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SUMMARY 

The geothermal resource has several 
a t t r ibu tes  tha t  are  outside the scope of older 
industries and scienti  fic/technical d i  sci  - 
p l  ines. A1 though many chemical approaches give 
i nsi g h t  about geothermal resources , engi neeri ng  
development of geothermal resources will be 
be t te r  served through a chemical philosophy tha t  
focuses squarely on factors  tha t  are  uniquely 
geothermal. I t  i s  hoped t h a t  through th i s  
report ,  those factors  and the i r  uniqueness will 
become be t te r  understood and more broadly 
recognized. 

The flashing of steam from geothermal 
l iquids  i n i t i a t e s  an assortment of chemical 
reactions. In the resource discovery stage 
these reactions must be understood in order tha t  
geochemists may accurately in te rpre t  the 
analytical data about steam and residual l iquid 
issuing from t e s t  wells. 
stage,  character is t ics  of the pre-flash 1 iquid 
and i t s  responses a t  d i f fe ren t  stages of 
flashing must be known to  the engineers who are  
making and evaluating a1 ternat ive designs for  
wellbores and plants which might use the 
resource. This report  t r ea t s  both, b u t  aims 
especially a t  the engineer’s use of data about 
the resource. The chemistry of high-HC03 
resources i s  emphasized because they present 
special complications about data interpretation, 
development of vapor, and potential for  scale 
deposition. 

l i q u i d s  i s  treated according t o  the unique 
context presented by geothermal resources. 
Contrasts between this approach and the t rea t -  
ment of C02 so lubi l i ty  in physical chemistry 
and other geochemical contexts are  presented. 
Dimensional uni ts  for  solubi l i ty  coeff ic ients  
different  from those of physical chemists are  
presented t o  favor engineering appl ications.  
The e f fec ts  of C02 on wellbore flow, in i t i a -  
t ion of flashing, and depth of the 2-phase zone 
a re  described and i 11 ustrated w i t h  examples. 

A substantial redistribution of dissolved 
components occurs upon flashing, of which scale 
deposition i s  only one aspect. Knowledge about 
the en t i re  web of chemical reactions i s  shown to  
be valuable for  interpreting the analytical data 
obtained from common f ie ld  samples of vapor and 

In the development 

S o l u b i l i t y  o f  C02 and i ts  exsolution from 

liquid,  and specially preserved samples of 
each. Reconstruction of (character is t ics  of 1 
the pre-flash f lu id  i s  a principal goal of the 
geochemist. This requires a tho rough  review of 
the reaction web, ta i lored t o  each f i e ld  
sampl i ng . 

The f i e ld  samples provide (generally) only 
one circumstance of f luid behavior u p o n  f lash-  
i ng, whereas a range of circumstances can be s e t  
u p  in engineered hardware. 
can manipulate, t o  a degree, the 
chemical response of the f lu id .  More 
importantly, i n  many ways he must adapt his  
equipment t o  f i t  the chemical processes in  which 
the f lu ids  par t ic ipate .  
understanding o f  f luid behavior and the 
interplay with the design process, specially 
constructed charts -- chemical maps -- are  
presented, examples given f o r  t he i r  use, and 
directions given fo r  t he i r  construction. 

Besides Co;i(g), other gases are  present, 
commonly N2,  CtQ, and others.  These are 
sometimes as important a s  C o p  for se t t l ing  
designs of downhole pumps and selecting the  
depths t o  which they are  se t .  
non-Cop gases are l e s s  soluble than Cop by 
factors  near 20, t he i r  e f fec ts  on f lash i n i t i a -  
t ion (bubble p o i n t )  are  much larger  than t h e i r  
compositional proportions. 

The design engineer 

To aid the 

Because these 
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I .  INTRODUCTION 

The design engineer uses a mathematical 
model of the f lu id ;  the geochemist must build a 
sui table  model based on the chemical data 
y ie l  ded from early tes t ing of  we1 1 s I: reser- 
voirs]. This report aims to  present these 
aspects of carbonate chemistry so tha t  the 
engineering can be bet ter  focused on the design 
requirements a specif ic  resource presents. 

The principles of  physical chemistry apply 
throughout. Yet i t  i s  useful to  point t o  the 
d i f fe ren t  contexts used by the physical chemists 
who developed the relevant theory, and the 
geochemists who apply tha t  theory i n sampl i ng 
and describing a geothermal resource. In the 
simplest form, the contrast  i s  th i s :  the 
physical chemist describes a s t a t i c  (or 
microscopically reversible) system tha t  has a 
def in i te  temperature , pressure , and composition , 
whereas the geochemist samples (and the engineer 
designs for )  a PROCESS in which temperature and 
pressure may change by hundreds of units per 
minute and components execute a variety of 
i r revers ib le  chemical reactions. A1 though i t  i s  
a truism tha t  both SYSTEM and PROCESS must obey 
the same laws of chemistry, i t  does n o t  follow 
tha t  the same mathematical expression of those 
laws i s  equally convenient or appropriate for 
b o t h  circumstances. 

One approach to  t h i s  problem of adapting 
concepts of chemical equil ibrium to geothermal 
processes u t i l i ze s  h i g h  speed computers to 
calculate  a new equilibrium si tuat ion for  small 
increments of change. Since circumstances in 
geothermal exploitation seldom reach chemical 
equilibrium, a " f i n i t e  differences" approach 
becomes useful only i n  a qual i ta t ive way, 
despite i t s  quantitative heritage and numerical 
output. Because the outputs are d ig i t a l ,  the 
resu l t s  do not inspire an in tu i t i ve  sense for  
the processes i t  models, making d i f f i cu l t  the 
task of optimizing tradeoffs in the engineering 
sense. 

With those problems in mind, th i s  report 
has been aimed also a t  developing an intui t ion 
for  the behavior of CO2 and carbonate 
chemistry. T h i s  in tui t ion is  to  be applied t o  
the context of w h a t  may be called geothermal 
dynamics, emphasizing tha t  PROCESSES, more than 
chemical SYSTEMS or  events, are the obj'ective 
fo r  understanding. 

for persons who have become famil i a r  with the 1 

terminology and approaches used in water 
treatment for  boi ler  scale and  simil a r  contexts 
wherein CaC03 deposits from heated water. 
Terms 1 ike a1 kal i n i  ty ,  total  C02' and hard- 
ness turn o u t  not t o  be useful i n  describing'  . 
geothermally deposited CaC03 or  the waters 
which carry the components. Additionally, the 
analytical  chemistry of carbonate systems has a 
tradit ional jargon tha t  obscures important 
differences among gaseous C02, dissolved 
C O 2 ,  H2CO3, HCO3 , and C o y .  Es ec ia l ly  
t radi t ion does not d i s t i n g u i s h  getween CO2 
(aqueous) and H2CO3 whereas the distinction 

A modest problem i n  communication -may ex is t  

i s  mandatory when dealing w i t h  deposition 
processes of geothermal CaC0-j which are only 
linked t o  (not  caused by) massive losses of 
C02(aq) from a flashing l iquid.  I t  i s  also 
mandatory when combining the resul ts  of several 
component analyses of flashed l iquid and vapor 
in to  a "mathematical pre-flash l iquid,"  the most 
important t a s k  of the geothermal chemist. 

The principles and techniques given in th i s  
report  are n o t  appropriate for  a l l  geothermal 
systems or problems of  geothermal scale.  They 
apply best  t o  those geothermal resources wherein 
calcium concentration i s  subordinate to  
bicarbonate and wherein pH i s  control 1 ed by 
carbonate equi l ibr ia .  
t h i s  approach applies is  the East Mesa f i e ld  of  
the Imperi a1 Val 1 ey, Cal iforni a. Two features 
of a geothermal resource should be checked 
before applying concepts o f  th i s  report t o  i t .  
The ra t io  of Ca/HC03 concentrations i n  
geothermal resources ranges from ca. 0.01 t o  
ca. 300. This report applies best t o  those in 
which Ca/HC03 i s  smaller than 0.5. 
Furthermore, the pH's of geothermal l iquids  may 
be controlled by carbonate equilibrium or by 
s i l i ca / s i l i ca t e  equi l ibr ia ,  or some other. T h i s  
report  applies fu l ly  t o  those systems wherein pH 
i s  controlled by carbonate equi l ibr ia .  

Happily, the behavior of C02(g)  and 
C02(aq) in geothermal systems i s  n o t  so 
complicated a s  the CaC03 scale potential .  
The description of C O 2  behavior given here 
does apply t o  a l l  geothermal systems, being 
even less  complicated where bicarbonate i s  
scarce and pH i s  controlled by equi l ibr ia  
other t h a n  carbonate. 

the total  vapor pressure of geothermal f luid 
before steam flashes from i t .  Accurate 
interpretat ion of temperature and  pressure 
surveys of flowing wells cannot be made without 
considering t h a t .  Furthermore, wellbore design 
f o r  f lash- f lowing  wells and specifications f o r  
downhole pumps m u s t  allow for  t h i s  e f fec t  o f  
C02. The pressure component due to  C02 
ranges greatly between reservoirs,  and somewhat 
between individual, wells within a reservoir. 
For example, a t  East Mesa the CO2 pressure 
i s  ca. 35+ 20 ps i ,  whereas in the Niland f i e ld  
i t  generally exceeds 300 psi and may exceed 
1,000. 

The type example where 

CO2 provides an important component t o  

The organization of th i s  report begins w i t h  

Concepts about the redistribution of  

the interactions of COP and water, leading 
through the e f fec t  of CO2 on so lubi l i ty  of 
CaC03. 
components, including scale deposition tha t  
occurs upon f lashing, i s  the heart of th i s  
report. 
mathematical reconstruction of the pre-fl ash 
l iqu id ,  based on post-flash analytical data. 
This might be viewed as a quantitative inversion 
of the processes of redistribution involved with 
flashing. 

Two conceptual approaches are used here, 
one common t o  geological problems; the other t o  
the physical sciences. The geological view i s  

Following t h a t  are steps for  making a 

1 



b a s i c a l l y  h i s t o r i c a l  , accept ing the  data as they 
appear, then ask ing the  quest ion,  "What-must 
have been t r u e  i n  the  pas t  i n  o rde r  t h a t  t h e  
processes have y i e l d e d  what we now measure?" It 
i s  t h a t  p o i n t  o f  v iew which y i e l d s  the  
mathemat ica l ly  reconst ructed p r e - f l  ash 1 i q u i d .  

On the  o the r  hand, an engineer who draws on 
t h e  phys i ca l  science approaches asks the i nve rse  
quest ion,  "Beginning w i t h  the p r e - f l a s h  l i q u i d ,  
what processes and equipment are needed t o  
e f f i c i e n t l y  recover t t ie  energy w h i l e  min imiz ing 
comp l i ca t i ons  and cos ts  due t o  o the r  reac t i ons  
t h e  f l u i d  cou ld  p a r t i c i p a t e  i n ? "  and "What 
r e a c t i o n s  can be avoided o r  accommodated by 
e ng i neer i  ng des i g n? I' 

The d i f f e r e n c e  i n  these p o i n t s  o f  v iew i s  
n o t  t r i v i a l ,  and many people who are very good 
a t  one o f  them are q u i t e  uncomfortable w i t h  the  
o the r .  Main ly  f o r  t h i s  reason i t  i s  i n e f f i c i e n t  
t o  use raw chemical data f o r  p o s t - f l a s h  gases 
and l i q u i d s  when des ign ing we l l s ,  pumps, and 
power p l a n t s .  Test  cond i t i ons  are n o t  
e q u i v a l e n t  t o  p l a n t  condi t ions;  hence, t e s t  data 
are on ly  i n d i r e c t l y  re levan t .  
u t i 1  i t y  i s  gained through the i n te rmed ia ry  o f  
t h e  mathematical p r e - f l a s h  l i q u i d  which, a1 so 
mathemat ica l ly ,  i s  t o  be used f o r  eva lua t i ng  
a1 t e r n a t i v e  engineer ing designs. 

communicated, i n  both q u a l i t a t i v e  and 
q u a n t i t a t i v e  modes. A system o f  cha r t s  c a l l e d  
chemical maps i s  presented which a l lows one t o  
keep t r a c k  s imultaneously o f  the many v a r i a b l e  
f a c t o r s  t h a t  r e l a t e  t o  carbonate e q u i l i b r i a .  
A d d i t i o n a l l y ,  these cha r t s  pe rm i t  t he  
cons ide ra t i on  o f  non-equi l  i b r i u m  processes. 
Good design o f  engineered geothermal f a c i l  i t i e s  
w i l l  depend much on the  i n t u i t i o n  o f  t he  
designer,  p a r t l y  because each geothermal f i e l d  
presents  d i s t i n c t i v e  compl icat ions f o r  
developnent. The chemical maps are presented as 
a means f o r  he1 p ing  develop these necessary 
i n t u i t i o n s .  

T h e i r  maximum 

Desc r ip t i ons  o f  t he  processes must be 

L a s t l y ,  worked example problems are 
presented t o  show a p p l i c a t i o n  o f  these concepts 
t o  t h e  geothermal c o n t e x t  o f  wel lbore f l o w  and 
o p t i m i z a t i o n  o f  power p l a n t  designs. 

11. Cop I N  WATER, SALT SOLUTIONS, 
AND GEOTHERMAL FLUIDS 

A. Hydrat ion o f  COP 

Making a c l e a r  d i s t i n c t i o n  between the  
l i n e a r  s t r u c t u r e  o f  CO2 molecules and the  
t r i g o n a l - p l  anar s t r u c t u r e s  o f  H2CO3, 
HCO3, and $03 (F igu re  1 )  i s  impor tant  
f o r  understanding t h e i r  chemical behavior.  
Conversion between the  1 i n e a r  and t r i g o n a l  - 
p l a n a r  forms obv ious ly  i nvo l ves  major s t r u c t u r a l  
changes. The 1 i n e a r - t o - t r i g o n a l  conversion i s  
s low compared t o  most inorganic  reac t i ons ,  
i n c l u d i n g  i t s  inverse,  t he  t r i g o n a l - t o - l i n e a r  
conversion. Hydrat ion o f  CO2, the l i n e a r -  
t o -  t r i g o n a l  conversion, can occur by r e a c t i o n  
sequence 1, 2. About 3% o f  the a v a i l a b l e  

CO2 conver ts  v i a  eq ( 1 )  per second a t  70°F, 
(Kern, 19601, and i s  f a s t e r  a t  h ighe r  
temperatures. 

C02 + H20 +. H2C03 (s low) 

H2C03 + OH- -t HC03- + H20 ( instantaneous)(Z)  

Hydrat ion can a l so  occur by reac t i ons  3, 4 
(Kern, 1960). 

C02 + OH- * HC03- ( f a s t )  (3 1 

H C O ~ -  + O H - + C O ~ =  + H ~ O  ( instantaneous)  ( 4 )  

The sequence (3 + 4) predominates above pH 10. 
I n  neu t ra l  and a c i d  so lu t i ons ,  t he  popu la t i on  o f  
OH- i s  t oo  low f o r  r e a c t i o n  3 t o  be 
s i g n i f i c a n t .  

conversion, can occur by (5). 
The dehydrat ion , o r  t r i g o n a l - t o - 1  i n e a r  

H2C03 *H20 + COP 

React ion (5) i s  much more r a p i d  than ( 1 )  
w i t h  the  r e s u l t  t h a t  the l i n e a r  form o f  
d i sso l ved  CO2 [ h e r e a f t e r  c a l l e d  C02(aq)l 
i s  much more abundant i n  s o l u t i o n s  than the  
t r i g o n a l - p l a n a r  H2CO3. The r a t i o ,  
CO2 (aq)/HpCO3, has a value near 600 
a t  70°F, as i n d i c a t e d  by the  r a t i o  o f  r a t e  
constants descr ibed by Kern (1960). 

i n  s o l u t i o n s  i n  a l l  circumstances. 
Un fo r tuna te l y ,  most chemical analyses do n o t  
d i s t i n g u i s h  between C02(aq) and 
H2CO3. It has become convent ional  f o r  
chemists t o  r e p o r t  d isso lved,  1 i n e a r  C02(aq) 
as i f  i t  were t r i g o n a l - p l a n a r  H2CO3. 
Furthermore, repor ted d i s s o c i a t i o n  constants f o r  
H2CO3 a re  sma l le r  than the  t r u e  
d i s s o c i a t i o n  constants,  approximately by the 
f a c t o r  600 above, and i t s  counterpar ts  a t  h ighe r  
temperatures. This  i s  because the  H+ i n  the 
measured s o l u t i o n s  came from a much smal ler  
( t r u e )  populat ion o f  H2CO3 than the  
convent ion recognizes. 

f rom t h i s  so l ong  as a l l  c a l c u l a t i o n s  made 
concern j u s t  the d isso lved species, as noted by 
G a r r e l s  and C h r i s t  (1965). 
cons iders a1 so the  processes o f  f l ash ing ,  
CO2 exha la t i on  from the  l i q u i d ,  Henry 's  law 
s o l u b i l i t y / p r e s s u r e  o f  CO2, and a few 
r e a c t i o n s  o f  HCO3, the d i s t i n c t i o n  between 
Cop( aq) and H2CO3 becomes important.  
Only the 1 i nea r  form p a r t i c i p a t e s  i n  the 
sens ib le  pressure o f  CO2 i n  the  s o l u b i l i t y  
r e l a t i o n s h i p  o f  Henry 's law. 
p lana r  forms have no measurable vapor pressure. 

