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ABSTRRCT 

br ine-f  ree  steam and steam-f ree 
b r i n e  were obtained from a f l o w l i n e  i n  
which a temperature (pressure) cascade 
wa5 set  up i n  a ser ies  of four p ipe  
spools separated by o r i f i c e  plates.  The 
f u l l  f low of the we l l  was car r ied  i n  t h i s  
t e s t  section, bu t  the  temperature, 
pressure, and steam f r a c t i o n s  were 
d i f f e r e n t  i n  successive spools. The t e s t  
sect ion was insulated except a t  the  
sample p o i n t  take-offs. By using natura l  
carbon d iox ide as a t racer  i n  t h e  steam 
and ch lo r ide  as a t racer  i n  the br ine,  
the steam f r a c t i o n  i n  each sampling spool 
was determined e n t i r e l y  from the data on 
concentrations. 

The requi red e f f o r t s  f o r  sampling, 
were anal y s i  9 ,  and compu t a t i on 

considerable, bu t  the  r e s u l t s  were 
remarkably precise. A s  a bonus, some 
data on heat capaci ty was extracted t h a t  
r e l a t e  t o  the thermodynamic d i f ferences 
between pure NaCl and mixed-salt brines. 
Noteably, the heat capaci ty o f  the  mixed- 
s a l t  hypersal ine b r i n e  i s  less  than f o r  
pure NaCl b r ines  of comparable 
concentrations. 

INTRODUCTION 

For the  Sal ton Sea S c i e n t i f i c  
D r i l l i n g  Pro ject  (SSSDP) wel l ,  State 2- 
14, 9-5/8 inch casing was i n s t a l l e d  t o  
6000 f e e t  on December 14, 1985. D r i l l i n g  
continued to 6227 fee t ,  from where, on 
Dec. 22, i t  wa5 decided t o  perform a f low 
tes t .  Flow began on t h e  evening of  Dec. 
28, w i t h  f l u i d  sampling by more than 20 
geochemists on Dec. 29-30. This repor t  
describes one element o f  the 
sampling/analysis e f f o r t  -- determining 
the extent of steam development from the 
b r i n e  a t  each of  four sampling por ts  on 
Dec. 30. 

Br ine sampling t h a t  involves two- 
phase f low m u s t  be supported by 
measurements of  steam f rac t ions .  
However, the Bechtel-DOE design f o r  the 

surface f a c i l i t y  denied f u l l - f l o w  steam 
separators, and w i th  them, the  
t r a d i t i o n a l  mechanical r a t e  measurements 
of steam and br ine.  Although a James 
tube was t o  be used t o  character ize t h e  
f l u i d ,  i t s  p o t e n t i a l  success was l i m i t e d  
because there are no adequate 
c o r r e l a t i o n s  f o r  t h e  hypersal ine brihes. 
A l s o ,  the Salton Sea br ines are prone t o  
severe scal ing and s a l t  deposi t ion t h a t  
could f o u l  the James tube apparatus, as 
we l l  as atmospheric sampling methods. 

Accordingly, a method was used t h a t  
invo lved a ser ies  o f  p ipe spools as a 
t e s t  sect ion f o r  the  f u l l  f low of the  
wel l .  The system i s  diagrammed i n  Figure 
1. F lowl ine and t e s t  spools were made of  
10-inch diameter l i n e  pipe. Test spools 
were ten  f e e t  long. Flaw r a t e  dur ing 
sampling was about 200,000 pounds per 
hour, t o t a l  f low, and a l l  o f  i t  w a s  
passing through the  t e s t  sect ion dur ing 
sampling. The spools were separated by 
o r i f i c e  p la tes  so t h a t  a temperature 
(pressure) cascade was set up i n  them. 
Sample p o i n t s  were l e s s  than three f e e t  
above the  downstream o r i f i c e  plates.  In -  
l i n e  separator devices were provided f o r  
the ex t rac t ion  of  br ine- f ree steam and 
vapar-free br ine.  They d i f f e r e d  from the 
descr ip t ion  i n  (1) by having separate 
en t ry  t o  the  b r i n e  phase a t  a 6-o'clock 
pos i t ion.  Add i t iona l l y ,  a por tab le Webre 
separator was used on the steam s ide t o  
assure separation from br ine.  The b r i n e  
and steam weke sampled f o r  ch lo r ide  and 
carbon dioxide, respect ive ly ,  which 
served as na tura l  t racers.  Their 
apparent concentrat ions were d i f f e r e n t  i n  
successive spools i n  propor t ion t o  the 
increments of  new steam. 

