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- - - - UISTRACT TABLE 1. Typical Geothermal Brine Compositions 

Ye must have accurate knowledge of the geother- Species Range, ppm Max(mm, ppm 
mal fluid chemistry a t  operatfng temperature f f  
*e are to optimlze operation. prevent corrosion, Total Dissolved 1,OOO - 10.000 36O.OW 
Increase equipment service l i f e  and maximize 

sors. do not survive a t  the temperatures encoun- 

i n  this area are rcqutred. I n  order to f l l l  

- Solids 
profft  and use. Avallable electrochemical sen- Chloride 100 - 1.000 260.000 

Sodi urn 87.000 

Calcium &000 
tered i n  geothermal fluids; and new developments Sulfate 84.m 

th i s  gap i n  technology, the Pacific Northwest Magnesium (o.oo0 
Laboratory (PNL) is developing chemical control Potassium 50- 140 Jo.cQQ 
and monitoring Instruments for measuring I n  s i tu  Aluminum 0.5 - 5 7,200 
characteristfcs of geothermal flulds. Progress Iron 1 - 10 4.m 

50 - 500 1 .- 
te and sulfide-sulfur w i l l  be ARmonium 0.5 - 5 1.050 

M i  t r a t e  Not  estimated 1.020 
Carbon Dioxide 0.5 - 5 500 
Lead 0.5 - 5 loo 

15 
Not estlmated 2 

In the development of electrochemical sensors to Silica 

INTROOUCTION Hydrogen Sulfide Not  estimated 

d upon a prowar to 
surlng various ionic 
ted In situ character- 
s. The mlsslon of the 
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SENSOR DEVELOPMENT 

has  a relatively mill permanent gas content, 
and is relatively noncorrosive. 

The vapor-turbfne cycle has been developed 
reduce o r  eliminate the inherent disadvantages 

passed through a series o f  heat exchangers where and establish development projects to be conduc- 
the heat is transferred to boil and superheat a ted both in-house and by contract-research ex- 
high density vapor. This vapor is then expanded tarnal to the laboratory. Tables 2 and 3 list 
through a turbine to produce power and then f l w  instruments being developed. 
to another heat exchanger h e r e  I t  is cooled and 

advantages o f  this process are believed to be 
significant because the largest  share of the 
United States (and world) geothermal resources Reference Electrode 
is I n  systems which have temperatures below Conductivity Cell Ffeld Test ing 
200% (392 F). ka l lng  Rate Meter Designed, not tes ted 

Redox Probe Field esting 
A variety of working fluids can be used i n  the Field testing 
vapor-turbine power cycle. Isobutane is a work- 
ing fluid u l t h  the right thermodynamic character- 

tion In binary cycle systems operating below 
163'C (325.F). Freon and propane can be used a t  

TABLE 2. P I 1  Projects returned to the boiler. Practical and economic - 

TABLE 3. Contracted Projects i s t i c s  and promising econanics for power genera- - 
cmt*-tw smsor $l.t"l 

lower temperatures. The f l u f d  usually bW.1 S I R v t C  
L *.Or (gt**S) f**1* mstaW wtmH 

ink w m * m  21 knV Cel*l8) -811- ( . l t l a l d  
Lns-llllmh does not cause a corrosion problem, but  the pri-  

nary geothermal liquids can cause severe c o r n -  1-8 .* lorlky iC**, Ulllo) Hdmy . z lnror (,1.%8) w.u, YSllW -1.m 

sion and scaling. Unwanted flashing and pre- -urn 11.-t. 3,:",';L nl8cml& 
mature gassing also a f fec t  system perfomnce Ltvw$ll, .I hmlrlvnt* ON.. * n 8 t l h  Dml-1 I M M y  
and heat transfer. L.lt.ndulw L.l(.. 

