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A THERMODYNAMIC MODEL FOR PREDICTING HCL PARTIAL PRESSURE 
ABOVE A HIGH TEMPERATURE HYPERSALINE GEOTHERMAL FLUID 

ABSTRACT 

Greg Andersen 

UNOCAL Corporation 

A thermodynamic model has been developed t o  
p red ic t  the  p a r t i a l  pressure o f  hydrochlor ic 
ac id  i n  equ i l i b r i um w i t h  h igh  s a l i n i t y  f l u i d s  a t  
temperatures up t o  35OOC. The model uses f ree  
energy o f  formation data obtained from heat o f  
so lu t i on  and electrochemical c e l l  information. 
The model has been'used t o  provide estimates f o r  
the  concentrat ion o f  HC1 vapor i n  equ i l ib r ium 
w i t h  NaCl b r ines  a t  temperatures, concentrat ions 
and compositions considered possible w i t h i n  the 
Geysers geothermal system. A t  35OoC, the 
maximum HC1 content o f  superheated equ i l ib r ium 
steam i s  8 ppmw a t  pH 5 and 3 molal NaC1. This 
concentrat ion i s  an order o f  magnitude lower 
than HC1 l e v e l s  reported f o r  northwest Geysers 
we l ls  by Haz l ip  and Truesdell  (1988), and 
suggests t h a t  an a l te rna te  mechanism may be 
needed t o  exp la in  observed data. 

INTRODUCTION 

Recently several we1 1 s a t  the  Geysers geothermal 
f i e l d  have shown the presence o f  elevated l eve l s  
o f  ch lo r i de  i o n  i n  the  condensate o f  produced 
steam( 1). 
been impl icated as a possible major cont r ibu t ing  
f a c t o r  t o  the high l e v e l s  o f  corrosion observed 
i n  ce r ta in  pa r t s  o f  the Geysers. Nore recent ly  
H a i t l  i p  and Truesdell  (1) have suggested t h a t  
the presence o f  ch lo r ide  i n  produced steam i s  
due t o  i t s  generation from a high temperature 
ch lo r ide  b r ine  located deep i n  the  formation. 
They have presented a model f o r  p red ic t i ng  the 
concentrat ion o f  HC1 vapor i n  produced steam 
given a rese rvo i r  temperature, pH and s a l i n i t y  
o f  the br ine.  The i r  model suggests t h a t  vapor- 
phase HC1 concentrat ions o f  around 100 ppm could 
be produced by a rese rvo i r  b r i ne  containing 
70,000 t o  80,000 ppm ch lo r i de  i n  contact  w i th  
t y p i c a l  Geysers formation mater ia l  a t  a tempera- 
t u r e  o f  300'to 350OC. 

This ch lo r i de - r i ch  condensate has 

Here we present a r igorous thermodynamic model 
f o r  ca l cu la t i ng  the p a r t i a l  pressure o f  HC1 i n  
equ i l i b r i um w i t h  a sodium ch lo r i de  br ine.  The 
model i s  s impler than t h a t  proposed by Hazl ip 
and Truesdell  and overcomes a number o f  theoret-  
i c a l  and p r a c t i c a l  problems associated w i th  

t h e i r  approach. Model predict ions are i n  
good agreement w i t h  experimental data on 
vapor pressures o f  hydrochlor ic ac id  
so lu t ions  over a broad range o f  tempera- 
tures and ac id  strengths. When used t o  
p red ic t  the HC1 concentrat ion o f  steam a t  
rese rvo i r  condit ions, the model gives 
values between one and two orders o f  
magnitude lower than t h a t  given by Hazl ip 
and Truesdell .  

L IQUID-VAPOR EQUILIBRIUM MODELS 
---------c------ 

Previous models f o r  the  p a r t i t i o n i n g  o f  
hydrochlor ic ac id  between a l i q u i d  and 
vapor phase consider the fo l low ing  phase 
and chemical e q u i l i b r i a .  