Concentrations o f  C 1  i n  b r i n e  and 
COZ i n  steam were determined using 
specia l  techniques t o  obtain espec ia l l y  
h igh prec is ion and accuracy. Those 
concentrat ions were then used i n  a novel 
computational method which y i e l d s  the  
weight f r a c t i o n s  of stearn i n  the  two- 
phase condi t ions w i t h i n  each p ipe 5 ipOOl  

o f  the  series. Presenting t h a t  procedure 
i s  one ob jec t ive  of t h i s  repo r t .  
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Part  o f  the p r i n c i p l e  of  t h i s  method 
was shown i n  (2) and (31, b u t  they 
d i f f e r e d  by t i )  using only  two steps i n  
the T-P cascade, and (ii) using 
temperature-enthalpy (T-H) r e l a t i o n s h i p s  
t o  compute the  increment of steam f l a s h  
between sample points.  

For the  Salton Sea br ines,  T-H 
re la t ionsh ips  are no t  s u f f i c i e n t l y  known 
f o r  t h a t  approach t o  succeed. Observing 
the incremental ch lo r ide  concentrat ions 
f o r  two steps i n  a cascade ( three sample 
po in ts )  i s  somewhat equivalent t o  
learn ing the  T-H re la t ionship.  I n  t h i s  
case, four  t e s t  spools provided 
redundancy, t o  assure t h a t  a t  l e a s t  th ree  
sample po in ts  could be observed t h a t  had 
a reasonably l a r g e  separation of 
temperature. I n  t h i s  case, a l l  four  
worked, and the redundancy provided 
s t a t i s t i c a l  weight . 
SAMPLING AND CINALYSIS 

Sta in less s tee l  probes were inser ted  
through valves of t h e  i n - l i n e  separators 
t o  tap zones of  single-phase l i q u i d .  
Sampling procedures and other a n a l y t i c a l  
r e s u l t s  are described elsewhere i n  h i s  
volume ( 4 ) .  Probes were i n t e g r a l  w i t h  
coo l ing Co i l5  and b r i n e  ex i ted  t o  t h e  
atmosphere without add i t iona l  f lash ing.  
The e x i t i n g  streams were caught i n  pre- 
weighed amounts of  d i s t i l l e d  water so 
t h a t  d i l u t i o n  brought the  c h l o r i d e  
concentrat ion i n t o  t h e  range of seawater. 
The exact d i l u t i o n  was determined by 
reweighing the mixture. 

F i e l d  analysis f o r  ch lo r ide  was made 
by t i t r a t i o n  invo lv ing  an oceanographic 
technique standardized w i th  standard mean 
ocean water (SMOW). F i e l d  r e s u l t s  w e r e  
l a t e r  v e r i f i e d  i n  the l a b  by re- 
standard i ta t lon of the t i t r a n t  and 
add i t iona l  analysis o f  b r i n e  samples t h a t  
were preserved w i t h  acid. Accuracy of 
t h i s  method i s  about t0.22% r e l a t i v e  
e r r o r  f o r  s i n g l e  measurements. 

