,  

The steam temperature a t  moderate f l o w  r a t e s  was about 500°F (26OoC), and 

t h i s  i s  p robab ly  c l o s e  t o  what t h e  downhole temperature was a t  t h e  t ime o f  

ac tua l  sampling. 

The steam s a t u r a t i o n  pressure a t  t h i s  temperature i s  680 p s i  (47  bar ) ,  

which probably  approximates the downhole pressure a t  the t ime o f  sampling. If 

the  sampler a c t u a l l y  reached thermal e q u i l i b r i u m  w i t h  the  we l lbore  f l u i d s  

du r ing  the  sampl ing run,  t h i s  would a l so  have been the pressure i n s i d e  the 

sampler a t  t he  moment i t  was removed f rom the  l u b r i c a t o r .  I n  any case, t he  

pressure i n s i d e  the sampler was no h igher .  Therefore, du r ing  t h i s  t e s t ,  the 

sampler was operated above i t s  r a t e d  temperature (450oF), b u t  a t  far  lower 

than i t s  r a t e d  pressure (25,000 p s i ) .  

. 

The t e s t  was successful and c o n s t i t u t e s  the  f i r s t  t ime t h a t  a l i q u i d  water 

sample has ever been taken downhole and brought up from the  Geysers r e s e r v o i r .  

(There had been severa previous attempts us ing  another downhole sampler.) 
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The t e s t  was performed under the superv is ion o f  mechanical engineers Le i f  

Hansen and Bruce Dudak who together  designed the. sampler. They and mechanical 

techn ic ian  Ray Solbau a c t u a l l y  operated the  sampler i n  the f i e l d .  

Oleh Weres and Leon Tsao rece ived the  sample from the  engineers, performed 

Chemists - - 

several measurements and t i t r a t i o n s  wh i l e  s t i l l  i n  the f i e l d ,  and prepared.and 

b o t t l e d  the  remainder o f  t h e  sample . fo r  shipment t o  LBL f o r  f u r t h e r  analysis.; 

Geothermal group leader  Norman Golds t e i n ,  r e s e r v o i r  .engineer S a l l y  Benson,, and 

e l e c t r i c a l  techn ic ian  Don LippeK,t were a lso present t o  famil i a r i z e  themselves 

w i t h  t h e  procedures. Rober t (Ga1bra i th  I ’ *  was n o t  ab le t o  be present. Aminoi l  

was represented by geo log is t  Richard Dunlap. 

Although t h e  sampler and t h e  LBL personnel a r r i v e d . a t  t h e  w e l l  s i t e  a t  

about noon, t h e  sampler d i d  n o t  a c t u a l l y  begin i t s  t r i p  down the  w e l l  u n t i l  

nea r l y  f i v e  o ’c lock  due t o  several delays. 

a t  t he  s i t e  made i t  d i f f i c u l t  t o  f i l l  the  cablehead w i t h  the  very viscous 

Krytox o i l .  

F i r s t ,  the  r e l a t i v e l y  cool  weather 
I 

The h i g h  v i s c o s i t y  o f  the  Krytox also made i t  d i f f i c u l t  t o  cock 

t h e  sampler valves open. 

p u t t i n g  i t  i n t o  the  l u b r i c a t o r  f o r  a few minutes. 

The sampler was f i n a l l y  preheated w i t h  steam by 

This made i t  poss ib le  t o  

cock the  sampler. 

an e l e c t r i c a l  hea t ing  mantle t o  preheat the  sampler and a powered p o s i t i v e  

displacement grease pump w i l l  be fabr ica ted .  These a u x i l i a r y  t o o l s  w i l l  

e l im ina te  such problems. 

Before the  sampler i s  a c t u a l l y  used i n  a geopressured we l l ,  

The battery-powered cu r ren t  supply t h a t  had been h u r r i e d l y  pu t  together 
I _ , ’  7 

f o r  t h i s  t e s t  f a i l e d  due t o  a w i r i n g  e r ro r .  

l ogg ing  t ruck  was used instead. 

i s  turned o f f ,  a b a t t e r y  supply would prov ide p ro tec t i on  against  a generator 

The dc power supply i n  the  

Since the  sampler valves c lose i f  the  cu r ren t  . 
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f a i l u r e .  This  tes t ,  combined w i th  the c u r r e n t  and vo l tage data from o t h e r  

t e s t s ,  has prov ided the  i n p u t  necessary t o  f i n a l i z e  our design f o r  an 

ac-powered supply w i t h  i n t e r n a l  b a t t e r y  backup. 

been f a b r i c a t e d  and bench tested.  

