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e .  
I. INTRODUCTION , e I .  - 

scale deposition and 

face disposal via injection wells. e .discipl ine is also concerned w i t h  t h e  

possible extraction of valuable m 1 br ine  either by 

sel f -suf f i ci ent independent operations ry processes 

operated i n '  conjunction w i t h  a hydrog ntrol process o r  as 

par t  o f  a scale and 

conafdered w i t h i n  t h e .  

recover valuable by-products Such ,  as, s u l f u r .  

Geochemical support is  usually required early i n  any ge mal develop- 

ment program. I n i t  assist w i t h  t h e  exploration e f for t  t h a t  

urces and compf lation of 

resource size a production potential. In t h e  

absence of production wells which penetrate into t h e  geothermal reservoir, 

ect indicators o f  ' hot f l u i d s  a t  depth of chemical 

geothermometers, measurement o f  gas emanations and completion o f  quantitative 

petrographic analysis of available core from t h e  subsurface as well as samples 



- 

LJ ized. These data are critically appraise 

;geophysical data in arriving at a siting 

r brine and gas composition is 

n of reservoir productivity and 

he early stages o esource- production. Know1 edge of reservol r 

opition i s  useful. *in delineating production zones and in establish- 

ing normal or aduction characteristics o f  welts. I f ,  at a later 

e in production flujd composition i s  noted, reasons 

for the change i n  prodyct erdstics can be evaluated with attention 

directed at the possibility o f  casing breaks which allow overlying reservoirs 

t o  contribute to total roducti on, Changes 1 n reservoi r produeti on may sug- 

gest that step-out we1 be completed in a somewhat different manner than the 

initial exploration wells. r .  Info decisions in these matters requires that 

an adequate geochemical baseline data set has been compiled. against which 

subsequently obtained dafa might be compared. 

, i. , 

A compelling reaspn or obtaining , high qual i ty geochemical data Prom a 

new production well is to permjt a rapid assessment of the potential for scale 

deposition and brine treqtment requirements if spent brine is to be reinjected. 

This type of data i s  essential in the planning and construction of larger 

production and energy conversio facilities. The accurate determination of 

total noncondensable ga$ in the prQductlon fluids i s  also an Important re- 

ent i f  a flash steam energy conversion cycle i s  to be installed. 

Injection and scaling problems dominate .the area of operational difficul- 

associated with th loitation of high temperature geothemal resources 

for power production. The most extensive hydrothermal resources in the U.S. 

suitable for power production are located in the Imperial Valley of s o u t h e a s t k  
- 



ern California. Attempts to harness this huge resource dating back to the 

early 1960's and continuing to the present have been severely hampered by the 

magnitude of scale deposition in wells and surface facilities and injectabil- 

ity problems that have resulted from attempts to reinject chemically unstable 

brines. However, in the last several years, significant progress has been 

made in understanding the mechanisms o f  scale deposition and the requirements 

for proper pretreatment of spent brine priot. to reinjection. Methods devel- 

oped for handling hypersaline Imperial Valley brines can also be used to 

W 

advantage in the development of lower salinity geothermal resources. Proper 

application o f  the new technologies can be considered an important area o f  

involvement for geochemical engineers. 

There i s  no formal academic discipline devoted to the development of 

geochemical engineers. Trained personnel with experience in the various 

technologies are most usually chemists, geochemists or chemical engineers with 

practical experience i n  the development and operation of geotherma1.facflities. 

However, an extensive technical literature has developed over the last 20 

years, so that it i s  possible to develop an understanding of specific problems, 

such as scale deposition, and suggested remedial procedures by reference to 

the appropriate technical papers. Much o f  the lnaterial reviewed fn this 

report was compiled on the basis o f  review o f  technical papers discovered 

after completing an extensive computer-aided search. A number of databases 

are available which can provide rapid insight into specific problem areas that 

may be encountered in hydrothermal developments. Utilization of computer 

search services, offered by many Universities and pub1 ic 1 ibraries, provides 

an economical and convenient means of rapidly researching par ular areas of 

interest. It i s  also now feasible for individuals to conduct their own compu- 

ter-aided literature reviews by accessing various on-1 ine database services. 

1-3 



A comprehensive directory of available databases i s  provided i n  Ref. 1. The L9 
user must be equipped w i t h  an appropriate video terminal and a modem which 

links the users terminal w i t h  the database via the telephone lines. 

1-2. Sources of Information 

The principle sources o f  information used i n  compiling t h i s  report in-  

cl uded the fol 1 owing: 

1. 

2. 

3. 

4. 

5. 

6. 

The COMPENOEX on-line database service provided by: 

Engineering Information, Inc. 
345 East 47th Street 
New York, New York 10017 
(222) 644-7635 
(800) 221-1044 

A tabulation of  USGS Geothermal Research Program publications avail- 
able from the U.S. Geological Survey, Menlo Park, California 94025. 
The U.S. Geological Survey also maintains a database service called 
GEOTHERM. Information regarding use o f  t h i s  service can be obtained 
from: 

The Data Base Manager and Operations Officer 
U. S. Geological Survey 
345 M i  ddl ef i el d Road , MS-84 
Menlo Park, California 94025 
(415) 323-8111, ext. 2906 

The Lawrence Berkeley National Laboratory, Berkeley, California, 
established an on-line remote access database called GRAD which is 
described i n  Refs. 2-3. T h i s  database contains information on 
geothermal energy resources for  selected areas, covering development 
from init ial  exploratory surveys t o  plant construction and operation. 

The Geothermal Resources Counci 1 (GRC) , Davis , Cali fornia 95617 
publishes transactions of technical papers presented a t  the annual 
meeting o f  the GRC. The transactions were manually searched for  
re1 evant papers. 

The relevant geothermal f i les  of the DOE/SAN Office, Oakland, Cali- 
fornia were reviewed during the .  init ial  stages of t h i s  project. 

Annual bibliographies summarizing technical work sponsored by the 
Electric Power Research Institute (EPRI) were reviewed. Copies of 
bibliographies, technical reports and proceedings of the annual EPRI 
Geothermal Program Review can be obtained from: 
EPRI 
3412 Hillview Avenue 
Pal o A1 t o  , Cali f orni a 94304 

L/; 
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Commerci a1 Geothermal Services w 
A current l i s t i ng  of active geothermal operators-developers and architec- 

tural and engineering firms i s  available upon request from t h e  Geothermal 

Resources Council, Davis, California. Additional information concerning 

specialty consulting services i n  such areas as geochemistry, exploratlon 

geophysics, reservoir engineering, etc. can be obtained from t h e  U.S. Geologi- 

cal Survey, the Electric Power Research Institute and the Gas Research I n s t i -  

tute (located i n  Chicago, Illinois). These organizations provided funding for  

special research programs which are intended t o  promote the development of 

geothermal resources. They make extensive use of contractors and consultants 

w i t h  expertise i n  various technical disciplines of importance i n  the develop- 

ment of geothermal resources. 
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11. SICAL AND CHEMICAL PR D S  
U 

11-1. Chapter Summary , '  
I > ' / :  .*> . ' " <  . , '  

This chapter describes methods used t o  generate data on the physical and 

chemical propert ies o f  geothermal . Q u a l i t y  assur- 

ance methods are summarir ues and supported 

on-site ana ly t i ca l  f a c i l i t i e s  are also described. A useful f i e l d  chemistry 

program i s  one w i t h  the capab i l i t y  of providing rap id  generation o f  physical 

and chemical parameters needed t o  understand overai 1 systems performance. For 

example, ch lor ide concentration, t o t a l  dissolved sol  i d s  concentration and 

density data are important considerations i n  the evaluation o f  production 

f l u i d  enthalphy. Spent b r i ne  t u r b i d i t y  data are useful i n  assessing br ine 

processing equipment performance and probable i n j e c t i o n  w e l l  response. Quan- 

t i t a t i v e  chemistry data on l i q u i d  and gas streams are best generated using 

f i e l d  preserved samples subsequently analyzed i n  conventional analy t ica l  

chemistry laboratories. These laborator ies need not be located i n  close 

proximity t o  f i e l d  s i t e s  f o r  reasons other than convenience. This approach 

el iminates the expense and problems associated wi th operation and maintenance 

o f  sophist icated ana ly t i ca l  equipment i n  a f i e l d  environment. 

11-2. In t roduct ion 

Geothermal f 1 uids present a broad range o f  circumstances t h a t  requi r e  

several d i f f e r e n t  approaches i n  order t o  obtain samples that,  co l  l e c t i v e l y  , 
can represent the f l u i d  i n  useful ways. The objectives f o r  sampling also vary 

such t h a t  resu l t s  which are useful for  one purpose are not  appl icable t o  other 

purposes and could even be misleading. Furthermore, the compositions o f  

(bpeothermal f l u i d s  are broadly var iable and sampling approaches t h a t  are prac- 

t i c a l  i n  one geothermal f i e l d  are impractical i n  another. S ign i f icant ly ,  

I 

:. .. 1 
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cglj geothermgl f l u i d s ,  especial jy f lash ing l i qu ids ,  are chemi,cally d i f ferent  a t  

d i f f e r e n t  points i n , t h e  f low stre,am. Sampliing a t  one p o i n t - i n  the f low stream 

i n  e f f e c t  captures a snapshot o f  a moving target. I n  order f o r  the,.snapshot 

t o  be useful (<interpretable) one needs .to know i n  a chemical way!, how the 

po in t  of~~sampli.ng i s  re la ted t o  the r e s t  o f  the f l u i d ' s  f l o w  path. ~ 

I n  the hardwgre t o  which these sampling methods apply:.the temperature and 

pressure may appear stable a t  the po in t  o f  sampljng, but the f l u i d  passing 

t h a t  po in t  may be experiencing changes i n  temperature and pressure,at rates o f  , 

tens of un i t s  per minute. 

apply w e l l  t o  f l u i d s  i n  a context so dynamic as geothermal production. 

Laboratory concepts o f  chemical equi l ibr ium do not 

A host 

I o f  chemical reactions are i n i t i a t e d  when a geothermal l i q u i d  begins t o  f l ash  

( y i e l d  vapors o f  water and dissolved gases), bu t  the pace o f  the 

cannot always keep up w i th  the bui ldup o f  the thermodynamic dr ive f o r  the 

reactions. Consequently, some components are present i n  mu1 t i p l e  chemical 

forms, but  the proportions are not the same f rom one sampling po in t  t o  another 

nor are the proportions r e l i a b l y  the same as a t  long-time equi l ibr ium a t  the 

same temperature( s). When vapor devel ops i n a f 1 ashi ng system, components 

become pa r t i t i oned  between vapor and l i q u i d  according t o  how t h e i  

cal  propert ies i n te rac t  w i th  the changing chemical and physical environment o f  

the system. 

The goal o f  completely characterizing the f l u id (s )  f rom a geothermal wel l  

Pa r t l y  t h i s  i s  because the f l u i d s  cannot of ten be gained by a s ingle v i s i t .  

are seldom f u l l y  accessible, especial ly f o r  a new w e l l  t h a t  i s  j u s t  being 

brought i n t o  condit ion t o  produce f l u ids .  Also, the f i n e r  de ta i l s  of sample 

capture and preservation are developed i n  an i t e r a t i v e  way, ; adapting the 

methods t o  f i t  the speci f ic  chemical natures o f  the f l u j d s ,  the hardware 

actual ly  i n s t a l l e d  t o  handle the f l u i d ,  and the purposes t h a t  data is . t o  

serve. . . .  L ,  

I 
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Even w i t h  good and thorough sampling, character iz ing f l u i d  from a geo- 

thermal wel l  can only be completed i n  a r e l a t i v e  way. A wel l  taps a resource 

which may be non-uniform f o r  geological and hydrological reasons. Some wel ls  

tap m u l t i p l e  prduct ive zones so t h a t  the f l u i d  which issues from the wellhead 

i s  a blend. The m u l t i p l e  zones do not  always contr ibute the same proport ions 

o f  f low t o  the t o t a l  f l u i d ,  hence rea l  compositional var ia t ions can occur a t  

the wellhead. Even a s ing le producing zone may involve compositional d i f f e r -  

ences across i t s  volume and those dif ferences can be detected i n  wellhead 

samples as longer term trends t h a t  represent bul’k movement o f  f l u i d  i n  the 

reservoir .  

Reservoirs come i n  mu l t i p le  physical types t h a t  require d i f f e r e n t  

approaches t o  sampling. Some wel ls  tap single-phase l i q u i d  t h a t  i s  super- 

heated and over-pressured i n  the sense t h a t  dur ing flow, a t  the place where 

we1 1 9 meets production zone the actual pressure exceeds the vapor pressure o f  

the l i q u i d ,  inc lud ing the vapor pressure due t o  dissolved gases. I f  such a 

wel l  i s  pumped so t h a t  the l i q u i d  s t i l l  i s  overpressured, hence single-phase 

l i q u i d  when i t  -reaches surface equipment, then a unique set  o f  circumstances 

are avai lab le for sampling. 

More often, wel ls  are not  pumped and f l ash ing  begins whi le the f l u i d  

s t i l l  i s  i n  the we l l  -- the single-phase l i q u i d  i s  bas i ca l l y  inaccessible 

there and sampling e f f o r t s  are aimed a t  the l i q u i d  and vapor components a f t e r  

they have been phys i ca l l y  separated i n  special ized surface equipment. Notably, 

some components o f  the pre- f lash l i q u i d  may remain i n  thh wellbore as post- 

‘ f l a s h  scale and remain inaccessible t o  sampling e f f o r t s .  This i s  p a r t i c u l a r l y  

unfortunate because the avai lab1 1 i t y  o f  scale components i n  the pre- f  1 ash 

‘ l i q u i d  i s  an important chemical cha rac te r i s t i c  o f  the resource. Such downhole 

losses deserve t o  be estimated and wellhead sampling provides one k ind o f  data 

f o r  the attempt. 
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I n  some .cases, a reservoir  t h a t  i s  bas i ca l l y  a one-phase l i q u i d  can be 

ped so t h a t  f lash ing 

i s  desirable depe 

ion. 

I . i  , .  i l '  . 
l i q u i d  enters the wellbo 

to rs  outside the scope 
! I  , . 1 '  I 

, . .* 
. j  

1 1  . j ,  ' .f 

,The apparent composition o f  f l u i d s  i n  the surface equipment re- ., I I ', . ; ! ' (  

f l e c t  t h i s  mode o f  .production and may require an adjustment i n  the sampling 
* <  P' ' , I  , I  I I i ;  

I 
motive and methods. 

p reservoirs t h a t  de l iver  a f l u i d  t h a t  i s  
, *  . ' *  t .  

uncomplicated by f lashing. However, the steam carr ies a host of condensable 

Sampling i s  complicated by heat losses through 
' I  I , I  6 J  . 

, .  t i '  

surface equipment and t h i s  resu l t s  i n  a f i l m  o f  l i q u i d  water on the p ip ing  
1 ,  

, . " 8  
. I  

t h a t  in teracts  strongly w i th  the gas components and also w i t h  methods f o r  

tapping the l i n e s  t o  obtain samples. 
' > i  

Because the contexts o f  geothermal f l u i d s  are diverse and dynamic, ob- 

t a i n i n g  representative samples requires careful  consideration. Only r a r e l y  i s  

one's i n t e r e s t  i n  the f l u i d  l i m i t e d  t o  the po in t  where samples are col lected. 

More often, the i n t e n t  o f  sampling i s  t o  characterize the f l u i d  a t  some place 

up the f low d i rec t i on  which was inaccessible o r  inappropriate f o r  sampling. 

Sometimes the i n t e n t  concerns places down the f l o w  d i rec t i on  where sampling i s  

awkward o r  unrepresentative. 

.,' 

Sampling an operating geothermal e l e c t r i c  p lan t  presents a d i f f e r e n t  set  
r i  

of circumstances than sampl i n g  d i  scovery/devel opment we1 1 s t h a t  are expected 
. .  

t o  eventual ly feed an e l e c t r i c  plant. I n  an act ive p lant ,  conformance t o  

c r i t e r i a  can be measured d i r e c t l y ,  a t  l e a s t  i n  p r i nc ip le .  Before a p l a n t  i s  

b u i l t ,  the design engineer i s  interested i n  the same c r i t e r i a  

but  uses data from short-term tests  o f  wel ls t o  engineer speci 

and responses i n t o  the plant.  It i s  intended t h a t  when operations begin they 

w i l l  be i n  conformance w i th  design c r i t e r i a ,  but  demonstration o f  'success i n  

t h i s  matter cannot occur u n t i l  the p lan t  has operated f o r  a time. 

I 

. 
I ,  i: 
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, , !  / I  f l , i 1  

t i c a l  data s dom i s  useful i n  the f 
' J '  

Most often, it i s  adjusted, expanded, o r  reduced i n  

judgement about how the p o i n t  o f  samplin 

r e l a t i v e  t o  where one's i n t e r e s t  i s  actual1 

t o  data are appropriate and accurately 

one's concepts o f  the overa l l  process f i t  the facts  (which may'be d i r e c t l y  

measureable only with poor precision) and how the context o f  'sampling and 

; ,  " 

% .  

: I  * ,< , *  1 . I .  I; ; 

, ,  ~ 1 I '  I 

1 '  I , I 1  I 

* .  ' . r :  . 1 \ ,  . ! ,  ; 

analysis has y ie lded a datum t h a t  ' f i t s  i n t o  a model i n  ' the intended way. 
a ,  t .  

Only a few contexts o f  sampling have the des'irable property o f  a l lowing 
> -  . , * ' , ,  . S i ?  .. . 

the -data t o  be extended up o r  down the f l o w  path' i n  a i o g i c a l l y  defendable 

way. 

ted. Namely, these are Sam -free l i q u i d  a 

They are present and accessib 

Even f o r  these, the extent t o  which ext rapolat i  
I ,. . 

, *  
streams) and it i s  these places alone t h a t  can' y i  d useful l y  coherent sampl es. 

- 1  

Because the context o f  sampl i n g  i s  important t o  the useabi 1 i tylextend- 
. .  

abi 1 i ty  o f  the data, non-chemical data i s  required t o  accurately describe' 'the 

context o f  the sampling. This includes the extent o f  f lashing, usual ly ex- 
i 

pressed as percent o f  the produced f l u i d  whlch has vaporized. Temperature 

data are Val uabl e f o r  subsequen 

beyond the points  o f  

from the pressure-temper 

f f e c t s  o f  dissolved s 

wel ls a t  the t ime o f  

vary w i t h  production rate. 

Production h i s t o r y  f o r  t h  
< I  

describing the context o f  sampl 

This i s  especial ly important i n  
1 .  



b 
which may yield samples contaminated with drilling and completion fluids. In 

a1 1 circumstance$, 1 imi ted formation is gained from a single context of 

sampl ing; several contexts w eventually be used. The results sought"shou1d 

be mutually supportive in describing the composition, its dynamik changes 

within equipment, and trends over time. 
, I  

Sampl i ng geothermal f 1 ui ds must a1 so conform to requirements o i '  safety 
4 

for personnel and for equipment. The potential for bursting vessels o r  tubing 
GI 

connections or wrongly opening valves is real and could lead to serio 

ing o r  flying projectiles. Discovery wells and 'new field developments are 

generally noisy places that involve much vigorous activity by many people not 

involved with the sampling. Nonroutine operations are the rule and safety 

requires much alertness in addition to care, planning, and coordination. 

Complete chemical characterization of a geothermal resource usually 

requires a complicated strategy for sampling and analysis. Mainly this 4s 

because in the early stages of discovery/development a simple sample of liquid 

is not obtainable. Most commonly, the fluid issuing from a discovery/develop- 

ment well has been partly flashed to steam and some scale components are lost 

to inaccessible places in the well. 

The geochemists role at this point is to obtain samples of the many 

components that exist in the separated steam and liquid portions. Some are 

incompletely separated, hence sampl i ng and interpretation must account for 

this. The scale-prone materials must be sampled in special ways or some means 

found to estimate their pre-flash concentrations. 

From the several kinds of samples and data, the geochemist describes a 

pre-flash 1 iquid which represents the resource. Reconstruction of these 

pre-flash liquid characteristics must recognize all the chemical reactions 

that are initiated during the flashing that preceded sampling. This recon- 
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s t ruc t i on  i s  as complicated as the chemical behavior o f  the l i q u i d  and i s  

necessary because the condit ions o f  sampling are not the same as condit ions o f  

p lan t  operation. 

It i s  the character is t ics  o f  the reconstructed f l u i d  t h a t  are needed by 

the design engineer. When the reconstruction i s  accurately done, the design 

engi neer can propose a1 t e r n a t i  ve hardware designs and eval uate' the chemical 

consequences. 

w i l l  y i e l d  the design best su i ted f o r  the ind iv idual  resource a geothermal 

f i e l d  provides. 

This k ind o f  evaluation, i t e r a t e d  over a range o f  p l a n t  designs, 

A s ing le character izat ion e f f o r t  involves 3 t o  10 samples i n  a suite. 

The exact number depends on the stage o f  development o f  a wel l  and the kinds 

o f  complications enta i led i n  the sampling and analysis. Each sampling i s  

general ly t a i l o r e d  f o r  a spec i f i c  f l u i d  and context o f  sampling/analysis/in- 

terpretat ion.  Repeat sampling w i l l  be done p a r t l y  t o  resolve questions ra ised 

by e a r l i e r  resu l t s  and p a r t l y  t o  begin def in ing how the chemical propert ies o f  

a w e l l ' s  output w i l l  change as the resource i s  exploited.' Forecasts o f  

changes i n  the f l u i d  are important inputs t o  the design engineers. Each wel l  

i n  the f i e l d  mugt be characterized i n  order' t o  f i n d  the range o f  chemical 

behaviors the e n t i r e  f i e l d  presents. 

The p e r i l s  due t o  misunderstood chemical behavior can be serious and 

cost ly.  Proper execution and i t e r a t i o n  o f  the sampl i ng/analysi s / i  nterpreta- 

t i o n  sequence requires a thorough understanding o f  processes t h a t  occur i n  

wellbores, geochemistry, analy t ica l  chemistry, and f i e l d  operations. Further- 

more, t rans la t i ng  t h a t  information i n t o  a form usable by design engineers 

demands t h a t  the chemist know much about the engineer's nee and the func- 

t i ons  o f  process equipment. A broad range o f  expert ise i s  required t o  erect  a 

geothermal p l a n t  t h a t  runs smoothly. Chemical aspects cannot be t reated 

1 i g h t l y .  

i 
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11-3. Field Chemistry Program 

Kindle and Woodruff have devel oped a f 1 owchart (Figure 11-1) i 1 1  ustrat- 

i ng analytical requirements for characterizing a typical geothermal process 

stream. The geothermal flow to be sampled could be either liquid or;steam. 

Special techniques for sampling two phase liquid-gas flow streams are de- 

scribed in Section IV. The factors which influence accuracy of geothermal 

analytical determinations include: 

1. Process stream compositional variations 

a. with time 
b. with flow rate 
c. with sampling point location (e.g. single phase vs. two phase; 

._ 

percent steam flashing, etc.). 
i 

2. Sampling techniques 

3. Pre-analysis sample deterioration 

4. Analytical methods 

5. Skill of the analyst. 

An understanding of these factors and the realities of typical hydrother- 

mal field development projects is essential in designing and implementing a 

chemistry assessment program that yields accurate results. 

The first steps in design of a field chemistry program should be to 

define the program objectives and to evaluate the nature and characteristics 

of the well test surface facility. Questions such as the availability 'of a 

full-scale steam separator, capable of yielding a single phase process stream 

for characterization, and the ability of the developer or site operator to 

measure and quantify production well flow characteristics, especially accurate 

measurement of percent steam flash, are extremely important. In the absence of 

surface steam separation equipment, the chemical monitoring program will h 

to provide a small separator if meaningful chemical data are to be obtained; 
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The a l t e r n a t i v e  o f  us ing t rave rs ing  probes t o  ob ta in  l i q u i d  samples from two- 

phase l i nes ,  seldom y i e l d s  unequivocal r e s u l t s  except when c o l l e c t i n g  f u l l y  

f lashed l i q u i d s  ( res idua l  l i q u i d s  t h a t  have reached atmospheric pressure by 

ad iabat ic  bo i l i ng ) .  

A problem w i t h  a l l  sampling techniques 

sample i s  obtained f o r  analysis. The best 

steam separator i s  ava i l ab le  t o  process the  

This type o f  operat ion insures t h a t  l i q u i d  

densed steam and provides a reference f o r  

i s  t o  insure  t h a t  a representat ive 

s i t u a t i o n  i s  one i n  which a l a rge  

t o t a l  f low from a geothermal wel l .  

samples are no t  d i l u t e d  wi th con- 

non-comdensabl e gas ca lcu lat ions.  

Since any sampling operat ion p u l l s  on ly  a r e l a t i v e l y  small s i de  stream (1 t o  

10 gprn) from the  main f l ow  (300 t o  2000 gpm), t he  sampled stream must be made 

representat ive.  Use o f  a small s ide stream separator o f  t he  Webre type  re- 
2 

qui res a 

f l ow l i ne ,  

should be 

bottom o f  

r e l a t i v e l y  low throughput. I f  the  sampling p o r t  i s  a two phase 

non-representative samples could be obtained. The sampling p o r t  

equipped w i t h  a t rave rs ing  probe o r  a f i x e d  probe loca ted  near the  

the  f low l i n e  w i t h  an i n t e r n a l  extension i n t o  t h e  f l o w  stream. 

Sampling two-phase f lows from a v e r t i c a l  pipe, f o r  example the  wellhead cas- 

ing,  i s  p re fe rab le  t o  sampling along a ho r i zon ta l  pipe. Some recommended 

sampling procedures f o r  var ious process streams are described more f u l l y  i n  a 

subsequent section. 

Useful on-s i te  ana ly t i ca l  c a p a b i l i t i e s  are l i s t e d  below. As ter isks  i n d i -  

cate t e s t s  best done i n  t h e  f i e l d .  More f i e l d  c a p a b i l i t y  i s  appropr ia te f o r  

extended we1 1 tes ts :  

1. Physical Parameters 

*a. l i q u i d  dens i ty  
*b. suspended s o l i d s  concentrat ion 

C. t u r b i d i t y  
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u 2. Chemical Parameters 

a. t o t a l  d i s s o l v e d  s o l i d s  concent ra t ion  
*bo c h l o r i d e  concent ra t ion  
*c. pH 
*d. a l k a l i n i t y  
*e. d i  sso l  ved ammoni a concent r a t i o n  
f. d isso lved oxygen concentrat ion 
g. s u l f a t e  concent ra t ion  

*h. d i  sso l  ved s u l  f i d e  concent r a t  i on 
*i. miscel laneous t e s t s  as necessary f o r  s p e c i f i c  f i e l d  s i t e s  

o r  R&D programs 
*j. c a p a b i l i t y  t o  c o l l e c t  and preserve samples f o r  subsequent 

1 aboratory  a n a l y s i s  

A p r a c t i c a l  o n - s i t e  a n a l y t i c a l  l a b o r a t o r y  i s  schemat ica l ly  i l l u s t r a t e d  i n  

F igure  11-2. An a n a l y t i c a l  equipment l i s t  i s  prov ided i n  Table 11-1. Some 

speci f i c i tems o f  equipment , such as anal y t  i c a l  ba l  ances , have been referenced 

i n  Table 11-1. These references are  prov ided as examples only. S i m i l a r  

equipment supp l ied  by o t h e r  manufacturers w i t h  equ iva len t  c a p a b i l i t i e s  would 

be s a t i s f a c t o r y .  I n  most cases, i t  may be necessary t o  purchase a t r a i l e r  t o  

house t h e  chemistry l a b o r a t o r y  because ex tens ive  renovat ion needed t o  f a c i l  i- 

t a t e  a n a l y t i c a l  work may negate convent ional  l e a s i n g  terms. 

Depending upon t h e  scope o f  a p a r t i c u l a r  p r o j e c t ,  c o n s t r u c t i o n  and out -  

f i t t i n g  o f  a f u l l y  equipped f i e l d  chemist ry  , f a c i l i t y  may no t  be warranted. 

The d u r a t i o n  o f  a p a r t i c u l a r  p r o j e c t  and t h e  o v e r a l l  o b j e c t i v e s  o f  t h e  p r o j e c t  

w i l l  u s u a l l y  d i c t a t e  whether comprehensive f i e l d  c a p a b i l i t i e s  should be pro- 

vided. The minimum a n a l y t i c a l  requirements o r  some subset o f  them can prov ide  

an adequate l e v e l  o f  support  f o r  s h o r t  d u r a t i o n  t e s t i n g  programs. I f  a pro-  

j e c t  i s  beyond t h e  e x p l o r a t i o n  stage such t h a t  energy conversion system design 

and geothermal water hand l ing  f a c i l i t i e s  a r e  being evaluated, an o n - s i t e  

we1 1 -equipped chemist ry  f a c i  1 i t y  becomes very impor tant  . 
The f i e l d  chemist ry  l a b o r a t o r y  should be equipped w i t h  adequate s to rage 

Ki tchen- type &d and s h e l f  space f o r  t h e  var ious i tems o f  glassware and suppl ies.  
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FIGURE 11-2. FLOOR PLAN - FIELD CHEMISTRY LABORATORY 
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Table 11-1 

Suggested F i e l d  Chemistry Laboratory Equipment L i s t  

Quant i ty  Descript ion 

1 
1 

1 
1 
1 
1 
1 
2 
2 
1 
1 
1 
2 
2 
2 
1 
1 
1 
1 
2 

1- 2 
1 
2 
1 
1 ea 
1 

5 
5 
5 
3 
3 
2 
6 
5 
2 
2 
20 
2 each 

Analyt ical  Equipment 
Metler AK-160 Analyt ical  Balance (Resolution t o  0.1 mg) 
Sartorious 1364 MP Top Loading Balance (Optional - Resolution t o  

HACH Model 16800 Portable Turbidimeter (Optional) 
HACH Ratio Turbidimeter - Model 18900 (Optional) 
HACH D i rec t  Reading Engineer' s Laboratory DR-EL 14 
Bausch & Lomb Model 88 Spectrophotometer (Optional ) 
Orion Model 701A D i g i t a l  pH/mV meter 
Orion Model 070110 ATC Electrode 
Ross Combination pH Electrode 
Orion Model 95-10 Ammonia E l  ectrode 
Orion Model 95-02 Carbon Dioxide Electrode 
Portable D i g i t a l  Mu1 t imeter 
Portable D i g i t a l  Thermometer 
CHEMetrics Dissolved Oxygen K i t  (0-12 ppm) 
CHEMetrics Dissolved Oxygen K i t  (0-1 ppm) 
GAST Vacuum Pump/Compressor Model 70-300 
LABCONCO Model 28 Fume Hood 
Fisher Model 215F Convection Oven 
Fisher Model 281 Vacuum Oven 
S t i r r i n g  H o t  Plate 
Desiccator 
Energetics Science 2000 Series H2S Analyzer (Optional) 
L / I  Lab Industr ies Repipet Dispenser 
Oxford Macro-Set P ipe t t  (1-5 m l )  
Eppend,orf D i g i t a l  P ipe t t  (10 p1, 100 1.11, 1000 p1) 
Refr igerator 

Glassware: 
10 m l  Volumetric Flask 
50 m l  Volumetric Flask 
100 m l  Volumetric Flask 
200 m l  Volumetric Flask 
500 m l  Volumetric Flask 
1000 m l  Volumetric Flask 
25 m l  Graduated Cylinder 
Graduated Cy1 inders - 250 m l  , 10 m l  
1 L i t e r  Graduated Cy1 inder 
2 1 i t e r  P las t i c  Graduated Cylinders 
125 m l  Erlenmeyer Flask 
Long Stem Funnel Pipets: 

0.01 gm) 

.. 

1 m l ,  2 m l ,  5 m l ,  10 m l ,  25 m l  
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Table 11-1 (continued) 

F i e l d  Chemistry Laboratory Equipment L i s t  

4 
6 

4 
5 

20 
24 
20 
8 
6 
25 
12 
72 
6 
6 

4 
1 
5 ea 

. 5-10 
1 

1 
e 1  

3 
1 

500 
1 
1 
1 

(Quant i t y  Descr ip t ion  

Bo t t l es  
500 m l  S q u i r t  Bo t t l es  
125 m l  Polyethylene Wash Bo t t l es  
Assorted Polyethylene Sample Bags (Fisher S c i e n t i f i c )  
2 m l  Beaker 
30 m l  Beaker 
100 ml Polyethylene Beaker 
100 m l  Polyethylene Beaker (Fisher S c i e n t i f i c )  
500 m l  Polyethylene Beaker 
600 m l  Polyethylene Beaker 
1000 m l  Polyethylene Beaker 
100 m l  Nalgene Bo t t l es  
50 m l  Polyethylene Bo t t l es  
100 m l  Polyethylene B o t t l e s  
500 m l  Polyethylene B o t t l e s  
500 m l  Polyethylene B o t t l e s  

F i  1 t r a t i  on Equipment 
Nucl eopore Membrane F i  '1 terS 
Flecker Membrane F i l t r a t i o n  Set (Fisher S c i e n t i f i c )  
M i l l i p o r e  Type HA 45 mm diameter, 0.45 pm and 10 pm membrane f i l t e r  
Nucleopore 42 mm diameter membrane f i l t e r  pads 
Box M i l l i p o r e  Swinnexe Disc F i l t e r  Holders and 10 m l  capaci ty  
p l  ast  i c s y r i  nges 

M i  scel  1 aneous Laboratory Suppl i e s  
Tool K i t  
F i r s t  A id  K i t  
B o t t l e  Absorbant 
F i r e  Ext inguisher  
Magnetic S t i r  Bars - Various Sizes 
P l a s t i c  Throw-Away Gloves 
High Temperature Gloves 
K i m w i  pes@ 
Dessicator 
Oxford P i p e t t  T ips 
Box, Tygune Tubing 
Hand Operated Vacuum Pump 
Motor Driven Vacuum Pump 
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cabinets and work surfaces o f  Formica@ are r e l a t i v e l y  inexpensive, avai lab le 

i n  most areas o f  the U.S. and i d e a l l y  sui ted t o  the  needs o f  a f i e l d  labora- 

tory.  The r e f r i g e r a t o r  i s  useful f o r  preserving chemical reagents especial ly 

i n  western U.S. areas where ambient temperatures can be q u i t e  high. An ade- 

quate air-condi t ioning system and AC power service i s  essential f o r  convenient 

and t rouo le  f ree operation. The power load should be c a r e f u l l y  analyzed as 

the current dra in  due t o  the operation o f  ovens, hotplates, a re f r i ge ra to r ,  

analy t ica l  equipment, v e n t i l a t i o n  equipment, a i r -condi t ion ing and l i g h t i n g  can 

be su rp r i s ing l y  high. Proper and t rouble f ree  operation o f  t he  laboratory 

demands t h a t  the power sourcqbe dependable. 

The most d i f f i c u l t  piece o f  conventional laboratory equipment t o  operate 

i n  the f i e l d  environment i s  the analy t ica l  balance. A modern d i g i t a l  balance 

w i t h  resolut ion t o  0.1 mg o r  b e t t e r  i s  extremely sensi t ive t o  mechanical 

v ibrat ions o r  other disturbances. Proper performance o f  the balance can only 

be achieved by i s o l a t i n g  the u n i t  from sources o f  v ibrat ion.  Achievement o f  

an adequate l eve l  o f  v i b r a t i o n  i s o l a t i o n  i n  a small t r a i l o r  may be d i f f i c u l t  

t o  r e a l i z e  even when substant ia l  shock mountings are employed. The problem i s  

due t o  the f a c t  t h a t  most small t r a i l e r s  w i l l  s h i f t  p o s i t i o n  s l i g h t l y  under 

the inf luence o f  personnel moving about ins ide o f  the t r a i l e r .  Geothermal 

s i t e s  are by nature noisy. Large machinery may be moving nearby and vibra- 

t i o n s  set-up by compressor u n i t s  can cause s i g n i f i c a n t  problems. The ana ly t i -  

ca l  balance i s  one o f  the most important pieces o f  equipment i n  the laboratory 

so steps should be taken t o  preclude d i f f i c u l t i e s .  

A simple bu t  completely e f f e c t i v e  way t o  i s o l a t e  sensi t ive analy t ica l  

balances from mechanical disturbances i s  t o  provide a mounting p la t form f o r  

the balance t h a t  i s  t o t a l l y  decoupled from the t r a i l e r .  This can be accom- 

p l ished by i n s t a l l i n g  a r i g i d  s tee l  p ipe i n  concrete d i r e c t l y  beneath the 

p o s i t i o n  where the balance i s  t o  be used. Appropriate holes are d r i l l e d  

through the laboratory bench and cabinets t o  pass the pipe. The pipe i s  
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secured i n  concrete e i ther  by digging a hole and direct ly  cementing the pipe 

in place or by centering the pipe inside of a large t rac tor  or truck t i r e  and 

then f i l l i n g  the t i r e  w i t h  concrete. The grQund mount for  the pipe should be 

set-up so tha t  a telescoping pipe section can be inserted i n t o  the mount from 

inside of the t r a i l e r  a f t e r  the ground moun t  i s  installed.  A cement f i l l e d  

t i r e  i s  convenient because i t  can be positioned easi ly  using a fork l i f t .  The 

opposite end of t h e  support pipe i s  welded t o  a f l a t  s teel  plate  upon which 

the analytical balance is  placed. I f  care i s  taken t o  level the mounting pipe 

and suppor t  p la te ,  the leveling controls of the analytical balance will work 

as intended. Care should also be taken t o  insure tha t  no objects come i n  

contact w i t h  the mounting pipe especially i f  i t  passes through a storage 

cabinet. The s ize  of the mounting plate should be large enough t o  s u p p o r t  

both the analytical balance and a two place resolution t o p  loading balance, i f  

one is  to  be used in the f ie ld .  

The time and e f fo r t  required t o  ins ta l l  an adequate balance support will 

be well rewarded in terms of absolutely trouble f ree  operation. I t  i s  quite 

impressive t o  demonstrate the m o u n t  t o  a v i s i to r  by vigorously stamping your 

foot on the floor next t o  the balance w i t h o u t  tausing any perceptible disturb- 

ance. 

An important aspect concerned w i t h  the operation of a f i e ld  laboratory is  

the quality o r  purity of water used t o  mix reagents and, most importantly, 

used as a diluent for  the preserving of l i q u i d  samples tha t  will eventually be 

submitted for  quantitative analysis. In many areas o f  the U.S. ,  water service 

companies can provide t r i p l e  d i s t i l l e d  water i n  f ive gallon p l a s t i c  or glass 

bottles.  These 

units are quite satisfactory for  routine work. However, one should periodic- 

The bot t les  are placed on t o p  of a conventional water cooler. 

a l l y  submit samples of the d i s t i l l ed  water for analysis t o  determine the level 
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o f  background o r  blank corrections. 

analysis before accepting i t  f o r  use i n  the laboratory. 

cooler should also be provided as a source o f  wash and dr ink ing water. 

The water should be q u a l i f i e d  by chemical 

A conventional water 

As an a1 t e r n a t i  ve , one can use commercial l y  avai 1 ab1 e dei oni z i  ng col  umns 

o r  s t i l l s  s p e c i f i t a l l y  designed f o r  laboratory use t o  supply pure water. The 

s c i e n t i f i c  supply catalogs (e.g. Fisher Sc ien t i f i c ,  VWR, etc.) describe such 

equipment. It i s d  also possible t o  consider use o f  a deionization column i n  

conjunction wi th  the use o f  high p u r i t y  b o t t l e d  water. A l l  water, regardless 

o f  i t s  source, shoul'd be p r e f i l t e r e d  using a 0.45 micron membrane f i l t e r  p r i o r  

This i s  especial l y  important f o r  accurate determination o f  suspended 

so l ids and t o t a l  dissolved sol ids. Quant i t ies  o f  p r e f i l t e r e d  water can be 

stored i n  large polyethylene bo t t l es  equipped with a bottom spigot; 

I 

Large amounts o f  water are usual ly needed t o  clean glassware and equip- 

ment. The most convenient set-up i s  t o  provide a s ink i n  the labratory t h a t  

' i s  equipped w i th  an external dra in  and a large supply o f  potable water i n  an 

outside tank. Most loca l  water supply companies can i n s t a l l  the storage tank 

and stand. A tank w i t h  a 100 t o  200 gal lon capacity o r  greater would be 

appropriate. The s ink should be drained i n t o  a 50 gal lon drum which can be 

drained as necessary t o  a br ine p i t .  Access t o  the drum by a f o r k l i f t  w i l l  

g rea t l y  s imp l i f y  the process o f  draining the drum. The d ra in  l i n e  f r o m  the 

s ink t o  the drum should be equipped w i t h  an a i r  bleed port .  Conventional s ink 

f i x tu res  can be used i n  the laboratory. 

I n  those circumstances when f i e l d  work coincides w i t h  periods o f  below 

freezing weather, arrangements would have t o  be made f o r  the i n s t a l l a t i o n  of 

heated external water tanks, if available. E l e c t r i c a l l y  heated tanks would be 

rhost convenient, but  the added e f e c t r i c a l  load imposed by the heaters would 

have t o  be accommodated. I f  external water tanks are not avai lable,  the 
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1 aboratory would have to function without auxi 1 1 ary water suppl i es. The 

external drain can be maintained, however, by charging the drum with 

ty of antifreeze or salt. The use of small containers placed immediately 

under the sink in the laboratory can also be considered. 

The ultimate size of the laboratory facility will depend on its intended 

function and the funds available for installation. In general, the largest 

possible work space should be provided. Minimum dimensions for the type of 

facility illustrated in Figure 11-2 is about 20 feet long by 8 feet wide. The 

width of the space between the parallel benches should be at least three feet. 

This type of facility will support two personnel fairly comfortably. The 

facility i s ,  however, not large enough to afford reasonable working space for 

more than two people. The inclusion of the desk is necessary to facilitate 

book work, calculations, record keeping and other similar activities. Shelv- 

ing placed in the appropriate locations can be used to store equipment such as 

a continuous recording electrochemical corrosion mon tor which does not re- 

quire any more than occasional attention. 

11-4. Documentation 

A typical field program that has been organized to evaluate resource 

productivity and to characterize the properties of the reservoir liquids and 

gases can ultimately result in the collection of literally hundreds of samples. 

The sampl es could represent produced water or brine, noncondensabl e gases, 

solid scale and suspended solids samples as well as samples of process water 

that might be used to purge instruments, pit brines and so forth. Accurate 

record keeping is essential to all projects. The maintenance of records is 

also important because a single sample, say of scale, might be subdivided and 

i subjected to a variety of analytical procedures. A primary responsibility of 

the chief chemist or geochemist i s  to insure that all collected samples are 
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p ro.pe r Y i be l l ed  and recorded. On large f i e  .I projects,  good planning i s  

required p r i o r  t o  the a r r i v a l  o f  personnel i n  the f i e l d .  The U.S. EPA re fers  

t o  the documentation o f  a sample as the sample's Chain o f  Custody2. 

The elements which comprise the Chain o f  Custody t h a t  are relhvant t o  

geothermal operations are: 

1. Sample labels 
2. A f i e l d  l o g  book 
3. A chain-of-custody record 
4. Sample analysis worksheets 

11-4-1. Sample I d e n t i f i c a t i o n  

Sample labels must be attached t o  sample b o t t l e s  o r  bags ( i n  the case o f  

sol ids) i n  such a way t h a t  insures t h a t  the label  w i l l  not  become detached 

f rom the sample container. Gummed paper labels o r  tags can be used, but  i t  i s  

important t o  insure t h a t  i n d e l i b l e  i n k  i s  used i n  recording the information. 

A simple measure t h a t  can be taken w i t h  almost any system used t o  record data 

on a sample container i s  t o  place s t r i p s  o f  transparent cellophane tape over 

the w r i t t e n  data. This measure w i l l  e l iminate concerns about water o r  mois- 

t u re  contact reduci ng o r  e l  i m i  n a t i  ng 1 egi b i  l i t y  o f  recorded i nformatf on. One 

can also w r i t e  information d i r e c t l y  on a sample container and p ro tec t  the 

legend using cellophane tape. 

The minimum leve l  o f  information required on a sample container should 

i ncl  ude: 

1. Sample number 
2. 
3. Place o f  c o l l e c t i o n  
4. Name o f  co l l ec to r  

Date and t i m e  o f  c o l l e c t i o n  

Preprinted gummed labels  can be used t o  s imp l i f y  the sample c o l l e c t i o n  proce- 

dure. The size o f  the labels should be appropriate f o r  the s ize o f  the sample 

container. An example o f  a useful sample label  is-provided i n  Figure 11-3. 
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Col 1 ector Sample No. 

Place o f  Collection 

Date Sampled Time Sampled 

Sample Description 

Figure 11-3. Suggested Format for a Sample Container Label 
(Modified After Ref. 2). 
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11-4-2. Logging o f  Samples 
LJ 

A bound sample l o g  book must be employed t o  record a l l  per t inent  informa- 

t i o n  about co l lected samples. The degree o f  d e t a i l  included i n  the l o g  should 

be s u f f i c i e n t  t o  permit one not acquainted w i t h  a spec i f i c  p ro jec t  t o  be able 

t o  read and understand where p a r t i c u l a r  samples were col lected, t h e i r  i d e n t i t y ,  

and the kinds o f  character izat ion studies t h a t  were ant ic ipated t o  be per- 

formed. This sample l o g  should be maintained as a d i s t i n c t  en t i t y .  A separ- 

ate log’book should be used f o r  recording labortory notes and resul ts.  

The sample l o g  must be maintained i n  a bound notebook i d e a l l y  w i t h  num- 

bered pages. Log books are avai lable f rom Universi ty Book Stores and the 

s c i e n t i f i c  supply houses t h a t  are designed f o r  t h i s  purpose. Sequential 

sample numbers should be used t o  i d e n t i f y  a l l  co l lected samples. S u f f i x  

designations can be attached t o  the basic sample number t o  i d e n t i f y  sample 

s p l i t s  submitted f o r  various types o f  analy t ica l  studies. An example o f  a 

t yp i ca l  sample l o g  i s  provided i n  Figure 11-4. The f i r s t  page o f  the l o g  o r  

the ins ide o f  the f r o n t  cover should contain a legend w i t h  the fo l lowing 

information: 
e * .  

1. 
2. 
3. 
4. 

T i t l e  o f  the l o g  and a b r i e f  descr ipt ion o f  the contents. 
Name and address o f  the c o l l e c t o r ’ s  organization. 
Name and phone number o f  the ch ie f  chemist o r  p r o j e c t  leader. 
A note which guarantees re tu rn  postage i n  the event the l o g  i s  l os t .  

11-4-3. The Laboratory Notebook 

A sepa’rate bound hardcover l o g  book should be used as a laboratory note- 

book. The volume should be i d e n t i f i e d  as t o  purpose and ownership as de- 

scribed previously f o r  the sample log. The purpose o f  the laboratory l o g  i s  

t o  record al l  data and notes i n  conjunction w i th  the character izat ion o f  

samples, preparation o f  reagents, modif icat ion o f  procedures and any other 

a c t i v i t i e s  performed i n  the laboratory. Laboratory determinations o f ,  f o r  
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example, br ine density o r  ch lor ide concentration would be described including 

a l l  data such as volumes o f  samples, weights and calculated f i n a l  resul ts.  

The laboratory notebook i s  the only o f f i c i a l  record o f  f i e l d  a c t i v i t i e s  t h a t  

L( 

can adequately describe 

maintained w i t h  care and 

necessary information i s  

t h a t  may a r i se  as a resu 

the f i e l d  analy t ica l  work. Therefore, i t  should be 

some di l igence should be exercised t o  insure t h a t  a l l  

recorded. Disclosures o f  new processes o r  inventions 

t o f  the f i e l d  a c t i v i t i e s  can also be recorded i n  the 

laboratory notebook. Such ent r ies should be witnessed by having the appropri- 

ate personnel s ign the dated entry. 

11-4-4. Transporting Samples 

Periodic shipment o f  samples f r o m  f i e l d  s i t es  t o  analy t ica l  f a c i l i t i e s  

may be necessary during the course o f  an extended f i e l d  program. It may also 

be necessarx t o  ship samples i n  bu lk  a t  the conclusion o f  a f i e l d  program. 

The use o f  any mode o f  commercial t ransportat ion f o r  shipment o f  samples 

requires compliance w i t h  hazardous waste regulations. Normally, geothermal 

s o l i d  scale samples o r  sludge samples can be assumed not t o  be hazardous. 

Problems could be encountered, however, i n  the t ransport  o f  large volume 

l i q u i d  samples. A i r  t ransport  o f  such samples, especial ly ac id  solut ions must 

comply w i t h  hazardous materials regulat ions (U. S. DOT Hazardous Mater ia l  Table 

49 CFR 172.101). I n  most instances, small volume l i q u i d  and s o l i d  samples, i f  

properly packaged and nonflammable, w i l l  represent no hazard. 

A convenient and h igh ly  r e l i a b l e  mode of shipping involves use o f  i n t e r -  

s ta te bus services such as provided by Greyhound and Trailways. These compan- 

i e s  maintain f r e i g h t  handling services which have proven t o  be very re l iab le .  

An advantage i s  t h a t  bus service may be avai lable i n  areas where a i r  transpor- 

t a t i o n  i s  not. Regardless o f  the mode o f  transport,  care should be exercised 

t o  insure t h a t  samples are properly sealed and packaged. L iqu id samples are 
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usually placed i n  glass o r  polyethylene bo t t les  equipped w i th  screw caps. The 

caps should be t i g h t l y  wrapped w i th  e l e c t r i c a l  tape t o  preclude leakage due t o  

loosening o r  loss o f  b o t t l e  caps. An a i r  space representing approximately 10 

percent by volume o f  the b o t t l e  capacity should be maintained t o  al low for  

sample expansion due t o  temperature o r  barometric pressure changes2. P1 acing 

sample bo t t les  i n  a sealed polyethylene bag i s  a fu r ther  safeguard against 

leakage o f  l iqu ids.  

When shipped samples 'ar r ive a t  t h e i r  dest inat ion they should be checked 

f o r  i n t e g r i t y  and immediately logged in.  Before any fu r ther  d ispos i t ion o f  

the samples can be considered, proper v e r i f i c a t i o n  and logging o f  the samples 

by a designated ind iv idual  i s  essential. It i s  he lpfu l  whenever poss ib le  t o  

include a copy of the f i e l d  sample descr ipt ion or  f i e l d  sample l og  entry t o  

help insure tha t  no confusion arises about the i d e n t i t y  o r  d ispos i t ion o f  

samples . 
Analysis o f  Samples - The f i n a l  d ispos i t ion o f  f i e l d  samples must be 

handled i n  a manner tha t  el iminates any p o s s i b i l i t y  f o r  confusion regarding 

the types o f  needed analyses o r  the i d e n t i t y  o f  a pa r t i cu la r  sample. Often, 

i t  w i l l  be necessary t o  subdivide samples f o r  d i f f e r e n t  kinds o f  analysis. 

The accurate t rack ing o f  a l l  s p l i t s  o f  the same sample i s  very important. 

U t i l i z a t i o n  o f  Sample Analysis Request forms i s  one good way o f  t rac ing  sam- 

ples. This i s  especial ly important i f  samples are sent t o  outside laborator- 

ies  f o r  analysis. Figure 11-5 i l l u s t r a t e s  one example o f  a useful Sample 

Analysis Request Form. 

11-4-5. Qual i t y  Assurance 

To avoid confusion i n  the expression o f  ana ly t i ca l  resul ts ,  the general 

guidel ine f o r  s ign i f i can t  f igures and rounding o f f  provided i n  Standard Meth- 

ods3 should be followed. When repor t ing analy t ica l  resu l ts  f o r  a l i q u i d  
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Figure 11-5. Sample Analysis Request Form. 

c 

Name o f  Company o r  Organization 
Name o f  Submitter 
Address and Phone Number o f  Company o r  Organization 
Date o f  Submittal 
Name o f  Laboratory t o  Receive Sample 
Address and Phone Number o f  Laboratory 
Name o f  Contact a t  Laboratory 
Data Analy t ica l  Results Received 

Requested Services: 
U - I Col 1 ector '  s Laboratory's Type o f  
na Sample Sample Sample (Solid, 

Number Number Liquid, Gas) Requested Analyses Comments 
u1 



sample, u n i t s  o f  mg/l (ppm by volume) should be used. Concentrations l e s  Lj 

than 0.1 mg/l should be expressed as pg/l. Concentrations o f  10,000 mg/l o r  

greater should be expressed as weight percent: 

! 

% by Weight = (mg/l)/(lO,OOO x Speci f ic  Gravi ty)  

Analy t ica l  data f o r  so l i ds  are expressed i n  ppm by weight o r  pg/g. The con- 

version o f  l i q u i d  phase const i tuent  concentrat ion from a ppm volume basis t o  a 

ppm weight basis i s  accomplished by d i v i d i n g  mg/l by the s p e c i f i c  g r a v i t y  of 

the l i q u i d .  

11-4-6. Val i d i  t y  o f  Analy t ica l  Oata 

The v a l i d i t y  o f  a chemical analysis i s  con t ro l l ed  by the p rec i s ion  and 

accuracy of the ana ly t i ca l  techniques employed i n  the character izat ion o f  a 

sample. Accuracy refers t o  the s t a t i s t i c a l  deviat ions between the measured 

amounts o f  a component i n  samples and the actual amount o f  t h a t  component i n  

the sample3. Precis ion i s  the r e p r o d u c i b i l i t y  o f  an a n a l y t i c a l  r e s u l t  per- 

formed repeatedly on a homogeneous sample wi thout  reference t o  the agreement 

of the average r e s u l t  w i th  the t r u e  value o f  the observed value3. The analyst  

should be aware o f  methods f o r  evaluat ing prec is ion and accuracy as wel l  as 

the factors  t h a t  can in f luence the r e l i a b i l i t y  o f  a resu l t .  I n  geothermal 

operations, sampling def ic ienc ies can be a common source o f  apparently diver-  

gent ana ly t i ca l  resul ts .  It i s  important, therefore, t o  insure t h a t  ana ly t i -  

ca l  techniques are not  d e f i c i e n t  so t h a t  sources o f  d ivergent r e s u l t s  can be 

proper ly evaluated. 

The basic technique f o r  estab l ish ing accuracy and prec is ion o f  an analy- 

t i c a l  technique i s  t o  perform r e p e t i t i v e  analysis o f  standard solut ions of - 

hi known composition. The s t a t i s t i c a l  methodology f o r  evaluat ing analy t ica 

precis ion and accuracy are described i n  d e t a i l  i n  Refs. 2-6. The more elabor- 
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U t e  s t a t i s t i c a l  methods, such as the method of  standard additions, are needed 

f o r  complex brines tha t  have strong in teract ions ’among components. The charge 

and mass balance should always be computed8 f o r  a quant f ta t ive analysis o f  a 

l i q u i d  sample. The charge balance indicates the agreement between t o t a l  

anions and t o t a l  cations i n  a sample. The mass balance indicates the agree- 

ment between t o t a l  dissolved so l ids based on the sum of measured anions and 

cations and the measured value of ‘the t o t a l  dissolved solids. 

. 4 ,  ~ 

11-4-7. Charge Balance 

Theoret ica l ly ,  the di f ference between the sum o f  anions and the sum o f  . *  * .  . -.* . 
cations, expressed i n  u n i t s  of meq/l must be equal t o  zero. Deviations f rom 

* .  < <  - *  I 

the theoret ica l  balance occur because o f  analy t ica l  variat ions. Obviously, 

accurate assignment o f  e’ lectr ical charge must be made t o  the dissolved species 
k .  

i n  the sample.’ The analys-is must also be complete so tha t  no major species 

a r e  ignored i n  the ca lcu lat ion o charge balance does not 

include dissolved s i l i c a  o r  any other components present i n  so lut ion as neu- 

t r a l  speci es . 
the mass balance. The decision 

i s  based on r e p e t i t i v e  analysis o f  “st 

s t a t i s t i c a l  procedures. I f  one’ ass; 

of r e p e t i t i v e  analyses, the‘ devfat ioh 

ca lcu lat ion of standard deviat ion: 

I n  a normal d i s t r i b u t i o n ,  99.70% o f  the measurements w i l l  l i e  w i th in  three 

standard dev i t ions (3cr) o f  the mean (Figure 11-6). The 34 c r i t e r i a  can then 

be used as an i n d i c a t o r  o oodness o f  an analy a1 resu l t .  I n  s i m i l a r  

fashion the 95% confidence erval  can be used a e acceptance c r i t e r i a :  

Uncharged species, howeve d i n  the ca lcu lat ion o f  

_ .  

. I  

(11-2) 
- 
x f tu& 

kk 
11-27 



' .  
~ 

' :. . . .  . .  

. !r i 
I 1- 95.45% s-1 I 

I I 

I I 

' I  F68.27R 9 I I 
I I * =  

1 

1 
! A' I I I 

1 

I I 

''I I I ill 

I 

I 1 1 :  

\I i .  I ., 
I I 

' +a 

. .  I \  I I _ .  

I I X i  
1 
I 

I 1 I 
I 

Figure 11-6. Gaussian or normal curve of frequencies. (From Ref. 3). 

n t 

2 12.71 
3 4.30 
4 3.18 
5 2.78 

10 2.26 
QD 1.96 

Table 11-2. The use of compensates for the tendency o f  small 
numbers of samples to underestimate the variabil Sty. 
(From Ref. 3). 
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W where values of t are summarized i n  Table 11-2. An appl icat ion o f  s t a t i s t i c a l  

procedures t o  charge balance data i s  useful . For general assessment of the 

r e l i a b i l i t y  o f  a ser ies o f  analy t ica l  resul ts.  This type o f  assessment pre- 

supposes t h a t  the ana ly t i ca l  uncer ta in t ies associated w i t h  the determination 

of each dissolved species present i n  a sample are known. I f  one i s  evaluating 

a b r i n e  so lu t i on  containing many dissolved consti tuents, then the  s u i t a b i l i t y  

o f  the ana ly t i ca l  techniques employed f o r  character izat ion o f  samples should 

have been establ ished based on r e p e t i t i v e  analyses o f  standard b r i n e  solu- 

t ions.  The calculated s t a t i s t i c a l  c r i t e r i a  are then based d i r e c t l y  on the  

uncer ta in t ies o f  the ana ly t i ca l  techniques t h a t  w i l l  subsequently be used t o  

character ize f i e l d  samples. 

To f a c i l i t a t e  comparisons o f  a large number o f  analyses, the charge bal- 

ance can be defined as the r a t i o  o f  the sums o f  the anions and cat ions as 
1 

f o l l  ows : 

- E anion concentrations (meq/l 
charge ~ a l a n c e  - e cat ion concentrations (Reg/)) (11-3) 

A perfect  charge balance would be ind icated by 8 value o f  1.00. 

11-4-8. Mass Balance 

The mass balance i s ,  by d e f i n i t i o n ,  the d i f ference between the value o f  

measured t o t a l  dissolved so l i ds  and the sum o f  the measured dissolved species 

i n  an 

a r a t  

' W  i 
! 

analyzed sample. For convenience, the mass balance can be expressed as 
1 

0 :  

measured t o t a l  dissolved so l i ds  (mg/l) (I 1-4) 
t o t a l  dissolved species (mg/l ) Mass Balance = 

11-29 



All dissolved species, including silica, are considered in the calculation o f  

the rum of meqsured dissolved species. Samples which contain large fractions 

of volatile components, such as bicarbonate or ammonia that may be lost during 

analysis can cause the calculated value of the mass balance to be Jess than 

1.00. When evaluating the cause of deviations the presence and effect o f  

v o l a t i l e s  should always be considered. For example, v o l i t i z a t i o n  o f  NH4 

(ammonium) may r e s u l t  i n  the loss o f  an equivalent amount o f  bicarbonate. 

S i l i c a  (S iOp)  w i l l  r e t a i n  two molecules of water a f t e r  dehydration o f  the 

sample. An important source of e r r o r  i n  the de r i va t i on  o f  a mass balance i s  

also due t o  inaccurate measurement o f  t o t a l  carbonate. The inaccuracy in 

measurement may stem from delay i n  analysis from the t ime the sample was f i r s t  

col lected. For these reasons, the mass balance i s  best considered as an index 

o f  sample complexity and the analy t ica l  rep roduc ib i l i t y .  

11-4-9. Data Reporting Formats 

Modern analytical instrumentation for the quantitative analysis of sam- 

ples such as the Inductively Coupled Plasma Spectrometer (ICP) can rapidly 

generate prodigious amounts of data. On a l m g  duration field project the 

amount o f  analytical data for liquid and solid samples can rapidly grow to the 

point where real problems can arise in summarizing the data in a format that 

best illustrates important relationships. An analyst has three primary op- 

tions in considering the manner in which data will be presented: 

II-4-9a. Variation Diagrams can be develped which illustrate the changes in 

dissolved species concentration as a function of time (Figure 11-7). This 

t H e  df data presentation might be used to show fluctuations that could be a 

result o f  changes in facil i ty operating parameters or actual f 1 uctuations in 

reservo i r  f l u i d  composition. The u t i l i t y  of a t ime v a r i a t i o n  data display W i l l  ,- 

depend to a large extent on the amount and frequency o f  sample collection in b 
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comparison t o  t h e  du ra t i on  o f  t h e  f i e l d  program. For example, a sampling 

h j i n t e r v a l  o f  once pe r  day may be p e r f e c t l y  s a t i s f a c t o r y  f o r  a continuous th ree  

month f i e l d  t e s t ,  b u t  t o t a l l y  unsa t i s fac to ry  f o r  a f i e l d  t e s t  o f  th ree  days 

durat ion.  A disadvantage o f  t h e  t ime v a r i a t i o n  diagram data d i sp lay  i s  t h a t  

i t  i s  d i f f i c u l t  t o  evaluate t h e  q u a l i t y  o f  a given ana lys is  s ince several d ia-  

grams would be needed t o  d i sp lay  a l l  o f  t h e  a n a l y t i c a l  data f o r  a given sam- 

ple. It would a l so  be d i f f i c u l t  f o r  anyone d e s i r i n g  t o  know actual  absolute 

values f o r  d isso lved species concentrat ions t o  ob ta in  t h i s  in fo rmat ion  since 

these values would have t o  be i n te rpo la ted  from t h e  t ime v a r i a t i o n  p lo ts .  The 

t ime v a r i a t i o n  p l o t  i s  an exce l l en t  veh ic le  f o r  i l l u s t r a t i n g  se lected t ime 

dependent changes i n  a few d isso lved species, bu t  a more thorough method o f  

r e p o r t i n g  a n a l y t i c a l  data should have a h igher  p r i o r i t y .  

II-4-9b. Data Reports - The most obvious way t o  present a n a l y t i c a l  data i s  i n  

t h e  form o f  separate tab les  which summarize a n a l y t i c a l  values f o r  each sample 

t h a t  was analyzed. The major d i f f i c u l t i e s  w i th  t h i s  method o f  data presenta- 

t i o n  are: 1) t h e  bulk of ma te r ia l  t h a t  might  have t o  be inc luded i n  a repor t ,  

and 2) t h e  d i f f i c u l t y  of intersample comparisons. The data repor ts  document 

t h e  c o l l e c t i o n  phase o f  t h e  data i n t e r p r e t a t i o n  program, bu t  t he  i n te rp re ta -  

t i o n  requi res t e s t  data be assembled i n  a more o r d e r l y  and concise way. 

II-4-9c. I n teg ra ted  Data Tables - A complete t a b u l a t i o n  of a n a l y t i c a l  data 

f o r  UP t o  35 samples can be incorporated i n t o  a s i n g l e  presentat ion as i l l u s -  

t r a t e d  i n  F igure  11-8. 

impor tant  chemical and phys ica l  p roper t i es  o f  l i q u i d  samples. Charge balance 

data i s  incorporated i n t o .  t he  tab le.  Mass balance da ta  cou ld  a l so  be inc luded 

i n  the  format. The obvious advantages o f  t h i s  format f o r  the  presentat ion of 

This  mat r ix  format provides comprehensive data on 
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hypersaline geothermal brine during a 15.5 day operating period (From Ref 7) 
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la rge amounts o f  ana ly t i ca l  data are: 

s u i t e  of samples i s  e a s i l y  accomplished, 2) the  q u a l i t y  o f  the analyses can be 

determined i n  terms o f  the mass and charge balances, 3) anomalies i n  c e r t a i n  

dissolved species can read i l y  be detected, 4) t he  space i n  a repor t  required 

f o r  the ana ly t i ca l  data i s  great ly  minimized, and 5) the progression from 

1) i n t e r r e l a t i o n s h i p s  between a large( 

l e f t - t o - r i g h t  across the matr ix  i s  t ime-related, 

Preparation o f  an in tegrated data matr ix  i s  somewhat more involved than 

the simple tabu la t i on  o f  sample data i n  separate tables. This data presenta- 

t i o n  format was used extensively i n  the  repo r t i ng  of a n a l y t i c a l  data obtained 

i n  conjunction wi th  a one month continuous f l o w  t e s t  a t  the South Brawley 

Geothermal F i e l d  i n  Southern Cal i f o rn ias .  The tab les were f i r s t  prepared 

using large sheets o f  graph paper (22 inches x 16 inches). Data en t r i es  were 

made by hand w i t h  a penci l .  Anomalies i n  the data were evaluated and i n  some 

cases ana ly t i ca l  d i f f i c u l t i e s  were discovered. Where necessary, samples were 

reanalyzed. The rough d r a f t  o f  the t a b l e  was then re-typed i n  four  parts, 

Each po r t i on  o f  the tab le  a f t e r  proof ing was photographical ly reproduced and 

the four sections of the tab les were then cu t  out and pasted up as a s ing le 

large sheet. The f i n a l  copy o f  the tab le  was prepared by a commercial o f f s e t  

p r i n t i n g  service using paper stock w i th  dimensions o f  11 inches x 17 inches. 

Subsequent data evaluation and i n t e r p r e t a t i o n  may requi re consideration of 

r a t i o  of selected dissolved species, calculated chemical geothermometer data, 

etc. These a c t i  v i  t i es may bene f i t  f r o m  devel opment of secondary data matrices 

t h a t  have the same ordering o f  columns as the primary data m a t r i x  (Figure 

11-8) . 
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11-5. Sampling Methods 

Excellent summaries of liquid sampling techniques are provided in Refs. 1 

and 3. A similar discussion for solid samples or sludge samples is provided 

in Ref. 2. This material should be carefully reviewed before designing a 

field program if the personnel in charge of the chemical monitoring effort are 

not experienced or otherwise familiar with geothermal operations. The criti- 

cal aspects of collection o f  geothermal samples involves knowledge of the 

precollection history of the sample. That is to say, that knowledge about the 

total steam flash upstream of the sampling point is essential if the signifi- 

cance of the analytical data is to be fully recognized. Major objectives of 

geothermal sampling programs are the definition of reservoir fluid composition 

and discovery of time-dependent changes in reservoir fluid composition that 

might occur during a prolonged well test. Neither of these objectives can be 

realized if the thermodynamic state at the sampling point 

Sample preservation is also critical to the overall 

cal program. Hydrolytic reactions involving primarily 

cause precipitate formation in samples within hours of co 

dilute samples while they are being collected can result 

is unknown. 

goals of an analyti- 

dissolved iron can 

lection. Failure to 

in the precipitation 

of dissolved silica. The. analyst should also be aware that certain types of 

analyses must be performed soon after collection of samples to avoid loss o f  

volatile or reactive species. Special techniques are also required to ade- 

quately collect and subsequently analyze gases. 

11-5-1. Sample Collection 

The collection of high pressure/temperature samples for analysis requires 

special techniques to insure the integrity of the sample and the safety of 

personnel. The basic methodology for obtaining liquid or gas samples is 

illustrated in Figure II-9l. A high pressure/temperature sidestream is ob- 
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Figure 11-9. Geothermal double coil sampling system (From Ref. 1 ) .  
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ta ined from an inser tab le sampling probe and valve ssembly. Hot, pressurized 

f l u i d  i s  d i rected t o  the  cool ing system using a Teflon-lined, s ta in less steel  

The hot f l u i d  i s  then passed sequent ia l ly  through b o i l i n g  water 

and i c e  bath ,coolers t o  quench the f l u i d .  The cooled l i q u i d  can then be 

sampled w i th  o r  without membrane f i l t r a t i o n .  

. 

The basic design o f  Figure 11-9 i s  a workable and r e l i a b l e  system f o r  

sampling hot, pressurized systems. The design as shown, however, can be 

modified t o  improve convenience o f  use and safety. The inse r tab le  probe 

o f fe rs  advantages even when sampling a s ing le  phase- ( l i qu id  o r  gas) stream by 

minimizing wal l  ef fects.  However, a f i x e d  probe o f  appropriate geometry can 

used i n  most instances. A -  conventional sampling valve w i t h  appropriate 

f i t t i n g s  t o  mate w i t h  the f l e x  hose can then be attached t o  the f i x e d  o r  

i nse r tab le  probe. The valve should be located toward the bottom o f  the f low 

e and i t  should be i d e a l l y  angled upward a t  about a 45 degree angle. The 

atest  u t i l i t y  o f  an inser tab le probe would be i n  conjunction w i t h  the 

sampling o f  a two phase process stream. However, even i n  the case o f  a two 

se stream, the use o f  a s t a t i c  probe does not r e a l l y  represent a great 

problem. I f  the  sampling l oca t i on  i s  a hor izonta l  pipe, and i f  the s t a t i c  

probe i s  inser ted upward a t  a 45 degree angle from the bottom o f  t he  pipe so 

t h a t  t he  t i p  o f  the probe i s  centered i n  ' the lower po r t i on  o f  the pipe up 

about one th i rd  the diameter o f  the pipe from the bottom o f  the pipe, i t  

should be possible t o  ob ta in  reasonable samples f o r  analysis. The problem 

.* ". 

.. 

w i th  the inser tab le probe i s  t h a t  one does not know what s e t t i n g  o f  the probe 

y i e l d s  the best sample. Therefore, it would be neces*sary t o  obta in  many 

samples a t  various probe se t t i ngs  and average the resul ts .  I t  i s  u n l i k e l y  

t h a t  the r e l i a b i l i t y  o f  the data would be much o f  an improvement as compared 

11-37 



t o  samples taken us ing a s t a t i c  probe t h a t  had been loca ted  w e l l  w i th in  t h e  

s i n g l e  phase l i q u i d  region. The bes t  s tep t h a t  cou ld  be taken t o  , .  improve 

r e l i a b i l i t y  o f  samples i s  t o  prov ide t h e  f a c i l i t y  f o r  ob ta in ing  a s i n g l e  phase 

sample. Th is  can be accomplished by sampling immediately downstream o f  a 

l a rge  separator o r  by use o f  a small sampling separator such as t h e  Webre u n i t  

described f n  Ref. 9. 

The sa fe ty  aspects associated w i t h  t h e  sampling system o f  F igure 11-9 

should be c a r e f u l l y  considered. Use of s t a i n l e s s  s t e e l  armored f l e x  hose 

represents a r e a l  danger i n  some h igh  pressure/temperature sampling systems. 

Experience has shown t h a t  t h e  armore can f a i  1 w i t h  simultaneous ca tas t roph ic  

f a i l u r e  o f  t he  i nne r  Teflon l i n i n g s .  The problem i s  caused by w e t t i n g  o f  t h e  

armore by ch lo r i de - r i ch  geothermal f l u i d  and subsequent r a p i d  f a i l u r e  due t o  

crack ing o f  t he  strands o f  s ta in less  s tee l  t h a t  are used t o  form t h e  armore. 