CO= assays i n  the vapor phase were 
made by the  syr inge method (5) modif ied 
t o  y i e l d  higher precis ion.  S p e c i f i c a l l y ,  
c o l l e c t i o n s  of gas and condensate were 
made i n t o  a f i x e d  working volume o f  t h e  
syr inge which was ca l ib ra ted  i n  t h e  l a b  
by weighing. Condensate co l lec ted  i n  t h e  
syr inge was t ransferred t= tared b o t t l e s  
f o r  weighing. Precis ion of these COz 
assays i s  abaut * l . Z %  r e l a t i v e  e r ro r  f o r  
s i n g l e  determinations, based on 
prec is ions of weighing and volume 
measurement. Results of the  sampling and 
analys is  are given i n  Table 1. 

Table 1: CO= i n  Steam and C1 i n  Br ine  
(measured ppm by weight) 

1 2 3 4 Spool 
"F 455 344 328 395 
Conc . 
COz 15524 10521 9432 8988 
C 1  171720 181800 186900 188600 

COMPUTflTIONfiL PATHWAY 

The values i n  Table 1 r e f e r  t o  
br ines a t  unselected condi t ions of  steam 
release. A p r i n c i p a l  ob jec t ive  i s  t o  
express the C 1  and CO=c concentrat ions 
r e l a t i v e  t o  a p r a c t i c a l  reference -- 
s p e c i f i c a l l y  the b r i n e  i n  i t s  pre- f lash 
condi t ion.  The concentrat ion data i n  
Table 1 are s u f f i c i e n t  f o r  t h i s  task. 
The conversion i s  eas ier  t o  describe when 
the inverses of  weight f r a c t i o n s  are 
used, namely, 1,000,000/ppm. 

The inverse (I) of  a t racer  weight 
f r a c t i o n  represents the  amount o f  
s o l u t i o n  t h a t  accompanies a uni t  amount 
of t h e  t racer.  Inverse weight f r a c t i o n s  
f o r  ch lo r ide  i n  b r i n e  and COZ i n  steam 
are shown i n  Table 2 f o r  the ser ies  of  
four  sampling ~;pools.  

Successive decreases i n  the ch lo r ide  
inverses f o r  the s e r i e s  represent t h e  
r e l a t i v e  weights of  water l o s t  a5 steam 
between the  sample points.  
Concommitantly, t h e  COZ inverses i n  steam 
increase through t h e  ser ies  of  sample 
points,  due t o  i d e n t i c a l l y  t h e  same steam 

S i  nce t h a t  a f fected the b r i n e  samples. 
the  ca lcu la t ion  of  steam f r a c t i o n s  from 
data o f  t h i s  k ind appears not t o  have 
been reported e a r l i e r ,  i t  w i l l  be given 
here i n  d e t a i l .  

Converting inverse concentrat ions, 
as sampled, to steam f r a c t i o n s  on a bas is  
of  pre-f lash br ine,  i s  a f ive-s tep 
process. 

1. Compute steam f r a c t i o n s  based on 
an intermediate b r i n e  ( p a r t l y  f lashed) 
using the  b r i n e  t racer .  

2. Det ermi ne proport  i onal i t i  e5 
between the steam f r a c t i o n s  i n  step 1 and 
t h e  incremental inverses f o r  COz i n  
steam. 

3. Use t h e  r e s u l t s  o f  step 2 t o  
determine the steam f r a c t i o n  i n  the  f i r s t  
spool on a bas is  o f  intermediate brine. 

4. Convert a l l  steam increments 
from Step 3 to a bas is  of  pre- f lash 
br ine.  

5. Sum the incremental steam 
f r a c t i o n s  through the  ser ies  of spoals. 
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still in the brine. This effect can be 
accomodated by iteration. The first set 
of flash fractions (f) computed from Eq. 
5 can be used in Equation 6 to compute 
ci, the fraction of the total amount of 
C03: which is in the vapor phase. 

Ci = l/CRTi(l-fi)/fiV-hl + 1 1  (6) 

The steps are described in detail in 
the following paragraphs and the 
numerical values are given in Table 2. 