HCl(aq) = HCl(v) (1) 

(2) HCl(aq) = H+(aq) + Cl-(aq) 

Thus the  vapor phase HC1 i s  i n  equ i l ib r ium 
w i t h  a dissolved molecular species which, 
i n  turn,  i s  i n  equ i l ib r ium w i th  hydrogen 
and ch lo r i de  ions. This type o f  approach 
t o  describe gas s o l u b i l i t y  has been success 
f u l l y  used before f o r  v o l a t i l e  weak ac id  
and bases i n  water. 
systems are carbon dioxide, hydrogen 
s u l f i d e  and ammonia. Treat ing the s o l u b i l -  
i t y  problem t h i s  way i s  most appropriate 
f o r  systems i n  which the two e q u i l i b r i a  can 
be exper imental ly decoupled. Such i s  the 
case i n  the aforementioned systems where 
the gases undergo only minimal d issoc ia t ion  
i n  the aqueous phase. Then the equ i l ib r ium 
constants corresponding t o  react ions 1) and 
2) can be unambiguously determined. 

I n  the hydrochlor ic ac id  system the ac id  i s  
almost completely dissociated and the  two 
equ i l i b r i um Constants cannot be indepen- 
dent ly  measured. As a resu l t ,  most exper i -  
mental data such as electrochemical c e l l  
and ca lo r ime t r i c  measurements are t rea ted  
w i t h i n  a theo re t i ca l  framework t h a t  d is re -  
gards the p o s s i b i l i t y  o f  an HC1 ion  p a i r  
and on ly  al lows f o r  the presence o f  hydro- 
gen and ch lo r i de  ions. Then, a l l  concentra- 
t ion .  dependence o f  thermodynamic propert ies 
f o r  the system are contained i n  a c t i v i t y  

Examples o f  such 
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coefficients o f  the ionic species which 
include the effect of dissociation as well 
as deviations from ideal solution behavior. 

THE MODEL 

The model we propose for predicting the 
vapor pressure of HC1 i s  based on the 
fo l  lowing equi 1 i brium ( 2 )  

Ht(aq) + C1- (as )  = HCl(v) (3) 

By considering the above reaction between 
the ions i n  solution and gaseous hydro- 
chloric acid we avoid having  t o  construct a 
model w h i c h  explicitly includes the forma- 
tion of hydrochloric acid i o p  pairs. Another 
advantage of the above i s  t h a t  detailed and 
accurate thermodynamic da ta  i s  available for 
a l l  the species given i n  equation 3 a t  
elevated temperatures and concentrations. 

The equilibrium constant K associated w i t h  
equation 3 i s  defined as: 

(4) f(HC1) K = --- 
a(H)aW) 

whew f ( H C L )  i s  the fugaci ty  o f  HC1 vapor 
and the a ' s  are activities of the ionic 
species i n  question. The equilibrium con- 
stant i s  given by; 

AG/ RT K = e- 

where 

AG = p(HCL(v))  - p(H+) - p ( C l - ) ,  

R i s  the gas constant and T i s  the temper- 
ature i n  degrees Kelvin. The U'S are the 
molar Gibbs Free energies of formation for 
HC1 i n  the ideal gas state a t  1 atmosphere 
pressure or for respective ions i n  an ideal 
one molal solution. By convention, the free 
energy of formation of the elements and of 
hydrogen ion i s  equal t o  zero a t  a l l  temper- 
atures. 

Free energy of formation da ta  for HC1 vapor 
was obtained from the Thermodynamics Re- 
search Center da ta  base (3) and  can be 
accurately represented by the fo l  lowing 
funct ion of temperature: 

(7)  
G ( H C L )  = - 21843 - 7.2896T + 0.72903Tln(T) 

where T i s  i n  degrees Kelvin and G i n  
calories/mole. For the chloride ion free 
energy of formation, d a t a  was obtained from 
Cobble, e t  a l .  (4)  which was calculated 
us i ng the h i  gh- temperatu re el ec t romot i ve 
cell measurements of Greeley (5). This 
information was correlated using 

the following expression: 