Experience a t  a hypersal i ne geothermal resource i n  Southern Cal i f o r n i  a i ndi  - 
cated t h a t  f l e x  hoses used t o  sample h igh  pressure/temperature s i n g l e  phase 

b r i n e  and noncondensable gases f a i l e d  a f t e r  about 10 days o f  use. The f a i l -  

ures were undoubtedly caused by t h e  we t t i ng  o f  t he  s ta in less  s tee l  by hyper- 

s a l i n e  b r i n e  spray. Prudence would suggest t h a t  safe use o f  t h i s  type of hose 

necess i ta tes use o f  a p r o t e c t i v e  covering f o r  t h e  f l e x  hose o r  use of some 

other  more corros ion r e s i s t a n t  armore mater ia l .  The Hose Products D i v i s i o n  o f  

Parker F l u i d  Connectors ( W i c k l i f f e ,  Ohio) can prov ide a f i r e s l e e v e  f o r  f l e x -  

hose. The sleeve i s  f l e x i b l e  and has a thermal res is tance beyond 500OF. End 

and assembly t o o l s  t o  seal t he  f i r e s l e e v e  a t  t h e  ends o f  t h e  f l e x -  connectors 

hose are a so a v a i  1 ab1 e. 

The sampling o f  two phase brine/gas stream 

ob ta in ing  noncondensable gases a t  t he  sample co 

I1 -38 

suggests t h e  p o s s i b i l i t y  o f  

l e c t i o n  p o i n t  downstream o f  



the membrane f i l t e r .  Noncondensable gases w i t h  a r e l a t i v e l y  high proport ion 

o f  hydrogen s u l f i d e  could a l t e r  the composition o f  co l lected br ine  samples by 

the p r e c i p i t a t i o n  o f  metal sulf fdes. The safety aspects should also be con- 

sidered since the operators o f  the smpling t r a i n  would be exposed pe r iod i ca l l y  

t o  hydrogen su l f i de  gas. A simple means of segregating noncondensable gases 

from the quenched l fqu id stream i s  t o  incorporate a small low pressure separ- 

a to r  i n  the sampling system downstream o f  the coolers. A device w i t h  t h i s  

f a c i l i t y  i s  described subsequently. A sampling t r a i n  equipped w i t h  a separa- 

t o r  and used i n  con junc t ion  w i t h  e i t h e r  an i n s e r t a b l e  probe o r  two sample taps 

located i n  the s ing le phase ( l f q u i d  and gas) pos i t ions along the bottom and 

top, respectively, o f  a hor izontal  f low l i n e  would o f f e r  the a b i l i t y  t o  segre- 

gate samples f o r  subsequent analysis. The same type o f  sampling t r a i n  would 

also be o f  obvious u t i l i t y  i n  the character izat ion o f  s ing le phase steam and 

noncondensble gas flows. It should be emphasized again, however, t h a t  the 

sampling o f  a two phase mixture a t  i n - s i t u  condit ions using a Webre separator 

o r  s im i l a r  device i s  preferable t o  the use o f  a sampling t r a i n  t h a t  permits 

i n te rac t i on  o f  quenched l i q u i d  and gas. 

11-5-2. Brine and Gas Sampling Tra in  

Figure 11-10 i l l u s t r a t e s  the appearance o f  a b r ine  and gas sampling t r a i n  

based on Bat te l le ,  PNL design o f  Figure 11-9. This sampling system was b u i l t  

by Terra Tek Research, S a l t  Lake City, Utah f o r  hypersaline geothermal b r ine  

serv ice  . The system inc ludes a b o i l i n g  water heat exchanger c o i l  f ab r i ca ted  

from Inconel 600 t o  p rov ide  super io r  cor ros ion  resistance. The heat exchanger 

c o i l  was placed i n  a s t a i n l e s s  s tee l  pot  o f  f i v e  ga l l on  capacity. The second 

stage, i c e  bath coo le r  was constructed us ing a s ta in less  s tee l  heat exchanger 

contained i n  a f i v e  ga l l on  capaci ty  po lyethy lene bucket. The i c e  bath coo le r  

was const ructed w i t h  s ta in less  because of t h e  low pressure/temperature oper- 
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Figure 11-10. Terra Tek Research Brine and Gas Sampling 
Train. The long, vertical ly-mounted 
transparent tube located on the right side 
o f  the unit i s  a tongential entry separator. 
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a t i n g  condit ions o f  t h i s  un i t .  A l l  tubing and valv ing on the downstream por- 

t i o n  o f  the sampling t r a i n  were b u i l t  using s ta in less steel  hardware. Needle- 

type contro l  valves should not be used t o  sample a b r i ne  w i th  a high scale 

formation tendency i f  plugging problems are t o  be avoided. Valve plugging can 

occur within seconds o f  exposure to,  f o r  example, a hypersal ine geothermal 

brine. Large o r f f i c e  valves should be used and a l l  tubing, inc lud ing the heat 

exchangers, should have a V 4  i nch  I.D. a t  the  minimum. 

The long, transparent tube located on the r i gh t  s i d e  o f  the sampling 

t r a i n  i l l u s t r a t e d  i n  Figure 11-10 i s  a tangent ia l  en t r y  separator constructed 

from 4 inch diameter t h i c k  wal led p l a s t i c  tubing. The endcaps should be 

threaded on t o  e l iminate the po ten t i a l  f o r  leaks. I n  s i m i l a r  fashion, t h e  
I 

pass through f i t t i n g s  on the endcaps should be threaded i n  t o  avoid leaks. 

t o  the top end o f  the separ- are co l lected using a bomb connect 

ator. Condensate or  entrained br ine i s  co l lected from a d ra in  located on the 

bottom o f  the separator. The separator can be e l l  d from the sampling 

sampling i s  r e s t r i c t e d  t o  s i  

an i n - l i n e  high pressure membrane f i l  r m i  t the col  1 ect ion 

d and quenched l i q u i d  sa u l  modSfication t o  the 

hown i n  Figure 11-10 

n place o f  the t i  res 

Operation o f  the sampling t r a i n  i s  stem i s  con- 

nected t o  a sampling valve using a length o f  f l e x  hose (of  adequate corrosion 

resistance). The sampling valve i s  s lowly opened and f low i s  admitted t o  t h e  

coolers. It i s  most convenient t o  use block ice,  i f  avai lab le from l o c a l  

suppliers, ra ther  than crushed i c e  o r  i c e  cubes i n  the i c e  bath cooler. The 

l i q u i d  f low should be maintained t o  waste f o r  a few minutes p r i o r  t o  sample 
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co l  1 e c t i  on t o  i nsure t h a t  t h e  t r a i n  has been adequately cleaned. Pre f  i 1 te red  

samples should be c o l l e c t e d  f o r  q u a n t i t a t i v e  chemical analysis. I f  t h e  mem- 

brane f i l t e r  (0.45 micron pore s ize)  has been preweighed, then suspended 

s o l i d s  c o l l e c t e d  by t h e  f i l t e r  can be weighed a f t e r  ca re fu l  washing and d ry ing  

t o  y i e l d  an accurate measurement o f  t h e  concentrat ion o f  suspended s o l i d s  i n  

t h e  sampled f l u i d  provided t h a t  the  t o t a l  volume o f  f i l t e r e d  f l u i d  has been 

measured. Immediately before sampling, a vacuum should be p u l l e d  on t h e  

membrane f i l t e r  t o  purge i t  of any trapped a i r .  A hand operated vacuum pump 

i s  convenient f o r  t h i s  purpose. A l te rna t i ve l y ,  a purge va lve can be i n s t a l l e d  

on- t h e  top  o f  t he  membrane f i l t e r  ho lder  and trapped a i r  can be purged by 

passing a f l u i d  stream through t h e  purge valve. I s o l a t i o n  va l v ing  would have 

t o  be i n s t a l l e d  upstream and downstream o f  t h e  f i l t e r  t o  enable use o f  a 

vacuum pump. L i q u i d  purg ing requi res t h e  use o f  one downstream i s o l a t i o n  

valve. It i s  important t o  operate t h e  sampling t r a i n  a t  a throughput r a t e  

t h a t  produces quenched l i q u i d  we l l  below i t s  b o i l i n g  p o i n t  t o  avoid a l t e r i n g  

c o l l e c t e d  sample compositions by evaporative losses. 

Sampl i ng o f  steam w i t h  noncondensabl e gases i s a1 so s t  r a i  ght f  orward . The 

condensate sample i s  co l l ec ted  from t h e  bottom o f  t h e  sampling t r a i n  separa- 

t o r .  Gas samples a t  e s s e n t i a l l y  ambient atmospheric cond i t ions  are co l l ec ted  

i n  Supelco o r  equiva lent  gas chromatography glass, gas sampling bulbs w i t h  

greased glass stopcocks (Figure 11-11). A bu lb  w i t h  a volume of 250 m l  i s  

adequate. The bu lb  should be evacuated p r i o r  t o  use and then purged w i t h  

noncondensable gas f o r  a t  l e a s t  10 minutes p r i o r  t o  t h e  t rapp ing  o f  a sample. 

The glass sampling bulb can preserve hydrogen s u l f i d e  gas f o r  several days t o  

several weeks. Thus, it i s  poss ib le  t o  consider pos t - co l l ec t i on  analys is  of 

noncondensable gas samples a t  a d i s t a n t  a n a l y t i c a l  f a c i l i t y .  For safety 

purposes, t h e  gas bulb should be placed i n  a metal c y l i n d e r  dur ing  t h e  sample 
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Figure 11-11. Gas sampling bulb. These glass bulbs 
make i t  conveninet t o  t rap  a gas samples 
and t o  subsequently remove an a l iquot  
through the plug-type septum. 
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c o l l e c t i o n  process. The trapping o f  gas sampl’es a t  10-12 p s i g  can be safely 

accomplished using the Supelco bulbs. A t  the t ime o f  analysis, the i n te rna l  

pressure i n  the sampling bulb should be measured and compared t o  the pressure 

a t  the t ime o f  c o l l e c t i o n  (w i th  adequate regard t o  d i f ference i n  ambient 

temperature and barometric pressure) t o  demonstrate tha t  leakage o f  sample has 

not , occurred. A1 te rna t  i vely , one can c o l l  ect  gas samples i n  c i t ra te - t ype  

glass bott les.  A sampling procedure i s  described i n  Appendix 11-1. 

An important task, as described i n  d e t a i l  i n  a subsequent section, i s  the 

measurement o f  t o t a l  noncondensabl e gas i n  a geothermal reservoir .  The samp- 

l i n g  t r a i n  equipped w i t h  a separator provides a very simple bu t  accurate 

method f o r  accomplishing t h i s  task. Condensate volume i s  measured by simply 

dra in ing the separator l i q u i d  contents i n t o  a volumetric cy l inder .  The t o t a l  

gas volume can be measured using e i t h e r  a wet t e s t  meter o r  a ca l i b ra ted  

rotometer. 

I f  a sampling program i s  t o  be se t  up f o r  both geothermal l i q u i d  and gas 

samples, i t  w i l l ,  i n  most instances, be preferable t o  use separate l i q u i d  and 

gas sampling t ra ins .  This precaution w i l l  e l iminate the p o s s i b i l i t y  o f  con- 

tamination o f  l o w  s a l i n i t y  condensate sample’s by higher s a l i n i t y  residual  

br ine o r  water. Sampling t r a i n s  should be cleaned a f t e r  use. Steam condens- 

a te i s  an excel lent  source o f  cleaning so lu t i on  i f  avai lable. An a u x i l i a r y  

p e r i s t a l i c  pump can bd used t o  clean sampling t r a i n s  w i t h  potable water. The 

Horizon Ecology Corp. o f  Chicago, I l l i n o i s 1  supplies a su i tab le  ba t te ry  oper- 

ated pump. Certain sample preservation techniques f o r  noncondensable gases 

requires t h a t  noncondensabl e gases be bubbled through preserving sol  ut ions. 

If insu f f i c i en t  pressure i s  avai lable,  the portable p e r i s t a l i c  pump can be 

used t o  advantage. The pump can also be he lp fu l  when i n s u f f i c i e n t  pressure i s  

avai lab le t o  f i l t e r  samples. 
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W 11-5-3. Webre Separator 

To reiterate, the best method f o r  characterizing high temperature/pres- 

sure two phase discharge is t o  sample the separated l i q u i d  and gas flows 

produced by a full scale separator. I n  the absence of a large separator, the 

next best two phase sampling procedure is based on the use of a small sampling 

separator. The Webre cyclone separator (Figure 11-12) described i n  Ref. 9 has 

been used for a number of years w i t h  great success. The u n i t  may be used t o  

sample discharges over a pressure range of about 22 t o  440 psia and an enthal- 

py range o f  190-475 cal/g. If actual discharge enthalpies are lower o r  i n  

excess of the nominal operating range of the sampler, ' i t  i s  n o t  possible t o  

obtain cleanly separated water and gas samples a t  one specific setting of t h e  

valves. I n  these instances, the sampler is adjusted t o  produce either pure 

steam or pure water. Detailed operating instructions for the Webre separator 

are described I n  Ref. 9. 

11-5-4. Downhole Samplers 

I n  some instances, a production well taps several zones which produce 

geothermal water and gas. The use of a downhole sampler affords the opportun- 

i t y  o f  obtaining samples a t  known depths. Such samples can be used t o  identi- 

fy and characterize production zones. The samplers are wireline tools  which 

are lowered into a well by a cable and winch assembly. In most instances, i t  

1s desirable t o  flow the well during sampling. In hot ,  deep geothermal wells, 

the use *of a downhole sampler entails some r i s k  of damage\ t o  the well i f  the 

tool becomes stuck or t h e  wireline breaks. Breakage of t h e  wireline is a real 

concern, especially i n  the case of wells which produce highly corrosive brine. 

S t i c k i n g  a too\ i s  also a real possibility. 
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S i d e  View Front View 

Figure 11-12, Webre cyclone separator f o r  collecting steam and 
water samples under pressure from a discharging geothermal well. 
1, steam-water inlet; 2 ,  valve fo r  controllling steam discharge on 
f i r s t  separator; 3, valve fo r  controlling steam discharge on second 
separator; 4,  dry steam outlet on f i r s t  separator, 5, dry steam 
outlet on second separator; 6, separated water cooler; 7,  pressure 
gage f i t t i n g ;  8, cooling water inlet and outlet; 9,  outlet for 
cooled separated water; 10, handle. (From Ref. 9 ) .  
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The decision to attempt to retrieve a downhole sample is usually addres- 

sed on a case by case basis. Several samplers are available and commercial 
W 

wireline serices can run downhole sampling tools. A basic downhole sampler I s  

illustrated in Figure 11-13. This device is fully described in Ref. 9. 

11-5-5. Mi scel 1 aneous Types of Samplers 

Devices designed to sample solids and sludge are described in Ref. 2. At 

times it may also be necessary to sample the discharge from a pipe that Is 

delivering brine, for example, to a holding pit. It may not be possible to 

conveniently reach the discharge because of distance or the possibility o f  

'burning ones hand when attempting to sample a hot fluid with a hand held 

bottle or beaker. The extended reach dipper sampling device illustrated in 

Figure 11-14 is simple to fabricate and indispensable under the right circum- 

stances for obtaining either sludge, solids or liquid samples. 

Sampling sludge from a sedimentation tank may on occasion be necessary. 

The preferred way to obtain this type of sample is by means of sampling ports 

installed at varying heights above the bottom of the tank. In the absence of 

such ports, the sampling devices shown in Figures 11-15 and 16 can be used. 

Both types of devices can be obtained from commercial suppliers. The Coliwasa 

should be built using transparent plastic tubing to facilitate visual estima- 

tion of suspended solids concentrations as a function o f  height above the 

bottom of a sedimentation tank. This type of data is quite useful in deter- 

mining how well a sedimentation tank is performing. 

11-6. Geothermal Brine Characterization 

For the sake o f  convenience, the term brine will be used in reference t o  

the characterization of liquid samples other than steam condensate. In most 

I( 
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Figure 11-13. Downhole sampling b o t t l e .  A ,  i n e r t i a  mechanism; 
B,  s t r i k e r ;  C y  break-off tube; 0, seal gland for break-off  tube; 
E, nonreturn valve (valve stem i s  of t r iangular  cross section, 
al lowing transfer of sample f lu ids ) ;  F, sample vessel; G,  sample 
re1 ease valve; H, f i l t e r s ;  I ,  wire  suspension. (From Ref. 9 ) .  
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Bolt Holes V 
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Beaker 
150 to 600 ml 

Telescoping Aluminum Pole 
2.5 to 4.6 Meters (8 to 16 f t . )  

Figure 11- 14. Extended reach dipper sampling device 
(From Ref. 2).  
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Figure  11-15, Composite l i q u i d  waste sampler (Coliwasa) 
(From Ref. 2). 
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instances , ' geothe'rmal waters have a s a l  i n i  t y  i n  excess o f  po tab le  water 

Resources w i t h  a s u f f i c i e n t l y  e levated temperature 

t o  be considered';for e l e c t r i c  power production may encompass a broad range o f  

, * b r i n e  s a l i n i t y .  The low s a l i n i t y  b r i n e  may have a t o t a l  d isso lved s o l i d s  

High s a l i n i t y  o r  (TDS) content t h a t  f a l l s  between 1000 t o  about 30,000 mg/l. 

hypersal ine b r ine  have TDS values ranging between 100,000 t o  300,000 mg/l. 

.Moderate s a l i n i t y  br ines have TDS values intermediate between the  low s a l i n i t y  

and hf,gh sa l  i n i t y  brines. The charac ter iza t ion  o f  a geothermal b r i  ne invo lves 

. several steps which i nc lud ing  sampling, sample preservation, determination o f  

physical proper t ies and determination o f  chemical propert ies. 

.. 

i bed i n  Sect ion 11-5. Adequate character iza-  

t i o n  of a b r i n e  w i l l  r equ i re  t h a t  a r e q u i s i t e  volume o f  sample be obta ined 

cons is ten t  w i t h  t h e  a n a l y t i c a l  requirements. Reference t o  F igure 11-1 i l l u s -  

t r a t e s  i n  a general sense, vo lumetr ic  requirements f o r  var ious k inds o f  analy- 

ses. F igure 11-16 i l l u s t r a t e s  a s i m i l a r  sampling and a n a l y t i c a l  scheme u t i l -  

i zed  by the  E l e c t r i c  Power Research I n s t i t u t e  (EPRI) Mobile Laboratory. Br ine 

samples are obtained using a dual cooler  device. Gas samples are obtained 

using a combination o f  separators and b o i l i n g  water and a i r  condensers. The 

appropr ia te amount o f  sample f o r  a p a r t i c u l a r  test  w i l l  depend t o  a l a rge  

extent on t h e  actual concentrat ion o f  t h e  d isso lved species o r  t he  chemical 

parameter which i s  t o  be determined. For example, the  measurement of TDS i n  a 

clean steam condensate sample might requ i re  several hundred m l  of sample t o  

achieve a des i red accuracy. The same leve l  of accuracy could most probably be 

achieved f o r  a hypersal ine b r i n e  w i th  on ly  1 m l  o f  sample. It should be borne 

. in,mind th.at obta in ing a representative sample i s  the f i r s t  step i n  ob ta in ing  

an accurate ana ly t i ca l  resu l t .  I n  the  case o f  an ana ly t i ca l  procedure t h a t  
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b) required a sample size o f  1 ml, i t  would obviously be best t o  obta in  a large 

sample (>LOO ml) from which a 1 m l  aliquote was subsequently taken f o r  analy- 

sis t h a n  t o  attempt t o  take a 1 ml sample from the brine source. 

Depending upon the type o f  characterization a particular sample is t o  be 

subjected t o ,  preservation and/or filtration of the sample may or may not be 

needed. The gui del i nes summarized i n  Figure 11-1 cover most contingencies. 

In general, samples taken for  subsequent quantitative analysis must be both 

prefi 1 tered and preserved. Samples taken fo r  TDS or  density determlnations 

should be prefiltered, b u t  no t  preserved. I n  subsequent portions of t h i s  

section, recommended procedures for  sampling, preservation and subsequent 

analysis of geothermal brine w i l l  be described. Essentially a l l  o f  the recom- 

mended procedures have been successfully implemented i n  the characterization 

o f  hypersaline geothermal brines and thus should be relevant t o  almost any 

geothermal brine or water. 

The interested reader should review a compilation of potentially applic- 

ab1 e analytical techni ques fo r  the characterization of geothermal f 1 uids and 

gas by Watsonio and relevant material i n  the Geothermal Resources Counci 1 

Technical T ra in ing  Course No. 611. 

I 

11-6-2. Sample Stabilization 

Speci a1 hand1 i ng requirements fo r  1 i qui  d analys i s are summarized I n Tab1 e 

11-3. Polyethylene bottles can be used exclusively f.or geothermal l iqu id  

samples. Unstable species should either be determined i n  the field immediate- 

ly  after sampling or  preserved according t o  standard procedure~l-~. $1 1 ica- 

bearing samples must  be di luted a t  the time of collection t o  prevent post- 

collection precipitation. If field anlyticaf facil i t ies are avilable, the 

analytical characterization program should have capabilities for  the following 

types of eval uations: 
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TABLE 11-3. SUMMARY 01 

Determination 

Acidity 
Alkalinity 
BOD 
Boron 
Carbon. organic. total 

Carbon dioxide 
COD 

Chlorine dioxide 
Chlorine. residual 
Chlorophyll 
Color 
Cyanide 
Fluoride 
Grease and oil 

Iodine 
Metals 

Nitrogen 
Ammonia 

Nitrate 

Nitrite 

Organic 

Odor 
Oxygen. dissolved 
Ozone 
Pesticides (organic) 

Phenol 
P' f 

Phcspharc 

Ut-iduc 
S;ilinity - 
Silica 
Sludge digester gas 
Sulfate 
SlllfidC 

Siiltitc 
I';1ste 
I'rmperarure 
I'iirbiditv 

SPECIAL SAMPLING AND SAMPLE HANDLING REQUIREMENTS 

Containat 

P. G(B) 
P. CXB) 
P. G 
P 
G(brown) 

P, G 
P. c 

P. G 
P. G 
e. G 
G 
P. c 
P 
G. wide-mouth. 
Cali braced 
P. G 
P. G 

P. G 

P. G 

P. G 

P. G 

G 
G. BOD bottle 
G 
G(S) 
P. G(B) 
G 

G(A) 

P. G(B) 
G. wax -1 
P 
G. gas bottle 
P. G 
P. G 
P. G 
G 

P. G 
- 

Ainimum 
Sample 

Size, 
ml 
100 
200 

1.000 
100 
I00 

IO0 
100 

so0 
500 
500 
5 0 0  
5 0 0  
300 

I .OOo 
500 - 

500 

IO0 

IO0 

500 

500 
300 

I.000 - 
- 

500 

I O 0  

- 
240 
- - - 

too 

5 0 0  
- 
- 
- 

c 
Storage and/or Preservation 

24 hr; refrigerate 
24 hr ; refrigerate 
6 hr; refrigerate 

Analyze as soon as possible. refrigerate or 
add HCI to pHS2 
Analyze immediately 
Analyze as soon as possible; add HzSOI 
to p H  $2 
Analyze immediately 
Analyze immediately 
10 days in dark: freeze 

24 hr; add NaOH to p H  12; refrigerate 

- 

- 
- 
Add HCI to pHS2 
Analyze immediately 
For dissolved metals separate bv liltraticn 
immcdiatcly: add 5 ml conc H N O d I  

Analvzc as won as possible; add 0 8 ml 
conc HzSOdI ; refrigerate 
Analyze as won as possible: add 0.8 ml 
conc H zsodl; refrigerate 
Analyze 3% won as possible: add 40 mg 
HgCIz/I and refrigerate or freeze at -20 
C 
Analvzc as soon as poscihle: rcfrigerm or 
add 0.8 ml cunc H z S O d I  
Analyze as uwn as puscible: rrfrigrratc 
Analyze immediatclv 
Analvzc immediately - - 
24 hr; add HIPO~ to pH54.0 and I g 
CuSOc5HzO/I: refrigerate 
Far dissolved phosphates ccparate by til- 
rration immdiatcly; freeze at 5-10 ( 
and/or add .u) mg HgCI/I 

Analyze immcdiarrly or o x  wax sal - 
- 
Refrigerate 
Add 4 drops 2N zinc acctate/IW ml 
Analyze immediately 
Analvzc as soon as possible: refrigerate 
Analyze immediately 
Analyze same day; store in dark for up to 
24 hr 

*See text for additional details. For determinations not l isted, no 
special requirements have been set: use glass or plastic containers, 
preferably refrigerate during storage, and analyze as soon as possible. 
;t P=plastic (polyethylene or equivalent); G= lass,  G ( A )  o r  P(A)=rinsed 
with 1+1 HN03 ; G(B)=glass, borosilicate; G(S 4 =glass, rinsed with 
organic solvents. (From Ref. 3 ) .  L/ 
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Physical Propert ies , Chemi ca l  Propert ies k) 
Density 
Temperature 
Suspended Sol i d s  
Conductivi ty 
T u r b i d i t y  

The de ta i l ed  multi-element 

PH 
Acid i  ty/Al k a l  i n i  t y  
Chloride 
Sul fate/Sul f i d e  
Ammonia 
Dissolved Oxygen 
Total  D i  ssol ved Sol i d s  

quan t i t a t i ve  analysis o f  major and t race 

species i n  b r ine  and other l i q u i d  samples i s  accomplished using f i e l d  pre- 

served samples. The laboratory should, therefore,  have s u f f i c i e n t  equipment 

and supplies on hand t o  f a c i l i t a t e  f i e l d  preservation o f  samples. 

The analyst  can accomplish the goals o f  the f i e l d  character izat ion pro- 

gram i n  many ways. However, i n  considering a p a r t i c u l a r  ana ly t i ca l  procedure 

one should balance the required l eve l  o f  accuracy f o r  the determination wi th  

the degree o f  d i f f i c u l t y  i n  carry ing out the procedure. F o r  t h i s  reason the 

use o f  HACH por tab le f i e l d  equipment and methods i s  recommended f o r  those 

t e s t s  t h a t  must be c a r r i e d  out  e i t h e r  immediately o r  w i t h i n  24 hours o f  sample 

co l l ec t i on .  A f u r t h e r  advantage o f  the HACH equipment are the comprehensive 

HACH water analysis manuals and the use o f  premixed and prepackaged reagents. 

The HACH methods are a l l  in accordance with standard practices for water 

analysis and the use o f  t h e i r  portable equipment and prepackaged reagents 

s i g n i f i c a n t l y  simp1 i f i e s  f i e l d  ana ly t i ca l  work. 

We recommend t h a t  the laboratory a t  the minimum be equipped w i t h  a HACH 

D i g i t a l  T i t r a t o r  (16900-Ol), de l i ve ry  tubes and the appropriate reagents f o r  

ch lor ide and a1 kal  i n i t y / a c i d i t y  tests.  A more comprehensive f i e l d  ana ly t i ca l  

c a p a b i l i t y  can be created by use o f  the HACH DREL ser ies o f  por tab le labora- 

t o r i e s  which contain high q u a l i t y  spectrophotometers and conduct iv i ty  meters. 

The u n i t s  can also be obtained w i t h  an i n t e g r a l  pH meter. However, we would 

suggest the use o f  a separate, h igh q u a l i t y  laboratory grade pH meter. The 
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id HACH Water Analysis Handbookf2 

tories and prepackaged reagents. 

keyad to the use of their portable labora 

Brine samples should be obtained using procedures and equipment discussed 

previously. Samples, taken for quantitative analysis must be prefiltered 

immediately before dilution and preservation. Failure to remove suspended 

, particulates will cause erratic analytical results since it is impossible to 

determine what fraction of the suspended solids, if present, were dissolved by 

acid preserving solutions. Independent characterization of recovered sus- 

pended particulates is easi1.y accomplished. The standard preserving solution 

for geothermal liquid samples is 1 ml of concentrated reagent grade nitric 

acid per 100 ml of liquid sample. Total sample volumes can vary from 125 ml 

! 

to 500 ml depending upon the scope of subsequent analytical characterization. 

The larger sample volumes provide the opportunity o f  obtaining a somewhat more 

representative sample. However, use of a dual cooler sampling train with a 

high volumetric throughput rate can yield representative samples by virtue of 

operating a bypass line to waste during the sampling procedure. In many 

instances, sample volumes o f  125 ml will prove to be entirely satisfactory. 

The recommended dilution factor for stabilizing dissolved silica is at 

least 1O:l. If an estimate o f  the silica content of a brine stream is avail- 

able at the time of sampling, the sample should be diluted to a silica value 

Therefore, it may be appropriate to obtain separate samples 

for silica analyses to avoid reducing trace element concentrations to below 

detection limits as might occur by significant dilution of samples. Several 

methods are avail able for actually obtaining a stabi 1 i zed sample. EPRI 

collects samples in a 500 mi capacity polyethylene bottle which has been 

prescribed with a 500 ml volumetric calibration. The sample bottle is pre- 

loaded with 5 ml of concentrated nitric acid preservative added with a higp'' 

. of 90-100 mg/l . 

1 3  

1 LJ 
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u r e c i s i o n  buret. The geothermal sample is  

the sample b o t t l e  d i r e c t l y  underneath the 

the subsequent laboratory ana lys i s  of the 

then taken by placing the mouth of 

quenched br ine di scharge. During 

sample, the d i lu t ion  f a c t o r  due t o  

addi t ion of 5 ml o f  nitric acid i s  accounted for. The chemical pu r i ty  o f  the 

d i l u t i o n  water must be known so t h a t  blank corrections can be applied t o  the 

ana ly t ica l  data.  Normally, one would subject  a sample(s) of d i lu t ion  water t o  

the same analy t ica l  procedures t h a t  are t o  be applied t o  the geothermal sam- 

ples. Hypersaline brines of the Imperial Valley o f  southern Cal i forn ia  con- 

t a i n  h i g h  concentrations of dissolved manganese. . These br ines  should be 

s t a b i l i z e d  w i t h  concentrated hydrochloric acid rather t h a n  nitr ic acid t o  

avoid precipitation of manganese. 

A l t e rna t ive ly ,  one can weigh an appropr ia te  amount of preserving so lu t ion  

i n t o  a preweighed sample b o t t l e .  The  geothermal l i q u i d  sample is  co l l ec t ed  as 

described above and t h e  weight o f  t h e  l i q u i d  sample determined. The equiva- 

lent volumes of t h e  preserving so lu t ion  and b r ine  s o l u t i o n  are then obtained 

from t h e  measured dens i ty  o f  each f r ac t ion .  Other combinations o f  procedures 

are obviously possible .  

11-6-3. Physical Property Determinations 

XI-6-3a. Density - Density is def ined as 

i t s  volume: 

d = A/v 

where: A = sample w e i g h t  (grams) 

v = sample volume ( m l )  

t h e  weight of a.sample divided by 

(11-5). 

Spec i f i c  g rav i ty  is dimensionless. I t  is t h e  r a t i o  of t h e  density o f  a sample 

t o  t h e  dens i ty  o f  water a t  4OC. Alterna t ive ly ,  s p e c i f i c  g rav i ty  can be de- 

B*, 

11-57 



f ined as the weight o f  a sample of known volume divided by the weight of 

d i s t i l l e d  water o f  the same volume: 

sp gr  = A/8 

where: A = weight o f  the sample o f  volume V 

8 = weight o f  d i s t i l l e d  water o f  volume V 

(I 1-6) 

Accurate determi nation o f  spec1 f i c gravi ty  can be accompl i shed us i  ng a 

hydrometer or the ASTM Methods 01429, Test for Specif ic Gravity o f  Indus t r ia l  

Water. The ASTM method involves an accurate gravimetric determination using a 

water pycnometer i n  which a known volume o f  water i s  wefghed a t  60°F. The 

reported accuracy o f  t h i s  method i s  *0.0005. This method can be used t o  

measure density as follows: 

1) Preweigh a 10 m l  capacity volumetric f lask. 

2) F i l l  the f lask  t o  the mark w i th  the sample. 

3) Reweigh the flask. 

Required Calculations: 

Weight o f  Flask + Sample = B 
Weight o f  Flask = A 

Weight o f  Sample = 8-A 
Density = B-A/10 m l  (gm/ml) 

The ult imate accuracy o f  the technique w i l l  depend on how w e l l  the sample 

temperature was known. Use o f  hydrometers w i th  the appropriate measurement 

range i s  also an accurate and convenient method f o r  determining specif ic 

gravity. An advantage o f  the hydrometer method i s  tha t  an analyt ical  balance 

i s  not needed. The temperature a t  which a density o r  spec i f ic  grav i ty  mea- 

LJ surement was made should always be reported. 
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The determi nat ion o f  densi ty o r  speci f i c  g r a v i t y  o f  a hypersal i ne b r ine  

o r  a low s a l i n i t y  water w i t h  a high dissolved s i l i c a  content i s  complicated by 

p r e c i p i t a t e  formation a t  ambient temperature. For example, sodium ch lo r i de  

p rec ip i t a tes  from f lashed hypersaline geothermal b r i ne  a t  a temperature of 

30-35OC. I n  hypersa- 

1 i ne  geothermal br ines,  d i  ssol ved i r o n  w i  1 1 a1 so p r e c i p i t a t e  upon exposure of 

the b r ine  t o  a i r .  I n  these cases, the sample should be d i l u t e d  p r i o r  t o  

S i l i c a  may a lso p r e c i p i t a t e  from water a f t e r  cooling. 

I 

measurement o f  density. 

The fo l l ow ing  procedure may be used t o  measure densi ty o f  a so lu t i on  

which w i l l  form p rec ip i t a tes  a f t e r  being cooled t o  the ambient temperature. 

The procedure i s  based on the d i l u t i o n  o f  the sample w i t h  d i s t i l l e d  water 

( re fe r red  t o  as water): 

1) Add a known weight o f  water t o . a  10 m l  volumetric f lask.  

2) 

3) Mix wel l .  

4) 

5) 

Add a known weight o f  sample t o  the volumetric f lask.  

D i l u t e  t o  the mark w i t h  a known weight o f  water. 

Measure the densi ty o f  the water. 

Required Calculations: 

Weight o f  Flask + Al iquote o f  Water = A (gm) 
Weight o f  Flask = 6 (gm) 

Weight o f  Flask + Water + Sample = 0 (gm) 

Weight of Al iquote o f  Water = A-B = C (gm) 

Weight o f  Sample = 0-B-C = E (gm) 

Addi t ional  Water = F (gm) 
Weight o f  Flask + Water + Sample + 

Total  Weight o f  Water = F-6-E = G (gm) 

Volume o f  Water a t  Measurement Temp. = G/density o f  water = V 1  ( m l )  
Volume o f  Sample a t  Meas. Temp. = 10 m l - V 1 =  V2 ( m l )  

Density o f  the Sample = WV2 = ds (gm/ml) 

Sp G r  o f  the Sample = ds/density o f  H,O (4OC) 
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The use o f  p ipets  w i t h  ho t  f l u i d s  (temperature > 25-3OoC) i s  no t  appr 6e.i 
p r f a t e  and s i g n i f i c a n t  er rors  w i l l  occur due t o  expansion o f  the l i qu id  sample. 

P l a s t i c  t i p s  f o r  mechanical p ipets  w i l l  a lso have a tendency t o  swel l  when 

contacted by a hot solut ion, but t h i s  type o f  volume expansion i s  i r re levant .  

However, i n  a piston actuated pipet, temperature-induced a i  r expansion above 

. the l i q u i d  l eve l  i n  a p l a s t i c  t i p  can lead t o  t ransfer  o f  less-than-the- 

intended volume o f  l iqu id .  

11-6-3b. Temperature - Temperature measurements are needed t o  document dens- 

i t y  determinations and fo r  the correct ion o f  pH and e l e c t r i c a l  conduc t i v i t y  if 

auto-temperature compensating devices are n o t  avai lable. During the sampling 

process it i s  also desirable t o  document sampling temperature. The measure- 

ment o f  temperature i s  h igh ly  developed and adequate accuracy can be obtained 

by several means. However, the accuracy of the thermometer should be checked 

pe r iod i ca l l y  + I f  a standard o r  reference thermometer i s  not avai la lbe i n  the 

f i e l d ,  thermometers can be checked using i c e  and b o i l i n g  water baths. D i g i t a l  

thermometers are now commonly avai lable and they can also be used w i th  less 

concern about suscepti b i  1 i t y  t o  damage. Conventional thermometers should be 

stored i n  metal o r  cardboard tubes t o  prevent damage. Several thermometers 

should be on hand i n  a f i e l d  laboratory t o  al low f o r  breakage. 

11-6-3c. Suspended Sol ids - Determination o f  suspended so l i ds  o r  t o t a l  fil- 

t r a t a b l e  residue i s  described i n  Standard Methods 208 03. Suspended so l i ds  
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u b t a i  ned 

follows: 

during the operation of, in-line sampling trains is accomplished as 

' .  

Nucl eopdre membrane Label a glass fiber or Millipbres typ 
filter with nominal pore sire of 0.45 microns with a ballpoint pen. 
The label should be inscribed' along the outer perimeter Of the 
filter that will subsequently be covered by a mounting O-ring. 

Predry the membrane filter at 103 to.1050C for 10-25 minutes (Milli- 
pore type HA filters should not be heated temperatures in excess 
of about 6OOC). 

Allow the filter to cool in a desiccator 

Obtain the tare weight o 

Mount the filter in a h ine membrane filter holder 
(Millipore or equivalent ce' d fibrous prefilter pad 
beneath the membrane trati on rates. 

Run the sampling train to waste for <a minute or so 
lines. ." 

/ 

r 

Pass at least 100 ml of geothe 
the filt.rate volume using a graduate 
Remove the filter asse 

Remove the top of the vacuum system to 
the bottom drain line of the fqlter assembly.' The filter can be 
held by a ringstand. 

Repeatedly wash the filtered resi 
deionized water. After each washi e water to drain com- 
pl ete 1 y . 
Remove the filter from the filter assembly, after first breaking the 
vacuum, using membrane forceps. Transfer the filter to a watch 
glass. Remove and discard t 

Dry the filter in a vacuum for 1 hour or longer 
depending upon the quantity of residue (Millipore type HA filters 
should not be heated to temperatures in excess of about 6OOC). 

1 water through the filter. Measure 

Cool the filter and residue in a desiccator and then reweigh. 

In the initial part of a study, reheat the residue several time and 
reweigh until a constant wefght is achieved. Modify the procedure 
as necessary for subsequent analysis. 
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Requi red Cat cul  a t i  ons: 

I 

! 

Weight o f  F i l t e r  + Residue = A (gm) 
Weight o f  F i l t e r  = 8 (em) 

,Volume o f  F i l t r a t e  = V ( m l )  

~ Total  Suspended Solids (mg/l) = (A-B)xl,OOO/V 

% 11-6-3d. Conductivi ty - The e l e c t r i c a l  conduct iv i ty  o f  a so lu t i on  i s  propor- 

t i o n a l  t o  the amount o f  ion izable species present i n  the’ solut ion.  Thus, 

conduct iv i ty measurements are a convenient way t o  index the t o t a l  dissolved 

so l ids (TDS) content o f  a sample. The standard method f o r  measurement o f  TDS, 

which involves evaporation o f  a sample t o  dryness and weighing .the residue, 

could require 24 hours or  longer t o  complete. Single e l e c t r i c a l  conduct iv i ty  

measurements can be accomplished i n  a few minutes. Conductivi ty measurements 

can be made on a continuous basis using a small sidestream and data logger o r  

s t r i p  chart recorder. This capab i l i t y  can be p a r t i c u l a r l y  useful i n  ce r ta in  

instances. For example, the monitoring o f  steam condensate as an i nd i ca to r  o f  

, steam pur i ty .  

Conductivity i s  not a p a r t i c u l a r l y  good way t o  characterize high s a l i n i t y  

o r  hypersal i ne sol u t i  ons , however. The method i s  useful i n  character1 z i  ng 1 ow 

t o  moderately high s a l i n i t y  f lu ids.  Conductivi ty i s  measured w i th  a conduc- 

t i v i t y  meter, preferably a u n i t  t h a t  provides automatic temperature compensa- 

t i o n  t o  el iminate the need f o r  appl icat ion o f  correct ion factors. Samples 

should be neutral ized p r i o r  t o  measurement o f  spec i f i c  conductance owing t o  

the high conductance per u n i t  weight o f  hydrogen and hydroxide ions. I n  high 

p u r i t y  samples such as steam condensate, dissolved gases can s i g n i f i c a n t l y  

inf luence conductance. Appropriate methods f o r  deal ing w i th  dissolved gases 

are discussed i n  Ref. 14. 

hi 
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t.l Conductivi ty meters general ly have an operating range of f r o m  0 t o  20,000 

micromhos/cm. More concentrated solut ions require d i l u t i o n  p r i o r  t o  measure- 

ment o f  conductivi ty. The sample d i l u t i o n  procedure i s  described i n  Ref. 12. 

A l l  conduct iv i ty meters u t i l i z e  a measurement - c e l l  w i t h  a f i n i t e  volume. 

Sample d i l u t i o n  i s  accomplished by p a r t i a l l y  f i l l i n g  the measurement c e l l  w i t h  

sample and then d i l u t i n g  t o  the mark w i t h  low conduct iv i ty (deionized o r  

d i s t i l l e d  water) d i luent.  The d i l u t i o n  should be performed w i th  a graduate o r  

a pipet. The d i l u t i o n  fac to r  i s  simply the r a t i o  o f  the conduct iv i ty c e l l  

volume (the t o t a l  measurement volume) t o  the sample volume. For example: 

Measurement Volume = 25 m l  

Sample Volume = 10 m l  

D i l u t i o n  Factor = 25/10 = 2.5 

The corrected conduct iv i ty i s  equal t o  the conduct iv i ty times the  d i l u t i o n  

factor: 

Corrected Conductivi ty = Measured Conductivi ty x D i l u t i o n  Factor 

If samples are d i l u t e d  with. water having a s i g n i f i c a n t  conductivi ty, then the 

ef fect  o f  the conduct iv i ty o f  the d i l u e n t  must be removed f o r  the highest 

possible accuracy. The fo l lowing equation can be used t o  correct  f o r  both the 

volume and conduct iv i ty o f  a d i l u t i o n  water1*: 

Conductivi ty (Micromhos/cm) = (100 x A) - ( 8  x (100 - V)] / V ( 11-7) 

where: A = measured conduct iv i ty (micromhos/cm) 

B = conduct iv i ty o f  d i l u t i o n  water (micromhos/cm) 

V = sample volume ( m l )  

11-6-3e. Tu rb id i t y  - Turb id i t y  i s  a measure o f  the  concentration o f  suspended 

pa r t i cu la tes  i n  water. The measurement i s  based on the amount o f  scattered 
i 
\ 
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l i g h t  which reaches one o r  more photocells as compared t o  standards o f  known 

tu rb id i ty .  The most commonly employed measurement u n i t  i s  the NTU o r  Nephe- 

lometer  Turbidi ty Unit. A nephelometer i s  a t u r b i d i t y  instrument i n  which 

scattered l i g h t  in tens i ty  i s  measured i n  a d i rec t ion  90 degrees f r o m  the 

incident l i g h t  beam. The most stable and accurate Nephelometers are r a t i o  

devices which incorporate two o r  more photodetectors t o  provide high sensi t iv-  

i t y  and s tab i l i t y .  The HACH Ratio Turbidimeter (18900-10) i s  a typ ica l  .labor- 

atory grade nephelometer w i th  a detection l i m i t  o f  0.01 NTU. The u n i t  can be 

provided wi th  a flow-through c e l l  f o r  continuous monitoring. 

Turbidimeters are cal ibrated using Formazin polymer suspensions tha t  can 

be prepred fol lowing guidelines i n  Ref. 3. HACH supplies premixed polymer 

suspensions tha t  can be d i lu ted  t o  desired strength. The rea l  u t i l i t y  o f  

t u r b i d i t y  measurements i s  tha t  a good re la t i ve  estimate o f  the concentration 

o f  suspended sol ids i n  a sample can be obtained i n  less than a minute as 

compared t o  the 24 hours o r  more tha t  i s  required i n  implementing the standrd 

f j l t ra t ton-grav imetr ic  suspended sol ids methodology. The re la t ionship between 

NTU's and the measured concentration o f  suspended sol ids i s  based on an empir- 

i c a l  corre la t ion developed between both types o f  measurements f o r  samples 

obtained a t  the same sampling po in t  by the same method. An arb i t ra ry  number 

o f  samples (say 10) are obtained and the suspended sol ids concentration levels 

are determined by the f i l t ra t ion-grav imet r ic  method. The t u r b i d i t y  o f  the 

samples i s  also determined p r i o r  t o  f i l t r a t i o n .  The relat ionship between 

. t u r b i d i t y  and mg/l suspended sol ids can then be derived by leas t  squares 

approximation and subsequently determined t u r b i d i t y  values can be converted t o  

an equivalent suspended sol ids  concentration. 

I f  a h igh l y  turb id  solut ion i s  t o  be measured, it i s  useful t o  d i l u te  the 

sample solution before performing the measurement. The d i l u t i on  should be 
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carried out using volumetric glassware. The true turbidity of a diluted 

sample i s  calculated as 
I 8 I /  

1 

. s  
1 

Actual Turbidity (NTU) = A x'(6 + C) / C. 

where: A = turbidity of diluted sample (NTU) 1 .  I '  L ?  

i l <  ' *~11-8) 

6 = volume of dilution water (ml) 
C = sample volume before dilution ( 

1 '  . l t  I f  . 

Turbid1 ty measurements obtained on a continuous b a d  s are .an excel 1 ent 

means of monitoring water quality immediate1y.upstream <of an dnjectionjwell or 

for assessing the performance of clarifiers, filters and sedimentation tanks. 

In practice it i s  inconvenient and sometimes impossible tocabtdi,n acceptable 

quality turbidity readings using grab samples. IIn the process ofsletting down 

a pressurized sample to atmospheric conditions a multitude,of tiny bubbles may 

form. Since it may be inappropriate to wait sufficiently for the bubbles to 

evolve before measuring turbidity, turbidity measurements using grab samples 

may not be useful. Small bubbles are detected as suspended solfds during the 

turbidity measurement and the presence of bubbles can lead to erroneous infer- 

rences regarding the turbidity of the process-Stream being monitored.. Contin- 

uous measurements using flow-through cells are an acceptable and practfcal way 

to measure turbidity of hot pressurized process streams. 

The HACH surface scatter turbidimeters are designed for continuous moni- 

toring of process streams. The instrument operates on the principle o f  sur- 

face scattering of light by suspended solids as shown in Figure 11-17. An 

advantage of this type of instrument .is that the process stream does'not,come 

in physical contact with any part of the turbidimeter's optics. A.disadvan- 

tage of this system for geothermal ,applications is that the surface of the 

fluid being monitored is exposed to the atmosphere. Thus, a possib lity 

exists for the generatio f extraneous precipitates and anamal ously high 
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Figure 11-17. Surface scattering turbidimeter(HACH Model 1720A). 
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tllrbidity readings. fogging o f  the instrument's optics 1s another potential b/ 
problem that might be encountered in monitoring a hot fluid dfth this instru- 

ment. The merits of this particular type of device woutd have to be estab- 

lished for a particular application. Both a low to high range instrument 

(15625-41) and an ultra low instrument (1720A)  are available from HACH. 

True ratio type turbidimeters are available for continuous monitoring 

duty from HACH, Fisher Scientific, VWR and other sources. H.F.  Instruments, 

DRT-200 turbidimeter (available through Fisher Scientific) is designed for 

field use and was successfully integrated into an injection well monitoring 

system installed at the South Brawley geothermal test site operated by MCR 

Geothermal Corporations. The basic methodology for operation o f  a continuous- 

ly recording in-line turbidimeter is itlustrated in Figures 11-18 and 19. 

Figure 11-18 illustrates the use of a flow-through cell with the HACH Ratio 

Turbidimeter {not shown). Since the HACH instrument is intended primarily for 

laboratory use we do not recommend on-line monitoring in a field situation. 

Figure 11-19 illustrates the H.F. Instruments ORT-200 system. The sensing 

module is provided as an independent unit. The indicator electronics are 

mounted I n  a separate environmental ized package which can be remotely mounted 

from the senslng module. The indicator can he obtained with either a digital 

or analog display. The DRf-200 or similar device is the better choice for 

field applications that require continuous turbidity monitoring, 

In geothermal applications, two. problems are likely to be experienced. 

The flow-through cell of the DRT-200 has a maximum pressure limitation of 60 

psi at 120OF. Other .turbidimeters with flow-through cells have similar limi- 

tations. Thus, some precautions have to be taken by operators to prevent 

accidental dmage to the sensing cells due to overpressure or excessive temper- 

b t u r e .  The presence of bubbles in the influent brine will lead to erroneously 
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h igh  t u r b i d i t y  readings. A bubb e t rap,  as shown i n  F igure 11-20, i s  normal ly  

used t o  e l im ina te  bubbles. The over f low from the  bubble t r a p  should be d i -  

rec ted  t o  waste. 

Control  o f  i n f l u e n t  b r i n e  pressure and temperature i s  c o n t r o l l e d  by use 

of a small a i r  cooler  and pressure con t ro l  valves. A small water cooler  cou ld  

a lso be used b u t  a t  t he  inconvenience o f  having t o  supply a source o f  coo l i ng  

water. We do n o t  recommend use o f  a conventional pressure regu la to r  i n  a 

sca l i ng  environment. A b e t t e r  procedure would be t o  use a r e l i e f  va lve i n  

conjunct ion w i t h  a con t ro l  valve. Use o f  a f l ow  meter i s  no t  essent ia l  as 

f low through the. sensing c e l l  can be checked p e r i o d i c a l l y  by d i r e c t  measure- 

ment us ing a graduate. The f l ow  system should be equipped w i t h  a pressure 

gauge as an a i d  i n  s e t t i n g  the  co r rec t  operat ing pressure. The output  o f  t he  

i n d i c a t o r  module can be p e r i o d i c a l l y  manually logged o r  a remote recorder can 

I 

I 

be used. Several spare flow-through glass c e l l s  should be on hand i n  the  

event o f  acc identa l  breakage o r  o p t i c a l  impairment due t o  depos i t ion  of s i l i c a  

o r  o ther  deposi ts on the  glass. Spare bulbs f o r  the  f low-through sensor 

should a lso  be on hand. 

11-6-4. Chemical Character izat ion b f  Geothermal Br ine  

II-6-4a. Measurement o f  pH - pH i s  a bas ic  p roper ty  o f  geothermal f l u i d s  t h a t  

in f luences the behavior o f  c e r t a i n  d isso lved species, such as s i l i c a  and i ron ,  

and the  c o r r o s i v i t y  o f  the  f l u i d .  Cer ta in  a n a l y t i c a l  determinat ions,  such as 

a c i d i t y  and a l k a l i n i t y ,  a re  based on measurement o f  chemical consumption as a 

funct ion o f  pH. Such a n a l y t i c a l  determinat ions requ i re  accurate and s tab le  pH 

meters. The measurement o f  pH can e a s i l y  be accomplished i n  the  f i e l d .  For 

h igh  q u a l i t y  work, use o f  a labora tory  grade pH meter i s  essent ia l .  Since i t  

may a lso  be necessary t o  u t i l i z e  o ther  s p e c i f i c  i o n  electrodes, as f o r  the  
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Figure 11-20. HACH(Mode1 3563-03) Bubble t rap for use immediately 
upstream o f  an in - l ine  t u r b i d i t y  monitor. 
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determination of dissolved ammonia and dissolved sulfide, it is desirable to 

obtain a high quality instrument that provides both pH and mv functions. 

It is also useful to consider low cost battery operated digital pH meters 

which are rugged and useful if it becomes necessary .to measure pH immediately 

after sampling especially in conjunction with the operation of brine process- 

ing equipment. Shannon1= has discussed the proper operation of portable pH 

meters. A high quality pH meter should be equipped with high quality elec- 

trodes. The use of combination electrodes and a separate automatic tempera- 

ture compensating (ATC) electrode is most convenient. The field laboratory 

should be equipped with several sets of spare electrodes and an adequate 

supply of buffer solution for calibration purposes. The manufacturer's in- 

struct ons for proper operation and calibration of a particular pH meter 

should be followed. Buffer powders can be obtained from the chemical supply 

houses. It is best to mix one liter quantities of buffer solution in polyeth- 

ylene bottles for use as needed. Samples should be stirred while measuring 

PH. Use of a combination hot plate-magnetic stirrer is recommended. High 

qual i ty electrodes reach equi 1 i bri um wi thi n about 30 seconds. Continued 

stirring of a solution will result in a slow but continuous rise in pH as 

dissolved gas (CO,) are liberated. Therefore, all pH read 

after a given mixing time of 30 to 60 seconds. 
< 

II'-6-4b. Acidity/Alkalinity - Acidity and alkalinity are 

ngs should be made 

quantitative indi- 

cators of a water's ability to neutralize a strong base and a strong acid, 

respectively to a designated pH. Both factors are commonly expressed in mg/l 

as CaCO,. Rapid determination in the field of both factors is readily accom- 

plished using a HACH digital titrator and the appropriate HACH reagents. The 

APHA Standard Methods, keyed to the HACH Digital Titrator and HACH reagents 
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o f  con n t r a t i  on u n i t  are summarized i n  Ref. 12. The conversio from mg/ l  

(ppm) as CaCO, t o  mgl l  of an i o n  such as HCO, i s  accomplished as follows: 
, 

equivalent weight o f  i o n  
equivalent weight of CaCO, ppm of ion ppm o f  i o n  = (XI-9) 

where: atomic weight o r  molecular weight 
valence equivalent weight = 

Calcium carbonate conversion factors  are summarized i n  Table 11-4. 

weight f o r  some elements, ions and compounds are l i s t e d  i n  Table 11-5. 

Equivalent 

I I-6-4c. C h l  o r i  de - The concent r a t i o n  o f  d i  sso’l ved chi or1 de i n geothermal 

br ine i s  a factor  o f  fundamental importance i n  the character izat ion o f  reser- 

v o i r  f l u i d s  and t h e i r  energy content or  enthalpy because ch lor ide i s  bas i ca l l y  

the dominant anion. Chloride concentrations and the changes i n  r a t i o s  of 

residual scale components t o  ch lor ice concentration can be used as a chemical 

t race r  i n  evaluating p rec ip i t a te  formation and the degree o f  steam flashing. 

The chl  o r i  de content o f  steam condensate has important rami f i c a t i  ons w i th  

respect t o  the s u i t a b i l i t y  o f  separated steam f o r  use i n  turbines. A h igh 

l eve l  of ch lor ide i n  steam condensate may ind icate inadequate performance o f  

steam separation equipment o r  the need f o r  aux i l  lary steam scrubbers. 

Determination o f  ch lor ide i s  s t ra ight forward and e a s i l y  accomplished i n  

the f i e l d .  The HACH methodology based on t i t r a t i o n  o f  samples w i t h  mercuric 

n i t r a t e  i s  fast ,  accurate and f r e e  o f  interferences even i n  the case o f  hyper- 

sa l i ne  br ines from the Salton Trough8. The APHA Standard Methods procedure 

described i n  Ref. 12 i s  keyed t o  the use o f  HACH prepackaged reagents and the 

HACH d i g i t a l  t i t r a t o r .  Accuracy and r e p r o d u c i b i l i t y  o f  the method can be 

checked by t i t r a t i o n  o f  a standard sodium ch lo r i de  solut ion.  The method o f  

standard addi t ions can a lso be used t o  v e r i f y  a n a l y t i c a l  resul ts .  I n  general, 

two a l i quo ts  o f  sample should be independently t i t r a t e d  t o  es tab l i sh  measure- 

ment p rec i s ion  and t o  i d e n t i f y  f a u l t y  ana ly t i ca l  data. I f  a wide dfvers4on 
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Table 11-4 

Calcium Carbonate Conversion Factors 
(From Ref. 16) 

To Convert From To 

ppm as CaC03 PPm 
o f  the  

I o n  

Ion  
Ca++ 
Mg++ 
K+ 

Sr++ 
Fe++ 

c1- 

- 

Na+ 
Ba++ 

Fe+* 

HC03 
OH- 

- 
- 

so4- 

cos- 
- 

M u l t i p l y  By 

0.400 
0.243 
0.782 
0.460 
1.374 
0.876 
0.558 
0.372 
0.709 
1.220 
0.340 
0.960 
0.600 

Equivalent W t .  o f  Ion  
Conversion Factor = Equivalent W t .  o f  C ~ C O ~  

- - Equivalent W t .  o f  Ion  
50 

11-74 



i 
Table 11-5 

Equivalent Weights o f  Some Elements, 
Ions and Compounds 

Element, Ion 
o r  Compound 
Hydrogen (H) 

Oxygen (0) 
Cal c i  um (ea++) 
Bicarbonate (HC03-) 
Carbonate (COS--) 
Ferrous I r o n  (Fe*) 
Ferr ic  I r o n  (Fe-) 
Sulfate (SO*--) 
Chloride (C1-) 
Cal c i  um Carbonate (CaC03) 
Calcium Sulfate (CaS04) 
Sodium Chloride (NaC1) 
Hydrochloric Acid (HC1) 

Atomic o r  
Molecular Weight 

1 
16 
40 
61 
60 
56 
56 
96 
35.5 
100 
136 
58.5 
36.5 

Valence 
+1 
-2 
+2 
-1 
-2 
+2 
+3 
-2 
-1 

2* 
2* 
1* 
1* 

Equi Val ent 
Weight 
1 
8 
20 
61 
30 
28 
18.7 
48 
35.5 
50 
68 
58.5 
36.5 

*The concept of valence does not apply t o  compounds. The denoted 
valence i s  the t o t a l  valence o f  cations or anions in the  compound, I 
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between dupl icate determinations i s  noted, another sample a l i quo t  should be 

tit rated. 

I n  some cases, it w i l l  be necessary t o  d i l u t e  samples p r i o r  t o  analysis. 

F o r  example, i n  the case o f  hypersaline brines, i t  may be necessary t o  use 

sample d i l u t i o n s  o f  up t o  1000 times. Sample d i l u t i o n  can, i n  most instances, 

be accomplished using p rec i s ion  p ipets  and volumetric f lasks.  I f  a b r ine  

forms s a l t  p r e c i p i t a t e  upon cooling, d i l u t i o n  w i l l  have t o  be made a t  somewhat 

higher temperatures based on the weight o f  sample a c t u a l l y  added t o  a volumet- 

r i c  f lask.  The sample weight can be subsequently converted t o  an equivalent 

vol  ume using measured densi ty data. 

An a l t e r n a t i v e  ana ly t i ca l  procedure t h a t  has been used successful ly t o  

measure ch lor ide i n  geothermal waters inc lud ing hypersaline br ines i s  based on 

coulometric t i t r a t i o n 1 3 .  The Potentiometric Method f o r  ch lor ide i s  described 

i n  Ref. 3 (APHA Standard Method 408 C). Chloride i s  determined by potent io-  

metr ic  t i t r a t i o n  w i t h  s i l v e r  n i t r a t e  so lu t i on  using a glass and s i l v e r - s i l v e r  

ch lor ide electrode system. The po ten t i a l  o f  the react ion i s  monitored using a 

high q u a l i t y  voltmeter. The mv funct ion o f  a laboratory grade pH meter i s  

acceptable f o r  t h i s  determination. Usually pract ice,  however, i s  t o  use an 

apparatus designed f o r  the potent iometr ic t i t r a t i o n  o f  chlor ide.  Sui table 

equipment i s  described i n  Fisher S c i e n t i f i c ,  VWR and other s c i e n t i f i c  equip- 

ment supply catalogs. I f  many determinations f o r  ch lo r i de  are t o  be made, the 

use o f  cmmercial potent iometr ic equipment w i t h  a u t o - t i t r a t i o n  features becomes 

desirable, although the i n i t i a l  cost  i n  s e t t i n g  up, the procedure i s  s i g n i f i -  

can t l y  higher than f o r  the mercuric n i t r a t e  t i t r a t i o n .  

Nei ther the mercuric n i t r a t e  o r  potent iometr ic t i t r a t i o n  methods d i  s t i  n- 

Geother- guish between bromide and iod ide t h a t  might be present i n  a sample. 

mal br ines may commonly contain bromine, f o r  example, t h a t  w i l l  be d i r e c t l y  6-I 
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t i t r a t e d  as chloride. Corrections fo r  dissolved bromfne and iod ide must be 

based on independent determinations fo r  these halogens. 

bromine i s  present a t  r e l a t i v e l y  high concentrations (a few hundred ppm). 

The bromi ne ' concentration i s  1 ow, however, i n  'comparison t o  t yp i ca l  chl  or ide 

concentrations. Iodine may also be present, but  a t  a much lower concentra- 

t ion.  Thus, determination o f  chlor ide i n  the f i e l d  should be considered as 

i nd i ca t i ve  o f  t o t a l  halogen content (ch lor ide + bromide + iodide) u n t i l  such 

time as other halogens which may be present are quanti f ied. The independent 

determination o f  bromide and iodide i s  described i n  Ref. 3. Chromate, f e r r i c ,  

s u l f i t e  and su l f i de  a lso i n t e r f e r e  when present a t  concentration leve ls  i n  

excess o f  10 mg/l. These i n t e r f e r r i n g  species are eas i l y  cont ro l led by d i l u t -  

i n g  geothermal samples before analysis. I n  almost a l l  cases, the concentration 

o f  dissolved chlor ide w i l l  be great ly  i n  excess o f  the corresponding concen- 

t r a t i o n  o f  i n t e r f e r r i  ng speci es . HACH suppl i es *a  speci a1 prepackaged reagent 

t o  control  s u l f i d e  interference. 

I n  hypersal ine brines, 

\ 

11-6-4d. Sul fate - Dissolved su l fa te  i s  an important parameter i n  geothermal 

waters because o f  the potent ia l  f o r  calcium and strontium su l fa te  scale forma- 

t ion.  More commonly, the presence o f  high su l fa te  leve ls  i n  geothermal waters 

i s an i ndi cat ion o f  mi x i  ng w i th  non-geot hermal waters and/or i ndi cat i ve o f  

production well  casing leaks tha t  allow cooler waters t o  comingle w i th  the 

ho t te r  geothermal f l u i d s  i n  the wellbore. For example, anomalously high 

su l fa te  leve ls  i n  br ine produced by the Woolsey No. 1 w e l l  i n  the Salton Sea 

Geothermal Field, Southern Ca l i f o rn ia  was the f i r s t  i nd i ca t i on  o f  a probable 

leak i n  the well  casing . The leak was subsequently confirmed by means o f  a 

downhole spi nnerjtemperature survey. 
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Dissolved s u l f a t e  i s  measured by t h e  Turb id imet r ic  methodsgi2. The 

determination i s  e a s i l y  performed i n  t h e  f i e l d  us ing HACH prepackaged reagents 

and a HACH spectrophotometer. The method involves p r e c i p i t a t i o n  o f  barium 

su l fa te  c r y s t a l s  o f  un i form size. The amount o f  p r e c i p i t a t e  i s  subsequently 

quant i f ied by use o f  a transmission spectrophotometer. i l i c a  i n  excess o f  500 
I I- 

mg/l i n t e r f e r e s  and sispended pa r t i cu la tes ,  i f  present i n  the  water, must be 

removed by f i l t r a t i o n .  Chloride, i n  excess o f  40,000 mg/l and magnesium i n  

excess o f  10,000 mg/l may a lso  interfere1*. These in ter ferences species, i f  

present, can usua l l y  be c o n t r o l l e d  by d i l u t i o n  o f  t he  sample. 

II-6-4e. Su l f i de  - Hydrogen s u l f i d e  gas i s  produced a t  many geothermal re- 

sources i n  associat ion w i t h  separated steam. The leve l  o f  res idual  s u l f i d e  

i o n  i n  produced geothermal water i s  important i n  es tab l i sh ing  t o t a l  s u l f i d e  

content o f  the  reservo i r  f l u i d s  and i n  assessing the  po ten t i a l  f o r  formation 

o f  s u l f i d e  scale deposits. Since s u l f i d e  i o n  i s  a t o x i c  species, it may be 

necessary t o  monitor s u l f i d e  l eve l s  i n  ce r ta in  process streams f o r  compliance 

w i th  environmental regulations. The s u l f i d e  determination i s  a lso useful i n  

quant i f y ing  the  amount o f  hydrogen s u l f i d e  gas trapped by scrubbing w i th  

sodium hydroxide i n  conjunction w i th  the standard procedure f o r  quant i f y ing  

C02 1 n noncondensabl e gases . 
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by the conversion o f  N,N-dimethyl- 

t o  methylene blue by r e  

hylene blue formed by the react ion i s  determined using a spec- 
1 8  

tophotometer a t  a wavelength o f  665 nm. The HACH procedure used i n  conjunc- 

emi s t r y  1 abora g rea t l y  s i m p l i f i e s  the f i e l d  

determination o f  sul f ide.  

. .- 
8 . I: ,  : . 

XI-6-4f Ammonia - Ammonla i s  commonly present i n  geothermal discharges. The 

ammonia, by v i r t u e  o f  a r e l a t i v e l y  high s o l u b i l i t y  i n  water redistr ibutes 

team condensate and the residual noncondensable gases a f t e r  f lashing 

ncondensable gases are allowed t o  contact the condensate. Ammonia i s  

a weak base tha t  i s  s tab i l i zed  i n  the l i q u i d  phase by reaction wi th  C02 (C02 + 

NH3 + H20 -> NH4HC03). Redissolution o f  ammonia i n  steam condensate can 

increase the pH o f  the condensate: 

( I  1-10) 

U t i l i r a t f o n  of cbndensate as make-up water f o r  i n j e c t i o n  may r e s u l t  i n  the 

mixing o f  condensate, wfth an elevated pH, w i t h  spent brine, o f  lower pH. 

Depending upon the heavy metal content o f  the spent brine, remixing could 

enhance the po ten t i a l  f o r  p r e c i p i t a t i o n  o f  hydrated metal oxides such as 

Fe(OH),. Elevation o f  spent b r i ne  pH could also promote p rec ip i t a t i on  of 

dissolved s i l i c a .  
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The Nessler method i s  a standard labora tory  procedure f o r  determination o f  LJ 
amoni  a 3’12. However, t h e  procedure i s  suscept ib le  t o  in te r fe rence which 

Causes p r e c i p i t a t i o n  o f  t he  reagent. Usual p r a c t i c e  i s  t o  remove i n t e r f e r r i n g  

i r o n  and s u l f i d e  by d i s t i l l a t i o n  o f  t he  sample t o  p u r i f y  ammonia p r i o r  t o  

analysis, The Sa l i cy la te  method i s  more sens i t i ve  than the  Nessler method but  

f t  i s  a lso suscept ib le  t o  i n t e r f e r r i n g  species . Some o f  t he  i n t e r f e r r i n g  

species (Ca and Mg) present i n  geothermal waters may g rea t l y  exc 

cent ra t ion  o f  ammonia. In these cases, sample d i l u t i o n  may o f f e r  no r e l i e f  

from the  i n t e r f e r r i  ng speci es 

3 ~ 1 2  

The specific ion electrode method for ammonia i s  the only practical 

approach to field analysis o f  ammonialS. The Orfon model 95-10 ammonia elec- 

trode has been successfully used to measure ammonia in steam condensate pro- 

duced at the South Brawley Geothermal Field i n  Southern Californias. The 

resource produces a hypersal ine brine7. Detailed instructions provided with 

t he  e lect rode should be followed. Standard ammonia so lu t ions  are ava i l ab le  

from Orion as an a i d  i n  c a l i b r a t i n g  the  e lect rode response. The e lect rode 

method i s  accurate and rapid. 

11-6-49. D i  ssol ved Oxygen - Geothermal waters normal l y  are d e f i c i e n t  i n  

d isso lved oxygen, bu t  they can become enriched i n  d isso lved oxygen upon expo- 

sure t o  a i r .  I f  a i r  exposure occurs, the  res idual  d isso lved oxygen content o f  

geothermal waters can have a s i g n i f i c a n t  impact on the  c o r r o s i v i t y  and chemi- 

ca l  s t a b i l i t y  of t h e  waters. Oxygen content can be measured i n  several ways 

i nc lud ing  t h e  Winkler wet chemistry method , t h e  spec i f i c  i o n  e lect rode 

and t h e  co lo r ime t r i c  method based on the  reac t ion  o f  Rhodatine D w i t h  d is -  

solved oxygen. Of the  above methods, the  c o l o r i m e t r i c  method i s  p re fe r red  due 

3912 18 

t o  i t s  accuracy, s e n s i t i v i t y ,  s i m p l i c i t y  and rap id i t y .  L 
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1. 

2. 

3. 

4. 

5. 

6. 

7, 

a. 

w The color imetr ic  t e s t  f o r  dissolved oxygen as packaged by CHEMetrics, 

Inc., Warrenton, V i rg in ia  contains evacuated glass v i a l s  p r e f i l l e d  w i th  the 

appropriate quant i ty o f  reagent. A f te r  immersion o f  the v i a l  i the sample 

solut ion, the t i p  o f  the v i a l  i s  snapped o f f .  A quant i ty o f  l i q u i d  i s  imme- 

d i a t e l y  pu l led i n t o  the v ia l .  The v i a l  i s  removed from the solut ion, capped 

and agi tated by hand f o r  a few seconds. The co lor  development due t o  the 

presence o f  dissolved oxygen i n  the sample i s  compared t o  co lor  standards 

provided w i th  the k i t  t o  quant i fy oxygen concentration. Several k i t s  covering 

a var ie ty  o f  d i  ssol ved oxygen concentrations are avai 1 ab1 e. Precautions 

should be taken t o  avoid contamination o f  samples by atmospheric oxygen during 

sampling and subsequent comparison o f  standard solut ions with the  sample. I n  

general, samples obtained f r o m  a sampling valve should be taken as follows: 

Connect a length o f  p l a s t i c  tubing t o  the sample valve. 

I n s e r t  the f r e e  end o f  the tub ing w e l l  i n t o  a 125 m l  o r  l a rge r  
Erlenmeyer f 1 ask. 

I n s e r t  a CHEMet v i a l  i n t o  the provided p l a s t i c  sampling tube (Figure 
11-20). 

Continuously f low sample l i q u i d  i n t o  the Erlenmeyer f l a s k  a l lowing 
the  f l a s k  t o  overflow. The f l a s k  can be held over a l a rge  bucket t o  
contai  n the overf  1 owed 1 i qui d. 

Immerse the p l a s t i c  sampling tube wel l  i n t o  the sample s o l u t i o n  
whi le  continuously f lowing f resh sample i n t o  the Erlenmeyer flask. 

Snap. the t i p  o f  the CHEMet v i a l  by pressing downward on the top of 
the v i a l .  Allow the v i a l  t o  fill with sample, b u t  remove the v i a l  
i n  less than 5 seconds t o  avoid loss o f  reagent. 

Remove the CHEMet v i a l  from the so lu t i on  and immediately cover the 
broken t i p  wi th a f inger.  Mix the v i a l  contents by repeated inver- 
s ion o f  the covered tube. 

The oxygen content o f  the sample i s  determined by comparison w i t h  
supplied c o l o r  standards. 
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Proper sampling procedure i s  essent ia l  i n  obtaining accurate resul ts.  Allow- 

i n g  water t o  f ree  f low i n t o  a sampling f l a s k  i s  s u f f i c i e n t  t o  permit  s i g n i f i -  

cant atmospheric contamination o f  the sample. It i s  f o r  t h i s  reason t h a t  the 

sample should be conveyed :to a sampling f l a s k  v i a  a length o f  tubing. As an 

a l te rna t ive  proc e, sample can be conveyed d i r e c t l y  i n t o  the p l a s t i c  sample 

holder (Figure 11-21) v i a  p l a s t i c  tubing. The sample holder can be gripped 

w i th  a p a i r  o f  laboratory tongs dur ing the  sampling procedure. 

If-6-4h. Total  Dissolved Solids - The actual quant i ty  o f  dissolved const i tu-  

ents i n  a geothermal water o r  t o t a l  dissolved so l ids  (TDS) i s  an extremely 

important f ac to r  i n  assessing reservo i r  enthalpyll’ls’*o. TDS var ia t ions are 

also ind ica t ive  of the degree o f  steam f lash ing  along a process stream. 