Ye nust  have accurate knowledge of the geother- 
mal fluid chemistry a t  operating temperatures i 
we a n  to optimize operation. prevent corrosion The sensors discussed 
increase equipment service l i f e ,  and maximiz developed a t  PNL to meet the needs for measuring 
prof i t  and use. An alternative to sampling w i t h  i n  s i t u  properties of geothermal f lu ids .  A l l  
its Inherent problems is instrumentation. whlch devices have been f le ld  tested to ensure that 
can measure the various chemical species and they d l 1  perfom as  expected in  the required 

trochemica1 sensors. which are avaflable. do not 
survive a t  the temperatures encountered in geo- 
thermal flulds and others a re  needed. ference Electrode 

Another important use of these sensors is e function o f  reference electrode I s  to min- 
ability to sense real time changes i n  the system tain a constant potential a t  each temperature so 
chemistry and thus provide information tha t  can that the potential of other electrode devices 
be used to prev n catastrophic fri lure.  Several can be referred to I t .  h y  change in potential 
examples ex ls t l8 j  there these sensors sensed between the twa electrodes Is then due to the 
butane leaks or changes i n  chemical composition other electrode. rather than the reference 
o f  fluids a t  the Magma Corporation's Megawatt electrode. and would IndiCJte some change i n  
Power Plant a t  East Mesa California prior to chemical environment. For example, change in pH 

and/or the concentration of a specific ion wuld  

Pacific Northwest 1 

.~ - physical properties of geothermal fluids. Elec- rpplicatlon. lhe f le ld  test program w i l l  be . .  
discussed briefly In a l a t e r  section. 
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be Indicated by a potential difference between dc voltage and the other acting as a receiver. 
reference electrode and the pH and/or specific The electromagnetic current from the driven co i l  
ion electrode. No reference electrode had been I s  coupled through the solution and induces a 
designed fo r  use i n  the highly contaminated hot current I n  the receiver coi l .  Induced current 
geothennal envlronment u n t l l  PNL completed the i r  i s  proportional to the solution conductivity. 
design. This design i s  based on a s f l ver  chlor- The electronics associated w i t h  the probe are 
ide electrode protected by a sa l t  bridge. The available from comnerclal manufacturers. 
unique feature of t h i s  design i s  tha t  the elec- 
trode operates a t  high pressure away from the The peak voltage response o f  the toroidal c o i l  
high-temperature geothermal f lu id,  and a t  ambient I s  theoretically Independent of temperature. so 
temperature. so that a streaming potentlal I s  any change i n  output w i l l  be due to changes i n  
avoided. A thermal l l q u i d  junction potential i s  solution conductivl t y  . Ini t i a l  l y  , fe r r i t e  
formed, bu t  the potential I s  stable f o r  extended toroids were used, but t he i r  curie point--the 
lengths o f  time when KCl i s  used as the electro- temperature a t  which the magnetic properties 
lyte.  The system I s  not disturbed by the geo- changed rapldly and d l  sappeared--was about 240'C. 
thermal environment, and electrode l i f e  a t  250'C too low fo r  t h l s  project. Tap core toroids were 
I s  expected to be measured 16 weeks. This clec- tested, were found to have a curie point about 
trode has been completely laboratory-tested 250%. and are now used i n  a11 probes. A unique 
throughout the temperature and pressure range sprlng-loaded seal pen1 t s  temperature cycling 
expected I n  geothermal systems (250 to 300'C a t  without leakage O f  br ine into the co i l  
pressures o f  5000 psi). This electrode I s  compartment. 
referenced on the Standard Hydrogen Electrode 
ka le .  m o r  advantages are: carbon dioxide These devices have been f i e l d  tested a t  East 
does not Interfere w i t h  the electrode; I t s  Mesa. California since 1976. Indications are 
response I s  independent o f  the chemical species tha t  the conductfvity c e l l  works well, and 
I n  geothermal f luids; and It I s  not affected by reproducible data can be obtained. 
hydrogen sulfide. the major component o f  geo- 
thermal systems, which would give a s ign i f i can t  Oxidation Reductton Potential 
reactlon. F ie ld  tests have been underway since 
1978. and the sensor should be comnercially The redox electrode consists o f  a bare platinum 
available when several o f  the other chemical electrode. whose potential i s  measured 
sensors are available. Tests a t  East Mesa. reference electrode. I n  the past.(jtrsustht 
Calffornia. and other locations, Indicate that  redox electrode (also known as Eh) has been used 
the reference electrode i s  re l lab le  and rugged. to imply the type o f  chemlstry i n  marine envi- 

ronments. rtvers. etc.. since i t  i s  assumed to 
Conductivity Cell be I n  equil ibrium with the local  chemistry. PNL 

investigated th l s  device because it was hoped i t  
The solution conductlvity I s  a useful mea- could imply the general type o f  chemlstry i n  