This  power supply  has now 

Inspec t i on  o f  t h e  sampler t h e  day a f t e r  t e s t i n g  showed t h a t  a l l  seals  

worked p r o p e r l y  and the  o i l  ba th  p ro tec ted  t h e  c r i t i c a l  e l e c t r i c a l  par ts .  The 

magnet c o i l  e x h i b i t e d  no d e t e r i o r a t i o n  f rom t h e  h igh  temperature. 

Because the dec is ion  t o  conduct the sampling r u n  preceeded the run  i t s e l f  

b y  o n l y  one week, t h e  chemists d i d  n o t  have s u f f i c i e n t  t ime t o  p roper l y  

prepare f o r  it. 

were rudimentary.  Overa l l ,  however, t h e  whole opera t ion  served as a p r a c t i c e  

run, whose main f u n c t i o n  was t o  f a m i l i a r i z e  the chemists and f i e l d  s t a f f  w i t h  

t h e  opera t iona l  problems involved, r a t h e r  than a f u l l y  mature data ga ther ing  

run.  Nevertheless, an adequate chemical ana lys is  o f  the water was obtained. 

The data t n a t  has been and w i l l  be obta ined f rom t h i s  sample w i l l  be 

e s s e n t i a l l y  a l l  t h a t  i s  normal ly  obta ined i n  p roper l y  designed and executed 

geothermal we1 1 sampl i n g  operat ions.  

The techniques employed i n  hand l i ng  the sample i n  the f i e l d  

The r e s u l t s  of t h e  analyses performed by t h e  LBL chemists i n  the  f i e l d  and 

a t  LBL a re  summarized i n  Table D-1 and discussed below. 

From the chemists '  p o i n t  o f  view, the grea tes t  d e f i c i e n c y  o f  t h i s  f i e l d  

t e s t  was t h a t  a system f o r  hand l i ng  t h e  b r i n e  sample i n  the  f i e l d ,  w i t h o u t  

t t o  a i r ,  was n o t  ava i l ab le .  Therefore,  the water sample was exposing 
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I Tab1e.D-1. Analysis o f  sample from the Geysers. 
, 

Component mg/l mg-mol e s / 1 Analy t ic  method 

Na 

K 

Rb 

MS 
Ca 

4 00 

37 

0.3 

to. 1 

10 

17.4 

0.95 

0.003 

to. 004 

0.25 

Atomic absorption 

Atomi c absorption 

X-ray fluorescence 

Atomic absorption 

Atomi c absor ti on 

sr 0.6 0.007 X-ray fluorescence 

sioha) 353 5 09 Molybdate ye1 low 

B 

HzS+HS' 4.3 0.13 S p e c i f l c  i on  electrode 

H C O i (  b) 480 7.8 T i t r a t i o n  w i th  acid 

27 2.5 Carmine r e d  

f 

T i t r a t i o n  w i th  base and 
c a l c u l a t i o n  

N W )  (50) (3) 

c1- 504 14.2 Spec i f i c  i on  electrode 

so;- t l l  t0.11 Nephelometric 

6.2 

29.8 

(a) Total  s i l i c a  determined by analyzing an a l i quo t  t h a t  had been digested 
w i t h  NaOH. 
sampling, was 199 mg/l = 3.3 mg-moles/l. 

a l k a l i n i t y .  
11 mg-moles/l of. d issolved C02 was a lso present. 

components and the p r i n c i p l e  o f  charge balance. 

about 15 minutes a f te r  t he  b r i n e  was removed from the sampler. 

Molybdate ac t i ve  s i l i c a  alone, as determined f o u r  days af ter  

(b) Under these condit ions, bicarbonate accounts f o r  t he  t o t a l  t i t r a t a b l e  
The i n i t i a l  pH value (6.2) ind icates t h a t  about 500 mg/l = 

( c )  Estimated from base t i t r a t i o n  data using known concentrations of other 

(d) Determined a t  the beginning o f  the f i r s t  t i t r a t i o n  procedure, which began 
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exposed t o  a i r  w h i l e  being handled n the  f i e l d ,  and no at tempt cou ld  be made 

t o  analyze t h e  smal l  amount of vapor t h a t  probably  was present  i n  the  unopened 

s amp1 er.  