Reservoir engineering assessments o f  production and i n j e c t i o n  require informa- 

t i o n  about TDS i n  order t o  compute probable trends i n  chemistry of produced 

water a f t e r  a spec i f ic  period of in jec t ion  has occurred. TDS data may a l so  be 

needed t o  demonstrate compl i ance with envi ronmental regul a t i  ons . F1 ashed 

br ine tha t  i s  u l t imate ly  in jected may have a TDS value 20 percent o r  more 

higher than the produced water. Ult imately, more concentrated br ine  may be 

produced wi th  po ten t ia l l y  detrimental e f fects  on scale deposition and, per- 

haps, cor ros iv i ty  of the produced f l u ids  as in jected brines break through t o  

production we1 1 s. 
The determination o f  TDS i s  described i n  APHA Standard Methods Procedure 

208 AS. Use o f  WCOR o r  porcelain evaporating dishes i s  recommended i n  l i e u  

o f  plat inum due t o  the d i f f i c u l t y  o f  maintaining proper contro l  o f  valuables 

i n  the f i e l d .  F o r  most geothermal waters, the procedure described i n  208 A i s  

adequate. 

are required f o r  the  accurate analysis o f  hypersaline brine8. 

We have found, however, t h a t  s i g n i f i c a n t  changes i n  the procedure 

The s t a n d a r b  

procedure requires a sample s ize such t h a t  u l t imate ly ,  the minimum residue 
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weighs between 25 t o  250 mg. For a hypersal ine br ine,  t h i s  t rans lates t o  a 

sample volume o f  from 0.5 t o  1.0 m l .  

TDS determinations o f  hypersal ine brines: 

We recommend the fo l l ow ing  procedure f o r  

I. Transfer the r e q u i s i t e  sample volume t o  a 5 m l  capaci ty VYCOR beaker. 
The sample should be accurately weighed i n t o  the beaker. 

2. Place the beaker w i t h  the sample on a ho t  p l a t e  and heat t o  dryness 
on a low temperature s e t t i n g  t o  avoid sp lat ter ing.  

Slowly increase t h e  temperature s e t t i n g  o f  the ho t  p la te,  over a two 
hour period, t o  e l iminate a l l  t races o f  res idual  moisture. 

4. Transfer the sample t o  a vacuum oven and heat f o r  two hours a t  
103-105°C. 

3. 

5. 

6. 

A l l o w  the sample t o  cool in a desiccator and reweigh. 

Repeat steps 4 and 5 t o  demonstrate attainment o f  constant weight. 

Required Calculat ions: 

A-6) x 1,000 
C mg/l TDS = ( 

where: A = weight o f  sample + beaker (gm) 

B = weight o f  beaker (gm 

C = sample volume ( m l )  

(11-11) 

This procedure has been found t o  y i e l d  h igh l y  reproducible r e s u l t s  w i t h  a mean 

standard dev iat ion o f  b e t t e r  than 2 percent f o r  dupl icate TDS determinations 

for  33 hypersaline br ine samples'. I f  a vacuum oven i s  used f o r  the f i n a l  

d ry ing  o f  hypersal ine TDS samples, the same procedure should be used f o r  other 

samples t o  permit  d i r e c t  comparisons o f  ana ly t i ca l  resu l t s .  Samples used fo r  

TDS determinations must be p r e f i l t e r e d  using a 0.45 micron membrane f i l t e r  

p r i o r  t o  analysis. Hot, pressurized geothermal f l u i d s  should be p r e f i l t e r e d  

on-1 i ne simultaneously w i th  sampling. It has been our experience t h a t  stand- 

ard methodology f o r  measurement of TDS of hypersaline br ine does not y i e l d  

acceptable data and the length of time required for  a s ingle determination i s  
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W objectionable. The modi f i ed procedure uti 1 i ti ng a vacuum oven as described 

above is recommended. 

11-6-41. Quantitatjve Analysis - Field preserved liquid samples can be char 
acterized using either atomic absorption spectrophotometry (AA) or inductive- 

ly-coupled plasma spectrometry (ICP). The ICP procedure is preferred for 

rapid, low cost multi-element analysis. Furthermore, the ICP determination of 

certain cations such as sodium is free of matrix.interference6 that complicate 

conventional AA determinations. A modern ICP facility can provide for the 

essentially simultaneous determination o f  up to 40 elements or more in a 

single sample. Table 11-6 illustrates working detection limits and calibra- 

tion ranges for a typical ICP installation. It should be borne In mind that 

the ICP characterization of a sample may require one or more sample dilutions 

to place all sample constituents within the appropriate measurement range. 

Thus, several runs on the ICP m a y  be necessary for complete characterization 

of a sample. 

The recommended ICP wavelengths for sample characterization are summar- 

ized in Table 11-7. Once an analytical procedure has been set-up for a p a r  

ticular category o f  sample, for example, is hypersaline bribe, synthetic brine 
samples of. known composition should be prepared and analyzed to demonstrate 

the validity o f  the analytical procedure. Selection of an approprlate comer- 

cia1 laboratory for analysis o f  samples, if such analysis cannot be accom- 

plished in-house, should be based to a large extent on the demonstrated abil- 

ity of the laboratory to perform the work successfully rather than on pr4ce 

per analysis. 8ad analytical data io worthless. 

A unique characteristic of the hypersaline geothermal brines of Southern 

California's Sal ton Trough is the presence of anomalously high concentrations 

of heavy metals including silver. Harrar and Raber21 evaluated various analy- 
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ELEMENT 

Na 
K 
Ca 
Mg 
Fe 
AI 
Si 
Ti 
P 
sr 
Ba 
v 
Cr 
Mn 
co 
Ni 
c u  
Mo 
Pb 
zn 
Cd 
A s  
Au 
As 
Sb 
8i 
U 
Te 
Sn 
W 
ti 
Be 
B 
zr 
La 
Ce 
T i l  

'Note: 

WORKING DETECTION 
LIMIT (ppm)' 

1.25 
25 
0.25 
as 
a025 
0.625 
a25 

0.625 
a013 

0.05 

0.125 

0.625 
1.25 

0.25 
0.025 
0.125 
0.063 
1.25 
0.25 
0.125 
0.063 
0.05 
0.1 
0.625 

25 
6.25 
1.25 

0.125 

0.005 
0.125 
0.125 
0.125 

25 

a 75 

a125 

aos 

0.25 

CALIBRATION RANGES 

i (PPm 
3-3ooo 
2-2000 
252500 
2-2000 
.02-100 
.4-2000 
.93-467 
,l-sOo 
.5m 
.02-20 
.5500 
1-loo0 
.2-200 
2-2000 
.I-100 
. 2 - m  
.06m 
.5-500 
3-300 
.04-200 
.02-100 
.w-200 
.0550 
. 4 - a  
.6600 
2-2000 
1-loo0 
.5m 
. 2 - m  
.2-100 
.w-200 
.004-20 
.I-100 
.I-100 
.1-m 
.4-400 
1-loo0 

The working detection limit shown represents-the lower limit of quantotive determindon for an 
element in solution with other elements Much lower detection limits are of course possible when Only a 
single element in solution is involved 

Table 11-6. Typical detection limits and calibration ranges for an inductively 
coupled plasma spectrometer. 

L 
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Element 
A1 

Ag 
As 
B 
Ba 
Ca 
Cd 
co 
C r  
cu 
Fe 
K (low conc.) 
K (h igh conc.) 
L i  

Mg 
Mn 
Mo 

Table 11-7 

Recommended I C P  Wavelengths (From Ref. 1) 

Wavelength (A) Element 
3092 Na (h igh conc.) 
3280 
1936 
2497‘ 
4934 
3179 
2265 
2286 
2677 
3247 
2599 
7664* 
4047 
6707 
3832 
2576 
2020 

Na (low conc.) 
N i  
P 
Pb 
Sb 
Se 
S i  
Sn 
S r  
Th 
T i  
T1 
U 

Zn 
Z r  

Wave1 eng ”, , (A) 
3303* 
5896 
2316 x2 
2149 x2 
2203 
2175 
1960 
2881 
1899 
4215 
2837 
3349 
3775 
3859 
2062 x2 
3391 

*Bet ter  choice f o r  s ing le  wavelengths. 
x2 ind ica tes  2nd order. 
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tical techniques for the analysis of silver content in hypersaline brinef 

They found that the limits'of detection for the fire assay technique, which 

involves' collection of silver in a gold carrier followed by AA determination 

of silverzz, i s  0.5 mg/l at the 3 a level. They concluded that solvent ex- 

traction of silver, with dithizone, followed by AA determination of silver 

was the  best ava i lab le  method f o r  quanti fy ing s i l v e r  i n  brine. 

W 

11-6-5. Steam Loss Corrections 

The reduction of analytical data to a common basis i s  desirable as a 

means of facilitating intersample comparisons. Usually, one is interested 

primarily in the actual chemfcal composition o f  reservoir brines. The reduc- 

tion o f  data to atmospheric pressure and the boiling temperature o f  the brine 

is also of interest. The computational methods used to reduce analytical data 

to a common basis can be used for any given set of conditions desired. Vari- 

ous computational techniques may be employed in recalculating analytical data. 

In the simplest case, liquid single phase samples are obtaihed for analysis 

from a separator. If the percent steam flash is known from direct measurement 

of the mass fractions o f  produced br ine  and steam discharged from a Separator, 

then the correction applied to analytical data for recalculation to a pre- 

flash reservoir condition i s  applied as follows: 

= F  Steam Mass Rate 
Steam Mass Rate + Brine Mass Rate Fraction (11-12) 

and Percent Flash = 100 F 

and xo = xi ( l - f )  

where: xo = concentration o f  a dissolved species i n  the  reservoir  

xi = concentration o f  if dissolved species i n  residual b r i n e  e f f l u e n t  
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Al ternat ive methods f o r  applying steam loss corrections are described i n  

Refs. 9 and 10. The pre-f lash concentration o f  a dissolved species may be 

computed by not ing t h a t  the f l ash  f rac t i on  i s  a funct ion o f  the adiabatic par t  

o f  the temperature change experienced by the reservoir  l i q u i d  : 

Lj 

(I 1-13) 

o r  
= enthalpy o f  reservoir  br ine a t  reservoir  conditions 

HO 

L = conductive heat losses between the reservoir  and the po in t  
o f  steam separation 

Hv = enthalpy o f  steam a t  steam separation conditions 

HL = enthalpy o f  residual l i q u i d  a t  steam separation condit ions 

F = f rac t i ona l  steam f l ash  

A t abu la t i on  o f  heat capaci t ies and heats o f  vapor izat ion for  ideal  sodium 

chlor ide so lut ions i s  provided as Tables 11-8 and 9, An example o f  the calcu- 

l a t i o n  o f  steam loss e f f e c t s  on dissolved so l i ds  concentrat ion i s  provided i n  

Ref. 10. 

The concentrat ion o f  a dissolved species can be recalculated t o  any basis 

i f  the fo l l ow ing  informat ion i s  available': 

1. E = Enthalpy of rese rvo i r  f l u i d  (C) 
2. L = Latent heat o f  evaporation o f  rese rvo i r  f l u i d  (cal/g) 
3. H = Enthalpy of f l u i d  a t  sampling condit ions (cal/g) 
4. F = Dryness factor ( f rac t i ona l  steam f l ash )  
5. 
6. 

Xo = Concentration o f  dissolved species i n  rese rvo i r  f l u i d  (mg/l) 
X i  = Concentration o f  Xo a t  the desired steam separation condi t ion (mg/ 

The source f l u i d  enthalpy a t  reservo i r  condi t ions , i s  given by: 
, 

The f rac t i ona l  f l ash  i s  given by: 

(11-14) 

E-H ' F =r (11-15) 



OC 

80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
I30 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
205 
210 
21 5 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
300 
305 
310 
31 5 
320 
325 

- 

TABLE 11-8. (From Ref. 10) 

Heat Crpacltles (cat deg'l9-l) for  solutlonr contrlntng vrrlour wlght percentages o f  NaCl 

I NaCl Tcme, - 
O F  

176 
185 
194 
203 
212 
221 
230 
239 
248 
257 
266 
275 
284 
293 
302 
31 1 
320 
329 
338 
347 
356 
365 
374 
383 
392 
401 
410 
419 
428 
437 
446 
455 
464 
473 
482 
491 
500 
509 

527 
536 
545 
554 
563 
572 
58 1 
590 
599 
608 
61 7 

- 

514 

L 
0 5 10 15 20 25 30 35 

0.996 
0.997 
0.997 
0.998 
0.998 
0.999 
0.999 
0.999 
1 .Ooo 
1 .001 
1.001 
1.002 
1.003 
1.003 
1 .ooQ 
1.005 
1.006 
1 .w)7 
1 .m 
1 .m 
1.011 
1.012 
1.014 
1.015 
1.017 
1.018 
1.020 
1.022 
1.024 
1.026 
1.028 
1.031 
1.033 
1.036 
1.038 
1.041 
1.044 
1.047 
1.050 
1.054 
1.057 
1.061 
1.065 
1.069 
1.073 
1.077 
1.082 
1.087 
1.092 
1 .W8 

0.936 0.874 
0.937 0.876 
0.938 0.878 
0.939 0.880 
0.940 0.882 
0.941 0.883 
0.942 0.884 
0.943 0.892 
0.945 0.892 
0.945 0.892 
0.946 0.893 
0.946 0.893 
0.946 0.893 
0.947 0.893 
0.947 0.893 
0.948 0.893 
0.948 0.893 
0.949 0.893 
0.949 0.894 
0.950 0.894 
0.951 0.894 
0.951 0.894 
0.952 0.895 
0.953 0.895 
0.954 0.895 
0.955 0.896 
0.956 0.897 
0.957 0.897 
0.959 0.898 

0.962 0.900 
0.963 0.901 
0.965 0.903 
0.967 0.904 
0.969 0.906 

0.974 0.910 
0.976 0.913 

0.982 0.919 
0.985 0.923 
0.989 0.927 
0.993 0.932 
0.997 0.937 
1.002 0.944 
1.007 0.951 
1.013 0.959 
1.019 0.969 
1.027 0.980 
1.035 0.993 

0.960 0.899 

0.971 0.908 

0.979 0.916 
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0.809 
0.812 
0.815 
0.818 
0.821 
0.824 
0.826 
0.839 
0.839 
0.840 
0.840 
0.840 
0.840 
0.840 
0.840 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.838 
0.839 
0.839 
0.839 
0.839 
0.840 
0.840 
0.841 
0.842 
0.843 
0.845 
0.846 
0.848 
0.851 
0.854 
0.857 
0.861 
0.866 
0.871 
0.877 
0.884 
0.893 
0.903 
0.915 
0.929 
0.945 
0.964 

0.740 0.664 
0.745 0.671 
0.749 0.678 
0.754 0.684 
0.758 0.690 
0.762 0.696 
0.765 0.701 
0.786 0.729 
0.786 0.730 
0.786 0.730 
0.786 0.731 
0.786 0.731 
0.786 0.731 
0.786 0.731 
0.786 0.730 
0.786 0.730 
0.785 0.730 
0.785 0.729 
0.784 0.728 
0.784 0.728 
0.784 0.727 
0.783 0.726 
0.783 0.726 
0.782 0.725 
0.782 0.725 
0.782 0.724 
0.782 0.724 
0.782 0.724 
0.782 0.724 
0.783 0.724 
0.783 0.725 
0.784 0.726 
0.785 0.727 
0.787 0.728 
0.789 0.731 
0.791 0.733 
0.794 0.737 
0.797 0.741 
0.801 0.746 
0.806 0.752 
0.812 0.759 
0.819 0.768 
0.827 0.779 
0.837 0.791 
0.848 0.806 
0.861 0.824 
0.817 0.845 
0.896 0.810 
0.919 0.901 
0.946 0.937 

0.669 
0.668 
0.668 
0.667 
0.666 
0.665 
0.664 
0.663 
0.663 
0.662 
0.661 
0.661 
0.661 
0.661 
0.661 
0.662 
0.664 
0.665 
0.668 
0.671 
0.675 0.599 
0.680 0.605 
0.687 0.613 
0.682 0.622 
0.704 0.633 
0.715 0.646 
0.728 0.663 
0.744 0.682 
0.763 0.706 
0.786 0.734 
0.813 0.768 
0.845 0.808 
0.884 0.857 
0.931 0.916 



u 
O C  

80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
n0 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
205 
210 
21 5 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
300 
305 
310 
31 5 

- 

320 
325 

TABLE 11-8. (From Ref. 10) 

Heat Capacities (cal deg'lg-l) for solutions containing various weight percentages of Wac1 

*F 

176 
185 
194 
203 
212 
221 
230 
239 
248 
257 
266 
275 
284 
293 
302 
31 1 
320 
329 
338 
347 
356 
365 
374 
383 
392 
401 
410 
419 
428 
4 37 
446 
455 
464 
473 
482 
491 
500 
569 
518 
527 
536 
545 
554 
563 
572 
581 
590 
599 
608 
61 7 

- 
Q! - C Wac1 0 5 10 15 20 25 30 35 

0.996 
0.997 
0.997 
0.998 
0.998 
0.999 
0.999 
0.999 
1 .Ooo 
1.001 
1.001 
1.002 
1.003 
1.003 
1.004 
1.005 
1.006 
1.007 
1.008 
1.009 
1.011 
1.012 
1.014 
1.015 
1.017 
1.018 
1.020 
1.022 
1.024 
.026 
.028 
.031 
.033 
.036 
.038 
.041 
.044 
.047 

1 .os0 
1 .OS4 
1.057 
1.061 
1.065 
1.069 
1 .Or3 
1.077 
1.082 
1.087 
1.092 
1.098 

0.936 
0.937 
0.938 
0.939 
0.940 
0.941 
0.942 
0.943 
0.945 
0.945 
0.946 
0.946 
0.946 
0.947 
0.947 
0.948 
0.948 
0.949 
0.949 
0.950 
0.951 
0.951 
0.952 
0.953 
0.954 
0.955 
0.956 
0.957 
0.959 
0.960 
0.962 
0.963 
0.965 
0.967 
0.969 
0.971 
0.974 
0.976 
0.979 
0.982 
0.985 

0.993 
0.997 
1.002 
1 -007 
1.013 
1.019 
1.027 
1.035 

0.989 

0.874 
0.876 
0.878 
0.880 
0.882 
0.083 
0.884 
0.892 
0.892 
0.892 
0.893 
0.893 
0.893 
0.893 
0.833 
0.893 
0.893 
0.893 
0.894 
0.894 
0.894 
0.894 
0.895 
0.895 
0.895 
0.896 
0.897 
0.897 
0.898 
0.899 
0.900 
0.901 
0.903 
0.994 
0.906 

0,910 
0.913 
0.916 
0.919 
0.923 
0.927 
0.932 
0.937 
0.944 
0.951 
0.959 
0.969 
0.980 
0.993 

0.908 

0.809 
0.812 
0.815 
0.818 
0,821 
0.824 
0.826 
0.839 
0.839 
0.840 
0.840 
0.840 
0.840 
0.840 
0.840 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.839 
0.838 
0.839 
0.839 
0.839 
0.839 
0.840 
0.840 

0.842 
0.843 
0.845 
0.846 
0.848 
0.851 
0.854 
0.857 
0.861 
0.866 
0.871 
0.877 
0.884 
0.893 
0.903 
0.915 
0.929 
0.945 
0.964 

b.841 

0.740 
0.745 
0.749 
0.754 
0.758 
0.762 
0.765 
0.786 
0.786 
0.786 
0.786 
0.786 
0.786 
9.786 
0.786 
0.786 
0.785 
0.785 
0.784 
0.784 
0.784 
0.783 
0.783 
0.782 
0.782 
0.782 
0.782 
0.782 
0.782 
0.783 
0.783 
0.784 
0.785 
0.787 
0.789 
0.791 
0.794 
0.797 
0.801 
0.806 
0.812 
0.819 
0.827 
0.837 
0.848 
0.861 
0.877 
0.896 
0.919 
0.946 

0.664 
0.671 
0.678 
0.684 
0.690 
0.696 
0.701 
0.729 
0.730 
0.730 
(1.731 
0.731 
0.731 
0.731 
0.730 
0.730 
0.730 
0.729 
0.728 
0.728 
0.727 
0.726 
0.726 
0.725 
0.725 
0.724 
0.724 
0.724 
0.724 
0.724 
0.725 
0.726 
0.727 
0.728 
0.731 
0.733 
0.737 
0.741 
0.746 
0.752 
0.759 
0.768 
0.779 
0.791 
0.806 
0.824 
0.845 
0.870 
0.901 
0.937 

0.669 
0.668 
0.668 
0.667 
0.666 
0.665 
0.664 
0.663 
0.663 
0.662 
0.661 
0.661 
0.661 
0.661 
0.661 
0.662 
0.664 
0.665 
0.668 
0.671 
0.675 0.599 
0.680 0.605 
0.687 0.613 

0.704 0.633 
0.715 0.646 
0.728 0.663 
0.744 0.682 
0.763 0.706 
0.786 0.734 
0.813 0.768 
0.845 0.808 
0.084 0.857 
0.931 0.916 

0.682 0.622 
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- 'C 

80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
1 45 
150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
300 
305 
310 
31 5 
320 
325 

TABLE 11-9 
Heats o f  vaporization (cal 9") for solutions containing various weight percentages of NaC1 

Reference 

Tcmp. 
"F 

176 
185 
194 
203 
21 2 
221 
230 
239 
248 
257 
266 
275 
284 
293 
302 
311 
320 
329 
338 
347 
356 
365 
374 
383 
392 
40 1 
410 
419 
428 
437 
446 
455 
464 
473 
482 
491 
500 
509 
518 
527 
536 
545 
554 
563 
572 
581 
590 
599 
608 
617 

- 
551.2 
548.2 
545.1 
542.0 
538-9 
535.7 
532.5 
529.2 
525.9 
522.5 
519.1 
515.6 
512.0 
508.5 

501.1 
497.2 
493.3 
489.3 
485.2 
481.0 
476.7 
472.3 
467.8 
463.2 
458.4 
453.5 
148.5 
443.4 
438.1 
432.6 
427.0 
421.2 
415.2 
409.1 
402.7 
396.2 
389.4 
382.4 
375.1 
367.6 
359.8 
351.7 
343.3 
334.6 
325.5 
316.1 
306.2 
296.0 
285.2 

soa .a 

Yt. X NaCl 0 5 10 15 .H 20 25 30 35 6, 
556.1 561.1 
553.3 558.6 
550.5 556.0 
547.7 553.4 
544.8 550.7 
541.9 548.1 
538.9 545.4 
535.7 541.9 
532.7 539.2 
529.6 536.5 
526.5 533.7 
523.4 530.9 
520.2 528.0 
517.0 525.1 
513.7 522.2 
510.3 519.2 
506.9 516.1 
503.4 513.0 
499.0 509.8 
496.1 506.5 
492.4 503.2 
488.5 499.8 
484.6 496.3 
480.6 492.8 
476.5 489.1 
472.3 485.4 
467.9 481.5 
463.5 477.6 
458.9 473.5 
454.2 469.3 
449.3 465.0 
434.3 460.5 
439.1 455.8 
433.8 451.0 
428.3 446.1 
422.6 440.9 
416.7 435.5 
410.5 429.9 
404.2 424.1 
397.6 417.9 
390.7 41175 
383.5 404.7 
376.1 397.6 
368.3 390.0 
360.1 382.0 
351.4 373.4 
342.4 364.3 
332.8 354.4 

311.9 332.0 
322.7 343.7 

566.4 572.0 
564.1 569.9 
561.7 567.8 
559.4 565.6 
556.9 563.4 
554.5 561.1 
552.0 558.9 
548.1 554.5 
545.7 552.4 
543.3 550.3 
540.8 548.1 
538.3 545.9 
535.8 543.7 

530.6 539.1 
527.9 536.8 
525.2 534.5 
522.5 532.1 
519.7 529.6 
516.8 527.2 
513.4 524.6 
510.9 522.1 
507.9 519.4 
504.7 516.7 
501.5 513.9 
498.2 511.1 
494.9 508.2 
491.4 505.1 
487.8 502.0 
484.1 498.7 
480.2 495.3 

472.1 488.1 
467.8 484.2 
463.3 480.1 
458.6 475.8 
453.7 471.3 
448.5 466.5 
443.0 461.3 
437.2 455.8 

533.2 541.4 

076.2 491.8 

431.1 049.8 
424.6 443.4 

410.1 420.8 
417.6 436.5 

402.0 420.4 
393.3 411.2 
383.7 400.8 
373.1 389.3 
361.4 376.2 
348.4 361.2 

578.2 
576.3 
574.4 
572.4 
570.4 
568.3 
566.2 
561.3 
559.4 
557.6 
555.7 
553.8 
551.9 
549.9 
548.0 
546.0 
544.0 
542.0 
539.9 
537 .a 
535.7 
533.5 
531.3 
529.0 
526.7 
524.2 
521.7 
519.1 
516.4 
513.6 
510.6 
507.5 
504.3 
500.8 
497.1 
493.1 

484.3 
479.4 
474.0 
468.1 
461 .7 
454.5 

. 446.6 
437.6 
427.6 
416.2 
403.2 
388.2 
370.7 

488.9 

554. 4 
552.8 
551.1 
549.4 
547.7 
546.0 
544.2 
542.3 
540.4 
538.4 
536.4 
534.3 
532.0 
529.6 
527.1 
523.8 
521.6 
518.5 
515.2 
511.6 
507.6 
502.9 
498.5 
493.2 
487.2 
480.6 
473.1 
664.6 
455.0 
443.9 
431.1 
416.2 
398.8 
378.3 

53r). 2 
526.2 
521.6 
516.4 
510.5 
503.6 
495.8 
486.7 
476.2 
463.9 
449a5 
432.5 
412.3 
388.2 

was, J. L..  Jr. Preliminary "Steam Tables" For NaCl Solutions U.S. Geological Survey. Reston. VA 1975 
Document No. USGS-OFR-75-675. Values in Table above were calculated from USGS values. 
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- *C 

80 
85 
90 
95 

100 
105 
110 
I15 
120 
125 
130 
135 
140 
145 
150 
155 
1 60 
165 
1 70 
1 75 
180 

185 
190 
I95 
200 
205 
210 
215 
220 
225 
230 
235 
240 
24 5 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
300 

310 
31 5 
320 
325 

305 

TABLE 11-9 ' '  

Heats of vaporlration (cal 9") for solutions containjng vrriour weight percentages o f  NaCl 

Ut. Z NaCl 0 5 IO 15 20 25 30 35 
&! 

"F 

176 
185 
194 
203 
212 
221 
230 
239 
248 
257 
266 
275 
284 
293 
302 
31 1 
320 
329 
338 
347 
356 
365 
374 
383 
392 
40 I 
410 
419 
4 28 
437 
446 
455 
464 
473 ' 

482 
49 I 
500 
509 
518 
527 
5 36 
545 
554 
563 
572 
58 I 
590 

- 
551.2 556.1 561.1 
548.2 553-3 558.6 

~ . 545.1 550.5 556.0 
- 542.0 547.7 553.4 

532.5 538.9 545.4 
529.2 535.7 541.9 
525.9 532-7 I 539.2 
522.5 529.6 536.5 
519:l- 526.5 533.7 
515.6 523.4 530.9 
512.0 _ f  520.2 528.0 
508.5 517.0 525.1 
504.8 513.7 522.2 
501.1 510.3 519.2 
497:2 506.9 516.1 

409.3 499.8 509.8 
485.2 496;l 506.5 
481.0 492.4 ' 503.2 
476.7 488.5 499.8 
472.3 484.6 496.3 
467.8 ' 480.6' 492.8 
463.2 . 476.5 489.1 
458.4 472.3 485.4 
453.5 467.9 481.5 
448.5 463.5- 417.6 
443.4 458.9 473.5 
438.1 454.2 469.3 
432.6 449.3 465.0 

421.2 439.1 455.8 

409.1 428.3 446.1 
402.7 422.6 I 440.9 

427.0 044.3 460:s 

415.2 433,8 451.0 

346.2. 416.7 435.5 
389.4 410.5 429.9 
382.4 404.2 424.1 
375.1 397.6 417.9 
367.6' 390.7 411.5 
359.8 383.5 404.7 
3 5 1 . 1  376.1 397.6 
343.3 368.3 390.0 
334.6 360.1 382.0 
325.5 351.4 373.4 
316.1 342.4 ~ 6 a : i  

599 306.2 332.8 354.4 
608 296.0: 322.7 343 .7  
617 285.2 311.9 332.0 

L J  
< ,i 

Reference 
Haas, J. L. .  Jr. Preliminary "Steam Tables" For NaCl SoluttOns U. 
Document No. USGS-OFR-15-675. VdlUCS I n  Table above were crlculc 
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566.4 572.0 
564.1 569.9 
561.7 567.8 
559.4 565.6 
556.9 563.4 
554.5 561.1 
552.0 558.9 
548.1 554.5 
545.7 552.4 
543.3 550.3 

538.3 545.9 
535.8 543.7 
533.2 541.4 
530.6 539.1 
527.9 536.8 
525.2 534.5 
522.5 532.1 
519.7 529.6 
516.8 527.2 
513.4 524.6 
510.9 522.1 
507.9 519.4 

540.8 548.1 

504.7 516.7 
501.5 513.9 
498.2 511.1 
490.9 508.2 

w . 8  502.0 
aaa.1 498.7 

491.4 505.1 

480.2 495.3 
476.2 491.8 
472.1 488.1 
467.8 48a.z 
463.3 480.1 
4C8.6 415.8 
453.7 471.3 
448.5 466.5 
443.0 461.3 
437.2 455.8 
431.1 449.8 
424.6 443.1 
417.6 436.5 
410.1 428.8 
402.0 420.4 
393.3 411.2 
383.7 400.8 
373.1 389.3 
361.4 376.2 
348.4 361.2 

578.2 
576.3 
574.4 
572.4 
510.4 
568.3 
566.2 
561.3 
559.4 
557.6 
555.7 
553.8 
551.9 
549.9 
548.0 
546.0 
544.0 
542.0 
539.9 
537.8 
535.7 
533.5 
531.3 
529.0 
526.7 
524.2 
521 . 7  
519.1 
516.4 
513.6 
510.6 
507. 5 
504.3 
500.8 
497.1 
493.1 
488.9 
484.3 
479.4 
474.0 
468.1 
461.7 
454.5 
446.6 
437.6 
427.6 
416.2 
403.2 
308.2 
370.7 

554.4 
552.8 
551.1 
549.4 
547.7 
546.0 
544.2 
542.3 
540.4 
538.4 
536.4 
534.3 
532.0 
529.6 
527.1 
523.8 
521.6 
518.5 
515.2 
511.6 
SO?. 6 
502.9 
498.5 
493.2 
487.2 
480.6 
473.1 
464.6 
455.0 
443.9 
431. I 
416.2 
398.8 
378.3 

530.2 
526.2 
521.6 
516.4 
510.5 
503.6 
495.8 
486.7 
476.2 
463.9 

432.5 
412.3 
388.2 

409.5 

Geological Survey, Reston, VA 1975 
d from USGS values. 
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(& The recalculated concentration of dissolved ecies Xi is given by,: 
. ,  

: Xi =,- xo 
( 11-16) 

1 

Examples illustrating utilization of this calculational technique are provided 

in Ref. 9. 

11-6-6. Chemical Geothermometry 

The concentrations of dissolved alkali and a1 ine-earth elements in a 

geothermal brine. are controlled in part by the dissolution of feldspars and 

clay minerals in the geothermal reservoir. Similarly, dissolved silica in 

geothermal brines is contributed by the partial dissolution of quartz and 

amorphous silica present in the reservoir rocks. The dtssolution reactions 

are temperature dependent and several geochemical model s have been devi sed to 

equate the dissolution of reservoir minerals with the reservoir temperature 

and correspond3 ng concentration 1 eve1 s of certain key di ssol ved specf es23-34. 

The evaluation of subsurface temperature based on the use o f  the Na-K and 

Na-K-Ca geothermometers is preferred in systems which produce two phase mix- 

tures of brine plus steam. The calculations are independent of steam flashing 

because ratios of the elemental indicators are utilized. If no selective 

precipitation occurs, flashing has minimal effect on the utility of these 

temperature indicators. If, however, massive precipitation of calcium carbon- 

: ate occurred upstream of the sampling point, utilization of the Na-K-Ca geo- 

thermometer might yield erroneous results. The deviation between predicted 

temperatures and measured flowing bottomhole temperatures could, however, be 

interpreted in terms of the partial precipitation of calcium. 

The silica geothermometers are also susceptible to erroneous temperature 

predictions due to partial precipitation of silica as scale or in the form &: 
suspended solids. If flashing occurs prior to sampling, the concentratjon of 
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dissolved s i l i c a  would have t o  be adjusted fo r  steam flash-induced changes i n  

b r ine  concentration. The s o l u b i l i t y  o f  dissolved s i l i c a  is also proport ional  

t o  the t o t a l  dissolved so l i ds  concentrat ion o f  a brine. Therefore, estimates 

o f  subsurface temperature based on the use o f  d i s t i l l e d  water s i l i c a  so lub i l -  

i t y  data'wf11 y i e l d  erroneous resul ts  i n  the case o f  a hypersaline brine. 

Recently, a l l  o f  the present ly avai lab le chemical geothermometers were 

evaluated i n  conjunction w i t h  an extended t e s t  o f  a hypersal ine b r ine  we l l  i n  

the S6uth Brawley Geothermal Field,  Southern Cal i forn ias.  The f lowing bottom- 

hole temperature i n  the t e s t  wel l  was known from d i r e c t  measurement. The most 

consis tent ly  accurate estimates o f  bottomhole temperature were obtained using 

the Na-K-Ca wi th  Mg correct ion g e ~ t h e r m o m e t e r ~ ~ ,  the Na-K-Ca g e o t h e r m ~ m e t e r ~ ~ ,  

and the Na/K ge~thermometers~f 933 based on the analysis o f  33 f lash-corrected 

(-8% steam f lash)  b r i ne  samples. Si l ica-based estimates o f  bottomhole temper- 

ature were s i g n i f i c a n t l y  low and the Na-Li and L i  geothermometer estimates 

were s i g n i f i c a n t l y  high. The Na/K33 and Na-K-Ca, Mg-corrected geothermometers 

y ie lded accurate estimates o f  bottomhol e temperature even when the estimate 

was based on the analysis o f  b r i ne  f lashed t o  atmospheric condit ions. 

The u t i  15 ty  o f  accurate est imat ion o f  bottomhol e temperature, beyond the 

obv ous evaluat ion o f  resource temperature i s  the a b i l i t y  t o  check the va i i d -  

i t y  o f  chemical analyses. I n  the case o f  hypersaline geothermal brines, the 

t o t a l  o f  sodium, potassium and calcium represents the major p o r t i o n  o f  t o t a l  

dissolved so l i ds  (along wi th  chlor ide) i n  the br ine.  Accurate temperature 

est imat ion i s  a good i n d i c a t i o n  t h a t  the concentrat ion o f  these species 5s 

correct. Attainment o f  charge and mass balances, i n  s i m i l a r  fashion, would 

suggest t h a t  the concentrat ion o f  ch lor ide has a lso been c o r r e c t l y  determined. 
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11-7. Characterization of Geothermal Steam and Noncondensable Gases 1 ’  

A major objective of a geochemical engineering assessment of’ a new geo- 

thermal prospect i s  the accurate determi nation of total noncondensabl e gas 

content i n  the source brine o r  a t  production wellhead conditiorls. Total 

noncondensable gas content is extremely important i f  a flash steam energy 

conversion cycle i s  proposed for a particular si te.  High noncondensable gas 

loading t o  a steam turbine contributes t o  the turbine backpressure necessitat- 

ing additional capital expenditures and energy penalties that correspond t o  

the instal lation and operation of steam-jet ejectors o r  vacuum pumps3S. 

Evolution of CO, as a consequence of steam flashing i n  production wells and 

surface equipment can also result i n  significant carbonate scale formation. 

The ultimate selection o f  a particular energy conversion cycle w i l l  depend i n  

an important way on the accurate assessment of total noncondensable gas load- 

ing. 

I t  is straightforward t o  demonstrate that  the b u l k  of noncondensable 

gases originally present i n  the source reservoir are separated from the liquid 

phase 

i nant 

d i  s t r  

a t  relatively high temperature and pressure. 

noncondensabl e gas component in almost a1 l, geothermal systems. The 

CO, represents the predom- 

b u t i o n  of CO, and H,O between l i q u i d  and gas phases is  defined by t h e  

Ostwald coefficient (A) or  by the A as follows: 

rams CO,/ml ( l i q u i d  phase) 
grams CO,/ml (vapor phase) A = g  (11-17) 

and 

where nv = number of moles in gas phase 
n1 = number of moles i n  l i q u i d  phase 
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Both coef f ic ients  y i e l d  essent ia l ly  the same results: 'The* separation factor  

(SF-CO,) defines the f rac t i on  o f  the or ig ina l  CO, which is ' t rans fer red  t o  the 

vapor phase a f t e r  f lashihg and FF defines the f rac t ion  o f ' t h e  or ig ina l  f l u i d  

i 

flashed t o  steam as follows: I 

I :  ' 

SF = 1/A (11-18) , CO, (l/FF-1) + 1/A 

I ,  
I ' !  

Values o f  l / A  are tabulated i n  Table 11-10. The calculat ion y ie lds  an approxi- 

mation o f  CO, behavior because the l i q u i d  phase i s  assumed t o  be a pure sodium 
( 1 ,  . .  

I .  

Table 11-10 

Temperature, 
("C) ' 

Values o f  VA f o r  Water and 
D i f f e r e n t  Sa l t  Solutions (From Ref, 37) 

M 
Water 

150 

160 

170 

180 

190 

200 

1349 
1047 

813 

631 

490 

~ 380 

a r i t y  o f  
0.5 M 

1479 
1122 
a71 

676 

525 

427 

aC1 Solut 
1.6 M 

1660 

1318 
1023 

794 

617 

479 

. ,  

on 
2.0 M 

1995 

, 1585 

1230 

955 

759 

588 . 

chlor ide so lut ion and k ine t i c  e f fects  are ignored. Since 'essentfal ly a l l  of 

the CO, i s  flashed during the i n i t i a l  pressure reduction, select ion o f  energy 

conversion cycle i s  r e a l l y  a d i r e c t  function o f  the t 6 t a l  noncondensable gas 

load. I n  some cases, f o r  example, the San Diego Gas and E lec t r i c  Company/U.S. 

DOE Geothermal Loop Experimental F a c i l i t y  operation a t  the Salton Sea Geother- 

mal Field, l e v e l s  o f  C02 i n  the rese rvo i r  dramatically declined over i "  a re la -  

t i v e l y  short period of time necessitating redesign o f  the energy conversion 

cycle? It i s  extremely important that  su f f i c ien t  pre-development test ing be 

kd 
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carried out prior to committing to a particular conversion cycle. Unless the 

system parameters are we1 1 understood, accurate economic forecasting wi 1 1  not b 
be possible. 

I ,  

The character1 tation of steam and noncondensable gases is more, compl i- 

cated than analysis of liquid streams. Sampling problems must be overcome and 

the instability of gaseous components must be adequately dealt with. The 
I I 

basic parameters of interest in assessing geothermal steam are: 

1. Total noncondensable gas load 
2. Steam condensate composition 
3. Noncondensablr gas composition 

The accurate deteminatlon o f  noncondensable gas composit,an is necessary to 

predict possible hydrogen sulfide emission problems and corrosivity of pro- 

duced gases. Steals condensate composition is important both from the point of 

view o f  corrorivity and scale deposition difficulties in turbine components 

and condensers. 

11-7-1. Total Noncondensable Gas Concentration 

Several methods are available for the routine determination of total 

noncondensable gas concentration in geothermal steam. The classical method 

involves the direct measurement of separated steam and brine mass flowrate.' 

This type of deteminatlon 'is usually carried out using a large capacity sep- 

arator feed by the total production of a geothermal well. The method offers il 

high degree o f  accuracy in large part due to the representative flow of reser 

voir brine and gases and the high efficiency o f  separation. Meteking of brine 

and stem flows is mort usually accomplished using orifice-type' flowmeters. 

A1 terrlatlve methods for assessing total noncondensable gas content involve the 

use of low flow capacity sidestream sampling and gas separation-condensing 
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LiJ devices: 

t u r e  steam l i n e  t o  measure d i r e c t l y  the enthalpy o f  the steam and noncondens- 

able gas phases as compared t o  the enthalpy o f  pure water a t  the same tempera- 

t u r e  and pressure condit ions. 

11-7-la. Production Well Test inq F a c i l i t y  - A t y p i c a l  design f o r  a f u l l - s c a l e  

production w e l l  t e s t i n g  f a c i l i t y  i s  shown i n  Figure 11-22. F l u i d  and gas from 

the geothermal reservo i r  are admitted t o  a primary steam separator. The 

separated b r ine  is l e t  down t o  atmospheric condi t ions i n  an atmospheric f l a s h  

tank. The spent brine, a f t e r  appropriate treatment, i s  reinjected. This type 

of f a c i l i t y  i s  designed t o  permit  long-term t e s t i n g  o f  a well .  A short-term 

t e s t  could be accomplished without the atmospheric f l a s h  tank o r  the b r i n e  

treatment system by d i r e c t i n g  the separated b r ine  discharge produced by the 

primary separator d i r e c t l y  t o  a b r i ne  p i t .  Per iod ica l ly ,  the p i t  could be 

emptied by r e i n j e c t i o n  o f  untreated br ine.  

One novel method uses a probe inse r ted  i n  the high pressure/tempe 

The separated steam and noncondensable gases are d i rected t o  a vent. 

Depending upon the mass flowrate, a ra ther  substant ia l  steam s i lencer  stack 

would be needed t o  contro l  noise. A p o r t i o n  o f  the h igh temperature/pressure 

steam i s  sampled using a combination cooler and separator. The noncondensable 

separator produces steam condensate and noncondensable gas streams which can 

be independently characterized. The sidestream mass f l ow  r a t e  ‘from the steam 

l i n e  could be r e l a t i v e l y  low t o  support use o f  a sampling t r a i n  o f  the type 

described previously i n  Section 11-5. The sidestream, under these condi t ions 

i s  operated pe r iod i ca l l y ,  on an as-needed basis, t o  permit  character izat ion of 

the steam condensate and noncondensable gases. A l te rna t i ve l y ,  the sidestream 

can be operated on a continuous basis a t  a r e l a t i v e l y  high mass f lowrate. A 

1 arge a i  r O r  water cooled condenser and an appropriately s i  zed noncondensab’ 
b 
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~ separator would then be used for the continuous metering of steam condensate 

and noncondensable gas production rates 
L J  

Operation of the primary separator can be controlled in such a way to 

reduce the severity of scale deposition during the test period. This is 

accomplished by operating the separator at wellhead pressure for effective 

separation of noncondensable gases. The high pressure/temperature operation 

suppresses scale formation that might be enhanced if the produced brine exper- 

ienced a large pressure drop in the primary separator. In this fashion, 

stable operation of the entire system can be realized thereby facilitating 

detailed characterization of the thermodynamic and chemical properties of the 

goethermal resource. A relatively long period of stable production is also 

required for the reservoir engineering assessment work needed t o  define the 

size and hydraulic properties of the resource. The facility illustrated in 

Figure 11-22 is typical of a well designed test facility that would be in- 

stalled for the large-scale, long-term testing o f  a resource. Oepending upon 

ed mass flowrates, the test facility could be skid mounted to facili- 

, 

tate the testing of several wells. 

The characterization of noncondensable,gas content based on the facility 

illustrated in Figure 11-22 proceeds as follows: 

wg = Wt - wc (I  1-19) 

where: Wt = total mass flow of steam to the nonconbensable cooler-separator 

Wg = mass flowrate of noncondensable gas vented by the noncondensable 

Wc = mass ftowrate of condensate discharged by the noncondensable 

(1 bs/hr) 

separator (lbs/hr) 

separator (lbs/hr) 
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Li It i s  assumed t h a t  the steam inpu t  t o  the noncondensable cooler ( W t )  has a 

t o t a l  dissolved so l i ds  content (TDS) o f  zero. The COP concentrat ion i n  steam 
- . "  

produced by the primary separator i s  gtven-by: 
L -  

(C0,)t = (Wc x (C0,)c +:wg x (C0,g) / w t  
! 

( I  1-20) 

where: (C0,)t = weight f r a c t i o n  o f  C&in steam produced by the primary 
separator 

(C0,)c = weight f r a c t i o n  o f  COP .in steam condensate produced by 

(C0,)g = weight f r a c t i o n  o f  CO, i n  noncondensable gases vented 

the noncondensable gas separator 

from the noncondensabl e gas separator 

, .  - .  

The value o f  (C0,)c may be measured by t i t r a t i o n  o f  a sodium hydroxide sca- 

venged condensate sample or calculated using Henry's Law. (C0,)g can be 

determined i n  s im i la r  fashion o r  by analysis o f  a col lected gas sample. A 

small amount o f  CO, o r i g i n a l l y  i n  the production wellhead product remains i n  

the br ine produced by the primary separator. The content o f  C02 i n  separated 

br ine can e i the r  be calculated or  measured as noted above. I n  the remainder 

of t h i s  discussion, the f r a c t i o n  o f  the t o t a l  C02 dissolved i n  br ine i s  i g -  

.- 

nored . 
The use o f  Henry's Law t o  evaluate CO, d i s t r i b u t i o n  between steam con- 

densate and noncondensable gas proceeds as fol lows: 

PCO2 
= - 

KH 
XCO2 

( 11-21) 

where: $ = Henry's Law constant 

Pco, = p a r t i a l  pressure o f  CO, i n  the gas phase 

Xcoo = mol f r a c t i o n  o f  CO, i n  the l i q u i d  phase 

L*i 
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Ka M. temperature lor 
dHerent &ties. 

Figure 11-23. Values o f  Henry's Law Constants as a funct.m of 
temperature and sodi urn chloride concentration (From 
Ref. 35) .  

u .  - - 
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Values o f  K,, are tabulated as a funct ion o f  temperature and sodium chloride' 

concentration i n  Table 11-11, A graphical representation o f  Henry's Law con- 

stants f o r  various temperatures and sodium chlor ide compositions i s  shown in 

Figure 11-23. The mol f rac t i on  o f  C02 i n  the l i q u i d  phase i s  then calculated 

by an i t e r a t i o n  process based on appropriate values o f  $ and the calculated 

estimates f o r  Pco,. Examples o f  the appl icat ion o f  Henry's Law are provided 

i n  Refs. 35 and 38. 

(200) 
6400 

7100 I 

7800 

9400 

Table 11-11 

(250) (300) (350) 

5300 3900 2100 

6000 4800 3300 

7000 5850 4400 

8700 7800 6500 

Tabulated Values o f  the Henry's Law 
Constant K (From Ref. 37) 

Sol vent 

Water 

0.5 M NaCl 

1.0 M NaCl 

2.0 N NaCl 9200 

lerature - O F  (OC) 

392 1 482 I 572 1 662 

The mass balance f o r  the primary separator i s  given by: 

wp = wb + w t  (I 1-22) 

where: Wp = mass f low o f  the production wellhead product t o  the primary 

Wb = mass f low o f  the separated br ine  e f f l uen t  from the primary 

separator (1 bs/hr) 

separator (lbs/hr) 

Determination of the t o t a l  mass flow from the production well i s  usually based 

on o r i f i c e  metering data obtained i n  the 'gas and br ine legs from the primary 

separator. It i s  not possible t o  obtain accurate flow data using o r i f i c e  



meters f o r  wellhead production i f  the wellhead product consists of a two phase 

mixture o f  br ine plus steam and noncondensable gases as i s  usual ly the case. 

The C02 concentrat ion i n  the steam l e g  o f  the primary separator i s  equal 

t o  (C02)t. The concentration o f  C02 i n  the  b r ine  e f f l u e n t  from the primary 

separator i s  assumed t o  be zero, b u t  the actual  concentrat ion can be measured 

- o r  estimated as noted above. 

The t o t a l  C02 content of the wellhead product i s  calculated by means o f  a 

s.impl e mass balance: 

(C0g)p = (C0,)t x W t  / wp (I 1-23) 

where: (C02)p = weight f r a c t i o n  o f  C02 i n  the t o t a l  production 
we1 1 head product 

The TDS content o f  the production wellhead product can be measured, using 

quenched .samples of b r i ne  from the primary separator and recalculated t o  

wellhead condit ions using the methods o f  Section 11-6. A l te rna t i ve l y ,  TDS can 

a lso be estimated f o r  the produced b r ine  a t  head condi t ions based on a 

simple mass balance: 

( 11-24) 

where (TDS)s = measured TDS i n  separated br ine (mg/l) 

This ca l cu la t i on  assumes t h a t  there i s  no carryover o f  d issolved species i n  

separated steam produced by the primary s ra tor .  The ca lcu lated value o f  

production wellhead TDS i s  thereby derived on a gas-free basis. 

I I -7- lb .  Measurement o f  Total  Noncondensable Gas Using Small Sampling Trains - 
The noncondensable gas sampling t r a i n  depicted i n  Figure 11-22 could, as noted 

previously, represent e i t h e r  a large continuously operating gas separation 
\ 
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Figure 11-24. Basic steam sampling apparatus 
(From Ref. 39) .  
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Figure 11-25. Wet test meter method used in field test to sample noncon- 6? 
densables i n  steam 1 ine (From Ref. 10). 
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system or it could represent the several components that comprise a small 

sampling train of the type described in Section 11-5. The basic high tempera- 

ture steam sampling train was described by Christoffersen, et a1.3e. The 

systems, Illustrated in Figures 11-23 and 24, were used to characterize steam 

produced at the Geysers geothermal field in Northern California and at the 

Baca geothermal field in New Mexico. The basic system (Figure 11-23) con- 

sisted of a single coil ice water bath condenser, chemical scavenger solutions 

for the collection and stabilization of reactive noncondensable gas species 

such as CO, and H,S, a gas sampling bulb, and a wet test meter to quantify the 

volume of noncondensable gas produced during a sampling interval. The elabor 

ation of this basic system as described in Section 11-5, in Ref. 1 and in 

Figure 11-24 yields a reliable and simple to operate integrated sampling 

system for the determination o f  important properties of a geothermal steam 

flow. 

ksd 

When a steam flow is sampled in the manner depicted i n  Figures 11-24 and 

25, a volume of condensate and a corresponding volume of noncondensable gases 

will be produced.. The condensate volume is quantified by collecting the 

sample in a weighted bottle or by drain1ng.a separator into a volumetric 

cylinder, the measured volume of condensate subsequently converted to an 

equivalent mass based on the density of the condensate. Suitable separators 

are shown in Section 11-5 and in Ref. 1. The volume of noncondensable gas 

produced by the sampling train can be quantified Using a wet test meter, a 

rotometer or by displacement o f  a measured volume of water from a large drum. 

Use of a wet test meter is straightforward. The manufacturer's instruc- 

tions should be carefully followed. The raw volume data produced by a wet 

test meter must be reduced to an equivalent volume a t  STP. This data reduc- 

u i o n  requires a value of local barometric pressure at the time of measurement. 

A worksheet keyed to the reduction of volumetric data obtained with a Preci- 
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Table 11-12 

Wet Test Meter 
Calculation of Total Volumetric Gas Flow 

Date Ti  me 
Sample No. Sample Location 
Sample Description 

'm' Ts 
's m 'm' = -  T "m 

where: V, = measured volume ( l i ters)  

Vm' = corrected measured volume ( l i t e rs )  

Vs = volumetric gas f l o w  @ STP 

Ps = standard pressure = 760 mm Hg. 

Ts = standard temperature = 273.16'K 

T, = measured temperature ("C) 

P, = measured pressure (inches water) 

Pm' = corrected pressure (mm Hg) 

= saturated water vapor pressure from steam tables (MPa) 

= barometric pressure (psi) 
'sat 

'bar 

Tm = OC + 273.16 = O K  

'm - inches water x 1.8694 = 

psi x 51.7149 = 

MPa x 7502.68 = 

mm Hg - 
mm Hg 

mm Hg 

- - 
'bar 

'sat - - 
'm' = c(pbar + 'm) - 'sat] 

D I  
'm 
Tm "m V,' = (0.3594) - 

Submitted by 
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Pressure 
MPa - p 

.0006113 
.0007 
.0008 
.0009 

. 0010 . 0011 

.ooG 

.0013 

.0014 

.0015 

.ooia 

.0019 

0020 
.0021 
.0022 
.GO23 
.0024 

.0025 

.0026 

.0027 

.0028 

.0029 

.0030 

.0032 

.0034 

.0036 

.0038 

.0040 

.0042 

.0044 
,0046 
.0048 

. 0050 

.0055 

.0060 
: 0065 
,0070 

Temp. 
Dc - t 

. 01 
1.89 
3.77 
5.45 

6.98 
8.37 
9.66 
10.86 
11.98 

13.03 
14.02 
14.95 
15.84 
16.69 

17.50 
18.28 
19.02 
19.73 
20.42 

21.08 
21.72 
22.34 
22.94 
23.52 

24.08 
25.16 
26.19 
27.16 
28.08 

28.96 
29.81 
30.62 
31.40 
32.15 

32.88 
34.58 
36.16 
37.63 
39.00 

Table 11-13 

Saturation Pressures (From Ref. 40) 

Prgssurl 
MPa - p 

.0075 

.0080 

.0085 

.0090 

.0095 

,010 
.011 
.ol2 
.013 
.014 

.015 

.016 

.017 

.018 

.019 

020 
.021 
.022 
.023 
.024 

.025 

.026 

.027 

.028 

.029 

.030 

.032 
034 
.036 
,038 

.040 
042 . 044 
.046 
.048 

.os0 

.os5 

.060 

.065 

.070 

'Temp. 
OC - t 
40.29 
41.51 
42.67 
43.76 
44.81 

45.81 
47.69 
49.42 
51.04 
52.55 

53.97 
55.32 
56.59 
57.80 
58.96 

60.06 
61.12 
62.14 
63.12 
64.06 

64.97 
65.85 
66.70 
67.53 
68.33 

69.10 
70.60 
72.01 
73.36 
74.64 

75.87 
77.05 
78.18 
79.27 
80.32 

81.33 
83.72 
85.94 
88.01 
89.95 

Pressurf 
MPa - p 
.075 
.080 
.085 
.090 
.095 

.loo 

.lo5 . 110 
,115 
.I20 

.125 

.130 

.135 

.140 

.145 

.150 

.155 
,160 
.165 
.170 

.175 

.180 

.185 

.190 

.195 

.200 

.205 
,210 
.215 
I220 

.225 

.230 

.235 

.240 

.245 

.250 
,255 
.260 
.265 
.270 

lzijr 
O C  - t 
91.78 
93.50 
95.14 
96.71 
98.20 

99.63 
101.00 
102.31 
103.58 
104.80 

105.99 
107.13 
108.24 
109.31 
110.36 

111.37 
112.36 
113.32 
114.26 
115.17 

116.06 
116.93 
117.79 
118.62 
119.43 

120.23 
121.02 
121.78 
122.53 
123.27 

124.00 
124.71 
125.41 
126.10 
126.77 

127.44 
128.09 
128.73 
129.37 
129.99 

I I 
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sion Scientific Co., wet t e s t  meter is provided as Table 11-12. Table 11-13 

provides a tabulation of water saturation vapor pressures from the Steam 

Tables'O. An interpolation formula i s  so provided i n  Table 11-W. The 

volumetric f 1 ow requi rement should be ully assessed before purchase of a 

wet test meter t o  avoid overranglng pro . Sampling trains,  depending upon 

their design, must operate a t  ughput rate t o  avoid gas st r ipping 

and resu l t ing  erroneous gas t o  conden volume ratios. During an actual 

run,  the operating instructions discuss Ref. 39 should be adhered to. I t  

is particularly important t o  flow gas gh t h e  wet t e s t  meter f o r  a period 

of time pr ior  t o  commencing a r u n  t o  re that  t h e  meter i t  equilibrated 

w i t h  CO, and other gases i n  the gas stream. 

Wet t e s t  meters are expensive and susceptible t o  .damage either due t o  

mechanical shock or by the action of corrosive gases. Rotometers provide an 

accurate means of metering gas flows using a relatively inexpensive device. 

The rotometer can be used as a gas metering device by simply connecting an 

apprpriate u n i t  t o  a gas sampling t ra in  i n  place of the wet t e s t  meter. 

Whereas the wet t e s t  meter measures the total  volume of gas produced, the 

rotometer measures the gas flowrate. A to ta l  volume i s  subsequently obtalned 

by integration of t h e  flowrate data. As received from the manufacturer, 

rotometers are calibrated for  a i r  and pure water flow. The a i r  calibration is 

inappropriate for  the metering of CO, or  mixtures of CO, and other noncondens- 

able gases. However, the calculation of accurate calibration curves f o r  any 

gas or mixture of gases is  straightforward. For example, complete instruc- 

tions for  recalculating calibration curves fo r  Fischer and Porter (Warminster, 

Pennsylvania) vari ab1 e area f 1 owmeters and selection gui del i nes f o r  the proper 

application of rotometers are described i n  Refs. 4 1  t o  44. 
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Figure 11-26. Construction o f  a soap buble flowmeter using a 
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Figure 11-27. Water displacement method of measuring 
noncondensable gas flowrate. (From Ref. 45) 
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It is always beneficial to directly check the calibration of a rotometer 

prior to use. Calibration checks can easily be accomplished using a soap 

bubble flow meter. Construction o f  a suitable flowmeter is illustrated in 

Figure 11-26. The flowmeter is built using a Fisher Scientific (or equiva- 

u 

lent) 50 ml buret with a side filling tube and stopcock. Noncondensable gas 

is $passed through the rotameter and then into the side arm o f  the buret. The 

lower portion of the buret is filled with a soap solution. Snoop solution 

used to check for gas leaks works well. The soap solution level should be 

just below the side arm input port as shown in Figure 11-26. A short burst of 

compressed air (from a small compressor or a rubber bulb) is injected into the 

bottom of the buret through the drain pipet. Soap bubbles are immediately 

formed and lifted up above the noncondensable gas injection side port. The 

rate at which soap bubbles are swept up towards the top o f  the buret by the 

continuous stream of noncondensable gas is determined by noting the time 

required for a bubble to travel an arbitrary distance in the buret. The 

distance is quantified using the volume calibration of the buret. 

An alternative method for quantifying noncondensable gas flowrate is 

depicted in Figure 11-27. High temperature/pressure steam is passed through a 

condenser and separator, to remove steam condensate, and the noncondensable 

gases are then used to displace water from a fifty gallon drum. The volume of 

water displaced from the drum is equivalent to the total noncondensable gas 

volume injected into the drum. This method is very accurate. The 2 lfter 

graduated cylinder used as a condensate-noncondensable gas separator can be 

designed as shown in Figure 11-28. 

11-7-lc. Alternative Method for Calculating Total Noncondensable Gas Concen- 

tration - The methodology described in Section 11-7-la for calculating total 
noncondensable gas concentration produced by a geothermal well was based on a 

mass balance. An alternatfve rnethodol~gy~~, based on the application Of 

W 
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Figure 11-28. 
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Da1ton"s rule for  partial pressures and Amagat's rule far  partlal volumes, is 

particularly applicable to  the volumetric data produced by carall sldestream 

sampling devices. The noncondensable gas concentration I s  calculated as 

follows: 

Idealizlng the noncondensable gadsteam mixture 'as a mixture o f  perfect 

gases: 

PtV = Nt RT 

where: Pt = total  pressure of mixture 

Nt = number o f  moles i n  mixture 
V = volume o f  mixture i 

R = gas constant 
T = mixture temperature 

Uti l iz ing Dalton's rule for partial pressures: 

RT 
ps = N, v 

RT 
pg = Ng v 

Where subscripts denote: 

s = steam properties 
g = noncondensable gas properties 

RT P N - N  
3 = 'qt =, 3 (Molar Ratio) 
ps Ns v NS 

U t i l i z i n g  Amagat's rule fo r  partial volumes: 
N RT 

vg = +- 
N,RT 

vs = P 

. .  

* 

. .. 

. I  

(11-25) 

(11-26) 

(11-27) 

(11-28) 

(I 1-29] 

( 11-30) 

. (11.31) ,-- 7 -  

RT N 
RT N, 

= = (Volume Ratio) 
Vs N~ F 
P N V  
_g = _g = 
Ps N, Vs molar and partial  volmr ratlo 

Ratio o f  partial pressures equals 
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To account f o r  non-ideal behavior o f  gases, the compress ib i l i ty  f a c t o r  

can be introduced t o  the pe r fec t  gas equation o f  s ta te  as fol lows: 

PtV = ZNtRT 

where: Z = compress ib i l i ty  f a c t o r  
Other var iables as previously defined 

U t i 1  i z i n g  Dalton’s r u l e  f o r  p a r t i a l  pressures: 

ZsNsRT - 
”t ps - 

2 N RT 
Pg = i t  

v+ 
(subscripts as previously defined) 

zs 

NS ps zg 

N 
o r  A =  9 - 
On a molar volume basis: 

V* 

where: Vs = molar volume o f  steam 
= molar volume o f  gas 

o r  ----=A vs - Vt”s 

vg vt”* NS 

vs Thus: At 9 s = -  
NS ps v 

N P Z  

g 
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Figure 11-29, Probe for the measurement o f  total Noncondensable 
Gas Concentration. (From Ref. 45) 
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U t i l i z i n g  Amagat's r u l e  f o r  p a r t i a l  volumes: 

ZsNsRT - 
Pt vs - 

V 2 N RT/PT Z N 

Vs ZSNSRT/PT Zs Ns 
9, g g  - 9 9  - 

I f  the molar weights o f  the const i tuents are known, then: 

N M W  
9 x 9 = 9  
N~ MS wS 

where: M = molar weight o f  component 
W = mass o f  component 
Subscripts as previously defined 

(11-41) 

(11-42) 

(I 1-43) 

( I  1-44) 

I I -7- ld .  Noncondensabl e Gas Concentration Measurement Probe - McDowel 14= and 

B l a i r  and Harrisonq5 have described a device f o r  the continuous monitoring o f  

t o t a l  noncondensabl e gas concentration i n  geothermal steam. The measurement 

p r i n c i p l e  i s  based on the measurement o f  the p a r t i a l  pressures o f  gases i n  the 

discharge i n  r e l a t i o n  t o  the vapor pressure o f  pure water a t  the sampling 

pressure. A schematic diagram o f  the device i s  shown i n  Figure 11-29. The 

molar r a t i o  o f  noncondensable gas t o  steam i s  determined by measuring the 

s t a t i c  pressure o f  the system and the vapor pressure exerted by the pure water 

i n  a sealed capsule when heated t o  the system temperature. The device can 

also be used t o  measure the enthalpy o f  a two phase sample flow. The enthalpy 

est imat ion technique, based on measurements taken a t  two o r  more sampling 

condit ions, and the ca lcu lat ional  procedures are f u l l y  described i n  Ref. 45. 

If one assumes t h a t  the noncondensable gas content o f  geothermal steam i s  COB, 

then the C a h l a t i O n  of t o t a l  noncondensable gas i n  steam, based on use o f  the 

probe, i s  given byq6: 

144 x M x Pg x Vs 
1545 x T W =  CI' (I 1-45) 
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where: W = pounds of noncondensable' gas per pound of steam 
Pg = partial pressure of noncondensable gas (ps i )  
Vs = specific volume of steam a t  the vapor pressure 

of the production water o r  brine ( f t3 / lb )  
T = temperature (OF) 

, M  = molecular weight of the noncondensable gas 

An advantage of the noncondensable gas probe i s  i t s  capability for  providing 

continuous data on the concentration of noncondensab 

steam. 

11-7-2. Chemical Characterization of Geothermal Steam Condensate 

Analytical methods f o r  the chemical charcteritation of geothermal steam 

and noncondensable gases are described i n  Refs. 10, 11, 37, 39 and 47. Samp- 

l i n g  procedures fo r  h o t ,  pressu stems involve the use of small 

sampling trains as des . The basic features needed i n  

i n  are a condenser and a separat r f racti onati ng noncondens- 

able gases and steam condensate. The analy characterization o f  steam 

condensate proceeds i n  analogous fashion t lytical characterization of 

geothermal b r i  ne3 *s. S m produced by a f u l l  size steam separator i s  usually 

very clean. If b r  over has been minimized by use of the appropriate 

separator design and, steam scrubbers, total dissolved solids 

content of separated s w i l l  usually be less than 100 mg/l. The character- 

ization of noncond ases requi res sample stabi 1 i zati on procedures t o  

preserve reactive gas components such as H,S and C02. Scavenging techniques 

are also required t o  effectively capture reactive dissolved gas components i n  

steam condensate fo r  subsequent quantification. 
, *  

The basic procedure fo r  t h e  sampling and analysis of geothermal steam and 

i ts  several components is  designed t o  obtain samples of gas and condensate fo r  

a,,l characterization. Gas samples can be obtained i n  glass bulbs f o r  quantifica- 

t i o n  of components by gas chromatography and mass spectrometry. Reactive gas 
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Figure 11-30. Distribution o f  Amnonium and Ammonia ions 
in solutions. (From Ref. 49) 
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Figure 11-31. Calibration curve for Orion Model 95-10 
Ammonia Electrode. (From Ref. 49) 
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components are collected for analysis using specially formulated preserving 

and scavenging sol uti ons. Condensate i s obtai ned directly and stabi 1 ized with 

nitric acid. Dilution of condensate is not desirable owing to its low TDS 

content. Steam purity is usually expressed in terms o f  the separation effi- 

ciency48. 

11-7-2a. Analysis of Steam Condensate - Samples are obtained directly from a 
sampling train separator. Stabilization with 1 mg/l o f  concentrated nitric 

acid per 100 ml o f  sample is recommended. Determination o f  the residual 

concentration of dissolved noncondensabl e gases '(ammonia, carbon dioxide and 

hydrogen sulfide) in condensate should proceed as follows: 

11-7-2b. Ammonia - Samples should be analyzed as soon after collection as 
possible. It is assumed that the ammonia concentration will be determined 

using an Orion Model 95-10 ammonia electrode. The distribution of ammonia and 

ammonium ions in solution is shown in Figure 11-30. The solution at time of 

measurement should have an adjusted pH of between 11 to 14. The measurement 

should be made immediately after sample collection if preservation techniques 

, ,  

are not use. According to the Orion instruction manual4.", 50 percent o f  the 

original ammonia in a 100 ml sample, stored in a 100 m beaker, is lost after 

six hours of stirring at room temperature. Preservation of samples is accom- 

plished by acidifying samples to a pH of about 6 using hydrochloric acid. 

Ref. 3'recommends the addition of 0.8 ml concentrated sulfuric acid per liter 

o f  sample and refrigeration. The determination of ammonia must be made at a 

constant temperature. The standards must same temperature as the 

sample. A temperature change of l 0 C  gives rise to an analytical error in 

ammonia concentration of 2 percent when the ammonia concentration is M 

(17 mg/i). Immediately before the determination of ammonia, the pH of samples 
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i s  elevated by the add i t i on  o f  10 M NaOH. D i r e c t  determination o f  ammonia i s  

based on generation o f  a c a l i b r a t i o n  curve using a standard so lu t i on  o f  0.1 M 

ammonium chlor ide d i l u t e d  as necessary t o  bracket the ammonia content o f  the 

sample (Figure 11-31). The method o f  standard addit ions, which involves 

adding a standard o f  known concentrat ion t o  the  sample and redetermining the 

ammonia content o f  the mixture can also be used. Complete i ns t ruc t i ons  f o r  

the use’of  the ammonia electrode i s  provided i n  Ref. 49. 

II-7-2c. Carbon Dioxide - The CO, concentrat ion i n  steam condensate depends 

upon sampling temperature and t o t a l  CO, gas concentration. One method f o r  

measuring the concentrat ion o f  CO, i n  condensate involves bubbling the conden- 

sate through 2N NaOH. A sparger should be used t o  insure good contact between 

the condensate and t h e  sodium hydroxide solut ion.  The t o t a l  CO, content may 

then be determined by t i t r a t i o n  (APHA Standard Method 407 B3), by use o f  

nomograms and measured a l k a l i n i t y  data (APHA Standard Methods 407 A3) o r  

gravi  metr i  ca l  l y  by scavengi ng CO, w i t h  s t r o n t i  urn n i t r a t e  o r  b a r i  um hydroxi de 

so lut ion lo.  A1 t e rna t i ve l y ,  CO, may be determined d i r e c t l y  by p r e c i p i t a t i o n  

wi th  concentrated arnmoni urn hydroxi de saturated w i th  s t r o n t i  um ch l  o r i  des0. 

A1 ka l  i n i  t y  i s  conveniently measured using the HACH d i g i t a l  t i t r a t o r  and pre- 

packaged s u l f u r i c  ac id  t i t r a n t .  The nomographic technique i s  extremely useful  

because any o r  a l l  o f  the a l k a l i n i t y  forms and CO, can be determined i f  the 

so lu t i on  pH, t o t a l  a1 k a l i n i t y ,  temperature and t o t a l  dissolved so l i ds  content 

are known. The nomographic method i s  based on the i n t e r r e l a t i o n s h i p  o f  ion- 

i z a t i o n  e q u l i b r i a  f o r  the carbonate species and water. The re la t ionships are 

v a l i d  only i f  the carbonate species contro l  the t i t r a t i o n  behavior o f  the 

sample sol  ut ion. 
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11-7-2d. Hydrogen Sulfide - The dissolved concentration of H2S i n  steam 

condensate is determined by scavenging H2S a t  the time of sampling using a 

solution of cadmium sulfates9 or zinc acetate (\APHA Standard Methods 428 Bs) 

followed by acid solution of the cadmium or  zinc sulfide precipitate and 

determination of the sulfide concentration using the methylene blue Qethod 

(APHA Standard Methods 428 C3’12) or by the iodine t i tr imetric method (APHA 

Standard Methods 428 D3). Alternatively, H2S can be scavenged using cadmium 

chloride solution50 w i t h  subsequent quantification of sulfide based on the 

weight of the cleaned and dried cadmium sulfide precipitate. 

11-7-3. Chemical Characterization o f  Noncondensable Gases 

The characterization of noncondensable gas constituents in geothermal 

steam proceeds i n  analogus fashion t o  procedures described i n  Section 11-7-2 

for the characterization of steam condensate. A small sampling train w i t h  

integral separator i s  used t o  provide a gas sample. The noncondensable gases 

are then bubbbled through scavenging solutions for the removal of C02 and H2S. 

A1 ternatively, the noncondensable gases can be coll ected i n  an evacuated glass 

b u l b  f o r  subsequent quantification by gas chromatography and mass spectrometry 

(see Appendix I) .  The scavenged reactive gases are quantified as per methods 

described i n  Section 11-74. Ammonia-bearing solutions should be immediately 

stabilized by acidification i f  analysis i s  delayed. 

11-7-4. Separation Efficiency 

The carryover of dissolved so l ids  w i t h  steam durjng the steam separation 

process is a measure of the separation efficiency. Separation efficiency is 

defined by Awerbuch, e t  a1 . ti1 as follows: 
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x 100 Separation - Na i n  Steam 
Ef f i ci ency 

- - Na i n  Brine Discharge 

I In similar fashion, separation pur i ty  can be defined ass1 

Separation - - Na i n  Steam TDS (ppm) 
Purity Na i n  Brine Discharge in Brine 

L+ (11-46) 

(11-47) 

Separation efficiencies of better than 99 percent can be achieved w i t h  ade- 

quately designed separators even i n  the case of hypersal 1 ne geothermal b r i  ne 

w i t h o u t  the need for  secondary steam scrubbers. One concern w i t h  regard t o  

steam pur i ty ,  however, is the carryover of volatile constituents. 

a small amount of boron may be volitized durl'ng the flashing process and 

For example, 

redistributed i n t o  steam condensate. Of greater concern i s  the carryover of 

dissolved s i l ica  which could promote turbine scaling. Silica volatility a t  

the conditions commonly encountered i n  geothermal appl cations is  low. How- 

ever, volatile species of s i l ica  do exist ( f o r  example, as fluoride and boron 

complexes). I n  addition, colloidal s i l ica  present i n  flashed brine may be 

carried over w i t h  separated steam and subsequently redl ssolved 1 n condensate5*. 