- 
G ( C 1 )  = - 36823 + 40.167T - 6.9708T 

+ 0.059788T2 

The resultant equilibrium constant as f i t  
t i - the  following function o f  temperature: 

ln(K) = 23.884 - 7539/T - 3.875111n(T) 

+ 0.0300896T (9)  

where, again, a l l  temperatures are in 
degrees Kelvin and free energies of forma- 
tion are in calories/mole. 
Fugaci ty Coef f i ci en t s  ------ 
The equi 1 i br ium constant of equation 2 
involves act ivi t ies  of ions i n  solution and 
the fugacity of gaseous hydrochloric acid. 
We wish  to consider the solubility of the 
gas along the vapor-liquid line of water. 
For those combinations of temperature and 
pressure the fugacity of the gas can be 
approximated as equal t o  i t s  partial 
pressure. Any corrections will be a t  most 
a few percent. 

For the activity coefficients of the ions 
we use the data  of Holmes et. a l .  (6,7) and 
Pitzer (8) for HC1 and NaCl solution for 
temperatures u p  to 3OOOC The data  of Holmes 
i s  derived from a combination of their own 
f 1 ow ca 1 or i met ry and e 1 ec t roc hemi ca 1 
measurements w i t h  other enthalpy and 
electrochemical cell da t a .  T h a t  informa- 
t ion  has been used t o  calibrate the Pitzer 
semiempirical electrolyte model and t o  test 
i t s  predictive capabilities a t  elevated 
temperatures. The authors p o i n t  out t h a t  
the original P i  tzer model produces excel - 
lent agreement w i t h  the d a t a  u p  t o  25OOC. 
A t  higher temperatures, the agreement 
becomes progressively worse and this, the 
authors s ta te ,  is  due to the increasing 
importance of ion pairing. 
pointed out  t h a t  the original Pitzer model 
d i d  not  ignore ion pairing b u t  included i t  
implicitly i t  i t s  interaction coefficients. 
Subsequently, Holmes, e t  a l .  have extended 
the Pitzer model such t h a t  i t  can be 
applied to more concentrated solutions (16 
molal ) a t  higher temperatures (375°C) w i t h ,  
a t  most, a 10 percent error i n  the predic- 
ted versus observed results. This was done 
w i t h  a formalism t h a t  does not explicitly 
include ion pairing equilibria. Thus, for  
the concentrations of interest to us we 
feel t h a t  the Pitzer model and i t s  exten- 
sions should provide an accurate method for 
calculating the thermodynamic properties of 
HCL-NaC1 solutions a t  elevated tempera- 
tures. 

I t  should be 
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MODEL EVALUATION 

The model has been tes ted  against  exper i -  
mental vapor pressure measurements over a 
broad range of temperatures and ac id  
strengths (10, l l ) .  It produces exce l len t  
agreement w i t h  measured p a r t i a l  pressures 
o f  water and HC1 from 25" t o  110°C. For an 
evaluat ion o f  t he  model a t  temperatures 
more cha rac te r i s t i c  o f  geothermal systems 
we used the vapor pressure measurements o f  
Staples (12) which extend up t o  288°C and 
cover HC1 concentrat ions ranging from 10 t o  
35 percent by weight HC1. For geothermal 
app l i ca t ions  we w i l l  only consider f o r  10% 
HC1. Staples found t h a t  the  t o t a l  pres- 
sure, i n  u n i t s  o f  psia, could be repre- 
sented by the fo l l ow ing  equation 

Ln(P) = 15.4744 - 4776.72/T 

where T i s  degress Kelvin. The average 
dev ia t ion  between observed and ca lcu la ted  
temperatures i s  0.15% which corresponds t o  
a dev ia t ion  i n  the  pressure on the  order o f  
5 ps i .  A comparison was made between model 
and experimental data a t  temperatures o f  
250" and 275°C since t h i s  i s  i n  the  temper- 
a tu re  range o f  i n t e r e s t  and should g ive  an 
appreciable p a r t i a l  pressure o f  HC1. Since 
the data o f  Staples i s  f o r  the t o t a l  vapor 
pressure the p a r t i a l  pressure o f  water has 
t o  be determined. I t s  value i s  given by 