I n  a1 ka l  i n e  so lu t i ons ,  breakup o f  t he  
t r i g o n a l - p l a n a r  form can occur by r e a c t i o n  ( 6 )  

The H2CO3 form i s  r e l a t i v e l y  scarce 

No ser ious c a l c u l a t i o n a l  problem develops 

However, when one 

The t r i g o n a l -  
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FIGURE 1 

STRUCTURAL COMPARISONS 
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FIGURE 1: 
a d e f i n i t e  set o f  o r b i t a l s  w h e r e i n  t h e  e l e c t r o n s  c a n  r e s i d e .  
t a n e o u s  accommodation o f  bonding e l e c t r o n s  i n t o  t h e  o r b l t a l s  of two o r  more n u c l e i .  
m o l e c u l a r  s t r u c t u r e s  tend  t o  be  g e o m e t r i c a l l y  s i m p l e ,  f a i r l y  symmetr ica l ,  and s t r u c t u r a l l y  r e s i l l a n t .  
D e s c r i b i n g  t h e  3-d imens iona l  s t r u c t u r e s  w i t h  s i m p l e  2-dlmensional  d iagrams c a n  b e  m i s l e a d i n g ,  as  is t h e  
c a n o n l c a l  formula  above .  A c t u a l l y ,  t h e  H i n  HCO3 i s  o u t s i d e  t h e  p l a n e  of  t h e  CO3, o p p o s i t e  t h e  c e n t r a l  
C n u c l e u s  and n o t  a s s o c i a t e d  w i t h  l u s t  a s i n g l e  0 n u c l e u s  
o n  t h e  o p p o s i t e  s i d e  of  t h e  C03 p l a n e  beyond t h e  7 - e l e c t r o n  c l o u d .  
d e n s i t y  d i s t r i b u t i o n  shows t h e  g e n e r a l  l o c a t i o n s  of  t h e  bonding e l e c t r o n s  and n u c l e i  i n  C02 and HCO3. 
Convers ion  of one s t r u c t u r e  t o  a n o t h e r  r e q u i r e s  major  a l t e r a t l o n  of  e l e c t r o n  a r rangements .  g i v i n g  a morpho- 
l o g i c  s e n s e  f o r  t h e  k i n e t l c s  reviewed by Kern (1960) .  

E l e c t r o n s  are  t h e  g l u e  t h a t  h o l d s  a tomic  n u c l e i  i n t o  m o l e c u l a r  s t r u c t u r e s .  Each n u c l e u s  h a s  
Molecular  s t r u c t u r e s  r e s u l t  from t h e  s imul-  

A s  a consequence ,  

The second H i n  H2CO3 i s  l o c a t e d  s y m m e t r i c a l l y  
The p e r s p e c t i v e  view of  t h e  e l e c t r o n  

- commonly focuses on the gas pressure over a 
2 H C 0 3 - t  H20 + C02 + C03- (6 1 s t a t i c  l iquid and the amount of gas which enters 

the 1 iquid phase. Contrastingly, the geothermal 
which i s  mechanically different  from the system i s  most often measured a f t e r  flashing has 
sequence indicated by ( 7 ,  8)  progressed substantially.  The geochemist aims 

t o  reconstruct the we-f l  ash (one-phase 1 iquid) 
conditions of pressures and CO2 
concentrations. 

HC03- + O H -  + C02 ( 7  1 

(8  1 
- 

OH- + HC03-t H20 + C03- The amount of CO2 which i s  present i n  a 
water solution a t  equilibrium is  remarkably propor- Reaction ( 6 )  would  be  predicted t o  have second tional t o  the partial  pressure o f  the CO2 

order kinet ics  which are reported by S h u k l a  and which contacts the solution. The propor- 
Datar (1972). Sequence ( 7 ,  8 )  would show f i r s t  t iona l i ty  is  experimentally l inear  (E l l i s  and 
order kinet ics  because ( 7 )  is essent ia l ly  a Golding, 1963) when the solubi l i ty  coefficient 
spontaneous f iss ion.  i s  expressed as the ra t io  of CO fugacity 

4-effectively ideal gas pressuref to  mole 
B. Henry's Law Solubili ty of C02 fract ion of CO2 i n  t h e  solution. Those 

uni ts  are adcward for  engineering purposes , b o t h  

e f fo r t  required to. find and use fugacity 

. 

Geothermal exploitation begins with a ' . because of thei-r unfamiliarity and the extra 
s t a t i c  Copcharged l iquid w i t h  no vapor' 
phase. The dissolved CO2 contributes t o  t h  
vapor pressure of the liquid. ana ,  upon the 
flashing of steam, the C02+pressure and the 
to ta l  pressure are  markedly and quickly rea 
as i s  the temperature. The purpose of t h i s  
section i s  t o  show how the. data and models of 
laboratory investigations on s t a t i c  systems can 
be applied t o  the conditions of geothermal 
developnents, including the explosive context of 
f lashing superheated brine. 

the different  points of view between the 
physical chemist and the geothermalist. 
physical chemist's view of a gas-liquid system 

t s  and total  compositions of the 
orkunately;. throughout the range of 

the psia refers  to  the CO2 

i n  geothermal developments , simp1 e r ,  
more in tu i t i ve  uni ts-are  pract ical ,  specifically 

Partial  pressure in units of pounds per square 
-. inch absolute and the ppm t o  parts of CO2 by 

weight per million parts of solution. 
Uncertainty i n  calculations due t o  using these 
simplified units i s  small since the fugacity 
coeff ic ient  for  CO2 i s  about 0.98 f .04 over 
the exploitable range of geothermal conditions. 

' 

: 

I n  t h i s  regard i t  i s  useful t o  recognize 
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Solubi l i ty  coefficients reported by 
d i f fe ren t  workers are out of agreement by a few 
to  several percent, amounts that  generally are 
larger  t h a n  the differences between pressure and 
fugacity. Furthermore, in a real geothermal 
f i e ld  a range o f  COz contents will be 
observed across i t ,  perhaps greater than a 
factor  of 2. The engineering-design must 
accommodate th i s  larger range. Thus, the 
practical context suppresses the signifjcance of 
mal agreement among 1 aboratory data and the 
i nexact para1 le1 ism between the units used by 
the physical chemist and those used here. 

Figure 2 shows the CO2 so lubi l i t i es  
l i s t ed  i n  several references and reduced to  the 
same uni ts .  B o t h  pure water and NaCl solutions 
are  involved. The solubil ity.equation (9')  
appl ies  , in which P represents measurable 
pressure of C O 2 ,  C i s  concentration of the 
l inear  molecules, and the solubi l i ty  
coeff ic ient ,  h ,  has the units of psia/ppm. 

P = Ch (9 1 

The data of El l i s  and Golding (1963) are 
preferred by me. They are presented alone in 
Figure 3, as a response surface map i n  which 
i s o p l e t h s  o f  p s i a / p p m  are drawn i n  a f i e l d  o f  
temperature and NaCl content. Figure 3 can form 
one basis for  an engineering evaluation of the 
C O 2  in a geothermal f l u i d .  

C .  COP in Geothermal F1 uids 

I t  i s  important to  carry a concept of 
C02 gas pressure inside the l iquid phase, 
especially when no bubbles of C02-rich vapor 
are  present. Hydrostatic pressures i n  
geothermal 1 iquid reservoirs preclude the 
presence of any vapor. Yet, th i s  calculable 
vapor pressure becomes physically expressed when 
the f l u i d  passes u p  a wellbore to  where flashing 
begins. 

point i s  a sum due t o  a l l  the vola t i le  compo- 
nents i n  the liquid. Mainly these are  H20 and 
CO2. Other materials, especially N2, CH4,  
and Ar, contribute according t o  the i r  respective 
Henry's Law relationships. Each can be consid- 
ered separately, and the calculated total  vapor 
pressure of the system i s  the sum of a l l  the 
separately calculated pressures, plus H20. 
Cop often dominates the su i te  of vo la t i le  
gases in . te rns  o f  amounts present. Often those 
other gases a re  ignored. Much care should be 
exercised when deciding t o  ignore the non-CO2 
gases because most have much higher Henry's Law 
pressures per ppm. A method of using data  for  
them i s  presented i n  a l a t e r  section. Their 
Henry's Law pressure coeff ic ients  are shown i n  
Figure 4. 

The system pressure a t  the i n i t i a l  f lash 

FIGURE 2 

PRESSURE CONCENTRATION FOR C02 
vs 

TEMPERATURE AND NaCl CONTENT 
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FIGURE 3. RESPONSE SURFACE MAP- 
PRESSURE OF COq (as) VS TEMPERATURE AND SALT CONTENT. 
UNITS ARE PSI PER 1000 ppm COp(aq). Based on Elhs and Golding, 1963. 
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FIGURE 4. HENRY'S LAW PRESSURE COEFFICIENTS 
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FIGURE 5 

VAPOR PRESSURE CURVE 
NILAND. CLASS WELL 

PSlA 

During flashing a vapor phase develops and 

Usually, water vapor i s  
i t s  composition depends on the composition of 
the pre-flash l i q u i d .  
the most abundant component of the gas phase 
even a t  low percentages of steam flash.  
Furthermore, water becomes an increasingly 
s ignif icant  component of the vapor  as flashing 
progresses and the total  pressure of the system 
will approach the vapor pressure for  water or  
brine as  given in tables.  

Figure 5 shows t h i s  e f fec t  for  pressure- 
temperature measurements in a production system 
fo r  a well of the Niland KGRA. The pre-flash 
pressure of CO2 i s  estimated t o  be 345 psia,  
based on the H20 vapor pressure,being in i -  
t i a l l y  t h a t  of a 22% NaCl solution, an expedient 
approximation. This figure resu l t s  from 
pressure and temperature measurements made a t  
several places in the wellbore and surface 
equipment during a t e s t  flowing of the well. 
The data show the vapor pressure curve for the 
flashing 1 iquid. Note tha t  the vapor pressure 
curves for  pure water or  for  CO2-free s a l t  
solutions are n o t  good approximations of the P-T 
re1 ationships , except a t  conditions of 
we1 1 -devel oped flash.  

diminishes From i t s  i n i t i a l  value as flashing 
progresses. Most of the mass of C02 i s  ex- 
solved i n  the f i r s t  few weight percent of 
flashing. I t  becomes increasingly diluted as 
the volume of the vapor phase i s  expanded 
jo in t ly  by increments of freshly flashed H20 
and expansion of "old" vapor due t o  lower 
pressures. 

The Cop pressure in the vapor phase 

In the range of conditions relevant t o  
geothermal engineering , the pressures of H20 
and C02 are  additive (E l l i s ,  1959) without 
need for  adjustments. due to  de t a i l s  of the 
physical chemistry. This leads t o  the rather 
remarkable char t ,  Figure 6,  in which the C02 
pressure i n  a developing vapor phase can be 
expressed as a function of three factors,  namely 
i t s  i n i t i a l  pressure, the present temperature 
(or  H20 vapor pressure) of the system, and the 
weight percent of f lashing tha t  has developed. 
The mathematical development i s  given i n  section 
IV D 3. 

Comparing Figures 5 and 6 i s  instruct ive 
because they a re  complementary views of the same 
phenomenon. 

0. Effect of COP Pressure on In i t ia t ion  of 
2-Phase Flow . 

Presence of Cop causes the t ransi t ion 
between 1-phase and 2-phase flow to  happen 
deeper i n  the wellbore than one would expect by 
ignoring the CO2. The position of the point 
of flashing depends also on the density of the 
l iquid which, for approximations, can be taken 
a s  2.5 fee t  of depth per psia of C02. 

Some geothermal f i e lds  have substantial 
Cop contents t h a t  have large e f fec ts  on the 
depth i n  a wellbore where 2-phase flow begins. 
Table 1 shows some comparative numbers. 

6 
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FIGURE 6 
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Table 1 
C02 CONTENTS AND PRESSURES I N  SELECTED GEOTHERMAL FIELDS 

Field C 0 2  ppm Temp OF Salt Content COP psia Effect 

Broadlands 5,000 500 4,500 ppm 120-200 300-500’ 

Pre-flash Approx. Pre-flash Wellbore 

-- 

Wairakei 430 500 4,300 14 35’ 

Kizildere 16,000 390 4,500 640 1.600’ 

East Mesa 400-1.000 320-360 2.000-6,000 16-50 40-130’ 

Niland 6,OOO-20.000 570-640 200,000c 350-1.400 900-3.500’ 

Roosevelt 4.000-8.000 480-500 6,500 140-300 350-750 ’ 

The r i gh t -hand  column o f  Table 1 shows t h e  
e x t r a  l e n g t h  o f  2-phase f l o w  t h a t  can be c a l l e d  
an e f f e c t  o f  C02. 
i n t o  requirements f o r  l a r g e r  w e l l  casings than a 
CO2-free s i t u a t i o n  would requ i re .  
nee r ing  s e l e c t i o n  o f  casings f o r  geothermal 
w e l l  s depends on t h e  expected/requi  r e d  
p roduc t i on  o f  t he  we l l .  
f l o w  can l i m i t  t h e  ou tpu t  o f  smal l -d iameter 
w e l l s  and longer  runs o f  2-phase a re  more 
ser ious.  S e l e c t i n g  t o o  smal l  a cas ing makes a 
w e l l  uneconomic rega rd ing  i t s  r a t e  o f  payout, 
even i f  we l l - l oca ted  i n  a p roduc t i ve  r e s e r v o i r .  

I n  some s i t u a t i o n s  geothetmal f l u i d  may 
f l a s h  i n  t h e  rocks be fo re  e n t e r i n g  t h e  w e l l -  
bore. The C02 promotes t h i s  e f f e c t .  Several 
subs id ia ry  e f f e c t s  d e r i v e  f rom t h i s .  Whether 
f l a s h i n g  w i t h i n  t h e  r e s e r v o i r  i s advantageous 
must be decided on a case-by-case bas is .  
f a c t o r s  t o  consider  are:  

Th is  e f f e c t  can propagate 

The engi -  

The dynamics of 2-phase 

Some 

1. Is CaC03 scale d e p o s i t i o n  a ser ious 
accompaniment t o  the  e x s o l u t i o n  o f  
C02? 

2. COP con ten t  o f  steam from a m a t r i x -  
f l a s h  con tex t  would d i m i n i s h  as the  
p roduc t i on  cont inued. 

What are the  consequences f o r  wel lhead 
pressures and pressure requ i  renents  f o r  
hardware i n  t h e  sur face i n s t a l l a t i o n ?  

3. 

E. E f f e c t  o f  Cop on t h e  S o l u b i l i t y  o f  CaC03 

The p r a c t i c a l  d i f f e r e n c e  between the  view- 
p o i n t s  o f  t he  f i e l d  and t h e  l a b o r a t o r y  has a 
s t r i k i n g  s i g n i f i c a n c e  t o  t h i s  t o p i c .  Near ly  a l l  
publ ished t reatments of c a l c i t e  s o l u b i l i t y  
repeat a 1929 d e r i v a t i o n  by Frear  and Johnston 
wherei n the  c a l  c i  urn concen t ra t i  on i s found t o  be 
p r o p o r t i o n a l  t o  t h e  cube r o o t  o f  t h e  C02(g) 
pressure. Yet, t h a t  p r o p o r t i o n a l i t y  seldom 
occurs i n  geothermal contexts.  Because t h a t  
purpor ted re1 a t i o n s h i p  has become w ide ly  
publ ished, and because i t s  l i m i t e d  range of  
appl i c a b i l  i ty i s  n o t  discussed e l  sewhere , an 
e l a b o r a t i o n  here i s  worthwhi le.  

The o r i g i n  o f  t he  cube r o o t  p r o p o r t i o n a l i t y  
begins w i t h  a l a b o r a t o r y  context :  
c a l c i t e ,  water, and C02 wherein e q u i l i b r i u m  
i s  approached through d i s s o l v i n g  the c a l c i t e .  
Upon w r i t i n g  t h e  several  chemical equat ions 
which descr ibe the  format ion o f  carbonic a c i d  
and the  development o f  a calc ium b icarbonate 
s o l u t i o n ,  one may note t h a t  t he  s o l u t i o n  ho lds  
ca lc ium and b icarbonate i o n s  i n  the  molar 
r a t i o  o f  1:2. That p r o p o r t i o n  a l lows the 
s u b s t i t u t i o n  o f  Ca concen t ra t i on  f o r  b icarbonate 
a c t i v i t i e s  i n  the  mathematical e q u i l i b r i a .  
A1 gebra then y i e l d s  the  cube r o o t  re1 a t i o n s h i p  
between C02 pressure and calc ium 
concentrat ion.  

a system o f  
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Geothermal s o l u t i o n s  are  genera l l y  f a r  from 
a 1:2 r a t i o  o f  Ca:HC03, hence the  a lgeb ra i c  
s u b s t i t u t i o n  above i s  seldom appropr ia te,  i f  
ever. 
f l u i d ,  e q u i l i b r i u m  i s  approached through 
depos i t i on  o f  CaC03, which tends t o  d i s t o r t  
t h e  Ca/HC03 r a t i o  even more. 