The presence of s i l ica  i n  separated steam can lead t o  turbine scaling and, 

therefore, the need for control processing. 

The maximum allowable s i l ica  concentration in steam produced i n  a conven- 

tional fossil-fuel or nuclear power plants is 0.025 mg/lss. The partitioning 

o f  si l ica  between boiler feed water and steam is described by the d i s t r i b u t i o n  

ratio which defines the ratio of s i l ica  concentrations i n  boiling water and 

the evolved steam. As shown i n  Figure 11-32, the s i l ica  distribution ratio 

rapidly increases a t  pressures i n  excess of 1000 psi. If we assume a s i l ica  

concentration o f  500 mg/l i n  geothermal brine a t  a pressure of 500 p s i ,  the 

corresponding s i l ica  distribution ratio and si1 ica concentration i n  separat-" 

steam (from Figure 11-32) are 0.005 and 2.5 mg/l., respectively. i 

11-124 



0.30 

II 
0 .- 
Y 

d! 
C 
0 .- 

0. lo 

4000 
' 1  

lo00 2000 3000 

Figure 11-32. Effect of pressure on silica distribution ratio. (From Ref, 53).$ . . f ,  
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The requirement f o r  f ield evaluation i s  t o  determine scaling characteris 

t i cs  i n  separated steam. T h i s  could be accomplished by use of preweighed 

scaling coupons placed i n  the steam 1 emonstration of the existence of a 

’ scaling problem may necessitate the i tallation of steam scrubbing equipment. 

Steam scrubbing i s  accomplished by shing steam w h h igh  purity water t o  

redistribute s i l ica  species. Steam c most likely be used as 

the source of washing water. o pretreat the condensate 

t o  remove dissolved s i l ica  p r io r  t I t  is common experi- 

ce i n  geothermal power plants lean turbine components periodically by 

sandblasting o r  other techniques. The various opt ions  that may be utilized a t  

a particular s i t e  t o  maintain turbine operation have t o  be selected i n  part by 

the determination of scale deposition potential and by operating experience. 

I t  would 

rubbing the steam. 

11-8. Thermodynamic Properties of Geothermal Brine 

Evaluation of a geothermal prospect has- as one of the primary goals the 

accurate determination o f  the energy content of the produced fluids and the 

equivalent electric power production potential of the resource. I n  the early 

stages of an investigation, short  duration flow from a single well may be the 

only means o f  measuring production fluid enthalpy. The most commonly employed 

configuration for the testing of welts which produce a mixture of steam and 

, h o t  water is shown i n  Figure 11-33. The flow of separated steam and brine I s  

metered usi ng orifice meters. Cal cul at3 on of .equivalent vol umetrl c and mass 

f 1 owrates based on observed d i  f ferenti a1 pressure drops across or1 f 1 ce plates 

requires accurate values for density and viscosity of the flow streams. 

. +  
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Reservoir engineering assessments o f  a geothermal resource require accurate 

values f o r  reservoir  f l u i d  density, v i scos i t y  and enthalpy i n  order t o  p red ic t  

long-term performance o f  a reservo i r  under a v a r i e t y  o f  product ion- in ject ion 

conditions. :, 8 

11-8-1. Physical Methods f o r  Estimating Enthalpy and Densi ty  

A simple method, based on measurement of l i p  pressure, f o r  the estimation 

o f  the e l e c t r i c  power po ten t i a l  o f  a geothermal we l l  i s  described i n  Refs. 55 

and 56. As shown fn  Figures 11-34 and 35, l i p  pressure ’is measured a t  the end 

o f  a v e r t i c a l  discharge.pipe o f  known ID. L ip  pressure (Pc) i s  measured wi th  

the wel l  t h r o t t l e d  t o  a wellhead pressure o f  175 ps ig  whi le  discharging 

through a v e r t i c a l  pipe. Far environmental reasons, the method i s  only appl ic- 

able i n  those cases where discharge o f  geothermal water o r  b r i ne  t o  the land 

surrounding the wel l  does not  pose a hazard. 

For steam-water discharges where the  enthalpy var ies between 400 and 600 

btu/lb, the e l e c t r i c  power po ten t i a l  o f  the w e l l  i s  given by: 

‘C 0.96 ‘E 
16.94 P Y 6  = Pc w(e) = 287.08 

(I 1-48) 

where: Pc = the l i p  pressure (psig) 
d c =  i n te rna l  diameter o f  the discharge pipe (in) 

The thermal e f f i c i ency  o f  the power conversion process i s  assumed t o  be 0.10. 

Net power i s  estimated by reducing the calculated value o f  W e  by an addit ion- 

a l  5 percent t o  account f o r  p a r a s i t i c  losses associated w i t h  the operation o f  

the energy conversion process. The overa l l  accuracy o f  the estimation method 

i s  bel ieved t o  be *5 percent. 

potent ia l  from a dry steam wel l  i s  given by: 

The equivalent estimate o f  power production 

0.96 dZ 
14.48 = Pc 
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Figure 11-34. Geothermal we1 1 .discharging to the atmosphere 'via 
a vertical pipe. (From Ref. 5 6 ) .  
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Figure 11-35. Lip pressure assembly detail for a vertical discharge 
pipe. (From Ref. 56) .  
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Enthalpy , downhol e resource temperature, density o f  the production f 1 u i d  Lr 
a t  wellhead conditions, percent steam f l a s h  o r  dryness f r a c t i o n  and the veloc- 

i t y  o f  a produced steam-water mixture a t  wellhead condit ions can be deduced 

from the measurement o f  maximum d i  schargi ng-pressure obtained a t  productioh , 

we1 1 head conditionss7. The temperature-depth re la t ionship f o r  a reservo i r  ' ,  

8 ' 

w i t h  a b o i l i n g  mixture t o  a depth below which pressurized hot water ex i s t s  lis 
' ( I  

given by: 

C = 69.56 L 0.2085 for  30 < L < 3,000 (11-50) 

where: C = b o i l i n g  water temperature ("C) - 
1 = depth o f  b o i l i n g  (meters) 

The percent steam f lash i s  given by the expression: 
I 

(11-51) 

where: q% = percent steam f l ash  
= maximum discharge pressure a t  the wellhead (bars) 

The t o t a l  mass f lowrate o f  a w e l l  operated a t  i t s  maximum discharge pressure 

i s  given by: 

W = 2.5 h d2 

where: W = f lowrate (t /h) 

h = b o i l i n g  water enth t temperatu 

d = we1 1 bore diameter (meters) 

(11-52) 

, b  

The ve loc i t y  o f  the rteam-water mixture a t  wellhead condit ions i s  given by: 

h 
usw = 18815 (11-53) 

where: us,, = t h t  ve loc i t y  o f  the steam-water mixture a t  wellhead condit ions 
(m/s 1 

The estimation o f  b o i l i n g  water enthalpy as described above assumes t h a t  

the water 4s pure and enthalpy values obtained from the Steam Tables are 
LJ 
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adequate t o  describe the system. The presence o f  dissolved sa l t s  i n  water has 

a profound ef fect  on enthalpy o f  the s a l t  solution. Data p lo t ted  i n  Figure 

11-36, based on least  squares l inear  approximations described i n  Ref. 20, 

i l l u s t r a t e  how enthalpy varies as a function o f  temperature and sa l in i ty .  

Brine enthalpy can be measured using a calorimeter. However, estimation' 

procedures and an energy balance o f f e r  a much simpler, but  accurate method f o r  
I 

determining enthalpy. 

11-8-2. Enthalpy Determinations 

Using the methods o f  Section 11-7-1s and an energy balance it i s  

straightforward t o  compute production wellhead speci f ic  enthalpy. The calcu- 

l a t i o n  i s  based on the a v a i l a b l i l i t y  o f  a t e s t  f a c i l i t y  o f  the type shown i n  

Figure 11-33. The enthalpies o f  the separated br ine and gas streams from the  

separator are calculated. The br ine  enthalpy i s corrected f o r  sal  i n i  t y  using 

the techniques described i n  Refs. 20 and 58 (see also Figure 11-36). The 

enthalpy o f  the steam-noncondensable gas stream from the separator i s  obtained 

for  pure component propert ies using the Steam Tablesao and f o r  COS gas proper- 

t i e s  from Refs. 59-60. 

able gases are  available, the t o t a l  enthalpy o f  the gas mixture may be com- 

puted. Otherwise, the noncondensabl e gases are assumed t o  consist en t i  rely o f  

CO,. I n  most instances, the assumptfon o f  100 percent C02 f o r  the noncondens- 

I f  quant i tat ive data on the composition o f  noncondens- 

able gases i s  reasonable given that  co2 accounts f o r  90 t o  95 percent o f  the 

t o t a l  noncondensabl e gases a t  most geothermal resources. 

The enthalpy o f  steam plus noncondensable gases (CO,) produced by the 

separator shown i n  Figure 11-33 i s  given by: 

HV = WV {tic02 x X'CO, + Hs(l-XCO,)) (I 1-54] 
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Variation of Enthalpy with temperature and 
salinity based on a least squares linear 
approximation. (From Ref. 20) 

la0l 1200 

I 5 1000 

5 6oo 

* 400 P 

200 !80L 0 100 200 

t Figure 11-36. Calculated brine saturation pressure curves as a 
function of sodium chloride concentration and 
temperature. (From Ref. 20) 
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where: Hv = enthalpy of the steam + noncondensable gas produced by 

Wv = t o t a l  mass f lowrate o f  the steam + noncondensable 

the separator (btu/lb) 

gases ( lb/hr) 

Hco, = enthalpy o f  CO, (btu/lb) 

Xco, = f rac t i ona l  weight percent CO, 

Hs = enthalpy o f  the steam (btu/lb) 

The enthalpy o f  the b r ine  produced by the separator o f  Figure 11-31 i s  

given by: 

Hb = Wb x Hb (11-55) 

where: Hb = enthalpy o f  br ine (btu/lb) 

Wb = mass f lowrate o f  br ine ( lb/hr) 

Br ine enthalpy i s  derived using the methods o f  Refs. 20 and 58 based on the 

measured value o f  t o t a l  dissolved sol ids i n  the separated s ing le phase brine. 

The wellhead enthalpy i s  computed as the  sum o f  the enthalpies o f  the 

steam and b r ine  flows.produced by the separator: 

Hp = Hv + Hb (11-56) 

11-8-3. Geochemical Methods f o r  Evaluating Brine Properties 

A deta i led tabulat ion of br ine propert ies f o r  every conceivable br ine 

composition t h a t  might be encountered i s ,  i n  general, not  avai lable. The 

experimental determination of br ine propert ies i s  also inconvenient. The 

u t i l i z a t i o n  o f  est imation procedures f o r  evaluating b r ine  propert ies such as 

density, v i scos i t y  and enthalpy provides accurate values which are based on 

analysis o f  the avai lable data base f o r  sodium chlor ide and mixed b r ine  solu- 

t ions. For example, accurate estimates f o r  the equation o f  s ta te o f  complex 

geothermal brines i s  possible using estimation procedures such as the method- 

ology described i n  Refs. 20 and 53 f o r  the ca lcu lat ion o f  important thermo- 

physical propert ies o f  b r i ne  as a funct ion o f  temperature and s a l t  content. 
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The methodology of Refs. 20 ,and 53 can be. used to compute  estimates f p r .  brine 

saturation pressure, liquid and vapor density, enthalpy and entropy. 

illustrates the variation of 
I .  

- ’  I 

gression analysis of data by HassG1 which led to the following approximation: 

PSATB(T) = al x PSAT(T) (11-57) 

al X , Wt. Percent 
.- 

5 0.969 
10 0.934 
15 0.894 
20 0.847 
25 0.794 

where: PSATB(T) = brine saturation pressure (psia) 
al = regression coefficients for sodium chloride brines 

of varing concentration ( X s ?  

PSAT(T) = pure water saturation pressure (psia) 
T = temperature ( O F )  

11-8-3b. Estimation Procedures for Calculating Brine Density - Regression 

analysis*O of data from Ref. 6 1  yielded the following relationship for esti- 

mating brine density: 

RHOB(T) = a2 x T + a3 
Xs,  Wt. Percent a 

2 - 
5 -0.043 

10 -0.039 
15 -0.035 
20 -0.032 
25 -0.030 

where: RHOB(T) = calculated bri ne density (1 bs/ft3) 
T = temperature (OF) 

= weight percent NaCl 
xS 

a ;a = regression coefficients 2 3  

(11-58) 

- a3 

72.60 
73.72 
74.86 
76.21 
77.85 
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Brine density i t  ' -p lo t t kd  as a function-.of sodium chlor ide concentration and 

temperature i n  Figure 11-37. The calculated densi ty values coincide w i t h  pure 

L) 

water density a t  temperatures between 250 t o  575OF. Above and below these 

temperatures, the d ues are i n  error.  
i 

CramerB2 described a method f o r  est imating hypersaline br ine density 
: .. - I 

based on the regression analysis o f  density data compiled i n  Ref. 63. The 

approximatton f o r  br ine density i s  given by: 
I ^  

= P, + CO.03378 + 0.05622 x 10 exp T/66.0) J (11-59) 'b 

= calculated ne density (gm/cc) 'b 
P, = density o f  vapo saturated pure water a t  temperature T (gm/cc) 

where: 

\ +  

T f absolute temperature (OK) 
3 

The approximation i s  accurate over the temperature range 0 t o  275OC w i t h  a 

standard dev iat ion o f  il%. The accuracy o f  the approximation i s  reported as 

i0.012 gm/cc. 

derived the fol lowing expression f o r  t h e  ca lcu lat ion o f  the den- 

s i t y  o f  vapor-saturated br ine solutions: 

1000 + xw 
= 1000v0 + ;$ ( 11-60) 

(11-61) 

(I 1-62) 

0.5 $ = + * + I C %  

@* = co + C l V O  + C2V*2 

(11-63) 

where: d = densi ty  of br ine  so lut ion (gm/cc) 

W2 = molecular weight o f  sodium chlor ide (58.4428 g/mol) 

vo = vapor-saturated spec i f i c  volume o f  l i q u i d  water a t  the 

x = concentration o f  sodium chlor ide i n  the b r ine  so lut ion 

temperature o f  the br ine so lut ion (cm3/g) 

(mol NaCl/Kg H20 - molal) 

c4 = 13.37 vc = 3.1975 
C g  = -167.219 C 1  = 448.55 C2 = -261.07 ~3 = -13.644 b, 
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Figure 11-37. Calculated values of Brine Density as a function 
of sodium chloride concentration and temperature. 
(From Ref. 20) L 



L, 
The prec is ion and accuracy o f  density estimates was determined t o  be k0.002 

gm/cc and k0.006 gm/cm, respectively. 

Potter and Brown64 derived expressions f o r  the ca lcu lat ion o f  vapor-sat- 

urated br ine density over the temperature range 0 t o  500°C f o r  br ine concen- 

t ra t i ons  o f  up t o  8 molal (Tables 11-14 and 15). They also derived an expres- 

s ion t h a t  describes the density o f  br ine solut ions a t  pressures up t o  2000 

bars. Prel iminary steam tables f o r  sodium chlor ide solut ions are avai lable i n  

Refs. 63 and 65. Potter and Hass66 describe a model f o r  the ca lcu lat ion o f  

the density o f  a complex br ine so lut ion w i th  an a r b i t r a r y  number o f  components. 

They show t h a t  the so lut ion density i s  proport ional t o  the densi t ies o f  each 

component and the r a t i o  o f  the concentration o f  each component t o  the t o t a l  

concentration o f  s a l t s  i n  the solut ion. They provide an example f o r  the 

ca lcu lat ion o f  the density o f  a hypersaline geothermal br ine over the tempera- 

tu re  i n t e r v a l  from 25 t o  300OC based on estimates o f  component densi t ies using 

regression analysis techniques. 

An a l te rna t i ve  approach f o r  the ca lcu lat ion o f  a complex b r ine  so lu t i on  

density i s  described by Potter1'. The method involves ca lcu lat ion o f  an 

equivalent sodium chlor ide concentration f o r  the brine, based on i t s  total 

chlor ide concentration, and then u t i l i z i n g  Tables 11-14 and 15 f r o m  Ref. 64 t o  

determine the density o f  the equivalent sodium chlor ide so lut ion a t  the de- 

s i r e d  temperature. Equivalent sodium chlor ide concentration i s  defined as 

follows: 

eNaCl = ( 7 . 5 7 7 ~  + 0 . 0 3 5 4 6 ~ ~ )  1 
1000 + U (11-64) 

W 

where: a = chlor ide concentration ( g d l )  

I n  the case o f  brines containing s i g n i f i c a n t  dissolved sul fate,  a i s  defined 

as : 
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TABLE 11-1 4. DENSITIES OF VAPOR-SATURATED NsCl SOLUTIONS, g/om'(from Ref. 84). 

[The uncertainties in the densities are: 5-place figures t10'5, 50. data tlO", 
75. data iSxlO"', 3-place figures *O.OOS, 2-place figurer ~o.os. ]  

Molality 
Temp *C 0.5 1 .o 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5. 8.0. 

H 
H 
I 
w 
w 
00 

0 

25 
SO 

75 
100 
12s 
1 SO 

175 
200 
225 
250 
275 
300 
325 
350 

375 
400 
425 
450. 
475. 
500' 

1.02190 
1.01710 
1.0074 
0.9941 
0.978 
0.961 
0.941 
0.916 
0.888 

0.856 
0.820 
0.780 
0.736 
0.689 
0.637 
0.56 
_-  
- -  
-- 
- _  
- -  

1.04244 
1.03621 
1.0259 
1.0126 
0.997 

0.980 
0.960 

0.957 
0.910 
0.880 

0.846 
0.810 
0.769 
0.726 
0.679 
0.629 
0.56 
- -  
- -  
- -  
- -  

1.06206 
1 .OS458 
1.0437 
1 .OS04 
1.014 
0.998 

0.979 
0.957 
0.932 
0.903 
0.872 
0.838 
0.801 
0.760 
0.717 
0.671 
0.621 

0.569 

- *  

- -  
- -  

1.08086 
1.07227 
1.0609 
1.0477 
1.031 
1.013 
0.993 
0.971 
0.947 
0.920 
0.890 
0.059 
0.824 
0.788 

0.749 
0.  7on 

0.665 
0.619 

11.57 _ _  _ _  

1.09891 
1.08932 
1.0775 
1 .ob45 

1 .046 
1.028 
1.008 
0.985 
0.961 
0.934 
0.90s 
0.874 
0.842 

0. R07 
0.770 
I). 7311 

O.bR9 

l1.64h 

0.hO 

_ -  
_ -  

1.11625 
1.10576 
1.0936 
I .0807 

1 .062 
1.044 
1 A24 
1.003 
0.979 
0.95s 
0.928 
0.899 
0. 8b9 

0.837 
0.804 
0.76R 

0.731 
I).h93 

11.h5 

tl.hl 
- _  

1.13292 
1.12162 
1.1092 
1.0963 
1.078 
1.060 
1.040 
I .018 
0.9% 
0.971 
0.945 
0.918 
O.8R9 
I).  859 

n.8z 
0. 7!l4 

0.7b0 
I). 7:4 
11. h' 

U.115 

0.h l  

1.14895 
1.13691 
1.1242 
1.1115 
1.093 
1.075 
1 .os5 

1.034 
1.011 
0.987 
0.962 
b.936 

0.908 

0.880 

0.849 

I I . M l t l  

11. 7R5 

0.751 
I).?: 

O.hR 

0. h4 

1.16437 
1.15167 
1.1389 
1.1263 
1.107 
1 .OB9 
1.070 
I .M9 
1.027 
1.004 
0.980 
0.954 
0.927 
0.899 
0. A70 

O . R S 9  

I). nnn 
11.775 

0.74 
11.71 . 

I). 6: 

1.17920 
1.16591 
1.1530 
1.1405 
1.122 
1.104 
1.084 
1.064 
1.042 
1.019 
0.99b 
0.'97l 
0.945 
0.917 
n .E89 

It.  RtIO 

0.829 

0. I97 

0 . 7 h  

I). 7 3  

0. :(I 

1.19347 
1.17964 
1.1667 
1.1543 
1.1% 
1.118 
1.099 
1.079 
I .OS7 
1.035 
1.012 
0.987 
0.962 
'0.935 

0.907 
0 ~ 7 8  

e.nin 
0.849 

11.79 
0.75 

0.:: 

1.20719 
1.19288 
1.1801 
1.1677 
1.151 
1.133 
1.114 
1.094 
1.072 
1.050 
1.027 
1.003 
0.978 
0.952 
0.925 
0.896 

0.867 
0 . ~ 7  

8.77 
11.81 

0. I 4  

Extrapolated values 

_ _  
-- 
-- 
-- 

1.165 
1.147 
1.128 
1.108 
1 .OS8 

1.066 
1.043 
1.019 
0.994 
0.960 
0.941 
0.913 
0.R84 
0.8S4 
0.82 

0.79 
0.76 

-- 
-- _ _  
-- 
-- 
-- 

1.143 
1.123 
1.105 
1.081 
1 .OS8 

1 .OS4 
1.009 
0.984 
0.957 
0.929 
0.9uo 
0.869 
0.84 

0.81 
0.77 

-- 
-- 
-- 
-- 
-- 
-- _ _  
1.14 
1.12 
1.10 
1.08 
1 .os 
1 .03 
1 .oo 
0.97 
0.94 
0.90 
0.n7 
11.83 

0.79 
0.75 

-- _ _  
-- 
-- 
-- 
-- 
-- 
-- b 

1.14 
1.12 
1.10 
1.08 
1.05 
1.02 
0.99 
0.95 
0.91 
0.87 

0.82 
0.77 

6.72 

c 
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where the concentration units for chloride (Cl-) and sulfate (SO,=) ions are 

in grams per liter (gdl). 

11-8-3c. Estimation Procedures for Total Enthalpy - Numerical approximations 
for brine enthalpy are provided in Ref. 67. Potterll provides an excellent 

example which illustrates the geochemical basis for the estimation of total 

enthalpy of a pressurized brine at production wellhead conditions. The exam- 

ple utilizes data for a production well at the Cerro Prieto geothermal field 

located in Northern Mexico. The calculation is based on the availability of 

analytical chemistry data for the separated and quenched brine and measure- 

ments o f  the separated steam and brine mass flowrates and the separation 

pressure: 

€xample Illustrating the Estimation Procedures for Calculation of Total Flow 
Enthalpy: 

1. Chemistry and Production Data 

Well M-30 (1-29-74) Cerro Prieto 

Separator Pressure = 7.8 bars 
Steam Flow = 81.8 ton/hr 
Water Flow = 231.5 ton/hr 
Na = 8655 mg/l 
K = 2033 mg/l 
Li = 27.2 mg/l 
Ca = 567 mg/l 
C1 = 16,000 mg/l 
SiO, = 920 mg/l 

2. Evaluation of the Percent Steam Flash 

Steam Mass Rate 
= Steam Mass Rate + Brine Mass Rate 

= 0.261 81.8 
= 81.8 + 231.5 

Percent Steam Flash = 26.1 

(11-66) 

(11-67) 
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3. Calcula ion of the Equivalent Sodium Chloride Co entrat  i n - 
(I I- 68) 1 

looo + a eNaCl = C(27.577a + 0.03546a2)] 

(11-69) 1 
looo + 16 eNaCl = [(27.577 x 16) + (0.03546 x 16*)] 

eNaCl = 0.443 molal 

4. Calculation of the Steam Separation Temperature 

The separation temperature correspond1 ng t o  an equivalent sodium chloride 
concentration o f  0.443 molal a t  a separation pressure of 7.8 bars is deter- 
mined by interpolation of data presented i n  Tables 1 and 2 o f  Ref. 65. 
the temperature i n  Tables 1 and 2 which brackets the observed separation pres- 
sure of 7.8 bars as follows: 

Find 

P 1  P2 
Temp O'C 0 molal NaCl 0.5 molal NaCl 

170 7.920 bars 7.786 bars 

Let Px = the separation pressure for a 0.443 molal sodium chloride solution. 
Then: 

Px = P 1  - - x 4.43 ( I I- 70) 5 

Px = 7.80 bars 

The separation temperature i s ,  therefore, 17OoC. 
temperature can be compared t o  the actual measured separation temperature, 1 f 
available. 

The calculated separation 

5, Calculate the Enthalpy o f  the Steam and k i n e  Flows 

The enthalpy of brine and steam a t  17OoC and 7.8 bars is obtained by 
interpolation from Tables 1 and 2 of Ref. 65: 

Steam - Brine - 
H2 

0.5 molal NaCl 
HI 

0 molal NaCl 
H,G 

0.5 molal NaCl 
HIG 

0 molal NaCl 
12938 J/mol 12499 J/mo 1 49871 J/mol 49891 J/mol 

Let H: = enthalpy o f  0.443 molal Let H," ='enthalpy of steam 
NaCl a t  17OOC and 7.8 bars 

L - - H9 x 4.43 HxL = HI 5 
+ -HIG x 4.43 

H: = HI 5 

= 49889 J/mol 
HX = 12549 J/mol 

HX 
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6. Enthalpy Uni ts  Conversion '.* 

,The un i t s  o f  enthalpy from Tables 1 and 2 of. Ref. 65 may be converted t o  btu/ 
l b  as follows: 

Uno1  e 
= MW x 4.1868 

where: H = spec i f i c  enthalpy 
MW = molecular weight ( 

For the steam phase, spec i f i c  
u l a r  weight o f  pure water as follows: 

1 t o  the molec- 

x 661.4 cal/gm x 1.8 =.1190.6 b tu / l b  (11-72) - 49889 
H~ - 18.0152 x 4.1868 

For the br ine phase, an adjusted molecular weight must be computed as follows: 

X 
1OO0/MwH + x f =  

2 

(11-73) 

where: f = mole f r a c t i o n  o f  NaCl i n  so lut ion 
x = NaCl m o l a l i t y  

MWH20 = molecular weight o f  pure water (gmhole) 

The adjusted molecular weight o f  the so lu t i on  i s  then computed: 

MWg = (F)(MWNaC1) + (1-f)(MWH20) (11-74) 

where: MWB = molecular weight o f  the br ine (gdmole) 
= molecular weight o f  sodium chlor ide (58.4428 gm/mole) "aCl 

Therefore: 
MWB = 18.335 

x 1.8 = 294.3 btu/ lb  (11-76) 12549 
HB = 18.335 x 4.1868 and 

7. Calculat ion o f  the Enthalpy o f  the Total  Flow 

The ca l cu la t i on  o f  t o t a l  f low spec i f i c  enthalpy (Hp) proceeds as follows: 

HP = (q x Hs) + C(l'q)(HB)l (I 1-77) 

where: Hp = spec i f i c  enthalpy a t  reservo i r  condit ions (btu/ lb) 
q = f rac t i ona l  percent steam f l a s h  

For the Cerro P r ie to  example: 
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Hp = (0.261)(1190.6) + [(1-0.261)(294.3)] 

Hp = 528.2 btu/ lb  

(11-78) 

11-8-3d. Approximation Techniques f o r  Estimating Brine Viscosi ty - According 
I t  

t o  WahlB7 e lec t ros ta t i c  forces i n  an i o n i c  so lut ion contr ibute t o  the trans- 

mission o f  shear forces throughout u t i p g  t o  an in- 

cre i n  i scosi ty  o f  wat 

temperature dependent and the v e r i  a w i t h  temperature can be 

described f o r  pure water with the fo l lowing equation: 

(11-79) 560 log IJ, = 2.03 + - T 

where: T = temperature (OK) 

= v i scos i t y  (cp) 
IJW 

A v i scos i t y  approximation for a t yp i ca l  low t o  moderate s a l i n i t y  geothermal 

br ine i n  which sodium, potassium and calcium are the p r inc ipa l  cat ion ic  spe- 

c ies i s  described the fol lowing equ i o n  f r o m  Ref. 68: 

p = pw (1+0.021wt + 0 . 0 0 0 2 7 ~ ~ ~ )  (I 1-80) 

where: IJ = v i scos i t y  o f  the br ine so lut ion (cp) 

= v i scos i t y  o f  pure water a t  the temperature o f  the 
br ine so lut ion (cp) IJW 

Ref. 68 also provides approximations for the estimation o f  surface tens 

enthalpy, vapor pressure, heat capacity and density o f  brine solutions. 

The v i scos i t y  o f  geothermal brines can be estimated using methods 

on, 

de- 

scribed i n  Refs. 67 and 69. Ref. 69 describes an empir ical co r re la t i on  t h a t  

allows the e x i s t i n g  v i scos i t y  data f o r  sodium chlor ide solut ions t o  be extrap- 

olated t o  temperatures as high as 325OC. 



, Viscosit! estimates w i t h  an accuracy o f  1.5 p rcent  up t o  a temperature 

o f  3OO0C can be obtained using the approximation technique described i n  Ref. 

67. The v iscos i ty  o f  pure water i s  given by: 

- 2o - C1.2378 - 1.303 x (20 - T)] 

+ 3.06 x (20 - T)2 + 2.55 x 

(20 - T)3 ( 11-81) 

The v i scos i t y  o f  a br ine so lut ion i s  given by: 

(11-82) I 

where: A(m) = 0.3324 x 10-1 m + 0.3624 x m2 - 0.1879 x m3 

B(m) = -0.3961 x 10-1 m + 0.102 x 10-1 m2 - 0.702 x m3 

1000 x 
58.44 (1 - X) m =  

and p = br ine v iscosi ty,  micro-pascal 

= water v iscosi ty,  micro-pascal 
m = br ine s a l i n i t y ,  NaCl equivalent m o l a l i t y  
T = br ine temperature, O C  

X = the NaCl weight f r a c t i o n  
pw (20) = 1002 micro-pascal 

Viscosi ty expressed as micro-pascals (p Pas) may be converted t o  centipoise 

(cp) un i t s  as follows: 

cp = 1000 p Pas 

The use of an equivalent NaCl concentration, as described i n  Section II-8-2c, 

w i l l  y i e l d  an accurate representation o f  the v i scos i t y  o f  a geothermal brine. 

A graphical representation o f  sodium chlor ide v i scos i t y  data i s  avai lable 

i n  Ref. 70 f o r  temperatures up t o  400OF. These data are shown i n  Figure 
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11-38. 

procedure described i n  the i n s e r t  on Figure 11-38. 

The e f f e c t  o f  pressure on br ine v i scos i t y  can be mode 
u 

led using the 

Viscosi ty est imation procedures f o r  mixed sodium, potassium and calcium 

chlor ide geothermal brines are described i n  Ref. 71. The procedure, which i s  

f o r  

ght  

based on 1 aboratory data, can accurately describe m i  xed b r i  ne v i  scosi t y  

equivalent sodium chlor ide br ine concentrations from 0.99 t o  16.667 we 

percent and temperatures up t o  275OC. 

Viscosi ty of sodium chloride, calcium chlor ide and potassium chlor ide 

br ine solut ions are summarized i n  Tables 11-16 t o  18, respectively. For a 

given potassium chlor ide o r  calcium chlor ide concentration, C,, with a corre- 

sponding v iscos i ty ,  p ,  a t  Temperature T,, a m u l t i p l i e r  i s  derived t o  r e l a t e  

the mixed br ine v i scos i t y  t o  the equivalent concentration o f  a sodium chlor ide 

so lut ion w i t h  the same v i scos i t y  as p,  a t  the same temperature T,. The mu l t i -  

p l i e r  i s  defined as the r a t i o  o f  C,/C, where C, i s  the equivalent sodium 

chlor ide concentration. Table 11-19 summarizes m u l t i p l i e r s  f o r  potassium 

chlor ide and sodium chlor ide solutions. A b r i ne  v i s c o s i t y  may be estimated 

using the fo l lowing analy t ic  expression: 

247. 8/(T-140I1 p = 10-4 [a+@t+yTZ+bts+241. 4x10 ( I 1-83 ) 

where: a = 0.7543564E+04 + 0.1585416E+04*C - 0.2153238E+03*C2 + 0.1311786E+02*C3 

+ 0. 1260422E+01*C2 - 0. 7739334E-O1*CS 

- 0. 2354586E-02*C2 + 0. 1479379E-03*C3 

= -0.4203004€+02 - 0.8313187E+Ol-C 

y = 0.81770676E-01 + 0.15072873-01*C 

and 6 = -0.5509047E-04 - 0.8906202E-05-C 
+ 0. 1396191E-05*C2 - 0. 9156521E-07*C3 

T i s  temperature i n  degrees Kelv in and C i s  the equivalent sodium chlor ide 

concentration i n  weight percent. 

ed 
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Figure 11-38. Water viscosit ies f o r  various s a l i n i t i e s  and 
temperatures. (From Ref. 70) 
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Concentration 
fwt%l Concentration 

ww 
3.0 9.0 13.0 

0.962 1.079 1.182 
0.869 0.979 1.096 
0.749 0.847 0.948 
0.658 0.743 0.825 

0.526 0.595 0.651 
0.470 0.543 0.592 
0.420 0.493 0.542 
0.379 0.452 0.500 
0.342 0.416 0.452 
0.309 0.380 0.428 
0.280 0.352 0.398 
0.251 0.328 0.370 
0.229 0.304 0.345 
0.220 0.283 0.325 
0.198 0.266 0.306 
0.181 0.251 0.288 

--- 

0.588 0.659 0.724 

Temoemture - 
17.0 
1 .350 
1.241 
1.070 
0.94 
0.836 
0.750 
0.672 
0.6 18 
0.568 
0.521 
0.483 
0.40 
0.418 
0.390 
0.364 
0.348 
0.328 

- 
. .  

I d  3.0 9.0 13.0 17.0 Temperature 
* (*C) 

25 
30 
40 
50 
60 
70 
80 
90 
100 
110 
1 20 
130 
140 
150 
160 
170 
1 80 

i.0 
25 

1 .o 
0.892 
0.825 
0.71 1 
0.625 
0.556 
0.498 
0.444 
0.399 
0.359 
0.331 
0.200 
0.258 
0.227 
0.206 
0.188 
0.172 
0.168 

- .- _ _  ----- 
0.97s 1.079 la29 1.SOO 1.m 
0.806 0.978 l.ll0 1.296 1.621 30 

40 
50 
60 
to 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 

0.735 0.- ~ 6.930 1.055 1.258 
0.628 0.688 0.806 0.904 1.028 
0.538 0.586 0.7W 0.792 0.841 
0.476 0.515 0.620 0.105 0.790 
0.421 0.459 0.560 0.632 0.720 
0.378 0.418 0.m 0.570 0.651 
0.339 0.376 9.452 0.518 0.590 
0.309 0 . a  0 . a  0.472 0.540 
0.m 0.316 0.381 0.435 0.499 
0.259 0.287 0.350 0.400 0.465 
0.237 0.269 0.332 0.372 0.436 
0.221 0.252 0.w2 0.348 0.400 
0.219 0.230 0.290 0.326 0.380 
0.199 0.228 0.274 0.306 0.360 . 
0.00 0.218 0.281 0.290 0.342 
0.181 0.209 0.250 0.276 0.320 
0.1?5 0.200 0.240 0.264 0.391 
0.172 0.1% 0.238 0.255 0.292 
0.165 8.190 0.221 0.246 0.280 
0.1%8 0.186 0.216 0.239 0.270 

0.lW 0.178 0.204 0.2% 0.252 
0.146 0.175 0.200 0.255 0.249 

0.152 o.iei 0.210 0 . a  0.280 

190 
200 
210 
220 
230 
240 
250 
260 

0.148 0.172 0.237 0.275 0.312 
0.139 0.165 0.228 0.264 0.294 
0.130 0.154 0.218 0.252 0.205 
0.126 0 150 0.210 0.242 0.272 
0.120 0.145 0.204 0.232 0.261 
0.115 0.142 0.199 0.224 0.252 
0.113 0 139 0.195 0.215 0.241 
0.110 0.136 0.190 0.210 0.232 

Table 11-16. Viscosity 
o f  NaCl solutions (cp). 

Cancentratan 
( W W  

1.0 3.0 9.0 
0.890 0.929 1.030 
0.798 0.930 

0.790 
0.679 
0.600 
0.531 
0.475 
0.- 
0.390 
0.354 
0.322 
0.300 
0.279 
0.260 
0.242 
0.230 
0.215 
0.205 
0.192 
0.186 
0.176 
0.172 
0.165 
0.158 
0.152 

- - --- Temperature 
(*C) 
25 

13.0 17.0 
1.160 1.114 

0.822 0.699 

-- 
0.965 1.050 

0.718 0.785 
0.638 0.700 
0.576 0.631 
0.522 0.sn 
0.478 0.522 
0.435 0.480 
0.402 0.450 
0.372 0.415 
0.345 0.388 
0.320 0.362 
0.290 0.340 
0.200 0.320 
0.262 0.300 
0.249 0.283 
0.234 0.285 
0.219 0.252 
0,212 0.242 
0.202 0.231 
0.198 0.225 
0.190 0.218 
0.181 0.209 
0.1m 0.201 

0.846 
0.712 
0.606 
0.518 
0.458 
0.409 
0.370 
0.332 
0.301 
0.278 
0.255 
0.240 
0.221 
0.209 
0.198 
0.186 
0.175 
0.169 
0.160 
0.154 
0.150 
0.145 
0.140 
0.138 

30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 

0.668 
0.566 
0.495 
0.435 
0.389 
0.349 
0.313 
0.280 
0.256 
0.238 
0.220 
0.208 
0.190 
0.179 
0.170 
0.159 
0.150 
0.141 
0.135 
0.130 
0.125 
0.120 
0.115 

220 
230 
240 
250 
260 

Viscosity o f  KCI solutlons (cp). Table 11-18, 
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I ;  . 
's.. L. 

Concentration Temperature M''Wtier 
(W%) (OC) KCI CaCl t 

636 1.273 

Concentration Temperature Mu'tiprier 
KCI CaCl .(rn)' - I '  ~ (OC) 2 

1 50 0.200 1.100 11 50 0.r 
100 0.682 1.091 
150 0.909 1.045 
200 0.727 1.136 
250 0.545 1.318 

- 100 0.400 0.900 
- 150 1.100 1.400 

200 1.500 2.000 

. L. 

7 ,  . 250 1.600 2.900 

,231 
.on 
,031 
,154 
,231 

13 50 0.569 
100 
150 
200 
250 

0.615 
0.692 
0.769 
0.654 

- 3  50 
100 
1 50 
200 
250 

I t  

50 
100 
150 

~. 5 .  

0.233 t.733 
0.267 1.067 
0.800 1.667 
1.330 2.333 
1.167 2.667 0.633 

0.667 1.067 
0.933 1.080 
0.733 1.093 
0.600 1.111 

15 50 
100 
150 
200 
250 

17 50 
100 
150 
200 
250 

,200 

0.400 
0.480 
0.700 
1200 
1 .000 

0.429 
0.500 
0.714 
0.857 
0.714 

0.556 
0.61 1 
0.667 
0.778 
0.722 

1.660 
1.040 
1.200 
1.600 
1.800 

200 
250 0.706 1.118 

0.765 1.059 
0.824 1.029 
0.735 0.988 
0.647 1.029. 

7 50 
100 
150 

. , 200  
250 

9 50 
100 
150 
200 
250 

1.571 
1.143 
1.286 
1.357 
1.429 

1.333 
1 .OS6 
1.111 
1 ,278 
1.444 

I 

Table 11-19. Multipliers o f  K C 1  and C a C 1 2  
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W 11-9. Characterization o f  Geothermal Scale Deposits 

Formation o f  scale deposits i n  wells and surface f a c i l i t i e s  i s  a common 

operational problem associated w i t h  the geothermal energy conversion process. 

The d e f i n i t i o n  o f  the physical and chemical character is t ics  o f  scale i s  impor- 

view o f  def in ing the magnitude o f  the problem and 

eatments o r  procedures f o r  control  1 i n g  the problem. 

sot ion upstream o f  the p o i n t  where br ine samples are 

obtained f o r  chemical character izat ion represent a p a r t i a l  f rac t i ona t ion  o f  

dissolved species o r i g i n a l l y  present i n  the reservoir  f l u i d .  Complete charac- 

t e r i z a t i o n  o f  the production f l u i d  requires t h a t  corrections be made f o r  the 

This i s  especial ly important i n  the 

case o f  deep wel ls  operating i n  a high scal ing environment as the t o t a l  mass 

dissolved species as scale. 

o f  scale i n  a wellbore can be qui te  substantial a f te r  as l i t t l e  as one month 

o f  operation. 

The obvious steps i n  the characterization o f  scale i s  t o  f i r s t  determine 

the rates of scale formation i n  various parts o f  a f a c i l i t y  including produc- 

t i o n  and i n j e c t i o n  wel ls and the composition o f  the scale deposits. It i s  

also  important t o  proper ly evaluate scale formation i n  surface elements o f  the 

fac i  1 i ty’  a t  temperature-pressure condit ions t h a t  w i  11 most 1 i kely be experi- 

enced during the operation o f  a f u l l - s i z e d  f a c i l i t y .  It i s  important, there- 

fore, t o  operate p i l o t  f a c i l i t i e s  over the f u l l  range o f  ant ic ipated operating 

conditions so t h a t  scale formation rates and the propert ies o f  scale depsits 

can be determined. It i s  also useful i n  i d e n t i f y i n g  scale deposits t o  begin 

consideration o f  possible abatement procedures as w e l l  as methods f o r  removing 

scale deposits i f  complete suppression by chemical addi t ive addit ions o r  

careful control  o f  operating conditions i s  not  e n t i r e l y  e f f e c t i v e  i n  prevent- b 

W ing scale formation. 



11-9-1. Characterization of Scale 

The important elements in the complete characterization of scale are: 

1. 
2. Scale mi neral ogy. 
3. Scale chemistry. 
4. Bulk density and porosity. 

Determination of the rates of formation. 

The above properties should always be established. Scaling rates are measured 

directly by determining the thickness of scale accumulation in various parts 

of a test facility. The rate of formation can be easily computed if total 

production corresponding to the measured scale thicknesses has been determined. 

Scale deposition in a wellbore can be established by the use of caliper logs 

run before and after a long-term flow period. Alternatively, a wireline 

scraper-bailer device can be used to collect samples of scale. The samples 

provide important information regarding both the. formation rates and the 

identity of scale phases. Some scales are particularly adherent and hard such 

as the heavy metal sulfide and iron-rich siliceous scales characteristic of 

the hypersaline resources of southern California. It is difficult to com- 

pletely remove these deposits from a wellbore using a scraper device. In 

these cases it is most useful to utilize data from calipers, if avajlable, in 

conjunction with the recovered scale samples. 

Mineralogy of scale deposits is obtained by the combination of x-ray 

diffraction analysis and optical petrographic techniques. It is sometimes 

' useful to supplement these types of investigations with scanning electron 

microscopy analyses to better define microstructural attributes of the scales 

and as an aid in identifying fine-grained scale phases not identifiable by 

standard x-ray diffraction techniques. The use of EDAX-SEM capabilities is 

u particularly good in identifying fines in a scale sample. The EDAX or ener 
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hi dispersive x-ray analysis yields qualitative microchemistry data for samples 

than the chem- 

istry of a brine s e scale sample must be placed into solution prior 

to analysis. In the case of heavy ulfide ontaining large 

amounts of lead this is sometimes quite difficult as the lead and other heavy 

metals have a tendency to reprecipitate. 

sis by ' ICP, AA or other techniques isastralghtforward. 

Once a sample is in solution, analy- 

The preferred analyti- 

a1 scheme for scale'samples i s  as follows: 

1. Wash crushed samples repeatedly with distilled water to remove ex- 
t raneous salts. 

2. Dry the 'smple thoroughly in a vacuum oven and then obtain the 
sample weight. 

3. Determine the acid the sample using hydrochloric acid. 
Ths is accomplished by treating a weighed amount' of pulverized 
sampl e with concentrated hydrochloric acid and then determi ni ng the 
residual sample weight after filtration and drying. The insoluble 

4. Dissolution of samples for subsequent quantitative analysis is 
accomplished using concentrated hydrochloric acid in the case o f  
acid soluble phas such as the carbonates. Heavy metal sulfide 
scales are disso d in a hot mixture o f  hydrochloric, nitric, 
hydrofluoric and perchloric acids. Silica must be determined separ- 
ately on a different Sam le split. Silica is determined after 
1 i thi um metaborate ion7f-73 of a sample and subsequent dissolu- 
tion of the fusion ke with 3 percent nitric acid. The silica 
concentration is usually determined colorimetrical ly3. Analytical 
data are reported in units of ppm by weight (pg/gm). 

sidue is characterized subsequently. 

In order to insure reliable results it is important to carefully homogenize 

samples prior to chemical analysis. Samples should be dried and then pulver- 

ized to 100 mesh or finer and then homogenized on a roller table. Precious 

metal content of heavy metal sulfide samples can be determined by a combina- 

tion of fire assay and AA techniques. If samples are to be sent to commercial 

analytical laboratories for analysis, it should be noted that finely pulver- 
'B, 
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ited heavy metal sulfide otential  combustion hazard 'due 

t o  the spontaneous ignition o des. These samples should be 

shipped i n  waterfi 11 ed polyethylene bottles. 

Density and porosity of scale samples may be determined using techniques 

described i n  Ref. 74-75. Bulk  i s  readily etermined using the water 

immersion o r  gas pycnometer 

11-9-2. Treatment of Scale Analytical Data 

I t  is  useful t o  convert chemical analytical data obtained for  scale 

samples t o  the equivalent ,scale compounds.' -This  is more than a mere academic 

e f for t  since i t  serves as an excellent means of checking the validity of the 

analytical data as well as providing important i n s i g h t s  into the scaling 

phenomena. The technique also provides the basis for  ultimately correcting 

reservoir brine compositions for  deficiencies caused by the formation of 

scale. 

The conversion of el emental concentrations (pg/gm) t o  the equivalent 

weight percent of scale forming compounds is accomplished as follows: 

XC = (xE ~)/104. (11-84) 

where: Xc = the weight percent of a compound i n  the scale 
XE = the elemental concentration i n  the scale (pg/g) 
F = M/An 
M = the molecular weight o f  a scale compound 
A = the element XE atomic weight 
n = number of moles of element XE per mole of scale compound 

The selection of appropriate scaling phases w i t h  which to  represent the actual 

scale deposits should be selected on the basis of petrographic and x-ray 

diffraction analysis of the scale samples. Bearing i n  mind the inherent 

limitations oft x-ray diffraction techniques i n  elucidating fine-grained low L! 
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w abundance mineralogles in a complex mixture of crystalline and amorphous 

phases, some judgemental decisions will be necessary in defining the scale 

mineralogy. However, one check on the selected mineralogical abundances will 

be obvious after summing the total percent of calculated mineral oxides, sul- 
fides, carbonates, etC* 

A certain percentage of the dissolved brine constituents originally 

present in the reservoir brine are partitioned into scale. In order to deter- 

mine the actual reservoir fluid composition it is necessary to correct the 

brine compositions at the sampling point for scale deposition. It is also of 

interest to compute an overall material balance for a geothermal flow test 

that accounts for the total fluid production and the total mass of scale 

formed during the test. The calculation of a material balance is straight- 

forward: 

1. 

2. 

3. 

4. 

Determine the mass of scale forming elements in the production well 
and surface facilities back to the injection well. 

Correct the average reservoi r bri ne compos1 ti on, der1 ved from steam 
f 1 ash-corrected analyses of brine samples and total noncondensabl e 
gases, for the deposition of scale. 

Correct the average composition of injection wellhead brine for 
total steam loss including evaporative losses in the brine treatment 
facility. 

The change in brine composition between the geothermal reservoir and 
the injection wellhead should be balanced by the formation of scale 
and sludge in various parts of the production and surface facilities. 

The mass of each scale-forming compound up to the location o f  the first 

sample for analytical characterization is computed as follows: 

(11-85) 
,/ where: Vs = calculated volume of scale compound (ft3) 

ps = scale density (g/cc) 
/- 

- 
,, -. 

K = density conversion factor (62.43) 
LJ 

~ CH , 



4 = fractional scale porosi ty  
Qs = fractional percent scale abundance 
MS = mass of a given scale compound (lbs) 

The elemental mass i n  each scale compound may be computed as follows: 

where: ME = elemental mass . ( lbs)  

MS = scale compound mass ( l b s )  
F = molecular weight of scale compound/(atomic weight of element n)  
n = number of moles of element XE per mole o f  scale compound 

The production reservoir brine composition i s  corrected for scale forma- 

t i o n  between the reservoir and the 1ocation.of the brine sampling station used 

t o  obtain primary brine samples for characterization of the ultimate reservoir 

brine composition. The correction i s  applied as follows: 

n 

i =1 
= X [(PTi)(lx10-6)(Q) + Psi] / (Q)(1x10-6) 'Tc (11-87) 

where PTc = scale corrected total  dissolved solids concentration (pg/g) i n  
the production reservoir brine 

reservoi r brine 

t i o n  reservoir and the brine sampling location 

PTi = concentration (pg/g) of i t h  dissolved element i n  the production 

Psi = mass (lbs) of i t h  element i n  scale deposited between the produc- 

Q = total  mass ( lb s )  of produced brine from the resevoir 

The total  mass balance is computed as follows: 

where: PTc = scale-corrected prouction reservoir total  dissolved sol ids (pg/g) 
Q = total  brine mass flow - 2 1 2 ~ 1 0 ~  l b s  
k = 1 x 0 0 ~  l b s / l b  - converts pg/gm t o  lbs/lbs 

f = fractional steam flash plus evaporative losses 
I,. = injection wellhead brine total  dissolved so l id s  (pg/gm) L/ 
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Ml,M2,M3,Mn = mass o f  so l ids and scale formed i n  various pa r t s  o f  the surface 
f a c i l i t y  between the locat ion o f  the br ine sampling s t a t i o n  and 
the i n j e c t i o n  wellhead ( lbs) 

L, 
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APPENDIX 11-1 - ALTERNATIVE PROCEDURE FOR GAS WELL SAMPLING USING CITRATE 
TYPE BOTTLES* 

A. 0 

0 
0 

Samples are best taken from a meter o u t l e t  valve w i th  1/4x18 NPT 
female threads. 
Screw threaded polyethylene'tube i n t o  valve. 
I n s e r t  tube i n t o  short section o f  zip-lok bag ( long section o f  zip- 
l o k  held closed by a staple). 

- Zip- lok bag 

, .  

S t a p l e  

8. e I n v e r t  b o t t l e  (c i t ra te- type o r  Grolsch beer bo t t l e ) ,  open b o t t l e  cap 
and i n s e r t  tube t o  the bottom o f  the bot t le .  

M e t e  
1x18  

r valve w i t h  
NPT f e m a l e  t h r e a d s  

C. e A l l o w  gas t o  f low i n t o  the bott le.  
0 Gas escaping from the b o t t l e  w i l l  f i l l  the bag . l i k e  a balloon. 

*Gl obal Geochemi s t  r y  Corp., Canoga Park, Cal i f o rn i  a 

11-160 



W 
D. e 

E. e 

e 

F. e 
e 
e 
e 

e 

e LJ 

With  gas s t i l l  f l  owing 

‘ < I  

owing into the bottle, squeeze gas out 

, ! ’  , 

of the bag. 

r 1 .  ’, 

t ‘ ,  

Let the bag f i l l  again and squeeze i t  empty. Repeat filling t h  b g 
and squeezing i t  empty five (5 )  times. -,This procedure will keep any 
a i r  from getting into the sample. 
With gas s t i l l  flowing, gently withdraw the tube  from the mouth o f  
the bottle. 

, 

While s t i l l  letting gas flow into the bag, close the bottle-cap. 
Turn off gas and remove the t u b e  from the bag. 
Remove the bag from the neck o f  the bottle. 
Wrap masking tape around the metal clamp o f  the bottle t o  prevent i t  
from accidentally opening. 
Label the bottle and f i l l  out  the log  sheet. 

-Wrap w i t h  tape - Label 

. -, A 

. .  

Collect duplicate samples for each we1 1 . 
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111. SCALE AND SOLIDS CONTROL tJ I 

111-1. Chapter Summary 

Most f reshly  produced brines tend t o  deposit scales on pipes -and valves a t  

rates too high f o r  p rac t ica l  operations. Deposition may be contro l led p a r t l y  

by engineering design, by restrained conditions. o f  production, by adding 

chemi cat s, o r  by perf odi c shut-downs f o r  descal i ng. by a combination o f  chemi- 

cal and mechanical means. Decisions i n  t h i s  area are among the most important 

i n  an e n t i r e  development program since fa i l u re  t o  adequately control scale and 

sludge w i l l  r esu l t  i n  premature shut-down o f  the plant. A1 though considerable 

e f f o r t  has been directed a t  chemical i n h i b i t i o n  o f  scale deposit ion and sol ids 

control  very few inexpensive, e f fec t i ve  solut ions have resulted. Noteable 

success w i th  the  control  o f  carbonate scales has, however, been achieved. The 

problems seem t o  be d i f f i c u l t  p a r t l y  because the context o f  geothermal f l u i d  

production has l i t t l e  counterpart i n  i ndus t r i a l  o r  laboratory chemistry and 

p a r t l y  because experimentation i s  awkward especial ly on s i l iceous scale. The 

use o f  high temperaturejhi gh pressure c r y s t a l  1 i zers , however, o f fe rs  an 

ef f i c i  ent means o f  control  1 i ng scal e deposit I on downstream o f  production 

wells. 

I I I- 2. In t roduc t i  on 

The rap id  temperature drop o f  f lash ing geothermal br ines leaves residual 

l i qu ids  t h a t  have inord inate ly  large chemical i n s t a b i l i t i e s  which sometimes 

y i e l d  unpredictable and novel s o l i d  deposits. I n  those cases where chemical 

propert ies o f  the br ine  are i ndef 1 n i  te,  sampl i ng and t a k i  ng experimental 

sidestreams can i n i t i a t e  behaviors t h a t  are not representative of the f l u id ' s  
, 6 .  

behavior i n  the main flowstream. This y ie lds  confusing resu l ts  and prac t ica l  W 
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issues require experimentation on the f u l l - f l o w  streams. That i n  t u r n  in-  

volves t reat ing,  handling, and disposing o f  up t o  500,000 lbs  of br ine per 

hour. Thus, even simple experimental objectives can become very cost ly.  

The indefiniteness o f  a b r i ne ' s  behavior depends on i t s  composition which 

Moderate 

,temperature l i q u i d s  o f  low s a l i n i t y  (>150°C) general ly y i e l d  CaC03 scale by 

derives f r o m  i t s  temperature and h i s to ry  o f  water-rock interact ions.  

prompt reactions and o f f e r  few experimental complications. Hotter l i q u i d s  of 

l o w  s a l i n i t y  commonly y i e l d  s i l i c a  scale i n  a sluggish fashion. Hotter l i q u i d s  

o f  h igh s a l i n i t y  have exceedingly complex behaviors due t o  many minor compon- 

ents. 

A descr ipt ion of chemical behavior o f  these brines requires a descr ip t ion 

o f  the process stream as much as a descr ipt ion o f  the ordinary chemical fac- 

tors. A useful p o i n t  o f  view i s  t o  imagine oneself moving w i t h  the b r ine  as 

it enters the wellbore a f t e r  being i n  chemical equi l ibr ium wi th  the rocks o f  

the production zone. Then, by " t rave l l i ng "  up the wellbore w i t h  the f l u i d  and 

through the p lant ,  one "observes" the continuous changes i n  the physical 

nature o f  the br ine and the evolut ion o f  chemical tendencies which y i e l d  

sol ids. Following the b r ine  through the system i n  t h i s  way should continue t o  

where the br ine i s  chemically "s tab i l ized"  p r i o r  t o  i n j e c t i o n  f o r  disposal, 

and then, continue onto the i n j e c t i o n  zone, where the b r ine  w i l l  again be out  

o f  chemical equi l ibr ium w i th  the rocks. It i s  important t o  consider the 

e n t i r e  f low path as an e n t i t y  w i t h i n  which there are continuus and extreme 

, changes, but  o f ten l i m i t e d  times f o r  chemical reactions t o  be completed before 

the reactants move on. 

By contrast, sampling the stream, tak ing sidestreams f o r  experiments, and 

i n j e c t i n g  chemicals' are operations done a t  f i x e d  points  along the f low path. 

The t rans ient  f l u i d s  wi th which these points  are i n  contact w i l l  appear t o  

change i n  character due t o  many reasons. These e f fec ts  cause the f l u i d  tu 
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appear to be variable when it is not and to amplify real varitions in the 

bj composition of brine which enters the wellbore. Sampling, experimentation, 
. I  , 

and chemical atments must accommodate both real and apparent variabi 1 i ty. 

111-3. Descriptions o f  Scale-Forming Reactions 

Classifications of scale might be based on any of several criteria, e.g. 

composition, temperature o f  formation, solubi 1 ity in acids, relative hardness, 

etc. The approach used here aims instead at the. chemical behavior o f  the 

fluid and conditions which initiate those behaviors. The intention of this 

approach is to present scale and other solids as logical consequences of 

upsetting the brine's physical conditions. Understanding scale deposition 

' this way yields a ratfonale for selecting chemical or procedural "fixes" for 

scale probl ems. 

111-3-1. Prompt Reactions 

Some scale depositions occur quickly and approach thermodynamic equilib- 

rium closely. The most significant example is CaC03 depositi.on. Additionally, 

mu1 tiple production zones tapped by we1 1 s may contain 1 iquids that are chemic- 

ally reactive with one another. Also, reduced temperatures due to flash 

cooling and conduction will cause . .  simple compounds to become supersaturated. 

The ionic varieties wi 1 1  deposi t promptly. 

III-3-la. Calcium Carbonate Deposition - The most important prompt reaction 
fS the deposition of calcium carbonate. It is initiated first by the flashing 

of steam from the brine and has a second stage which is more intense than the 

first. The first stage yields .calcite (the common rhombohedral form o f  CaC03) 

and the second often yields aragonite (the orthorhombic form of CaC03). Only 

mild supersaturations of CaCOs develop due to exhalation o f  C02 within the 

first several degrees of flash cooling. Most geothehal brines are highly h, 
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L; charged w i t h  C02 w i t h  the r e s u l t  t h a t  the s u i t e  o f  

) and HCO, ; HiC03 and CO,- are scarce. 

bon.species i s  d - - I < %  

Most o f  

ed steam w i t h i n  the f i r s t " f e w  percents 

20°F or  less). Equation 111-1 d crl'bes. the maj 

stage: 

COz(aq) + C02(g) (111-1) 

Addit ional . l inks i n  a chain o f  events , include up of H2CO3 since i t s  

concentration, though minor, i s  d i r e c t l y  proport ional  t o  the concentration o f  

C02(aq). Equation 111-2 describes the process. It y i e l d s  a t r i v i a l  f r a c t i o n  

o f  the t o t a l  C02 since the r a t i o  C0,(aq)/H2C03 has a value i n  the range o f  200 

t o  690 in the temperatures o f  i n t e r e s t t l ] .  

c 

H2C03 + H20 + C02 8 (111-2) 

Loss o f  H2CO3 by equation 111-2 st imulates a consumption o f  a c i d i  

a v a i l a b i l i t y  o f  HC03 ion: 

- 
H+ + HCO, + H~CO, (111-3) 

+ 
bu t  the molar amount o f  H consumed i s  less than the amount o f  H2C03 l o s t  v i a  

equation 111-2. 7 ,  - 
Subsequently, some HC03 ionizes: 

- - 
H C O ~  + H+ + CO,- ' (111-4) 

b u t  not enough, quan t i t a t i ve l y ,  t o  make up f o r  the H+ consumed by react ion 

111-3. Thus, there i s  no s i g n i f i c a n t  change i n  the overa l l  HC03 concentra-a 

t i o n  due t o  reactions 111-3 and 4. 

- 

- - 
However, t h i s  i on i za t i on  sequence simultaneously y i e l d s  COS i n  small 

amounts t h a t  are h igh l y  s i g n i f i c a n t  as compared t o  the i n i t i a l  COS i on  concen- 



tration before flashing. The COS is available to react with Ca. If the 

liquid had been in equilf m with calcite of the reservoir rocks, a common 

ce, then CaC03 will deposit promptly. The wild supersaturation at 

this stage is c to ell-formed crystals of calcite which may 

reach millimetep dimensions within a few hours where they are attached to 

stationary pipe walls and nourished by the flowing, activated liquid. Under 

steady production, we1 1-formed crystals of calcite several centimeters long 

over weeks or' months, efining a radial pattern of growth on 

rystals terminate against their radial- 

L j  W 

~ " .  

pipewal'ls as the unf 

ly aligned neighbors. 
t .  

High temperatures favor the mild persaturation because the ratio of 

In this stage CaC03 

ratio, 

0 

C03=/HC03 

deposition in small amounts can have large effects on the COSD/HC03 

even in the face o f  large losses of C02(aq>. 

is then small, on the order o f  0.001 or less. - 

hing continues t e declines and an increase in the 

COSE/HC03 ratio occurs due to f ts substantial dependence on temperature. 

Equation 111-5 expresses the process at this stage: 

- 

- 0 

2HCOS + H20 + COP + Cod- (111-5) 

- 
The C02 is expelled efficiently and continuously by boiling and the HC03 

concentration may be reduced by 10 ta 30 

or so, via the process of reaction 111-4. 

rcent, compared to only one percent, 

The contrasts between equation 111-4 and 5 define the two stages of CaCO, 

deposition that occur upbn flashing. They differ most significantly in the 

amounts of COS formed. Reaction 111.5 can yield more than ten times as much 

Cod- in nominal c~rcumstances[ZJ and. dominates the overall consumption of Ca 

ions. 

t 

- 

'L/ 
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High f i n a l  pH values, exceeding 9, may r e s u l t  f rom react ion 111-5 due t o  
- 

hydrolysis o f  some o f  the newly-formed COS : 

- - 
cos- + H ~ O  + H C O ~  + OH- (111-6) 

L' 

I - 
The HC03 formed v i a  equation 111-6 enters the r e l a t i v e l y  

already i n  the brine, a neg l i g ib le  outcome which completes 

0 

arge pool o f  HC03 

the chain o f  reac- 

t i ons  t h a t  are the CaCO, deposit ion mechanism. It i s  accurate t o  perceive the 

f i n a l  pH as a consequence o f  the HC03-/C03- behavi-or, i n  contrast  t o  co l l o -  

qu ia l  and inaccurate expressions t h a t  pH "controls" carbonate scale deposition. 

I n  brines where the Ca concentrations are ' small , aragonite w i  11 develop 

- 

instead o f  c a l c i t e  during the late-stage f lashing. Apparently the c a l c i t e  

c rys ta l  growth mechanism i s  clogged by an excess o f  COS but, aragonite can 
- - 

form i n  the presence o f  excess CO,=(4]. It o f ten  appears as needle-l ike 

crysta ls  a few t o  several micrometers long. 

The fast-forming aragonite c rys ta l s  may grow i n t o  porous mats t h a t  g ive a 

ven tu r i - l i ke  shape t o  the ins ide o f  the pipe where the deposit ion occurs. 

Upon drying, the mats are sof t ,  chalky and display textures re la ted  t o  t h e i r  

growth processes. These mats are commonly, but  i nco r rec t l y ,  ascribed as being 

due t o  the impact and adhesion o f  earlier-formed c rys ta l s  onto the locat ions 

where they are found[5,6]. 

111-3-lb. Mixing Brines i n  Wellbores - Prompt reactions are also possible 

when a well  taps two l i q u i d s  o f  d i f f e ren t  chemical character. For example, a 

h igh ly  sa l ine br ine may stably under l ie a fresher br ine due e i t h e r  t o  a large 

density contrast o r  a physical b a r r i e r  t h a t  prevents convective intermixing. 

A well  completed across the in ter face w i l l  r e s u l t  i n  mixing o f  the f l u i d s  i n  

the wellbore when the well  i s  produced. This s i t u a t i o n  occurs i n  the Salton 

Sea KGRA[7] and there the h igh ly  sa l ine b r ine  contains heavy metals and i s  

high i n  barium and strontium. The d i l u t e  br ine i s  t yp i ca l  of shallower waters 

and contains substanti a1 bicarbonate. 
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Part icu la te so l ids can r e s u l t  from blending d i ss im i la r  brines and they 

may adhere t o  the wellbore o r  casing near the upper zone in f l ow  points, par- 

t i a l l y  plugging them. Also, p a r t i c l e s  suspended i n  the upward-moving f l u i d  

tend t o  s e t t l e  so they spend longer periods i n  the zone o f  act ive growth than 

the l i q u i d s  do. These p a r t i c l e s  can grow and eventual ly s e t t l e  out  t o  accumu- 

l a t e  i n  the bottom o f  the w e l l ,  p o t e n t i a l l y  bu i l d ing  up t o  i n t e r f e r e  w i th  

lower zone production. 

These reactions can occur wi thout substantial inducements by temperature 

change o r  by f lashing. The mineral s i d e r i t e  (FeCOi) i s  sometimes observed and 

i t s  presence suggests mixing. Substantial concentrations o f  i r o n  can be 

ca r r i ed  only i n  l i q u i d s  o f  moderately low pH (5 o r  less), a condi t ion which 

admits CO, and HC03 , bu t  not COS . Sider i te ,  once formed, i s  stable a t  pH 5 
- - - 

however. PbC03 has also been reported[8] and i s  insoluble even i n  hydrochlor- 

i c  acid. S i d e r i t e  can form under other circumstances so in terpretat ions about 

f l u i d  blending should be done cautiously[9]. 

Brines t h a t  d i f f e r  substant ia l ly  i n  pH tend t o  neutra l ize one another and 

i n  a t  l e a s t  one case t h i s  appeared t o  have a benef ic ia l  resultC7). I n  the 

Salton Sea f i e l d ,  a wel l  co-produced hypersaline ch lor ide b r ine  (250,000 ppm 

TDS) and a d i l u t e  br ine (60,000 ppm) t h a t  was suspected t o  have contained 

substant ia l  HC03, bu t  apparently l i t t l e  t o  no sul fate.  Since the ac id  capa- 

c i t y  o f  the hypersaline br ine g rea t l y  exceeded the base capacity o f  the d i l u t e  

br ine the mixture appeared much l i k e  a d i l u t e  version of ordinary hypersaline 

br ine,  even though the d i l u t e  member const i tu ted 2/3 o f  the t o t a l  production. 

D i l u t i o n  assured t h a t  NaCl i n  the hypersaline b r ine  would not deposit as 

a scale, a fac to r  o f  important concern wi th  some fu l l y - f l ashed  hypersaline 

brines a t  temperatures below atmospheric bo i l i ng .  Addi t ional ly ,  the lowered 

s a l t  content may have p a r t l y  suppressed the deposi t i o n  o f  we1 1 bore scale which 



was composed mainly of heavy metals and silica in combination. 

rate i s  normally higher from saltier waters. 

The depos 

Once a field is known to contain contrasting brines, the blending of 

tion 

them 

can constitute a development strategy. However, the blending ratio is crucial. 

If the acid capacity o f  the hypersaline brine is exceeded then the large 

amount of iron would form massive amounts of solids. These would interfere 

with production of both zones, as described earlier. To cure a well impaired 

by those latter circumstances one could drill deeper' to obtain more production 

of the hypersaline brine. This would be a preferred alternative to closing 

off some of the shallower, dilute brine production. 

111-3-2. Simple Supersaturation - Some hypersaline wells yield brines so 

concentrated that NaCl is supersaturated after flashing. The thermodynamic 

drive for solids formation is due to temperature drop and to higher concentra- 

tions due to flashing o f  steam, but not to sequences of chemical reactions as 

in the case of CaCO,. In the case of Cesano dl brine, the solid is mainly 

sulfates. of sodium and potassiumCl0j. Since the deposition potential may be 

hundreds o f  mg per kg of brine, massive deposits can develop in a few hours. 

They are favored by locations which yield more efficient cooling of the brine 

such as valves and smaller diameter pipes. Although these scales develop late 

in the flashing process, they are categorized here as "prompt" because their 

massive character can quickly create acute problems for field operations. 

Control might be achieved by injecting fresh water upstream of the depo- 

sition zone, but induced deposition of other materials, e.g. gypsum, would be 

unacceptable for anything except a field expedient. Alternatively, the well's 

production rate might be reduced, causing more heat loss via conduction by the 

wellbore and elsewhere, resulting in a smaller degree of flashing and thus a 

LJ smaller rise in concentration. In a power plant context, brines from multiple 
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wells can be blended before f i n a l  stage flashing if they are not a l l  suscepti- 

b l e  t o  the problem. 

Although s i l i c a  also forms a so l i d  due t o  simple saturation the more 

s ign i f i can t  feature o f  i t s  deposition i s  i t s  sluggishness. It w i l l  be dis- 

cussed i n  a subsequent section. 

111-3-3. Intermediate Reactions 

111-3-3a. 

i ng  ef fects  can take place which a f fec t  the deposition o f  heavy metal sulfides. 

I f  the br ine I s  mildly acidic some o f  the su l f ide enters the vapor phase i n  

the form o f  HzS, depleting the a v a i l a b i l i t y  o f  S= i n  the residual brine which 

leads toward desirable undersaturation o f  heavy metal sulfides. Contrastingly, 

the s l i g h t  r i s e  i n  pH due t o  exhalation o f  Cot and hydrolysis o f  COS (equa- 

t ions 111-3 and 6) converts some HS- t o  Sp which favors deposition o f  heavy 

metal sulfides. The framework o f  chemical events f o r  HzS i s  very s imi lar  t o  

that  f o r  deposition o f  the carbonates. The H2S(g), HzS(aq), HS-, and S= are 

nearly exact analogues o f  the correspond1 ng carbon speci es , respond1 ng t o  H+ 

i n  qua l i ta t i ve ly  the same ways. Since the ava i l ab i l i t i es  o f  su l fu r  forms i s  

usually much less than t h e i r  carbon counterparts, pH ef fects  are driven by the 

carbon reactions (111-1 - 111-6) which thereby control the HzSSt dis t r ibu-  

t ions as w e l l .  

Heavy Metal Sulf ide Oeposition - When f lashing occurs, two compefr- 

- - 

Addit ional ly, most heavy metal sulf ides are l e s s  soluble a t  lower temper- 

atures even a t  constant pH o r  S= availabil ityC11). The temperature change o f  

f lashing favors t h e i r  deposition and t h i s  i s  converse t o  the s i tuat ion wi th  

The interplay o f  these factors tends t o  spread deposition of 

< ~ ~ ~ ~ e ~ ~ l  sul f ides over a considerable length o f  the f l u i d ' s  f l o w  path. 
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There seldom, i f  ever, i s  a sudden bu i ldup o f  deposi t ion p o t e n t i a l  which 

r e s u l t s  i n  heavy deposi t ion i n  a shor t  zone, as i n  the  examples f o r  aragonite 

and NaCl deposit ions described e a r l i e r .  