surement because it can Indicate the amount o f  geothennal brines. 
dissolved sol ids i n  a solution or sa l i n i t y  d i f -  
ferences fm di f fe ren t  aquifers (*hen used In I n  real i ty.  the redox electrode(l4) was not 
well logging). Continuous monitoring o f  the found to be a very sensitive indicator o f  the 
conductivity can indicate when changes occur I n  general chemistry. Hwever. i t  Is r x t rem ly  
p lan t  water chemistry, well f l c w  conditions sensitive to the presence o f  oxygen and would 
(two-phase f l o w  i n  the bore hole. earthquakes). make an ideal oxygen detector. Even traces o f  
scale deposition, plplng leakage, o r  oxygen oxygen resu l t  i n  large increases i n  corrosion 
entering the system. Many o f  these factors. rates o f  the carbon steel p lant components. 
par t i cu la r ly  sal in i ty.  scaling. and oygen con- Consequently, t h l s  sensor can easily provide the 
tent, contrlbute to corrosion and a f fec t  p lant plant operator with a warning to tak 
operation; therefore. the corrosion and opera- e actions when oxygen enters. 

redox electrode has been success 
ng engineers f l n d  these d a b  are useful. 

- and four-electrode conductlvlty c e l l s  are tested a t  East ksa. Brine usually exists I n  a 
available. bu t  are not suitable fo r  geothermal hlghly reducing state. bu t  when oxygen enters 
and other Contaminated o r  scale-producing sys- the system, the redox electrode qufckly responds 
tam because they must make d i rec t  contact w i t h  On several occasions. during plant shut down. 
the solution to measure Its conductivity. Elcc- the redox electrode Indicated oxygen had pene- 
trodeless models have the advantage tha t  they do t rated the heat exchangers, an 
not require electr lcal  contact w i t h  the solution were alerted to use a nttrogen 

the oxygen. perate where scaling I s  probable. 

. I. .. 

The PNL conductivity ce11.(13) i s  the only Corrosion  ate Measurements 
mlt of i t s  k ind which I s  operable I n  the tem- 
perature needed (250%) fo r  geothermal measure- economic reasons. geothermal power plants 
ments. Basically. the probe consists o f  tm be predo 1 n t l y  b u i l t  using carbon steels. 
D o r o l d a l l y - ~ ~ d  c sneral,f lf l  corrosion rates o 



steels are acceptably low under reducing condi- ra te  I s  the electr ical  resistance corrosion 
tions a t  elevated temperatures. and can be probe. Probes o f  t h i s  type were instal led a t  
expected to have a long lifetime. There are many locations throughout the plant. The probe 
conditions under which corrosion rates can be- incorporates a c o m r c i a l l y  available. resis- 
crme catastrophlc; such as, when oxygen enters tance-type corrosion probe and space fo r  Teflon 
the system a t  elevated temperatures. It would Insulated corrosfon/scale coupons. k the thin- 
be very useful to have corrosion rate measuring wall element o f  the corrosion probe corrodes, 
f nstrunentation, which rapidly responds to tran- I t s  e lec t r i ca l  resistance changes and can be 
slent conditions which resu l t  i n  high corrosion converted by calculation to a corrosion rate i n  
rates. un i ts  o f  ClPY (0.001 in./yr). The probe includes 

temperature crnnpensation on the inside f o r  a 
One device useful i n  neasuring corrosion rates bridge c i rcu i t .  Some o f  the probes used i n  the 
i s  the l inear  polarization (LP) probe. There plant had only samples and a thermocouple. The 
are tu0 danestic comnercial manufacturers o f  comnercial u n i t  that  was f i e l d  tested used 
l inear polarization equipment which can measure replaceable electrodes which screw onto a t a l  
instantaneous corrosion rates. Probes have two stud with a gasket o f  Nitron or  KalreztbT i n  
o r  three electrodes o f  the same materlal. ( f o r  between to keep out the corrosive l iquid. After 
example, carbon steel) i n  which one acts as a a couple o f  weeks a t  170'C. the gasket leaked, 
pseudo-reference electrode while the other two permitting br ine to enter the threaded stud 
are polarized. The test  electrode i n  polarfzed reglon. thus corroding the contacts. This 
10 to 20 mV versus the pseudo-reference and the resulted i n  a highly res is t i ve  contact t o  the 
measured current I s  direct ly proportional to the electrode. which prevented a useful corrosion 