For step 1, let subscript i,j 
represent sampling ports, with i being 
upstream (hotter). Then, the steam 
fraction (Si,)i is the weight fraction of 
new steam released between ports i and j 
on the basis of i-Port brine, Equation 1. 

For Step 2, let ICs., represent the 
concentration inverses for carbon dioxide 
at the successive sampling ports. There 
is a ( I C J - I C i )  for every (Ii-I,)/(Ii). 
Each combination provides a separate 
estimate of the proportionality, I(, in 
Equation (2) . Three estimates are 
available when i refers to spool 1, and j 
refers successively to spools 2, 3, and 
4. 

For Step 3, let subscript o refer to 
the pre-flash brine. Since there is no 
steam phase at that condition, ICo is 
non-existent . Thus, steam fraction at 
the. first spool is merely the 
proportionality established in Step 2 
applied to ICi at the first spool. 
Equation 3 applies separately to each of 
the i,j pairs of spools. These could be 
averaged, or alternatively, the averaging 
could be done at Step 2. 

In Step 4, the steam fraction given 
by (3) is converted to a basis of prs- 
flash brine, (Soi)o, by Equations 4a and 
4 b  . 

Tt:e flash fractions for intermediate 
steps, computed from (1 1 ,  are likewise 
convertible to a basis of pre-flash brine 
using the proportionality of (4a) in 
Equation 4b. 

Step 5 is the simple accumulation of 
incremental steam fractions (f) from the 
series of sampling ports, using a basis 
of pre-flash brine, as in Equation ( 5 ) .  
Values for represent the flash 
fractions (fi) in the spools. 

The procedure above presumes that 
all the COz tracer is in the vapor phase 
when actually from 0.2 to 1.8 percent was 

US represents the specific volume of 
steam and h the Henry's law solubility 
coefficient for COn at appropriate 
temperature and salt contents. The COz 
solubilities used here were based on 
extrapolations f r o m  data given in (6) 
without allowance for non-sodium cations 
in brine. 

In Equation 7, Cm+ represents the 
measured concentrations of C03: and CIS 
represents the concentrations that would 
have been observed if all the COS were in 
the vapor phase. Values for CTi are used 
in subsequent cycles of the iteration. 

Pre-f lash concentrations of COz, 
(Cp) , are given by CHI (fr)/ci = Cr; each 
spool provides an independent estimate. 
Pre-flash chloride is given by Cli (l-fi), 
but all estimates are identical, they are 
not independent. 

RESULTS 

The values for each step of the 
above procedure are shown line by line in 
Table 2. 

Table 2: 
Computation of Steam Fractions 

Spool  1 2 5 4 Eq 

P r e f l a s h  C o n c e n t r a t i o n s  
coz  1662 .4  1637 .7  1689.  b 1 b b B .  1 
c i  i m b e  i m 6 e  i m 6 e  m b b a  

IC Average  based  on 3 e s t i m a t e s  o f  ( S o t ) ,  
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The uncer ta in t ies  i n  the  computed 
steam f rac t i ons  can be estimated from 
v a r i a t i o n s  i n  t h e  sampling r e s u l t s  and 
other fac to rs  t h a t  a re  involved i n  e r r o r  
propogation. For S,*=f, these amount t o  
about 2.2% r e l a t i v e  error.  Uncertainty 
i n  (1-f) i s  less, between 0.24 and 0.42% 
r e l a t i v e  error. T h i s  would be equivalent 
t o  about 400 t o  600 ppm ch lo r ide ,  
s l i g h t l y  more than the  ana ly t i ca l  
uncer ta in ty  mentioned e a r l i e r .  The 
computed COZ concentrat ions (1664+20 ppm) 
show a dispersion of about*l.2% r e l a t i v e  
er ror ,  which i s  j u s t  what was expected, 
based on propogation of er rors  from 
sampling, etc., mentioned i n  the  sec t ion  
on sampling. 