Since heavy metal s u l f i d e s  are on ly  s l i g h t l y  so lub le under most condi- 

t ions ,  t he  i n t e n s i t y  o f  deposi t ion w i l l  be modest, though i n  some cases, s t i l l  

serious. For the  cases where HzS, HS=, and S= are on ly  modestly avai lab le,  

the p o t e n t i a l  amount of deposi t ion i s  small -- a few ppm a t  most. Deposit ion 

w i l l  be most not iceable i n  wellbores and may form tenacious scales t h a t  have 

few other  components. Fur ther  along the  f l ow  path the  heavy metal su l f ides  

may continue t o  deposi t  a t  comparable ra tes,  b u t  appear less  s i g n i f i c a n t  

The heavy metal s u l f i d e  scales may cease t o  develop when t h e i r  a c t i v e l y  

growing surfaces are overtopped by deposi t ion o f  o ther  scales, e.g. s i l i c a ,  

which come t o  form more rap id ly .  Several examples o f  banded scales have been 

discovered t h a t  seem not  t o  be due t o  simple s h i f t i n g  o f  deposi t ion condi t ions 

along the  f low path. A l te rna t i ve l y ,  heavy metal su l f i des  may nucleate w i t h i n  

a predeposited l aye r  o f  s i l i ceous  scale[17]. A commonly observed proper ty  o f  

Salton Sea-type su l f i de -s i l i ceous  scale i s  t h e  occurrence o f  a t h i n  band o f  

s i l i c a - r i c h  mater ia l  between t h e  s tee l  host upon which the  scale formed and 

t h e  over ly ing  much t h i c k e r  l aye r  o f  heavy metal s u l f i d e  scale. The presence 

o f  a t h i n  i ron - r i ch  s i l i ceous  l aye r  can be recognized as a s tab le  corros ion 

productC15). 

C o n t r o l  o f  some complex s i l i c a  scales has been obtained by adding ac id  t o  

lower b r i n e  pH[12,13]. Ostensibly t h i s  decreases the  r a t e  o f  s i l i c a  deposi- 

t i o n ,  an issue described l a t e r ,  but  the  e f f e c t  on heavy metal s u l f i d e s  i s  a lso 

relevant. The ac id  re tards deposi t ion o f  s u l f i d e s  by reducing S I  a v a i l a b i l -  

i t y .  Add i t iona l l y ,  there  i s  a syne rg i s t i c  e f f e c t  f o r  s i t u a t i o n s  where banded 

scales form due t o  a p a r t i a l  denial o f  a s u i t a b l e  surface on which one com- 

ponent can nucl eate. 
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In solutions where HS- and Sr are abundant, heavy metals can be carried 
2- 0 w i n  h igh  concentrations as sulfide complexes such as HgS2 , Zn(HS), , 

Cd(HS),'-, and otherslll]. Such complexes increase the amount of heavy metal 

i n  solution w i t h  increased availability of Sf, the opposite effect of normal 

solubility relations for sulfide minerals. Such solutions would appear t o  

have a very large potential fo r  s o l i d s  formation. Although these relatims 

are suspected t o  be important i n  the genesis of ore deposits, there are few 

commercially interesting geothermal s i tes ,  i f  any, where they are significant. 

These complexes appear only i n  a narrow range of circumstances -- substantial- 

ly  basic pH conditions and uncommonly h igh  total sulfur contents. Data about 

them comes mainly from laboratory studies. They w i l l  not be considered f u r -  

ther in t h i s  report. 

- 

111-3-3b. Heavy Metal-Silica Scales - Hypersaline brines from the Imperial 

Valley yield scales i n  wellbores and surface equipment that develop upon the 

fluid's cooling only a few tens of degrees due t o  flashing. The s i l ica  frac- 

t i o n  of the scale increases as flashing progresses, b u t  s i l ica  deposition 

occurs a t  higher temperatures and upon mal ler  temperature changes . than are 

required t o  yield s i l ica  scale from simple brines and laboratory solutions. 

These scales are tenacious and hard, they seriously interfere with valve  

functions, and they form soon after flashing i s  initiated, fouling wellbores 

as well as surface equipment. 

The presence o f  heavy metals, prominently iron b u t  also lead and copper, 

has lead t o  suggestions that the material i s  an amorphous iron silicateLl53, 

rather than a mechanical mixture of i ron  and silicon oxides and their hydrated 

1 forms. The distinction, if true, could be important t o  controlling the effects 

of scale. If deposition of the s i l ica  fraction could be delayed u n t i l  after 

the f l u i d  gets beyond the wellhead the accumulated thicknesses i n  wellbores 1 

i i J  
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would then require mechanical reaming a t  less frequent in terva ls ,  saving 

costs and wear on casing. Figure 111-1 shows the d i s t i nc t i on  

between the i r o n  " and the counterpart bonds i n  a simple mechani- 

ca l  mixture o f  sol  ids. , 

L i t t l e  evidence deals c lea r l y  w i th  t h i s  issue. I n jec t i on  o f  OH- i n t o  a 

l y  flashed hypersaline br ine caused redu ons i n  the amount of 

n sol ids which were subsequently f i l t e r e d  from the treated 

The i r o n  content o f  s i l iceous sol ids was incre d by OH- dosages t o  the 

br ine before the so l ids formed, but  the s i l i c a  was reased. If i r o n  s i l i -  

cate were the dominant form one might expect an addi t ive t o  change the t o t a l  

i r o n  and s i l i c a  would then change I n  the same, 

not opposite senses. The observed opposite responses are exactly what one 

would expect from iron and s i l i c a  r'esponding independently t o  increased OH- 

ment can be in terpreted t o  ind icate against the 

ate. However, i f  one suggests t h a t  the OH- i s  

e t i t o r  f o r  separate association w i th  i r o n  and s i l i c a  than 

ount o f  deposit 

. s i l i c a  i s  f o r  i r o n  (and vice versa) the concept o f  i r o n  s i l i ca te - type  bonding 

can be saved, arguing that iron s i l i c a t e  bonding requires a r e l a t i v e  scarc i ty  

f OH-, which i s  the case i n  hypersaline brines (pH's 4 t o  5.5). 

It i s  most probable t h a t  adjustments i n  b r i  pH simply cause deposit ion 

o f  the appropriate thermodynamically stab1 e speciesC151. Whereas deposit ion 

o f  amorphous i ron-s i l i ca tes  appears t o  be favored from ac id ic  solut ions, 

hydrated oxides o f  i r o n  prec ip i ta te  from more basic solutions. The primary 

effect of elevated br ine pH on s i l i c a  deposit ion i s  t o  enhance rates o f  s i l i c a  

polymerization and hence prec ip i ta t ion.  The apparent decrease i n  s i l i c a  

p rec ip i t a t i on  a t  higher pH may be the r e s u l t  o f  enhanced ion  prec ip i ta t ion.  

The micro- and macro-structural features of heavy metal su l f i de  and 

i ron- r i ch  s i l iceous scale are reminiscent o f  Liesegang r ings, as they commonly 
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occur i n  the form of a l ternate bands Of l i g h t  and dark material. Jackson and 

Hi11[16] have discussed the possible i n te rac t i on  of s i 1  iceous scale forming 

species with metal ions and s u l f u r  species. They suggest t h a t  the metal ions 

and aluminum promote the aggregation o f  s i l i c a  sol p a r t i c l e s  and thereby help 

t o  form a r i g i d  gel structure. The formation o f  heavy metal su l f ide,  bridges 

t h a t  l i n k  s i l i c a  part iculates,  may be the i n i t i a t i o n  mechanism f o r  the subse- 

quent growth o f  wel l  c r y s t a l l i z e d  heavy metal su l f ides and t h e i r  characteris- 

t i c  structures such as the wel l  known dendrite growths found i n  hypersaline 

brine, high temperature scale deposits. This mechanism suggests the nuclea- 

t i o n  o f  heavy metal s u l f i d e  scale fol lows i n i t i a l  deposit ion o f  s i l iceous 

scales. Evidence t o  support t h i s  mode o f  heqvy metal s u l f i d e  scale formation 

i s  found i n  Refs. 15-19. A suggested react ion pathway f o r  the formation o f  

heavy metal s u l f i d e  scale deposits i s  provided i n  Figure 111-2. An in te res t -  

i n g  discussion o f  the mineralogy o f  heavy metal s u l f i d e  and s i l iceous scale 

deposits from the Salton Sea Geothermal F i e l d  i s  provided i n  Ref. 19. It i s  

shown i n  Ref. 19 t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  the i r o n  and s u l f u r  i n  the 

scale i s  not present i n  the form o f  su l f ides thus supporting the contention 

t h a t  these species serve t o  promote adhesion o f  s i l i c a  sol pa r t i c l es .  

The d i s t i n c t i o n  between independent and cooperative behavior o f  scale 

components i s  very s i g n i f i c a n t  t o  the search f o r  chemicals t o  contro l  scale 

deposition. I f  each component i s  t r u l y  independent then a separate chemical 

control  method may be needed f o r  each and a complete system could be unwork- 

ably complicated. However, there are indicat ions o f  cooperative behaviors o f  

scale components and these might be upset by a s ing le chemical’additive and a 

simple i n j e c t i o n  plan. For example, the basis f o r  development o f  the a c i d i f i -  

cat ion procedure for the control  o f  s i l iceous scales[l2] was predicated on the 

comp’lex i n te rac t  on of su l f ide scale forming species w i th  mechanistic views of 
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Figure 111-2. Schematic diagram OT typical reaction 
sulfide scale formation (From Ref. 15 
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s i l i c a  scale formation. It was concluded t h a t  suppression o f  s i l i c a  scale 

deposition should have a pronounced impact on heavy metal s u l f i d e  scale for -  

mation. F i e l d  t e s t  results[13,14] confirmed the hypothesis. , . -  - 
_ I  

111-3-4. Delayed Reactions 

This category concerns so l ids which develop mainly a f t e r  the l a s t  stage 

o f  f lash ing when the temperatures are reduced t o  the atmospheric pressure/ 

temperature b o i l i n g  p o i n t  of a geothermal brine. The most prominent delayed 

deposit ion i s  o f  s i l i c a ,  bu t  the br ine 's  opportuni t ies t o  i n t e r a c t  w i t h  the 

atmosphere can y i e l d  addi t ional  complications. 

111-3-4a. S i l i c a  Deposition - The c lass ic  behavior o f  supersaturated s i l i c a  

i n  cooled solut ions has been described i n  Refs. 14 and 21-23. U 

which show the i n te rp lay  o f  temperature, s i  1 i ca content, degree o f  supersatur- 

at ion, and deposit ion r a t e  are availableC243. Essent ia l ly ,  s o l u b i l i t y  and 

k i n e t i c  factors operate i n  opposition. A l a rge r  degree o f  supersaturation 

increases the deposit ion r a t e  a t  any temperature, and a decrease i n  tempera- 

tu re  increases the supersaturation a t  any (nonequilibrium) s i l i c a  content. 

However, a lower temperature severely reduces the i n t r i n s i c  molecular rates o f  

the solids-forming reaction. The consequence i s  a maximum i n  s i l i c a  prec ip i -  

t a t i o n  a t  the appropriate temperature-si1 i c a  concentration (Figure 111-3). A 

family o f  curves i s ,  therefore, required t o  show the re la t ionship among the 

four factors ( s o l u b i l i t y ,  degree o f  supersaturation, temperature a-nd k ine t i cs )  

t h a t  control s i l i c a  prec ip i ta t ion.  Thus, s i l i c a  deposit ion spans the boundary 

between intermediate and delayed categories, but most o f  the t o t a l  deposition 

occurs a f t e r  the l a s t  stages o f  f l ash  cooling. 

Harrar, e t  al.C8] speculate t h a t  f r o m  hypersaline brines above 1 2 5 O C ,  

s f1  i c a  deposition on stat ionary surfaces proceeds by addi t ion o f  monomer un i t s  

L 

I 
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SILICA DEPOSITION RATES 

I o i  

DEGREES CENTIGRADE 

Figure 111-3. Heavy curves represent the r a t e  o f  deposit ion -of  amorphous 
s i l i c a  from a simple aqueous solut ion. A t  any temperature, 

o f  extension o f  curves on the r i g h t  s ide i s  determined by the 
s i l i c a  s o l u b i l i t y  vs. temperature. On the l e f t ,  the I n t r i n s i c  
sluggishness of the deposit ion mechanism resul ts  i n  decreased 
and more nearly e u i va len t  rates f o r  the various supersatu- 

. the rate i s  greater f o r  l a rge r  supersaturations. The l i m i t s  

rat ions. Figure 4 s based on 0. Weres, re f .  16. kb 
I 
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l i c a .  A t  lower temperatures ' they suggest t ha t  deposi t ion on 

ces proceeds by s t i c k i n g  and aggregation o f  co l l o ida l - s i t ed  

. This l a t t e r  process would be g rea t l y  influenced by turbu- 

macro d e t a i l s  o f  t ranspor t  i n  the l i q u i d  phase. Figure 111-4 

s i l i c a  scale thickness observed a t  a flange j o i n t  i n  a p ipe 

se hypersaline br ine  near a we1 1 head a t  a temperature greater  

absence o f  hydrodynamic e f fec ts  i s  cons is tent  w i th  monomeric 

deposi t ion wherein the r a t e  i s  c o n t r o l l e d ' b y  some atomic-scale step on the  

surface. The scale i n  t h i s  case was black and r i c h  i n  i r o n  with t races o f  

other h metals. I n  hypersal ine brines, the r a t e  o f  s i l i c a  p r e c i p i t a t i o n  

and scal ing tend are d i r e c t l y  propor t ional  t o  the  t o t a l  ch lo r ide  content 
G I  

c251. 

a l t y  brines, c o l l o i d a l  pa r t i cu la tes  o f  s i l i c a  are a lso al leged t o  

form i n  the  homogeneous l i q u i d  wi thout  necessity o f  wa l l  surface contact [Zl). 

Presumably these pa r t i cu la tes  adhere f o r  sub t le  reasons o f  surface e l e c t r i c a l  

charges, perhaps becoming welded i n  place by add i t iona l  monomer deposi t ion 

from the solut ion.  The r e s u l t  i n  many locat ions i s  a pa le v i t reous scale t h a t  

s up slowly, and i s  tenacious and chemically res i s tan t  [26]. It con- 

t inues t o  develop f o r  many hours a f t e r  the b r ine  has flashed, but a t  d imin i -  

shindi'rates due j o i n t l y  t o  add i t iona l  cool ing and p a r t i a l  consumption o f  the 

supersaturation. The s i t u a t i o n  can be eased, but not  resolved, by prov id ing 

add i t iona l  residence t ime f o r  the react ions t o  operate before i n j e c t i o n  [27]. 

For the chemically simple brines, the ra te  o f  s i l i c a  deposi t ion can remain 

low,'but f i n i t e ,  f o r  times on the order o f  many hours. 

epos i t ion  react ions are subs tan t ia l l y  fas te r  f o r  the  hypersal ine 

br ines o f  the  Imperial  Valley (Southern Ca l i f o rn ia )  than f o r  chemically simple 

brines. In  the  near-wellhead zone, observed deposi t ion rates can be 10,000 
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u t i m e s  faster t h a n  rates for the same silica conce tions and temperatures 

determined i n  laboratory studies. e relatively h i g h  reaction rates for 

silica, i n  partly flashed hypersaline brines continues through lowe 

tures. Residual silica concentrations reach 200 ppm post-flas 

pre-flash) w i t h i n  about an hour. The higher reaction rates are, undoubtedly 

tnfluenced8by the h i g h  salt contents, but  the function of heavy 

signifdcant. As deposition temperature declines, the proportions of nonfer- 

rous components in scale also decline, b u t  do not reach zero. The sludges 

which develop contain alulminum, which is very scarce i n  the i n i t i a l  brine, 

p l u s  sodium, potassium, and iron, b u t  l i t t l e  t o  no calcium. Such d composi- 

t i i ona l  pattern suggests that  some k i n d  of proto-mineral is forming t h a t  i s  an 

analogue o f  some alurnino-si licates (the sludges are generally x-ray amorphous), 

Monovalent sodium and postassium can balance the charge deficit due t o  substi- 

tu t ion  of aluminum i n  a silicate lattice, b u t  d iva len t  calcium cannot, To a 

degree, iron, perhaps a minor part of which becomes oxidized t o  ferric state 

( F e w )  due t o  atmosphere contact, can substitute for aluminum. 

The great bulk o f  silica will be amorphous and few quantitative remarks 

can be made about it. In contrast t o  crystalline materials which have r i g i d  

structural features. and precise energy relationships ,among components, the 

structural and energy features of amorphous silica are modest ranges rather 

quantum-precise values. For this reason, mathematical models based on 

equidibrium concepts f a i l  because there i s  no definite energy content t o  

assign t o  the siliceous .solid t h a t  actually develops. In practical terms, the 

structure o f  amorphous silica is .very forgiving of the presence of other 

materials. The few structural regularities t h a t  are describable depend more 

on the local compositional environment t h a n  on the structure limitations of 

s i  licon-to-oxygen bonding. 
W 
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The s i l i c a  s u p e r s a t u r a t i o n  can be more q u i c k l y  consumed by p r o v i d i n d  

increased surface area f o r  deposi t ion and prov id ing  the  highest b r i ne  temp- 

eratures consistent w i th  engineering requirements C28; see a lso Chapter IV]. 

The s i l i c a - r i c h  so l i ds  form a brown ( i ron - r i ch )  f l o c  which helps provide 

su r face  f o r  a d d i t i o n a l  depos i t i on .  Th is  p r i n c i p l e  has been e x p l o t e d  by 

recyc l ing  some sludge, removed from a l i q u i d  c l a r i f i e r  un i t ,  i n t o  a second- 

stage f l a s h  vessel C29; se a lso Chapter IV].  I n  t h i s  context, the  s i l i c a  

surface appears t o  g rea t ly  exceed the  surface area o f  the vessel w i t h  the  

r e s u l t  t h a t  neg l i g ib le  deposi t ion i s  reported t o  occur on the  vessel walls. 

Once t h e  suspended so l i ds  have been separated from the b r ine  the loss r a t e  

of dissolved s i l i c a  from the b r ine  approaches zero because the ava i l ab le  

. surface i s  then l i m i t e d  t o  the wa l ls  o f  pipes and vessels. I n  a well-operated 

r e a c t o r - c l a r i f i e r  the  s i l i c a  supersaturat ion should be reduced t o  such a 

degree t h a t  amorphous s i l i c a  i s  no longer a candidate phase t o  form C30). 

Under these conditions, the res idual  b r i ne  w i l l  be s t i l l  supersaturated i n  

quartz and i n  other  minerals. Reactions t o  form o ther  minerals are poss ib le  

i f  l i m i t i n g  components, such as aluminum o r  atmospheric oxygen can be made 

avai lable,  but  wi thout such add i t i ves  the b r ine  i s  then s tab le  i n  a p r a c t i c a l  

sense. 

I n j e c t i o n  o f  spent b r i ne  recreates oppor tun i t ies f o r  abundant contact  

between the  b r ine  and surfaces. The p r a c t i c a l  consequences w i l l  vary depen- 

d ing on whether the i n j e c t i o n  zone i s  made of f rac tu red  o r  porous rock. Those 

circumstances d i f f e r  g rea t ly  i n  regard t o  the r a t i o  o f  ava i lab le  rock surface 

area t o  volume o f  in jec ta te .  I n  t h i s  realm o f  water-rock in te rac t ion ,  the 

descr ip t ion  o f  the  water's cond i t ion  i s  not  s u f f i c i e n t  t o  p red ic t  the outcome. 

Deta i l s  o f  the tes ts  f o r  i n j e c t i v i t y  would best be planned according t o  the 

rock character is t ics .  Although few d e t a i l s  are ava i lab le  about f l u i d  behavior 
j 

L 
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w upon in ject ion,  the i'ssue i s  important, especial ly i f  the rock porosity/perme- 

a b i l i t y  has l i t t l e  -capacl ty?ta absorb'a chemical I n s u l t  from the bpine. 

The temperature 'regime 'upon i n j e c t i o n  may be complicated, especfal ly i f  

the rocks are' ho t te r  t h a n  t h e - i n j e c t e d  brine, Eventually, the br ine w i l l  

c h i l l  the f l u i d  f low path u t  the f l u i d ' s  temperature w i l l  tend'to r i s e  as it 

moves away from the weilbore I f  there i s  residual saturat idn i n  amorphous 

s i l i c a ,  t he le  may be a tendency *for deposit ion along the cooled f low path. 

The zone o f  deposition' i n '  t as i n j e c t i o n  

continues, but it never ac tua l l y  d i ne, deposi - 
' o f  s i l i c a  reduces 'supersaturation and 

This circumstance i s  l i k e l y  t o  be a non- 

rock moves away from the we1 

r i s i n g  temperature el iminates it. 

problem w i th  regard t o  amorpho i l i c a ,  but other reactions cannot be ruled 

' out. One ac t i ve  minerals ' that  are near the f low 

the 

I f  i n j e c t i o n  i s  interrupted, then the i n j e c t a t e  already i n  place w i l l  mix 

w i t h  l oca l  waters and be ed on a d i f ferent  pa t te rn  than if i n j e c t i o n  had 

Generally, one would expect the i n jec ted  water t o  sink, i f  f low 

ikely t o  be more dense than the nat ive f l u i d s  

due t o  lower temperature and perhaps t o  concentration due t o  steam removal. 

i v e  f l u i d s  would l i k e l y  reenter rocks near the i n j e c t i o n  bore i f  

ths were open, because it 

own lasted long enough. Upon r e s t a r t  o f  i n j  

t o f  reactions t h a t  occurred during the f i r s t  i n j e c t i o n  could occur again. 

se involved depositions, then an addi t ional  layer  o f  deposits i n  the 

on zone should be expected a f t e r  each shutdown. Perhaps, more impor- 

ntly, in ter rupt ions i n  i n j e c t i o n  al low volumes o f  b r i ne  i n  the wellbore t o  

roviding s u f f i c i e n t  residence t i m e  i n  some cases f o r  the appearance o f  

addi t ional  prec ip i ta tes.  Shutdowns a1 so provide the opportunity f o r  atmos- 

pher ic oxygen contamination t h a t  can encourage addi t ional  p rec ip i t a t i on .  
W 
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111-3-4b. Atmospheric Reactions and Consequences - Geothermal liquids under L 
conditions are s o  poor i n  dissolved oxygen t h a t  concentrations reservoi r 

cannot be 

which the 

tions yie 

. .  
measured, only calculated on the basis of some suite of minerals for 

$ 8 ~" I 

thermodynamic relationships are known.  Results of these considera- 

d calculated oxygen chemical activites of 10-20 t o  atmospheres 

This i s  equivalent t o  less t h a n  one oxyge e i n  a l l  the deep geothermal 

reservoi rs of the Imperi a1 ' Val ley. ary, a l l  of the hypersaline 

brines have a n  inordihate potential reactivity when exposed t o  the oxygen of 

the atmosphere. ' 

As 

Absorption of oxygen by the brines will be limited i n  rate by the molecu- 

lar processes a t  the brine-atmosphere boundary, hence the reactions w i  11 

appear t o  develop sl and continue for substantial periods of time 0-  

probably u n t i l  injection once again isolates the l i q u i d .  Steam caps on large 

vessels are commonly used t o  retard atmosphere ingress i n  a power p lan t  con- 

text. 

The capacity of the l i q u i d  t o  react w i t h  atmospheric oxygen wi l l  depend on 

the a v a i l a b i l i t y  of oxidizable components i n  the brine. Principle among these 

are H2S,  and ferrous iron (Fe++). Typical major components, a l k a l i  and 

alkaline earth metals and halides; have only one a v a i l a b l e  oxida t ion  state and 

thus do not react w i t h  oxygen. 
/ ,  

The apparent corrosiveness of geothermal brines i s  greatly accelerated by 

the interaction of h i g h  chloride concentrations w i t h  dissolved oxygen a t  the 

ai r-metal interface. The chloride assists the oxidat ion reaction between 

from the atmosphere and the metal by stabilizing the iron ions in solution 

they are produced by oxidizat ion.  Complexing enables iron molecules t o  d 

O2 
as 

f -  

fuse away from the s i te  of O2 attack, enhancing the access of new O2 t o  the 

site. 
LJ 

The effect is similar t o  t h a t  i n  seawater, bu t  quantitatively different 
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L/ 
because O2 i s  less soluble i n  s a l t i e r  brines, a factor which reduces the 

instantaneous corrosion intensi ty.  But the higher chloride concentrations 

make i ron  complexes more stable, ef fect ively removing the reaction products 

and increasing the net ra te o f  corrosion which may be sustained by continued 

contact wi th  the atmospheric oxygenC151. 

The hypersaline brines o f  the Imperial Valley t yp i ca l l y  contain more than 

1500 ppm o f  ferrous i ron  (Few), most o f  which i s  susceptible t o  oxidation. 

Oxygen which does enter the brine i s  chemically reduced quickly by Fe wi th  

formation o f  Fe-. 

++ 

The oxygen consumption progresses through mult ip le stages. I n  the f i r s t  

stage the oxidized iron reacts wi th  water t o  form a brown s o l i d  o f  i r on  hy- 

droxy-oxide indicated by Equation 111-7: 

+02 + ZFe(I1) + 3H2O + FeOOH + 4H+ (I1 1-7) 

Eventually, the co-generated ac id i ty  bui lds up and the ea r l i e r  formed i r o n  

prec ip i ta te may be dissolved according t o  Equation 111-8. 

FeOOH + 3H+ + nC1- + Fe(Cl), *3-n + 2H20 (111-8) 

Oxidation can continue and pH values may become l e s s  than 1. Exposures y ie ld-  

ing  such low pHs may also involve intense evaporation so tha t  NaCl and perhaps 

KC1 deposits. I n  a pond si tuat ion,  the deposits o f  NaCl may insulate early- 

formed FeOOH from late-formed acid. 

The brines a t  t h i s  stage are exceedingly corrosive t o  metals. Fe+++ i s  

more ef fect ive a t  attacking meta l l ic  i r on  than i s  oxygen. Addit ional ly, the 

high H+ content prevents the buildup o f  a protective rus t  layer while the high 
, 
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C1-content provides complex-forming capaci t y  t o  reduce the chemical a c t i v i t y  

o f  the Fe* products o f  the corrosion. 

I n  extreme cases o f  desiccation and oxidation, the residual l i q u i d  w i l l  

be mainly CaC12. As H20 i s  l o s t  by evaporation, the l i q u i d  approaches a 

molten s a l t  i n  character. In t h i s  condi t ion the f l u i d  i s  very hazardous. It 

can desiccate sk in  by the combination o f  acid at tack and osmotic tension o f  

the concentrated CaClz solut ion. The potent ia l  f o r  eye damage by splashed 

droplets seems large. However, they should not  be compared t o  s u p e r f i c i a l l y  

s im i l a r  brines developed i n  the course o f  commercial CaC12 production where 

the absence o f  i r o n  and appl icat ion o f  minor treatments y i e l d s  a product t h a t  

is near ly pH neutral.  

These oxidized, desiccated brines are awkward t o  handle i n  large quanti ty. 

I n  addi t ion t o  severe c o r r o s i v i t y  they are dense (sp.g -1.6), viscous, and 

hard t o  f i l t e r ,  as i n  preparation f o r  disposal by in ject ion.  Modest d i l u t i o n  

w i t h  water may cause the pH t o  r i s e  w i th  a concomitant formation o f  FeOOH 

p rec ip i t a te  which can fu r the r  f r u s t r a t e  attempts a t  f i l t e r i n g .  Attempts t o  

evaporate these concentrated brines t o  so l ids are d i f f i c u l t  due t o  the hydro- 

scopic nature o f  CaC12. They are handled best by never al lowing them t o  form. 

111-5.- Scale Control 

Genuine prevention o f  scale by the use o f  chemical i n h i b i t o r s  i s  now 

possible only f o r  carbonates and s a l t s  i n  the sense t h a t  the appropriate 

chemical addi t ives prevents t h e i r  deposit ion anywhere i n  the system. S i l i c a  

scale deposit ion can be suppressed by the process o f  a c i d i f i c a t i o n  using 

hydrochloric ac id  as the chemical addit ive. S i l i c a  and s u l f i d e  scales can be 

p a r t i a l  l y  suppressed o r  t h e i  r deposit ion displaced t o  other 1 ocations i n  the 

system, where dealing w i th  them i s  more convenient by carefu l  control  of 

temperature-pressure conditions. Effect ive control  o f  s i 1  i c a  and heavy metal  
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U s u l f i d e  scales i s  accomplished using c r y s t a l l i z a t i o n  and react ion c l a r i f i c a -  

t i o n  processes. This 

section describes methods f o r  deal i n g  w i t h  carbonate scales, p a r t i c u l a r l y  the 

CaC03 polymorphs c a l c i t e  and aragonite. Several chemical addi t ives are avai l -  

able f o r  them and other approaches.also work. For NaCl and other soluble s a l t  

deposits , d i  1 u t i  on appears p rac t i ca l .  Work performed t o  date i ndicates some 

These treatment systems are discussed i n  Chapter I V .  

po ten t i a l  benef i ts  may be derived from the use o f  ce r ta in  organic compounds as 

s i l i c a  i n h i b i t o r s  i n  low t o  moderate s a l i n i t y  brines. 

111-5-1. Di lut ion-Prevention o f  Soluble Scales 

The most straightforward way o f  reducing soluble s a l t  supersaturation i s  

by blending f l u i d s  o f  contrast ing composition. This i s  appl icable t o  NaCl 

scales and perhaps t o  s u l f i d e  scales, bu t  p r a c t i c a l  opportuni t ies are l imi ted. 

For the slow react ion o f  s i l i c a ,  d i l u t i o n  might be made i n  a somewhat t imely  

way a f t e r  the heat removal step b u t  t h i s  would not avoid some ea r l y  deposit ion 

o f  s i l i c a  (see Chapter IV).  

D i l u t i o n  can p ro tec t  the downstream p a r t  o f  the p l a n t  system, inc lud ing 

the i n j e c t i o n  wel l ,  from deposit ion due t o  NaC1. However, the reservo i r  rocks 

of the i n j e c t i o n  zone would be jeopardized i f  the  blended l i q u i d  could deposit 

CaSOI which upon heating has a lower s o l u b i l i t y .  

Requirements f o r  100% i n j e c t i o n  o f  produced f l u i d s  may be enforced i n  

ce r ta in  locat ions as a subsidence m i t i g a t i n g  measure. This would invo lve 

blending geothermal residual brines w i th  l o c a l l y  avai lable (surface) water o r  

steam condensate i r respec t i ve  o f  the p lan t ' s  need t o  d i l u t e  f o r  purposes of 

chemical control  . 
Blending requires a r e l i a b l e  source o f  d i l u e n t  water and extraneous s o l i d  

react ion products must be accommodated, probably by f i l t e r i n g .  Chemical 
W 
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mixing models would be useful i n  t h i s  context i n  order t o  optimize a blending 

schedule. This would help i n  p red ic t i ng  the po ten t i a l  f o r  secondary so l ids LJ 
. formation o r  i n  minimizing the complications due t o  forming them. C r e d i b i l i t y  

o f  the chemical mixing models w i l l  be favored by the lower temperatures fo r  

which s o l u b i l i t y  data are of higher qual i ty .  However, high i on i c  strengths 

remain troublesome i n  attempting t o  u t i l i z e  chemical equi l ibr ium models. 

D i rec t  measurements of so l ids y ie lded by blending brines and/or d i luents  

over the operating range o f  steam f lash and conductive cool ing p r i o r  t o  d is-  

posal i s  the best method for assessing potent ia? problems. These would re- 

qu i re  equipment no more sophist icated than f i l t e r i n g  apparatus, an ana ly t i ca l  

balance, and a means t o  control  evaporation o r  dry ing o f  samples (see Chapter 

11). .Data should be co l lected f o r  ind iv idual  wel ls i n  order t o  accurately 

approximate an average br ine composition t h a t  might be produced as a spent 

eff luent by a power plant. 

111-5-2. Prevention o f  Carbonate Scales 

Several p r i nc ip les  o f  carbonate scale contro l  are possible, but  not a1 1 

are equally p rac t i ca l  i n  the geothermal context. They may be described as: 

o I n t e r f e r i n g  w i t h  the c rys ta l  growth processes a t  the c rys ta l  surface. 

o 

o 

Reducing calcium i o n  chemical a c t i v i t y  by use o f  sequestering agents. 

Reducing a v a i l a b i l i t y  o f  carbonate i o n  by: 

a) 
b) downwell i n j e c t i o n  o f  C02 
c) downwell i n j e c t i o n  o f  strong acid 

producing f u l l y  pressured b r ine  using downhole pumps 

111-5-2a. Crystal Growth I n h i b i t i o n  - This approach provides the cheapest and 

most chemically elegant method now avai lable f o r  c o n t r o l l i n g  carbonate and 

sul fate scale deposition. It deserves t o  be considered i n  a l l  contexts o f  

steam flashing. Tests have been made under a va r ie t y  o f  conditions[31-35] and 

LB 
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a l l  have shown impressive succ kt' h a s t  tido f a m i t i  of chemicals are 

funct ional ,  phosphonates and maleicP ac id  derivatives: 7 They are avai lable from 
w 

mul t i p le  sources. Co?loquial ly '  they' are known as""thresho1d inh ib i t o rs "  due 
,I G, I \- 

t o  t h e i r  a c t i v i t y  on c rys ta l  nuclei  and o n  the  surfaces < o f  scale crysta ls .  It 
_ .  

i s  necessary t o  add the chemi 

f 1 ashi ng (bubbl e po i  n t )  beg1 ns. 

' f l u i d  upst r  from the place where 

The effect iveness o f  threshol'd i n h i b i t o r s  at ' low 'concentrations i n  l' iquids 

i s  due t o  t h e i r  deposit ion on the surfaces o f  growi'ng crysta ls .  'Atomic struc- 

tures o f  scale minerals are some erboard. The 

f luxes o f  (+), ( 0 )  components a1 as wel l  as i n  

space. Furthermore, the growth process t o  atomic scale 

steps on the  otherwise near rdingly,  a t  any 

one moment during normal growth o f  a scale crysta only a small f ract ion of 

the t o t a l  surface area i s  receptive t o  addi t ion o f  another (+) o r  ( 0 )  compon- 

ent . 
Threshold i n h i b i t o r s  are -moderately' large molecules t h a t  at tach t o  the 

growing c r y s t a l  surface. They mechanically block the' atomic processes, which 

l a y  up the (+)(-) a l t e rna t i ng  s rowth-active s i t e .  

Yet, they do not  provide an ad next i o n  t o  f i t  

i n t o  a s t r u c t u r a l l y  correct  p se i n h i b i t o r s  are 

e f fec t i ve  when they occupy f a  layer  on the growing 

c rys ta l  s. Because t h e i  r a f  f , adequate surface 

populations can be supported by s t r i k i n g l y  low concentrations i n  the l i q u i d  

phase. 

i l l u s t r a t i n g  how it occupies a p o s i t i o n  on 

Figure 111-4 i s  the molecular s t ruc tu re  o f  one phosphonate i n h i b i t o r ,  

S i  gni f 1 can t l y  , i n  t h i  s method the thermodynamic d r i ve  ' t o  form s o l i d  

CaC03 i s  not  rel ieved. The' so lu t ion remains supersaturated because the inhib- 

i t o r  molecules deny the mechanism which normally re l ieves the supersaturation. W 



\ 

Figure 111-4. Siliceous scale a t  a flange joint deposits with uniform 
thickness on available surfaces. Equal deposition in 
and out of crevices shows that hydronamics i s  irrelevant 
to the deposition rate. Two test  periods differed in 
well production rate and in temperature a t  this flange 
joi n t  . 6/ 
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Eventual l y  ( i n  a s t a t i s t i c a l  sense). the i nh ib i t o r  molecules w i  11 detach f r o m  

u e  crysta l 's  surfaces o r  be s low ly  overgrown by CaC03. When e i ther  o f  those 

happens, growth continues I n  an ordinary way. However, the crystal  surface 

always i s  vulnerable t o  the e f fec t  o f  the threshold agent. Growth can remain 

inh ib i ted due t o  residuals from a f i r s t  dosage of the i nh ib i t o r  or renewed by 

addit ional dosages. 

Disposal o f  inh ib i ted brines by in jec t ion  i n to  w e l l s  places the f l u ids  

i n to  a place where the i nh ib i t o r  w i l l  eventually . f a i l ,  perhaps by sorption 

onto format i  on m i  neral s , eventual overgrowth by components o f  the b r i  ne, 

decomposition due t o  temperature i n  the subsurface, o r  by other means. The 

longevity o f  in jec t ion  w e l l s  depends on how f a r  the f l u i d  moves from the 

wellbore before i nh ib i t o r  f a i l u re  occurs. I n  some circumstances i t  would be a 

non-problem, but engineering assessments o f  t h i s  issue are apparently scarce. 

Fortunately, concentrations o f  growth inh ib i to rs  can be very small i n  the 

f l u i d  i n  order t o  sustain a functional population on the crystals. Concentra- 

t ions below 1 ppm i n  the l i q u i d  are ef fect ive under some circumstances[35-36]. 

This i s  equivalent t o  l e s s  than one phosphonate molecule ( i n  the l i qu id )  per 

100 Ca ions. By comparison, sequestering Ca ions requires more than one 

sequestering molecule per Ca ion i n  order t o  be s imi la r ly  effect ive. 

Thermal s t a b i l i t y  o f  threshold inh ib i to rs  i s  the major drawback t o  t h e i r  

use i n  suppressing scale formation i n  production w e l l s .  The highest recorded 

temperature (180OC) f o r  successful threshold i nh ib i t o r  appl icat ion i s  de- 

scribed i n  Ref. 32. The use o f  these inh ib i to rs  a t  higher temperatures i s  a 

function o f  residence t i m e  and ult imate thermal s t a b i l i t y  o f  the compound. 

High temperature applications w i l l  require experimentation t o  determine e f f i -  

cacy. A drawback t o  the use o f  phosphonate inh ib i to rs  i s  the potent ia l  f o r  

production o f  calcium phosphonate scales o r  pseudQ scalesC311. Careful con- 

u o l  o f  i nh ib i t o r  concentration i s mandatory i n  preventing pseudo scale forma- 

t ion. 
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Equipment f o r  placing crysta l  growth i n h i b i t o r s  , i n t o  the 

i s  super f i c i a l l y  the same hs f o r  adding sequestering agents but' can be physic- 
. . ,  

smaller due t o  'the volumes o f  i n jec ta te  'required. 

I ,  

111-5-2b. Sequestration and Calcium Complex Ions - Ion i c  components o f  scale 

can be e f fec t i ve l y  removed from the scale deposition 

them i n  soluble complexes. I n  ef fect ,  a.competit ion 

and insoluble forms o f  the scale-component as shown. 

reaction by incorporating 

i s  set  up between soluble. 

n Equation 111-9: 

. .  

C + AB 2 A+ + 8- + C 2 AC+ + Bo (111-9) 

represent i on i c  scale components and C represents a complex former f o r  

component A. A t  low o r  zero concentrations o f  C, the e q u i l i b r i a  w i l l  be 

described by the l e f t  2/3 o f  Equation 111-9, but  i f  enough C i s  present, the 

complex AC+ w i l l  form, causing s o l i d  AB t o  dissolve, o r  f a i l  t o  form. 

I n  t h i s  circumstance there i s  no change i n  the absolute a v a i l a b i l i t i e s  o f  

A o r  8 except f o r  the t r i v i a l  d i l u t i o n  due t o  addi t ion o f  C and a c a r r i e r  

l iquid.  However, the thermodynamic dr ive t o  form AC+ exceeds t h a t  t o  form 

s o l i d  AB. Thus, there are no unstable non-equil ibr ia implied i n  the re la t ion-  

ships o f  equation 111-9, a feature which i s  not t rue f o r  crysta l  growth inhib- 

i tors described ear l  i er. 

A very large var ie ty  o f  complexing materials are available. I n  practice, 

select ion o f  one requires consideration o f  several chemical and economic 

factors. Among these are: 

0 thermal s t a b i l i t y  o f  the complex former (C), 
0 

0 

0 

pH range over which (C) functions w i th  the target, 

thermal s t a b i l i t y  of the formed complex (CA), 
p o s s i b i l i t y  t h a t  a s o l i d  form o f  the complex can develop (pseudo 
scat e) 

0 

0 compat ib i l i ty  of (C) stock w i th  the br ine ( if it i s  nonaqueous), 

s o l u b i l i t y  o f  (C) i n  the brine, 
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0 

0 

0 availability of (C) .in practical form P 1 

0 availability of a practical means to inject (C) into the brine up- 

capability o f  (C) to form complexes with nontarget ions, 
stability o f  CA compared to'AB at expected ?evels 6f 8 ; ' '  

bb 

. < ' /  r i  i * stream from scal e-prone areas L 

a acceptably low thermal burden on the geothermal brine due to injec- 
. -  

. .  tion o f  (C) and its carri 

serviceability o f  the injection means, 
security o f  an adequate supply of (e), 
forecastability o f  costs for obtaining (C). 

cti on , vulnerability of the inje * .  

0 

0 

0 

a 

The list above comprises a formidable set o f  hurdles for applying seques- 

tration to geothermal brines. The list applies to all additives, including 

threshold inhibitors. However, the cost items are especially significant for 

sequestrants due to the chemical (stoichiometric) requirement for each ion o f  
I : a 

, L  

A to associate with one molecule (or ion) o f  C in the liquid phase. Oosages 

of sequestrants could be in the range ' o f  hundreds o f  ppm. 

ability that very large volumes of b 

sequestrant. 

to make the complex selective for Ca or to be more durable. 

tration is workable i n  a technical sense, t e would seem to be no context 

where it would be a superior practical chofce over crystal 

There is the prob- 

e must be tr 

Additional ly , there may be a requi re 

It is pertinent to note that one successful example o f  carbonate scale 

inhibition by the use of EDTA in oil wells has been describedC371 

used to remove carbonate scale from production zones immediately adjacent to 

completion intervals in production wells. Although scale removal by use of 

hydrochloric acid was possible, EDTA provided superior performance because its 

use prevented reprecipitation o f  calcium as the acid treatment -spent and rapfd 

rescal i ng of we1 1s occurred a f t e r  production resumed. 
I .  
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111-5-3. Reducing Conr Avai lab i l i ty  , ..; 
I 

From equations 11171 i t  i s  clear tha t  CaC03 scale deposition - 0 

coincides with the bu i l d  of COS- from the reservoir of HC03 ca 

brine. Thus, additional methods o f  scale control have focussed o 

Coat buildup, as an alternative t o  reducing Ca" avai lab i l i ty .  Th 

of th is  objective are considered here: 

0 

0 Dowmall in ject ion o f  C02 i n to  a producing w e l l  wherein steah 1 

Downwall pumping o f  the l i q u i d  i n  order t o  eliminate or  displace the 
f 1 as h i  ng. . ,  1 ' 

I 

flashes i n  the wellbore. 

Downwell in ject ion of ,  strong acid i n to  a producing w e l l  below the 
level o f  flashing. 

The governjng equation which describes carbonate scale inh ib i t ion  by 

to ta l  pressure or Cot gas pa r t i a l  pressure maintenance i s  given by: 

Ca* + 2(HCO;) + CaC03.( + C02+ + H20 ( I 11-10) 

Re1 ease o f  Cor gas by f 1 as h i  ng encourages carbonate preci p i  tat4 on. 

III-5-3a. Downwell Pumping - Pumping a geothermal w e l l  permits the l i q u i d  t o  

be withdrawn without f lashing i n  the wellbore. Above ground, the l i q u i d  can 

then be used i n  a surface heat exchanger-Rankine cycleC381 so tha t  neither 

flashing nor COO release i s  allowed. Alternatively, the l i q u i d  could' be 

flashed i n t o  a d i rec t  contact heat exchanger-Ranki ne cycle or  d i  rec t l y  flashed 

t o  drive a steam turbineC38-401. 

, I  

The e f fec t  on CaC03 scale deposition f o r  these options can be described 

through Figure 111-6. The flash-cooling process indicated by the heavy 

l i n e  from upper r i g h t  t o  lower l e f t  o f  Figure 111-6 decreases the capacity o f  

a brine t o  carry Ca" and HCO[/C03 as described by equations 111-1 - 111-6. 
0- 

LJ 
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However, conductive cooling o f  the brine, indicated by the heavy l i n e  on the 

r i g h t  side o f  Figure 111-6 increases the capacity o f  a brine t o  carry Ca* and 

HC03-/C03-, hence no CaCOs scale would form. Conductive cooling without 

f lashing can be achieved by combining downwell pumping with a surface heat 

exchanger-Rankine cycle. This  method has been demonstrated successfully i n  a 

10 megawatt e lec t r i c  plant a t  East Mesa, Imperial County, California[41], and 

a coflercial size plant o f  s imi lar  design i s  now being constructed a t  the 

nearby Heber s i  te[42]. 

- 

This mechanical approach t o  solving a chemical problem succeeds because 

CaC03 has an inverse so lub i l i t y  wi th temperature that  i s  su f f i c ien t  t o  over- 

come the reduction i n  COz a c t i v i t y  that  results from cooling. It i s  not 

necessary t o  add any chemicals t o  the brine so long as the COz i s  retained i n  

amounts commensurate wi th the diagram o f  Figure 111-6. 

An economic comparison o f  pumping vs. adding chemical inh ib i tors  cannot 

be made i n  a straightforward way. Decisions about which method t o  use would 

be dictated by design features o f  the very d i f fe ren t  kinds o f  plants tha t  are 

used t o  explo i t  flashed vs. unflashed brine. For example, the use o f  downwell 

pumps permits some wells t o  y i e l d  twice, o r  more, the f l u i d  that  natural 

artesian flow would yield. Thus, from an operational point  o f  view, a down- 

w e l l  pump may be equivalent t o  a second production w e l l  but i s  only a f ract ion 

as cost ly t o  ins ta l l .  

The energy inputs t o  downwell pumps can be compensated by the higher 

thermodynamic ef f ic iencies o f  turbines that  resu l t  from the higher wellhead 

temperatures o f  pumped we1 1 s compared t o  the a1 ternat i  ve o f  f 1 as h i  ng downwell. 

Thus comparisons o f  running costs fo r  pumping vs. chemical inh ib i t ion  are not 

straightforward either, but may favor pumping. The long-term r e l i a b i l i t y  o f  

downhole pumps i n  a high temperature , moderate t o  high sal i n i  t y  envi ronment , W 
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i s  an issue, however, tha t  must be considered very careful ly. The costs 

involved i n  operation and maintenance o f  a downhole pump can r i s e  dramatically 

i f  operational d i f f i c u l t i e s  e experienced. A manufacturer a downhole 

pump must be able t o  demonstrate re l iab le  long-term operation before any 

decision t o  purchase can be made. Overall, consideration o f  maintenance costs 

favor chemical in ject ion,  because ins ta l la t ion  and repair o f  a pump and i t s  

' 8  

aux i l ia r ies  are much more demanding than the counterpart for a downwell in jec- 

t i o n  tubing with a surface-mounted pumping system. 

Once pumped br ine i s  a t  the ground l e v e l  plant, there are additional 

options tha t  bear on the useabi l i ty  o f  inhibi tors.  Direct contact heat ex- 

change (mixing o f  produced br ine with the organic Rankine f l u i d )  may not 

requi re  a chemi cal scale i nh ib i t o r  because the prec ip i ta t ion o f  carbonates may 

provide su f f i c ien t  surface area t o  e f fect ive ly  eliminate carbonate (and other 

species) deposition. As mentioned above, a surface heat exchange-type Rankine 

cycle does not require i nh ib i t o r  i f  it i s  used alone, but hybrid un i ts  which 

take a small br ine f lash upstream of the Rankine u n i t  require use o f  an inhib- 

i t o r .  The hybrid system gains an increment o f  thermodynamic ef f ic iency from 

the enthalpy carr ied by the flashed steam. 

Not' a l l  wells are suited t o  being pumped. Temperatures above 17S°C 

current ly deny e lec t r i ca l  submersible pumps o f  large size due t o  breakdown o f  

e lec t r i ca l  insulat ion a t  those temperatures i n  brine. Development i s  underway 

t o  hprove th is ,  however. Shaft-driven pumps are workable, i n  pr incipal ,  a t  

much higher temperatures, but serious complications occur i n  applications 

approaching 200°C, especially f o r  set t ing depths deeper than 300 meters. 

Bearing clearances and 1 ubr icat ion are disturbed by temperature ef fects  and 

normal wellbore deviation makes i t  d i f f i c u l t  t o  provide adequate clearance 

between moving parts o f  the pump i n  response t o  shaft  .e las t i c i t y  and thermal 

expansion. 

a 
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The wel ls  t o  be pumped must be h igh l y  productive so t h a t  large increments 

i ocmment-s .in drawdown o f  production r a t e  may be 

o f  the we1 1 I s ,bottomhole pres 

II I-5-3b. Downwell I n j e c t i o n  o f  COP - ‘Many geothermal w t h a t  y i e l d  elec- 

t r i c a l  q u a l i t y  f l u i d s  are too ho t  o r  f lash too deeply f o r  pumping to. be a 

p rac t i ca l  a l ternat ive.  For them, contro l  o f  CaC03 scal ing i n  the wellbore 

requires a more d i r e c t  chemical approach. DownwelJ i n j e c t i o n  o f  C02 i n  modest 

amounts may have several advantages. Contr of CaCOs scale i s  one of these 

1441. The method has had a recent successful dem 

t o  suppression o f  carbonate scaling. 

from r e l a t i v e l y .  m a  

e t t i n g  depth o f  the pumpf.431. 
.* I >*( 

b Higher production rates f o r  geothermal f l u i d  may be possible due p a r t l y  

t o  a g a s - l i f t  effect[46], b u t  f i e l d  data on t h i s  aspect are n o t  now avai lable. 

Addi t ional ly ,  the wellhead temperatures may be higher w i t h  COz inject ionf.44, 

471, even a t  the same rates o f  geothermal f l u i d  production. 

I n  p r i nc ip le ,  adding CO, t o  the f lash ing geothermal stream can sustain 

the CO, pressure above the l eve l  required f o r  the b r ine  t o  r e t a i n  a l l  o f  i t s  

Ca* i n  a dissolved form. Figure 111-6 i s  useful f o r  showing a process path- 

way. The amount of COS! required f o r  i n j e c t i o n  does not  need t o  sustain a l l  

the CO, pressure t h a t  was present i n i t i a l l y ,  only enough t o  make up the d i f -  

ference represented by the distance between the l e f t  and middle process l ines.  

Speci f ica l ly ,  the d i f ference between the adiabat ic f l ash  process and a process 

which y i e l d s  a constant Ca* s o l u b i l i t y .  This pressure i s  c a l l e d  the Kuwada 

pressure i n  recognit ion o f  the inventor o f  the process. 

The required amount o f  COz f o r  scale contro l  can be computed f o r  any 

percentage o f  steam f l a s h  and temperature t h a t  a given resource might y ie ld .  

The maximum amount of CO, required t o  suppress scal ing over the temperature 
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Figure 111-6. Relat ive capacity 0f.a br ine t o  hold calcium. 

Isopleths represent r e l a t i v e  concentrations o f  calcium i n  equi l ibr ium w i th  
c a l c i t e  when th'e concentration of HC03 f s  substant ia l ly  greater than calcium. 
A b r i ne  having a reservoir  condi t ion represented by p o i n t  R can be cooled by 
conduction during confinement (heavy l i n e  extending downward f rom R )  or by 
steam f lash ing (heavy l i n e  extending le f tward f rom R). Tic-marks on the f l ash  
l i n e  represent weight percent of f l u i d  converted t o  steam. The abscissa rep- 
resents the Henry's Law.pressure of C02(aq) which begins a t  R, During f lash-  
ing, the C02 i s  p a r t i t i o n e  tween the l i q u i d  and vapor phases, but during 
conductive cooling, it rem wholly i n  the C02(aq) form. The dashed l i n e  
from R represents the Kuwada pressure of O2 which i s  Just  adequate t o  prevent 
CaC03 deposit ion as the f l u i d  i s  cooled, e.g. by steam flashing. 

- 
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range f o r  wellbore f lash ing i s  a design parameter t h a t  can be evaluated f o r  an 

engineering application. A method f o r  making these ca lcu lat ions i s  provided 

i n  Section 111-5-3c. I n j e c t i o n  of COP i n  amounts much i n  excess o f  the calcu- 

l a t e d  minimum amounts might be j u s t i f i e d  on the basis o f  increased production 

r a t e  due t o  gas l i f t  ef fects ,  o r  o f  higher turb ine e f f i c i e n c i e s  due t o  higher 

wellhead temperatures. 

111-5-3c. Calculat ion o f  CO, I n j e c t i o n  Pressure -. To engineer the Kuwada 

process and apply i t  t o  a f lowing geothermal wel l ,  one needs, among other 

things, t o  ca lcu late a required i n j e c t i o n  r a t e  f o r  COz. That r a t e  can be 

re la ted  t o  a m u l t i p l e  o f  the concentration o f  nat ive COP i n  the resource. The 

object ive o f  t h i s  sect ion i s  t o  der ive t h a t  m u l t i p l i e r  from chemical p r i n c i -  

ples. - ++ - 
I n  pract ice,  the minimum pressure o f  COP which sustains Ca and COS as 

soluble species dur ing f lashing i s  c a l l e d  the Kuwada pressure and i s  desig- 

nated Pk. It i s  greater than the pressure (P,) due t o  the nat ive C02 content. 

The required COP concentration needed t o  make the Kuwada process f u l l y  effec- 

t i v e  i s  defined as follows: 

c02 = (Pk/pn) (COP), 

where = reservo i r  C02 concentration 

(I 11-11) 

Carbonate scale control  i s  achieved by i n j e c t i n g  an amount o f  C02 t h a t  i s  

defined as the product o f  t o t a l  f l u i d  production r a t e  and the COz concentra- 

t i o n  defined by equation 111-11. 

Before f lash ing begins, the C02 pressure can be represented b y  combining 

some o f  the equations for  carbonate e q u i l i b r i a ,  y ie ld ing:  

Po = (44hoK"/K'K ) CHC03102ECalo (111-12) 
SP 0 
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I n  equation 111-12, subscr ipt  o refers t o  p re f l ash  conditions, K' and K" 

i s  the 

s o l u b i l i t y  product f o r  c a l c i t e ,  and h i s  the Henry's Law s o l u b i l i t y  o f  CO2. 
KSP 

~ t o  f i r s t  and second d issoc iat ion constants f o r  carbonic acid, 
I 

I 

I 

I 

- 
I 

I 

During f lash ing f o r  a Kuwada-type process, HC03 and Ca= ions are con- 
I 

served i n  the residual  l i qu id .  Their concentrations r i s e  during f lash ing by 

the fac to r  l / ( l - F )  where F i s  the mass f r a c t i o n  o f  l i q u i d  converted t o  steam. 

Thus, the Kuwada counterpart t o  equation 111-12 i s  given by equation 111-13 

wherein the a c t i v i t y  coef f ic ients ,  y, change dur ing t process. Subscript k 

re fe rs  t o  the "Kuwada" condit ions du r i  ng f 1 as h i  ng where C02 pressure sustai ns 

the s o l u b i l i t y  o f  calcium and carbonate: 

, 

The r a t i o  o f  Pk/Po i s  given by equation 111-14 which contains no concen- 

t r a t i o n  terms: 

(111-14) 

I n  equation 111-14, the f i r s t  t e rm o f  the r i g h t  side, consist ing e n t i r e l y  

of equi 1 i b r i  um constants, var ies strongly w i t h  temperature; K"/K' KSp ranges 

I from about lo9 a t  2509C t o  lo6 a t  125OC. The middle term does not vary much 

from uni ty.  The th i rd  term, comprised o f  a c t i v i t y  coef f ic ients ,  varies mod- 

e s t l y  w i t h  f lashing; the r a t i o  f o r  k/o terms increases, from u n i t y  toward ten 

across the geothermally i n te res t i ng  range o f  temperature. Thus, the Kuwada 

pressure approaches smaller values as f lash ing progresses and C02 pressures as 

l i t t l e  as a few percent o f  the i n i t i a l  pressure can be e f f e c t i v e  i n  suppres- 

s ing scale. Unfortunately, the pressure due t o  nat ive C02 i s  even smaller so 

t h a t  scale i s  not  suppressed by it. 
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I n  the next stage o f  the derivation, it i s  useful t o  t race the change of  

This can C02 pressure, during f lashing, which i s  due t o  j u s t  the nat ive C02. 

be done through the Henry's Law relat ionship:  

P = Ch (111-15) 

Parameter C represents the concentration of ~ ~ , ( a q )  and h has the u n i t s  of 

force/concentration. Nominally, P i s  The fo rce  i s  the vapor pressure o f  COS. 

about three atmospheres when C i s  one gram C02(aq) p'er kg o f  l i qu id .  I n i t i a l -  

ly: 

P = Coho (111-16) 

A f te r  f lash ing begins, the concentration o f  CO,(aq) diminishes sharply as the 

C02 enters the vapor phase. The vapor component o f  COP i s  presumed t o  be i n  

equi l ibr ium wi th  the residual C02(aq) o f  the l i q u i d  phase such that:  

Pn = Cnhn (111-17) 

where: Pn = CO, pressure i n  the vapor and l i q u i d  phases 

n = unmodified nat ive o r  reservo i r  f l u i d  a t  any condi t ion o f  f lashing 

Al ternat ive ly ,  the C02(g) pressure can be calculated from the gas laws as 

f o l  1 ows : 

Pn = nRT/V (111-18) 

When correlated w i t h  a u n i t  mass o f  pref lash l i q u i d ,  V i s  i den t i ca l  t o  the 

volume of H20 vapor t h a t  develops during flashing. It i s  computed as the 

product o f  f l ash  f r a c t i o n  and spec i f i c  volume, v, o f - t h e  steam: 

V = F(v) (111-19) 
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The number of moles, n, of gas-phase COP i s  given by the amount originally 

present i n  a mass of l i q u i d  less the amount remaining there a t  any stage of 

flashing: 

W 

Combining equations 111-18 t o  20 yields: 

COh 
'n (44/RT) (Fvh) + (1-F) 

(111-20) 

(I 11-21) 

and the ratio of Pn/Po is given by combining equations 111-21 and 17 t o  yield: 

'n h/ho 
- =  

(44/RT) (Fvh) + (1-F)  ( I 11-22) 

The ratio Pk/Pn is given by combining equations 111-22 and 111-14 t o  yield: 

Equation 111-23 yields the multiplier t o  apply t o  the native COz concen- 

tration for  computing the amount (C,) of COz ta ' in ject  for the Kuwada process, 

as shown below: 

c k  = c, (PkiPn)  ( I 11-24) 

111-5-3d. Numer'ical Example for the Kuwada Principle - For a numerical exam- 

ple, consider a liquid resource ini t ia l ly  a t  2OOOC flashing t o  l25OC i n  the 

surf ace equipment and havi ng an i n i  t i  a1 i on1 c strength of one, correspondi ng 

t o  a total dissolved sa l t  content near 50,000 ppm. Required equilibrium 

constants are summarized i n  Table 111-1. With  some allowances for heat losses, 

the net flash fraction w i l l  be about 0.13. In reference t o  equation 111-23, 

the f i rs t  term ii.1 brackets will take a value near 29, the second 0.12, the 

t h i r d  1.62, and the last 1.8. Overall, Pk/P, = 10.1. 
h;rd 
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Table 111-1 

Selected Constants f o r  Carbonate Equi 1 i b r i a  

O C  -log K" - log K '  

0 -10.61 -6.53 

25 10.33 6.37 

- 

50 10.18 6.31 

75 10.14 6.33 

100 10.14 6.41 

125 10.21 6.54 

150 10.34 6.71 

200 10.71 7.13 

250 11.20 7.66 

300 11.78 8.26 

350 12.43 8.11 

-log K, +1 og K"/K' KS 

-8.24 4.16 

8.36 4.40 

8.61 4.74 

8.96 5.15 

9.38 5.65 

9.84 6.17 

10.34 6.71 

11.40 7.82 

12.51 8.97 

13.63 10.11 

14.74 10.42 

* I n  t h i s  prac t ica l  temperature range, 1 og (K"/K' KSp) = 
3.012 + 0.0123OF. 

OF . 

32 

77 

122 

167 

- 

212" 

257* 

302* 

392* 

482* 

572 

662 



If such a resource contained 5,000 ppm COP then a total of 50,500 ppm of 

, COz on a total fluid basis would be required t o  make the Kuwada process ope r  

I ate. For a nominal production rate o f  180,000 kg of resource f l u i d  per hour ,  

I about 9,000 kg of C02 would be required per hour,  injected downwell. 

, 

i 
I 

As a matter of perspective, the vapor phase fo r  this example, a t  12S°C, 

would contain about 28 weight percent C O P .  Special accommodations fo r  COP 

removal and recovery must be made i f  the steam i s  intended f o r  use i n  condens- 

ing turbines. For example, a steam reboiler u n i t  mlgh t  be needed (see Chap- 

ters IV and V). Chemical scale i n h i b i t o r  fo r  CaC03 might also be required a t  

the po in t  where COP separation takes place. j 

The depth a t  the injection p o i n t  and the pressure there can be calculated 

i n  principle, bu t  require models of two-phase wellbore flow that are adapted 

t o  the high  noncondensable gas contents. Such models have not yet been demon- 

strated. Additionally, corrosion due t o  C02 may require the well t o  be son- 

! 
~ 

I 
i 
! 
I structed using alloy steel casing. 

I n  most applications, the steam will eventually be separated from tne 

l iqu id .  

scale would form. Some other chemical i n h i b i t o r  could be added before then, 

of course. 

widely distributed b u t  a few variants are possible. 

If the separated l i q u i d  i s  subsequently flashed again, then CaCo3 

I 
I 

Details of energy recovery schemes using this method have not been 

Comparison of costs w i t h  the alternative of injecting a threshold i n h i b i -  

t o r  downwell have no t  been explored. Obviously, the installation o f  a COz 

injection system w i l l  be more costly because i t  uses larger injection t u b i n g  

and compressors of much hlgher capacity. In principle, the wellbore casing 

must be larger, too, i n  order t o  accommodate the hlgher fluid flow (geothermal 

f l u i d  plus injected COz) and the injection tubing. However, the higher well- 

head temperatures imply smaller specific volumes for the H20 vapor phase 

component, an off-setting factor. Any net incremental .cost fo r  refurbishing 

, 

I 

I 

' 
I 
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the basic wel l  deserves t o  be charged against the i n s t a l l a t i o  

i n j e c t i  on system. 

On the other hand, C02 i s  a ubiquitous compon hermal resources 

and the makeup supply f o r  recycled C02 can come eothermal f 1 u i  d 

> i t s e l f .  This el iminates one running cost f o r  chemicals. It simultaneously 

makes the system invulnerable t o  external loss o f  supply o f  a key component 

. \  

required f o r  sustained operations. 
There i s  no temperature nor depth l i m i t a t i o n  the resource t o  which t h i s  

method might be applied. 

potent ia l  problem tha t  might be solved by using low a l l o y  'chromium-molybdenum 

al loys f o r  downwell tubulars. These casing mater ia ls are a t  l eas t  twice as 

cost ly  as conventional tubulars and could s i g n i f i c a n t l y  impact the cost o f  it 

we1 1. 

Enhanced corrosion by 'the C02-ch 

111-5-4. Oownwell I n j e c t i o n  o f  Strong Acid 

Although the concept o f  ac id  e f fec ts  on bicarbonate solut ions i s  simple 

and broadly recognized, i t s  appl icat ion downwell may be d i f f i c u l t  t o  contro l  

and r i s k s  serious malfunctions. Consideration o f  t h i s  method should recognize 

two classes o f  br ine which can y i e l d  CaC0, scale; those i n  which calcium 

content exceeds bicarbonate vs. those i n  which the converse i s  true. For the 

l a t t e r ,  the amount o f  strong ac id required t o  reduce the bicarbonate s u f f i -  

c i e n t l y  would l i k e l y  be too cos t l y  owing t o  the e f fec ts  o f  carbonate buffering. 

S ign i f icant ly ,  the scale po ten t i a l  f o r  them i s  only s l i g h t l y  a f fected by 

destruction o f  modest amounts o f  bicarbonate. These kinds o f  resources are 

more common than the other. 

However, a f e w  geothermal resources contain smaller concentrations o f  

bicarbonate than calcium and p a r t i a l  destruct ion o f  t h a t  bicarbonate gives a 

d i r e c t l y  ,proportional reduction i n  CaCO, sca 

economically t reatable wi th strong acid. 
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The i n t e n t i o n  o f  t h i s  treatment i s  t o  b r i ng  the pH o f  f reshly  f lashed 

br ine i n t o  the range .of 5.5 t o  7.5; CaC03 i s  soluble below pH 8.3 against 

atmospheric COO. For comparison, some bicarbonate-domi nated brines have pH 

recommendation d i  s t i  

r t o  control  the ra te  

may y i e l d  a serious1 

Obviously, over-treatment i n  t h i s  approach may cause a serious increase 

Accurate monitoring 

contro l  would, therefore, be required. V o l a t i l i z a t i o n  o f  hot  

ac id  i s  a po ten t i a l  d i f f i c u l t y  with respect t o  corrosion of turb ine components. 

Compared t g  i n j e c t i n g  threshold i nh ib i t o rs ,  strong acids would not leave 

There would be no r i s k  o f  

p r e c i p i t a t i n g  CaC03 i n  the i n j e c t i o n  formation due t o  warmup t h a t  diminishes 

i n  br ine a c i d i t y  whi would y i e l d  h igh corrosion. rates. 

ne i n  a thermodynamically poised condition. 

CaC03 s o l u b i l i t y .  To the degree t h a t  such f l u i d s  were overdosed wi th  acid, 

they f l i gh t  increase the i n j e c t l v i t y  o f  rock formations which receive them. 

The ac id  i n j e c t i o n  system f o r  a production wel l  would be s im i la r  t o  t h a t  

f o r  downwell I n j e c t i o n  o f  ii threshold i n h i b i t o r .  Major dif ferences .would be 

i n  se lect ing metals t o  contact the respective l i q u i d  in jectates.  

The volumes o f  l i q u i d  involved with the two  methods would be more s i m i l a r  

than the dose rates might imply. For example, 50 ppm o f  HC03 i n  the resource 

would suggest a dose r a t e  o f  30 ppm o f  concentrated HC1 vs. 1 ppm o f  threshold 

i n h i b i t o r .  However, the i n h i b i t o r  must be i n jec ted  w i t h  a c a r r i e r  l i q u i d  

- 

whereas the HC1 Can go i n  as concentrated acid. 

Continuous use o f  strong ac id t o  rou t i ne l y  contro l  carbonate scale by 

downwell i n j e c t i o n  i s  not practiced.. However, ac id  commonly i s  i n jec ted  i n t o  

o i l  wel ls and some geothermal wel ls  i n  massive amounts t o  t r e a t  wellbore scale 

o r  clogged po ros i t y  o f  adjacent rockC48J. Thus, experience f o r  handling acids 

i s  avai lab le and there i s  no fundamental reason t o  avoid a non-massive rout ine 
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use o f  them. However, compared to the broad applicability of threshold inhib- 

itors and the scarcity o f  dangers in their misuse, injection of small amounts 

of strong acid may seldom be a preferred alternative. 

111-5-5. Calcium-Deficient Carbonate Scales 

Strontium. (Sr*) forms a carbonate mineral structure (strontiani te) that 

is isomorphous with aragonite. Strontium can also occupy Ca positions in 

the aragonite structure. No complications with strontium-containing scales 

are known to this writer, despite Sr* occurrences as a minor component in 

most aragoni te scal es. 

++ 

Iron forms a mineral (siderite) which has a calcite-like structure that 

is stable at moderately low pH (-4 or less) in simple solutions. Siderite is 

reported in several contexts, but none are very similar to calcite. Siderite 

can be a corrosion product when carbonic acid reacts with metallic iron. 

Whether iron deposits as siderite or remains solvated may depend on the level 

of C02 pressure. High C02 partial pressures can yield pH values in the vicin- 

ity of pH = 4, hence the stability of siderite. Siderite may form as an 

alteration of millscale present on pipe at the time o f  installation. When 

present as a component o f  scale, the scale is generally thin and tenacious and 

may contain magnetite or siliceous scale-components. 

Siderite can form by mixing dissimilar brines in a wellbore and deposits 

in such a case could be heavy. Several other minerals could form simultane- 

ously and their collective volumes can form rapidly and even prevent satisfac- 

tory tests of  wells. Such mixed production is not likely to reach a comer- 

Cia1 stage of development -- some other accommodation would be implemented 

first -- so that continuous inhibition o f  siderite i n  a power plant context is 

not likely to be required. No data is available about whether the threshold 

inh bitors that work on CaC03 also work on siderite, however, the structural 
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U s i m i l a r i t i e s  o f  the minerals are s t r i k i ng l y  suggestive tha t  such inh ib i to rs  

would be effect ive; 

Cerussite, PbC03, has been reported[8], but conditions f o r  i t s  develop- 

ment are  obscure. No data are available on i t s  response t o  threshold inh ib i -  

tors. Once formed, it must be removed mechanically since i t  i s  fnsoluble i n  

HC1. However, i t  has never been reported as a major component o f  geothermal 

scale. 

111-6. Prevention o f  S i l i c a  Scale 

111-6-1. Control o f  Supersaturation o f  Amorphous S i l i c a  

True prevention o f  s i l i c a  scale i s  pract ica l  only i n  l im i ted  applications 

and these do not involve chemical methods. Prevention techniques current ly 

depend on s o l u b i l i t y  o f  the amorphous form o f  s i l i c a  and sluggishness o f  i t s  

deposition react1 on, especial l y  a t  1 ower temperatures. 

The interplay of temperature, s i 1  i ca  content and degree o f  supersatura- 

t i o n  are commonly described i n  terms o f  Figure 111-7. The two so l id- l ine 

curves represent the saturation concentrations o f  dissolved s i l i c a  i n  equi l ib-  

rium with quartz and w i th  amorphous sil ica[49], Almost a l l  high temperature 

geothermal 1 i qui ds t ha t  enter we1 1 bores are saturated wi th  respect t o  qua-rtz. 

Moreover, the pos i t ion o f  the quartz-l ine i n  Figure 111-7 i s  not seriously 

affected by any factors of l i q u i d  composition except the chemical a c t i v i t y  of 

water, which i s  influenced by highly sal ine circumstances, and by pressures 

that  correspond t o  only the deepest o f  geothermal wells[50]. 

The curve f o r  amorphous s i l i c a  i s  less w e l l  defined despite the precision 

o f  i t s  representation i n  Figure 111-7. Amorphous s i l i c a  commonly i s  an aggre- 

gation of microspheres o f  s i l i c a  tha t  can vary i n  size and compositionC23~ 

according t o  conditions of formation. A l l  are f a i r l y  open structures i n  both 

senses, space among the aggregated microspheres and the s t ruc tu ra l l y  imprecise I [ W  



1 StUCA GEOTHERMOMETERS 
i Sa&d on Fournier and Truesdell, 1974 
I 

Figure 111-7. S i  1Jca d e p o s i t i o n  tendencies o f  a h y p o t h e t i c a l  resource a t  
420 F are i d e n t i f i e d  through the points A-0. A pre-f lash con- 
centrat ion o f  300 pprn (point  A)  corresponds t o  quartz e q u i l i -  
br ium i n  the reservoir.  Flash cool ing t o  the temperature o f  C 
would y i e l d  a residual concentration o f  380 ppm indicated by 8. 
Amorphous s i l i c a  s o l u b i l i t y  would not be exceeded u n t i l  the 
l a s t  stages o f  the f l ash  process, below about 220 F. Addition- 
a l  cooling, toward point  D, an i n j e c t i o n  temperature, would 
r e s u l t  i n  deposition o f  amorphous s i l i c a .  

The amount o f  deposition potent ia l  i s  given by the di f ference 
between amorphous s i l i c a  s o l u b i l i t i e s  a t  temperatures C and D, 
approximately 70 pprn according t o  the diagram above. For a 
wel l  de l iver ing 500,000 pounds o f  f l u i d  per hour, the 70 ppm 
deposition would y i e l d  more than 480,000 pounds o f  s o l i d  s i l i c a  
scale per year w i th  a volume exceeding 3,600 cubic feet. Note 
t h a t  the residual s i l i c a  concentration a t  D exceeds the numer- 
i c a l  concentration o f  s i l i c a  i n  the unexploited resource rep- 
resented by A. 