The t r u e  r e l a t i o n s h i p  between CO2 
pressure and Ca concentrat ion upon f l a s h i n g  
depends on t h e  resource. 
HCO3>> Cay as a t  East Mesa where (molar)  
HC03:Ca i s  35:1, t he  Ca concentrat ion i s  
p r o p o r t i o n a l  t o  t h e  f i r s t  power o f  t he  COP 
pressure.  Contrast ing ly ,  i n  t h e  Sa l ton  Sea KGRA 
where HC03:Ca i s  near 1:450, t he  calc ium 
concen t ra t i on  i s  independent o f  t he  CO2 
pressure.  

Large computer models o f  geothermal 
chemical e q u i l i b r i a  which use the  bas ic  
equat ions f o r  carbonate reac t i ons  w i t h o u t  t he  
cube r o o t  s i m p l i f i c a t i o n  would n o t  s u f f e r  from 
t h e  a lgeb ra i c  s h o r t c u t  descr ibed above. 
However, some smal ler  p r i v a t e l y  h e l d  
c a l c u l a t i o n a l  model s do i nco rpo ra te  t h e  
i n a p p r o p r i a t e  cube r o o t  re1  a t i onsh ip .  Users 
should be wary a1 so about fo recas ts  o f  sca le  
depos i t i on  o r  r e l a t e d  c a l c u l a t i o n s .  

F. ExamDle C a l c u l a t i o n s  

Furthermore , f o r  a d i s tu rbed  geothermal 

For  example, where 

1. Measurements and Conversions 

I n  a t e s t  o f  a geothermal w e l l  , 

Sampling t h e  steam o f f  t he  

f l a s h i n g  occurred i n  t h e  we l l bo re  and 
s t e a d w a t e r  separat ion was made a t  t he  
surface. 
separator  y i e l d e d  a CO2 content  o f  
1.2%. 

Quest ion:  I f  steam comprised 14% o f  
t h e  produced f l u i d  a t  t he  p o i n t  o f  
sampling, what was t h e  CO2 con ten t  
be fo re  f l a s h  i n  u n i t s  o f  ppm? 

CO2 w m l l o w  t h e  steam phase, which 
comprises o n l y  14/100 o f  t he  p r e - f l a s h  
l i q u i d ;  1.2% i s  12,000 ppm. P re - f l ash  
concentrat ion i s :  
(12,000)(0.14) = 1,680 ppm. 

approximat ion o f  t he  p r e - f l a s h  content  o f  
C02(aq). 
adjustments f o r  t h ree  chemical phenomena 
descr ibed i n  subsequent sec t ions :  breakup 
o f  HCO3, depos i t i on  o f  CaC03, and 
a n a l y t i c a l  i n t e r f e r e n c e  by ammonia. 
However, these adjustments p a r t l y  a re  
se l  f-compensating. A f i r s t  approximat ion 
such as t h i s  one i s  n o t  l i k e l y  t o  be i n  
e r r o r  by more than 15% ( r e l a t i v e ) ,  
p r o v i d i n g  t h e  CO2 ana lys i s  and percent  
f l a s h  are  accu ra te l y  s ta ted .  

pressure before f l a s h i n g  i f  t h e  pos t - f l ash  
t o t a l  d i sso l ved  s o l i d s  ( T D S )  i n  t h e  l i q u i d  
(ma in l y  NaC1) i s  94,000 ppm and a p r e - f l a s h  

Answer: V i r t u a l  l y  a1 1 t h e  a v a i l  ab le  

Th is  value may be used as a f i r s t  

It may be necessary t o  make 

Quest ion:  What * is t he  CO2 

temperature of  480°F was measured downhol e 
i n  1-phase l i q u i d  du r ing  the  t e s t ?  

Answer: F ind  t h e  p re - f l ash  TDS, then 
use i-80" and r e s u l t s  from quest ion 1 
t o  en te r  F igure  3. 

P re - f l ash  TDS i s  (94,000)(1 - .14) = 
80,800 ppm; 8.1%. 

I n  the  absense o f  more d e t a i l e d  
i n fo rma t ion  about t h e  f l u i d ' s  c o o l i n g  i n  
t h e  we l l bo re  dur ing  t r a n s i t ,  use the  480" 
t o  en te r  F igure  3 and f i n d  46.2 p s i  pe r  
1000 ppm co2; 

CO2 p a r t i a l  pressure i s  
(1680/1000) (46.2) = 77.6 ps ia .  

Quest ion:  What i s  t he  t o t a l  vapor 

Answer: Pure water has a vapor 

pressure o f  t he  p r e - f l a s h  f l u i d ?  

press- 566 p s i a  a t  480°F. 
presence o f  s a l t  depresses t h i s .  
I n t e r p o l a t i o n  o f  t ab les  given i n  Haas 
(1976) y i e l d s  536 p s i a  f o r  8.1% NaCl a t  
480". CO2 pressure i s  i n  a d d i t i o n  t o  
t h i s ;  t o t a l  vapor pressure i s  536 + 78 = 
614 ps ia .  [Note: Th is  excludes e f f e c t s  o f  
non-CO2 gases. 1 

pressure i s  t he  same as pure water a t  489°F 
o r  a CO2-free s o l u t i o n  o f  NaCl (8.1%) 
a t  495°F. 

The 

F o r  comparison, no te  t h a t  t h i s  vapor 

111. REDISTRIBUTIONS OF COMPONENTS UPON 
THE FLASHING OF STEAM 

A. Processes vs. Events 

geothermal f l u i d  commonly focuses on t h e  change 
o f  phase t h a t  H20 undergoes. 
several  concomitant processes ( n o t  t o  be 
considered as events) t h a t  occur i n  t h e  same 
general i n t e r v a l  o f  t ime. Each process i nvo l ves  
a r a t e  o f  change, b u t  t h e i r  s t a r t i n g  t imes, 
t imes o f  peak a c t i v i t y ,  and endings are  n o t  
simultaneous. One aim o f  t h i s  sec t i on  i s  t o  
p resen t  t h e  f l a s h i n g  as a mix o f  processes t h a t  
a r e  l i n k e d  t o  one another, y e t  a re  descr ibable 
as i n d i v i d u a l  processes. 

w i t h  the  more common approach t o  t h i s  t o p i c  
which considers the  processes as events. 
Processes are  t r e a t e d  as events when one 
compares the  f i n a l  cond i t i ons  o f  t he  system w i t h  
t h e  i n i t i a l  cond i t i ons ,  i r r e s p e c t i v e  o f  t ime, 
t im ing ,  o r  atomic sca le  mechanism. F a i l u r e  o f  
an event t o  l ead  t o  t h e  thermodynamically most 
s t a b l e  s t a t e  then acquires some sense o f  
mystery. 

However, when one considers the  chemical 
reac t i ons  as processes f o r  which several  
c i r c m s t a n c e s  and l i nkages  must be favorable,  
i n c l u d i n g  t r a n s p o r t  and o r i e n t a t i o n  o f  ions,  i t  
q u i c k l y  becomes ev iden t  t h a t  t he  on ly  

The concept o f  f l a s h i n g  steam from 

There are  

T h i s  p o i n t  o f  v iew i s  intended t o  c o n t r a s t  
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thermodynamic requirement concerns the F i r s t  
Law. There must be a net loss  of f ree  energy t o  
drive a reaction, b u t  mechanisms may not operate 
which would maximize the free  energy loss .  
Other functional mechanisms often do operate t o  
re1 ieve the chemical supersaturations. I t  may 
even be possible to  identify mechanistic hurdles 
t h r o u g h  chemical inferences. I t  i s  hoped tha t  
this point of view w i l l  remove some of the 
mystery about why disturbed geochemical systems 
generally f a i l  t o  reach equilibrium. I t  also i s  
hoped tha t  t h i s  approach will help lead t o  an 
in tu i t i ve  understanding o f  the chemical system 
needed to  make engineered so lu t ions  t o  
geothermal problems. 

6 .  A Chemical Base Map 

The most profound changes in a flashing 
system i nvol ve the temperature and total  
pressure. Yet, the component of total  pressure 
due t o  water vapor depends mainly on the temper- 
a ture  and only s l igh t ly  on the changing s a l t  
concentration due t o  the flashing. 
temperature data alone imply almost a l l  one 
needs t o  know about the H20 component of the 
system. 
pressure usually dominates the to ta l  pressure, 
most knowledge about the to ta l  pressure i s  
redundant with the temperature; hence, using 
b o t h  i s  not an e f f i c i en t  description of a 
flashing system. 
will not be used here as a dimension 
(descr iptor)  of the system. 

pressure dimension for  just the non-H20 
components. The most important of these i s  
COP and the axes of the chemical base map 
are selected as temperature and pressure of 
C02 (Figure 7). Important to  th i s  concept 
i s  the c lear  specification tha t  the CO2 
pressure intended i s  not a sensible pressure in 
the vapor phase, b u t  rather the calculable 
Henry's Law pressure due to  the C02(aq) in 
the l iquid as expressed in eq (9). 

T h u s ,  the 

Furthermore, since the H20 vapor 

T h u s ,  the pressure of H20 

T h i s  simplification allows the use of the 

This 
FIGURE 7 
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specification does two t h i n g s :  
a t tent ion on the l iquid phase wherein the 
important chemical reactions occur, some of . 
which lead t o  scale deposits, and ( 2 )  i t  enables 
one to  consider the l iquid phase i r respect ive of 
whether a vapor phase i s  present or whether the 
1 iquid and vapor are  in equil ibrium. 

condition or  history has  a temperature and a 
Henry's Law CO2 pressure tha t  can be 

(1) i t  focuses 

Every geothermal f lu id  regardless of i t s  

ident i f ied by coordinates as i n  Figure 7 .  A 
point on the map gives two important descriptors 
of a system. Moreover, a l ine  on the map 
represents a unique [chemical I pathway between 
i t s  two end points. For the case of a flashing 
geothermal flui'd, the s ta r t ing  point in the map 
can represent the pre-flash condition. A mathematical 
basis for  these maps i s  elaborated i n  Section IV. 

One may calculate a sequence of 
temperatures and CO2 pressures for  a process 
the system migh t  undergo. 
which connects the calcul ated points represents 
the continuous process. Two such l ines  are 
presented i n  Figure 7. One represents an 
adiabatic flashing (expansion) , the other 
represents chi l l ing without the forming of any 
vapor. The two l ines  have a common o r i g i n  and 
i f  additional processes are invoked the extended 
pathway l ines  could [be made to1 have a common 
end point. The area bounded by those two l ines  
represents the l imits  within the map that  real , 
perhaps non-equil ibrium, processes can operate. 
Any l i ne  across tha t  space could be taken to  
represent a process and describe basic fac ts  
about i t .  For example, i t  could indicate a k i n d  
of chemical [map] distance from an equilibrium 
process. 

The l i ne  on the map 

C .  Additional Chemical Maps 

Since the resource has a def ini te  
composition before flashing ( a t  l ea s t  within 
definable l i m i t s ) ,  information about the 
components which vary during flashing can be 
displayed. 
isopleths of concentration (or ac t iv i ty)  for 
selected components. These can be interpreted 
in  the same way as are  elevation contours in a 
topographic map; i n  f ac t ,  this device is  
mathematically identical to  a topographic map. 
The surface represented by the isopleths i s  
called a response surface, e.g. Hicks (19641, 
since i t s  "elevation" re f lec ts  what the l iquid 
phase would look l ike  [when chemically 
equil ibratedl a t  a coordinate location. 

A preferred format for  display uses 

Figure 8 i s  such a map for t h e  
C03/HC03 concentration ra t io ,  based on a 
pre-flash HCO3 content of 500 ppm. 
pract ice ,  one would construct a new map i f  a 

I n  
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d i f f e r e n t ,  p r e - f l a s h  content  o f  HCO3 were 
considered. For  two maps d i f f e r i n g  modest ly i n  
re ference t o  i n i t i a l  HCO3 contents ,  t he  
t rends  o f  t he  i s o p l e t h s  would be s i m i l a r .  
map may look  much l i k e  the  o the r  except t h a t  t he  
i s o p l e t h a l  l i n e s  would appear t o  have been 
s h i f t e d .  

A pathway 1 i n e  ( f o r  a c a l c u l  a ted o r  
suggested process) can be superimposed on the  
response sur face and even indexed f o r  r e l a t e d  
f a c t o r s ;  f o r  example, percent  f l a s h ,  as i s  done 
i n  F igures 7 through 10. 
these maps can be b u i l t  which would i n v o l v e  a l l  
t h e  components i n t e r e s t i n g  t o  the  design 
engineer.  
cross-reference several  chemical parameters o f  
t he  l i q u i d  w i t h  p o s i t i o n s  i n  a hardware diagram, 
commonly s p e c i f i e d  the re  by t o t a l  pressure 
a1 one. 

One 

A more extens ive s e t  o f  

With these maps one may r e a d i l y  

FIGURE 9 

PSIA OF C o p  

FIGURE 10 

PSIA OF C 0 2  

Add i t i ona l  maps o f  t h i s  s o r t  t h a t  are 
r e l e v a n t  t o  carbonate chemist ry  i n v o l v e  calc ium 
concen t ra t i on  (F igu re  9 1 , and pH (F igu re  10 1 , as 
w e l l  as C03/HC03 r a t i o .  Those th ree  
p r o v i d e  a genera l l y  s u f f i c i e n t  set ,  a1 though 
o t h e r  maps are poss ib le .  For example, the 
C03 concen t ra t i on  and C02(aq) 
concen t ra t i on  can be represented as maps and 
such maps cou ld  be wor thwhi le  f o r  emphasizing 
c e r t a i n  aspects o f  a process. 

D. Example A p p l i c a t i o n  o f  a Chemical Map 

Figures 8, 9, and 10 comprise a s e t  based 
on a p r e - f l a s h  HCO3 concen t ra t i on  o f  500 
ppm. 
e q u i l i b r i u m  ad iaba t i c  pathway and t h e  c h i l l e d  
( n o - f l  ash) pathway. 

Consider ing the depos i t i on  o f  CaC03, 
the re  are two reac t i ons  which are e s p e c i a l l y  
r e l e v a n t :  

(6 1 

Each has superimposed on i t  the  

- 
2 H C 0 3 - t  H20 + C02(g). + C03- 

++ - 
Ca + C 0 3 - t  CaC03 (10) 

From the maps one may deduce t h a t  f o r  t he  
e q u i l i b r i u m  ad iaba t i c  path, r e a c t i o n  (10)  i s  
s u b s t a n t i a l l y  complete a t  4% f l a s h  -- the path 
becomes p a r a l l e l  t o  the  Ca i s o p l e t h s ,  hence no 
new thermodynamic d r i v e  f o r  (10) i s  be ing 
generated. By con t ras t ,  r e a c t i o n  (6 1 p e r s i s t s  
beyond 10 percent  f lash,  which i s  e f f e c t i v e l y  
atmospheric pressure, as evidenced by the  
pathway 1 ines cross ing the  CO3/HCO3 
i s o p l e t h s  a t  subs tan t i a l  angles throughout the  
process. This  outcome i s  due t o  t h e  g rea t  
inequal  i t y  o f  t he  Ca and HCO3 
concentrat ions.  I n i t i a l l y  they are present  i n  
t h e  molar r a t i o  o f  Ca:HC03 = 1~35. 
Conversion o f  a small percentage o f  HCO3 t o  
C03 i s  profoundly  s i g n i f i c a n t  t o  the  
s o l u b i l i t y  product  constant  f o r  c a l c i t e  ( o r  
a ragon i te )  as i n  (11) .  

K 

Because HCO3 i s  so dominant, development o f  
on l y  a small p o r t i o n  o f  C03 causes the 
a v a i l a b l e  Ca t o  be consumed e a r l y  i n  the  
HCO3 conversion process. 

E. Cause-Effect  and Independent Va r iab les  

descr ibed as independent o r  dependent, b u t  
choice about which i s  which i s  made f o r  
convenience. Fo r  chemical systems a t  
e q u i l i b r i u m  one can be s i m i l a r l y  f l e x i b l e .  
However, f o r  a chemical system which i s  
undergoing i r r e v e r s i b l e  reac t i ons  , dependence/ 
independence acquires a phys ica l  i n t e r p r e t a t i o n .  
I n  the  case o f  a high-HC03 b r i n e  w i t h  Ca 
concen t ra t i on  small , the  Ca would be q u i c k l y  
consumed upon a r e l a t i v e l y  small change i n  the  
C03/HC03 r a t i o .  I n  t h i s  context ,  the Ca 
concen t ra t i on  i s  considered t o  be a dependent 
va r iab le .  

(11)  = CC~ICCO~I W O - ~  (moles / I )  2 
SP 

I n  a mathematical expression va r iab les  are 

I n  a r e l a t e d  way, the C03/HC03 i s  
independent o f  H2CO3 s ince i n  the 
r e l a t e d  equat ions (12)  and (131, the f l o w  o f  
ma te r ia l  goes from HC03 t o  CO3 w i t h o u t  
more than a t r i v i a l  c o n t r i b u t i o n  from 
H2CO3 . 