'H20 = ':20 

where Po i s  the  vapor pressure o f  pure 
water a t  the temperature i n  question and a, 
i s  the a c t i v i t y  o f  t he  water i n  so lu t ion .  
The a c t i v i t y  o f  the water i s  ca lcu la ted  
from the  osmotic c o e f f i c i e n t  using the  
fo l l ow ing  expression 

-2w55 .51  a, = e 

where m i s  the  hydrochlor ic ac id  m o l a l i t y  
and + the  osmotic coef f i c ien t .  Table 1 
l i s t s  mean a c t i v i t y  and osmotic c o e f f i c -  
i en ts  f o r  both temperatures along w i t h  the 
appropr iate equ i l i b r i um constants f o r  
reac t ion  1. I n  Table 2. we l i s t  the  model 
-generated p a r t i m s u r e s  o f  HC1 and H20 
and the t o t a l  pressure, and the experimen- 
t a l  values from Staples. The d i f fe rence 
between the t o t a l  pressures f o r  model and 
experiment i s  approximately 0.7 and 0.85 
percent a t  250" and 275"C, respect ively.  

I n  order t o  est imate what the  p a r t i a l  

pressure o f  HC1 w i l l  be a t  reservo i r  
condi t ions we assume t h a t  the reservo i r  
f l u i d  can be character ized as a sodium 
ch lo r i de  br ine.  Then the a c t i v i t y  coe f f i c -  
i e n t  o f  the ch lo r i de  i o n  and the osmotic 
c o e f f i c i e n t  o f  water can be predicted from 
the  data o f  P i t z e r  and Holmes, e t  a1 . f o r  
NaCl solut ions.  

Using the above model we have calculated 
the vapor phase concentrat ions o f  HC1 
versus the 1 i q u i d  phase ch lo r ide  concentra- 
t i o n  f o r  pH values of 4, 5 and 6 a t  temper- 
atures o f  250°, 300' and 350OC. These are 
presented i n  FIGURES 1 throug_h 3 .  With 
regards t o  the Geysers f i e l d  t h i s  span of 
pH's should cover what can be reasonably 
expected from the  mineral assemblages known 
t o  e x i s t  i n  the reservo i r .  The model 
r e s u l t s  i nd i ca te  t h a t  the HC1 content o f  
superheated steam i n  equ i l ib r ium w i t h  a 
NaCl b r i ne  w i t h  a geo log ica l l y  r e a l i s t i c  pH 
i s ,  f o r  a l l  p rac t i ca l  purposes, zero below 
300°C. A t  35OOC the  model p red ic ts  t h a t  

& t h e  maximum HC1 content o f  superheated 
equ i l i b r i um steam i s  8 ppmw a t  pH 5 and 3 
molal NaCL. This i s  an order o f  magnitude 
lower than the HC1 leve ls  reported f o r  
northwest Geysers we l l s  by the previous 
authors. 

CONCLUSIONS 

Results from the model we have presented 
suggest two general conclusions. I f  we 
accept the b o i l i n g  b r ine  hypothesis, then 
i n  order f o r  the  vapor t o  have an appreci- 
able concentrat ion o f  HC1 , the rese rvo i r  pH 
must be considerably lower than the  cur- 
r e n t l y  accepted value between 5 and 6 o r  
the temperature i s  even greater than 350°C. 
Our model would i nd i ca te  t h a t  the rese rvo i r  
pH would need t o  be c loser  t o  4 t o  produce 
30 t o  50 ppmw HC1 i n  the steam phase a t  
350°C. Such a s i t u a t i o n  could on ly  a r i s e  i f  
the rock assemblage i n  contact w i t h  the 
b r ine  i s  very d i f f e r e n t  than what i s  
cu r ren t l y  bel ieved t o  be present i n  the 
rese rvo i r  (1). 