I 
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silfca polymer' of the individual> microspheres. There i t  much tolerance fo r  

irregularities of composition and structure, hence solubility it  not thermo- 

dynamically defined. 
The factors affecting deposition of quartz are well known from laboratory 

work and commercial growth o f  large single crystals of quartz has been routine 

for many years. However, conditions of geothermal exploitation always are far  

from favoring quartz deposition. 
t 

T h e  possibility of depositing quartz i s  usually disregarded as being 

trivial. Thus, the quartz-line in- Figure 111-7 'is relevant only with regard 

t o  the amount o f  si l ica  ini t ia l ly  dissolved in a brine. The dashed-line curve 

i n  Figure 111-7 (labeled "cooled by flashing") represents the silica concen- 

t ra t ion available i n  residual brine upon flashing from the reservoir tempera- 

ture t o  atmospheric conditions. The corresponding saturation temperature for 

amorphous silica can be read from the graph, just t o  the r i g h t  o f  point C. 

Prevention o f  si l ica  scale from chemically simple brines can be achieved 

simply by designing a process that limits the amount o f  steam flashing and 

provides disposal of brine a t  temperatures near the solubility of amorphous 

silica[51]. Although that approach t o  scale control is  simple and workable, 

i t  may have an immense cost i n  terms of revenues foregone. 

For example, a liquid resource w i t h  a temperature of 4 8 O O F  (25OOC) would 

requi re reject1 on temperatures of 33OOF ( 1 6 5 O C )  ; t h u s  foregoing about 12 

percent o f  steam flash. The "useable" flash interval 250 t o  165'C yields 

about 17 percent flash, theoretically, b u t  would probably be nearer a net of 

13 percent i n  practice. A1 lowing for  the different thermodynamic efficiencies 

of the t w o  increments of steam flash, the foregone steam would represent more 

than 40 percent of the useable energy produced by such wells. 
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ant of net  50 MWe and ce i  v i  ng 100 m i  1 s/kwh , generated by 

lone, control  of s i l i c a  scale by r e j e c t i n g  b r ine  

m i  11 i on  per year i n  foregone revenues, c l e a r l y  a 

n attempt a t  control  o f  scale. 

Such calculated costs diminish f a i r l y  rap id l y  as resource temperatures 

85°C f o r  which f lash ing t o  atmosphere seldom y i e l d s  a problem w i t h  

s i l i c a  scale.‘ However, lower temperature resources are tempting t o  develop 

with’ Rankine”cyc1es t h a t  y i e l d  br ine re jec t i on  temperatures o f  120 t o  16OOF 

The corresponding resource temperature t o  y ie ld  a s i  1 ica-free 

operation should then be no higher than 16O-18O0C. 

- 
More than one hundred organic compounds have been evaluated f o r  t h e i r  e f f e c t s  

on s i l i c a  scale and sludge formation i n  hypersaline brines. The resu l t s  o f  

these studies are summarized i n  a paper by Harrar and others o f  Lawrence 

Livermore National LaboratoryC523. Some re1 ated information on s i 1  i c a  deposi- 

t i o n  from less sal ine and cooler water i s  given by I l ler[23]. Use of hydro- 

chl o r i  c acid t o  i n h i b i t  s i  1 i ca scale from hypersal i ne b r i  nes has been proposed 

and successfully tested[12-14,52-53] and the concomitant e f fec ts  on metal 

corrosion rates are descri bed[54]. 

No organic addi t ives are completely e f f e c t i v e  i n  hypersaline brines b u t  

several cause reductions i n  the r a t e  o f  s i l i c a  scal ing o f  up t o  80 percent. 

Results o f  these ear ly  studies are also encouraging because some patterns have 

emerged which suggest reasonable follow-on experiments. S ign i f i can t l y ,  the 

organic addi t ives appear t o  act  only on discrete p a r t i c l e s  o f  s i l i c a ,  c o l l o i -  

dal o r  microcel lu lar  nature, decreasing t h e i r  r a t e  o f  aggregation i n  the 

homogeneous. l i q u i d  br ine and t h e i r  r a t e  o f  deposit ion on a f i x e d  surface. 

Whether these e f fec ts  are due t o  s t e r i c  hindrance by the adsorbed organic 

molecules o r  t o  s t a b i l i z a t i o n  of e l e c t r i c a l  charges has not been determined. 
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The organics show no apparent effect on 'the deposition of s i l ica  monomers 

nor on the polymerization of monomers, nor on monomer additions t o  oligomers 

o r  col loidal-sired particles. Hydrochloric acid does reduce the deposition of 

monomers, presumably by depleting the already small population of reactive 

HBSiOI ions, or  their oligomeric counterparts, by simple protonation. 
- 

Unfortunately, the organics tested so far allow continuous and substan- 

t i a l  formation o f  so l id  particles t o  occur f o r  more than two hours after 

dosing, a t  the incubation temperature used (90°C): Since that time frame is  

near or  greater than the typical residence time o f  brine through a geothermal 

electric plant and the injector wells, the u t i l i t y  of these additives is 

doubtful. However, the experiments were run  i n  hypersal ine brine which has 

very fast  s i l ica  deposition compared t o  more common si l ica  scaling brines. 

Thus,  i f  comparable percentage reductions of s i l ica  deposition rate could be 

achieved i n  t h e  slower-responding brines, then the organics might be useful 

after a l l .  Relevant experiments have not been reported. Ref. 14, for  example, 

indicates that significant reduction in s i l ica  scaling and particulate produc- 

t i o n  rates can be achieved by acidification of a moderate salinity brine t o  pH 

5-5.5. 

The currently successful method of dealing w i t h  s i l ica  scale from hyper- 

saline brines involves promoting disposition of s i l ica  onto particles which 

aggregate i n t o  a floc which then sett les a t  practical rates i n  a reactor-clar- 

i f i e r  system, perhaps preceded w i t h  a flash-crystal1 izer u n i t  (see Chapter 

I V ) .  Most of the "effective" organics tested so far would seem t o  interfere 

w i t h  such a system, although a few were reported t o  enhance flocculation. 

T h i s  la t ter  aspect would seem t o  be a useful avenue for  development. Reactor- 

clarifiers are large vessels, 30 t o  100 feet i n  diameter by 10 t o  30 feet 

t a l l .  Substantial costs could be saved i f  chemical additives permitted the 

w u s e  of smaller vessels. 



111-7. Scale Removal 

Removal o f  adherent scale from pipes, valves, o r  vessels requires much 

vigor, e i t he r  chemical o r  mechanical. Breakup o r  d isso lut ion o f  the scale 

w i t h  acceptably small i n s u l t  t o  the substrate can be a serious problem i n  

balancing tradeoffs. Mechanical methods are easier t o  control .  

Strong mineral acids are ef fect ive f o r  removing CaC03 scale bu t  they must 

contain i n h i b i t o r s  t o  slow t h e i r  act ion on steels. Frothing due t o  formation 

o f  C02 gas may create problems f o r  ge t t i ng  the ac id  t o  e f f i c i e n t l y  contact the 

scale. Cold mineral acids w i t h  the exception o f  hydrof luor ic  ac id  are not  

e f fec t i ve  on s i l i c a  o r  s u l f i d e  scalesC551. Use o f  ac id  treatment methods f o r  

wellbore and formation deposits i s  f u l l y  described i n  Ref. 56. 

Chelating chemicals are i ne f fec t i ve  because o f  the large volumes of 

l i q u i d  required and the inherent ly s low  react ion rates. The chemicals are 

expensive as well .  The batch approach required by chemical removal methods i s  

i n e f f i c i e n t  i n  the use o f  time compared t o  the a l te rna t i ve  o f  using chemicals 

t o  i n h i b i t  deposition. The use o f  ac id  pH EDTA treatment f o r  removal o f  

carbonate wellbore and completion zone scale i s  p rac t i ca l  and effectiveC371. 

Mechanical methods a r e  most e f fec t i ve  f o r  the removal o f  non-carbonate 

scales because t h e i r  energy can be focussed on the place where the scale 

ex is ts  and withdrawn when the scale i s  removed, un l i ke  the chemical methods. 

A t  least  four classes o f  mechanical methods are avai lable: a )  reaming wi th  

ro ta ry  equipment, especial ly i n  wellbores, b) scraping, as w i t h  pigs forced 

through l i q u i d - f i l l e d  pipel ines, c) hydroblasting the scale w i t h  a j e t  o f  

high-pressure water while the scale i s  open t o  the atmosphere. This i s  useful 

i n  dismantled o r  disconnected pipes, valves, and vessels and y i e l d s  var iable 

sized fragments o f  scale as a waste product, and d) cav i ta t i on  descaling i n  

which a high pressure and high speed j e t  o f  water i s  introduced i n t o  a l i q u i  
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eate cav i ta t ion bubbl When the bubbles 

scale i s  broken i n t o  f i n  

ethods i s  usefu l ly  aug hemi ca l  s t h a t  
- .  

are simul taneousl not be discussed further.  

111-8. Chemical Modelfng and Predict ing Scale Deposition I 

Forecasting scale deposition and other chemical features o f  brines 

af fects  geothermal developments a t  two levels. A t  an economic level ,  models 

provide data which a f f e c t  cost estimates f o r  scale mit igat ion,  sol ids hand- 

l ing,  e f fects  o f  gases on net energy ' outputs, and requirements f o r  environ- 

mental impact controls. The outputs o f  those models become ref lected i n  

requirements f o r  cap i ta l  investment and, eventually, i n  the economic rates of 

re turn on the investments. A t  aAechnica1 level ,  the chemical modeling must 

deal with rates o f  scale buildup i n  the system under speci f ic  conditions o f  

flow, with.and without attempts t o  mi t igate t h a t  buildup. 

The d i r e c t  value o f  a chemical model l i e s  i n  the marginal cost savings 

which r e s u l t  from using it t o  make the chemical control methods more e f fec t i ve  

o r  less cost ly  i n  an engineering sense, or i n  select ing a p lan t  design which 

y ie lds  a more economic output than i t s  alternative. I n d i r e c t  values o f  chemi- 

ca l  models r e s u l t  from an improved understanding about the behavior o f  rea l  

and imagined brines. Such understanding hopeful ly could be extended t o  other 

endeavors, not  necessarily geothermal, which become more successful as a 

consequence. 

111-8-1. Engineering U t i l i t y  o f  Models 

The u t i l i t y  o f  chemical models depends on t h e i r  applicab l i t y ,  accuracy, 

Although a l l  models 

' and approaches t o  modeling have defects, some o f  which are serious from a 

and c r e d i b i l i t y  which are the subjects o f  t h i s  section. 

'Bd 
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technical po in t  of *view, they deserve t o  be treated as a set o f  tools. As 

when selecting wrenches from a box t o  choose a wrench t h a t  f i t s  a pa r t i cu la r  

nut, some chemical models f i t . a  resource better,  o r  more simply than do others. 

Chemical models range from simple t o  the hopelessly complex. The task of 

a geochemical engineer i s ,  t o  select, o r  invent, an appropriate model t h a t  

works with data t h a t  can be made avai lable i n  a t i m e l y  and pract ica l  way. 

The term "chemical model" of ten i s  aimed a t  cotqplex computerized calcula- 

t i ona l  systems based on thermodynamic pr inc ip les o f  chemical reac t i v i t y .  Here 

the term w i l l  be used without regard t o  r e l a t i v e  complexity o r  whether the 

model has any basis i n  chemical theory. Any calculat ional  method which y ie lds  

an output about the-quant i ty  o f  sol ids tha t  may form from a brine, o r  t h e i r  

rates o f  formation, has a u t i l i t y  i n  forecasting scale deposition and deserves 

t o  be considered. The emphasis on rates and amounts o f  deposition i s  appro- 

p r i a t e  f o r  the engineering focus when applying a model. 

From t h a t  po in t  of view, some o f  the large computerized thermodynamic 

models are seen t o  have low u t i l i t y  when they only p red ic t  tendencies of s o l i d  

forms t o  prec ip i ta te without also estimating rates o r  amounts. Although such 

models can function i n  a way t o  provide some ins igh t  about a br ine 's  chemical 

behavior, such output often i s  too l i t t l e  o r  too late.  Appropriate data are 

d i f f i c u l t  t o  specify before a w e l l  i s  d r i l l e d ,  f o r  example, but  a new well  a t  

once y ie lds some d i r e c t  evidence about the issue o f  sol ids deposition. To the  

degree a model ignores k ine t i c  factors, and many do, i t s  output has an uncer- 

t a i n  c r e d i b i l i t y  i n  regard t o  the dynamism o f  geothermal production. 

General chemical models which have a sound thermodynamic basis & incor- 

porate k i n e t i c  factors and predic t  amounts o f  deposition & pred ic t  where the 

deposition w i l l  be located i n  a power p lan t  have become available, p a r t l y  

through a process of evolutionC57). Unfortunately, the models cannot be f u l l y  
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6d tested by compari--n with measured deposits in real geothermal systems. 

Partly this is because no single well provides all the categories of chemical 

possibilities that a generalized computer model can consider. But neither 

will a complete, yet scale-prone system be built and purposely allowed to 

function in all detrimental modes that a computer model has been designed to 

represent. Thus, complete calibration of a complex model seems hard to real- 

ize. 
\ 

The experimental alternative, of course, is to build small, temporary 

systems that allow direct experimentation wfth portions of a fluid's flow 

path, using data from them to calibrate or verify the models. This is equiva- 

lent to testing small, or partial chemical models, an alternative that is more 

tractable conceptually as we1 1 as experimentally. Thus, small , focussed, 
narrow chemical models can have substantial utility because they can be de- 

signed relevant to immediate situations. Furthermore, their validity can be 

established in practical experiments. 

111-8-2. History of Chemical Models 

The conceptual evolution of general computerized models can be traced to 

systems o f  equations designed by R. M. Garrels[58] and M. J. N. Pourbaix[59]. 

Their systems showed how the equations for chemical equilibrium constants 

could be combined with equations for mass balance and electrical charge bal- 

ance. Such a set of equations plus one other measured (or assumed) quantity 

permitted numerical evaluation of a1 1 the unknowns through solving the equa- 

tions simultaneously. For example, Garrels' system for carbonate equilibria 

in water used six equations which are easily solved by hand. Similarly tract- 

able models can be readily put together for sulfides, silicates, etc. All 

serious students of scaling phenomena deserve to work out a few examples by 

w hand in order to become sensitive about how the concentrations of components 
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trade o f f  against one another i n  the mathematics o f  chemical equi l ibr ia .  The 

same pr inc ip les are used t o  generate systems w i th  more than 200 equations t h a t  

can only be solved by computers, often using special ly adapted algorithms, 

such as by Newton-Raphson i terat ion.  

The f i r s t  models o f  large size deal t  only wi th the issue o f  chemical 

equi l ibr ium v i a  the concentrations o f  dissolved components and the presence o f  

several minerals i n  unspecified amounts. They were, developed by H. C. Helge- 

sen and h i s  coworkers mainly a f t e r  1965C60-641. The o r ig ina l  purposes were i n  

regard t o  genesis o f  o re  deposits f o r  which the concepts o f  long times and 

steady temperature and pressure are appropriate. 

By the mid 1970's the programs incorporated estimates o f  spec i f ic  act iv -  

i t y  coef f ic ients  vs i on i c  strength and temperature as wel l  as accounting f o r  

material being d is t r ibuted between sol ids and solutes. I n  pr inc ip le ,  t h a t  

provides f o r  complete thermodynamic descriptions o f  the issue i n  the form o f  

closed mathematical solutions. A bibliography, which includes 48 l i s t i n g s  

describing the sequence o f  code development, i s  availableC651. A thorough 

exposition o f  state o f  the a r t  chemical modeling i s  given i n  Ref. 66 and 

compari sons o f  computerized chemical model s f o r  equi 1 i b r i  um cat cul  a t i  ons i n 

aqueous systems i s  provided i n  Ref. 67. 

The factor  o f  chemical 'equi l ibr ium, which makes v a l i d  the mathematical 

framework o f  these models, large and small, also i s  the issue which provides 

the most trouble i n  appl icat ions t o  indust r ia l ized geothermal systems. Equi- 

l i b r i um i n  the laboratory sense generally means long time in terva ls  a t  con- 

stant and uniform temperature w i th  no change i n  t o t a l  mass o f  the system. A 

f lowing geothermal well  has none o f  those features. 

The counterpart o f  "equil ibrium" i n  a f lowing system i s  the "steady 

state" conditions o f  temperature and pressure tha t  "occur1' a t  f i xed  points 
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along the f low path when the system moves stably a t  a constant throughput 

rate. Conceptually, t h i s  y ie lds  stable concentrations o f  reactants i n  the 

(1 oca1 ) br ine even though deposition i s occurring there due t o  chemical l y  

unstable (nonequi 1 i b r i  um) concentrations . 

u 

Often t h i s  i s  a useful po in t  o f  view but  subtle mismatches occur w i th  

reactions t h a t  are o f  the intermediate and delayed categories described i n  the 

previous sections. I n  those cases, chemical events.at one locat ion can depend 

on other events t h a t  happened f a r  upst.ream destroying the s p e c i f i c i t y  t h a t  the 

quasi-equil ibr ium assumption requires. Thus, some features o f  patterns along 

the f low path may not simply expand o r  contract w i th  changes i n  the length of 

f low path, they may even be l o s t  i f  cruc ia l  time-at-temperature conditions are 

forced out o f  the f low path by mechanical means t h a t  cause abrupt changes i n  

temperature. 

With the fundamental pr inc ip les o f  the mathematical basis unmet i n  rea l  

systems, one i s  more j u s t i f i e d  i n  being surprised by matches between calcula- 

t ions and d i r e c t  observation than by mismatches. Some matches do occur, par- 

t i c u l a r l y  f o r  "prompt" reactions and especial ty f o r  the carbonate e q u i l i b r i a  

which involve chemical reaction mechanisms fueled by r e l a t i v e l y  simple ions 

and tr iggered by such events as sudden loss o f  C02 o r  temperature changes 

which e l i c i t  changed proportions o f  components , 1 i ke HC03-/C03-. These com- 

ponents are connected by react ion mechanisms which are seldom inh ib i t ed  and 

are complete w i th in  hal f -1 ives o f t e n  measured i n  f ract ional  seconds. 

- 

Sulf ide e q u i l i b r i a  appear s i m i l a r l y  f a s t  and are only a l i t t l e  more 

' complicated, hence some calcu lat ion resu l t s  are p r a c t i c a l l y  accurate. However, 

the metal ions which are involved i n  the formation o f  su l f i de  scales are 

gdnerally hard t o  characterize i n  regard t o  gross concentration and d i s t r  bu- 

t i o n  among mu l t i p le  complexed forms. Consequently, calculated resul ts  are 
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Ld frequently i n  er ror  due t o  inaccurate inputs o r  11 l - f i t  o f  the model, rather 

than v io la t ions of the equi l ibr ium assumption o r  inherently slow react ion 

rates. 

S i l i c a  deposition i n  wells and plants cannot be calculated accurately by 

thermodynamic models. Par t ly  t h i s  i s  because the reactions which tend t o  take 

place a f t e r  a t r igger ing event generally occur w i th  ha l f - l i ves  o f  minutes t o  

. days. Reasons f o r  v a r i a b i l i t y  involve a t  l eas t  temperature, gross s a l t  con- 

tent ,  and a v a i l a b i l i t y  o f  an assortment of minor components. The re la t ion-  

ships among those are poorly characterized a t  present. Furthermore, s i 1  ica, 

whether i n  an amorphous o r  c r y s t a l l i n e  form, provides an atomic structure t h a t  

i s  very forg iv ing o f  i r r e g u l a r i t i e s  i n  composition. Thus, s i l iceous sol ids 

are poorly def i nable i n  thermodynamic terms apart f rom bel  ng 1 argely undef i ned 

a t  the present t ime. There would seem t o  be no hope o f  bu i ld ing theoret ical  

models t o  successfully quanti fy deposition o f  amorphous s i l i c a - r i c h  scales. 

Since s i l i c a  i s  a common scale i n  geothermal systems, and of ten the dominant 

one, the poor a p p l i c a b i l i t y  o f  theory i s  unfortunate. Build-up o f  s i l i c a - r i c h  

scales f rom unmodified brines, and ef fects  on the scale due t o  addit ives must 

be approached v i a  d i r e c t  experimentation on f l u i d s  f rom indiv idual  wells. 

The idealism o f  an assumption f o r  equi l ibr ium has other troublesome 

aspects. I n  equi l ibr ium theory, no consequences are assigned t o  unequalness 

i n  the concentrations o f  dissolved components which tend t o  form sol ids o f  a 

def in i te  stoichiometry. For example, the development o f  c a l c i t e  and aragonite 

from the same parent br ine a t  d i f f e r e n t  stages o f  f lashing was described 

ear l ier .  Simi lar ly,  laboratory recipes f o r  preparing ca lc i te ,  aragonite, and 

va te r i t e  (a th i rd  polymorph o f  CaC03) involve speci f ic  techniques o f  blending 

reactive solutions so t h a t  mechanical factors become involved w i th  the chemi- 

cal ones, y ie ld ing  non-equil ibirum polymorphs. These mechanical interact ions i 
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bd wi th  chemical phenomena are legion i n  number, many form ̂< .  the basis f o r  patents. 

The mathematical models ignore those plechanical pects and t h i s  i s  a great 

p e r i l  t o  t h e i r  accuracy. 

When equil ibrium-type chemical mode dynamic, non- 

equi l ibr ium context o f  geothermal explo i ta t ion t h e i r  val i ,d i ty -1s not certain. 

However, models do provide some ins igh t  about a system's s e n s i t i v i t i e s  t o  a 

few factors , especial ly r e l a t i v e  concentra ns, and they serve t o  be used 

since they provide a tentat ive.  basis f o r  planning. However, t h e i r  accuracy 

cannot be judged wel l  i n  advance, They must always be backed up,by d i r e c t  

experimentation before commitments are made about engineering designs o f  

geothermal projects. 

Chemical modeling o f  geothermal brines i n  f lowing systems should be 

regarded as more a r t  than science. Simple models t h a t  can be wor,ked by hand 

may require clever i ns igh t  about the chemical system. Simp1 i f y i n g  assumptions 

must be selected with care and t h i s  requires astute sub jec t i v i t y  i n  order t o  

be successful. On the other hand, general ized computer models require 1 nputs 

o f  data t h a t  are not always avai lable from f i e l d  tests  o r  are obtained w i th  

serious numerical uncertainties. To compensate, one again needs the astute 

judgement o f  people who know the vagaries o f  the program as it occurs i n  a 

speci f ic  computer as wel l  as knowln he vagaries due t o  sampling, analysis, 

and natural geochemical behavior of. i a l  components. These combinations o f  

t a l e n t  are d i f f i c u l t  t o  arrange. 

There i s  no l i m i t  t o  "the p i t f a l l s  f o r  the unwary" i n  using chemical 

models of any degree o f  complexity, +,thus no attempt w i l l  be made here t o  

provide a comprehensive check- l is t  o f  do's o r  don'ts. However, i t  i s  useful 

to  convey a sense for how subtle differences in the set-up of chemical models 

can lead t o  substantial contrasts i n  the outcomes o f  the calculat ions, sug- ai 
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Lid severely the real  system can be ? -  m i  unwary accept- 

ance of calculated results. Two examples w i l l  h i n  regard t o  

carbonate e q u i l i b r i a  f o r  which the most successful models exist.  

The f irstsexample i s  taken from GarrelsC58) who consjders f i v e  methods of 

equi l ibrat ing c a l c i t e  w i th  water; two o f  which are: ,: a) the water i s  equ i l i -  

brated wi th  the atmosphere before the c a l c i t e  i s  introduced, whereupon the 

system i s  closed t o  the atmosphere; b) the water i s i equ i l i b ra ted  w i th  c a l c i t e  

while open t o  the atmosphere and the atmospheric C02 component (-10-3'5 atm). 

Equil ibrium pH's f o r  cases (a) and (b) are 9:9 and 8.4 -respectively. 

Equil ibrium Ca concentrations are 0.14 and 0,-40 m i  1 l imolar. Thus, the 

simple aspect o f  when the system i s  open t o  the atmosphere y ie lds a 3- fo ld  

dif ference i n  calculated calcium content and a 30-fold dif ference i n  calcu- 

la ted hydrogen ion  (H+) concentration. Subtle and p a r t i a l l y  obscure presump- 

t ions are commonly made when se t t i ng  up the mathematical framework o f  models. 

Being cer ta in  t h a t  the framework properly represents the rea l  system demands 

an int imate knowledge o f  both. 

++ 

The second example i l l u s t r a t e s  one e f f e c t  o f  the contrast between labora- 

to ry  perspective and circumstances o f  geothermal production. It i 11 ustrates 

both an inappropriate use o f  the equil ibr ium concept and an (apparently) 

unexamined s imp l i f i ca t i on  about the system. 

, Upon w r i t i n g  the equation f o r  d issolut ion o f  calc i te:  

- 
C02 + H20 + CaC03 Ca* + 2HC03 (I 11-25) 

one can s impl i fy  the equil ibr ium constant, as i n  Equation 111-26, by noting 

t h a t  i n  equation 111-25 the concentration o f  HCOs appears t o  be twice t h a t  o f  
- 

ca++: 

Lid 

111-60 



(I 11-26) 

This outcome 1 s usual l y  expressed as the ca l  c i  um concentration being propor- 

t i ona l  t o  the cube r o o t  o f  the C02 pressure. It was o r i g i n a l l y  pointed out i n  

1929[68]. It has been repeated'by chains o f  successive authors up t o ' t h e  

present time and i s  included as p a r t  o f  some geochemical/geothermal models. 

Unfortunately, t h a t  perspective misrepresents geothermal chemistry a t  two 

levels. A t  an operational level ,  natural concentrations o f  Ca and HC03 are 

seldom, i f  ever, present i n  the proportions o f  1:2. They can be great ly  

d i f f e r e n t  from t h a t  i n  e i the r  direct ion,  a feature which destroys the propor- 

t i o n a l i t y  i n  equation 111-26. 

# - 

The cube r o o t  propor t ional i ty  over-simpli f ies rea l  geologic systems. For 

example a t  East Mesa, Cal i forn ia  the proportions o f  Ca*:HC03 are near 1:35 

and a f u l l e r  analysis o f  equations 111-25 and 26 show t h a t  Ca" concentration 

there i s  proport ional t o  the f i r s t  power o f  the C02 pressure, not the one- 

th i rd .  I n  contrast, a t  the Salton Sea Geothermal Field, the Ca*:HC03 r a t i o  

i s  nearly 450:l and Ca" concentration i s  ana ly t i ca l l y  invar iant  with changes 

- 

- 

in COz pressure o f  several tens o f  atmospheres. 

The reason f o r  those outcomes has two parts. The mechanistic connection 

between COO and Ca" i s  t r i p p l y  i n d i r e c t  since a t  substantial C02 pressures 

the series o f  chemical reactions is :  

(111-27) 

- 
Equation 111-27 emphasizes t h a t  only the COS- form o f  carbon i s  d i r e c t l y  

involved w i th  CaC03. The s o l u b i l i t y  product constant, I(, involves only the 

ions Ca When the concentration o f  one o f  those i s  much larger 

u n  the other, removal (or addit ion) o f  equal dissolved amounts, as i n  pre- 

++ 
and COS=. 
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b t a t i o n  (or dissolut ion) has a large e f f e c t  on the value o f  K with only a 

negl ig ib le  effect on the concentration o f  the major component. 
I t  

A t  a theoret ical  level ,  the laboratory model represents an approach 

toward equi l ibr ium' through the process o f  dissolution.' This displaces the 

subsequent Ca*:HCOs r a t i o  toward 1:2, i r respect ive o f  the s ta r t i ng  condi- 

tions. By contrast, i n  the case o f  f lashing geothermal brine, the new chemi- 

cal  equi l ibr ium i s  approached through a process o f  deposition. This f a c t  of 

l i f e  'displaces the subsequent Ca*:HCOs Although the [pre- 

sumption of ]  1:2 proportions i n  the incremental and overa l l  Caw and HC03 

concentrations i s  appropriate f o r  the laboratory context o f  c a l c i t e  dissolu- 

t i o n  it i s  not appropriate f o r  the f i e l d  conditions and deposition i n  an open 

system. Thus, even though carbonate reactions are i n t r i n s i c a l l y  f a s t  enough 

tha t  equi l ibr ium i s  an acceptable approximation, not a l l  the co ro l l a r i es  o f  

equi l ibr ium can be u t i l i z e d  i n  se t t i ng  up the mathematical models. Unfortun- 

ately, t h i s  over-simp1 i f  i c a t i o n  current ly  i s entrenched i n the geochemical 

' 

- 
r a t i o  f rom 1:Z. - 

1 i terature (see f o r  example, Refs. 69-71). 

111-8-3. Available Geochemical Models 

With the 1 imitat ions o f  computational models f o r  analysis o f  geochemical 

systems i n  mind, i t  i s  appropriate t o  consider avai lable computational capa- 

b i l i t i e s .  I n  t h i s  section, a tabulat ion o f  modeling capabi l i t ies  i s  provided. 

Application o f  these models must be ca re fu l l y  considered i n  terms of the 

conditions f o r  which the models were o r i g i n a l l y  intended t o  deal w i th  and the ' 

par t icu lar  appl icat ion t o  which they are t o  be applied. 

111-8-3a. Geochemical Models - Computer codes f o r  the ca lcu lat ion of reser- 

vo i r  chemistry based on chemical analysis o f  surface samples and estimates o r  

measurements o f  t o t a l  enthalpy are described i n  Refs. 72-75. 
The code dei 
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w scribed i n  Refs. 72 and .73 provides. a capabi l i ty  f o r  ca lcu lpt ing I, Seservoir : ‘ I >  
1 . .  . I 2 1  . . 

temperature, pH, gas pressure and i a c t i v i t i e s  i,f the speci f ic  enthqlpy o f  

the t o t a l  production ( l i q u i d  + gas) and chem o f  ,the, produced 

water and gas, col lected a t  known pressures, are available. 

given the a v a i l a b i l i t y  o f  s ingle phase l i q u i d  sample obtained w i t h - a  down- 

hole sampler, the code calculates reservoir chemistry and propertfes without a 

measured o r  estimated value f o r  t o t a l  enthalpy. 

. . ! I  

1 ,  

A l t e y  
8 . , e  

t . 

. I  > I .  

The computer code described i n  Refs. 74 and 75 i s  a large data .base w i t h  

the fo l lowing capabi l i t ies.  *. ‘ . 

4’1 1. 

2. Calculates downhole (reservoir) chemistry, temperature, chemical 

3. 

Stores steam and br ine analyt ical  data i n  d i sk  f i l  

rat ios,  gas pressures and speci f ied chemical e q u i l i b  

Generates tables and graphs o f  input data and calcul  

111-8-3b. S i l i c a  Geochemical Model - mputer code ca l l ed  SILNUC, described 

i n  Refs. 2 1  and 76, models the homogeneous nucleation and growth o f  co l l o ida l  

pa r t i c l es  o f  amorphous s i l i ca .  The code i s  applicable t o  150OC and p” values 

o f  8 o r  less. The code accounts f o r  base and f l uo r ide  cata lys is  o f  monomeric 

s i l i c a  polymerization. Scale deposition rates are not comp ed. The code 

assumes t h a t  the br ine so lut ion consist o f  sodium chloride, sodium f l uo r ide  

and dissolved s i l i c a  ( i n i t i a l l y  present as the monomer). More complex br ine 

solut ions are accounted f o r  by f i r s t  computing an equivalent sodium chlor ide 

concentration which i s  equal t o  the molar concentration o f  chlor ide and bicar- 

bonate a t  room temperature. A complete descr ipt ion w i t h  h i s to ry  o f  the code, 

which i s  w r i t t e n  f o r  the MNF4 FORTRAN Compiler and the CDC 7600 computer, i s  

provided i n  Ref. 76. 

Type curves for manually computing polymerization behavior o f  dissolved 

s i l i c a  are provided i n  Ref. 24. This reference provides empirical equations 
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f o r  calculating molecular deposition rates o f  s i l i c a  as a function o f  s i l i c a  
' I  

concentration a t  temperatures t o  15OoC and sodl um chloride concentrations up 

t o  1 M (mol/kg). 

111-8-3c. 

estimation procedures f o r  evaluating production reservoir temperatur 

vided i n  Chapter I V .  The interested reader should also review Refs. 77 and 

78. 

111-8-3d. Thermodynamic Equilibrium Codes - A comparative discussion o f  

equil ibrium models i s  provided i n  Ref. 67. These codes calculate d is t r ibut ion 

and ac t iv i t ies  o f  dissolved species on the assumption that  thermodynamic 

equi 1 i b r i  um i s  a t ta i  ned i n  the aqueous phase. Cal cul at1 on o f  sped a t i  on then 

permits consideration o f  complex interactions between 1 iquids, gases, and 

reservoir rocks and the effects o f  these interactions on l i q u i d  and gas chem- 

Estimatiqn Procedures f o r  Reservoir Temperature - A description o f  

I 

i s t ry .  

Jackson[79] described a predict ive model f o r  calculat ing noncondensable 

gas composition, brine pH and concentrations o f  scale-forming species i n  brine 

given the calculated reservoir brine chemistry and steam-flash history o f  the 

brine. The data f o r  equilibrium constants and ac t i v i t y  coeff icients needed t o  

model scale formation were extrapolated from data i n  Ref. 80. 

M i  1 l e r ,  e t  al. [81] describe an attempt t o  u t i 1  i t e  the Helgeson-Herrick 

equilibrium code t o  predict precipi tat ion o f  scale forming species f rom hyper- 

saline brine. The code predicted, f o r  a given s e t  o f  conditions, a much 

larger number of precipi tat ing phases than actual ly observed. I n  a qualita- 

t i ve  sense, the code provided some indication o f  brine behavior a t  changing 

temperature, pressure and pH conditions especially f o r  sul f ide phases. Pre- 

dictions of s i l i c a  behavior were not closely related t o  observations o f  actual 

precipi tat ion reactions. 
1 
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W WoleryC65, 823 describes the capabilities of a complex equilibrium code 

that can be used to predict the ramifications of heating or cooling of an 

aqueous solution and solution-rock interactions. The code predicts lnineral 

phase precipitation reactions and the quantity of mineral phases that precipi- 

tate. . An example is presented in Ref. 65 that describes the consequences of 
I 

reheating Salton Sea water to 22OOC as part o f  an evaluation of the use of 

Salton Sea water as a source of injection make-up water. The EQ 3/6 code 

developed by Wolery is presently used in the assessment of underground storage 

of nuclear waste. The data base has been significantly extended and work is 

proceeding to provide kinetic data for modelling of reaction rates. 

Shannon, et al.[57] and Lessor and Kreid[83] describe what is perhaps, at 

the present time, the most complete integrated computational package for the 

description of geothermal chemistry and scal ing reactions. The code consists 

of four parts as follows: 

0 EQUILIB - provides chemical equilibrium computations for a brine as 
a function of thermodynamic state 

0 FLOSCAL - provides kinetics of deposition and corrosion processes 
0 PLANT - provides a steady-state geothermal power plant model with 

0 GEOSCALE - is an executive routine that calls the other codes to 

for specified flow geometry and conditions 

provision for scale specifications at key points 

generate a time-dependent geothermal power plant model 

Ref. 83 provides examples of the application of the code. Simulation of 

hypersaline brine scaling processes must re1 ie upon approximations for equi- 

librium constants, activity coefficients and reaction rates since experimental 

data are lacking. Calibration o f  the code based on carefully controlled field 

experiments is one method that could significantly improve the site specific 

predictive capabilities of the codes in those instances where experimental 
W 
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data needed t o  describe the thermodynamic behavior o f  a geothermal f l u i d  are 

cj lacking. Refs. 85 and 86 describe a new approach t o  the predic t ion o f  mineral 

s o l u b i l i t i e s  a t  high i o n i c  strength (<20 - m) and temperatures t o  300OC. 

III-8-3e. Carbonate Scaling E q u i l i b r i a  - Calculat ion o f  CaC03 saturat ion i n  

br ine solut ions a t  elevated temperature and pressure i s  described i n  Ref.. 84. 

The method i s  an extension o f  the Langelier and St i f f -Davis  techniques for 

ca l  cul  a t i  ng a carbonate saturat ion i ndexC87-881. The new method described i n  

Ref. 84 permits ca lcu lat ion o f  saturat ion index and pH a t  elevated temperature 

and pressures without the need f o r  a c t i v i t y  coef f ic ients .  Examples of the 

appl icat ion o f  the new method are provided. 

Application o f  the Langlier saturat ion index t o  the predic t ion o f  carbon- 

ate and su l f ide scale formation i s  described i n  Refs. 89 and 90. Ref. 90 

provides excel lent  i n s t r u c t i v e  examples o f  the u t i l i z a t i o n  o f  t h i s  r e l a t i v e l y  

simple method f o r  p red ic t i ng  scale formation a t  modest temperatures and sa l in-  

i t i e s .  
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IV. PROCESSING SPENT BRINE FOR REINJECTION W 

IV-1. Chapter Summary 

Subsurface disposal of spent brine effluents will, in most instances, be 

a necessary part of hydrothermal resource exploitation. A1 though a 1 arge body 

of technical literature and practical experience has been generated in con- 

junction with "conventional" oil-field and industrial operations, field geo- 

thermal requirements can be more stringent owing to chemical instability o f  

injected fluids. Nonetheless, methods developed, primarily in the oil fields, 

for assessing injection requirements, specifying and operating 

systems and evaluating reasons for injection well failure and implementing 

injection we1 1 restoration procedures are we1 1 documented and compatible with 

geothermal operational requirements. Technology developed primarily for 

municipal water treatment facilities, especially reaction clarification and 

filtration methods are also applicable and amenable to geothermal operations. 

In general, geothermal fluids must be stabilized prior to injection to 

eliminate possibilities of post-injection generation of precipitates or scale 

deposits. All treatment methods should be designed to provide a stable efflu- 
ent for injection. Removal of suspended particulates may be insufficient if 

the injected fluids react with in-situ reservoir fluids or forms extraneous 

precipitates or solids due to delayed reactions resulting from slow precipita- 

tion of dissolved species such as iron or silica. Oxidation of iron-bearing 

fluids can be quite damaging as hydrated iron oxides are among the most damag- 

i ng particulates. 

This chapter considers methods for assessing the compatibility of injec- 

ted effluents with injection formations as well as methods of treating efflu- 

ents to render them compatible with the injection formation. Emphasis is W 
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CJ placed on describing methods fw assessing 7Tuid i n j e c t a b i l i t y .  Descriptions 

o f  the most l i k e l y  methods f o r  t r e a t i n g  ef f luents ,  t h e i r  operational charac- 

' t e r i s t i c s  and methods o f  evaluating system performance are also provided. 

IV-2.  Introduct ion 

O i l  f i e l d  i n j e c t i o n  pract ice has been marized by Campbell , e t  a l l .  

The petroleum industry has been i n j e c t i  

f o r  more than 45 years. It has been han 45,000 br ine 

i n j e c t i o n  wel ls were i n  operation within t a l  United' States i n  

1978*. O f  these, over 20,000 wel ls were i n  

o f  sat is factory  and successful i n s t a l l a t i o n s  o f  high-volume deep-injection 

wells i s  growing a t  an increased rate. The popu i t y  o f  underground in jec-  

t i o n  and storage has increased substant ia l ly  i n  the l a s t  few years as petro- 

leum and i n d u s t r i a l  operations have become more complex and as state and 

federal agencies have imposed more s t r ingent  surface water qual i ty  require- 

ments and regulatory c r i t e r i a .  

Conventional we1 1 i n j e c t i o n  systems, however, have t h e i r  1 imitat ions.  

A l l  areas o f  the United States are not su i tab le f o r  i n j e c t i o n  wel l  systems. 

Experience has shown t h a t  the subsurface geological condit ions necessary for 

economically v iab le waste i n j e c t i o n  systems are 'tones o f  s u f f i c i e n t  perrheabil- 

i t y  and hydraul ic capacity t o  read i l y  accept the volume t o  be injected. Such 

geological condit ions are found i n  about one-half of the land area o f  the 

United States, predominantly i n  the Central Plans states and the coastal areas 

of the Southeast. These i n j e c t i o n  systems are heavi ly concentrated i n  the 

northcentral and Gulf Coast areas of the United States. 

I n  the e n t i r e  Gulf Coast region of Texas and Louisiana, there i s  a mini- 

mum o f  1000 f e e t  o f  h igh ly  permeable sandstone in terva ls  w i th in  the zone 

between 2000 and 6000 f e e t  deep, Extensive exploratory d r i l l i n g  i n  t h i s  re- 
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gion has y ie lded s u f f i c i e n t  subsurface Snformation t o  permit adequate mapping 

o f  subsurface s t ructure and general reservoir  character is t ics  

information i s  a lso avai lab le t o  establ ish, w i t h i n  reasonable l i m i t s ,  the 

ant ic ipated d r i l l i n g  conditions. Thus, i n j e c t i o n  pract ice f o r  Gul f  Coast 

l y  if i n j e c t i o n  

o f  spent f l u i d s  i s  planned f o r  r e l a t i v e l y  shallow, normally pressured forma- 

W 

ppl  i cat1 ons i s we1 1 devel oped espec 

t ions. The s i t u a  entional hydrothermal resources character- 

i s  less certain. Some o f  these resources 

may be character iz of high matr ix permeabil i ty such as the 

ber Knohn Geothermal Resource Area (KGRA) and the shallower port ions o f  the 

East Mesa KGRA i n  So a's Imperial ey. However, many of the 

high temperature hydrothermal reservoirs are e i t h e r  f racture dominated o r  are 

characterized by a combination o f  f racture and matr ix permeabil ity. O i l  f i e l d  

i n j e c t i o n  experience'with these types o f  reservoirs i s  less abundant given the 

e f fec ts  o f  high i n - s i t u  temperatures and po ten t i a l  chemical i n s t a b i l i t y  o f  

spent geothermal f 1 u i  ds. 

It i s  nonetheless i n s t r u c t i v e  t o  consider t h a t  high-volume subsurface 

i n j e c t i o n  has been frequently demonstrated i n  the o i l  f i e lds .  This i s  an 

important observation given t h a t  geothermal production rates f o r  e l e c t r i c  

power production appl icat ions can be enormous, thereby imposing a c r i t i c a l  

demand on the a v a i l a b i l i t y  o f  a high e f f i c i ency  r e i n j e c t i o n  system. High- 

volume i n j e c t i o n  has been frequent ly demonstrated i n  the Gulf Coast region. 

There are several examples o f  ind iv idual  w e l l  i n j e c t i o n  rates o f  35,000 bbl/d 

o r  morel. Over 75 act ive i n j e c t i o n  wel ls i n  Louisiana have had i n j e c t i o n  

rates o f  over 25,000 bbl/d'since 1968. 

Most high-rate i n j e c t i o n  systems have been proper ly designed and operated. 

Several high-volume i n j e c t i o n  wel ls have been f a i l u r e s  as a r e s u l t  o f  poor 
W L 

I V-3 



id knowledge of the subsurface conditions, such as low sand/shale ra t ios  and 

faulting of the selected injection intervals. Poor well design and construc- 

tion are also indicated factors i n  subsequent well failures3. In addition, a t  

least  25 percent of high rate  wells have been plugged and abandoned because of 

improper or nonexistent surface treatment f ac i l i t i e s .  I n  general, i t  has 

seldom been possible t o  inject  large volumes of u n t  ted brine over an ex- 

tended period. Thus ,  pretreatment such as surface f i  1 t ra t ion i s  universally 

accepted by the o i l  industry as one of the most important requirements t o  

insure success of a brine injection program. 

Injection well l i f e  is normally a function of the ab i l i t y  of the operator 

t o  backwash, acid t r ea t ,  or perofrm other remedial operations to  maintain or 

improve the injectabi l i ty  of  the injection interval4. I n  almost a l l  cases 

regarding brine injection i n  Texas and Louisiana, pretreatment of brine and 

backwashing operations are common practices. The formations i n  the area have 

the capability of accepting large quantities of brine. The principal opera- 

manner, individual injection zones 

fluids for more than 10 years. 

Data from nearby wells i n  a reg 

tional objective i s  to  maintain the permeability in and around the wellbore. 

Backwashing of the injection interval i s  periodically accomplished i n  a l l  

successful operations and is routinely i n i  t ia ted when we1 1 head pressures 

increase to  a predetermined level. W i t h  backwashing performed i n  a proficient 

have been known t o  accept high-vol ume 

on of interest  are useful for  anticipat- 

ng conditions and injection well design planning. Specific reser- 

are normal ly obtained from a1 1 prospective interval s before casing 

the i n i t i a l  well dri l led.  In addition t o  logging, core samples are 

required to  establish reservoir characterist ics throughout the proposed injec- 

tion zone or zones. The samples are normally analyzed for  sand grain s i t e ,  

ing d r i l l  

vo i r  data 

is  se t  i n  
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permeabi l i ty ,  porosi ty,  and s i l t  and c l a y  contents. Formation f l u i d  samples 

must a lso be taken f o r  compa t ib i l i t y  studies. F l u i d  samples are taken before 

any i n j e c t i o n  by backwashing o r  by producing the wel l  t o  obta in  a s u f f i c i e n t  

volume o f  uncontaminated formation water. Fol lowing an i n i t i a l  backwash 

operation, a s t a t i c  bottomhole pressure i s  general ly measured w i t h  a pressure 

bomb in.  the hole a f t e r  the f i n a l  i n j e c t i o n  test .  Based on these data, the 

i n i t i a l  f low capaci ty o f  the we l l  i s  determined f o r  evaluat ing fu tu re  w e l l  

performance. Potent ia l  i n j e c t i o n  reservo i rs  are selected from an evaluat ion 

o f  engineering and geological data obtained a f t e r  the f i r s t  t e s t  i n j e c t i o n  

wel l  o f  the f i e l d  i s  d r i l l e d .  

The deepest zone penetrated by the t e s t  w e l l  i s  usual ly  selected as the 

i n i t i a l  i n j e c t i o n  zone. This procedure al lows recompletion i n  the next shal- 

lower zone i f  performance o f  the deeper zone deter iorates because o f  formation 

damage o r  excessive i n j e c t i o n  pressures. The second wel l  d r i l l e d  might be 

completed i n  the next sand above the deepest zone i n i t i a l l y  completed, depend- 

i n g  on the distance between wel ls  and other factors.  This procedure a lso 

a1 lows f o r  secondary completion zones, i f  required. Economic considerations 

must be made, however, because we l l  cost  depends d i r e c t l y  on w e l l  depth. 

The volume of f l u i d  t o  be i n j e c t e d  and the estimated i n j e c t i o n  pressure 

d i c t a t e  the diameter o f  the tub ing required. The tub ing mater ia l  should be 

corrosion res is tant .  I n  conventional o i l  f i e l d  i n j e c t i o n  wel ls  where h igh 

temperatures are not  a consideration, the annular space between the tub ing and 

the casing i s  f i l l e d  w i th  a noncorrosive f l u i d .  Clean b r i n e  w i t h  a corrosion 

i n h i b i t o r  add i t i ve  i s  a commonly employed annular f l u i d .  The use o f  a screen 

and/or l i n e r  and packer i s  the prefer red completion p rac t i ce  i n  the Gul f  Coast 

region because it provides minimum pressure and f low r e s t r i c t i o n  t o  the f l u i d  

i n jec t i on .  The gravel pack design r e s t r i c t s  formation sand from caving and 
W 
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e l l -  dur ing remedial back- f l  h ing operations. The use of a 

packer a1 lows. p o s i t i v e  pressure contro l  and keeps i n j e c t i o n  pressure away from 

asing. .The annular pressure i s  not  constant since the i n j e c t i o n  tubing 

i s  gubject. t o  expansion and contraction, and temperature and pressure change. 

It Ys *general ly desirable t o  maintain annular pressure a t  a f ixed d i f f e r e n t i a l  

above i n j e c t i o n  pressure (100 ps i ,  f o r  example). The physical  condi t ion o f  

the tubing i s  o f  c r i t i c a l  importance i n  a l l  successful i n j e c t i o n  programs 

inVol v i  ng*torros'ive f l u ids .  

Proper se lect ion o f  d r i l l i n g  mud i s  extremely important t o  minimize hole 

washout and formation damages. The mud should have s u f f i c i e n t  water loss t o  

maximize hole support bu t  should not  excessively invade and damage a p o t e n t i a l  

i n j e c t i o n  format i  on. 

A f a c t o r  t h a t  must be considered i n  d e t a i l  dur ing the e a r l y  stages o f  a 

b r i ne  i n j e c t i o n  program i s  the q u a l i t y  o f  the b r ine  t o  be in jected. Sol ids 

content, chemical s t a b i l  i ty, temperature and pressure condit ions, and corro- 

s ion and scal ing p o t e n t i a l  must be establ ished t o  determine the r e l a t i v e  

compa t ib i l i t y  between the formation f l u i d  and the b r i n e  t o  be i n j e c t e d  and 

between the b r ine  and the we l l  equipment w i t h  which the b r ine  w i l l  be i n  

contact. I n j e c t i o n  f l u i d  compatabi l i ty  w i t h  the indigenous formation f l u i d  i s  

mandatory t o  avoid subsequent formation plugging6. Casing and cementing 

programs. must be designed t o  meet corrosion p ro tec t i on  requirements. Corro- 

s ion p ro tec t i on  i s  normally planned and designed t o  p r o t e c t  both surface and 

downhole equipment'. 

A surface f i l t r a t i o n  system i s  required when f l u i d  i n j e c t i o n  i s  a n t i c i -  

pated i n  a porous medium reservoir .  I n  a f ractured reservoir ,  however, f i l -  

t r a t i o n  may not be required. The funct ion o f  a f i l - t e r  system i s  t o  t r a p  

sol ids. Hence, per iod ic  backwashing o f  the surface f i l t e r  system removes the 
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trapped sol ids before such sol ids can enter the i n jec t i on  well  and seriously 

reduce in jec t i on  capacity. It should be' emphasized that  backwashing o f  the 

u s u r f a c e  f i l t e r  system, o r  even replacing it, i s  economically preferable t o  

backwashing the formation. A surface f i l t e r  i s  easier t o  clean than a plugged 

in jec t i on  in te rva l  thousands o f  feet  below the surface. The 'formation i s  the 

f i na l  f i l t r a t i o n  system, and i t s  functional longevity depends d i r e c t l y  on the 

extent t o  which sol ids have been removed a t  the surface v ia  f i l t r a t i o n  sys- 

tems. 

I n  considering surface f i  1 t r a t i o n  system requirements, two major features 

are examined: 1) the maximum p a r t i c l e  dimensions the i n jec t i on  formation w i l l  

accept, and 2) the maximum tota l -so l ids content t ha t  the surface f i l t r a t i o n  

system i s  capable o f  removing economically. The design o f  the surface f i l t r a -  

t i o n  system i s  also af fected by the fol lowing factors: 

1. physical character ist ics of the sol ids contained i n  the br ine both 
before and a f t e r  surface f i l t r a t i o n ;  

2. 

3. 

4. 

5. 

density o f  the sol ids i n  the brine; 

chemical character ist ics of the br ine (e.g.', pH, sa l i n i t y ,  dissolved 
species, etc. ); 

volume o f  f l u i d  t o  be injected; and 

f i 1 t r a t i o n  temperature. 

Surface f a c i l i t i e s  are designed so a nonplugging, compatible f l u i d  i s  

in jected i n t o  the target  formation or  sections thereof. The fol lowing subsys- 

tem design features are normally incorporated i n  br ine i n jec t i on  systems: 

1. 

2, 

3. 

'Bd 

closed system wi th  oxygen scavengers ( t o  remove O2 from the br ine and 
control corrosion o f  p ip ing and tubing); 

gas separation ( t o  prevent two-phase segregation i n  the 1 n jected 
formation) ; 

chemical treatment ( t o  reduce 1 ncompati b i  1 i ty between formation 
brine'and matrix and the br ine t o  be injected); 
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‘4. f i l t r a t i o n  t o  reduce so l i ds  content o f  b r i ne  t o  be in jected; 

hemical treatment ( t o  improve b r i n e  f i l t r a t i o n  character ist ics);  

i .  
I 6. , equipment u t i l i z i n g  corrosion r e s i s t a n t  mater ia ls  ( to increase w l l  

’ - systems longevi ty  and maintain formation i n j e c t a b i l i t y ) .  

i t y ,  i n j e c t i o  ressure, temperature, corrosion i n h i b i t o r s ,  and 

u s t  be r igorous ly  monitored i n  both surface and downhole 

be reemphasized t h a t  the formation i s  the f i n a l  f i l t r a t i o n  

u t i l i t y  i n  add i t i on  t o  the longevi ty  and u t i l i t y  

o f  the i n j e c t i o n  wel l  equipment are so le l y  dependent on the character is t ics  o f  
c 

the f l u i d s  t o  be i n jec ted  and the so l i ds  they contain. Surface systems de- 

signed t o  reduce sol  i d s  content are p e r i o d i c a l l y  backwashed whi le subsurface 

systems, which include the screened o r  per forated i n t e r v a l s  o f  the wel l  struc- 

t u r e  are backwashed o r  acidized only as a f i n a l  attempt t o  improve i n j e c t a b i l -  

i t y  and t o  prolong the funct ional  l i f e  o f  the system. The most economically 

f eas ib le  surface f i l t r a t i o n  systems w i l l  pass c e r t a i n  quan t i t i es  o f  so l i ds  

w i t h  time, r e s u l t i n g  i n  plugging t h a t  cannot be removed v i a  backwashing o r  

acidiz ing.  

I n  general, the capaci t ies o f  i n j e c t i o n  wel ls  deter iorate w i t h  time. 

This i s  usual ly the r e s u l t  of plugging i n  the formation w i t h  mineral p r e c i p i -  

tates,  so l ids and w i t h  other mater ia ls ca r r i ed  i n  the water a f t e r  surface 

f i l t r a t i o n  systems have e i t h e r  f a i l e d ,  o r  have been improperly maintained o r  

have been bypassed dur ing downtime o f  f i  1 t r a t i o n  systems. 

Scale deposits i n  the tubing have been shown t o  increase the f r i c t i o n  and 

reduce the capacity o f  i n j e c t i o n  w e l l  systems. Case h i s t o r i e s  repo r t  t h a t  

scale deposits have been found i n  c e r t a i n  pa r t s  o f  wel ls  exposed t o  br ine,  

!.e., on tubing i n t e r i o r ,  on screens, and on the face o r  within the i n j e c t i o n  

formation. This can be a r e s u l t  o f  the commingling of two o r  more br ines of 

d i f ferent  chemical compositions o r  as a r e s u l t  o f  changes i n  temperature o r  

IV-8 



'pressure o r  both. Solpe o f  these deposits are calcium carbonate, introduced o r  

u r e c i p i t a t e d  i r o n  oxide, i'ron sulf ide, s i l i ca ,  barium sulfate, strontium sul- 

fate, calcium sulfate, and various other forms, some of .which are  precipi tated 

as a resu l t  o f  bacter ia l  a c t i v i t y  (e.g., i r o n  oxidiz ing and sulfate-reducing 

species) 

Comprehensive and accurate records and appropriate supervision, such as 

mai n t a i  n i  ng accurate i n jec t i on  ra te  and pressure i n f  ormati on' i s normal l y  

pract iced t o  monitor formati on response characterist ics. For example, when 

in jec t i on  pres 

taken. 

ises t o  a predetermined level ,  immediate act ion should be 

Remedial expense can be minimized by backwashing or  ac id iz ing before 

serious formation plugging has occurred. Thus , expensive workover operations 

can be general ly 'el iminated. The potent ia l  f o r  scal ing can be estimated by 

previously conducted compat ib i l i ty  t e s t s .  Once the re la t i ve  potent ia l  i s  

established, a remedial program can be designed and implemented i f  required. 

This predetermines the probable method f o r  t rea t ing  the w e l l  and of ten elimin- 
. 

ates t r ia l -and-error remedial methods. Without sound base1 i ne data on or ig in-  

a l  physio-chemical conditions o f  the br ine t o  be in jected andbof the environ- 

ment i n t o  which the br ine i s  t o  be injected, remdial programs must o f  neces- 

s i t y  be based on t i m e  consuming and cost ly  t r ia l -and-error methods. 

Formation backwashi ng i s  the normal response t o  decl i ni  ng in jectab i  1 i ty. 
c 1  

Nitrogen or  compressed a i r  l i f t  t o  create high-velocity backwashing i s  i n  

common use. I f  the in te rva l  i s  r e l a t i v e l y  shallow and i f  the casing i s  of 

su f f i c ien t  diameter, submergible pumps can be employed t o  achieve cleaning. 

Excellent resul ts  have been achieved by backwashing w i th  compressed a i r .  The 

effectiveness o f  such workovers, however, cannot be established as long as 

brine wi th  high sol ids content i s  in jected a f t e r  a workover has been completed. 
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A common chemical workover technique i s  the i n j e c t i o n  and backwashing o f  

hydrof luor ic  or- hydrochlor'ic acids i n  an attempt t o  improve we l l  i n j e c t a b i l i t b  

This technique assumes t h a t  the deposits are acid-soluble and are t rea ted  i n  

the e a r l y  stages o f  formation plugging. Hydrof luor ic  o r  mud ac id  w i l l  d i s -  

solve c lay  and mud around the i n j e c t i o n  wel l .  Special addi t ives can be used 

w i t h  the ac id  t o  prevent the dissolved mater ia l  from p r e c i p i t a t i n g  and being 

redeposited i n  the formation. Sulfates o f  barium, strontium, calcium, and 

e i r o n  are general ly inso lub le i n  acid and must be removed mechanically. There- 

fore, i t  i s  necessary t o  ensure t h a t  such minera l izat ion does not occur 

the wel l  s t ructure o r  formation. 

The recommended types and sizes o f  ac id  treatment methods vary i n  d i f f e r -  

ent  areas and geological conditions. Experience and l o c a l  condi t ions deter- 

mine the remedial procedures best su i ted f o r  a p a r t i c u l a r  wel l .  

Where the formation o r  gravel pack face i s  severely plugged, t r e a t i n g  

with a c i d  through a j e t '  t o o l  i s  normally more bene f i c ia l  than w i t h  convention- 

a l  and ac id  backwashing techniques. The e n t i r e  length o f  the zone i s  t rea ted  

w i t h  acid, and the p o s i t i o n  o f  the j e t s  i s  adjusted from the bottom t o  the top 

of the i n j e c t i o n  interval ' .  This procedure i s  advantageous i n  cased hole 

completions where scale o r  deposits may form i n  the screen o r  per forat ions and 

cannot be reached by other mechanical means. 

Acid i s  normally pumped w i t h  a pump pressure o f  1000 p s i  o r  more i f  

condi t ions warrant. Normal ac id  concentrations o f  15 percent are used f o r  

j e t t i n g  purposes. Sometimes i t  i s  more advantageous t o  use large volume 

treatments. The concentrat ion may be reduced and the volume increased f o r  

.I approximately the same t r e a t i n g  cost  as a smaller more concentrated treatment. 

This procedure i s  o f ten  more successful than h igh concentrat ion appl icat ions.  

Ac id iz ing may be i n e f f e c t i v e  i n  improving the i n j e c t a b i l i t y  o f  a w e l l  be- 

cause o f  the inso lub le cha rac te r i s t i cs  o f  the plugging materials. Overpres L, 
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volume treatments and h igh i n j e c t i o n  rates. 

o f  corrosion products t h a t  could p lug the 

i n  t r e a t i n g  i n j e c t i o n  wells. It i s  apparent a t  t h i s  time t h a t  some advantage 

may be obtained from the seques r i n g  and surface-tension reducing .character- 

i s t i c s  inherent i n  c e r t a i n  chemicals under development. 

From the preceeding discussion i t  might be concluded t h a t  planning and 

execution o f  i n j e c t i o n  programs i n  modern o i l - f i e l d  operations i s  a we l l  

developed a r t  and t h i s  i s  c e r t a i n l y  the case. Ho ver, a cursory.  review of 

the l i t e r a t u r e  reveals t h a t  as recent ly  as 1963 i n s u f f i c i e n t  a t ten t i on  was 

pa id  t o  proper design o f  o i l  f i e l d  i n j e c t i o n  operations w i t h  r e s u l t i n g  s ign i -  

f i c a n t  i n j e c t i o n  we l l  fmpairments. The s t r i ngen t  requirements f o r  development 

o f  an adequate treatment system f o r  processing of sea-water as an i n j e c t i o n  

' -  f l u i d  i n  an of fshore pressure maintenance p r o j e c t  i s  i l l u s t r a t e d  i n  Figure 

'ted 
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IV-1 .  The various elements o f  t h i s  system include primary and secondary 

1. 

2. 

3. 

4. 

5. 

f i l t r a t i o n  uni ts,  a biocide treatment u n i t  and a corrosion i n h i b i t o r  i n j e c t i o n  

un i t .  The steps t h a t  must be completed t o  permit design o f  a system o f  the 

type i l l u s t r a t e d  i n  Figure I V - 1  are the subject o f  the remainder of t h i s  

chapter. Emphasis w i l l  be placed on those aspects o f  i n j e c t i o n  technology 

most per t inent  t o  hydrothermal operations. 

IV-3. Geothermal I n j e c t i o n  Experience - A Review 
* 

I n  1982, ' f i v e  hydrothermal resources were i n  production i n  Japang. Spent 

ed. The 3apanese geothermal produc- 

uid-dominated opera g resources i n  

the world. A t  four of the f i ve  reswrces, fracture-dominated reservoirs 

caused rap id  breakthrough o f  cool in jected waters t o  production wel ls resu l t -  

i ng  i n  a detrimental impact on production water enthalpy. Aside from provid- 

i ng  a convenient means f o r  the disposal o f  large volumes o f  waters not compat- 

i b l e  w i t h  surface disposal methods, water r e i n j e c t i o n  provides the po ten t i a l  

f o r  maintenance o f  reservoir  pressure and recovery o f  addi t ional  heat stored 

i n  the reservoir  formations. Horneg has summarized the Japanese geothermal 

i n j e c t i o n  experience as follows: 

Breakthrough o f  cool in jected f 1 uids t o  production we1 1 s , separated 
by distances o f  hundreds o f  meters, has been observed t o  occur 
w i t h i n  a few hours t o  a few days a t  Wairaikei (New Zealand), Ahua- 
chapan ( E l  Salvador) , and Kakkonda and Hatchobaru (Japan). 

Reinject ion wel ls and production wel ls should be s u f f i c i e n t l y  f a r  
apart t o  precl  ude premature thermal breakthrough. 

Ver t ica l  separation o f  production and r e i n j e c t i o n  wel ls does not  
precl  ude premature thermal breakthrough. 

L imi t ing thermal breakthrough should take precedence over pressure 
mai ntenance programs. 

S u f f i c i e n t  exploratory d r i l l i n g ,  geologic and geophysical work and 
prel iminary w e l l  t e s t i n g  should occur t o  def ine the subsurface f low 
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Figure I V - 1 .  Injection unit schematic diagram. 
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paths i n  f rac tu re  dominated reservo i rs  before committing t o  the 
construct ion o f  an operational i n j e c t i o n  system. 

A1 though thermal breakthrough problems are a major concern i n  i n j e c t i o n  

operations a t  Japanese geothermal resources, impairment o f  i n j e c t i o n  we1 1 s due 

t o  scale deposi t ion has also been experienced. The Hatchobaru f a c i l i t y  in- 

c l  udes a double-stage f l a s h  system t h a t  produces r e l a t i v e l y  low temperature 

e f f l uen ts  f o r  re in jec t i on .  I n j e c t i v i t y  decl ines have been experienced due t o  

s i l i c a  deposition. S imi lar  problems have been experienced a t  Otabe. The 

Otabe f l u i d s  contain arsenic which necessitates re in jec t i on .  I n j e c t i v i t y  loss 

due t o  s i l i c a  deposi t ion w i l l  requi re  wastewater treatment f a c i l i t i e s  t o  

remove excess s i  1 i ca Work on development o f  e f f e c t i v e  arsenic removal methods 

i n  t h i s  instance would e l iminate the environmental mot ivat ion f o r  subsurface 

disposal. Thus, a t  Otabe, pressure maintenance has been subjugated by the 

economi c rea l  i ti es associated w i th  wastewater treatment needed t o  prevent 

l o s s - o f - i n j e c t i v i t y  due t o  mineral deposition. The fore ign geothermal i n jec -  

t i o n  experience i s  summarized i n  Refs. 10-26. 

The high temperature hypersaline 1 iquid-dominated resources o f  the Imper- 

i a l  Val ley o f  southern Ca l i f o rn ia  are extremely important since they represent 

the greatest  e l e c t r i c  power production p o t e n t i a l  o f  any U. S. hydrothermal 

resource. I n j e c t i o n  o f  spent hypersaline b r ine  has proven t o  be d i f f i c u l t .  

Messer, e t  a1.27 described the successful use o f  a mixed a c i d  treatment pro- 

gram t h a t  restored i n j e c t i v i t y  impairment caused by deposi t ion o f  s i l i c a .  

JordaZ8 described i n j e c t i v i t y  impairment o f  a hypersal ine b r i n e  i n j e c t i o n  w e l l  

located i n  the Salton Sea KGRA, southern Cal i forn ia .  This we l l  was u l t i m a t e l y  

abandoned by the operator, Imperial  Magma Power Co. Operation o f  low s a l i n i t y  

i n j e c t i o n  wel ls  a t  the Raf t  River KGRA has also been problematic. But, i n  

t h i s  case, d i f f i c u l t y  was due to '  reservo i r   constraint^^^. Shallow i n j e c t i o n  
i 
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we l l s  a t  Ra f t  River apparently are i n  hydraul ic communication w i th  over ly ing 

I n j e c t i o n  

i n t o  these wel ls  r e s u l t s  i n  contamination o f  the over ly ing aquifers. Deeper 

i n j e c t i o n  wel ls  tap a rese rvo i r  o f  apparently l i m i t e d  volume. Estimates 

suggest t h a t  b r i n e  i n j e c t i o n ,  a t  a r a t e  o f  2500 gpm, i n t o  the deeper rese rvo i r  

might only be possible f o r  two t o  fou r  months before rese rvo i r  pressure would 

b u i l d  up and exceed the f r a c t u r i n g  gradient. 

u a q u i f e r s  t h a t  are tapped l o c a l l y  as a source o f  a g r i c u l t u r a l  water. 

General geothermal i n j e c t i o n  p rac t i ce  i n  the  past has been somewhat l a x  

w i t h  regard t o  i nsu r ing  trouble-free operation. Most experience i n  the  United 

States w i t h  subsurface i n j e c t i o n  has taken place i n  conjunction with resource 

evaluat ion operations. Comprehensive treatment o f  spent geothermal f l u i d s ,  

consistent with o i l - f i e l d  methods, has seldom been practiced. Usually, opera- 

t o r s  have been w i l l i n g  t o  s a c r i f i c e  i n j e c t i o n  wel l  performance as an expedient 

i n  de f i n ing  resource product iv i ty .  Enough informat ion i s  avai lable,  however, 

t o  suggest t h a t  long-term i n j e c t i o n  o f  untreated spent b r i n e  w i l l  not be 

possible. 

IV-4. Evaluat ion o f  Geothermal Re in jec t i on  

The design and const ruct ion o f  a successful geothermal i n j e c t i o n  system 

whi le  straightforward, requires inp'ut from a number o f  technical  d i sc ip l i nes .  

The various factors t h a t  should be included i n  a r e i n j e c t i o n  program are: 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 

Reservoi r Engineering Assessment 
Reservoir Geology and Structure Assessment 
Well Design 
We l l  Completion 
Comprehensive Records 
We1 1 Test ing Program 
Character izat ion o f  Reinjected F l u i d  Q u a l i t y  
Pre- In ject ion Fluid Processing Requirements 
Monitoring A c t i v i t i e s  
Workover Plans 
Economic Factors 
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IV -5 .  Reservoir Factors 

Rein ject ion wel ls w i l l  u l t ima te l y  show decl ines i n  i n j e c t i v i t y .  Imple- 

mentation o f  an i n j e c t i o n  program along the l i n e s  ou t l i ned  above are useful i n  

determining the impairment and i d e n t i f y i n g  remedial actions. From the pre- 

ceeding discussion, major sources o f  i n j e c t i v i t y  d i f f i c u l t y  i n  geothermal 

operations are premature mass breakthrough o f  cool i n jec ted  waters t o  produc- 

t i o n  wel ls  and i n j e c t i v i t y  impairment due t o  p a r t i c u l a t e  and scale deposition. 

Avoidance of the former type o f  d i f f i c u l t y  requires t h a t  careful a t ten t ton  be 

paid t o  i n j e c t i o n  wel l  placement. Avoidance o f  the l a t t e r  source o f  d i f f i -  

c u l t y  i s  not possible wi thout a comprehensive review o f  water q u a l i t y  factors  

and implementation o f  the necessary remedial processing t o  upgrade water 

q u a l i t y  t o  an a r b i t r a r i l y  defined standard. The term a r b i t r a r y  i s  not used i n  

a derogatory sense. Each operator w i  11 have t o  consider p ro jec t  requi rements 

t h a t  represent the best t rade-of f  between useful  i n j e c t i o n  we1 1 performance 

1 i f e  between planned workovers and economic factors. The required water 

q u a l i t y  and pre- in ject ion processing necessary t o  achieve t h a t  water q u a l i t y  

can then be spec1 f i ed. 

IV-6. We1 1 Placement 

A cursory review o f  the technical  i t e r a t u r e  suggests t h a t  there i s  no 

way t o  p r e d i c t  w i th  100 percent r e l i a b i l i t y ,  the migrat ion behavior o f  i n -  

jected f l u i d s  a f t e r  re in jec t i on .  A number of sophist icated codes are ava i l -  

able f o r  ca l cu la t i ng  mass and thermal breakthrough times. However, the codes 

cannot consider short c i  r c u i  t i ng unless reservoi r , geol ogi c , s t ruc tu ra l  and 

hydraul ic data are avai lab le t o  i nd i ca te  the p r o b a b i l i t y  o f  r a p i d  migrat ion o f  

i n jec ted  f l u i d s  t o  production wells. I n  new f i e l d  development pro jects ,  

placement o f  i n i t i a l  i n j e c t i o n  wel ls  and analysis of t e s t  data i s  one way t o  

i 

/ 

inf luence placement of subsequent wells. But, the operator runs the r i s k  of 
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l o s ing  the u i l i t y  o f .  I,e i n i t i a l  i n j e c t i o n  wells. I n  neral  , one would l i k e  

t o  provide the greatest  possible l a t e r a l  

ti on we1 1 s consistent w i t h  1 easehol d i  ngs and costs associated w i t h  . .  construc- 

t i o n  o f  the surface f a c i l i t i  o i r  engineers and 

ca re fu l  considerat t a ,  obtained from 

an analysis o f  we l l  cu t t i ng ,  essions and fami l -  

i a r i  ty wi th  subsurface oper r t a n t  f ac to rs  t o  

consider before c placement plan. 