(12)  
H2C03+HC03 - +  + H 
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HC03-=C03= + H+ 

When calculations are t o  be made about 
specif ic  contexts, the f ive  equations with 
equilibrium constants can be augmented by 

(12al additional equation( s)  for e l ec t r i c  charge 
bal ance and materi a1 bal ances i n  the reacting 
solutions.  An en t i re  s e t  of equations i s  to  be (13) solved simul taneously, sometimes a f t e r  
specifying a concentration for  one of the 
components and defining the chemical ac t iv i t i e s  
of CaC03 and H20 to  be unity. (13a) 

Similarly, pH (=-log[H]) i s  here a 
physically dependent variable. 
characterize the C03/HC03 ra t io  as in 
equation (13a) ,  b u t  i t  i s  not proper to  consider 
t h a t  the C03/HC03 - ra t io  i s  "controlled" 
by pH in  t h i s  context because H+ always i s  
scarce compared t o  HC03 and/or Cog. 

direction of cause and e f f ec t  for  the physical 
processes should be carefully imitated by the 
mathematical formulations. Some avail able 
computer model s , when appl ied to the flashing 
process, use pH as an input (independent) 
variable. The outputs of such model s are 
somewhat unreal i s t i c  since major components, 
especially C03/HC03, are thereby 
constrained to  match somewhat arbi t rary choices 
of what amounts t o  a pre-selected outcome. This 
aspect i s  important t o  calculational methods 
appl ied to  the context of flashing geothermal 
f lu id .  
i s  aimed a t  calculating carbonate equi l ibr ia  
without involving pH. 

I t s  value may 

Flashing i s  not reversible,  hence the 

In the next section a par t icular  e f fo r t  

IV. CHEMICAL MAPS 

A. Theoretical Basis 

A general system for  making numerical 
calculations about carbonate equil ibr ia  i s  given 
by Garrels (19601, and Garrels and Christ 
(1965). Their approach has been followed by many 
others ,  notably Helgesen (19691, Stumm and 
Morgan 1970, and Holland ( 1 9 7 8 ) .  In  that 
approach, f ive  chemical reactions are used along 
with the i r  equilibrium constants. Those f ive  
include reactions ( 1 2 )  and (13) i n  addition t o  
(141,  (151, and (16) below. 

[Cal [C031 
Ksp - [ C ~ C O ~ I  

(14a)  

K O  = H2C03 

c02 
P 

H20 *H+ + OH- 

(16a) 

I n  Garrel s '  presentation f ive  different  
cases are examined in which the s e t  of  equations 
i s  applied to  calculating the equilibrium 
conditions for  a collection of materials 
i n i t i a l l y  n o t  a t  equilibrium. A1 t h o u g h  the basic 
pattern for  solving the equations i s  similar i n  
the several cases,  there are  subtle differences 
in the setup of components which have important 
e f fec ts  in the outcome. For example, a simple 
system of water, ca l c i t e ,  and Cop comes t o  a 
different  equilibrium condition depending on 
whether i t  i s  a1 ways closed to  the atmosphere , 
open only i n i t i a l l y ,  or open until equilibrium 
i s  reached. These subt le t ies ,  resu l t s ,  and the 
concepts behind them deserve close attention by 
a l l  serious students of carbonate equi l ibr ia .  
I t  i s  important t o  note t h a t  none of the cases 
used as examples by Garrels or his followers 
apply to  the context of flashing geothermal 
f lu ids .  

6. Adaptation t o  a Context of Geothermal 
b 1 ashi ng 

The most profound differences between a 
f lashing geothermal context and other 
appl ications of carbonate equil i b r i a  referenced 
above concern (1) disturbing a system i n i t i a l l y  
a t  equilibrium and tracking i t s  i r revers ible  
processes, ( 2 )  the immensely higher C02 
pressures (concentrations) for  the pre-fl ash 
geothermal case,  ( 3 )  the large and prompt 
changes in temperature and pressures, and (4) 
the  non-proportionality of Ca vs HCO3 in the 
pre-flash and post-flash geothermal f lu ids  
compared t o  traditional examples . 

substant ia l ly  alkaline a t  a l l  degrees of f lash ,  
equation ( 1 2 )  i s  not relevant to  the process. 
Additionally, equation (15) confounds the 
dissolution of Cop gas  w i t h  the hydration of 
C02(aq). 
recognized, i n  footnotes , the confounding tha t  
occurs i n  equation (15) and there i s  no 
necessity to  account for  i t  i n  the non-flashing 
systems they considered.. In the development 
here, equation (15) i s  dea l t  with according t o  
the discussion i n  the f i r s t  section of  th i s  
report .  Lastly, some way i s  required to  demote 
the pH from i t s  common use as a master variable 
and make i t s  calculation subject to  the 
dis t r ibut ion of major components of the system. 

For l iquids ,  l i ke  a t  East Mesa, which are 

Garrels and his  followers have 

C .  Makinq DH Calculations DeDendent on 
HCO?/CO? Ratio 

An intermediate objective a t  t h i s  point i s  
t o  find a calculable expression for  
C03/HC03, which i s  done below, i n  terms 

1 1  



of the pre-flash HCO3 concentration. 
(1963, p .  249) p o i n t s  out that  equation ( 1 7 )  is 
independent of pH. 
combining 12a and 13a, wherein H2CO3 has i t s  
conventional meaning and can be replaced by the 
C02(g) pressure and the Henry's Law so lubi l i ty  
coeff ic ient  . 

Smith  

I t  can be derived by 

,. 
( H C O 3 I L  

co3 = H2C03 (+) (17)  

H2CO3 = C02(aq) = P/44h when P = 
COP pressure in psia and h i s  the Henry's 
Law so lubi l i ty  coeff ic ient  (from Figure 3 )  i n  
uni ts  of psi/l,OOO ppm. 
be rewritten as (181, Y ' s  representing ac t iv i ty  
coeff ic ients .  

Thus, equation ( 1 7 )  can 

Where ( a )  represents the ac t iv i ty  coefficient term 
and terms C03 and HC03 refer  t o  concen- 

t ra t ions ,  n o t  a c t iv i t i e s .  
Notably, A i n  (18) i s  a function only of 
temperature. 

C03 according t o  ( 6 )  which can be s ta ted 
algebraically as (19) in which B i s  the in i t i a l  
concentration of HCO3; the i n i t i a l  concentratlon of 
cO3' i s  approximately zero. 

( f f  

During flashing, some HCO3 converts to  

HCO + 2C03 = 6 = HC03(initial) (19) 3 
Rearranging (19) yields  (20)  which, when 
substi tuted i n t o  (18) ,  yields  ( 2 1 )  

B-HC03 
2 co3 = (20) 

(21) 

Rewriting ( 2 1 )  into standard form (22)  

2Aa(HC03)2 + P(HC03) - PB = 0 ( 2 2 )  

yie lds  a solution . (23)  which i s  appropriate only 
w i t h  the (+IC. 

r -  
- P  + J P L  + 8AaPB 

HC03 = 4Aa 
(23) 

Rewriting (18) as ( 2 4 )  and combining with (23) 
y ie lds  ( 2 5 )  

co AaHC03 
3= 

HC03 P 

which reduces t o  (26) , the desired relationship.  

R i s  a r a t io  of concentrations, not 
chemical ac t iv i t i e s .  Equation (26) applies to 
the flashing process during which P represents 
the Henry's Law CO2 pressure in the residual 
l iquid.  
selected temperatures using tables for  K' and 
K", as shown by Helgesen (1969) or Kharaka and 
Barnes (1973) or others,  plus values of h from 
Figure 3 of th i s  report. A1 ternatively,  
A-values may be taken from Figure 11 of th i s  
report .  
by standard methods. They are more readily 
obtained from Figures 12 and 13 i n  t h i s  report 
which are based on Debye-Huckle theory and 
prepared by Cheatham and Lessor (1980). 

hand-he1 d programmable calculators and sui table 
fo r  making chemical maps of which Figure 8 i s  an 
example. 

Equa t ion  (26) does not involve an 
adjustment for  ion  pairing of HCO3. In 
Ca-poor geothermal solutions , th i s  i s  not 
serious because HCO3 concentrations are 
general 1 y much greater t h a n  concentrations of 
a l l  cations except Na; and ion pairs  of 
NaHC03 are  scarce enough to  ignore. 

because i t  describes the temperature dependence 
o f  a major component without reference to  pH of 
the system. Consequently, the pH can be 
described as  a dependent en t i ty  by combining 
equation (13a) with (26) to yield ( 2 7 ) .  

Values of A can be calculated for  

Activity coefficients may be calculated 

The format of (26) is compact enough for  

Equation ( 2 6 )  i s  especially s ignif icant  

Where ( b )  i s  the ac t iv i ty  coefficient term 

Maps of pH can be based on ( 2 7 )  of which Figure 
10 i s  one example. 

D .  Construction of Specific Maps 

Computers can be used t o  construct maps, b u t  
hand methods a re  a lso simple i n  some cases. 
They have the advantage of g i v i n g  extra insight  
into chemical processes fo r  the person who 
calculates  and plots  the isopleths.  
e f f ic ien t  method of constructing isopleths i n  a 
chemical map consists of selecting a value f o r  
an  i sop1 eth and spotting several coordinate 
pairs  o f  i t s  position on graph paper, then 
sketching i n  the curve. Since most data on 
equilibrium constants and ac t iv i ty  coeff ic ients  
are  l i s ted  in  tables f o r  selected temperatures, 
i t  becomes practical t o  use those data as par t  
of the input, thereby fixing a s e t  of tempera- 
tu re  coordinates. Then, specifying the isopleth 
value allows one t o  calculate the pressure 
coordinate and plot  a coordinate position of the 

An 
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FIGURE 11 

A-VALUES FOR EQUATIONS 17 THRU 27 
WHEN C02 PRESSURE IS I N  PSIA 

B, INITIAL HCO3 CONTENT, IS IN PPM 

FIGURE 12 

HC03 - 
ACTIVITY COEFFICIENT, 1(- 1 

IONIC STRENGTH 
C H E A T H A M  A N D  LESSOR, 1980 
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FIGURE 13 

ACTIVITY COEFFCIENT, #-2 
co3 = 

IONIC STRENGTH 
CHEATHAM A N D  LESSOR. 1980 

FIGURE 14 

ACTIVITY COEFFICIENT, 1(+2 
C 2 +  

IONIC STRENGTH 
CHEATHAM A N D  LESSOR, 1980 
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isopleth w i t h  good precision. 
working equation f o r  t h i s  procedure i s  made by 
rewriting equation (26) t o  (28) i n  which 
R = C$/HC+. 

A convenient 

AaB 
R (  2R+1 ) 

P =  (28) 

1 .  Map f o r  pH 

Equation 13a can be rewritten i n  terms 
of R ,  equation (291, and substi tuted 
d i rec t ly  i n t o  (28) t o  make the working 
equation, (30).  

(29) 

(30) exp( -2pH )AaB P =  
bK"C2bK" + exp( -pH 11 

Alternatively,  equation ( 2 7 )  can be 
rearranged into eq. 30 by noting t h a t  

Equation (30) i s  the basis for  a 6-step 
map-building process: (1 )  se lec t  a value of 
B y  the i n i t i a l  HCO3 concentration, which 
will apply over the en t i r e  map; ( 2 )  se lec t  a 
temperature fo r  which values of  K ' ,  K " ,  and 
h a re  precisely available for  calculating 
A-values o r  use Figure (11) (an intermedi- 
a t e  table i s  useful) ;  (3 )  se lec t  a pH value 
for  an isopleth and enter  in to  the program 
for (30) along w i t h  A and K "  values; ( 4 )  
calculate  a value for  P and locate the P-T 
coordinate on graph paper; (5) choose 
another value for  T (or  pH) and i t e r a t e ,  
eventually f i l l i n g  the en t i r e  area of 
in te res t ;  (6 )  connect the plotted 
coordinates with smooth 1 ines and 1 abel . 
2. Map for  Calcium 

Constructing a map f o r  Ca can be done 
analogously t o  the process described above 
for  pH. The difference i s  i n  substi tuting 
for  the R-value i n  equation (28). 
making the Ca map, use equation (14a) t o  
derive (31) i n  which ( c )  represents the 
product of the ac t iv i ty  coeff ic ients  fo r  Ca 
and CO3. Substi tute (31) i n t o  equation 
(19) t o  yield (32);  then combine (31) and 
(32) t o  form R ,  yielding equation (331, 
which then i s  substi tuted into the working 
equation (281, retaining a l l  ac t iv i ty  
coefficients.  . .  

For 

. .  

K 

c03 +2 r-2 
(31 1.' 

2K 
HC03 = B - +- (32) 

(33) 

Activity coeff ic ients  f o r  Cay $+2, and f o r  
CO3, '6-2, can be read from Figures 13 
and 14 which are  due t o  Cheatham and Lessor (1980). 

The 6-step process described above 
y ie lds  a response surface f o r  calcium, b u t  
the  labels  on the isopleths may be out of 
cal ibrat ion w i t h  the resource one intends t o  
represent. This i s  par t ly  because most of 
Ca present i n  a HC03-rich f lu id  i s  i n  the 
form of the i o n  pair  CaHC03' , not Ca2+, 
and Ca in  a l l  forms i s  minor compared t o  
HC03. Thus, using (Caf+2) i n  (33) t o  
calculate  C Q / H C Q  involves the same 
logical e r ror  a s  i n  using pH t o  calculate  
C O ~ / H C O Q .  The damage t o  the map i s  not 
serious since the spacing of the calculated 
isopleths and t h e i r  re la t ive  values will 
represent the shape of the response 
surface. The isopleths could be cal ibrated 
by f i e ld  data obtained t o  represent Ca a t  
the pre-flash temperature and C02 
pressure, b u t  valid analyses fo r  pre-flash 
calcium may be d i f f i c u l t  t o  obtain. 
e f fo r t s  generally a re  necessary since few 
wells a re  flowed i n  t h e i r  ear ly  tes t ing  
stages without flashing in  the bore. 
r isks  deposition of Ca before the f lu id  can 
be sampled. 

In the absence of valid calcium 
analyses w i t h  which t o  ca l ibra te  the 
isopleths,  there s t i l l  i s  much i n  the 
response surface map tha t  applies t o  
engineering problems. For example, the 
fraction of available Ca deposited a t  
increments during the flashing process can 
be estimated from an uncalibrated map. 
procedure begins w i t h  spotting the pre-flash 
coordinates on the map, then calcul a t i  ng the 
adiabatic f lash path. The apparent value a t  
the pre-flash coordinates represents the 
l iquid w i t h  a l l  of the Ca dissolved. That 
point can be labeled "unity" and the 
isopleths below i t  relabeled i n  the 
indicated proportions. The differences from 
unity represent "fract ion deposited." An 
a l ternat ive method i s  used i n  an examp7e 
problem i n  section VI. 

3.  Overlay of  an Adiabatic Flash Path 

This overlay requires finding simulta- 
neous values f o r  temperature, percent f lash,  
and pressure of C02. 
procedure suffices.  

equation (34) wherein subscript  "0" re fers  
t o , the  i n i t i a l  temperature and " i "  re fers  t o  
some lower temperature. Steam tables  can be 
used t o  find simultaneous values of 
temperature ( T I  , l iquid enthalpy ( L )  , and 
steam enthalpy (SI. 

Special 

This 

One 

The following 

Calculate the flash fraction ( f )  by 

(34) 

The par t ia l  pressure, P ,  of CO2 i s  
given accurately enough by the ideal gas 
equation, PV = ZnRT, in which n and V are  
defined according t o  the conditions of 
flashing and Z has a value near 0.99 for  
most expl o i  tab1 e geothermal resources. The 
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volume occupied by COP i s  ident ical ly  tha t  
occupied by the steam and i s  given by eq 
(35).  V, i s  the specific volume l i s t ed  i n  
steam tables.  

v = VSf (35) 

The value of ( n ) ,  the number of moles of 
C02 i n i t i a l l y  in the l iquid l e s s  the 
number s t i l l  present, i s  given by (36).  

Co -1000 P / h  
n =  

44 x lo6 
Co i s  in ppm, P i s  psia,  h i s  psia per 
1,000 ppm, 44 refers  t o  the molecular weight 
of Cop,  and lo6 converts ppm t o  a u n i t  
basis. Combining (341, (351, (361, and the 
gas equation yields  (37).  

(Co  -1000P/h) RTZ 
P =  (37) 

44 x 106 Vsf 

Equation (37) can be reduced t o  a working 
form (38 

Rankine temperature ( " F  + 460). 

i n  which M = 44xl06/RZ = 
3.866~10 k i n  English u n i t s .  T i s  the 

cO 
MVSf/T + 1000/h P =  

usable by design engineers. 
require special sampling methods. 
cases , a1 ternat i  ve sampl i ng methods have 
different  analytical interferences and are  n o t  
straightforwardly comparable. These factors  
must be recognized when reconstructing the 
pre-flash l iquid composition. 