The g rea tes t  problem encountered by the  chemists was the  temperature o f  

t h e  water when i t  was removed from the  sampler--only 35.40C. The major 

reason was tha t ,  p r i o r  t o  opening the  sampler, the  engineers had t o  hose i t  

down w i t h  c o l d  water f o r  several  minutes t o  be able t o  handle i t  comfor tab ly  

and safely--but apparent ly  wi th negat ive  e f f e c t s .  It ought t o  be poss ib le  t o  

The low sample temperature caused much o f  

po lymer ize by  t h e  t ime the  sampler was opened 

opalescence o f  the b r i n e  a t  t h a t  po in t .  Th is  

molybdate a c t i v e  s i l i c a  concentrat ion meaning 

avoid t h i s  problem when sampl i n g  ac tua l  geopressured we1 1s. 

the d isso lved s i l i c a  t o  

as i nd i ca ted  by  the  d i s t i n c t  

makes the  values determined f o r  

ess except for  i n t e r p r e t i n g  base 

t i t r a t i o n  data. It i s  poss ib le  and easy t o  reconver t  polymerized s i l i c a  t o  

monomeric s i l i c a  by  d i g e s t i n g  an a l i q u o t  o f  t he  water w i t h  NaOH i n  a b o i l i n g  

water bath be fo re  per forming the molybdate ana lys is .  T h e o r e t i c a l l y ,  t h i s  

procedure ought t o  g i ve  the  t o t a l  concent ra t ion  of s i l i c a  t h a t  was present,  

bo th  monomeric and polymeric,  when the sample was o r i g i n a l l y  taken. 

po lymer ic  s i l i c a  tends t o  s e t t l e  o u t  and adhere t o  the  w a l l s  o f  con ta in ing  

vessels.  Therefore, once the s i l i c a  has polymerized, some o f  i t  i s  u s u a l l y  

However, 

i r r e v e r s i b l y  l o s t  from the  sample, and t h e  t o t a l  concentrat ion o f  s i l i c a  i n  

the sample decreases i r r e v e r s i b l y .  It i s  an easy mat te r  t o  prevent f u r t h e r  

po lymer iza t ion  by  d i l u t i n g  the  sample a f t e r  i t  has been removed from the  

sampler, b u t  no th ing  can undo the e f f e c t  o f  the po lymer iza t ion  t h a t  has 

occurred w i t h i n  the  sampler. 

Therefore, t h e  t o t a l  s i 1  i c a  concentrat ions determined us ing  NaOH d i  gest ion 

Because po lymer iza t ion  and 

rn 

were errat ic--304, 256, 352, 271, and 201 mg/ l .  
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. p e c i p i t a t i o n  can on ly  cause the s i l i c a  concentrat ion t o  decrease, the h ighes t  

o f  these ya lues  (352 m g / l )  i s  probab,ly the  c l o s e s t  t o  f a c t .  . T h i s  i s  s t i l l  

susp ic ious l y  low s ince  i t  corresponds t o  s a t u r a t i o n  w i t h  quar tz  a t  o n l y  

2140C. Satura t ion  w i t h  quar tz  a t  the  i n f e r r e d  we1 l -bot tom temperature o f  
C 

260OC would have given a d isso lved s i l i c a  concent ra t ion  o f  about 506 mg/ l .  5 

This  u n c e r t a i n t y  i n  the s i l i c a  concent ra t ion  would be less  o f  a py,oblem i n  

t h e  case o f  geopressured.br ine because these are  u s u a l l y  a t  a much lower 

temperature and conta in  less  d isso lved s i l i c a .  

ambient temperatures, t h e  degree of supersa tura t ion  i n  am,rphous s i 1  i c a  (which 

i s  what a c t u a l l y  p r e c i p i t a t e s  out ,  r a t h e r  than q u a r t z )  probably would n o t  be 

h igh  enough t o  cause any problems. 

Therefore, even if cooled t o  

I n  t h i s  concentrat ion range, a m n i a  would o r d i n a r i l y  be determined by  a 

s p e c i f i c  ion  e lect rode.  

ammonia e lec t rode was no t  ava i l ab le ,  and the  ammonia concent ra t ion  h,ad t o  be 

ca l cu la ted  froin the concentrat ions determined f o r  the o the r  components by 

Unfor tunate ly ,  because o f  the sho r t  notice,, an 

us ing  t h e  p r i n c i p l e  of charge balance. 

probably a f a i r l y  good one. 

This value i s  on l y  an est imate b u t  i s  

I n  c a l c u l a t i n g  t h e  ammonia concentrat ion,  t h e  concent ra t ion  o f  m o n o s i l i c i c  

a c i d  was taken t o  be what was a c t u a l l y  determined by the  molybdate ye l l ow  

method w i thou t  f i r s t  d i g e s t i n g  the  sample w i t h  NaOH. 

mgmo les / l .  