A s i m p l i f i e d  method i njected f 1 u i  ds 

i s  given by Jorda28 

1 -  - 22,300 k-q x t 4 - ,  

re - ( I V - 1 )  

I _  

where q = i n j e c t i o n  r a t e  - gal lons per minute 
t = t ime - years 
Q = f rac t i ona l  po ros i t y  o f  the i n j e c t i o n  formation 

h = net  thickness o f  the i n j e  
= radius of i n j e c t e d  f l u i d  

Sw = f r a c t i o n a l  water saturat ion index 

re 

~ 

Equation I V - 1  assumes i n f i n i t e  permeabi l i ty  and c y l i n d r i c a l  symmetry w i t h  no 

permeabi l i ty  anisotropy due t o  the, presence o f  natural  fractures. Use of t h i s  

expression i s  only j u s t i f i e d  o r  a layered matr ix-  

type reservoir .  The e f f e c t  o f  pe 
so 

migrat ion 'veloci ty 

i s  o f  the form: 

.( IV-2) 

where: k = formation permea 
t = t i m e  - hours 
4 = f r a c t i o n a l  po ros i t y  
p = v i s c o s i t y  - cp i 

Ct = system t o t a l  compress ib i l i ty  - p s i - l  u 
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I n  a f ractured reservo i r ,  i n jec ted  f l u i d  f r o n t s  can migrate a t  r e l a t i v e l y  h igh 

ve loc i t i es .  References 30-34 should be consulted for  informat ion concerning 

the analysis o f  rese rvo i r  engineering data. Review o f  technical  papers pub- 

l i shed  i n  the Journal o f  Petroleum Technology and the Society o f  Petroleum 

Engineers Journal (both publ i shed by the Society o f  Petroleum Engi neers , 
Dallas, Texas) are useful sources o f  addi t ional  informat ion on the evaluat ion 

o f  reservoi r.-engineering data. Proceedings ,and technical  papers publ ished by 

the S,tanford Univers i ty  Geothermal Program, and the Lawrence Berkeley National 

Laboratory Geothermal Program i n  the general d i  s c i p l  i ne o f  geothermal reser- 

v o i r  engineering should also be consulted. 
= /  

It i s  i n s t r u c t i v e  t o  consider how in jec ted  f l u i d  f r o n t  migrat ion i s  

inf luenced by the thickness o f  an i n j e c t i o n  i n t e r v a l .  I f  we assume i n f i n i t e  

permeabi 1 i t y  (Equation I V - l ) ,  30 percent- formation po ros i t y ,  100 percent water 

saturation, a 20 year i n j e c t i o n  i n t e r v a l ,  and an i n j e c t i o n  r a t e  o f  40,000 bpd 

(barrels per day), the radius o f  an i n jec ted  water pressure f r o n t  i s  as shown 

i n  Figure IV-2. Increasing the i n j e c t i o n  formation thickness by 100 percent 

resu l t s  i n  a decrease i n  the radius o f  i n j e c t i o n  o f  about 30 percent. Thus, 

providing as great an i n j e c t i o n  i n t e r v a l  as possible, by completing the i n jec -  

t i o n  w e l l  over as large an i n t e r v a l  as possible, i s  one e f f e c t i v e  method o f  

d iminishing chances for  premature f l u i d  breakthrough t a  production wells. It 

should also be evident t h a t  even q u a l i t a t i v e  estimates o f  reservo i r  perform- 

ance based on the use o f  sophist icated computer codes are c r i t i c a l l y  dependent 

upon knowledge of the areal d i s t r i b u t i o n  o f  i n t r i n s i c  formation propert ies 

such as permeabi l i ty  and porosity. Formation propert ies are usual ly  developed 

from analysis o f  core samples, wel l  logs and wel l  t e s t  data. Another obvious 

control  on i n j e c t i o n  radfus i s  the ra te  o f  i n jec t i on .  Prudence would suggest 

t h a t  pro jects  include addi t ional  i n j e c t i o n  capacity as a contingency i n  the 

event o f  l o s s - o f - i n j e c t i v i t y  o r  ou t r i gh t  f a i l u r e  o f  one o r  more i n j e c t i o n  

wells. 
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b IV-7. Estimating Bottomhole Injection Temperature 

Knowledge of the time-dependent variation of bottomhole injection temper- 

ature is  important for  several reasons. Accurate predictions of reservoir 

performance requires tha t  f 1 uid viscosity and i t s  time-dependence are known. 

Downhole precipitation and scaling phenomena are also c r i t i ca l ly  dependent 

upon time-dependent changes i n  injected f l u i d  temperature. Estimating the 

'extent o f  damage zones or s k i n  about a wellbore requires some insight into the 
+ '  

nature of the damage mechanisms and means of evaluating the probable extent of 

damage. Since scaling and precipitation may be examples of coupled time- 

i 

temperature dependent phenomena, i t  would be helpful t o  be able to  estimate 

the most probable damage radius about an injection we1 1. 

The various factors which must be considered i n  estimating bottomhole 

injection temperature are summarized i n  Figure IV-3. First, as f l u i d  w i t h  a 

surface temperature (to) i s  injected, heat loss via conduction will  occur 

through the we1 bore. Thus ,  a small time lag will ex is t ,  depending primarily 

upon the depth of the well and the injection rate ,  before the bottomhole 

temperature of the injected f l u i d  (TB) reaches a steady-state equilibrium 

temperature. As f l u i d  w i t h  a 

temperature TB f 1 ows into the reservoir , addl t i  onal heat 1 oss (or gai n )  occurs 

from the injected f l u i d  t o  the reservoir and from the reservoir t o  the overly- 

The time lag i s  on the order of a few days. 

ing and underlying formations. The injected f l u i d  can ei ther  heat up or cool 

off depending on whether the injection formation is  a t  a higher or lower 

temperature than the injected f l u i d .  If reinjection occurs back into the 

geothermal reservoir which is the usual practice, the injected fluids will be 

a t  a lower temperature than the reservoir f luids and would tend to  cool a 

reservoir zone adjacent t o  the injection we1 1. I n  geopressure-geothermal 

applications, most reinjection will probably occur into shallower, cooler 
LJ 
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horizons as a cost saving step. In these cases, the injection formation 

adjacent t o  the injection well will be heated by the injected fluids. Deep 

reinjection of geopressured-geothermal f lu ids  might, a t  some point, also be 

practiced as a means of prolonging reservoir p r o d u c t i ~ i t y ~ ~ .  
1 I ' I  

Estimating Bottomhol e Temperature 

The most direct approach t o  estimation of bottomhole temperature is  by 

The temper- j I  di rect measurement using an appropriate temperature 1 oggi ng too l .  

ature tool need not  be , an elaborate device. Well operators could either . 

purchase a commercial too l  or build their  own using off-the-shelf items. , ' 

Unfortunately, i t  might not  be possible or  desirable t o  leave instrumentation , 

i n  the injection wellbore on a continuous basis and i t  could, under certain 

circumstances , be inconvenient fo r  we1 1 operators t o  r u n  their  own temperature 

surveys. Thus,  estimation procedures t h a t  u t i l ize  measured temperature values 

for reinjected f lu ids  a t  wellhead conditions t o  compute bottomhole temperature 

are of obvious interest. 

Temperature transients in .a flowing injection well due primarily t o  

conductive heat losses t o  the cement and formations penetrated by the well 

have been modeled by H a n ~ o n ~ ~ .  Figure I V - 4  i l lustrates the nature of tempera- 

ture transients i n  an injection well as a function of injection-rate. These 

results indicate the general time dependence of thermal perturbations. A t  

h i g h  injection rates, cool i ng t o  the we1 1 head temperature occurs rapdi ly , 
w i t h i n  a few days of the start of  injection. A t  lower injection rates, lesser 

degrees of cooling occur b u t  quasi-steady state conditions are s t i l l  rapidly 

attained. 

Kasameyer3' presented analytical solutions for radial flow temperature 

perturbations assuming that: 

L. 
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Temperature transients in an injection well for various 
constant injection rates F a t  the casing formation inter- 
face. In  this example, the temperature of the injected 
fluid a t  the wellhead was 30OC and the rock formation 
temperature was 150OC. 
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The f l u i d  i s  i n jec ted  a t  a constant volumetric f low r a t e  Q i n t o  a 
layer  o f  uniform permeabi l i ty  (k) o f  he ight  H from a l i n e  source 
perforated throu'gh i t s  e n t i r e  length. Grav i ty  i s  ignored so t h a t  
the f low i s  rad ia l .  

ci 

The f l u i d  moves away f rom the source wi thout  mixing. The f low from 
any time i n t e r v a l  displaces the s h e l l  of f l u i d  from previous i n t e r -  
vals outward away from the source. Consequently, the f low r a t e  
through a small area A (normal t o  the f low) a t  a distance r from a 
wel l  i s  QA/2~rh,  and the f low r a t e  per u n i t  area decreases as l/r. 

The f l u i d  i s  assumed t o  f low i n  small pores i n  the  rock matr ix  and t o  
reach thermal equi l ibr ium w i th  the rock matr ix  i n  a n e g l i g i b l e  time. 
Consequently, only the thermal propert ies o f  saturated rock need be 
considered. The saturated rock i s  i n i t i a l l y  a t  temperature T and 
the f l u i d  i s  i n jec ted  a t  temperature To. 

q' 

The compress ib i l i ty  and thermal expansion o f  the rock and f l u i d  are 
ignored. 

Use o f  t h i s  model al lows one t o  ca lcu late the distance from the i n j e c t i o n  

i n t e r v a l  t o  temperature and in jec ted  f l u i d  p a r t i c l e  f ronts .  An example calcu- 

l a t i o n  i s  i l l u s t r a t e d  i n  Figure IV-5. The ca l cu la t i on  i l l u s t r a t e d  i n  Figure 

I V - 5  was based on reservo i r  and i n j e c t i o n  parameters tabulated i n  Table IV-1. 

The s ign i f icance o f  the temperature f r o n t  i s  i l l u s t r a t e d  i n  Figure IV -6 .  

The model ca lcu lat ions i ndi cate t h a t  re1 a t i  ve ly  cool i n jected f 1 u i d  when 

re in jec ted  i n t o  a hot porous resevoir  w i l l  not  be reheated immediately, bu t  

w i l l  remain cool f o r  approximately one-fourth o f  the t i m e  t h a t  the wel l  has 

been used f o r  i n jec t i on .  For the case o f  i n j e c t i o n  we l l s  t h a t  have been i n  

operation on a continuous basis f o r  an extended pe r iod  o f  time, re in jec ted  

f l u i d s  w i l l  remain cool f o r  many years. The converse s i t u a t i o n  w i l l  a lso 

LJ p e r t a i n  f o r  the case where spent geothermal f l u i d  i s  i n j e c t e d  i n t o  shallower, 
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Figure I V - 5 .  Location of temperature front and 
fluid particles injected a t  d i f -  
ferent times. (From Ref. 37) 

Ti I To 
I 
I 
I 
I 

Figure’ I V - 6 .  Cross section of permeable layer, showing 
temperature front a t  distance rT(t) From 
i n j e c t i o n  we1 1. (From Ref. 37) 
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Table I V - 1  

Reservoir and In jec t i on .  Parameters Used t o  Eva1 uate 
The Thermal Model I l l u s t r a t e d  i n  Figure IV-5 

Parameter Old Units S.I. Units 

Flow Rate Q 406,OOO~lb/hr a t  

Permeabi 1 i ty k 
Thickness h 660 f t  
Conductivi ty K 0.58 Btu/hr-ft2-OF 
Heat Capacity fR 
Heat Capacity CF 

Density p 62.4 1 b / f t 3  

Density pn 144 l b / f t 3  

62.4 l b / f t 3  
500 m i  1 1 i darcys 

0.256 Btu/ l  b-OF 
1.0 BTu/l b-OF 

Viscosi ty p 0.2 CP 

Porosity 6 0.20 

0.70504 'm3/sec 

5 x m2 
200 m 
3.29 W/m- K 
1070 J/kg-K 
4180 J/kg-K . 
2 x io-4 Pa-sec 
1000 kg/m3 
0.20 
2300 kg/m3 

cooler formations as i s  the usual case f o r  disposal o f  spent geopressured- 

geothermal brines. 

A Useful Computer Code 

A p rac t i ca l  and r e l a t i v e l y  simple analy t ica l  method f o r  p red ic t i ng  in jec-  

t i o n  formation temperature and heating o r  cool ing rates was described by 

Hanson and K a ~ a m e y e r ~ ~ .  It was demonstrated t h a t  the length o f  t ime required 

f o r  an in jected f l u i d  element t o  heat t o  a given temperature i s  independent o f  

the streamline path taken by the in jected f l u i d  element. This statement i s  

v a l i d  f o r  both the case where there i s  no conductive t ransport  from the rock 

mass bounding the aqui fer  and f o r  the case where there i s  conductive t ransport  

i n  the d i rec t i on  perpendicular t o  the aquifer. 

Der ivat ion 

Consider a homogeneous and i so t rop i c  aqui fer  o f  thickness h and poros i ty  

Q i n  the (x,y) plane (Figure IV-7). A f u l l y  penetrat ing w e l l  in tersects  the 

LJ aquifer a t  Zo, where Io i s  a po in t  i n  the (x,y) plane. Let r be a l i n e  corre- 
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Figure IV-7. Streamline path o f  an in jected f l u i d  element. 

sponding t o  an a rb i t ra ry  f l o w  streamline and I be an a rb i t ra ry  po in t  on the 

stream1 ine. 

The heat t ransfer  equation f o r  an arb i t ra ry  pos i t ion  i n  the (x,y) plane 

i s  given by: 

(IV-3) 

Pror(1 0 $1 
pef 4J 

where: 6 = 1 + 

The l e f t  hand side o f  Equatio IV-3 Pepresents the change i n  temperature of 

the we t  rock ( 1 s t  term) and the convective transport along the streamline (2nd 

term) and the r i g h t  hand side i s  the conductiv ransport from the rock bound- 

i ng  the aquifer. It i s  assumed tha t  the i n t e r s t i t i a l  f l u i d  temperature Tf i n  

the aqui fer  i s  equal t o  the aqui fer  rock matr ix temperature and tha t  the 

aquifer temperature i s  a function only o f  (x,y) ($.e., isothermal i n  the z 
coordinate). Tr (x,y,z,t) i s  the temperature o f  the rock bounding the aquifer 

and i s  assumed t o  be governed by the 1-D  d i f fus ion  equation: 

- 1 atTr * azzTr = o (IV-4) 

'b, 
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6 3 ;  Laplace transforming (IV-4) w i t h  respect t o  t: 

i 
s - - Z  To 

T, (x ,  Y, Z, $1 = A(X, Y, $1 e + (IV-5) 

where s i s  the transform var iable corresponding t o  t and the 'IA'' denotes the 

Laplace transformation. I nse r t i ng  (IV-5) i n t o  the Laplace transform o f  (IV-3) 

and assuming the f l u i d  ve loc i t y  i s  stat ionary i n  t ime: 

K(S) A (X, Y, S) + v * V ~  A (X, Y, S) = 0 (IV-6) 

s where K(S) = $6 + kr - W a r  

Equation IV-6 i s  v a l i d  i f  one considers only po ints  along the streamline 

[(x,y) = Ill. Upon t h i s  r e s t r i c t i o n ,  (IV-6) can be w r i t t e n  as: 

where a /a I  i s  the d i f f e r e n t i a l  operator along the streamline. Now 

dI = ~(1) d t p ( t l )  

where d t  (I1) i s  the i n f i n tes t ima l  time span f o r  the f l u i d  p a r t i c l e  t o  go from 

I1 t o  I+dI on the streamline. Therefore Equation IV-7 can be w r i t t e n  as: 
P 

o r  
dtP(I l )  + = o  

(IV-7) 

i In tegrat ing the above expression from Ilo t o  an a r b i t r a r y  po in t  Z1 along the 

streamline, i t  can be shown that: 
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in4 (IV-8) 

I n s e r t i n g  (IV-8) i n t o  ( IV-S) ,  the Laplace transform o f  the f l u i d  temperature 

along the streamline i s  obtained: 

(IV-9) 

The fo l lowing i n i t i a l  and boundary condit ions have been used: 

The inverse Laplace transform o f  Equation IV-9 y ie lds:  

(IV-10) 

where 

t = t - tp(11)6 

and 
O , r < O  

l , r < O  
U ( t )  = 

Equation (IV-10) i s  a general izat ion f o r  an a r b i t r a r y  streamline. Def in ing 

N I ,  t) = To - Tf (I,t)/To - Ti, (IV-10) can be rewr i t t en  as: 

( IV -11 )  

It should be emphasized t h a t  t i s  the t ime a f t e r  i n i t i a t i o n  o f  f low i n  the 

system and t ( I )  i s  the length o f  t ime a f t e r  i n j e c t i o n  t h a t  i t  takes a p a r t i -  P w 
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c l e  t o  reach the pos i t i on  Z on the streamline. Therefore, the p a r t i c l e  was 

in jec ted  a t  time tinj = t - tp (Z). I n  terms o f  tinj, Equation I V - 1 1  can be 

wri t ten:  

( I V - 1 2 )  

t* = tinj - atp (11) 

where a = (6-1) i s  a new reservoir  parameter. 

dimensionless format t o  define the character is t ic  t i m e  T as: 

Equation I V - 1 2  may be recast i n  

2h2d$2ar pr20r2 
= 'F (1-1$)~ h2 a,) P f  T =  

kr r 
and define the dimensionless times 

= +  
% n j  

Theref ore, 

( I V - 1 3 )  

( IV -14 )  

The time i t  takes an in jected p a r t i c l e  t o  heat up the i n i t i a l  formation 

temperature (R=O) i s  shown by ( IV -14 )  t o  be 

This i s  prec ise ly  the r e s u l t  obtained by Kasameyer3' f o r  the case o f  no con- 

ductive t ransport  from the rock bounding the aqui fer  (i. e. piston-1 i ke thermal 

f r o n t  w i t h  no t r a i l i n g  t r a n s i t i o n  zone). For the case i n  which 1-0 conduction 

I V-30 
I 



i s  included, the t r a n s i t i o n  zone behind the f r o n t  i s  c l e a r l y  shown by expres- 

s ion IV-14 by the existence o f  the complimentary e r ro r  function. 
W 

Consider a p a r t i c l e  i n jec ted  a t  dimensionless t i m e  tinj and t h a t  the 

fo l lowing question i s  posed: What i s  the (dimensionless) t i m e  t required f o r  

the p a r t i c l e  t o  reach an isotherm a t  Z defined by R(Z, tinj) = Ro = const.>O? 

The so lu t i on  i s  eas i l y  computed from IV-14 and i s  found t o  be: 

P 

I 

-B2 + JB'h+ 4B2tin - 
tP - 2 

(IV-15) 

where 6 s a t i s f i e s  the funct ional  erfc(6) - Ro = 0. It i s  evident t h a t  IV-15 

generates a fami ly  o f  curves where the choice o f  isotherm Ro determines the 

curve. As expected, f o r  R>O (isotherms less than the i n i t i a l  formation tem- 

perature To), the length o f  t i m e  i t  takes a p a r t i c l e  t o  heat up i s  less than 

f o r  the case i n  which conduction from the bounding rock mass i s  ignored (i.e., 

R=O). A unique aspect o f  t h i s  analy t ica l  so lu t ion i s  t h a t  the t i m e  required 

f o r  an i n jec ted  element o f  f l u i d  t o  reheat i s  independent o f  i n j e c t i o n  r a t e  

f o r  the stated assumptions. 

A f u l l y  documented code w r i t t e n  f o r  the HP-67 ca lcu lator  i s  provided, as 

Appendix I V - 1 ,  f o r  the estimation o f  i n j e c t i o n  temperatures based on Reference 

38. The methodology has been extended t o  ca lcu late both the heating t i m e  and 

the t rave l  distance f o r  an i n jec ted  element. Consider the fo l lowing example: 

Let: thermal d i f f u s i v i t y  (A) = m2/sec = 3 . 6 ~ 1 0 - ~  m2/hr 
f ract ional  poros i ty  (P) = 0.1 
thickness o f  i n j e c t i o n  zone (H) = 100 m 
1 n j e c t i  on formati on temperature (TO) = 2OOOC 
i n j e c t i o n  f l u i d  temperature (Tl )  = 3OoC 
desi red isotherm temperature (T9) = 190°C 

Question: How long w i l l  an i n jec ted  element o f  f l u i d  take t o  reheat t o  190°C? 
How far  w i l l  the i n jec ted  f l u i d  element t rave l  before reheating 
t o  190°C? 

I( 
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Solut ion 

Solve: e r f c  (X) = R 

Now l e t :  density o f  rock ( D l )  = 2 . 7 ~ 1 0 ~  kg/m3 
heat capacity o f  rock (H l )  = 7 . 8 ~ 1 0 ~  J/Kg*OC 
density o f  f l u i d  (02) = lx103 kg/m3 
heat capacity o f  f l u i d  (H2) = 4.2~10~ J/kg*OC 

Solving: 6 = 1 + [(Ol*Hl)(l-P)]/(D2-HZ*P) 

1. 9ox106 
6=1+4.40x105 
6 = 5.52 

a = &  - l = 4 . 5 1  

T = (1 - P)2 H2/A 

T = (0.9)2 (100)2/3.6x104 m2/hr 

T = 2.25 x l o 7  h r  

hence % n j  = 24/2. 25x107 

ti = 1 . 0 6 7 ~ 1 0 - ~  

and 
= t *T/a = (1.067~10-~)(2. 25x107 hr)/4.513 

tP P 

I tp = 5.3 hrs I 
where t i s  the time required f o r  an i n jec ted  element o f  f l u i d  t o  reheat t o  
190OC. 

The distance traveled'by an element o f  i n jec ted  f l u i d  t o  a p o i n t  where i t  

reheats t o  the speci f ied temperature i s  calculated assuming a Darcy-type o f  

r a d i a l  flow: 

Qtp = D2*n*R12*H*P 

LJ 
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where Q = mass flow r a t e  - kg/sec 

tp = t rave l  time 
W 

Therefore: R = flp/n*H-D2-P 

If Q = 50 kg/sec, then: 

r =  

i 
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IV-8. I n j e c t i o n  We l l  Hydraul ics 

Successful operation * o f  an i n j e c t i o n  we1 1 requires t h a t  the r e i n j e c t i o n  

reservo i r  have a capacity t o  accept f l u i d  a t  the desired i n j e c t i o n  r a t e  and 

t h a t  s u f f i c i e n t  surface pumping capacity i s  avai lable.  I n  general, the abso- 

l u t e  upper l i m i t  on surface pumping pressure is.governed by the minimum pres- 

sure necessary t o  hyd rau l i ca l l y  f rac tu re  the r e i n j e c t i o n  reservoir .  I f  the 

f r a c t u r i n g  pressure l i m i t  i s  exceeded, i n j e c t e d  f l u i d  may migrate out of the 

i n j e c t i o n  formation i n  an uncontrol led and i n  an unpredictable manner. A l t e r -  

nat ive ly ,  hydr'aulic f r a c t u r i n g  could be desirable as an e f f e c t i v e  means o f  

breaking down near we1 1 bore sk in  t h a t  would otherwi se i nte r fe re  w i t h  i n j e c t i o n  

wel l  performance. Skin damage i s  usual ly  the r e s u l t  o f  d r i l l i n g  and w e l l  

completion e f f o r t s  and i t  r e s u l t s  i n  degraded we l l  performance. Methods f o r  

est imat i  ng sk in  damage are described by Earl ougher30, Hawki ns39, and B r ~ n s ~ ~ .  

Fractur ing may also be a useful means o f  l i n k i n g  an i n j e c t i o n  wel l  w i t h  an 

adjacent natural  f rac tu re  system. Thus, the benef i ts  o f  hyd rau l i ca l l y  frac- 

t u r i n g  an i n j e c t i o n  wel l  must be considered on a case by case basis. 

Formation breakdown pressures are equal t o  the pressure required t o  

f rac tu re  the rock plus the e f f e c t i v e  overburden pressures. Breakdown pres- 

sures shown i n  Figure IV-8 are t y p i c a l  o f  the Gulf  Coast area33. 

Fresh water i n j e c t i o n  tes ts  o f  two  geothermal we l l s  (Magmamax No. 2 and 

3) 1 ocated i n  the Sal t on  Sea Geothermal Fie1 d (southern Cal i f o r n i  a) resu l ted  

i n  hydraul ic f r a c t u r i n g  o f  the i n j e c t i o n  formationsq1. The peak downhole 

pressure a t  the midpoint o f  the per forat ions f o r  both i n j e c t i o n  wel ls  i s  shown 

b 
i n Figure IV-9 superimposed on a p l o t  o f  bottomhol e f r a c t u r i  ng pressure versus 
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Figure IV-8. Formation Breakdown Pressures33 

depth4*. The i n j e c t i o n  t e s t s  showed an i n i t i a l  h igh pressure and 

correspondingly low i n j e c t i o n  rate.  Subsequently, the pressure suddenly 

decreased with a concurrent increase i n  i n j e c t i o n  rate. This type o f  response 

was considered t o  be i ndi ca t i ve  o f  i n i t i a t i o n  o f  hydraul i c fractures.  

Formation breakdown pressure establ ishes the absol U t e  i n j e c t i o n  pressure 

l i m i t .  Another more pragmatic contro l  on surface i n j e c t i o n  pressure i s  the 

avai lab le pumping capacity. Pump s i z i n g  considerations are important because 

o f  c a p i t a l  and 084 costs associated wi th  use o f  a s p e c i f i c  pump. Thus, the 

manner i n  which an i n j e c t i o n  we l l  i s  s ized and completed has s i g n i f i c a n t  

impacts on costs and useful  l i f e  o f  the wel l .  Optimization of an i n j e c t i o n  

we l l  design involves se lec t i ng  the appropriate tub ing sizes t o  y i e l d  the 

desired volumetric i n j e c t i o n  capacity, consistent w i t h  formation i n j e c t i v i t y .  

Other fac to rs  which must be taken i n t o  considerat ion include the e f f e c t s  of 

scale deposi t ion and corrosion over the planned l i f e  o f  the wel l .  I f  the we l l  

i s  i n i t i a l l y  s ized wi thout  consideration given t o  scale deposi t ion and corro- 

s ion ef fects,  surface pumping requirements may eventual l y  exceed the capacity 

o f  i n s t a l l e d  equipment. 

The opt imizat ion o f  i n j e c t i o n  w e l l  performance requires ca l cu la t i on  of 

the necessary bottomhole d r i v i n g  pressure t o  maintain a desired i n j e c t i o n  
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Figure IV-9. Theoretical ly predicted bottomhole f ractur ing pressures and 
f i e l d  data. 
the Magmamax wells are shown by the open circles41. 

The experimental peak downhole pressures f o r  

rate. A parametric analysis i s  carr ied out t o  establ ish the optimum tubing 

size consistent w i th  expected scale deposition, which causes a reduction i n  

wellbore volume, corrosion product formation, which causes an increase i n  the 

wellbore f r i c t i o n  factor,  and the desired i n jec t i on  rate. 

Bottomhole d r iv ing  pressure may be calculated assuming rad ia l  Darcy f low 

and laminar f l o w  conditionsz8 as follows:. 

( IV-16)  

where: PI = wellbore pressure (psia) 
Pz = s t a t i c  reservoir  pressure (psia) 

re 
rW 

= interference radius ( fee t )  
= wellbore radius ( fee t )  

q = water i n jec t i on  ra te  (b/d) 
p = water v iscos i ty  (cp) 
h = net i n jec t i on  in te rva l  height ( fee t )  
k = e f fec t i ve  formation permeabil ity (md) 

The hydrostat ic head i s  calculated as fo l lows:  
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P h = p g h c  
, 
I 

where: Ph = hydrostat ic head (psi)  
I p = in jec ted  f l u i d  density (g/cm3) 

g = grav i ta t ional  constant (980 cm/sec2) 
h = wel l  depth ( feet)  
c = u n i t  conversion fac to r  ( 4 . 7 6 ~ 1 0 - ~ )  

The i n j e c t i o n  wellhead pressure28 i s  given by: 

(IV-17) 

~ 

Pw = P I  - Ph + Pf 

where: Pw = i n j e c t i o n  we1 1 head pressure (psi) 

Pf = pressure drop due t o  f r i c t i o n  (psi) 

I 

The f r i c t i o n a l  pressure drop (P,) i s  determined using the Darcy-Weisbach 

equation28 as follows: 

1-85 . (q 1.85/di487) Pf = (0.9019) p (lOO/C) 

where: Pf = f r i c t i o n a l  pressure drop i n  i n j e c t i o n  tubing (psi) 
p = spec i f i c  g rav i t y  o f  in jected f l u i d  
C = constant 
q = i n j e c t i o n  r a t e  (gpm) 

d i  = in te rna l  diameter o f  i n j e c t i o n  tubing (inches) 

(IV-19) 

The constant C for  non-corroded steel  p ipe var ies from 120 (new pipe) t o  90 

(25 year o l d  pipe). Severely corroded pipe has a C value o f  about 60. 

A parametric analysis must be completed t o  establ ish i n j e c t i o n  wellhead 

pressure as a funct ion o f  tubing diameter. As an example, Figure IV-10 i l l u s -  

t ra tes  the e f fec ts  o f  tubing diameter and i n j e c t i o n  r a t e  on surface i n j e c t i o n  

pressure. The change i n  surface i n j e c t i o n  pressure due t o  corrosion o f  a 5% 

inch diameter tubing s t r i n g  i s  shown i n  Figure IV -11 .  Thus, whi le a 5% inch 

uncorroded tubing s t r i n g  might be adequate f o r  an i n j e c t i o n  ra te  o f  40,000 

b/d, a larger  diameter tubing s t r i n g  would be needed t o  compensate f o r  the 
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I 

f r i c t i o n a l  pressure losses caused by corrosion induced surface roughening. I n  

the case o f  scale deposits, pressure drops due t o  both wellbore volume changes 

ased f r i c t i o n a l  losses must be considered. The constant C i n  equa- 

The e f f e c t  o f  scale deposit ion on surface i n j e c t i o n  t i o n  IV-'I9 is about 75. 

ed i n  Figure XV-12. 

An a1 ternat ive method f o r  analysis o f  i n j e c t i o n  power requirements was 

We1 1 head i n j e c t i o n  pressure can be determined described by 61 a i r  and Owen35. 
i 

from the i n j e c t i o n  formation pressure by use of the energy equation,as follows: 

h + X + z2 = + YL + z3 + losses2-3 Y 2g Y 29 
(IV-20) 

where: P = pressure ( l b / f t 2 )  
y = spec i f i c  weight ( l b / f t 3 )  
V = f l u i d  ve loc i t y  (f t /sec) 
g = grav i ta t ional  constant (f t /sec*) 
Z = v e r t i c a l  distance f rom datum po in t  ( f t )  
Subscripts denote propert ies a t  s ta te point. 

State points f o r  analysis o f  i n j e c t i o n  pumping power requirements are 

depicted i n  Figure IV-13. For a constant diameter w e l l ,  V2 = V3, and for an 

elevat ion datum po in t  a t  the wellhead, Equation 3.1 y ie lds  the fo l lowing 

expression f o r  wellhead pressure: 

p2 = y - z + ~ o s s e s ~ _ ~  
Y 

The losses f rom po in t  2 t o  3 consist ol  we ore - ict iona 

F r i c t i ona l  losses are determined from the Darcy-Wei sbach Equation43: 

- L v2 
h f - f D  5 

where: hf = head loss (ft) 

L = wel l  length (ft) 
D = w e l l  diameter (ft) 

( I V -  21) 

losses. 

(IV-22) 
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INJECTION FORMATION 

- z=o 

7777 

Figure IV-13. State po ints  f o r  ca l cu la t i on  of i n j e c t i o n  surface 
pressure and i n j e c t i o n  power requirements. 

Upon determination o f  the required wellhead pressure f o r  the given in jec -  

ti on f 1 ow rate,  energy requi  rements f o r  i n j e c t i  on44 are determi ned as f o l  1 ows: 

where: S = f l u i d  s p e c i f i c  g r a v i t y  

Q = f low r a t e  ( g a l h i n )  

AH1-2 = required pump head increase f rom p o i n t  1-2 (ft) 

rl = pump e f f i c i e n c y  (80% assumed) 

i 

(IV-23) 

Consider the fo l l ow ing  example as an i l l u s t r a t i o n  o f  the computation of 

i n j e c t i o n  pumping power: 

Parameters: 

Well diameter = 0.5 f t  

I V-42 



W 
Flow ra te  = 40,000 bbl/day 

p = 0.30 cp I .  

p = y = 1.05 x 60.1 = 63.1 l b / f t 3  

1 1 1  x 42 x 0.13368 x 63.1 x 24 x 60 x M -  40,000 
0.5 ftg 

v = - -  
(63.1 ft3) n 

0844’f t  per foo t  o f  wel l  

Pumping Power: 

Assume PI = 300 p s i  

where: P = pumping power (hp) 

S = f l u i d  speci f ic  g rav i ty  

Q = flow gpm 

H = pump head (ft) I 

q = pump e f f i c iency  (80% assumed) 

IV-9. I n jec t i on  Well Completion 
. 

In jec t i on  w e l l  design and completion techniques are factors o f  obvious 

importance. The in jec t i on  w e l l  must be designed t o  y i e l d  f l u i d  handling 

capacit ies t h a t  are consistent w i th  planned production and i n j e c t i o h  pumping 

requirements. Allowance should also be made f o r  scale deposit ion and surface 

roughening o f  the tubulars due t o  corroslon and the ef fects  . o f  these factors 

on pumping requirements. It i s  reasonable and desirable t o  assume t h a t  some 
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sort of workover will ultimately be necessary to maintain injectivity. There- 

u f o r e ,  the ‘well design should not preclude use of-desired workover techniques. 

-. 
In geothermal injection wells, relatively frequent bailing may be required, as -- 

an example, to remove suspended particulates ‘from the we1 lbore. The presence 

of a rat hole would be of obvious importance. Descaling operations and per- 

foration cleaning may also generate extraneous particulates which could also 

be trapped in a rat hole. 

Geothermal we1 1 completions have been reviewed by Snyder45. Typical 

Imperial Val ley hydrothermal we1 1 completions are schematically 1 1  lustrated in 

Figure IV-14. A major area of concern with respect to completion of a well in 

the injection interval is avoidance of drilling and completion fluid-induced 

damage. The appropriate dril1in.g fluids must be selected from the point of 

view of thermal stability and chemical compatibility with in-situ fluids. If 

injection reservoir fluids are available, chemical compatibility tests should 
be carried out. These tests can be as simple as contacting aliquots of both 

fluids at ambient conditions and observing any tendency for formation of 

precipitates. The mixture can a1 so be f i 1 tered and the precipitated particu- 

lates weighed to quantify the incompatibi lity reactions., Recovered precipi- 

tates can also be chemically analyzed to identify the reacting species. Core 

and cutting material, if available, can be quite useful in establishing o r  

or predicting formation response to drilling, completion and workover fluids. 

Petrographic, x-ray diffraction and scanning electron microscopy can be used 

to establish bulk mineralogy, clay mineralogy, matrix and microstructural 

aspects, presence of fracture and other factors that may impact injectivi ty. 

Swelling tests performed with formation core samples at ambient conditions can 

be used to screen potential drilling and completion fluids. Laboratory perme- 

qbility tests, measurements o f  porosity and pore size distribution can also be 
W 

I 
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extremely useful i n  l oca t i ng  the  "best" i n j e c t i o n  zones and i n  establ ish ing 

minimum requirements f o r  surface treatment o f  spent f l u i d s  46-49. A comprehen- 

s ive wel l  logging program w i l l  a lso contr ibute t o  development o f  an extensive 

data base as f i e l d  development a c t i v i t i e s  continue. The combination o f  labor-  

atory derived formation propert ies based on analysis o f  core and cut t ings and 

wel l  l o g  derived formation propert ies are the  f i r s t  l o g i c a l  steps i n  de f i n ing  

the i n-si t u  pre-devel opment condi t ion o f  t he  i n j e c t i o n  reservoi r. 

IV-10. Records 

A v a i l a b i l i t y  o f  comprehensive records are essent ia l  f o r  each i n j e c t i o n  

wel l  d r i l l e d  on a project .  A t  some p o i n t  dur ing fu tu re  operations, a pa r t i cu -  

l a r  i n j e c t i o n  we l l  may become impaired. Questions w i l l  immediately a r i s e  as 

t o  the o r i g i n  o f  impaired performance. I n  diagnosing the source o r  sources o f  

d i f f i c u l t y ,  i t  would be extremely he lp fu l  i f  de ta i l ed  information- concerning 

i n j e c t i o n  rese rvo i r  propert ies,  d r i l l i n g  and completion f l u i d  propert ies,  

i n - s i t u  i n j e c t i o n  reservo i r  f l u i d  propert ies,  composition and p re - in jec t i on  

treatment h i s t o r y  o f  a l l  i n j e c t e d  f l u i d s ,  and i n j e c t i o n  rate-pressure data 

were known. Maintenance o f  de ta i l ed  records f o r  each w e l l  i s  not  d i f f i c u l t ,  

bu t  compi 1 a t i  on o f  adequate records requi  res t ime and commitment. However, 

the value o f  such records when contemplating a workover, f o r  example, cannot 

be overemphasized. 

Care should be exercised i n  preventing haphazard o r  unauthorized disposal 

of any f l u i d s .  For example, d r i l l i n g  crews should no t  be allowed t o  empty 

p i t s  i n t o  a completed i n j e c t i o n  we l l  w i thout  f i r s t  considering the ramif ica- 

t i o n s  o f  such actions. A senior s i t e  employee should be given au tho r i t y  t o  

cont ro l  i n j e c t i o n  wel l  operation especia l ly  dur ing e a r l y  phases o f  any pro ject .  

Per iodic review o f  compiled records especia l ly  w i t h  regard t o  i n j e c t i o n  pres- 

sure perturbat ions would be he lp fu l  i n  a n t i c i p a t i n g  p o t e n t i a l  d i f f i c u l t i e s .  A 
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t yp i ca l  data sheet format i s  i l l u s t r a t e d  i n  Figure IV-15 as a convenient means 

of documenting i n j e c t i o n  w e l l  operational pract ices whi le a t  the same time 

providing a data basis t h a t  may be invaluable a t  a fu ture time i n  diagnosing 

reasons f o r  impaired wel l  performance. 

IV -11 .  Testing an I n j e c t i o n  Well 

The methodology f o r  t e s t i n g  o i l  f i e l d  i n j e c t i o n  wel ls  has been summarized 

Technical papers bearing on t h i s  subject are a1 so publ i shed 

Proceedings o f  technical 

by Lawrence Berkeley 

by Earlougher30. 

p e r i o d i c a l l y  i n  The Journal o f  Petroleum Technology. 

symposia publ ished by The Geothermal Resources Counci 1 

National LaboratoryS1, and the Stanford Universi ty Geothermal Programss2 are 

excel lent  sources o f  addi t ional  information. A l l  completed i n j e c t i o n  wel ls 

should be adequately tested t o  determine reservoir  hydraul ic propert ies, 

i n i t i a l  i n j e c t i o n  pressure, o r  i n j e c t i v i t y  and sk in  factors. Long-term in jec -  

t i o n  tes ts  o f  weeks t o  months durat ion would u l t ima te l y  be needed t o  determine 

in te rwe l l  interference effects and u l t imate reservoir  response t o  in ject ion.  

A t  some point ,  r e l a t i v e l y  sophist icated numerical o r  analy t ica l  model 1 i n g  may 

be needed t o  plan in ject ion/product ion wel l  placement t o  optimize u t i l i z a t i o n  

o f  t he  resource. Fai lure i f  i n j e c t i o n  w e l l s  o r  impaired i n j e c t i v i t y  during 

i n i t i a l  wel l  t e s t i n g  a c t i v i t i e s  can be caused by improper pre-treatment o f  

i n jec ted  waters. 

i t i s important t o  carefu l  l y  monitor and contro l  r e i  n jected f 1 u i  d propert ies. 

IV-12. Water Qual i ty 

Thus, even a t  t h i s  ea r l y  stage o f  i n j e c t i o n  wel l  u t i l i z a t i o n ,  

Reinjected water can cause impairment o f  i n j e c t i o n  zones f o r  any one o f  

several reasons. The c o l l e c t i v e  character is t ics  o f  re in jected waters with 

respect t o  the po ten t i a l  f o r  causing l o s s - o f - i n j e c t i v i t y  are re fer red t o  as 

"water qual i ty" .  Physical and chemical propert ies o f  an i n jec ted  water t h a t  u 
I I V-47 
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govern water q u a l i t y  include: a) chemical composition, 'b) presence o f  sus- 
' 9 '  W . *  

pended sol ids,  c) presence o f  f ree gas, d) temperature o f  in jected water, and 

e) densi ty/v iscosi ty o f  in jected water. 
I 

I 

The spec i f i c  chemical composition o f  a re in jected water n cuase impair- 

ment o f  an i n j e c t i o n  zone as follows: ~ .. - *" * * .  - . - 

a. 

b. 

C. 

I 
d. 

A chemically unstable water may. form prec ip i ta tes ~ t h a t  can mechan- 
i c a l l y  p lug an i n j e c t i o n  zone. 

A chemically stable water may form prec ip i ta tes when m i  xed w i th  
i n - s i t u  formation waters. Precipi tates can chanical ly p lug 
an i n j e c t i o n  zone. 

A chemically stable water may cause corrosion o f  i n j e c t i o n  wel l  
tubulars leading t o  production > o f  corrosion product par t icu la tes 

Reinjected waters may react w i t h  formation material$ causing produc- 
t i o n  o f  f ine-grained par t icu la tes,  collapse o f  matr x pore structure 
o r  chemical precipi tates.  

1 

t h a t  can mechanically plug I .  an i n j e c t i o n  zone. ... 

- .. I - + . .  - I .  i 

Suspended sol  ids, e i t he r  organic o r  i norgani c, can cause a 1 oss-of-i njec- 

t i v i t y  by forming an impermeable cake on the formation fac by invading the 

pore s t ructure o f  a formation t o  form. an. i n t e m a l  f i l t e r  .cake, by plugging 

gravel packs, screens o r  perforat ions o r  by f i l l i n g  the wellbore w i t h  imperme- 

able sludge. The type o f  damage mechanism leadi  irment by suspended 

so l ids i s  governed by the propert ies o f  the sol e pore s t ructure of 

the i n j e c t i o n  zone formation. P a r t i c l e  s ize an e te r  are o f  obvious 

importance. The presence o f  only c o l l o i d a l  s i z  ates i n  an i n jec ted  

water does not completely r u l e  out the p o s s i b i l i t y  mechanical plugging o f  

an i n j e c t i o n  zone because the surface po ten t i a l  o f  small p a r t i c l e s  could, 

under ce r ta in  circumstances , lead t o  'pl uggl ng. 

~" . ,  . A  

q .  

' ** ' + 

Free gas i n  a re in jected water i s  detrimental because o f  the potent ia l  

Unless the gas 

essure , vapor b l  ocki ng 

f o r  vapor blocks i n  the pore structure o f  the-inj 'ecti 'on zone. 

u i s  redissolved a t  depth because o f  higher hydrostat ic 
. .  . . I  . I "  .I 
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1: . 

i4 i s  a rea l  p o s s i b i l i t y .  This i s  a d i r e c t  r e s u l t  o f  t h  r mob i l i t y  o f  gas 

r e l a t i v e  t o  l i q u i d  and r e l a t i v e  permeabil i ty ef fects.  olved gases, such 

as oxygen o r  hydrogen s u l f i d e  can also be a source o f  c t  d i f f i c u l t y  due 

t o  t h e i r  e f f e c t  on corr&ion ti b i  1 i t y  reac- 

t ions i n  the i n j e c t i o n  zone 1 g t o  p r e c i p i t a t i o n  o s from i n - s i t u  

waters. 

! 

ubulars and possible 

The natural i n g  ' force f o r  i n j e c t i o n  i s  u l t ima te l y  re la ted t o  the 

density contrast en in jected waters and i n - s i t u  waters. Depending upon 

w e l l  depth and wa mperature, a spec i f i c  hydrostat ic head w i l l  r e s u l t  t h a t  

may be s u f f i c i e n t  i n  many cases t o  permit disposal o f  re in jected waters with- 

out use o f  s face i n j e c t i o n  pumping equipment. The f low o f  water through a 

porous matr ix i s  described by Darcy's law. F l u i d  f l o w  i s  inversely propor- 

t i o n a l  t o  f l u i d  v iscosi ty.  Thus, temperature o f  i n jec ted  water i s  important 

< *  

because o f  the e f f e c t  on f l u i d  density and viscosi ty.  

IV-13. Eva1 u a t i  ng Water Qual i ty  

I n  considering the various factors t h a t  can adversely impact i n j e c t i v i t y ,  

the presence o f  suspended par t icu la tes and t h e i r  s ize d i s t r i b u t i o n  i s  extreme- 

l y  important. The general behavior o f  uniform, r i g i d ,  spherical suspended 

sol ids i n  water f lowing through an ideal  r i g i d  porous medium consist ing o f  

spherical grains o f  uniform size i s  summarized i n  Figures IV-16 and 17. 

Part ic les,  which on simple s ize considerations alone, t h a t  are smaller than 

the pore s ize o f  the porous medium may not pass through without forming an 

' internal f i l t e r  cake. For example, c o l l o i d a l  s i l i c a  has a f i n i t e  negative 

surface potent ia l  and would be susceptible t o  deposit ion i n  the pore s t ructure 

i f  the appropriate surface charge was present on the rock surfaces. Ult imate 

demonstration o f  the i n j e c t a b i l i t y  o f  an e f f l u e n t  should be based on use o f  

core and membrane f i l t e r  t es ts  as described i n  a subsequent section. Nonethe- 
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less, the re la t i onsh ip  shown i n  Figure IV-16 can be used i n  a general sense t o  

assess i n  j e c t a b i  1 i ty prov! ded t h a t  samples of i n j e c t e d  waters and i n j e c t i o n  

zone core mater ia l  are analysis."" 7he"'size d i s t r f b u t j o n  o f  

suspended so l i ds  can be mea s e r i a l  membrane f i l t r a t i o n  t e c h i q u e s  
i 

o r  p a r t i c l e  counters. Formation p a r t i c l e  s ize d i s t r i b u t i o n  can be estimated 

on the basis o f  pore s ize 'es imates der ived from c a p i l l a r y  p r e ~ s u r e , t d ' a t a ~ ~ ~ ~ ~  

o r  by granulometric analys s54,ss.  I f  the rese+voir dock i s  

poor ly  consolidated, stand l y s i s  techniquess6 , '  could also be used 

i . '  7 1 

c 1 4  ( 6  

*i  a f t e r  disaggregating the c i 

Ser ia l  membrane f i l  a r r i e d  ,,but using l l i p o r e  high 

pressure s ta in less s tee l  de rs  and f i l t r a t i o  

range o f  pore sizes. Conventional membrane f i l t e r s  are avai1ab)eLwith pore 

sizes ranging from the submicron range t o  12 pm. Large pore s i ze  f i l t e r s  can 

be made from Spectra/Mesh (Fisher S c i e n t i f i c )  polymer squares o r  s i m i l a r  

mater ia l .  

less than almost any f i l t e r i n g  medium w i l l  be acceptable. I n  

I f  the temperature o f  a re in jec ted  process stream i s  

experience, Nucl eopore membrane f i 1 t e r s  are usable t o  about 12O-:13O0C. M i  11 i- 

pore (Type HA) membrane f i l t e r s  deter iorate above about 7OoC ' i n  geothermal 

brine. S i l v e r  membrane f i l t e r s  are useful a t  high  temperatures. The ' s i l v e r  

membrane should be used i f  f i l t e r e d  residues are t o  be subsequent 

by x-ray d i f f r a c t i o n .  However, the presence o f  dissolved s u l f i d e  i o n  i n  the  

f i l t e r e d  b r ine  w i l l  cause adverse reactions w i t h  the s i l v e r  membrane. 'Other 

f i l t e r  types produce x-ray d i f f r a c t i o n  patterns which complicate analysis o f  

the f i l t e r e d  sol ids. Glass l t e r  membrane f i l t e r s  can also be used 

temperature but they are avai lab le i n  a l i m i t e d  ange of pore sizes. A l l  

membrane f i l t e r s  should be placed on top o f  a p r e - f i l t e r  f i b e r  pad supplied by 

1 .  " < 1 L I $ . *  

numerous manufacturers. These pads prevent permeabi 1 i t y  decl i ne i n $he mem- 

They also promote clean removal o f  u b r a n e  f i l t e r s  when they are pressurized. 

the f i l t e r s  from the holder O-rings. 
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, 
Direct measurement of pahicle size of suspended solids in a liquid can 

Coul ter- counters are be accompl is hed us f ng particle counti ng i nstrumentati on. L j  
' I  

,used routinely in the oil fields to measure particle size dist+ibutions bf in- 
I I ,  

jected waters. This type of instrumentation 'is relatively costly and complex. 

However, the instrument can be used in the field if suitable laboratory space 

is made available. Laser scattering devices such as the SPECTREX' Corp. parti- 

cle counters are also available. These devices have been used succeskfully in 

the field to measure particle size distributions in hypersaline-  brine^^^-^^. 
SPECTREX Corp. a1 so manufactures a particle profi 1 ing attachment hhich pro- 

duces complete particle size distributions in graphical format automatical 1y. 

Sophisticated x-ray particle size analyzers (Micromeritics) are also available, 

but these devices are not amenable to routine field use. 

, 

j 

I 

A1 1 particle size analyzers requi re di screte sampl es at ambient condi- 

tions (the laser particle counters can accept samples at any temperature below 

boiling). A useful procedure would be collection o f  a known volume of a water 

sample and immediate dilution with a known volume of deionized water to pre- 

vent additional formation of chemical precipitates. The measured particle 

distribution can then be corrected by use o f  a simple material balance. 

The relationship shown in Figure IV-17 can also be used to assess rela- 

tive injectability of a reinjected water. Formation permeability is readily 

obtained from core tests or well tests. Filter cake permeability can be 

estimated using techniques described in a subsequent section of this chapter. 

The objective of water quality measurements is to establish the probable 

response of the subsurface injection formation to long-term reinjection. An 

operator is faced with the question of establishing how long an injection well 

will perform adequately given a specific water quality and assuming that there 

are no hydraulic limitations in the reservoir. Water quality testing provides 
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one method of evaluating i njection we1 1 performance. Repeti t h e  measurements 

can also be used to evaluate potential improvement in well performance due to 

installation of water treatment systems such as filters, clarifiers, settling 

tanks, chemical treatment, etc. The relationship between water quality mea- 

surements and design of an injection water treatment system is shown schemati- 

. J 

Field 

Evaluation 
4 Experimental 

cally in Figure IV-185s. Preliminary core flooding, filtration and chemical 

stability tests are used to establish the injectability of reinjected waters 

8,60-67.  Identification of probable reservoir impairment mechanisms leads to 

subsequent development of water processing systems to condition rei njected 

water. Pilot processing facilities are designed and subsequently reevaluated 

us4 ng water qual i ty test1 ng methods. These procedures minimize damage to 

injection wells during initial field development and permit estimates to be 

made of the expected operating 1 i fetime of disposal we1 1 s. 

1. Filtar Tests 
2. Contests 

,nabation Tests 
4. Compatibility Tests * 

b 

Full-rcala 
Injection 

TCSt 

Direct 
Injection Yes 

' 

. 

Pre-injection Clarification and 
Process ~I Processing - 

Figure IV-18. Injection Evaluation Methodologyss 

tu, 
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* 
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Water q u a l i t y  t es ts  are most frequently used i n  a q u a l i t a t i v e  sense t o  

show r e l a t i v e  improvement resul t ing,  f o r  example, from i n s t a l l a t i o n  o f  a i 
f i l t r a t i o n  system. Thus, a core f looding t e s t  might show be t te r  permeabil i ty 

ma! ntenance with p re f  i 1 tered water r e l a t i v e  t o  unf i 1 tered water. I n  recent 

years, a number o f  researchers have discussed analy t ica l  models which attempt 

t o  r e l a t e  water q u a l i t y  experimental data t o  actual performance o f  i n j e c t i o n  

we1 Is53 965 ~68-69,  

IV-14. Impai rment Mechanisms 

Four types o f  i n j e c t i o n  we1 1 bore impairment65 caused by suspended sol  i d s  

are i l l u s t r a t e d  i n  Figure IV-19. We1 1 bore narrowing occurs when in jected 

sol ids are f i l t e r e d  out on the face o f  the i n j e c t i o n  formation and form a 

surface f i 1 t e r  cake. Perforat ion p l  uggi ng i s  an accelerated case o f  we1 1 bore 

narrowing i n  which in jected so l ids form a f i l t e r  cake i n  the open perforat ions. 

Fai lure o f  the i n j e c t i o n  wel l  due t o  per forat ion plugging occurs more rap id l y  

than i n  the case o f  wellbore narrowing because o f  the smaller formation sur- 

face area avai lable f o r  f i l t e r  cake formation. Invasion occurs when fine par- 

t i c u l a t e s  invade the pore s t ructure o f  the i n j e c t i o n  formation. A t  some r a d i a l  

distance from the wellbore, so l ids w i l l  s e t t l e  and form an i n te rna l  f i l t e r  

cake. This type o f  damage can be qu i te  serious because o f  the d i f f i c u l t y  i n  

removing the damage during a workover. We1 1 bore f i 1 1 -up occurs when sol  i d s  

deposit w i t h i n  the wellbore as a sludge. Cleaning o f  the wel l  would be neces- 

sary when the sludge level  bu i lds up through the i n j e c t i o n  zone. .The presence 

of a r e l a t i v e l y  deep r a t  hole would be advantageous w i t h  respect t o  we1 bore 

f i l l - u p  and also as a receptacle f o r  extraneous so l ids generated during well  

workovers. 

IV-15. Evaluating I n j e c t i o n  Wel l  Performance 

Wellbore narrowing can be evaluated using simple core f looding o r  mem- LI 
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1 . WELL BORE NARROWING ' W  

3. WELL BORE FILL UP 

~ , 

4. PERFORATION PLUGGING 

I 

Figure IV-19. Types o f  wellbore impairment caused by ' W  j suspended solids. (From Ref. 65) 
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brane filtration tests. JordaS3 described a simple linear flow analytical 

model for computing the pressure drop across a filter cake and the resultant 

impact on injection rates. The flow model is illustrated in Figure IV-20. 

The system behavior may be described as follows: 

(IV-24) 

where: dPt = pressure drop across system (atm) 
q = instantaneous flowrate' (ml/sec) . 

1, = filter cake thickness - time varing (cm) 
filter m core sample thicknes,s (cm) 

IJ = reinjection water viscosity (cp) 
A = cross sectional flow area (cm2) 

Kc = filter cake permeability ~ 

Filter cake thickness (lc) is determined as follows: 

(IV-25) 

where: w = suspended sol ids concentration in reinjection water (gm/l) 

V = total filtrate volume ( a )  
= filter cake bulk density - measured (g/cm) PC 

Substituting: 
q l f  IJ =-. + -  

dPt A p c c  K A Kf 
Rearranging: 

( IV-26) 

(IV-27) 

Filter cake permeability can be calculated because all other variables can be 

directly measured or estimated. The permeability of a filter cake depends 

upon the chemical and physical properties of the suspended solids. Kc values 

may be generalized as followss3: 
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Figure IV-20. The l i nea r  f l o w  model from which kc, the permeabi- 
l i t y  o f  a close-packed f i l t e r  cake, can be determined 
using a membrane f i l t e r  o r  core test .  1, and lf 
are the f i l t e r  cake and core o r  membrane f i l t e r  th ick-  
nesses. k, i s  the f i l t e r  cake permeabil ity and the 
pressure drops through the system are defined by 
PI - Pj. 
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1. Flocced materials ( i r o n  hydroxides, etc. ) and water-borne organic 
matter o f ten r e s u l t  i n  Kc values i n  the f rac t i ona l  m i l l i d a r c y  range. 

2. I r o n  su l f ides produce Kc values o f  less than one mi l l idarcy.  

3. Non-hydrated corrosion products, other than i r o n  sul f ide,  produce Kc 
values o f  1-10 mil l idarc ies.  

4. Fine sandy-type so l ids produce Kc values i n  the tens o f  m i l l i da rc ies .  

Once Kc has been evaluated, using data obtained from r e l a t i v e l y  simple mem- 

brane f i l t e r  o r  core f looding tests,  i n j e c t i o n  wel l  response can be calculated. 

Jordas3 derived the f o l  1 owi ng anal t y i  ca l  model : 

Given: 

1. 

2. 

3. 

4. 

5. 

Then: 

where: 

The water enters the reservo i r  uniformly, w i t h  even d i s t r i b u t i o n  
over the i n j e c t i o n  in terva l .  

The we1 1 bore narrowing impairment mechani sm i s  accurately re f l ec ted  
by uniform deposit ion o f  so l ids on a membrane f i l t e r  o r  core sample. 

The f i l t e r  cake i n  the i n j e c t i o n  wel l  i s  not  fractured. 

Sloughing o f  the f i l t e r  cake does not take place. 

F i l t e r  cake build-up occurs i n  the form o f  a r i g h t  c i r c u l a r  cyl inder.  

- 
q = cumulative volume o f  water i n jec ted  ( l i t e r s )  

= wellbore radius (cm) 
rW 
rc = inner radius o f  deposited cake (cm) 
h = i n j e c t i o n  i n te rva l  height (cm) 
w = suspended so l ids content o f  water (gm/l) 

= f i l t e r  cake bulk  density (gm/cc) 
PC 

The pressure drop through the f i l t e r  cake i s  given by: 

dP = qi@n (rw/rc)/2rrkch 

(IV-28) 

(IV-29) i 

IV-60 



fo l lowing propert ies: 

q = 10,000,000 barre ls  = 1590 x lo6 l i t e r s  

= 5 inches = 12.7 cm 

h = 250 f e e t  = 7620 cm 

rW 

ppm = 0.001 gm/l 

pc = 3 gm/cc 

q i  = 73,605 cc/sec (40,000 b/d) 

m and dP = 457 p s i  o r  137,l 
, I  

p s i '  values of kc of 3 md and 

0.01 md, respectively. Thus, the impact o f  f i  

l i t y  becomes obvious. 

eval u a t i  ng the t ime * dependent i ncr 

constant water q u a l i t y  i n j e c t i o n  s 

The method ou t l i ned  

bottomhole i n j e c t i o n  pressure fo r  a 

JOrdas3 a lso described a simple ana ly t i ca l  model . f o r  ca l cu la t i ng  decl ine 

i n j e c t i o n  r a t e  again using data obtained from a membrane f i l t e r  o r  

i n g  tes t :  

where: q = water i n j e c t i o n  r a t e  (cdsec)  

= wel l  interference radius (cm) 
= wellbore radius (cm) 
= inner f i l t e r  cake radius (cm) 

kf = formation permeabi l i ty  (darcies) 

kc = f i l t e r  cake permeabi l i ty  Cdarcies) 
h = i n j e c t i o n  i n t e r v a l  height (cm) 

P1 = bottomhole i n j e c t i o n  pressure (atm) 

P2 = s t a t i c  reservo i r  pressure (atm) 

p = water v i s c o s i t y  (cp) 

re 
rW 

rC 

' .  
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b 
I f  the bottomhole i n j e c t i o n  pressure (PI) i s  set  t o  the maximum possible 

considering surface i n j e c t i o n  pumping equipment capab i l i t y  and the f rac tu r ing  

gradient, then equation IV-30 y ie lds  an estimate o f  the maximum possible 

i n j e c t i o n  r a t e  assuming uniform build-up o f  a f i l t e r  cake w i t h  known perme- 

abi 1 i ty. 

IV-16. Barkman and Davidson Model 

I n j e c t i o n  Well Hal f -L i fe  Estimates 

H a l f - l i f e  estimates f o r  a disposal w e l l  can be calculated a f t e r  the 

method o f  Barkman and D a v i d s ~ n ~ ~  f o r  a constant pressure drop process. The 

calculated h a l f - l i f e  i s  the time required f o r  the i n j e c t i o n  r a t e  t o  decl ine t o  

one-ha1 f o f  i t s  i n i t i a l  Val ue. Disposal we1 1 impairment models are described 

f o r  the cases o f  we1 1 bore narrowi ng , i nvasi on, we1 1 bore f i 11 -up and we1 1 bore 

narrowing o r  invasion w i t h  a perforated completion. The most r e a l i s t i c  e s t i -  

mates o f  i n j e c t i o n  wel l  performance, however, are based on use of the open 

hole completion wellbore narrowing and invasion models. 

Wellbore narrowing resu l t s  when a f i l t e r  cake forms on the sand face and 

then bui lds inward eventual ly p a r t i a l l y  f i l l i n g  the wellbore. The invasion 

model accounts f o r  penetrat ion o f  the disposal formation by f i n e  suspended 

so l ids which u l t ima te l y  fo rm an i n te rna l  f i l t e r  cake w i t h i n  the disposal 

formation. For each mechanism, the h a l f - l i f e  i s  given by the product: 

(IV-31) 

Relevant formation and i n j e c t i o n  parameters t h a t  are needed t o  develop 

h a l f - l i f e  estimates are provided i n  Table IV-2. The F-factor i s  a constant 

given by: 
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Table IV-2 

Data Required t o  Calculate I n j e c t i o n  Wel l  
Performance Using the Barkman and Davidson Method 

Water Density 
Water Viscosi ty 

I n j e c t i o n  Rate 
Radius o f  I n j e c t i o n  Tubing 
Ver t i ca l  Extent o f  I n j e c t i o n  In te rva l  

I n j e c t i o n  Formation Permeabi 11 t y  
I n j e c t i o n  Formation Porosity 
Radius o f  E f fec t  
Invasion Radius 

F i  1 t e r  Cake Density 
Exposed Area o f  Membrane F i l t e r *  
Estimate o f  Formation Pore S i t e  D i s t r i b u t i o n  

* NOTE: The f i r s t  10 mm o r  so o f  any membrane 
f i l t e r ,  as measured inward from the 
circumference o f  the membrane f i l t e r ,  
i s  sealed by an O-ring. Thus, t h i s  
po r t i on  o f  the membrane f i l t e r  i s  
no t  p a r t  o f  the surface area o f  the 
f i l t e r  exposed t o  f l u i d  flow. 
sealed po r t i on  o f  a membrane f i l t e r  
can be measured by seal ing a f i l t e r  
ins ide the f i l t e r  holder and then 
subsequently measuring the width o f  
the O-ring indentat ion l e f t  on the 
membrane. 

The 
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where: F = time t o  f i l l  the wellbore w i th  so l ids a t  the i n i t i a l  flow r a t e  
(years) 

= wellbore radius (meters) " 
rW 

h = i n j e c t i o n  i n te rva l  (meters) 

io = i n i t i a l  i n j e c t i o n  r a t e  (STBD) 

w = concentration suspended sol i d s  (pg/g) . >  
, f i l t e r  cake br ine 

Estimates o f  the permeabil i ty o f  f i l t e r  cakes are developed f rom calcu- 

l a t i o n  o f  the water q u a l i t y  r a t i o  given by: 

2pcA2AP 
= (8166.11) 52 1 (IV-33) , 5  IJPW 

where: w = weight concentration o f  so l ids i n  water (pg/g) 
Kc = f i l t e r  cake permeabil i ty (md) 
S = slope o f  cumulative volume vs. square r o o t  o f  t i m e  (ml/Jmin) 

= bulk  density o f  f i l t e r  cake (gm/cm3) 
= density o f  water (gm/cm3) 

PC 

PW 
A = exposed area o f  f i l t e r  cake (cm2) 

p = f l u i d  v i scos i t y  (cp) 
AP = t o t a l  pressure d i f f e r e n t i a l  across f i l t e r  (psi)  

G-factors f o r  wellbore narrowing and invasion are estimated as follows: 

2(CI-l)/CI (IV-34) 1 Wellbore narrowing: G = 1 + - - - + - 
21ne CI 21ne e 

where: CI = 0.5 

8 = (re/rw) k c /k F 

= radius o f  e f f e c t  r e  
= wellbore radius 

rW 

kc = f i 1 t e r  cake permeabi 1 i ty  

kF = formation permeabi 1 i ty 
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ra202 

rW 
Invasion: G = -7. 1 + JL - 1 + JL 2((r-l)/ag 21ne CI 21116 e 

where: ra = invasion radius 

f3 = l-(kc/kF) r 

@ = f ract ional  poros i ty  

F i l t r a t i o n  data are reduced i n  the form o f  l i n e a r  coordinate 

(IV-35) 

p l o t s  o f  

cumulative volume versus the square r o o t  o f  t ime (Figure IV-21). I f  the 

membrane f i l t e r  becomes impaired by formation o f  a f i l t e r  cake, e i t h e r  on the 

surface o f  the membrane o r  w i t h i n  i t s  pore structure, the f i l t r a t i o n  curve 

approaches a s t r a i g h t  l ine.  The slope o f  the l i n e a r  po r t i on  o f  the f i l t r a t i o n  

curve i s  porport ional  t o  the water q u a l i t y  r a t i o ,  W(ppm)/Kc(md), defined as 

the r a t i o  o f  suspended so l ids concentration t o  the permeabil i ty o f  the f i l t e r  

cake formed on o r  w i t h i n  the membrane f i l t e r .  Since the suspended so l ids 

concentration i s  known (measured during the membrane f i  I t r a t i o n  test) ,  the 

f i l t e r  cake permeabil i ty can be calculated and a h a l f - l i f e  estimate can then 

be developed f o r  the i n j e c t i o n  wells. The actual performance o f  an i n j e c t i o n  

w e l l  w i l l  depend i n  p a r t  on whether suspended so l ids are f i l t e r e d  out a t  the 

sandface o r  invade some distance before br idg ing pores and constructing an 

i n te rna l  f i l t e r  cake, The extrapolat ion o f  thg l i n e a r ' p o r t i o n  o f  the f i l t r a -  

t i o n  curve allows an estimate o f  invasion t o  be made; a negative in tercept  

indicates no invasion whi le a p o s i t i v e  in tercept  indicates invasion. 

Barkman and Davidson emphasize t h a t  ha l f -1  i f e  estimates are semi-quanti- 

t a t i v e  a t  best  because o f  the uncertainty i n  f i x i n g  the i n j e c t i o n  parameters 

and i n  determining the t r u e  time-average o f  the water q u a l i t y  r a t i o  from spot 

measurements. Furthermore, a membrane t e s t  only resolves i n j e c t i o n  we1 1 i m -  

pairment r e s u l t i n g  f r o m  deposit ion of suspended so l ids o r  scale formation. 

The actual improvement i n  i n j e c t i o n  t h a t  might be rea l ized as a r e s u l t  of 
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Figure IV-21. Types of curves obtained from membrane 
f i l ter  tests. (From Ref. 65) 
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, p r e f i l t e r i n g  brine, for  instance, p r i o r  t o  i n j e c t i o n  cannot be accurately 
W 

estimated since def ic iencies i n  i n j e c t i o n  reservoir  propert ies, we1 1 comple- 

t i o n  pract ices o 6'ar -operating procedures may be i n  p a r t  responsible f o r  

i n j e c t i o n  d i f f i c u l t i e s .  These es o f  impairment mechanisms cannot be re- 

solved by membrane f i 1 t r a t i o n  tes ts  except i n d i r e c t l y  when t e s t  resu l t s  i ndi- 

cate no potent i  a1 f o r  par t icu la te-  nduced damage. A detai  1 ed reservoir  assess- 

ment and carefu l  cont ro l  o f  d r i l l  ng and operational pract ices are essential 

elements o f  a proper ly funct ioning i n j e c t i o n  system. 

Another def ic iency o f  the Barkman and Oavidson method i s  due t o  the f a c t  

t h a t  water qual data are obtained under constant d i f f e r e n t i a l  pressure 

conditions. Experience has shown t h a t  t h i s  model tends t o  underestimate 

i n j e c t i o n  wel l  performance. It i s  extremely important t o  use a membrane 

f i l t e r  w i t h  the appropriate pore s ize t o  best simulate the i n j e c t i o n  formation. 

The e f f e c t  o f  pa r t i cu la te  s ize d i s t r i b u t i o n  on the permeabil i ty o f  a porous 

matr ix  i s  shown i n  Figure IV-22. Champlin, e t  al.'O suggested the fo l lowing 

expression i s  useful i n  r e l a t i n g  formation poros i ty  and permeabil i ty t o  the 

mean pore diameter o f  an i n j e c t i o n  zone. 

0 = 4(1 - $)/E($ x 103)/5kI' (IV-36) 

where Q i s  porosi ty,  K i s  permeabil i ty (md), and D i s  the mean pore diameter. 

They subsequently demonstrated, by means o f  core tests,  t h a t  the l a rges t  s ize 

p a r t i c l e  passing through core samples was about 25 percent smaller than the 

calculated mean pore s ize (Figure IV-23). The Kozeny re la t ionship can also be 

expressed as follows: 

or 
U 
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Figure IV-22. E f f e c t  o f  p a r t i c l e  in jec t ion  on the permeabil i ty 
o f  selected sandstone cores. (From Ref. 70) 
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Largest particfe through pores - p 

Figure IV-23. Relationship o f  calculated pore diameter to 
the largest particle passed through selected 
core samples. (From Ref. 70) 
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d2 krm (IV-38) 

where: k = permeabi l i ty  (md) 

d = median g ra in  diameter (vm) 
$ = f rac t i ona l  poros i ty  

Usual pract ice i s  t o  estimate pore s i ze  d i s t r i b u t i o n  o f  the i n j e c t i o n  

formation using some form o f  the Kozeny equation o r  laboratory c a p i l l a r y  

pressure data and then se lect  the most appropriate membrane f i l t e r  f o r  water 

q u a l i t y  test ing.  

most commonly used. 

ever, on use o f  0.4 o r  0.45 vm membrane f i l t e r s .  

Membranes wi th pore s ize d i s t r i b u t i o n s  o f  10 pm t o  12 pm are 

Total  suspended so l ids estimates are always based, how- 
I ,  

Calculat ion o f  h a l f - l i f e  estimates f o r  i n j e c t i o n  wel ls  based on the 

Barkman and Oavidson model i s  straightforward b u t  t ime consuming. A code, 

w r i t t e n  f o r  the Hewlett-Packard Model 67 (HP-67) calcul-ator, i s  provided as 

Appendix 11. This code calculates i n j e c t i o n  we l l  h a l f - l i f e  using e i t h e r  the 

we1 lbore narrowing or invasion models. 

Simp1 i f i e d  Ha l f -L i f e  Estimates 

I n  order t o  u t i l i z e  the Barkman and Davidson method f o r  est imat ing in jec-  

t i o n  wel l  h a l f - l i f e ,  it i s  f i r s t  necessary t o  measure a suspended so l i ds  

concentration f o r  the water being evaluated. F i e l d  measurement o f  suspended 

so l i ds  concentration, whi le not  d i f f i c u l t ,  i s  laborious. A simple method can 

be used t o  el iminate the necessity o f  measuring suspended so l i ds  concentra- 

t ions. This method also el iminates the necessity o f  est imat ing the f i l t e r  

cake t o  br ine densi ty r a t i o .  

The basis f o r  s i m p l i f i e d  wellbore narrowing h a l f - l i f e  estimates can be 

developed as follows: 

ii 

CB 
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W 

For - 
re I n  - kc 

kf rW 
G Z 3 -  

kc P, nrw2h I n  re 

W 
Tfp=w - - - Pw I O  kF 

where S is t h e  slope o f  t h e  cumula t ive  volume vs. t h e  s q u a r e  r o o t  o f  time c u r v e  

Subs t i  t u t i n g :  

re I n  ;r 
kF W 

nr 2h x J L - -  W 
T% 2A2Ap lo (IV-39) 

IV-17. Davidson Method 

One e x p l a n a t i o n  for  o v e r l y  c o n s e r v a t i v e  estimates o f  i n j e c t i o n  well 

performance by t h e  Barkman and Oavidson method i s  due t o  t h e  u n c e r t a i n t y  I n  

s p e c i f y i n g  i n v a s i o n  r a d i u s .  If t h e  i n v a s i o n  r a d i u s  c o u l d  be better d e f i n e d ,  

t h e n  t h e  Barkman and Oavidson i n v a s i o n  model could be better u t i l i z e d  i n  

estimating well performance. Another d i f f i c u l t y  w i t h  t h e  Barkman and Davidson 

methodology r e s u l t s  from t h e  c o n s t a n t  d i f f e r e n t i a l  p r e s s u r e  requirement ,  A 

more r e c e n t  paper by Davldsons8 d i s c u s s e s  t h e  u t i l i t y  o f  t h e  c o n s t a n t  flow 

methodology i n  e s t i m a t i n g  i n j e c t i o n  well performance. 