A. Pre-flash HCO3 

Some of the data 
In some 

The pre-flash H C Q  content i s  easi ly  and 
re l iab ly  deduced from f i e ld  samples. 
master variable t o  consider when engineering 
high-HCD;j geothermal resources. A numerical 
understanding of  the f a t e  o f  H C Q  upon 
flashing i s  required for  interpret ing f i e ld  data  
and fo r  making adjustments t o  C Q  ( 9 )  
determinations. 
relationship which i s  expressed algebraically a s  
(39). 

I t  i s  the 

E q  ( 6 )  provides the basic 

HC03 + 2C03 = constant (39) 
Deposition of CaCQ via eq (9) has an e f f ec t  
on (33) that  i s  described by (40) .  

Ca + 2HC0, f CaC03 + H20 + C02 (40) 
.J 

A more general counterpart of (39) can be 
written as  (411, which i s  expressed in  numbers 
o f  ions, and accounts f o r  deposition o f  CaC03 
scale.  

HC03 + 2C03 + 2(Cai - Car) = constant (41 1 

The vapor pressure of H20 need not be 
specified a t  t h i s  p o i n t ;  i t  i s  implied i n  
the temperature. 
used here applies only t o  the C02 compo- 
nent. 

The ideal gas equation a s  

V .  RECONSTRUCTION OF PRE-FLASH LIQUID 
CHARACTERISTICS 

FROM ANALYSIS OF FIELD SAMPLES 

The increase in  dissolved sol ids  concentra 
t ions  due t o  loss  of H20 upon flashing i s  not 
fu l ly  treated in  many reports of geothermal 
data. For nonvolatile materials,  correct  
adjustment i s  simple and as  accurate as  the 
estimate of the f lash fract ion.  

For vola t i le  components and a few of thei r 
associates,  a more complicated system of adjust-  
ment i s  appropriate, which i s  the major subject 
of this section. Components involved are  C Q ,  
non-CO2 noncondensables, HCO3, CO3, Cay 
NH3/NH4, and H2S. The objective i s  n o t  
only t o  find the pre-flash concentrations, b u t  
a lso t o  find the components of vapor pressure, 
the to ta l  vapor pressure, and the extent some 
components are  parti t ioned between the 1 i q u i  d 
and vapor. 

Much of the following i s  an inversion of 
some discussion of the preceding sections. 
in ten t  i s  t o  provide a guide f o r  geochemists who 
must convert f i e ld  analytical  data into a form 

The 
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Subscripts on Ca re fer  t o  i n i t i a l  and residual 
amounts. 

For high-HCQ resources i n  which Ca i s  
subordinate t o  H C Q  the residual amount of Ca 
a f t e r  flashing may be smaller than the uncer- 
ta inty in the analyses for  HCO3 o r  CO3. 
Car could then be ignored as  a practical  
matter. The constant i n  eqs (39) and (41 1 i s  
the (HC03)i present before flashing. 
concentration in  ppm uni ts  can be based on 
analysis of  (HCO3)a in post-flash l iquid,  a s  
in  (42).  Subscript ( a )  refers  t o  the 
analytically measured concentrations. 

(HC0,Ii = 

I t s  

Subscript "s" re fers  t o  Ca l o s t  t o  CaCQ scale 
and 122/40 includes a gravimetric conversion 
factor .  Ca(,) i s  approximately equal t o  
Ca(i 1. 
The chemical symbols i n  (42) imply ppm units,  
f i s  the flash fraction. The numerical values 
include gravimetric conversion factors and Ca 
re fers  t o  some estimate of how much has been 
l o s t  t o  CaC03, most often approximately i t s  
prefl ash concentration. 

Changes i n  the C03/HC03 ra t io  of a 
1 iquid sampl e d u r i n g  transport  before analysis 
are i r re levant  t o  the working of eq (42) i f  they 
are  due e i ther  t o  losses of residual COP or t o  



gain of C02 from the atmosphere. 
are incorporated by eq (6) which i s  par t  of the 
basis for  (42).  
requirements for  sampling and packaging . the 
sample for  transport  t o  an analytical  1 aboratory. 

B. &I 

Field measurements of pH characterize the 
j o i n t  e f fec ts  of f lashing and sampling. 
for  pH could be entered into a counterpart of 
Figure 10 (constructed with an appropriate 
reference for  i n i t i a l  HCO3). I t  would there 
serve as  an end p o i n t  fo r  a (map) process 
described by two j oi ned 1 i ne segments--one 
representing the flashing and f lu id  transport  t o  
the p o i n t  of sampling, the other from the point 
of sampling t o  the point of analysis. 
e f fo r t s  should be saved for  advanced stages of 
resource characterization. 

Both aspects 

T h u s ,  use of eq (42) simplifies 

Values 

Such 

Field measurements of pH have some practical  
applications,  b u t  characterization of a h i g h -  
HCO3 resource i s  n o t  among them. 
about pH in  the system d u r i n g  active flashing, 
are  best answered by reference t o  a we1 1 
constructed (appropriate pre-fl ash HCO3 
content) counterpart of FigurelD. Signif i -  
cantly,  a useful pH i s  not measurable i n  the 
f ie ld .  This i s  because pH i s  dependent on 
C03/HC03 ra t io  (eq 29) and the C03/HC03 
r a t i o  i s  jo in t ly  dependent on temperature and 
residual C02(aq). 
transport  a sample to  a pli meter and make a 
measurement tha t  corresponds t o  conditions a t  
the point of sampling. 
for  so-called " inl ine pH meters" which function 
on a cooled sidestrean of f luid.  

Questions 

I t  i s  not possible t o  

This problem exis t s  also 

In tes t ing a new well, as soon as one 
establishes tha t  f luid pH i s  controlled by the 
C03/HC03 ra t io ,  measurements of f i e ld  pH can 
be abandoned w i t h o u t  sacr i f ic ing useful informa- 
t ion.  
best  obtained from calculations based on 
measurements of C03 and HCO3 in residual 
l i q u i d ,  augmented by data on CO2 contents. 

Measuring pH may have some other u t i l i t y .  
For  example, d u r i n g  a multiday t e s t  of a 
geothermal we1 1 , measurements of pH could show 
s t ab i l i t y  of the system ( o r  lack thereof) .  In 
an operating plant,  pH monitoring could be 
useful for some control functions. 

Information about pH during flashing i s  

c. cop - 

High-HC03 resources possess two numeri- 
cal ly  different  COP contents of relevance t o  
engineering design. The lower one corresponds 
t o  the C02(aq) which i s  responsible fo r  the 
Henry's Law pressure in the pre-flash l iquid.  
I t  i s  t o  be used when calculating a position of 
i n i t i a l  flashing in wells flowed w i t h o u t  pumping ,  
when designing downhol e pumps and when selecting 
se t t ing  depths for  pumps. 

A somewhat la rger  amount of C02 i s  
exsolved upon flashing because some of the 
non-Henry 's Law HCO3 disproportionates 
according to  eq (6). This non-Henry's Law 

component may amount t o  20% of the exsolved 
C02 from high-HC03 resources, ranging toward 
zero for resources tha t  are low i n  HCO3 or  
chemically acidic a f t e r  flashing. 
amount must be accommodated in methods fo r  
removing C02 w i t h i n  a flashed steam e l ec t r i c  
plant e i ther  from the condenser or w i t h  
equipment located upstream of the turbine. 
Special designs of turbine in te r iors  t o  
accommodate mixtures of steam and C02 may be 
considered i f  C02 i s  t o  exceed 10 t o  15% of 
the throughput mass. 

neering contents of Cop, chemical analysis 
must be made on both the flashed steam and the 
post-flash l iquid.  
for  total  carbon species does n o t  provide data 
t h a t  i s  d i rec t ly  useful fo r  the C02 question. 
However, the resu l t s  could provide a check on 
the mass balance implied by analysis of 
different  carbon species in  the separated phases. 

Besides the breakup of HCO3, o.ther reac- 
t i o n s  a f fec t  the measured amounts of C02. 
i s  deposition of CaC03. 
presence of ammonia in steam af fec ts  the 
apparent C02 content. All these e f fec ts  are  
quantified below, and accommodated into a 
working equation t o  convert analytical  data t o  
pre-flash concentrations of C02. 

This larger  

In order t o  resolve these different  engi- 

Analysis of pre-flash l iquid 

One 
Additionally, the 

1.  Effect of HCO3 Disproportionation 

Equation (6) shows tha t  in the dispro- 
portionation of HCO3, equal amounts of 
C02(g) and C03 are  produced. When 
seeking a value such as the pre-flash 
Henry's Law pressure fo r  Cop, the apparent 
amount of C02 in pre-flash l iquid,  which 
will be based on steam analysis,  should be 
reduced by an increment equal t o  the molar 
amount of Cog in the residual l iquid a t  
the point of steam separation. That value 
i s  obtained most accurately by reference t o  
a counterpart of  Figure 8 which yields  a 
value fo r  C03/HC03 ra t io  tha t  can be 
multiplied by pre-flash IiC03. Before such 
a figure as  8 i s  available,  the relevant 
C03 content may be estimated as  the amount 
determined by analysis of post-fl ash 
l iquid.  
estimate may be decided l a t e r  when a 
counterpart Figure 8 i s  constructed. 
Whether the mal-estimate i s  serious can be 
decided a t  the same time and s h o u l d  
incorporate a lso a consideration of the 
CaC03 deposition described next. 

Whether t h i s  i s  an over- or under- 

2. Effect of Calcite and Aragonite 
Deposition 

Deposition of CaC03 robs the l iquid 
of C03 produced according t o  eq (6). 
chemical system responds by di sproportiona- 
t ion of more HCO3. 
C03/HC03 ra t io  depends on temperature as 
well as on C02 pressure and even more 
because ( i f )  HCO3 i s  a prominent compo- 
nent. I n  t h i s  circumstance, item 1 by 
i t se l  f underestimates the incremental 

The 

This i s  because the 
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adjustment o f  t he  apparent C02 content. A 
c o r r e c t  adjustment requ i res  knowledge o f  how 
much Ca was l o s t  t o  CaCO . The re levan t  
chemical equation i s  (407 which shows t h a t  
each i o n  o f  Ca t h a t  p r e c i p i t a t e s  as CaC03 
provides one molecule o f  C02 t h a t  i s  
detectable i n  the  steam. This i s . i n  
a d d i t i o n  t o  the  C02 increment described i n  
i t em 1. 

3. E f f e c t  o f  Ammonia/Ammonium 

Ammonia p a r t l y  f o l l  ows the  steam dur ing  
the  f l a s h i n g  process and presumably i s  
converted t o  ammonium bicarbonate i n  the  
condensate, according t o  eq (43). 

NH3 + C02 + H20 --). NH4HC03 (43) 

I n  t h i s  form, the  HCO3 does n o t  p a r t i c i -  
pate w i t h  C02(g) t h a t  many sampling 
schemes aim t o  c o l l e c t  i n  Condensate. 
Hence, presence o f  NH3 may cause an under- 
est imate o f  t he  C02 i n  f lashed steam. 
(43) shows a 1-to-7 p ropor t i on  between 
and uncounted Cop. Analysis o f  NH4 i n  
condensate enables one t o  make the  
cor rec t ion .  Samples f o r  ammonium i n  
condensate should be preserved w i t h  a 
nonvo la t i le ,  nonoxidiz ing a c i d  such as 
d i  1 u t e  HpSO4. 

Methods which c o l l e c t  a sample o f  
gaseous C02 over the  condensate are 
sub jec t  t o  t h i s  problem. A l t e r n a t i v e  
methods which c o l l e c t  C02 by reac t i ng  the  
condensate steam w i t h  s t rong base are n o t  
a f fec ted  i f  subsequent ana lys is  i nvol ves 
b o i l i n g  t h e  sample i n  the  presence o f  an 
a c i d  which e f f e c t i v e l y  displaces a l l  t he  

4. Losses o f  C02 t o  Condensate 

c02. 

Co l l  e c t i  ng on ly  gaseous samples of 
COP (a1 ong w i t h  o the r  noncondensabl e 
gases) r i s k s  l o s i n g  p a r t  o f  the C02 a t  the 
p o i n t  o f  sampling because o f  i t s  s o l u b i l i t y  
i n  water (condensate). 
ser ious s ince below 16°C (61°F) a volume o f  
condensate under a Cop p a r t i a l  pressure o f  
one atmosphere holds more than an STP volume 
o f  C02. 
c o e f f i c i e n t )  i s  1.713 STP volumes o f  CO2 
per u n i t  volume of (pure) water per 
atmosphere o f  C02 pressure. 

Cor rec t ing  f o r  t h i s  e f f e c t  requ i res  separate 
measurements o f  1 i q u i d  temperature and 
l i q u i d  volume i n  a d d i t i o n  t o  some i n d i c a t i o n  
t h a t  the  d isso lved COP i s  i n  chemical 
equ i l i b r i um w i t h  the  vapor. Several 
sampling methods reported i n  the  1 i tera tu re  
are sub jec t  t o  t h i s  problem, b u t  i t  i s  
ignored i n  descr ip t ions  o f  some o f  them. 
Data from such methods should be considered 
a s  approximations only,  perhaps as lower 
1 i m i  t s .  More a u t h o r i t a t i v e  sampl i ng methods 

This l o s s  may be 

A t  0°C t h e  s o l u b i l i t y  (Bunsen 

D. 

may be requ i red  t o  gain data on Cop f o r  
desi gn engineering purposes. 

densate ( r e l a t i v e l y  pure water)  i s  we l l  
understood i t  can be used t o  advantage as 
the  bas is  o f  an a n a l y t i c a l  method (Michels, 
1978). This method i s  unique i n  y i e l d i n g  an 
unbiased measurement fo r  t h e  mole f r a c t i o n  
of non-CO2 gases i n  the  noncondensable 
sui te.  The u t i l i t y  of t h i s  measurement i s  
reviewed i n  a subsequent section. 

5. 

Since the  s o l u b i l i t y  o f  C02 i n  con- 

Adjust ing the  Apparent COP Content 
o f  Steam t o  a Pre-f lash L i q u i d  Basis 

Beginning w i t h  the  a n a l y t i c a l  r e s u l t  
f o r  C02 i n  steam, a co r rec t i on  f o r  ammonia 
i s  made. Then, the  content bas is  i s  changed 
from steam t o  t o t a l  f l u i d .  Add i t iona l  
adjustments f o r  HC03 d ispropor t ionat ion  
and CaC03 depos i t ion  are  then made. Eq 
(44) appl ies.  

A l l  chemical symbols i n  (44) r e f e r  t o  
cons is ten t  concentrat ion un i t s ,  e.g. , ppm. 

The r e s u l t s  from (44) can be used w i t h  
a f a c t o r  from Figure 3 t o  est imate the  
Henry's Law pressure of the  pre-f lash l i q u i d  
as requ i red  f o r  models o f  wel lbore f l o w  
( p o s i t i o n  o f  f l a s h  i n i t i a t i o n ) ,  considera- 
t i o n s  about c a v i t a t i o n  on pump impel lers,  
and s e t t i n g  depth f o r  downhole pumps. 

Non-CO2 Noncondensabl es 

A host  of other  gases e x i s t  i n  geothermal 
f l u i d s ,  t he  most common being N2, H2, Ar,  
CH4, and higher saturated hydrocarbons. 
some f i e l d s  C02 may be subordinate t o  those, 
b u t  genera l l y  C02 comprises 80 t o  99+ mole 
percent o f  the  noncondensabl e su i te .  
t he  non-COp gases have much grea ter  Henry's 
Law pressures per ppm as shown i n  Figure 4. 
Their  e f f e c t s  on c a v i t a t i o n  and pressure o f  
i n i t i a l  f l ash ing  cannot be sa fe ly  ignored, even 
i f  the  e f f e c t s  o f  C02 are c o r r e c t l y  calculated. 

Trans1 a t i  ng the  concentrat ions o f  non-CO2 
gases i n  steam t o  a bas is  o f  p re- f lash  l i q u i d  
requ i res  a k ind  o f  data n o t  usua l ly  obtained 
w i thout  bias,  namely mol e percent non-CO2 
gases i n  the  noncondensable su i te .  A few 
sampling methods y i e l d  a sample, co l l ec ted  over 
condensate, which can be analyzed by gas 
chromatograph (GC) o r  mass spectrometer (MS). 
Most of those methods l ose  an unca l ib ra ted  
amount o f  C02 t o  the  condensate, y i e l d i n g  an 
overestimate o f  the  non-COp f rac t i on .  Use of  
such biased resu l t s ,  w i thou t  adjustments, may 
no t  cause problems since a conservat ive 

I n  

However, 
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engineer ing concl  us i  on would be a 1 og ica l  
outcome. The e f fec t  may be small as we l l ,  hence 
igno r ing  the  b ias  cou ld  be an acceptable 
a1 te rna t ive- -bu t  i gno r ing  the  non-CO2 gases 
a l toge the r  i s  not! 

weight percent i n  steam, whereas i n d i v i d u a l  
non-CO2 species are  repor ted  i n  u n i t s  o f  mole 
percent i n  the  analyzed gas (by GC o r  MS). 
COP i s  l i s t e d  a l so  then conversion o f  
non-CO2 propor t iona l  amounts t o  a ppm bas is  
works through the  C02. 
i n  the  mole percent t a l l y ,  from the  GC o r  MS, 
then a value f o r  "mole percent o f  gross 
non-CO2 gases i n  the  noncondensabl e su i  tel l  
must be obtained separately. 
app l i es  t o  sampling methods which c o l l e c t  gases 
over a NaOH s o l u t i o n  which s o l u b i l i z e s  the  C02. 

f i n d i n g  a m u l t i p l i e r ,  F, by eq (45) which 
operates on the  mol e percent values t o  convert  
them t o  ppm u n i t s ,  as i n d i c a t e d  i n  eq (46). 
p r i n c i p a l  i npu ts  are apparent weight percent 
C02 i n  steam, mole percent C02 i n  nonconden- 
sable gas, and f l ash  f r a c t i o n ,  f. Do n o t  use 
r e s u l t s  from eq (44) i n  (45) because the  
adjustments i n  (44)  a re  i r r e l e v a n t  t o  t h e  non- 
C02 gases. 