ENTHhLPY-TEMPERATURE RELhTIONSHIPS 

Having the  data from three or four  
t e s t  5pools permits extending r e s u l t s  t o  
the  heat content of  b r i n e  and steam. 
These data can be used t o  compute other 
important quant i t ies ,  such as the  
e f f e c t i v e  p re f lash  temperature and t h e  
enthalpy a t  other places i n  the  wellbore. 

The computational approach described 
next uses equations r e l a t i n g  temperature 
and s a l t  content t o  enthalpy of b r i n e  and 
enthalpy of  steam-over-brine. 

Equations f o r  b r i n e  enthalpy, HB, 
and and f o r  heat of  vaporization, HV, are 
given by Equations 8 and 9, which are 
based on (7).  U n i t s  are b t u / l b  o f  b r i n e  
(Eq. 8 )  or  per pound of  steam (Eq. 9). 
Temperature i s  Fahrenheit, N represents 
weight percent NaCl i n  a simple br ine,  n 
i s  t he  m u l t i p l i e r  t h a t  r e l a t e s  a mixed 
b r ine  of  N weight percent TDS and a 
simple b r ine  w i th  the  same N-value. For 
so lu t ions  of pure NaCl, n=l. 

HV = 11.34 - (.7969)(T) + 2.482(Nn) (9) 

The enthalpy o f  t o t a l  f l u i d ,  HF, is 
given by Equation (10). 

It i s  asserted here t h a t  the  mixed- 
s a l t  geothermal b r i n e  proper t ies  f o l l o w  
equations essen t ia l l y  s i m i l a r  t o  those 
f o r  pure NaCl , except f o r  the  values o f  
coe f f i c i en ts  f o r  terms invo lv ing  s a l t  
concentration. l ha t  i s ,  at iy mixed-salt 
b r i n e  of a given gross concentrat ion 
(based on TDS or c h l o r i n i t y )  has t h e  
enthalpy re la t i onsh ips  of a s p e c i f i c  NaCl 
br ine,  but w i t h  a somewhat d i f f e r e n t  
numerical concentration. For p r a c t i c a l  

concentrat ions are r e l a t e d  by a simple 
m u l t i p l i e r ,  (n). Par t  of the  task i n  t h e  
subsequent sect ion i s  to deduce a 

engineering purposes, the  t w o  

numerical value f o r  (n) t h a t  app l ies  t o  
t h e  mixed-salt geothermal brine. 

Temperatures i n  the  spools were 
determined by a plat inum res is tance 
thermometer. The probe wa5 immersed i n  
thermal wells, near the  sample po in ts ,  
t h a t  had been f i l l e d  w i t h  s i l i c o n e  o i l .  
Using those measured temperatures i n  
Equations 8-10 y i e l d s  estimates of HF f o r  
each sampling port.  The ob jec t ive  i s  t o  
f i n d  a value f o r  (n) which y i e l d s  t h e  
m i n i m u m  variance among the  four est imates 
of  (HF) t h a t  were associated w i t h  t h e  
sampling. Results are given i n  Table 3. 

Table 3: Enthalpies of t o t a l  F l u i d  

Spool 1 2 3 4 
Temp OF 455 395 346 328 
HF 344.7 352.6 348.6 347.0 

average HF = 348.7 B tu / l b  
n = 1.37 

the  Mixed-Salt E f f e c t  

The n-value of  1.37 minimizes t h e  
s u m  o f  the  squares of d i f fe rences  among 
estimates o f  HF t h a t  can be computed f o r  
Table 3. I n  computing HF from eq. 10, 
the  mathematical e f f e c t  of n i s  o f  
o p p ~ s i t e  s ign  f o r  t he  b r ine  and vapor 
phases, bu t  the  e f f e c t  on the b r i n e  i s  
q u a n t i t a t i v e l y  dominant. This i s  because 
numerical ly, an increment of n has a 
l a r g e r  e f f e c t  on a un i t  weight of b r i n e  
than on the  heat o f  vapor izat ion o f  
steam. Also, i n  t h i s  system the re  i s  
much more b r ine  than steam. 