Conversely, i f  we accept a pH i n  the  5 t o  6 
range, then our model ind ica tes  t h a t  the 
HC1 concentrat ion i n  the  steam would be 
neg l i g ib le .  Since ch lo r ide  i s  observed i n  
the  steam a t  the Geysers, a l b e i t  a t  low 
concentrations, our model resu l t s  c a l l  i n t o  
question the bo i  1 i n g  b r ine  hypothesis. 
This p o s s i b i l i t y  i s  supported by the  
unpublished experiments o f  Fournier (13) 
which show t h a t  appreciable amounts o f  HC1 
are on ly  generated when the l i q u i d  phase o f  
a ch lo r i de  b r ine  has essen t ia l l y  been 
bo i l ed  t o  dryness. This i s  fu r ther  corrob- 
orated by the experiments o f  Pr i tchard,  e t  
a l .  (14) on the production o f  HC1 vapor i n  
b o i l e r  tubing from the i n j e c t i o n  o f  sodium 
ch lo r i de  so lu t ions  i n t o  superheated steam. 
This might suggest t h a t  vapor phase HC1 i s  
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produced from superheated steam d i r e c t l y  
i n t e r a c t i n g  w i t h  formation mater ia l  o r  w i t h  
a ch lo r ide- r i ch  evapor i te r e s u l t i n g  from a 
l oca l i zed  dryout o f  the reservoir .  I n  both 
o f  these s i t ua t i ons  i t  i s  imperative t h a t  
the f rac tu re  network t ranspor t ing  the steam 
contain no mobile o r  immobile water, and 
t h a t  there i s  no exchange o f  l i q u i d  between 
f rac tu re  and bu lk  mat r ix  rock. I f  t h i s  were 
no t  the case then any l i q u i d  present would 
tend t o  s t r i p  the  HC1 from the  vapor u n t i l  
the concentrat ions were those predicted by 
the  model presented i n  t h i s  paper. 
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TABLE 1 

A c t i v i t y  and osmotic coe f f i c i en ts  and 
equ i l i b r i um constants f o r  equation 3 f o r  a 
10% by weight HC1 so lu t i on  a t  250" and 
275°C. 

2. Denbigh, K., "The Pr inc ip les  o f  
Chemical Equilibrium," Chapter 10, 
Cambridge Un ivers i ty  Press (1971). 

3. "TRC Thermodynamic Tab1 es , Non- 
Hydrocarbons ,I' v. 7. 

4. Cobble, J. W., R. C. Murray, P. 3. 
Turner, and K. Chen, "High-Temper- 
ature Thermodynamic Data f o r  
Species i n  Aqueous Solution," 
EPRI NP-2400, P ro jec t  1167-1 (1982). 

5. Greeley, R. S., W. T. Smith, R. H. 
Stoughton, and M. H. Lei tzke, J. 
Phys. Chem., 64, p. 652 (1960)T 

6. Holmes, H. F., R. H. Busey, J. M. 
Simonson. R. E. Mesmer. D. 6. 
Archer, and R. H. Wood; J. Chem. 
Therm., 19, p. 863 ( 1 9 8 r  

7. Holmes, H. F., R. H. Busey, R. E. 
Mesmer, J. Chem. Therm., 169, p. 
343 (198qT----- 

8. Pi tzer ,  K. S., J. C. Pieper, R. H. 
Chem,, Ref. -Data , 

13, P. 

9. Pytkowicz, R. M., " A c t i v i t y  Coef- 

Chapter 7, v. 1, CRC Press (1979). 
- T"C 7 Y @ - K f i c i e n t s  i n  E l e c t r o l y t e  Solut ions ,'I 

250 0.34 0.858 2.6 

275 0.23 0.779 8.9 

TABLE 2 

Measured versus calculated p a r t i a l  and t o t a l  
pressures, i n  u n i t s  o f  psi ,  f o r  a 10% by 
weight HC1 so lu t i on  a t  250" and 275°C 

TemPera t u  r e  

250°C 275OC 

P (H20) 

P (HCL) 

P t o t a l  

524.4 791.1 

40.5 64.3 

564.9 855.4 

P exp 568.9 862.8 
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