T r a d i t i o n a l l y ,  C02 i s  repor ted  i n  u n i t s  o f  

I f  

I f  C02 i s  n o t  l i s t e d  

This l a t t e r  case 

A p r a c t i c a l  c a l c u l a t i o n a l  method begins w i t h  

The 

(45) 

The ppm concent ra t ions  of  t he  o the r  noncon- 
densable gases can be obtained from eq (46) 
wherein W r e f e r s  t o  t h e  molecular weight o f  a 
gas species and M t o  i t s  mole percent i n  the  
noncondensabl e sui  t e  

ppm = F(W)(M) (46) 

Las t ly ,  a t a b l e  o f  resu l t s ,  s i m i l a r  t o  Table 
2, should be prepared. Pressure c o e f f i c i e n t s  
can be taken from F igure  4. 

TABLE 2 
VAPOR PRESSURE OF FLUID FROM WELL E.M. 87-6 

Pressure 
DDm Coefficient Henry's Law 

Percent pre1flash psiall000 ppm Pressure psia 

Gas Apparentcoyfree basis 335O 350° 335O 350° - - - -  - ---- 
C02 93.27 923* 40.8 40.8 37.7 37.7 

N2 45.87 20.42 815 760 16.6 15.5 

CH4 51.88 13.20 875 805 11.6 10.6 

.3 .3 Ar 1.287 .82 320 311 

Pressure of NCG 66.1 64.1 

Pressure of H20 110.3 134.6 

Total Vapor Pressure 176.4 198.7 

-- 

-- 
Calculated by eq (44) 

Table 2 shows t h a t  even though COP comprises 
more than 93 percent o f  a s u i t e  o f  noncondens- 
ab le  gases, i t  y i e l d s  l e s s  than 60 percent o f  
t he  t o t a l  Henry's Law vapor pressure. I n  

geothermal resources where C02 i s  l e s s  than 
90% o f  t he  noncondensable su i te ,  t h e  non-CO2 
gases w i l l  dominate t h e  Henry's Law pressure and 
domi nate a1 so t he  engi neer i  ng considerat ions 
about the  we l lbore  and pumps t h a t  (migh t )  go i n  
it. This cont ras ts  t o  the  surface i n s t a l l a t i o n  
wherein dea l ing  w i t h  noncondensables a t  t he  
condensers, t he  e f fec ts  o f  non-CO2 gases are 
merely p ropor t iona l  t o  t h e i r  r e l a t i v e  mole 
percent there. 

E. Calcium 

Two approaches are avai  1 ab1 e t o  the  problem 
of ob ta in ing  a p re - f l ash  concent ra t ion  f o r  
calcium: 
sample o r  ca l cu la t i ona l  methods based on 
suspected re la t i onsh ips .  

f i e l d  techniques t o  ob ta in  a v a l i d  

1. F i e l d  Techniques 

For geothermal resources t h a t  depos i t  
CaC03 upon f lash ing ,  unf lashed samples are  
hard t o  ge t  and some methods o f  g e t t i n g  them 
are equivocal as regards contamination o r  
r e t e n t i o n  o f  calc ium o r  having obtained a 
sample t h a t  represents the  resource. 

The n o s t  r e l i a b l e  sample i s  obtained 
from a pumped we l l  when over-pressured 
unflashed l i q u i d  i s  ava i l ab le  a t  a surface 
f a c i l i t y  i n  l a r g e  steady throughput. Equip- 
ment t o  penetrate the  f l ow  l i n e s  and c h i l l  
the  sample can be e a s i l y  manipulated. 
Abundant resource a1 lows through f l u s h i n g  o f  
sampl i ng equipment and repeat samples are 
ob ta i  nab1 e. 

These circumstances are uncommon and 
expensive t o  s e t  up. When they e x i s t ,  a 
heavy sampl i ng program shoul d be imp1 e- 
mented.. I t s  ob jec t i ves  should go beyond 
f i n d i n g  the  general concentrat ion o f  
calcium, seeking a l so  pa t te rns  i n  i t s  
var ia t ions ,  as they may e x i s t .  
seek in fo rmat ion  and make i n t e r p r e t a t i o n s  
about d i f f e r e n t  Ca outputs from m u l t i p l e  
p roduc t ive  zones w i  t h i n  the  we1 1 . 

Studies of the  v a r i a t i o n s  should be 
aimed a l s o  a t  f i n d i n g  pa t te rns  which can be 
ex t rapo la ted  i n t o  f u t u r e  product ion o f  t he  
we l l .  As a mat te r  o f  perspective, a w e l l  
and i t s  pa t te rns  o f  product ion provide on ly  
one sample p o i n t  f o r  a geothermal f i e l d ;  y e t  
i t  i s  the  f i e l d  which must be character ized 
when designing an e l e c t r i c  p lan t .  Patterns 
of calc ium concentrat ions across the  f i e l d ,  
as we l l  as across time, are important t o  
questions about scal e i n h i b i t i o n ,  equipment 
f o r  same, problems o f  b lending f l u i d s ,  
design o f  mix ing  equipment, choices o f  which 

whether some streams are se r ious l y  incom- 
pa t i b le .  To ob ta in  merely the  s t a t i s t i c a l  
ranges o f  concentrat ions o f  Ca would be an 
i n s u f f i c i e n t  r e t u r n  from such an oppor tun i ty .  

Some geothermal we1 1 s have a p o s i t i v e  
wellhead pressure even when the  shut - in  
1 i quid co l  umn i n the bore has equi 1 i bra ted  

One should 

. streams t o  blend and i n  what order, and 
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t o  the  l o c a l  geothermal gradient.  These 
w e l l s  can be f lowed s lowly  so t h a t  s ing le -  
phase geothermal f l u i d  (bottoms-up t ime i n  
the  range o f  1 t o  2 hours) can be obtained 
a t  t he  wellhead. Temperature w i l l  be 
unrepresenta t i  ve l y  1 ow. 
c o l l e c t e d  i n  the  same way as f o r  a pumped 
we l l  and absence o f  f l a s h i n g  would y i e l d  a 
sample w i t h  calc ium conten t  s t i l l  i n t a c t .  
However, sample q u a l i t y  cou ld  be suspect. 
For example, i f  previous f l a s h i n g  f l ow  i n  
the  we l lbore  had deposi ted CaC03, an 
uncer ta in  amount woul d d i sso l ve  i n  the  
coo l i ng  C02-charged f l u i d  as i t  rose i n  
the  bore. Such samples c l e a r l y  would y i e l d  
a use fu l  upper l i m i t  f o r  the Ca content, y e t  
data on v a r i a t i o n s  migh t  be un re l i ab le .  

Downhole samplers of several types 
e x i s t .  
p o t e n t i a l  contaminat ion o r  mechanical 
malfunct ion.  
t he  f l u i d  being sampled may be uncertain.  
They w i l l  n o t  .be descr ibed here. 

2. Ca lcu la t iona l  Methods 

HCO3, temperature, i o n i c  strength,  and 
ion -pa i r  formers f o r  Ca can be obtained from 
o rd ina ry  f lashed samples, and the  Ca concen- 
t r a t i o n  ca l cu la ted  by standard (computer) 

methods t h a t  deal w i  t h  the  r e q u i s i t e  number 
o f  simultaneous equations involved. 

A.somewhat s imp ler  method would use a 
chemical map s i m i l a r  t o  F igure  9 which .was 
( 1 )  constructed f o r  a s i m i l a r  p re - f l ash  
HCO3 conten t  and i o n i c  strength,  and (2 )  
c a l i b r a t e d  w i t h  a f i r m  ana lys i s  f o r  Ca. 
This r a t h e r  fo r tuna te  c i  rcumstance can e x i s t  
dur ing  the  f i e l d  development stage. The 
unknown Ca concent ra t ion  (Cap) can be 
est imated by mu1 t i p l y i  ng the  known Ca 
concent ra t ion  ( C a l l  by a se r ies  o f  r a t i o s ,  
as i n  eq (471, where 

Samples can be 

They may s u f f e r  from problems o f  

A1 so, the  rep resen ta t i v i  t y  of 

I n  p r i n c i p l e ,  data on p r e - f l a s h  C02, 

the  several concent ra t ion  terms r e f e r  t o  the 
d i f f i r e n t  w e l l s  and the  a c t i v i t y  terms r e f e r  
t o  the  appropr ia te  temperatures and i o n i c  
strengths. The r a t i o s  o f  a c t i v i t y  c o e f f i -  
c i e n t s  e t  a1 are  l i k e l y  t o  be more accurate 
than e i t h e r  numerator o r  denominator because 
they share some biases. Thus, eq (47) can 
be expected t o  y i e l d  a more accurate r e s u l t  
than c a l c u l a t i o n  by t h e o r e t i c a l  methods. 

Simpler s t i l l  are the  several geother- 
mometers t h a t  i nvo l ve  calcium. Since 
p r e - f l  ash temperatures are  r o u t i n e l y  
determined, e i t h e r  by downhole probes o r  
measurements o f  enthalpy a t  the  surface, the 
geothermometer equat ions are  r e a d i l y  
u t i l i z e d  i n  inver ted f fo rms.  - 

F. 

The NaKCa geothermometer (Fournier and 
Truesdel l ,  1973) can be used i n  two ways.' 
I n v e r t i n g  the  form t o  y i e l d  Ca d i r e c t l y  a l so  
y i e l d s  a term f o r  Na t o  the  t h i r d  power, 
which makes the ca l cu la ted  Ca concent ra t ion  
s e n s i t i v e  t o  small e r r o r s  i n  Na ana lys is .  
A l te rna t i ve l y ,  one may  en te r  i n t o  the  
Fournier-Truesdel l  form a se r ies  o f  values 
f o r  Ca u n t i l  a s a t i s f a c t o r y  match f o r  
temperature i s  obtained. This r e s u l t s  i n  a 
l esse r  s e n s i t i v i t y  t o  e r r o r s  i n  data f o r  Na 
and K. 

Add i t iona l  geothermometers ( i n  "C 
u n i t s )  by Tonani (1980) use Ca w i t h  e i t h e r  
( b u t  n o t  bo th)  Na o r  K, as i n  equations (48) 
and (49). Resul ts from a l l  th ree  geother- 
mocleters can be compared and perhaps pooled, 
according t o  one's judgment. 

- 273 (48) 1930 
TCaK = l o g  7 Vca - 2.92 

- 273 (49) 1096.7 

Vca + 2.37 
TCaNa = 

l o g  1Ja 
Condensable Gases 

Several ma tk r i a l  s are  sub jec t  t o  incomplete 
separat ion from the  li u i d  phase upon f lash ing .  
Among these are NH3/NH%, HS-/H2S, and 
compounds o f  boron. Environmental issues may 
requ i re  s i m i l a r  i n fo rma t ion  about Hg, As, and 
others.  The ex ten ts  t o  which substances become 
p a r t i t i o n e d  depend j o i n t l y  on the  s p e c i f i c  
chemical forms present and on the  mechani- 
c a l / t i m i n g  aspects of the  f lash ing .  
re1 i a b l y  charac ter ize  t h e i r  presence i n  the  
p re - f l ash  l i q u i d ,  samples o f  both steam 
(condensate) and pos t - f lash  l i q u i d  are 
required. Add i t i ona l l y ,  the  samples requ i re  
special  e f f o r t s  f o r  p reserv ing  the  components 
f o r  ana lys i s  and f o r  packaging and t ranspor t .  

P a r t i t i o n i n g ,  as q u a n t i f i e d  by f i e l d  samples 
acquired du r ing  e a r l y  t e s t i n g  stages, may n o t  
accura te ly  represent p a r t i t i o n i n g  i n  a power 
p l a n t  using the  same resource. 
o f  the  d i f f e r e n t  dynamics o f  f1,ashing t h a t  occur 
i n  the  d i f f e r e n t  con f igu ra t i ons  o f  hardware used 

The p r e - f l  ash concent ra t ion  o f  a p a r t i t i o n e d  
species can be ca l cu la ted  as a weighted average 
of the  concentrat ions i n  the  separate phases, as 
i n  eq (50). 

I n  o rder  t o  

Th is  i s  because 

(50) 

I n  (501, C stands f o r  concentrat ions, f f o r  
f l a s h  f r a c t i o n ,  and subscr ip ts  p, s ,  and 1 r e f e r  
t o  p re - f l ash  l i q u i d ,  steam, and pos t - f lash  
1 i qu id ,  respec t ive ly .  

Some condensabl e gases , f o r  example , ldH3 
and H2S, a re  important t o  considerat ions of 
co r ros ion  and the  avoided use o f  c e r t a i n  
suscept ib le  mater i  a1 s , notab ly  copper a1 1 oys. 
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G. Nonvolatile Materials 

soluble, nonvolatile materials,  including 
halides, the a1 kali ser ies ,  t ransi t ion elements 
and others t ha t  a re  inherently s tab le  o r  can be 
s tabi l ized against  precipitation by acidifying 
the samples. 
barium and s t ront i  um ( i n  1 ow-sul f a t e  resources) 
and sulfate  in low-barium resources present no 
serious complications i n  sampling, preservation, 
and analysis. Minor and t race elements a re  
generally scarce enough tha t  t he i r  losses are 
not analyt ical ly  serious unless they a re  carried 
by a prominent scale former. An example i s  loss  
of strontium when aragonite deposition occurs. 

Some minor reactions can be expected t o  
yield unforeseen deposits i n  an operating 
pl ant. Identi fyi ng  these problems before a 
plant acquires operating experience can be 
attempted through using computer codes. 
best  use of such codes depends on accurate 
characterization of the resource to  be modeled, 
as well as on the s t ructure  of the code. 

For nonvol a t i  1 e , nondeposi ti ng materi a1 s, 
t he i r  concentrations in  the pre-flash l iquid can 
be based on analyses of post-flash l iquid 
concentrations, C ( p )  according to  eq (51 1. 
Symbolism i s  the same as for  (50); Vi and Va 
re fer  t o  sample volume and volume of added 
preservative solutions,  i f  any, as prepared i n  
the f ie ld .  

The simplest components t o  deal w i t h  are  the 

Other materi a1 s ,  fo r  example, 

The 

''I + "a c ( p ) =  C1( l - f )  
"1 

(51 1 

VI. EXAMPLE APPLICATIONS 

A. COP Removal and CaC03 Scale Deposition 
in a Multi-stage Flash System 

Consider a resource as described i n  Table 
3. I t  represents a f lu id  saturated i n  CaC03 
and capable of yielding C02 from the Henry's I 

Law relationship as well as from the dispropor- 
t ionation of HCO3, eq ( 6 )  and deposition of 
CaC03, eq (40).  
on which Figures 8,  9 and 10 are based. 

I t  i s  similar t o  the resource 

TABLE 3 
SELECTED CHARACTERISTICS O F  A N  

EXAMPLE PRE-FLASH L IQUID 

Temp. 3350 

C 0 2  ( a d  500 ppm 

HCO3 500 pprn 

Ca 8 PPm 

TDS 2,500 ppm 

A proposed method of exploiting th i s  f luid 
i s  diagrammed in Figure 15. A small "early- 
f lash" allows most of the Henry's Law CO2 t o  
be vented w i t h  a minor sacr i f ice  of steam; the 
output m i g h t  drive a gas e jector  system on the 
condenser. Steam from the f i r s t -  and second- 

- . .. - - - .. - . - .. . .. . . . ... . . -. . . . . . . - . . . . . . . . . 

FIGURE 15 
TWO STAGE FLASH SYSTEM WITH EARLY REMOVAL OF CO2 

I E T I X H I I U S T  
101 NCC 

T O W E R  

co2 R l C H S T I I M  

V I  U 
stage flash will drive the turbine and contains 
some C02 which must be ejected from the 
condensers. 
trade-offs s e t s  the early-flash a t  1%, the 
f i r s t - s tage  flash tank a t  65 psig, and the 
second-stage flash tank a t  3 psig. 

Question: How much C02 will be present in 
the m a s h  stream and in the turbine stream? 