rate measurement (the vice read low). PNL corrosion rate. Cnmercial mnufacturers' equlp- 
writ reads out direct ly i n  m i l l s  per year And substituted a new EPDM(a elastomer. developed 
makes th i s  measurement automatically a t  preset for geotheml  environments. and the problem hdS 
times. disappeared. The response o f  these uni ts now 

agrees w i t h  corrosion data found using weight 
Connercial LP equfpment has been tes loss coupons placed i n  geotheml  process 
sively i n  the f i e l d  a t  East &sa.[# e&?:; streams, and the LP method. 
probes gave sattsfactory l i f e  i n  the cooling 
hater system, and the corrosion resul ts corre- CONTRACTED DEVELOPMENTS 
la te  f a i r l y  well w i t h  the wefght loss coupons. 
However. the comnercial probes fa i led  rapidly i n  ve sensors. and a new class o f  sensing ele- 
the hot brine. It was found that a high elec- nts called Chemically Sensitive Semiconductor 
t r i c a l  resistance was forming between the elec- Devices (CSSD's) are being developed on sub- 
trodes and the screw mountlng studs inside the contracts with industr ia l  organizations and uni- 
brine system. This high resistance caused the verslt les. The following subsections w i l l  dis- . 
probe to redd lower and lower corrosion rates. CUSS each o f  these sensors. The need fo r  each 
un t f l  it was i n  error by up to a factor o f  100. sensor was iden t i f ied  i n  the EplAB report and 
A probe. fabricated by PNL, has given good ser- 
vice fo r  over f i ve  months and i s  continuing. 
The electrodes on th PNL probe pass through a pH Electrode 
spring-loaded leflonfa)seal to preserve elec- 
t r i c a l  continuity i n  the high-temperature The most important variable measured tn water 
system. The electrode area i s  the same as the chemistry i s  pH. the relat ive acidi ty or alka- 
carmercial probe. so the standard electronics I in i ty.  Changes i n  pH a f fec t  corrosion. scaling, 
can s t i l l  be used. gas formation and the ac t i v i t y  nf other ionic 

specles. Corrosion engineers and chemlsts use 
Even w i t h  the Improved PNL probe, the l lnear  I n  s i t u  and other pH measurements to help them 
polarlzation method suffers sane disadvantages evaluate construction materials and predlct 
for use In  geothermal plants, First ,  the elec- Daterlals performance and operating equipnent 
trodes must stay wet  since an electrolyte I s  performance. High-temperature glass pH elec- 
needed f o r  the method to work. This means, i f  trodes have been developed and laboratory tested 
the sys tm i s  drained and a i r  abaltted. the very Under contract- w i t h  hens - l l l i no i s  a t  Toledo, 
high corrosion that occurs may not be recorded. Ohlo, and w i t h  Leeds and Northrup. Inc.. a t  
Attenpts were made to avoid th i s  problem by North Uales. Pennsylvania. We attempted t o  
placing the probe i n  the U-tube water trap; how- extend conventional technology to provide devlces 
ever, i n  th i s  configuration, the probe I s  sub- t o  operate i n  geothermal systems a t  approximately 
fect  to being buried i n  sand and I s  not In  the ZSO'C and 5.000 ps i  pressure. In addition, the 
main f l o w  stream. This proved to be a problem electrode was to be: 1) re la t i ve ly  free o f  
since we found brine velocity to be very s ign l f i -  
cant i n  detennfning how much corrosion 

Electr ical  Resistance Corrosion Probe 

A second device useful i n  measuring (b) Trade=* o f  I.' Gande. Inc. 

9 

pr io r i t i zed  re la t i ve  to program requirements. 

(a) Trademark o f  €.I. duPont de Nemours, Inc. 

