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A s e t  o f  P-V-T-X da ta  f o r  t h e  h i g h l y  s a l i n e  f l u i d s  encountered i n  some 
geothermal r e s e r v o i r s  i s  an impor tant  p r e r e q u i s i t e  t o  t h e  model ing o f  t h e  
chemical  and p h y s i c a l  behavior  o f  geothermal r e s e r v o i r s .  However, very  
l i m i t e d  da ta  a t  t h e  temperatures and pressures encountered i n  t h e  geothermal 
systems a r e  a v a i l a b l e  ( P o t t e r ,  1976). I n  t h i s  paper, we present  r e l a t i v e l y  
s imp le  workable models which can be used t o  p r e d i c t  a c c u r a t e l y  b o t h  t h e  
d e n s i t y  and vapor p ressure  o f  complex b r i n e s  a t  e l e v a t e d  temperatures.  
Together these models y i e l d  a paramet r ic  equat ion  o f  s t a t e  f o r  t h e  vapor-  
s a t u r a t e d  geothermal b r i n e .  

There have been a t tempts  t o  e r e c t  t h e o r e t i c a l  models f o r  c a l c u l a t i n g  
t h e  d e n s i t y  o f  complex b r i n e s ,  p a r t i c u l a r l y  seawater ( M i l  l e r o ,  1973) b u t  
g e n e r a l l y  these models a l l  represent  some form o f  Young's Rule: 

ovs = C f i O v i  

where oVs i s  t h e  apparent mola l  volume o f  t h e  s o l u t i o n ,  f i  i s  t h e  mole 
f r a c t i o n  o f  component i , and +vi i s  t h e  apparent mola l  volume o f  
component i f o r  t h e  t o t a l  i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n .  These models 
a r e  g e n e r a l r y  i n a p p l i c a b l e  t o  t h e  geothermal case because: 

1 .  The m o d i f i e d  Young's Rule d e f i n e s  components as i o n i c  species and 
sums a l l  t h e  p o s s i b l e  combinat ions o f  anions and c a t i o n s .  P r e s e n t l y ,  
i t  i s  e s s e n t i a l l y  impossib le  t o  a c c u r a t e l y  d e f i n e  t h e  s p e c i a t i o n  i n  
a h i g h l y  s a l i n e  f l u i d  a t  e l e v a t e d  temperatures.  

2 .  I n  o r d e r  t o  app ly  t h e  Rule, h i g h l y  p r e c i s e  oVi da ta  a r e  r e q u i r e d  
f o r  a l l  t h e  species.  A t  t h e  present  t ime d e n s i t i e s  o f  t h e  r e q u i r e d  
accuracy a r e  a v a i l a b l e  g e n e r a l l y  o n l y  a t  temperatures l e s s  than 5OoC. 

3. The m o d i f i e d  Young's Rule as used by M i l l e r 0  (1973) assumes t h e  
a d d i t i v i t y  o f  t h e  i n f i n i t e - d i l u t i o n  volume p r o p e r t i e s .  A l though t h i s  
ho lds  f a i r l y  w e l l  f o r  c h l o r i d e s ,  i t  has n o t  been g e n e r a l l y  documented 
f o r  carbonates and s u l f a t e s .  I t  i s  a l s o  ques t ionab le  whether 
p r e d i c t i o n s  based on such assumptions would work f o r  h i g h l y  s a l i n e  
f l u i d s  such as a r e  encountered i n  t h e  S a l t o n  Sea f i e l d s .  

S ince Young's Rule does however d e f i n e  t h e  41 i t  f o l l o w s  by analogy 
vs ' t h a t :  

d = d  + 
S 0 

(d  -d ) f  + (d2-do) f  2.. .  
1 0 1  ( d  n o n  -d ) f  

-247- 



where ds i s  t h e  d e n s i t y  of  t h e  s o l u t i o n ;  do i s  t h e  d e n s i t y  o f  H20; dl, 
d2, dn a r e  t h e  d e n s i t i e s  of t h e  b i n a r y  s a l t - w a t e r  systems o f  t h e  same 
m o l a l i t y  as t h e  s o l u t i o n ;  and fl, f 2 ,  fn a r e  equal t o  t h e  c o n c e n t r a t i o n  
( m o l a l i t y )  o f  t h e  r e s p e c t i v e  s a l t  d i v i d e d  by t h e  m o l a l i t y  o f  t h e  s o l u t i o n .  
However, because water  i s  s imp ly  one component o f  each b i n a r y  s o l u t i o n  
i t  f o l l o w s  t h a t :  