Answer: Since the early-flash fraction of  
1% i s t r a r y ,  i t  becomes practical t o  make 
tables  of temperature, C O 2  pressure, and other 
calculated items, as  i n  Table 4.  Additionally, 
graphs of temperature vs each of the calculated 
items may be made as  in Figure 16. Plott ing 
graphs enables one to  use the steam tables  

The f i r s t  calculation fo r  examining 

TABLE 4 
WOKKSHEtT FOR CONSTRUCTION OF FIGURE 16 

'co2 A x l o ~  C O ~ / H C O ~  - log K~ Cai/Ca, *. _ f _ L - . - -  _ _ ~  

335 -0- 42 21 9.92 .00047 10.70 1.000 

330 .00588 42 2.13 9.86 .0046 10.65 ,115 

320 .0174 41.5 .698 9.70 .014 10.54 .a485 

310 ,0288 41.0 .365 9.49 .025 10.42 ,036 

9.29 .037 10.31 .031 300 .0399 40.0 .231 

290 .0508 39.5 .158 9.03 .052 10.20 .0285 

280 .0615 38.8 .113 8.75 .OG8 10.09 .0282 

270 .0720 38.1 .OB35 8.43 .086 9.98 .0287 

9.87 .030 260 .0023 37.2 .OG28 8.06 .1OG 

9.76 .032 250 .0925 36.2 .0478 7.68 .128 

240 . l o25  35.5 .OX8 7.28 .152 5.66 .034 

230 .1120 34.0 .0285 6.84 .170 9.56 .030 

w i t h o u t  interpolation. ' Also, graphs are  more 
useful i n  i t e ra t ions  of the design. A final 
optimization woul d cer ta inly i nqui re about early 
flashes d i f fe ren t  from l%,, and the same graphs 
can be used. 

The re1 evant equations fo r  generating the 
tabular data begin with (34) for  f lash fraction 
and (38) for  C02 residual pressure; inputs t o  
them can be drawn from steam tables and Figure 3 
(or  2 ) .  Upon construction of Figure 16, the 

21 



FIGURE 16 
PROCESSES DURING FLASH I NG 

END OF 2nd STAGE 
12 3% FLASH .- 

"I 1 1 10 100 
200 I I I 

"I 1 1 10 100 
2001 

DIMENSION 

res idua l  CO2 pressure a t  1% f l a s h  can be read 
as 1.24 p s i a  a t  326°F. The res idua l  COp(aq) 
conten t  i s  given by P/h = (1,000)(1.24)/42 = 
29.5 ppm on a bas is  o f  t o t a l  f l u i d .  

Most o f  t h i s  res idua l  C02(aq) w i l l  be 
exsol ved i n  the  f i  rs t -s tage f l a s h  tank, b u t  
steam from both  f l a s h  tanks w i l l  be blended 
be fore  reaching the  condenser. 
exsolved CO2 from both tanks can be placed on 
a steam bas is  by d i v i d i n g  the  concent ra t ion  
ca l cu la ted  above by t h e  n e t  f l a s h  (.123 - -01 
.113), as i n  eq. 52. 

The sum of 

= 

Residual Henry's Law CO2 = 
29.5/.113 = 261 ppm o r  .026??. 

Add i t iona l  COP w i l l  a r r i v e  a t  the  con- 
denser due t o  d i sp ropor t i ona t ion  o f  HCO3 which 
occurs main ly  i n  the  second-stage f l a s h  tank. 
The re levan t  equat ion i s  (26) which y i e l d s  the  
C03/HC03 r a t i o .  
(26) can be read from F igure  11 which i s  based 
on Kharaka and Barnes (1973). Values f o r  A 
( taken from F igure  11 
C03/HC03 r a t i o  (R) from (eq  26) a re  l i s t e d  
i n  Table 6. 
F igure  16. 

( 5 2 )  

Su i tab le  values f o r  A i n  

and ca l cu la ted  values f o r  

The R-values a re  a l s o  p l o t t e d  i n  

N e g l i g i b l e  C03 i s  generated i n  the  e a r l y -  
f l a s h  step; b u t  i n  the  second-stage f l a s h  tank, 
t he  value o f  R r i s e s  t o  0.185. The concen- 
t r a t i o n  o f  CO3 can be der ived  from equations 
(6 )  and (531, which i s  a t o t a l  f l u i d  basis. The 
amount o f  non-Henry's Law C02 y i e l d e d  (eq  6 )  
i s  small e r  than the  CO3 by the  grav imet r ic  
f a c t o r  44/60. 

(53) 

On a "ne t  steam" basis,  the  non-Henry's Law 
Cog c o n t r i b u t i o n . i s  398 ppm, about 150% o f  the 
res idua l  Henry's Law CO2. 
together  y i e l d  a CO2 concent ra t ion  i n  the 
steam o f  660 ppm (0.66%). 

Note: The c a l c u l a t i o n  so f a r  has n o t  
accounted f o r  C02 generated by format ion of 
CaC03 nor t h a t  sol  ubi  1 i zed by ammonia. 

Both sources 

Quest ion:  How much CaGO3 ,scale w i l l  
d e p o m a n  unprotected system) and where 
w i l l  i t  be loca ted? 

Scale depos i t ion  cou ld  be est imated by 
cons t ruc t i ng  a map f o r  ca lc ium as descr ibed i n  a 
previous section. 
an e a s i l y  ca l cu la ted  approximation. 

of c u r r e n t / i n i t i a l  Ca concentrat ions w r i t t e n  as 
eq (54). 

An a1 t e r n a t i v e  method y i e l d s  

. ,  
Eq (33) can be recas t  as (33 r )  and the r a t i o  

(1 -2R) 
Ca =+ (33r  1 

The a c t i v i t y  coe f f i c i en ts  can be ignored because 
i n  (54) they occur as a r a t i o  which va r ies  
l i t t l e  compared t o  the  r a t i o  o f  Ca 
concentrat ions.  

are l i s t e d  i n  Table 6 and p l o t t e d  i n  F igure  16. 
The r e s u l t s  suggest the  Ca p r e c i p i t a t e s  from the 
f l u i d  on ly  a l i t t l e  l e s s  f u l l y  than C02 i s  
exsol ved. 

sustained dur ing  f l ash ing ,  i n  the  sense t h a t -  
CaC03 depos i t ion  keeps pace w i  t h  the  bu i  1 dup 
o f  i t s  supersaturat ion.  Accepting tha t ,  one 
cou ld  conclude (Figure 16) t h a t  about 93% of the  
CaC03 would p r e c i p i t a t e  i n  the  e a r l y - f l a s h  
equipment and most o f  the  r e s t  i n  the  f i r s t -  
stage separator. Th is  would amount t o  about 
18.6 and 1.4 ppm CaC03 respec t ive ly ,  i n  those 
two places. For a throughput of '10.6 m i l l i o n  
pounds o f  t o t a l  f l u i d  per  hour (60 Mwe p l a n t ) ,  
t h a t  would amount t o  1 9 8  and 15 pounds o f  
CaC03 per  hour respec t ive ly .  

g iven t o  the  processes descr ibed i n  F igure  16. 
For example the  ac tua l  processes f o r  CO2 
exso lu t i on  and CaC03 depos i t ion  may l i e  ( i n  
the  map) somewhat t o  .the r i g h t  o f  the  e q u i l i -  
br ium curves. To the  degree one has i n s i g h t  
i n t o  t h i s  issue, a counterpar t  l i n e  f o r  CO2 
exso lu t i on  cou ld  be sketched i n t o  the  graph. 
Subsequently, a counterpar t  o f  Table 6 cou ld  be 
ca l cu la ted  based on the  sketched CO2 e s t i -  
mate. I n  t h i s  way  e f f e c t s  i n  ( o r  demands on) 
equipment coul  d be considered based on 
"descr i  bable" nonequil  i b r i um responses of the 
f l u i d s .  

Values o f  Cai/Cao were ca l cu la ted  and 

These r e s u l t s  assume t h a t  "equ i l i b r i um"  i s  

Considerat ion o f  nonequil  i b r i  um should be 

The depos i t ion  o f  CaC03 i s  concommitant 
w i t h  emission o f  a t h i r d  increment o f  CO2(g) 
according t o  eq (40) and (551, b r i n g i n g  the  
t o t a l  C02(g) i n  the  turbi.ne stream t o  737 ppm. 

co2 (calcite) =[w][*]= 78 PPm ( 5 5 )  

For a nominal 60 Mwe p l a n t  w i t h  throughput of 
1.2 m i l l i o n  pounds o f  steam per hour, t h a t  COP 
conten t  would y i e l d  a pumping requirement of 
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about 9,400 cub ic  f e e t  per  hour. An add i t i ona l  
allowance should be engineered f o r  a i r  leakages 
i n t o  the  condenser. 

B. Set t i ng  Depth f o r  a Downhole Pump 

The l i q u i d  pressure a t  t he  impe l l e rs  o f  a 
r o t a t i n g  pump must be g rea t  enough t o  prevent 
development o f  vapor bubbles due t o  Bernou l l i  
effects. A p a r t i a l  c r i t e r i o n  f o r  t h i s  e f f e c t  i s  
g iven by NPSH ( n e t  p o s i t i v e  suc t ion  head), 
e s s e n t i a l l y  t h e  minimum submergence depth o f  the 
pump's in take .  
a pump and i t  i s  l a r g e r  f o r  g rea ter  pumping 
ra tes .  The NPSH of a pump genera l l y  i s  
s p e c i f i e d  on the  presumption t h a t  t he  l i q u i d ' s  
dens i ty  and vapor pressure are t h a t  o f  cool 
water. 

The NPSH i s  a design fea ture  o f  

Geothermal 1 i quids may be s u b s t a n t i a l l y  1 ess 
dense than water and the  vapor pressures are  
1 arge and o f t e n  augmented by d isso lved gases. 
Add i t i ona l l y ,  pumping l i q u i d  from the  deep 
r e s e r v o i r  causes a f a l l  (drawdown) o f  the  column 
o f  s t a t i c  l i q u i d  i n  the  annulus o f  t he  we l l  
which i s  i n  connection w i t h  the  pump's intake. 
Se lec t ing  a s e t t i n g  depth f o r  a geothermal 
downhole pump must account f o r  a l l  o f  those 
e f f e c t s  (NPSH, densi ty,  water vapor pressure, 
d isso lved gases, and drawdown). NPSH and 
dens i ty  a re  the  l e a s t  s i g n i f i c a n t .  (Nominal 
values f o r  NPSH are i n  the  range o f  15 t o  50 
f e e t  o f  water head.) Add i t i ona l l y ,  se lec t i on  o f  
a s e t t i n g  depth should a n t i c i p a t e  changes i n  
we l l  ( r e s e r v o i r )  c h a r a c t e r i s t i c s  over the  
l i f e t i m e  o f  t he  i n s t a l l a t i o n .  

FIGURE 17 
COMPONENTS OF SETTING DEPTH FOR A DOWNHOLE PUMP 

m-7 t t 

5m I- 
GEOTHERMAL LIOUID 
FROM RESERVOIR 

Figure 17 shows the  contex t  .of t h i s  problem ! 

f o r  a f l u i d  described by Tab i r  4; t he  ob jec t i ve  
being t o  assure t h a t  the  submergence depth ( D )  . , 
t imes the  f l u i d ' s  s p e c i f i c  g r a v i t y  never i s  l e s s  
than t h e  NPSH. I n  a geothermal case, t he  
annulus w i l l  be sealed t o  prevent discharge o f  
water vapor t h a t  cou ld  come from b o i l i n g  a t  the 
l i q u i d  l eve l .  
annulus, measured by a gauge a t  t he  wellhead, 
would i n d i c a t e  s u b s t a n t i a l l y  t he  vapor pressure 
o f  t he  superheated l i q u i d  ( s l i g h t l y  l e s s  due t o  
the  weight o f  t he  vapor column). 

Consequently, t he  pressure i n  the  

The p o s i t i o n  o f  t he  l i q u i d  l e v e l  i s  due 

The 
mainly t o  depression by the  vapor pressure and 
drawdown due t o  the  e f f e c t  o f  pumping. 
drawdown commonly i s  expressed as a pressure as 
i n  equation (56). 

-& = Drawdown (56) 

The product ion r a t e  i s  Q, and P I  ( p r o d u c t i v i t y  
index)  i s  a p roper ty  o f  t he  r e s e r v o i r  which has 
the  u n i t s  mass/hr per  u n i t  o f  drawdown 
pressure. Values o f  P I  f o r  commercial w e l l s  
range upward from XOO l b / h r  per p s i  t o  XOOO 
1 b /h r  per ps i .  
the  drawdown t o  the  e leva t i on  o f  the  producing 
zone i n  the  we l l .  Thus, t he  drawdown referenced 
t o  the  pump's i n take  w i l l  be l a r g e r  than given 
by eq (56) due t o  the  f r i c t i o n  (head) losses 
between product ion zone and pump in take .  

Reservoir  engineers reference 

For t h i s  example consider the  f l u i d  
described i n  Table 2 a t  a temperature o f  350°F, 
Q = 500,000 l b /h r ,  and P I  = 1,000. 
be ca l cu la ted  by eq 57. 

(144 i n 2 / f t 2 ) ( 5 0 0  l b / i n 2 )  

Drawdown can 

(.01799 f t ' / l b )  = 1,296 f t  (57) 
The t h i r d  term i n  parentheses i s  t he  s p e c i f i c  
volume o f  water a t  350°F, given i n  steam tables. 

The several f ac to rs  which are  summed t o  
e s t a b l i s h  the  s e t t i n g  depth can be s e t  o u t  as i n  
Table 5 ,  wherein the  e n t r i e s  can be ca l cu la ted  
analogously t o  eq (57). 

TABLE 5 
COMPONENTS AFFECTING SETTING DEPTH OF A DOWNHOLE PUMP 

EQUIVALENT 
PRESSURE DEPTH ITEM - 

1 .  Drawdown 500 p s i  1,296 f t  

2.  F l u i d  F r i c t i o n  Below Intake 15 39 

3.  H20 Vapor Pressure 134.6 349 

4.  CQ Pressure 37.7 98 

5. Non-CQ Gas Pressures 26.4 68 

6 .  NPSH 50 

7. Hot S t a t i c  Wellhead Pressure -230 - -597 

SUBTOTAL 1,303 

8. Forecast Decline 100 259 

9. Contingency 150 

i n  Reservoir Pressure 

10. ' . RecoTended S e t t i n g  Depth 

. '  
1,712 f t  

I t e m  7: Hot s t a t i c  wellhead pressure i s  the  d i f f e r e n c e  
'between r e s e r v o i r  pressure and t h e  weight (pressure) 
o f  the hot  geothermal l i q u i d  i n  the  production column 

.' beneath t h e  wellhead. A p o s i t i v e  wellhead pressure 
diminishes t h e  requirement f o r  s e t t i n g  depth. 

Decline i n  r e s e r v o i r  pressure would come from a 
r e s e r v o i r  engineering study beyond the scope of  t h i s  
r e p o r t .  

Contingency can be based on several f a c t o r s ,  among 
them, uncerta inty  i n  any o f  t h e  values i n  t h e  t a b l e .  

I t e m  8: 

I tem 9: 
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Note t h a t  values f o r  t h e  Henry's Law 
pressures o f  C02 and non-COp gases r e f l e c t  
t h e i r  bu i ldup over the longer  term. 
t i o n s  cont inue one should expect t he  gases t o  
b u i l d  up because the  " s t a t i c  I annulus i s  i n  
communication w i t h  f r e s h l y  produced l i q u i d .  
values i n  Tables 2 and 5 i d e n t i f y  upper l i m i t s  
f o r  t h e  gas pressures t h a t  would be approached 
c l o s e l y  by a long-term operation. The bu i ldup 
o f  non-H20 gases would be man i fes t  as an 
excess pressure beyond t h a t  corresponding t o  
H20 a t  t he  wellhead temperature. 

As opera- 

The 

C. Depth o f  the  2-Phase Zone i n  a Flowing Well 

The concept o f  f l a s h  pressure leads t o  a 
simple way o f  es t imat ing  where, i n  a geothermal 
bore, the  t r a n s i t i o n  w i l l  occur between 1-phase 
and 2-phase f low. It i s  re levan t  t o  p o i n t  o u t  
t h a t  the  f l a s h  pressure i s  a p roper ty  o f  the  
f l u i d ,  n o t  o f  the  wel lbore nor o f  t he  f l ow  
w i t h i n  it. Thus, a l l  the  processes invo lved 
w i t h  mass t r a n s f e r  above the  p o i n t  o f  i n i t i a l  
f l a s h i n g  can be disregarded f o r  fundamental 
reasons. They are on ly  i n d i r e c t l y  re la ted ,  i f  
a t  a l l ,  t o  the f l a s h  pressure. 