_L  -- -. ._ . 
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lnterferences from ion ic  species u l t h i n  the 4 s  interference I s  achieved using a chemical 
geothermal f lu id .  2) deslgned to ulthstand getter located i n  the  di f fusion membrane. The 
hazards ( f l u i d  hazards, rocks. etc.) f o r  a rea- technology required to develop th i s  system I s  
sonable time, and 3) compatible w i t h  a varie closely related to that required t o  wasure COz 
of electr ical  transmission systems. I n  more moderate applications. The pH and re f -  

erence electrodes w i l l  be encased i n  a rugged, 
Laboratory tests, Completed a t  the contractors' chemically-resistant Inconel body with a Sealed. 
laboratories. showed that the electrodes could nonrefi l lable. long-lasting KCl  gel d i f fusion 
w n l v e  ' h a  @wla ted  geothermal environment up reference electrode and a central measuring pH 
to 250% 8.1 and respond to pH changes a t  electrode. The electrode design was complete i n  
temperatures s l i gh t l y  above ZOO'C. Work to con- FY 1981. but laboratory testing was not completed 
f i n n  these results, completed a t  PNL to deter- because funding to complete the work w s  not 
mine the precision o f  the electrode(s) response available a t  the t ime. funding i s  now available 
and cal ibrate these devices, showed that the and we anticipate that t h i s  electrode w l l l  be 
electrodes could not be used In geothermal ser- tested I n  the near future. Companion tests a t  
vice a t  temperatures above 1OO'C. Apparently. PNL, and f i e l d  testing, are scheduled during 
the pH glass resphse i s  effected by the f l u i d  1982 and 1983. I f  a l l  goes well, the electrode 
and f a i l s  to respond to pH change I n  a hertzian should be comnerclally available shortly a f te r  
fashion. Further development I n  th i s  area was the f i e l d  test ing program I s  completed. 
thus abandoned. 

A high-temperature zirconia ceramic electrode i s  
also being developed by General Electr ic Company, The th i rd  m s t  Important chemical component I n  
Schenectady. New York. Mlnimun specifications geothermal f lu ids  I s  dissolved hydrogen sulfide. 
f o r  t h i s  devlcr are the same as fo r  the glass pH This component plays a s igni f icant ro le  i n  sul- 
electrodes. Laboratory test ing has shown that f ide scaling. contributes to corrosion. and 
th i s  electrode w l l l  respond to pH changes I n  poses environmental hazards I f  released in to  
simulated geothermal f ids a t  285% and pres- surface waters or the atmosphere. I n  addition, 
Lures up to 1200 psi.ly0 Laboratory work re- sul f ide content my need to be considered I n  
quired to confirm these resul ts a t  higher pres- making other measurements. S ta f f  a t  Beckman 
lures, and to ident l f y  t h e  l i f e  o f  the device i n  Instruments o f  Anaheim, California, designed and 
geothermal f lu ids,  has been completed by the completed preliminary laboratory testing o f  sul- 
contractor. These devices have been tested a t  f ide fon s n ng electrode t o  pa r t i a l l y  f i l l  
PNL to confirm the contractor's results and pro- t h i s  need.ftIj Unfortunately. sul f ide ion 
vide additional information on the electrodes concentration i n  geothermal f l u ids  i s  low; be- 
performance. The electrode responds to pH i n  a cause o f  the pH found i n  these fluids. A t  the pH 
near-hertzian fashion, but I s  not y e t  absolutely usually present. sul fur  equ i l ib r ia  does not favor 
rellable. Problems are believed to be related sul f ide ion  formation. I f  the design had been 
to surface flaws i n  the ceramic zirconia. I f  successful, the electrode may have pa r t i a l l y  met  
t h i s  I s  true, better qual i ty zirconia tubes w i l l  the required need. The design used a compressed 
solve the problem. silver. mixed with s i l ver  sul f ide m d e r .  fo r  

Sulfide Ion Electrode 

3 

Plans are fo r  the electrodes to be tested i n  the 
f i e l d  i n  operating geothermal systems th i s  year. 

C02 Sensor 

Carbon d f o x i C  i s  present I n  a11 geothermal 
f luids. men pressures decrease. carbon dioxide 
gas Is produced, resul t ing i n  scaling. pH change 
and corrosion. In addition. Cop evaluation 
can cause severe loss I n  turbine and heat ex- 
changer performance unless properly control led. 
Corrosion engineers and plant operators need 
these data to choose construction materials pro- 
perly, to evaluate equipment l i f e  and perfor- 
mance. and to predict  upset conditions during 
operations. leeds and Northrup, Inc., has 
designed a C02 tensor. 

the sensor element; similar elements have been 
used to measure sulfide concentration I n  the 
laboratory and i n  other low-temperature environ- 
ments. There has been l i t t l e  o r  no application 
or design experience wlth hydrogen sul f ide ion 
sensors a t  the high temperatures and pressures 
o f  geothermal wells. 