d = dl + (d  -d ) f  + (d -d ) f  
S 2 1 2  3 1 3 " '  

where dl<dz<d 3...<dn f o r  computat ional  convenience. 
r e l a t i o n s h i p  t h e  d e n s i t y  o f  NaCl (2.4034 molal)-KC1 (1.1311 mola l ) -H20 
a t  25OC was c a l c u l a t e d  u s i n g  equat ions (2) and (3) as w e l l  as d e f i n i n g  
f o r  equat ion  (3)  dl 

o f  1.1274 0.0003 g/cm3. 

To t e s t  t h i s  

. .dn. A l l  t h r e e  methods y i e l d e d  t h e  same r e s u l t ,  
1.1272 f 0.0003 i s  i n  good agreement w i t h  t h e  measured v a l u e  

The o n l y  da ta  o f  s u f f i c i e n t  accuracy f o r  complex s o l u t i o n s  a t  e l e v a t e d  
temperatures w i t h  which t o  t e s t  t h e  d e n s i t y  model a r e  those f o r  seawater 
(Fabuss -- e t  a l . ,  1968). 
MgS04-H20 were taken f rom Fabuss e t  a l .  (1968), f o r  CaC12 s o l u t i o n s  from 
P o t t e r  and Clynne (1976), and for KBr-HzO and MgC12-H20 up t o  100°C f rom 
t h e  I n t e r n a t i o n a l  C r i t i c a l  Tables ( N a t i o n a l  Research Counc i l ,  1928). No 
da ta  above 100°C were a v a i l a b l e  f o r  K B r  and MgCl , hence they were 
c a l c u l a t e d  as K C l  and caC12 r e s p e c t i v e l y .  
was 0.9838 + 0.0005 g/cm3 versus a measured d e n s i t y  o f  0.9839 + 0.0005 whi l e  
a t  1 5 O o C  t h e  c a l c u l a t e d  d e n s i t y  was 0.9443 f 0.0015 g/cm3 v e r s i s  t h e  measured 
d e n s i t y  o f  0.9451 2 0.0010 g/cm3. 

Data f o r  t h e  d e n s i t y  o f  NaCl-HzO, Kcl-HzO, and 

-- 

A t  106OC t h e  c a l c u l a t e d  d e n s i t y  

White (1965) l i s t s  analyses f o r  a S a l t o n  Sea b r i n e  sample whose d e n s i t y  
a t  2OoC i s  1.264 2 0.005. Based on t h e  chemical analyses t h e  b r i n e  can be 
approximated as a NaCl (2.592 m o l a l ) - K c l  (0.953 molal)-CaC12 (2.216 m o l a l )  
b r i n e .  Using t h i s  compos i t ion  and t h e  da ta  f rom P o t t e r  and Brown (1975, 
1976) and P o t t e r  and Clynne (1976), t h e  d e n s i t y  o f  t h e  b r i n e  was c a l c u l a t e d  
as a f u n c t i o n  o f  temperature:  

-6  2 d = 1.2730 - 3.771 x - 1.407 x 10 t 0.002 
S (4 )  

Equat ion (4 )  y i e l d s  a d e n s i t y  a t  2OoC o f  1.265 2 0.002 g/cm3 which i s  
i n  e x c e l l e n t  agreement w i t h  t h e  measured d e n s i t y .  