Th is  was 199 mg/ l  = 3.3 

For tunate ly ,  t h e  c a l c u l a t i o n  o f  t he  ammonia concent ra t ion  ,was n o t  

very s e n s i t i v e  t o  t h e  va lue assumed f o r  the  s i l i c a  concentrat ion.  

c a l c u l a t i o n  a l so  excluded t h e  p o s s i b i l i t y  o f  i o n i c  components n o t  l i s t e d ,  i n  

Table D-1 from having been present  i n  concent ra t ion  >1 meq/ l .  

This, same 
s ‘  

. 

S u l f a t e  was determined by the nephelometr ic metho,d . ”  a t  LBL. The va lue ,; 

I 0 obta ined i n  t h i s  way was 11 m g / l  = 0.11 mg-mole/l. 

t o  the va lue  t h a t  had been determined f o r  s u l f i d e ,  and t h i s  s t rong ly ,suyges ts  ’ 

This i s  susp ic ious l y  c lose  

*1 
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t ha t  the su l fa te  was actually formed by the oxidation of sulf ide a f t e r  the 

sample had been exposed t o  a i r .  T h i s  i s  a common problem that  a r i ses  i n  

sampling geothermal wells. 

su l fa te  i n  e i t he r  geothermal or geopressured brines must be considered an 

In general, determining small concentrations o f  

unsolved problem. We intend t o  study i t  fur ther  i n  preparation fo r  sampling 

geopressured we1 1 s. 

The other components l i s t ed  i n  Table D-1 were determined by standard 

methods, and the values probably are re l iable .  

A t race  of chromium was also detected (between 0.2 and  1 . 2  mg/l not shown 

i n  Table D-1). Nickel was not detected (detection l imit  = 0.3 mg/l). This 

confirms the expected extreme corrosion resistance of the MP35N al loy o f  which 

the sampler is made. 

The substantial concentrations of sodium, potassium, and calcium present 

i n  this water indicate that  i t  is a t  least  i n  part derived from actual 

reservoir brine rather than being a l l  condensate. (3n the other hand ,  the 

total  s a l i n i t y  of the sample is lower than is usually the case w i t h  geothermal 

brines i n  other areas. Therefore, substantial dilution of the brine w i t h  

steam condensate is indicated. The subs t an t i a l  concentrations o f  bicarbonate ,  

boric acid, and a m n i a  are consistent w i t h  t h i s  interpretation i n  t h a t  these 

are typical steam condensate components. (The s i l i c a  concentration would not 

be very much effected by dilution since condensate would come t o  chemical 

equilibrium with quartz i n  a few days or weeks time.) 

The Na-K geothermometer temperature tha t  corresponds to  this brine 

The Na-K-Ca geothermometer temperature is  199OC. composition is  179%. 

That these geothermometer temperatures are so 

temperature a t  the wellhead may simply be due 

other h a n d ,  i t  may also be geochemically s i g n  

much lower than the measured 

t o  ana 

f i cant 

y t  i ca 

For 

error.  h the 

example, i t  may 
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indicate that  the water i n  the wellbore leaked into i t  from much: shallower- and 

much cooler horizons. ( T h i s  particular well is cased down to only about 3800 

f ee t  subsurface). 
rn 

The Na-K-Ca geothermometer i s  also affected by di lut ion,  and i t  i s  highdy 

probable that  the water actually consists of brine d'iluted t o  some degree w.ith 

steam condensate. 

diluted tenfold w i t h  condensate (which contains no sodium, potassium, or 

calcium) and correcting the calculation of the Na-K-Ca geothermometer 

temperature to compensate for  th i s  gives a revised temperature estimate o f  

223oC. 

revised temperature of 260OC, which is what was actually measured a t  the 

wellhead. In the l a t t e r  case, the or iginal ,  undiluted brine would be inferred 

to  contain about 240 g/1 of dissolved solids.  

been matched and exceeded i n  analyses o f  geothermal and geopressured brines i n  

other areas; therefore,  i t  i s  plausible. 

For example, assuming tha t  the actual br'ine has been 

Assuming t ha t  i t  has been diluted two-hundred-and-fiftyfold gives a 

This value i s  h i g h ,  b u t  i t  has 

When the resu l t s  of the isotope analysesibecome available they will give a 

good, independent indication of the' extent t o  which the " i n i t i a l  brine" has 

been diluted by steam condensate. 

.: . 
< , . . :  .. ! 
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