Preliminary tests showed tha t  the electrode i s  
wrkable to 220.C. Additional tests were needed 
to define the operating range o f  the electrode 
and i t s  range o f  response to sul f ide ion concen- 
tration; houever, ef for ts to further develop 
th i s  device were discontinued because o f  the low 
sul f ide ion  concentrations found i n  geothermal 
f luids. and advanced C U D  sensors may be more 
sensitive to the sul fur  concentrations i n  geo- 
thermal fluids. 

A Stove-Severinghwse v p e  C02 ele de has Chemlcal l y  Sensitive Semiconductor Devices 
been designed fo r  t h i s   application.%^ This 
electrochemical approach uses a care fu l l y  Q- Chemically sensitive semiconductor ices 
signed pH and reference electrode combinatlon to (CSSDS) o f fe r  a new and considerably w r e  rugged 
Deasurc COZ concentration caused by di f fusion class o f  devices fo r  measuring the chemical pro- 
o f  W2 thrwgh the rmabrane. Compensation f o r  pert ies of geothermal fluids. These devices 
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w i l l  be small. possibly no larger than the ordi- corrosion studies have and dll follow the effect  
nary chip used In hand calculators. could be of the brine f m  the beginning of operation for  
incorporated i n t o  a variety of configurations a t  l ea s t  twD years. In  addition. M intenslve 
for  both above-surface and downhole measurements materials evaluation program i s  undensy to 
and may be mre versatile. measure several corn- ascertain the suitabil i ty of variety of lletals 
ponents simultaneously to provide mre data. and and other materials for geothemal use. 
be less costly than cOnmOn sensors used today. 
The additional data should help to identify the 

ting materials performance. CSSD's can also be 
designed to operate i n  the digital  mode for  DOE and PWL have a methodolow and plan for pro- 
simple data transmission. Wi le  they have vidlng new, advanced electrochemical sensors for 
obvious advantages, considerable research and geothermal use. Sane of these prototype sensors 
development m u s t  be undertaken before they can completed laboratory testing; some are. or d l l  
be used widely for  f ie ld  measurements of pH. soon be, f ie ld  tested. In additon. new sensor 
CD2. calcium. sulfide as H2S or  S and other concepts have been evaluated. research is under- 
chemical species. way to provide the data necessary for the i r  manu- 

facture, and we antlclpate tha t  the technology 
Yo* I s  underway a t  the Unlversfty of Pennsyl- w i l l  be transferred to the user by 1984. 
vania to develop these unique devices for geo- 
thermal use and other purposes. This work was The high temperature sensors w i l l  provide the 
funded by PNL during FY 1980 and 1981. but Is corrosion engineer and plant operator with a new 
now funded by DOE'S Basic Sciences Division. Set of tools identifying. evaluating, and 
The device operates in a fashion similar to a reducing the adverse effects of harsh process 
variable capacitor. A chemical component causes environments. Though these devices a re  being 
the ion selective layer to s h i f t  the capacftance developed for geotheml systems. they have 
of the diode structure. This sh i f t  can be mea- applications i n  other process equiprent as well. 
sured and i s  repeatable for the ion being mea- such as petroleum production refining. nuclear 
sured. An AC signal I s  impressed on the W-P reactor power plants, chemical processing. pulp 
junction for th i s  measurement and the sh i f t  In and paper production. and many others. In par- 
capacitive reactance Is measured. CSSD's also ticular. the chemically sensitive semlconductor 
require a reference electrode. devices offer a means of monitoring a wide range 
include a power supply, phase change detector. of chemical species and identifying synergistic 
and other minor components. A mu1 tipurpose CSSD ionic effects which accelerate corrosion. or 
could be constructed i n  a fashion similar to otherwise a l t e r  the perfonnance characteristics 
that  used i n  fabricating calculator chips. Be- 
cause of the large e f for t  requlred to ccmplete . 
the research and Qvelopcnent. we would not expect 
these devices to enter the market during the ACKWWLEDGHENT 
1963-84 time period. men avallablt. they could 
provide an accurate. reliable. and convenient e Memorial Insti tute operates the Pacific 
means of measuring several ionic species i n  situ Northwest Laboratory for the US. Department of 

ines and other systems. Energy (DOE)  under Contract DE-ACM-76RLO-1830. 
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