P r e d i c t i v e  techniques f o r  t h e  vapor p ressure  o f  a s o l u t i o n  a r e  almost 
u n i f o r m l y  i m p r a c t i c a l  f o r  b r i n e s  w i t h  a h i g h  c o n t e n t  o f  d i s s o l v e d  s o l i d s .  
One technique,  however, has proved f a i r l y  a c c u r a t e  f o r  e x t r a p o l a t i n g  data,  
observed a t  lower temperatures,  t o  as much as 2OO0C t o  3OO0C above t h e  
temperature range of t h e  observa t ions .  A m o d i f i e d  form o f  t h i s  technique,  
t h e  r e f e r e n c e  substance p r i n c i p l e  (Othmer and Yu, 1968; Othmer and Chen, 
1968), was used t o  d e r i v e  a f u n c t i o n  f o r  t h e  vapor p ressure  o f  H20-NaCl 
s o l u t i o n s  f rom t h e  f r e e z i n g  temperature t o  3OO0C w i t h  a p r e c i s i o n  o f  0.32 
percent  o f  t h e  observed vapor p ressure  (Haas, 1971a and b; 1975a and b ) .  

The reference substance method can be d e r i v e d  from t h e  Clapeyron 
equat ion  f o r  t h e  v a p o r i z a t i o n  o f  two l i q u i d s .  Othmer and Yu (1968) have 
shown t h a t  t h e  temperature Tx o f  a b r i n e  and t h e  temperature To o f  
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t h e  H20 1 
descr  1 bed 

I n  t 

q u i d  (or r e f e r e n c e  substance) a t  t h e  same pressure  can be 
by an equat ion  o f  t h e  f o l l o w i n g  f r o m :  

I n = T  = m l n T  + c  ( 5 )  
0 X 

e p r e v i o u s  work on t h e  H,O-NaCl system (Haas, 1975a & b ) ,  i t  was 
found t h a t  one can improve t h e  c a l h l a t i o n  by s e t t i n g  c = 0 and 
m = (a + bTx) - l .  Equat ion 5 can be r e w r i t t e n :  

I n  To = (a + bTx)-’  I n  Tx 

I n  p rev ious  work Haas has shown t h e  model t o  be a p p l i c a b l e  t o  t h e  
I f  one examines equat ion  6, i t  becomes s imp le  b i n a r y  system NaCl-H20. 

obv ious t h a t  as few as t w o  w e l l - d e f i n e d  observa t ions  c o u l d  be used t o  
p r e d i c t  t h e  remainder of t h e  P-T curve. To t e s t  t h i s  approach t h e  da ta  
o f  L i u  and L indsay (1971) f o r  a NaCl (1.7065 molal)-Na2S04 ( . l l 9 0  m o l a l ) -  
MgC12 (.2690 m o l a l )  b r i n e  were used a t  75O and 100°C t o  d e f i n e  t h e  
cons tan ts  a and b o f  equat ion .6 .  The c a l c u l a t e d  vapor p ressure  a t  
300°C agree3 w i t h  tKe measured v a l u e  t o  w i t h i n  0.5 bars.  . 

I n  preceding example, da ta  a t  two temperatures which were 25’ c e n t i g r a d e  
a p a r t  were used fo r  t h e  e s t i m a t i o n  o f  t h e  vapor pressure.  I t  i s  obv ious 
t h a t  t h e  g r e a t e r  t h e  spread i n  t h e  known data,  t h e  b e t t e r  t h e  e s t i m a t i o n ,  
because e r r o r s  i n  t h e  known data  have cons iderab ly  l e s s  e f f e c t .  Commonly 
a v a i l a b l e  da ta  fo r  s o l u t i o n s  are :  1)  t h e  f r e e z i n g  p o i n t  depress ion ( f o r  
d i l u t e  s o l u t i o n s ) ,  2) t h e  normal b o i l i n g  p o i n t  e l e v a t i o n  where t h e  vapor 
p ressure  o f  t h e  b r i n e  i s  1 atm o r  3)  osmot ic c o e f f i c i e n t s  near room 
temperature.  From any two of these o r  f rom vapor pressures o f  t h e  b r i n e  
o f  i n t e r e s t ,  t h e  cons tan ts  -- a and - b o f  equat ion  6 may be es t imated .  

The two models can be used t o  generate a PVTX g r i d  f o r  a geothermal 
b r i n e .  These da ta  i n  t u r n  can be used t o  generate a paramet r ic  equat ion  
of s t a t e  f rom which t h e  energy r e l a t e d  thermodynamic p r o p e r t i e s ,  e.g. 
en tha lpy ,  can be e x t r a c t e d .  
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