One can thus r e a d i l y  recognize t h a t  i f  the  
we l lbore  processes are  viewed from the  we l l  
bottom upward r a t h e r  than from the  wellhead 
downward, t he  p o s i t i o n  o f  the  f l a s h  p o i n t  can be 
i dent i  f i ed w i thou t  regard t o  events o r  processes 
i n  the  2-phase zone. Thus, i t  i s  s u f f i c i e n t  t o  
consider the  pressure i n  the  r e s e r v o i r  Pf, 
l e s s  the  drawdown Q / P I ,  as being due t o  the  
vapor pressure a t  t he  p o i n t  o f  f l a s h  (P,,), t he  
weight o f  t he  1-phase column (,OH) between the  
p o i n t  o f  f l a s h i n g  and a reference l e v e l  i n  the  
rese rvo i r ,  and 1-phase f l o w  f r i c t i o n  ( fH )  below 
the  p o i n t  o f  f lash ing ,  as i n  eq. (58) and Figure 
18: 

P f  - Q / P I  = f H  + Pv +pH. (58) 

I n  eq (581, Q represents f l ow  ra te ,  P I  the  
p r o d u c t i v i t y  index ( u n i t s  o f  mass per t ime per  
u n i t  o f  drawdown pressure 1 , p t he  f l u i d  dens i ty  , 
H the  he igh t  o f  t he  1-phase column above the  
reservo i r ,  and f the  f r i c t i o n a l  pressure drop. 
The depth o f  t he  2-phase zone i s  simply the  
d i f f e rence  between the  depth o f  t he  we l l ,  
measured from the  wellhead, and the  1-phase 
height,  H. 

from eq (58) by s e t t i n g  Q = 0 i n  which case a l so  
f = 0. It i s  n o t  intended here t o  make t h a t  
con tex t  r e f e r  t o  a shut - in  cond i t i on  o f  the  we l l  

. b u t  ra the r  t o  a special  conceptual cond i t ion .  
Namely, consider the  wel lbore and the  f l u i d  
w i t h i n  i t  t o  be f u l l y  heated, t h a t  i s ,  t o  be a t  
the  temperature r e s u l t i n g  from a s t a b i l i z e d  
pe r iod  o f  f low. 
( f i c t i t i o u s )  cond i t i on  y i e l d s  a maximum value 
fo r  H (minimum depth o f  2-phase zone), as i n  eq 
59. 

A useful  reference he igh t  can be obtained 

Applying eq (58) t o  t h i s  

pf - pv Hmax = - ' P  (59) 

Figure 18 i s  a graphical s o l u t i o n  t o  the  
problem o f  f i n d i n g  f l ash  depth, as a func t i on  
product ion ra te .  The value o f  H f o r  Q = 0 i s  
inwor tan t  reference. A l i n e  drawn from t h a t  
p o i n t  describes the  desi red  re1 a t i onsh ip  once 
p r o d u c t i v i t y  index (P I )   is^ ava i lab le .  Wellbore 
f r i c t i o n  causes on ly  a minor dev ia t i on  from the  
slopes o f  l i n e s  i n  Figure 18 which represent a 
range o f  P I  values. 

FIGURE 18 

FLASH DEPTH VS PRODUCTION RATE 

~~ ~ 

o f  
an 

a 

O l - r l l l l .  

PRODUCTION RATE 
MILLIONS OF POUNDS PER HOUR 

FLU1 0 PROPERTIES: RESERVOIR PRESSURE 
2600 PSI STATIC 

TEMP. 4OO0F A T  6000 FT. 
CO2 CONTENT 0.5%. PRE FLASH 

SALINITY EOUIVALENT TO 15% NaCl HMAX = L98) L4331 

OENSITY 0.98 g/cm3 A T  400° 

P H ~ O  = 223 PSlA 

2600-223-320 = 4847 

DEPTH TO FLASH POINT 
AT "ZERO'' FLOW RATE 
6000-4847 = 1153 

P c o 2  = 320 PSlA 

For very h o t  we1 1 s o r  we1 1 s w i t h  h igh  
concentrat ions o f  C02, the  value o f  Pv may  
be over 1,000 psig.  Such w e l l s  w i l l  have 2- 
phase zones t h a t  a re  thousands o f  f e e t  l ong  
espec ia l l y  i f  t h e i r  p r o d u c t i v i t y  ind ices  are 
small. I n  one case near the  N i land KGRA, the 
2-phase zone was found t o  be more than 5,900 
fee t  long. 
f l ash ing  was 1,040 psia, 345 p s i  above the b r i n e  
vapor pressure o f  695 ps i .  The h o t  l i q u i d  
dens i ty  was 0.96 g/cm3. The actual  depth of 
f l a s h i n g  was 825 f e e t  deeper than would have 
been pred ic ted  by a model o f  wel lbore f l ow  t h a t  
ignored the  non-condensabl e component b u t  was 
otherwise accurate. 

was O.G% by weight, a value intermediate among 
geothermal resources. 
pressures o f  non-condensabl e gases, one can 
expect 1,000-foot s ized  mismatches between 
fo recas t  and actual  depths t o  f lash ing .  

The vapor pressure a t  the  p o i n t  of 

The C02 content o f  t h a t  unflashed l i q u i d  

Thus, i f  one ignores the  
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V I I .  NOTES ON CONTROL OF CARBONATE SCALES 

C a l c i t e  and aragoni te are the  most common 
and may be r e l a t e d  as i n  t h e  equations below. 

Ca+2 + 2HC03-+ C02 + H20 + CaC03 ( c a l c i t e )  

Ca+2 + co3=+ CaCO3 (aragon i te )  

Both minera ls  may form a t  the  same t ime i n  the  
same f l u i d  stream, b u t  t h e i r  p laces o f  
depos i t i on  on p ipe  surfaces are n o t  t he  same. 
Aragonite i s  associated w i t h  depos i t ion  from 
more advanced stages o f  f l a s h i n g  wherein the  
C03/HC03 r a t i o  has increased and t h e  pH i s  
higher than i n  e a r l y  stages (Michels, 1980). 

s i  
w i  

Other carbonate m i  neral  s are  possible,  
d e r i  t e  (FeC03) , rhodochrosi te (MnCO3), 
t h e r i t e  (BaCOg), s t r o n t i a n i t e  (SrC03), b u t  

these are genera l l y  found on ly  as t race  
mater ia ls .  Some o f  t he  ca t i ons  can s u b s t i t u t e  
f o r  Ca i n  the  mineral  s t ruc tu res ;  f o r  example Sr 
o r  Ba i n  aragoni te and Fe o r  Mn i n  c a l c i t e .  
Magnesi um general l y  i s too  scarce i n  geothermal 
f l u i d s  t o  be impor tan t  i n  scales. The remainder 
o f  t h i s  r e p o r t  w i l l  deal w i t h  on l y  the  c a l c i t e  
and aragonite. 

Several p r i n c i p l e s  o f  scale con t ro l  a re  
possible,  b u t  n o t  a l l  a re  equa l l y  p r a c t i c a l  i n  
the  geothermal context. They may be described 
as : 

1. Reducing Ca chemical a c t i v i t y  through 
sequestering Ca(aq1 i n t o  a so lub le  
complex ion. 

Reducing a v a i l a b i l i t y  o f  COT by: 
a. adding s t rong a c i d  t o  make a 

conversion t o  C02(g) 
b. adding C02 t o  the  system, con- 

v e r t i n g  CO3= and C02 t o  HCOF 
c. i n h i b i t i n g  the  conversion of 

HC0ft.o CO3= 

2. 

3. I n t e r f e r i n g  w i t h  the  c r y s t a l  growth 

4. 

processes a t  t he  c r y s t a l  surface. 

"Preserving" 1 ow pre-f l  ash 
concentrat ions o f  CO3-. 

Methods 1 and 2 operate on ma te r ia l s  
d isso lved i n  the  l i q u i d  phase. 
they must be app l ied  upstream o f  t he  p o i n t  o f  
f l  ashi ng and appl i e d  i n  a quan t i t y  (concentra- 
t i o n )  p ropor t iona l  t o  t h a t  o f  the  na t i ve  
component on which they operate. The i r  i n i t i a l  
c o s t  i s  mainly due t o  equipment used t o  i n j e c t  
l i q u i d s  downhole and perhaps i n c l u d i n g  a l ong  
tubing. Because downhole tub ing  i s  a t  a g rea t  
r i s k  of damage fo l lowed by expensive r e p a i r  and 
shut-down time, the  r i s k  deserves t o  be computed 
as a c o s t  a lso.  Chemicals f o r  i n j e c t i o n  are  an 
opera t ing  cost, and the  cont inued operat ion of 
t he  p l a n t  thereby depends on cont inued 
a v a i l  abi  1 i ty as we1 1 as continuous 
moni t o r i  ng/mai ntenance. 

To be e f f e c t i v e  

Method 2b has the  advantage o f  recyc l i ng  the  
CO2 which i s  produced along w i t h  the  geo- 
thermal f l u i d ,  thereby captur ing  a supply of 
chemical and e l i m i n a t i n g  one operat ional  c o s t  
(U.S. Patent 3,782,468 Kuwada). Also, the  
i n j e c t i o n  o f  C02 combined w i t h  a h igh  wellhead 
pressure g ives  a g a s - l i f t  e f f e c t  t h a t  can 
increase the  p r o d u c t i v i t y  of  t he  w e l l  if i n j e c -  
t i o n  i s  s u f f i c i e n t l y  deep (U.S. Patent 4,189,923 
Berg). Both versions of t h i s  technique requ i re  
a subsystem t o  separate C02 from the  f l a s h i n g  
f l u i d  and pump i t  back downhole. Since CaC03 
w i l l  depos i t  a t  t h e  p o i n t  of C02 separation, 
the  technique amounts t o  d i sp lac ing  the  scale 
deposi ts t o  l oca t i ons  where they are more e a s i l y  
handled, no t  permanently i nh ib i t ed .  A scale 
i n h i b i t i o n  system a t  t he  p o i n t  o f  COP separa- 
t i o n  i s  one opt ion.  

molecules t h a t  a t tach  t o  the  surface o f  CaC03 
c r y s t a l s  and i n t e r f e r e  w i t h  the  mechanisms 
requ i red  f o r  p lac ing  add i t i ona l  Ca o r  C03 onto 
the  c r y s t a l  s t ruc tu re .  The most successful o f  
these are de r i va t i ves  o f  phosphoric acid,  known 
c o l l e c t i v e l y  (and c o l l o q u i a l l y )  as phosphonates. 

Method 3 depends on s p e c i a l l y  formulated 

Eventual ly ( i n  a s t a t i s t i c a l  sense) the  
phosphonate molecules w i l l  detach from the  
c r y s t a l  surfaces o r  be overgrown by CaC03. 
When e i t h e r  o f  those happens, growth cont inues 
i n  an ord inary  way. 

can be very small i n  t h e  f l u i d  i n  o rder  t o  
sus ta in  a func t i ona l  popu la t ion  on the  c rys-  
t a l s .  Concentrat ions of 1 ppm i n  the  l i q u i d  are 
e f fec t i ve  under some circumstances W e t t e r  and 
Campbell , 1979). 
phosphonate molecule ( i n  the  l i q u i d )  per  100 Ca 
ions  there. By comparison, Method 1 would 
requ i re  nominal l y  one sequestering mol ecul e per 
Ca i o n  i n  order t o  be s i m i l a r l y  e f f e c t i v e .  

t o r s  i n t o  the  pre- f lash  l i q u i d  i s  s u p e r f i c i a l l y  
t he  same as f o r  methods 1 and 2 b u t  can be 
p h y s i c a l l y  smal ler  due t o  t h e  l esse r  volumes o f  
i n j e c t a t e  required. 

t h e  chemical s t a b i l  i ty o f  a1 1 t h e  scale 
i n h i b i t o r s .  
t o  make funct ional  molecules t h a t  have the  
requ i red  thermal s t a b i l i t y .  The c r y s t a l  growth 
i n h i b i t o r s ,  e.g., phosphonates, demand a second 
k i n d  o f  thermal s t a b i l i t y  as we l l ,  v is .  r e s i s t -  
ance t o  simple desorpt ion from t h e  c r y s t a l  
s u r f  aces. 

t he  chemical maps. A l l  no- f lash  processes 
f o l l o w  a map l i n e  p a r a l l e l  t o  the  one shown i n  
Figures 7 through 10. 
chemical ly e f f e c t i v e .  
f l a s h  system these cos ts  o f  sca le  con t ro l  are 
p a r t l y  those o f  a downhole pumping system p lus  
heat  exchanger and working l i q u i d .  However, a 
downhole pump increases ou tpu t  from a we l l ,  so 
t he  t r u e  cos t  o f  t h i s  scale i n h i b i t i o n  method 
may be d i f f i c u l t  t o  define. 

Fortunately,  concentrat ions o f  phosphonates 

This i s  equ iva len t  t o  one 

Equipment f o r  p lac ing  c r y s t a l  growth i n h i b i -  

Geothermal (pre-fJash) temperatures s t r a i n  

One aim o f  c u r r e n t  development i s  

Method 4 can be described by reference t o  

This approach i s  
Compared t o  a simple 
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V I I I .  CONCLUSIONS 

Geothermal f l u i d s  are n o t  simply another 
source o f  steam o r  h o t  water; those who t r e a t  
them as i f  they were cause a p e r i l  f o r  a l l  the  
geothermal p ro jec ts  they touch. Bicarbonate- 
r i c h  geothermal l i q u i d s  e x h i b i t  a mu l t i t ude  of 
chemical reac t ions  wh i l e  steam and v o l a t i l e s  are 
f l a s h i n g  from them. For purposes o f  geothermal 
engineer ing and i n t e r p r e t a t i o n  o f  a n a l y t i c a l  
data there  are p r a c t i c a l  reasons t o  consider 
those reac t ions  as processes, l i n k e d  through the  
nature o f  the  pre- f lash  l i q u i d  and the  circum- 
stances which a t tend  the  f l#ashing. Cause-effect 
w i t h i n  t h i s  reac t i on  web hinges mainly on i n t e r -  
conversions among Cop, Cog, and HCO3 
which depend on temperature and the  degree t o  
which the  vapors are conf ined as they issue from 
the  l i q u i d  dur ing  f lash ing .  

I n  t h i s  system, the  heavyweights a r e  Cop 
and HCO3. The i r  abundance dominates a l l  the  
reac t ions  i n  which they pa r t i c i pa te .  
example, pH i s  phys i ca l l y  dependent on the  
C03/HC03 r a t i  0; CaC03 depos i t ion  depends 
on the  bu i ldup o f  Cog which i n  t u r n  depends 
mainly on the  p re - f l ash  HCO3 conten t  and 
res idua l  C02 pressure, and m ino r l y  on the  
1 i q u i d  temperature. 
dependencies vary among resources accordingly as 
the  r a t i o s  o f  key components vary among them. 
This cause/effect k i n d  of dependency i s  
phys i ca l l y  rea l  because most o f  the  reac t ions  
are i r r e v e r s i b l e .  

During f lash ing ,  t he  several processes 
e x h i b i t  d e f i n i t e ,  y e t  coordinated pa t te rns  of 
behavior. The s t a r t i n g  times, t imes of  peak 
a c t i v i t y ,  and ending t imes f o r  t h e  descr ibable 
processes are no t  synchronized. Moreover, t he  
pa t te rn  o f  waxing and waning t h a t  occurs w i t h  
one resource i s  no t  the  same as f o r  another 
resource which has d i f f e r e n t  ( i n i t i a l  
t i o n s  o f  reactants.  Consequently, as tu te  
engineer ing of geothermal hardware demands t h a t  
each resource be q u a n t i t a t i v e l y  charac ter ized  
f o r  the  d e t a i l s  o f  i t s  chemical behavior. I n  
t h i s  way, the  energy e x t r a c t i o n  processes can be 
opt imized f o r  the  s p e c i f i c  compl i c a t i o n s  the  
resource presents. 

For 

The exact mathematical 

propor- 

C02 and carbonate chemistry a re  on l y  one 
c lass  of chemical compl icat ions presented by 
geothermal f l u i d s .  C02 pressures, espec ia l l y  
when large, fo rce  themselves i n t o  design 
c r i t e r i a  f o r  we l l  casings. I n  exp lo ra to ry  
we l ls ,  casings must be selected before the  we l l  
y i e l d s  f l u i d s  which may be analyzed f o r  C02 
content. 
leans on e a r l i e r  r e s u l t s  from w e l l s  already 
complete, so t h a t  t he  emphasis on COP s h i f t s  
toward f i n d i n g  the  pa t te rns  o f  v a r i a t i o n  across 
the  f i e l d  and forecast ing changes w i t h  time. 
Deposi t ion o f  CaC03 scale, how much, and where 
w i t h i n  the  f l ash ing  process i t  w i l l  and w i l l  n o t  
occur can be studied f o r  s i m i l a r l y  p r a c t i c a l  
ends. 

Casing se lec t i on  f o r  development we1 1 s 

The bes t  reference cond i t i on  f o r  co r re la -  
t i o n s  and i n t e r p r e t a t i o n s  i s  the  pre- f lash  
1 iquid--a substance seldom sampled and perhaps 
impossible t o  sample w i t h  the  thoroughness 
requ i red  f o r  t he  study o f  pa t te rns  mentioned 
above. However, a l l  c h a r a c t e r i s t i c s  of the  
p r e - f l  ash 1 i qui d can be deduced from sampl i ng 
the steam and res idua l  l i q u i d ,  working backward 
upon the  chemical processes. This repo r t  
provides a s t r u c t u r a l  model f o r  those chemical 
processes. 

For a new resource, geochemical engineering 
aims t o  g ive  numerical c a l i b r a t i o n s  t o  a l l  t he  
p a r t s  o f  the  model t h a t  are re levan t  t o  the  
chemistry o f  t he  resource and the  s e t  of 
a1 t e r n a t i v e  means f o r  i t s  development. 
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