T h e  f a c t  t h a t  n i s  l a rge r  than u n i t y  
shows t h a t  the  mixed-salt cond i t i on  
causes a more intense mod i f i ca t ion  o f  t h e  
enthalpy of  water substance than does 
pure NaC1. I n  terms of molecular and 
i o n i c  processes, i t  appears t h a t  t h e  non- 
sodium ions  of the  mixed-salt b r i n e  
coordinate more s t rong ly  wi th the  water 
molecules than sodi urn i ons woul d have. 

For expediency, t he  s a l t  e f f e c t  on 
thermodynamics of water i s  sometimes 
disregarded. Equations 8 and 9, which 
conta in  fac to rs  nN, may be used t o  show 
the  e r ro r  involved. The concept o f  
d i f f e r e n t  e f f e c t s  due t o  non-sodium 
ca t ions  i s  not new, bu t  the  fac to r  (n) 
provides a concise way te describe it. 

Since ch lo r i de  i s  t iearly the  so le  
anion (>99% of the  (-1 charge), i t  i s  
reasonable t o  view the  mixed-salt b r i n e s  
as NaCl b r ines  t h a t  have evolved through 
considerable sodium exchange (dep le t ion)  
i n  water-rock react ions ( 8 ) .  Compared to 
a pure NaCl br ine,  the  Na of these b r i n e s  
has been depleted by about 46 percent. 
T h i s  amount of s u b s t i t u t i o n  i s  
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computation method is sensitive to the 
accurate functioning of all measurements. 
Lass of one data point effectively 
foregoes correlating with the remaining 
data pointe. 

associated with the change of n from 1.00 
to 1.37. Calcium is the most abundant 
non-sodium cation in these brines, 
followed by potassium, iron, and 
manganese (4)  . 

Effective Pre-Flash Temperature 

The preflash enthalpy of the 
previous section can be used in Eq. ( 8 )  
to compute an apparent flash temperature. 
The result is 568°F. One would expect 
this computed temperature.fo be less than 
the  measured temperature by several 
degrees due to heat losses from the 
wellbore, etc., which tax the evolution 
of steam prior to sampling. A flash 
temperature 0.f 575OF was measured in the 
wellbore by Kuster tools at the end of 
the sampling period at a depth of 4500 
feet. This difference of 7 degrees is 
relatively small compared to other 
experience. It corresponds to a heat 
lass of 5.2 Btullb of fluid or a heat 
loss rate of only about 230 Btulhr per 
linear foot of wellbore. The actual heat 
losses were likely two to three times as 
great, thus a1 leging a discrepancy 
between the measured and computed flash 
temperatur es . Whether it is in the 
measurement or in Equations 8 o r  9 cannot 
be resolved with currently available 
data. 

COMMENTS 

In principle, other tracers besides 
chloride or COZ could be used. The 
practical requirements are that analysis 
be accurate in the range of 
cancentrations involved. Using multiple 
tracers in single samples of brine and/or 
steam is feasible. Overall success of the 

In application, sampling eight 
ports, four each of brine and steam, is 
an arduous and demanding task. 
Particularly, t h e  CO;C measurements are 
made in triplicate at each port and 
additional gas collections are needed to 
identify the non-CCk components of the 
gases before the computations shown in 
this report can begin. Overall , 
sampling, sample preparation, and 
analysis required 6 to 8 man-hours of 
time by two teams to deliver one set of 
steam fraction results. In principle, 
the effort could be reduced since the 
mathematical work can be completed.with 
data from just three sample ports. 
However, that approach would not provide 
any redundancy fo r  judgeing errors or 
other issues. Salton Sea wells provide 
a natural laboratory thermodynamics of 
mi x ed-sal t br i nes . 
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