I n v a s i o n  

According t o  Oavidson, t h e  minimum i n j e c t i o n  rate (Qc)  r e q u i r e d  t o  pre-  

v e n t  d e p o s i t i o n  (1.e. s u p p o r t  deep i n v a s i o n  o f  suspended s o l i d s )  1s g i v e n  by: 

(IV-40) 

I 

I 
I 
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where: suspended so l ids are greater than 1 pm i n  s ize and 

Qc = B/D/FT required t o  prevent deposition 

Ap = (density o f  suspended sol ids) - (density o f  brine), g/cc 

p = density o f  brine, g/cc 

do = i n i t i a l  formation pore diameter, pm 

a = p a r t i c l e  diameter o f  suspended sol ids, pm 

I n j e c t i o n  formation pore diameter (do) can be estimated using laboratory 

capi 

abi 1 

requ 

l a r y  pressure data o r  empirical re la t ionship between poros i ty  and perme- 

t y  as described previously. Equation (IV-40) implies t h a t  the ve loc i t y  

red t o  prevent deposit ion decreases as p a r t i c l e  s ize increases because 

larger  p a r t i c l e s  . .  protrude i n t o  regions o f  higher ve loc i t y  adjacent t o  pore 

boundaries than do smaller par t ic les.  

Invasion Radius 

Invasion radius i s  given by: 

KF 0.75 - 
r a -  - 3  

dB 

where ra = invasion radius i n  terms o f  the number o f  wellbore r a d i i  

a, = 3 a/do 

RF = the constant f lowrate asymptotic permeabil i ty 

(IV-41) 

Estimating KF presents some d i f f i c u l t y .  The signi f icance o f  KF i s  shown i n  

Figure IV-24. Type (a) curves represent i n te rna l  pore br idg ing o r  the s t a r t  

of surface f i l t r a t i o n  whereas Type (c) curves ind icate formation o f  non- 

re ta in ing  beds (i.e. deep invasion). The parameter Ap/Ap i s  the r e l a t i v e  

d i f f e r e n t i a l  pressure change and Yw i s  the asymptotic value o f  Ap/Ap. Since 

permeabi 1 i t y  i s inversely proport ional t o  d i f f e r e n t i a l  pressure, Yw can be 
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Figure IV-24. Constant Rate Impairment Curves. (From Ref. 68) 



L J  used t o  ca lcu late KF. Yw i s  estimated on the basis o f  a core t e s t  run a 

constant flow where the core i s  cha rac te r i s t i c  o f  the i n j e c t i o n  formation. 

Hal f - L i  f e  Estimates 

An estimate o f  the time i n  years required t o  a t t a i n  a 2 t o  1 reduction i n  

b effect ive i n j e c t i o n  formation permeabi l i ty  (t,), assuming a > 1 micron, can be 

obta i  ned f rorn: 

where w = so l ids concentration, ppm 

= suspended so l i ds  density, g/cc p5 
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IV-18 .  Measuring Water Quality LJ 
. , I. 

. .I . 

The NACE standard (TM-01-?3)71 for measuring water qual i ty is discussed 

by P a t t ~ n ~ ~ .  The test consists of passing a 'kno 

through a membrane filter under he flow rate 

and cumulative volume of water 

nature and indicates the relative qu 

represented in the form of a graph of flow rate versus cumulative volume of 

water filter. The standard calls for the use o f  a 47 mm diameter, 0.45 prn 

membrane filter. The various configurations for carrying out a filter test 

are shown in Figures IV-25 to 27. 

The basic test system configuration is shown in Figure IV-25. A reser- 

voir is filled with injection water and pressurized' with nltrogen. Fluid is 

then forced through a membrane filter mounted in an appropriate holder. A 

vent valve is used on he filter assembly to purge any trapped air before the 

filtration test i s  initiated. The filter assembly can also be purged using a 

vacuum pump as shown in Figure IV-26.  For geothermal applications the system 

shown in Figure IV-27 is preferable since the properties and quantity of 

suspended solids could be significantly influenced by temperature, aeration 

and, to a lesser extent, pressure drop. 

Temperature effects can be extremely significant in carrying out water 

quality measurements. Spent geothermal waters may commonly be saturated or 

supersaturated with respect to dissolved silica. Temperature decline would 

tend to promote additional silica precipltation. Calcium carbonate (calcite) 

has an inverse temperature solubility. Therefore, cooling a water or brine 

sample prior to and during testing may actually improve water quality with 

respect to the suppression of carbonate prectpitation. Introduction o f  air 
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1- PRESSURE SOURCE 

PRESSURE GAUGE 

- CALIBRATED RESERVOIR 

TOGGLE VALVE 

MEMBRANE FILTER HOLDER 1- 

Figure IV-25. A two-stage apparatus w i t h  pressure gauge and 
regulator  f o r  repressuring and t e s t i n g  a sample 
co l lected fn a reservo i r  ra the r  than from the 
water hand1 i n g  s em as i n  Figure IV-27. This 
apapra'tus i s  use 
cannot be r e a d i l y  adapted t o  on-stream appl icat ion.  
To ensure t h a t  t e s t  condi t ions correspond w i t h  
those o f  Figure IV-27, n i t rogen gas i s  used t o  
r a i s e  reservo i r  pressure t o  20 psig. 

r i m a r i l y  when the sample p o i n t  
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Figure IV-26. Apparatus for testlng aged samples (secondary 
suspended sol ids) by vacuum f i 1 trati on. The 
sample i s  poured into the cylinder over the 
holder, which contains a pre-weighed membrane 

' f i l ter .  The vacuum source may be either a 
vacuum pump or water aspirator. 
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Figure IV-27. 

I\ n 

VALVE 

tlembrane f i l t e r  test apparatus showing a 
membrane f i l t e r  holder connected t o  a water 
supply system. The 4'' block valve and needle 
valve shown near the t o p  of Figure IV-27 control 
system pressure within prescribed 1 imi ts. Just 
above the f i l t e r  holder i s  a quick-opening type 
toggle valve t o  permit immediate, full-stream 
flow essential t o  timing accuracy. 
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i n t o  a sample could induce p r e c i p i t a t i o n  o f  dissolved i r o n  t h a t  could manifest 

i t s e l f  as a s i g n i f i c a n t  reduction i n  apparent water qual i ty .  I n  general, the 

sampling and water q u a l i t y  measuring technique should be designed t o  minimize 

o r  el iminate changes i n  the basic i n j e c t i o n  water propert ies. I n  t h i s  regard, 

the a b i l i t y  t o  sample d i r e c t l y  from a f lowing r e i n j e c t i o n  stream and t o  per- 

form the f i l t r a t i o n  t e s t  a t  o r  near i n - s i t u  temperature would be h igh l y  desir-  

able. 

The inf luence o f  temperature on water q u a l i t y  i s  shown graphica l ly  i n  

Figures IV-28 t o  31. Membrane f i l t r a t i o n ,  i n j e c t a b i l i t y ,  o r  water q u a l i t y  

t e s t  r e s u l t s  obtained a t  the Univers i ty  o f  Minnesota Seasonal Thermal Energy 

Storage (STES) t e s t  f a c i l i t y 7 3  are summarized i n  Figures IV-28 and 29. Test 

r e s u l t s  ind icated t h a t  f l u i d  i n j e c t a b i l i t y  decreased s i g n i f i c a n t l y  as a func- 

t i o n  o f  increasing temperature. Subsequent analysis o f  f i l t e r  cakes formed on 

0.4 and 10 micron membrane f i 1 t e r s  ind icated t h a t  permeabi T i  t y  impairment was 

due p r i m a r i l y  t o  deposit ion o f  c a l c i t e  (CaC03). The i n j e c t a b i l i t y  t e s t  re- 

sul t s  are consistent w i t h  geochemical models which predicted t h a t  c a l c i t e  

p r e c i p i t a t i o n  would occur when reservo i r  f l u i d s  were heated t o  temperatures i n  

excess o f  about 1 8 O C .  A water condi t ioning system i s  now being i n s t a l l e d  a t  

the Univers i ty  o f  Minnesota STES f a c i l i t y  t o  contro l  c a l c i t e  p rec ip i t a t i on .  

If the water q u a l i t y  t es ts  had been performed a t  ambient temperature, an 

over ly  o p t i m i s t i c  conclusion would have been reached concerning u l t imate f l u i d  

i n j ectab i 1 i ty  . 
F i e l d  core f looding t e s t  r e s u l t s  are summarized i n  Figure IV-3074. 

Permeabi 1 i t y  o f  f lashed (atmospheric pressure) hypersaline b r ine  from the 

Magmamax No. 1 wel l ,  Salton Sea Geothermal F i e l d  was used t o  f l o o d  core Sam- 

ples o f  Kayenta sandstone a t  temperatures between 28 and 7OOC. The b r ine  was 

p r e f i l t e r e d ,  using a 1 pm pore s i t e  ca r t r i dge  f i l t e r ,  immediately before 

't-J 
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F i  gure IV-28. 

F igure IV-29. 
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Figure IV-30. P1 rsus vol une o f  throughput 

f o r  four  cores o f  Kayenta sandstone a t  various 
br ine  temperatures. A l l  runs were w i th  
p r e f i l t e r e d  ( 1  pm) a c i d i f i e d  (pH5 4.6) b r i n e  
and cores a t  5OO^ps-i conf ining pressure. 

Figure IV-31. Percentage o f  dissolved s i l i c a  p r e c i p i t a t e d  
i n  core f o r  runs o f  Kayenta sandstone a t  
various temperatures. 
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/ r  

b; 
The temperature de o f  core permeabil- 

’ r  

t y  impairment was de 

own i n  Figure IV-31. 

t membrane or core f l ood  g water qual i t y  

fe ren t i a l  press e t  against the reservoir  analog i s  o f  some importance 

because compres o f  f i l t e r  cakes t h a t  may form d u r i  a t e s t  influence 

f i l t e r  cake hydraul ic propert ies. The NACE standard i s  20 g f 10%. Jordas3 

emphasizes t h a t  a d i f f e r e n t i a l  pressure o f  80 ps ig  should be used i n  a l l  

cases. I n  an actual i n j e c t i o n  wel l  o f  several thousands o f  f e e t  depth, the 

hydrostat ic head t h a t  f i l t e r  cakes are d by pressures of 

hundreds t o  thousands o f  psig. I n  select ing an appropriate d i f f e r e n t i a l  

pressure f o r  a water q u a l i t y  t es t ,  one should select  the highest possible 

pressure consistent w i th  experimental conditions. The preferred method o f  

t e s t i n g  i s  t o  bypass i n j e c t i o n  water d i r e c t l y  f r o m  a pressurized i n j e c t i o n  

f low l i n e  t o  the water q u a l i t y  t e s t i n g  apparatus. This method el iminates the 

need f o r  external pumps o r  sources o f  pressurized i n e r t  gases. Core t e s t i n g  

should be ca r r i ed  out i n  a manner t h a t  precludes turbulent  non-Darcy f low 

. .  

w i t h i n  the core sample. 

Water Qual i t y  Testing Equipment 

Water qual i ty t e s t i  ng systems have been described by several authors 

8’53s60962964r71s72. F i e l d  methods f o r  obtaining water q u a l i t y  data on geo- 

thermal process streams are described by Netherton and Owen7s, Hasbrouck, e t  

Hauer, e t  and Owen, e t  a1.73,78-80. The geothermal t e s t i n g  

systems range from r e l a t i v e l y  simple, manually operated devices t o  complex 

automated o r  semi-automated systems t h a t  represent a s i g n i f i c a n t  investment i n  

both time and money. I n  general, the simpler manual system can provide rea- 

sonable resu l t s  a t  very modest cost. Embellishments t h a t  add t o  convenience 
.*. 
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o f  use invo lve use o f  automated f l ow  measuring devices. I n  systems which 

u r a t e  on a pressurized bypass l i n e ,  throughput ra tes through a core sample 

o r  membrane f i l t e r  may be so h igh as t o  make use o f  2 l i t e r  graduated c y l i n -  

ders awkward. A simple mass flowmeter i s  described i n  Ref. 75 f o r  use wi th  

geothermal brines. This system makes use of a ca l i b ra ted  load c e l l  from which 

i s  suspended a l a rge  capaci ty (20 ga l l on  bucket). Turbine flowmeters are no t  

recommended f o r  geothermal f i e l d  service owing t o  t h e i r  f r a g i l e  nature and 

s u s c e p t i b i l i t y  t o  corrosion. Sophist icated mass flowmeters w i t h  t o t a l i z e r s  

manufactured by Micro Motion, Boulder, Colorado, have been successful ly used 

i n  con junc t i on  w i t h  the assessment o f  geopressured geothermal br ines and 

Seasonal Thermal Energy Storage waters. 

A simple apparatus for  ca r ry ing  out  water q u a l i t y  t e s t s  using membrane 

f i l t e r s  i s  shown i n  Figure IV-32. This system employs a pump t o  permit  t e s t -  

i n g  unpressurized process streams. Any su i tab le  pump may be used. The gear 

pump, i f  used, should be equipped with an e lec t ron i c  speed contro l .  The pump 

should a lso be mounted on a sound i s o l a t i o n  stand as it i s  q u i t e  noisy. 

D i f f e r e n t i a l  pressure across the f i l t e r  i s  c o n t r o l l e d  w i t h  the combination of 

t he  f i l t e r  b a l l  valve and the by-pass con t ro l  valve. Tota l  f i l t r a t e  volume 

can be measured using a 2 - l i t e r  p l a s t i c  graduated cy l i nde r  or a flowmeter. 

The by-pass discharge f l u i d  should be dumped t o  a tank o r  p i t .  The system 

shou ld  a l s o  be mounted on a sound i s o l a t i o n  s tand  as i t  i s  q u i t e  noisy.  

adjacent t o  the  f i l t e r  holder which i s  a standard M i l l i p o r e  47 mm diameter 

h igh pressure membrane f i l t e r  holder. A l te rna t i ve l y ,  the f i l t e r  holder may be 

mounted ins ide  o f  a clam-shell type o f  heater. The heater can be c o n t r o l l e d  

using any standard heater c o n t r o l l e r  u n i t .  Mater ia ls  o f  const ruct ion should 

be corrosion res i s tan t .  Use o f  316 s ta in less  s tee l  f i t t i n g s  and valves i n  

-?njunct ion w i t h  Inconel 600 tub ing may be a reasonable conf igurat ion i n  most 

LJ 
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100 psi 

I 

All tubing is 
0.375 dia X 0.035 wall 

stainless steel tubing 
(except by-pass) 

t 

Fine control valve 
(need I e) 

I 
By-pa& line 

stainless steel tubing 

1 

I 0.500 dia X 0.035 wall ' 
I 

B ~ I I  valve 
) 

To flow 
monitor 

El 

- b- Low-pressure inlet 
Gear pump 

Oberdorfer positive displacement 
7 gal/min at 1800 rpm 

Figure IV-32. Simple membrane filtration water quality testing 
apparatus. (From Ref. 80) The apparatus can be 
mounted on an aluminum or steel stand-alone frame. 
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i nstances. However, on 

o f  small amounts 

water qual i ty .  Safety cons 

W 

I 
~ I/ 

I 

A more e'laborate water qual i ty  t e s t i n g  apparatus which i ncl  udei  a pre- 

f i l t e r  assembly i s  shown i n  Figure IV-33. e p r e f i l t e r  permits evaluation of 

the e f fec t  of br ine processing on water qu i ty.  

sizes ranging between 1 and 10 pm can !be 'used. 

t a i n  safe pressure leve ls  i n  the t e s t  system. 

the membrane f i l t e r  i s  maintained using the by-'pass c 

Cartr idge f i l t e r s  

Pressure r e l i e f  vafv 

D i f f e r e n t i a l  pressuTe across 

1 '  

. *  system should a l s  

A combination core 

atus t h a t  was successful ly used t o  evaluate hypersaline b r ine  from the Salton 

Sea Geothermal F i e l d  i s  described by Netherion and Owen75. This system em- 

ployed a pressure vessel f o r  core samples tha t ' had  a c a p a b i l i t y  f o r  applying 

conf in ing stress t o  the core sample v i a  hydraul ic o i  

used t o  i s o l a t e  the core sample from the hydraul ic f l u  

pressure vessel are shown i n  Figure IV-34. The vessel can be constructed 

using l o w  carbon steel.  F l u i d  feed throughs should beconstructed using corro- 

s ion res i s tan t  materials. Low carbon steel  end caps were found t o  corrode 

(rust)  i n  the humid f i e l d  environment. They were subsequently r 

Ti-6A1-4V a l l o y  end caps and 'the corrosio 

Core Samples 

. .  

Core holders, modeled a f t e r  the M i l l i p o r e  high pressure membrane f i l t e r  

assembly can be eas i l y  fabricated. s of a centrai  r i n g  i n  

which a core sample i s  cemented and two end caps. . A core holder b u i l t  by 

Terra Tek R e ~ e a r c h ' ~  accepts 1 inch diameter core by 1.5 inches long w i th  a 

T 
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Figure IV-34. Core flooding pressure vessel. 
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tapered longi tudinal  section. Stainless steel  screens are placed on each end 

o f  the core t o  insure uniform d i s t r i b u t i o n  o f  f l u i d .  L 
Core samples are placed i n  the c y l i n d r i c a l  center sect ion o f  the core 

holder. The annulus i s  then f i l l e d  w i t h  DURALCO 700 epoxy avai lable from 

Coltronics Corporation. A mixture consist ing o f  8 par ts  hardener t o  100 par ts  

res in  was found t o  be sat isfactory.  This mix w i l l  harden a t  room temperature 

i n  about 2 hours. Heating .the mixed epoxy w i l l  decrease i t s  v i scos i t y  and 

accelerate the cur ing time. To f a c i l i t a t e  the f low o f  the epoxy,around the 

sample and t o  insure t h a t  there w i l l  be minimum voids i n  the p o t t i n g  material,  

the sample and sample holding r i n g  can be preheated t o  approximately 8OOC. 

A l ternat ive ly ,  the hardenerhesin mixture can be heated i n  an oven a t  

100°C f o r  10 t o  15 minutes. Per iodical ly,  the mixture should be s t i r r e d  t o  

insure good mixing. The epoxy may then be flowed i n t o  the annulus as describ- 

ed above. 

The core sample holder and epoxy mount were pressure tested a t  tempera- 

tures t o  175OC as follows: 

0 Nitrogen: Steel Sample, 200 p s i  @ 175OC (4 hrs) 
Sandstone, 200 p s i d  @ 175OC (2 hrs) 

0 Water: Steel Sample, 2000 p s i d  @ 175OC (3  hrs) 
Sandstone, 200 p s i  @ '175OC (3  hrs) 

4500 p s i  @ 175OC (3  hrs) 
400 p s i  @ 175OC (1 hr)(steady flow) 

Massi l lon sandstone was used i n  the above tests.  A steady-state f low r a t e  o f  

1 ml/min was used f o r  the dynamic test .  Conventional low v i scos i t y  epoxies 

were found unsatisfactory because they tended t o  i n f i l t r a t e  the core sample t o  

an excessive extent. 

IV-19. Chemical Stabi 1 i t y  Tests 

A primary source o f  i n j e c t i o n  w e l l  impairment resu l t s  from i n j e c t i o n  of 
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waters t h a t  are e i ther  chemically unstable o r  capable o f  forming chemical 

prec ip i ta tes when mixed w i th  i n - s i t u  formation waters. An in jected water, 

a f t e r  passing through a processing system tha t  might include various types o f  

f i l t r a t i o n  and other kinds o f  processing may appear t o  the casu41 observer as 

being c lear  and p a r t i c l e  free. However, cer ta in  dissolved species may precip- 

i t a t e  i f  given s u f f i c i e n t  residence time o r  i f  subjected t o  a temperature 

change. 

stabi  1 i ty of re in jected waters. 

The purpose o f  chemical s t a b i l i t y  tes ts  i s  t o  determine the long-term 

Typical data per ta in ing t o  the chemical s t a b i l i t y  o f  dissolved s i l i c a  i n  

hypersaline br ine i s  i l l u s t r a t e d  i n  Figures IV-35 and 3681982. I n  most in-  

stances, dissolved s i l i c a  and i r o n  i n  various forms w i l l  be the most important 

p rec ip i t a t i ng  species. However, p rec ip i ta t ion  o f  other cations such as cal- 

cium and barium as carbonates and sulfates, should also be considered. For 

example, Raber, e t  found t h a t  water f rom the Salton Sea, when mixed w i th  

f 1 ashed hypersal i ne geothermal brine, produced copious amounts o f  sul fate 

precipi tates.  

Chemical s t a b i l i t y  tes ts  are performed by placing samples o f  water i n  a i r  

t i g h t  containers and incubating the samples f o r  varying periods of t ime a t  a 

desi red temperature whi le maintaining anaerobic conditions. Introduct ion of 

a i r  can cause p rec ip i t a t i on  o f  dissolved i r o n  species and thus should be 

avoided. A t  the end of the incubation per iod samples are rap id ly  f i l t e r e d  and 

the s t a b i l i t y  o f  the ‘water o r  br ine i s  based on the amount of recovered pre- 

c i p i t a t e  and the chemical composition o f  both the prec ip i ta te  and the residual 

f i l t r a t e .  Chemical compat ib i l i ty  o f  two waters i s  established using the same 

basic technique described above a f t e r  mixing the two waters i n  any desired 

ra t io .  H i l l ,  e t  a1,8f describe a tes t ing  procedure which involves incubation 

n glass ampules tha t  are pressurized w i th  nitrogen and then o f  sample waters 
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Figure IV-35. Concentration of suspended sol ids and dissolved Si02 
in effluent hypersaline geothermal brine after, in- 
cubation at 90OC. (From Ref. 81) 
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Figure IV-36.' Solubility o f  SiO,  in hypersaline geothermal brine. 
(From Ref. 81 ) 
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sealed by melting the narrow neck o f  the container w i th  the flame from a small 

torch o r  bunsen burner. A f t e r  the incubation run i s  completed, the ampule i s  

opened using a special hot w i r e  device described i n  Ref. 81. 

A much easier procedure has been successfully used by the authors i n  the 

evaluation o f  hypersaline br ine f r o m  the Imperial Valley. Samples are ob- 

tained i n i t i a l l y  i n  a 1 gal lon capacity thermos jug. The jug i s  quickly taken 

i n t o  a f i e l d  laboratory where 100 m l  p las t i c  bo t t les  are f i l l e d ,  sealed and 

then placed i n  a vacuum oven preheated t o  the desired temperature. .The thread 

mouth o f  the bot t les i s  heavi ly wrapped w i th  te f l on  tape before securing the 

caps. A t  tempera- 

tu re  o f  100°C, p las t i c  bot t les tend t o  soften. To avoid t ipp ing  bo t t les  use 

o f  aluminum support sleeves i s  recommended. When the samples are sequential ly 

withdrawn f r o m  the oven, they are rap id ly  f i l t e r e d  using a 0.45 pm membrane 

vacuum f i l t r a t i o n  system. When su f f i c i en t  l i q u i d  has been f i l t e r e d  f o r  chemi- 

cal anal ys i  s , an a1 i quot i s  taken and immedi a te ly  stabi 1 i zed using procedures 

dissolved i n  Chapter 11. The remainder o f  the sample i s  rap id ly  f i l t e r e d  and 

the suspended sol ids, a f te r  being washed wi th  deionized water and dr ied under 

Samples placed under vacuum show no tendency t o  oxidize. 

vacuum, are weighed. 

IV-20. Brine Treatment 

Geothermal systems which require subsurface disposal o f  spent br ine 

usually must include treatment f a c i l i t i e s  f o r  insur ing tha t  in jected brines 

are compatible w i th  the subsurface i n jec t i on  formations. The major objectives 

of the br ine treatment systems are t o  remove extraneous suspended part iculates,  

which can cause mechanical plugging o f  the i n jec t i on  formation, and t o  insure 

tha t  the br ine i s  chemically stable t o  prevent formation o f  precipi tates 

downhole o r  w i th in  the i n jec t i on  formation. Control o f  b io log ica l  a c t i v i t y  i s  

usually not a concern i n  geothermal operations owing t o  the ef fects  o f  high 

IV-92 



temperatures and moderate t o  high s a l i n i t i e s .  However, standard techniques 

can be employed .to assess the po ten t i a l  f o r  downhole problems due t o  bac te r ia l  

agents'03. The c o r r o s i v i t y  o f  i n jec ted  e f f l u e n t s  i s  a matter for  concern i f  

accelerated corrosion o f  casing and plugging o f  the i n j e c t i o n  formation by 

corrosion products i s  t o  be avoided (see Ref. 104). Usual p rac t i ce  i s  t o  

operate the i n j e c t i o n  system as a closed system t o  avoid contamination by 

atmospheric oxygen. In t roduct ion o f  a i r  can cause addi t ional  p r e c i p i t a t i o n  of 

dissolved const i tuents as wel l  as increase the c o r r o s i v i t y  o f  the i n jec ted  

brine. 

the fo l l ow ing  processing units: 

1) g r a v i t y  s e t t l i n g  
2) f l o t a t i o n  
3) c e n t r i f i c a l  separation 
4) f i l t r a t i o n  
5) c l a r i f i c a t i o n / c r y s t a l l  i z a t i o n  
6) chemical treatment 

Most geothermal treatment systems w i  11 need f i l t r a t i o n  systems t o  p re t rea t  

s. Depending upon the e l  'of p a r t i c u l a t e  matter n the water 

sedimentation u n i t s  might o r  might not be required. The purpose o f  the sedi- 

mentation u n i t s  i s  t o  reduce the p a r t i c u l a t e  loading t o  downstream f i l t e r s .  

The length o f  t ime a f i l t e r  can be operated before backwashing o f  f i l t e r  

elements o r  replacement o f  f i l t e r  elements i s  required i s  an important operat- 

i n g  parameter t h a t  s i g n i f i c a n t l y  inf luences operating costs. I n  c e r t a i n  

geothermal systems such as the hypersaline resources o f  Southern Cal i forn ia,  

suspended so l i ds  concentrat ions i n  b r ine  flashed. t o  atmospheric pressure can 

range between 500 t o  2000 mg/l. I n  these cases, d i r e c t  operation o f  f i l t r a -  

t i o n  systems i s -  no t  p r a c t i c a l  and some form o f  s e t t l i n g  system i s  mandatory 

f o r  economic water treatment operations. 

LJ 

IV-93 



For the most par t ,  pa r t i cu la te  matter formed during the geothermal energy 

conversion process consist  of chemical prec ip i ta tes which tend t o  be f ine-  

grained. These par t icu la tes may adsorb evolved gases which tends t o  fur ther 

diminish t h e i r  s e t t l i n g  rates. E f fec t i ve  removal o f  t h i s  type o f  material by 

use o f  s e t t l i n g  systems may necessitate chemical treatment schedules and 

mechanical ag i ta t i on  t o  encourage f l occu la t i on  

larger, more dense masses. 

C l a r i f i c a t i o n  systems are used i n  geotherma 

of d iscrete p a r t i c l e s  i n t o  

operations t o  enhance pre- 

c i p i  t a t i o n  o f  supersaturated species dissolved i n  the goethermal water whi 1 e 

simultaneously promoting f l occu la t i on  o f  par t icu la tes and p a r t i c l e  removal by 

a 'combination o f  g rav i t y  sedimentation and f i l t r a t i o n .  These un i t s  are i n -  

tended t o  produce an overflow e f f l u e n t  which i s  chemically stable a t  the 

treatment condit ions w i t h  less than 50 mg/l o f  suspended par t icu la tes.  I n  

order t o  funct ion as g rav i t y  s e t t l i n g  tanks, the u n i t s  must be phys ica l ly  

large. It i s  also necessary t o  operate the u n i t s  under closed-system condi- 

t ions t o  preclude a i r  contamination and post-processing p r e c i p i t a t i o n  o f  

addi t ional  sol ids. The c l a r i f i e d  overflow i s  pol ished by means o f  a high 

e f f i c i ency  f i l t r a t i o n  system t o  produce an e f f l u e n t  t h a t  might contain between 

0.5 t o  1.0 mg/l suspended sol ids. 

The important components o f  an integrated r e a c t i o n - c l a r i f i c a t i o n  system 

include the react ion zone, where mechanical ag i ta t i on  i s  used t o  promote 

p a r t i c l e  growth by enhancement o f  l i q u i d  phase-solid phase contact, the grav- 

i t y  s e t t l i n g  basin, where density segregation o f  par t icu la tes i s  accomplished, 

and the sludge bed f i l t r a t i o n  zone where l i q u i d  i s  forced t o  f l o w  through 

s e t t l e d  sludge t o  achieve addi t ional  p a r t i c l e  removal by the f i l t r a t i o n  prop- 

e r t i e s  o f  the s e t t l e d  sludge. 



Crystal  1 i z a t i o n  i s  a high temperature/pressure version o f  react ion c l a r i -  

f i c a t i o n  process. Whereas react ion c l a r i f i c a t i o n  i s  employed a t  atmospheric 

o r  near atmospheric pressure and temperature. Crystal  1 i z e r s  can be operated 

a t  much higher temperature and pressure, Obviously, mechanical consideration 

w i l l  be more s t r i ngen t  since the c r y s t a l l i z e r  operates as a pressure vessel. 

I n  operat i  on, the c r y s t a l  1 i zer i s  intended t o  reduce supersaturated species 

dissolved i n  the geothermal water t o  saturat ion l eve l s  i n  order t o  l i m i t  o r  

e l  iminate scale deposi t ion downstream o f  the c rys ta l1  i z e r  u n i t .  Patented 

designs now are ava i l ab le  which permit  the c r y s t a l l i z e r  t o  func t i on  as both a 

scale con t ro l  system and as a steam separator. Provis ion can a lso be made f o r  

recovery o f  p r e c i p i t a t e d  sludge d i r e c t l y  from the c r y s t a l l i z e r  whi le  it i s  

operating. A l te rna t i ve l y ,  p rec ip i t a ted  mater ia l  can be a1 lowed t o  pass through 

t o  downstream water treatment components where the suspended so l i ds  can be 

removed a t  atmospheric condit ions. High temperature recovery o f  p rec ip i t a ted  

sol  i d s  could be desi rab l  e under c e r t a i  n condit ions. For example, m i  neral  

recovery schemes f o r  separation o f  heavy metals from hypersal ine br ines would 

b e n e f i t  from the a b i l i t y  t o  segregate concentrates a t  t he i r  p o i n t  o f  formation. 

A1 1 processing systems which concentrate suspended sol  i d s  by sedimenta- 

t i o n  processes produce a water-r ich sludge which must be f u r t h e r  processed 

p r i o r  t o  u l t ima te  diposal. The processing consists o f  addi t ional  steps t h a t  

reduce the water content o f  the sludge. These steps might include use o f  

centr i fuges, thickeners and f i l t e r  presses i n  iombination o r  alone. Descrip- 

t i o n s  o f  the mechanical components used t o  reduce water content o f  sludge can 

be found i n  Ref. 84. D i r e c t  recovery o f  suspended so l i ds  from a geothermal 

e f f luent  using high speed c e n t r i f i c a l  separators i s  i n  general not  p r a c t i c a l  

owing t o  low so l i ds  t o  l i q u i d  r a t i o s  and the l o w  densi ty o f  the suspended 

. 

L) Inaterial* 
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I n  the fo l l ow ing  sections, the most commonly employed b r i n e  treatment 

systems w i l l  be di'scussed, i n  mor, d e t a i l .  The design o f  an in tegrated water 

treatment system must be c a r e f u l l y  planned i n  order t o  con t ro l  costs. The 

l e a s t  amount o f  processing requi red t o  y i e l d  an i n j e c t a b l e  e f f l u e n t  i s  the 

desi red  goal. The water qual i ty t e s t i n g  methods described prev ious ly  become 

very important i n  de f i n ing  water , treatment standards and i n  assessing the  

r e l a t i v e  mer i ts  o f  a p a r t i c u l a r  treatment system dur ing bench and p i l o t  t e s t -  

i n g  a c t i v i t i e s .  Addi t ional  t e s t i n g  methods t h a t  address the evaluat ion o f  

g r a v i t y  s e t t l  i ng systems and chemical treatment programs are a1 so .discussed i n  

the fo l l ow ing  sections. 

IV-20-1. Gravi ty  S e t t l  i ng . 

S e t t l i n g  v e l o c i t i e s  o f  spher ical  p a r t i c l e s  can be described by Stokes 

Law: 

ii 

where: v = s e t t l i n g  v e l o c i t y  o f  a spher ical  p a r t i c l e  -0 cm/sec 
g = g r a v i t a t i o n a l  constant -- 981 cm/sec 

= s p e c i f i c  g r a v i t y  o f  the s e t t l i n g  p a r t i c l e  
= s p e c i f i c  g r a v i t y  o f  the l i q u i d  
= dynamic v i s c o s i t y  o f  the l i q u i d  -- cp 

d = diameter o f  the p a r t i c e  -- cm 

Deviat ions o f  s e t t l i n g  t ime based on Stokes' Law can r e s u l t  from surface o r  

con.vection currents, and densi ty and eddy currents induced by t h e  s p e c i f i c  

operating parameters o f  a s e t t l i n g  system. I n  geothermal processes where 

r e l d t i v e l y  h o t  water  i s  t r e a t e d ,  c o n v e c t i o n  c u r r e n t s  can be a s e r i o u s  

d i s r u p t i v e  factor.  Convection i s  minimized by use o f  adequate i n s u l a t i o n  on 

s e t t l i n g  tanks. Surface and eddy currents can be con t ro l l ed  by carefu l  design 

-1 o f  i n f l u e n t  geometries and by use o f  covers i n  condi t ions where wind-generated 
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currents may be a concern. Density currents caused by a d i s p a r i t y  i n  so l i ds  

loading between i n f l u e n t  and e f f l u e n t  port ions of the s e t t l i n g  system can be 

minimized by adequate s i t i n g  o f  the s e t t l i n g  tank. 

The bas ic  elements o f  a s e t t l i n g  system consist  o f  the s e t t l i n g  tank o r  

basin, a means o f  d i r e c t i n g  s o l i d s  ladened water i n t o  the s e t t l i n g  system, a 

means f o r  recovering s e t t l e d  so l i ds  and a means f o r  separating c l a r i f i e d  

overflow. A1 though sedimentation can be accomplished using e i t h e r  batch o r  

continuous operations, most processes are continuous flow. However, the use 

of  ho ld ing p i t s  as s e t t l i n g  basins can be considered i f  cool ing o f  the t rea ted  

water i s  no t  a great  concern, An advantage o f  a large batch holding area 

represented by a large p i t  i s  t h a t  supersaturated dissolved species o r  d is-  

sol  ved species w i t h  a strong sol ubi 1 i ty-temperature dependence can be removed 

from the water. Subsequent 

processing might be needed t o  remove the res idual  oxygen f r o m  the water p r i o r  

t o  subsurface disposal. I n  the case o f  the hypersal ine geothermal br ines of 

Southern Ca l i f o rn ia ,  oxygenation i s  con t ro l l ed  by the dissolved i r o n  content 

o f  the brines. I n  t h i s  instance i t  might only be necessary t o  provide s u f f i -  

c i e n t  p o s t - s e t t l  i n g  residence t ime under anerobic condi t ions t o  insure com- 

p l e t e  removal o f  excess i r o n  by p r e c i p i t a t i o n  o f  f e r r i c  i ron.  I r o n  p rec ip i -  

ta tes could be removed by a downstream po l i sh ing  f i l t e r .  

I n  an open p i t ,  water would become oxygenated. 

I n  a s e t t l i n g  tank, so l i ds  can be removed by an underdrain system. I n  a 

ho ld ing p i t  i t  would be necessary t o  p e r i o d i c a l l y  dredge the p i t  o f  deposited 

sol ids.  The basic forms of s e t t l i n g  basins are i l l u s t r a t e d  i n  Figure 37. 

Operation o f  a continuous s e t t l  i n g  process requires t h a t  a reasonable densi ty 

contrast  e x i s t  between the p a r t i c u l a t e  matter and the l i q u i d  phase. The 

a b i l i t y  t o  remove pa r t i cu la tes  w i l l ,  therefore, depend on the drag forces 

exerted on the p a r t i c l e s  by the l i q u i d  as i t  moves through the basin, the 
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Figure IV-37. Representative types o f  sedimentation. 
(From Ref. 85) 

hi 
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W 
downward act ing grav i ta t iona l  forces, and pa ras i t i c  forces due t o  convection 

o r  eddy currents t h a t  may ac t  t o  counterbalance the grav i ta t iona l  forces. The 

long-tube method can be used t o  assess the operational character is t ics  o f  a 

sedimentation basin. This method i s  sui tab1 e f o r  a1 1 suspended par t i cu la tes  

t h a t  s e t t l e  wi thout a wel l  defined interface. Systems i n  which par t i cu la tes  

are p a r t i c u l a r l y  dense or  have high f loccu la t ion  tendencies can be eval uated 

using j a r  t es t i ng  methods. 
4 ,  

ube apparatus consists o f  

t. The tube i s  equipped 

a three inch 

r i t h  sampling 

taps located a t  one foo t  in terva ls .  For  hot  l i qu ids ,  s u f f i c i e n t  insu la t ion  of 

the tube i s  required t o  el iminate disturbances due t o  convection. Removal o f  

insu la t ion  o r  use o f  su f f i c i en t  insu la t ion  t o  simulate thermal losses from a 

s e t t l i n g  tank i s  a useful w the long-tube apparatus t o  simulate heat 

loss e f fec ts  on performanc scaled-up s e t t l i n g  tank. The apparatus 

must be f i l l e d  w i t h  process water t h a t  i s  t o  be treated. Samples are wi th-  

drawn beginning a t  the top o f  the tube a t  timed in te rva l s  and the concentra- 

t i o n  o f  suspended so l ids  i s  determined. The s e t t l i n g  time and basin depth 

required t o  y i e l d  an overflow o f  the des i red c l a r i t y  i s  read i l y  determined 

from the suspended so l ids  data. 

Jar tes t i ng  methods can be used t o  evaluate the added benef i ts,  i f  any, 

t h a t  may be rea l i zed  by use o f  mechanical ag i ta t i on  and chemical f locculat ion.  

A t yp i ca l  j a r  t es t i ng  apparatus, avai lab le from Fisher Sc ien t i f i c ,  HACH and 

other suppliers, i s  capable o f  rap id l y  assessing mechanical f loccu la t ion  

character is t ics  o f  suspended so l ids by use o f  a bank o f  motor dr iven blade- 

type s t i r re rs .  The t e s t  water is contained with, in glass beakers. For hot 

solut ions, small hot  p lates can be used t b  maintain so lu t ion  temperature; , w  
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Ut i1  i za t i on  o f  the apparatus i s  bas ica l ly  governed by the operators perception 

o f  the degree t o  which suspended sol ids have f locculated and sett led. A more 

s c i e n t i f i c  appraisal o f  performance can be obtained by withdrawing l i q u i d  

samples from a prescribed depth from each beaker a f t e r  a prescribed react ion 

t i m e  and measuring the t u r b i d i t y  o f  the samples using a turbidimeter. Samples 

can be withdrawn from the sample containers using a pipette.  
'. 

D i rect  observation o f  f locculat ion tendency i n  a long-tube apparatus i s  

The mechanical ag i ta t ion  of feasible i f  transparent p l a s t i c  tubing i s  used. 

the sample and admixture o f  a chemical f locculat ion agent would have t o  be 

accomplished using an outboard mixing apparatus. A pump might also have t o  be 

provided t o  subsequently t ransfer the mixed sample t o  the long-tube apparatus. 

The assessment of performance o f  an operating s e t t l i n g  system can be 

readi ly  accomplished using a method analogous t o  the long-tube method. The 

s e t t l i n g  tank should be provided w i th  mu l t ip le  sampling valves which provide 

the means o f  tes t ing  water c l a r i t y  as a funct ion o f  depth i n  the tank. I n  

addition, sampling valves should be provided on the i n l e t  and overflow dra in  

o f  the tank t o  permit evaluation o f  percent so l ids removal by the s e t t l i n g  

system and t o  ascertain the c l a r i t y  o f  the overflow. As noted previously, use 

of an underdrain system i s  desirable i n  the case o f  f ine,  eas i l y  dispersed 

solids. The underdrain, operated as e i ther  a continuous or  batch process 

provides the means o f  removing se t t led  so l ids before they can be redispersed 

by eddy or  convection currents w i th in  the s e t t l i n g  tank. The underdrain i s  

usually set so as t o  provide a pa r t i cu la r  density o f  accumulated so l ids a t  a 

par t i cu la r  depth i n  the tank. The set po in t  can be determined by using the 

sol ids sampling valves, as noted previously. 

' 

The overal l  e f f i c iency  o f  the s e t t l i n g  system w i l l  be dependent i n  a 

s ign i f icant  manner on the s i t e  d i s t r i bu t i on  o f  so l ids which are car r ied  i n t o  
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the tank. The densi ty o f  the suspended so l i ds  i s  a lso o f  obvious importance. 

uThe s ize d i s t r i b u t i o n  o f  suspended so l i ds  i n  the in f low stream t o  the s e t t l i n g  

system should be measured using one o f  the techniques described previously. 

The simplest method i s  t o  perform se r ia l  f i l t r a t i o n  using membrane and mesh- 

type f i l t e r s .  The measurement o f  suspended so l i ds  s i ze  d i s t r i b u t i o n  i n  the 

overflow from the s e t t l i n g  system provides a simple means o f  assessing the  

e f f i c i e n c y  o f  the system. Density o f  suspended so l i ds  can be measured by 

captur ing suspended so l i ds  v i a  the sampling valves and using an appropriate 

measurement technique such as the water immersion, heavy l i q u i d  o r  pycnometer 

techniques. The chemical composition o f  the suspended s o l i d s  i s  a lso of 

i n te res t .  Samples can be obtained o f  the so l i ds  f o r  multi-element chemical 

character izat ion and mineralogical character izat ion by x-ray d i f f r a c t i o n  

techniques. The underdrain, i f  used, w i l l  d e l i v e r  s e t t l e d  so l i ds  t o  a holding 

tank o r  p i t .  It i s  o f  i n t e r e s t  t o  measure o r  estimate the t o t a l  mass o f  

s e t t l e d  so l i ds  removed by the s e t t l i n g  system as a. f unc t i on  o f  the t o t a l  

1 i q u i d  throughput. Cumulative suspended sol  i d s  data can be obtained by i n te -  

g ra t i ng  suspended so l  i ds  data taken p e r i o d i c a l l y  from s e t t l i n g  tank overf low 

as compared t o  the i n f l u e n t  suspended so l i ds  concentration. The use o f  auto- 

mated t u r b i d i t y  monitors on the i n f l u e n t  and e f f l u e n t  l i n e s  can a lso be con- 

sidered since the response o f  the t u r b i d i t y  meters can be ca l i b ra ted  i n  terms 

o f  suspended sol  i ds  concentration. 

IV-20-2. F i  1 t r a t i o n  

I n  geothermal operations, f i l t r a t i o n  i s  considered f o r  the removal of 

suspended so l ids from spent ef f luents p r i o r  t o  i n jec t i on .  F i l t r a t i o n  equip- 

ment may also be employed i n  the dewatering o f  sludge produced by sedimenta- 

t i o n  un i t s ,  c l a r i f i e r s  o r  other f i l t e r s .  Depending upon the p a r t i c u l a t e  load 

The $ld i n  waters t o  be t reated, one o r  more stages o f  f i l t r a t i o n  may be needed. 
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prefilter stage is useful in removing the bulk of coarser particulates. 

Po1.ishing filters can then be used to remove residual fines. Geothermal 

service imposes constraints on filtration systems not usually encountered in 

other industrial applic ters are usually hot, at OF near 

the boi 1 ing poi are a1 so commonly supersaturated with respect 

to one or ,more dissolv ecies. Precipitation o f  solids within the matrix 

of a porous filter m ay degrade or prevent effective backwashing and 

requent rep1 acement of the f i 1 ter elements. 

hermal applications are usually granular media 

For thi s ' reason, 

are periodically fluidized with air or clean water to remove trapped solids. 

Thermal limitations can also narrow the potential selection of removable or 

backwashable elements' for use n polishing filters. 

Fi 1 ter Systems 

Media Filters - The physics of the filtration process and a summary of 
various types of filtration systems, operating parameters and cost 

are discussed in Ref. 84. The most commonly used filtration systems for 

of spent geothermal waters are the granular media filter and the 

cartridge-type of filter unit. A typical commercial media filter unit is 

shown in Figure 38. This unit is a downflow filter which consists of graded 

beds of anthracite, garnet and rock. Other materials such as graded fractions 

of sand, can also be used. The various materials that make-up the filter 

media are selected so that the average density of constituents comprising each 

layer is such that when the bed is fluidized during backwashing cycles, the 

materials will rearrange themselves under quiesent conditions. For example, 

properties of a typical granular filter media are as follows: 
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Figure IV-38, Multimedia high rate downflow filter. (From Ref. 86) 
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Speci f ic  Typical  Layer 

Ld ,Layer I %Material Grav i t y  Thi c knes s 

P a r t i c l e  Eff ic iency 
Rated Flow Backwash Removal w i t h  

F i  1 t e r  Type (m3/hr/m*) (m3/hr/m2) Coagulant (vm) 
Conventional I Graded 
Bed F i l t e r  

High Rate, ',Deep Bed I 
Upf 1 ow F i  1 t e r  

High Rate, Deep Bed, 
Downf 1 ow F i  1 t e r  

Dual Flow F i l t e r  50-100 

Capacity Rate Without Coagulant 

--- 6.0 24-37 25-50 

15-20 37-50 5- 10 1 

25-50 30-37 7-10 1-2 

--- --- --- 
i 

1.5 Coarse 
TOP Anthracite. 30 cm 

C b  ' 
M i  ddl e Fine Sand 2.6 150 cm 

4. 30 cm Coarse 
Garnet 

The h i  $her' dens'i t y  , ' coarser materi  a1 p rov i  des no f i 1 t r a t i o n  function. This 

upport the f i  ner-grai ned, 1 ower densi ty f i  1 t e r  media. 

va i l ab le  as downflow un i t s ,  upflow u n i t s  and 

n which one h a l f  o f  the 'raw water i s  admitted through the 

one h a l f  o f  the raw water. i s  admitted through the bottom 

type o f  system i s  b a s i c a l l y  a downflow, coarse-to-fine 

an upflow coarse-to-fine f i l t e r  i n  ser ies w i t h  a c e n t r a l l y  located 

The proper t ies o f  media f i l t e r s  are summarized 

f i 1 t e r  

d ra in  f o r  rembval o f  f i l t r a t e .  

i n  Table IV-3. 

Conventional graded bed f i l t e r s  have r e l a t i v e l y  low f i l t r a t i o n  e f f i c i e n c y  

w i t h  respect t o  the removal o f  f ine-grained par t icu la tes.  HoweverI they are 

e f f e c t i v e  as p r e f i l t e r s  and they are r e l a t i v e l y  simple devices. As shown i n  

Table IV-3 

I b 
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Figures 39 and 40, t h i s  type of system can be provided as a completely s e l f -  

u o n t a i n e d  u n i t  i n  the form o f  a large open o r  closed tank f i t t e d  w i th  the 

apprpriate plumbing system t o  f a c i l i t a t e  backwashing operations. The system 

shown i n  Figure 40 can eas i ly  be adapted f o r  geothermal use by converting a 

standard Baker tank (20,000 gal lon capacity) f o r  use as a f i l t e r .  

The high ra te  upflow, downflow and dual f low commercial f i l t e r  un i ts  have 

optimized t o  provide high throughput rates w i th  excel 1 ent f 11 t r a t i o n  

ef f ic iency.  Pa r t i c l e  removal down t o  10 pm can be rea l ized without the use o f  

chemical coagulants. When chemical f i  1 t e r  aids are employed, p a r t i c l e  removal 

down,, t o .  1 pm* can be achieved and suspended sol ids concentration i n  f i l t e r e d  

e f f l uen t  can be, reduced t o  l e s s  than 1 mg/l. The high rated f low capacity o f  

the dual f l o w  f i l t e r  i s  achieved by operating two conventionally sized media 

f i l t e r s  simultaneously as shown i n  Figure 41. I n  general, high ra te  downflow 

f i l t e r s  operate .at higher f l u x  rates than upflow un i ts  and of ten can be clean- 

ed using r e l a t i v e l y  low  backwash rates. 

Eva1 uation Techniques 

The select ion of a par t i cu la r  media f i l t r a t i o n  system requires some 

ins ights  as t o  the nature and propert ies o f  the par t i cu la te  matter which i s  t o  

be removed from geothermal waters. Often i t  i s  not p rac t ica l  t o  specify a 

par t i cu la r  f i l t r a t i o n  system without some f i e l d  evaluation. The problem i s  

most serious i n  the case o f  pol ishing f i l t e r s  which may be expected t o  have 

reasonably long operating periods before the need f o r  backwashing occurs. 

Since the main purpose o f  f i l t r a t i o n  i s  t o  render a spent e f f l uen t  sui table . 

f o r  subsurface inject ion, careful a t tent ion should be paid t o  the selection 

LJ 

IV-105 



i 

w -  RAW WATER INLET 

FILTER MEDIA 

SUPPORT BED 

PERFORATED 
PLATE 

Figure IV-39. Graded bed fi lter: (From Ref. 72) 
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c r i t e r i a  o r  the r i s k  o f  i n j e c t i o n  w e l l  damage o r  other s i g n i f i c a n t  f i e l d  

u p r o b l e m s  may be encountered. 

The best means o f  evaluat ing one o r  more f i l t r a t i o n  systems i s  t o  arrange 

f o r  f i e l d  t e s t s  so t h a t  the f i l t r a t i o n  u n i t s  may be operated under actual  

condit ions. Select ion o f  chemical f i l t e r  aids, which improve shear resistance 

o f  p a r t i c u l a t e s  and provide f o r  increased f l o c  s i t es ,  can be performed i n  a 

pre l iminary way by means o f  j a r  tests.  These t e s t s  should be c a r r i e d  out  i n  a 

way t h a t  c lose ly  simulates the actual  operating condi t ions,  temperature being 

a s i g n i f i c a n t  variable. The brfne 

dupl i c a t e  actual  e f  f 1 uents t h a t  w i  11 

These condi t ions imply t h a t  f i e l d  

and suspended sol i d s  should accurately 

be produced by the .  geothermal f a c i  1 i ty. 

evaluat ion i s  preferabl  e t o  1 aboratory 
--\ 

simulations. The f i n a l  se lect ion of chemical%ds-is best  accomplished i n  

conjunction w i t h  t e s t s  i nvo l v ing  operation o f  p i l o t  s i z e d  o r - f u l l  s ized f i l -  

t r a t i o n  systems. Contact should be made w i t h  f i l t e r  system suppl iers t o  

--. 
-._ 

determine i f  f i e l d  t e s t  u n i t s  are ava i l ab le  for  t e s t i n g  and evaluat ion pur- 

poses. The j a r  t e s t i n g  procedure serves as a good screening t e s t  which can 

a i d  i n  r a p i d l y  se lec t i ng  chemicals f o r  f i l t e r  tests.  Use of chemicals impl ies 

an economic penal ty so t h a t  the various options ava i l ab le  t o  an operator 

should be c a r e f u l l y  evaluated. For example, i n  l i e u  o f  separate pre- and 

po l i sh ing  f i l t r a t i o n  un i t s ,  i t  might, under r i go rous l y  con t ro l l ed  condit ions, 

be possible t o  optimize performance o f  a media f i l t e r  w i th  the appropriate 

chemical add i t i ve  t o  d i r e c t l y  produce an i n j e c t a b l e  e f f l uen t .  

The se lec t i on  o f  f i l t r a t i o n  systems and the i d e n t i f i c a t i o n  o f  coagulants 

o r  f locculants,  if needed, can be approached w i t h  the a i d  o f  f i l t r a t i o n  system 

manufacturers and service companies t h a t  special i r e  i n  prov id ing chemicals f o r  

water treatment services. One should a lso speak with other geothermal opera- 

t o r s  o f  water treatment f a c i l i t i e s  t h a t  may be located i n  the same area as the 
W 
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proposed geothermal f a c i  1 i t y  t o  determine i f  some operational experience might 

be shared. A t  the minimum, manufacturers o f  equipment used t o  t r e a t  s im i l a r  

types o f  geothermal ef f luents should be i d e n t i f i e d  and approached f o r  addi- 

ti onal i n f  ormati on. 

I n  geothermal operations, waste water disposal i s  a high cost item i n  the 

overa l l  energy conversion system. Water treatment and 1 n ject ion we1 1 costs 

can represent a s i g n f i c i a n t  increment i n  the cost o f  produced energy. There- 

fore, operators have a rea l  incent ive t o  reduce costs by i n s t a l l i n g  the mini- 

mum treatment capacity necessary t o  produce in jectab le water t h a t  w i  11 provide 

f o r  a reasonable i n j e c t i o n  wel l  operating l i f e .  Completion o f  lengthy f i e l d  

evaluations o f  f i l t r a t i o n  systems may not be pract icable i n  many cases. 

Therefore, the a b i l i t y  t o  simulate media f i l t e r  performance under f i e l d  condi- 

t ions using inexpensive and simple t o  operate equipment i s  desirable. One 

such type o f  media f i l t r a t i o n  simulator t h a t  has been used extensively i n  

f i e l d  evaluation programs i s  shown i n  Figure 42. This u n i t  may be constructed 

using high temperature transparent p l a s t i c  tubing. The system i s  designed t o  

simulate f i l t r a t i o n  and backwash cycles. Chemical addi t ives can be eas i l y  

i n jec ted  i n t o  the raw water stream t o  evaluate impact on f i l t r a t i o n .  In jec-  

t i o n  o f  chemicals i s  read i l y  accomplished using a p e r i s t a l t i c  pump w i t h  a 

speed control  o r  almost any type o f  metering pump. For high pressure applica- 

t ions the e n t i r e  system can be constructed using steel  tubing. A commercial 

version o f  the t e s t  f i l t e r  has been avai lable from National Technical Services, 

Corval 1 i s , Oregon. 

I n  many applications i t  would be appropriate t o  provide several t e s t  

f i 1 t e r s  t o  permit rap1 d assessment o f  f i 1 t r a t i  on medi a and chemical additives. 

The cost of these un i t s  e i t h e r  when purchased prefabr icated o r  b u i l t  by a 

geothermal operator i s  minor i n  comparison t o  f u l l  sized f i e l d  f i l t r a t i o n  
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Figure IV-42. Schematic diagram o f  a 4,-inch-diameter p i l o t  
f i l t e r .  (From Ref. 80) 
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Li tests. The basdc procedures used to evaluate filtration systems which make 

use of media filter simulators are described in Refs. 80 and 86. 

The basic evaluation procedure involves jar testing to rapidly screen 

chemical floculating agents coupled with baseline filtration tests using the 

’ model filtration systems. The initial baseline filtration tests define opti- 

, m u m  media composition and filtration efficiency. Subsequent filtration tests 

using chemical additives permit evaluation of ultimate attainable filtration 

efficiency in the presence of the most active additives. 

The chemical additive prescreening procedure is carried out using the 

following procedure described in Ref. 80: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Use a standard jar testing apparatus. 

Obtain samples of the raw process water containing suspended solids. 

Add known amounts of chemical additive to the raw water. 

Mix solution, at ambient process temperature, for two minutes at a 
constant speed of 100 rpm. Continue mixing for an additional 10 
minutes at a constant speed o f  20 rpm. 

Filter solution using a Whatman 82 filter paper. 

Immediately measure the turbidity of the filtrate using a ratio-type 
of analytical turbidity meter. The HACH Model 18900-00 turbidimeter 
or similar device is satisfactory. 

Rank additives with respect to the measured turbidity. The best 
additives will produce an effluent with the lowest turbidity. 
Compare quality of effluents with and without additive treatment. 

A typical data set obtained in conjunction with the screening of additives for 

use in the filtration of hypersaline brine from U.S. Gulf Coast Strategic 

Petroleum Reserves is shown in Table IV-4. The development of filtration data 

with and without the use of chemical additives using procedures described in 

Ref. 80 could be used to establish with a reasonable degree of accuracy flow 

lid 
capacity, the time dependence of differential pressure increase, concentratio 
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b d  

Rrescreen j.ng o f  Coagulan$s,:;and F, l~cculants  I 

as F i l t e r  Aids (From R e f .  80)" 

Eoagulant o r  
Flocculant 

Cati on5 cs 
A1 um 

FeCl3 
Cat Floc-T 
Cal gon 

Cyanamid 
Magnaf 1 oc 507C 

Cyanamid 
Magnaf 1 oc 581C 
Cyanamid 
Magnaf 1 oc 1561 
Cyanamid 
Magnaf 1 oc 1563 
Nalco Vx-740 

Visco 3317 

Visco 3342 
Visco 3347 
Visco 3349 
Zimmite 2T68 
Z i m m i  t e  2T653 

Amount 
Added 
(ppm> 

1-300 

1- 50 
0.5-10 

0.5-3 

0.5-10 

0.5-10 

0.5-10 
0.5-5 

0.5-3 

1-20 
0.5-10 
0.5-10 
1-20 
0.5-20 

. T  

Inorganic, short-chained, 

Low -mol ecul'dr"Ne2gh.t , high- 
charged; used w i t h  3340 . ,  

, A  . 

- .  
High molecul i r  weight 
(7-10 m) 
AlC13 cationic1 polymer.:* 
used N i t h  a'nfbnics I 

(834A , 1820A;:' 3340) ' --- 
Alum; cationic;-polymer' 19 --- 

i 

Effect 
a t  Inc 

,West . 
iackbe rry 
, .  

E > *  

R 
'' N 

N 

' I  N 

I. 

N 
N 
N *  
N 
N 

m 
:ated S *  
Bayou 
:hoctaw 

, R  

- 
N 

N 

N.  

N 

N - 
R 

- 
N 

$ N  
- 
- 

I . 
a - N = no.change i n  tur 

R = reduced t u r b i d i t y  t o  some degree; 
E = excel lent  t u r b i d i t y  reduction. 
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and size d i s t r i b u t i o n  of p a r t i c u l a t e s  i n  the f i l t e r e d  e f f l u e n t  and the back- 

wash cycle requirements . f o r  a . f i l t e r  w i t h  a p a r t i c u l a r  media construction. 

The evaluat ion of the performance o f  a media f i l t e r  proceeds i n  a manner 

s im i la r  t o  the j a r  t e s t i n g  procedure. F i l t e r e d  e f f l u e n t  t u r b i d i t y ,  suspended 

sol i d s  concentrat ion (as measured and p a r t i c l e  

s ize d i s t r i b u t i o n  i n  reference t o  the i n f l u e n t  o r  raw water proper t ies serves 

as the most d i r e c t  means o f  assessing performance. These proper t ies w i l l  vary 

p r i m a r i l y  as a func t i on  o f  f i l t r a t i o n  rate,  the presence o r  absence o f  chemi- 

cal  addi t ives,  the media composition and the proper t ies o f  the raw water. The 

same physical  proper t ies are a lso used as diagnost ics i n  determining the.  

i,i 

requirements f o r  s t i s f a c t o r y  backwashing o f  fou led f i l t e r s .  

I l l u s t r a t i v e  examples taken from Ref. 80 and 86 r e a d i l y  show the value o f  

small scale f i l t r a t i o n  t e s t s  i n  designing a f i l t r a t i o n  system s u i t a b l e  f o r  the 

treatment o f  hypersal i n e  b r i n e  (near ly saturated sodi um ch lo r i de  solut ion).  

For example, Figure 42 shows the e f f e c t  o f  f i l t r a t i o n  r a t e  on the q u a l i t y  o f  

e f f l u e n t  based on pe r iod i c  measurements o f  f i l t r a t e  t u r b i d i t y .  Two f i l t e r  

simulators w i th  d i f f e ren t  media compositions were operated dur ing these tests. 

Both process streams were t rea ted  with a Nalco chemical addi t ive.  As can be 

seen, the higher f i l t r a t i o n  r a t e  o f  the A 1  f i l t e r  resu l ted  i n  premature pene- 

t r a t i o n  o f  suspended so l  ids. 

Figure 43 i l l u s t r a t e s  the e f f e c t  o f  d i f f e r e n t  chemical treatments on 

ef f luent  t u r b i d i t y  produced by media f i l t e r s  o f  i d e n t i c a l  composition. This 

t e s t  sequence c l e a r l y  demonstrated the detr imental e f f e c t s  o f  d issolved ch lor -  

ine. I n  s i m i l a r  fashion, Figure 44 i l l u s t r t e s  the impact -o f  alum usuage 

(A12(~~4)3*H20) on the t u r b i d i t y  o f  f i l t e r  e f f l u e n t .  These data were obtained 

a t  the same f i l t r a t i o n  r a t e  f o r  f i l t e r s  w i t h  i d e n t i c a l  media construction. 
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Figure IV-43. Comparison of Filter Effluent Turbidity Using Nalco 3340 
With and Without Chlorine (from ref. 80) .  

IV-115 



! 
! 

i 
i -. 

v 
*Alum feed- 

- 

I 
2 

I Alum feb 
cutoff 

1 1 1 I I I 1 I I I 1 I 1 I - 
0 2 mg/2 Nalco 3340 + 3 mg/f AI2 (SO4I3 14 H20 

0 2 mg/2 Nalco 3340 + 1 mg/2 AI2 (SO4I3 14 H20 

A 2 mg/2 Nalco 3340 

'eq&"4(& -0 -- &' 4 
4 6 8 10 12 14 16 18 

Elapsed time - hr 

Figure IV-44. Comparison o f  e f f luent  t u r b i d i t y  usin Nalco 3340 
wi th  and without alum. (From Ref. 80 3 

'I v - i'i 6 



Figure 45a compares f i l t e r e d  ef f luent  t u r b i d i t y  i n  the cases o f  chemical 

i n j e c t i o n  and no chemical i n jec t i on .  As can be seen, the t u r b i d i t y  of proper- 

l y  t reated media f i 1 tered br ine compared favorably w i t h  the e f  f 1 uent produced 

by a high e f f i c i e n c y  u l t r a f i l t e r .  The u l t r a f i l t e r  i s  an absolute car t r idge 

f i l t r a t i o n  system w i t h  the capab i l i t y  o f  removing submicron par t icu la tes (>0.1 

pm). Figure 45b i l l u s t r a t e s  the r e l a t i v e  improvement i n  water q u a l i t y  ob- 

ta ined by use o f  media f i l t r a t i o n  o r  u l t r a f i l t r a t i o n  as compared t o  the raw 

water. These data are presented i n  terms o f  the r e l t i v e  permeabil i ty ,impair- 

ment o f  a IO pm pore s ize membrane f i l t e r  which was used i n  a;hnatiner.discussed 

i n  Section IV-18. 

W 

Figure 46 i l l u s t r a t e s  how’ measuvements df suspended so l ids p a r t i c l e  s ize 

d i s t r i b u t i o n  can be used t o  assess rmance. These data were, ob- 
> L  

ta ined using a Spectrex laser p a r t i c l e  counter equipped w i t h  a p a r t i c l e  pro- 

f i 1 e attachment. 

The use o f  chemical addi t ives as f i l t r a t i o n  aids must be :ca re fu l l y  con- 

sidered because ce r ta in  addi t ives have the potent ia l  f o r  impair ing i n j e c t a b i l -  

i t y  o f  disposal wells, Figure 47 lust ra tes ‘the influence- of”an anionic 

polymer on the permeabil i ty o f  memb As can 

be seen, impaired permeabil i ty was rienced i n  a l l  f i l t e r s  w i t h  a pore s ize 

below 10 pm. The impairment resul ted f rom deposit ion o f  high molecular weight 

polymer molecules. The same impairment me nism could adversely impact the 

pore structure o f  an i n j e c t i o n  zone. Thus, cont ro l  o f  residual polymer con- 

t e n t  i n  f i l t e r e d  water sessment o f  the plugging po ten t i a l  o f  such 

water should be p a r t  o f  an overa l l  water treatment assessment program. Other 

chemical addi t ives such as lum o r  ch lor ine should also be assessed wi th 

respect t o  the po ten t i a l  f o r  p o s t - f i l t r  on p r e c i p i t a t i o n  and possible i m -  

pai rment o f  i n j e c t i o n  horizons. Since geothermal br ines may be chemical l y  

” .  \ - -  
f i l t e r s  of various pore sizes; 

W 
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(From Ref. 80) 
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Figure IV-45a. Comparisons of effluent quality 
with and without chemical treat- 
ment. Comparitive data for an 
ultrafilter is also provided. 

i 

I 
€ 

lrt, EAL-LLJ 40 80 120 

Volumr 111 

Figure IV-45b. Improved brine injectability with 
filtration as indicated by water 
quality tests using 10 vm pore size 
membrane f i 1 ters. 
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Figure IV-46. Change in particle size distribution produced by 
granular media filtration:' (From Ref.. 80) 
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Fiqure IV-47. Effect o f  anionic polymer (after 30 minutes of flow) 
on the permeability of various pore site membrane 
fi lters.  (From Ref. 80) 
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complex (for example, the hypersaline brines of the Southern California Imper- 

ial Valley), the potential for unfavorable interaction of additives with the 

process water should be evaluated. Incubation tests and water quality tests 

should be carried out to assess potential problems. 

Ref. 86 includes a description of a 250,000 B/D downflow media filtration 
system. The downflow filter was selected for analysis based on pilot field 

tests which showed that the downflow filter had much better headloss charac- 

teristics than either upflow or dual flow units (Figure 48). Depening upon 

the characteristics of the raw water process stresm, other filter types might 

prove superior. For the particular application discussed in Ref. 86, the 

optimized filtration plant shown in Figure 49 was designed with an estimated 

installed cost of $840,000 in 1981 dollars. It was also estimated that 

approximately 20 to 24 weeks would be required for installation of the filtra- 

tion plant. An advantage of this .type of installation is that the system i s  

automated and therefore requires minimum operator attention. In lieu of an 

automated backwash recycle system, an alarm function can be provided to alert 

operators to the need for initiating a backwashing cycle. 

Precoat Filters -- Diatomaceous earth (DE) can be used as a coating 

material in conjunction with a wire or cloth mesh or perforated plate support 

structure to form a very effective filtration system. Diatomaceous earth 

consists of diatomes which are single-celled marine organisms with siliceous 

tests or shells. The fossilized remains of these animals are processed to 

produce well sorted DE for use in filtration applications. The DE is applied 

as a coating to the support structure and the filtration of suspended solid 

occurs directly within the ‘porous DE network. Backwash! ng of a precoat f i 1 ter 

is relatively easy as the DE layer with its load of trapped solids is readily 

removed from the support structure. When properly operated, there is 1 i ttle 
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Figure IV-48. Evaluation o f  headloss vs. time 
f o r  granular media f i l t r a t i o n .  , 

(From Ref. 86) 
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Figure IV-49. Design schematic for a high rate downfall 
media filtration system. (From Ref. 86) 
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danger o f  plugging the precoat f i l t e r  support structure. Commonly, a continu- 

ous stream of DE i s  in jected- i n t o  the raw water feedstock t o  prevent rap id 

formation o f  low permeabi l i ty  f i l t e r  cakes and thereby extend operating cycles. 

This type o f  operation i s  c a l l e d  body feed. The use o f  body feed w i t h  other 

types o f  f i l t e r s  can be practiced. However, care must be exercised t o  prevent 

loss o f  DE from the f i l t e r .  DE i s  an extremely damaging s o l i d  which can 

e a s i l y  impair  i n j e c t i o n  zones. 

i n  the context o f  o i l f i e l d  operations. 

Patton'* has discussed the operational cha rac te r i s t i cs  o f  precoat f i l t e r s  

He has summarized the fo l l ow ing  r u l e s  

o f  thumb f o r  operating t h i s  c lass o f  f i  

(a) DE f i l t e r s  are the most compl 
. i n  the o i l f i e l d .  

ter :  

cated f i l t e r s  t o  operate o f  those used 

(b) They are economically feas ib le  only when the suspended so l i ds  do not 
exceed 30-50 mg/l. 

( c )  The "average" DE f i l t e r  i s  oper2ted a$ a r a t e  o f  2.5 m3/hr/m2, w i t h  a 
maximum r a t i n g  o f  about 5.0 m /hr/m However, ove ra l l  space re- 
quirement i s  less than f o r  conventional o r  h igh-rate f i l t e r s .  

(d) DE f i l t e r s  w i l l  remove entrained o i l  from water, b u t  t h i s  r e s u l t s  i n  
r a p i d  f o u l i n g  o f  the bed. 

(e) They w i l l  remove very f i n e  suspended p a r t i c l e s  - down t o  as small as 
0.5 pm i n  diameter. 

(f) DE can and usual ly  does bleed through the f i l t e r  and i s  an excel lent  
formation plugging mater ia l .  Downstream ca r t r i dge  f i l t e r s  are 
s t rongly  recommended t o  catch any bleed-through. 

(9) Diatomaceous ear th  must be supplied and const i tu tes a l o g i s t i c a l  
problem. Also, disposal o f  the used DE and the associated f i l t e r e d  
so l ids can prove t o  be an operational d i f f i c u l t y .  

I t e m  (9) above i s  o f  no p rac t i ca l  concern i n  geothermal operations since the 

DE disposal w i l l  only represent a very small f r a c t i o n  o f  the p a r t i c u l a t e  

matter recovered f r o m  t rea ted  water. DE does not  represent an environmental 

hazard f rom the p o i n t  o f  view o f  l a n d f i l l  disposal.. Any arrangements made .for 
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the di'sposal o f  recovered pa r t i cu la te  matter f r o m  a geothermal water w i l l ,  

therefore, a lso be sat is factory  f o r  the disposal o f  spent DE. S imi lar ly ,  i tem 

(d) above i s  o f  no p r a c t i c a l  concern i n  geothermal operations. 

Results o f  comparative p i  lot-scale tes ts  o f  precoat and media f i 1 t e r s  

were reported by Quong, e t  al.=' f o r  hypersaline geothermal brine. T h e i r  

resu l t s  are summarized i n  Table IV-5.  The i n f l u e n t  b r i ne  t o  the f i l t e r s  was 

produced by a p i l o t - s i z e  react ion c l a r i f i e r .  The b r ine  suspended so l ids load 

ranged between 25 t o  340 mg/l. It was estimated t h a t  approximately -135 ft2 o f  

f i l t e r  area would be needed t o  t r e a t  a one wel l  f low o f  550 gpm. Operation of 

About three minutes were required t o  the precoat f i l t e r  was very simple. 

i n i t i a l l y  coat the f i l t e r  w i t h  DE and 

perform the backwash cycle. 

Cartr idge F i l t e r s  -- Cartr idge f 

a s im i la r  amount o f  time was needed t o  

l t r a t i o n  systems are commonly used i n  

geothermal operations. This type o f  u n i t  i s  an absolute f i l t e r  which w i l l  

remove essen t ia l l y  a l l  par t icu la tes down t o  a ra ted size. The f i l t e r  may 

operate by surface f i l t r a t i o n  i n  which case so l i ds  greater than a p a r t i c u l a r  

diameter cannot penetrate the f i  I t e r .  A1 ternat ive ly ,  the f i  1 t e r  may operate 

as a depth f i l t e r  which w i l l  permit penetrat ion o f  so l i ds  i n t o  the body of the 

f i l t e r .  Invasion phenomena may, however, be detrimental, i f  chemical p rec ip i -  

ta tes form. Precipi tates can read i l y  p lug f i l t e r s  and are, therefore, unde- 

s i  r a b l  e. 

Typical car t r idge f i l t r a t i o n  systems are i l l u s t r a t e d  i n  Figures 50 and 

51. These types o f  systems are avai lable w i t h  replaceable o r  backwashable 

f i l t e r  elements. Care must be exercised befor i n s t a l l i n g  a car t r idge f i l t r a -  

t i o n  system w i t h  backwashable elements since the a b i l i t y  t o  e f f e c t i v e l y  clean 

f i l t e r  elements w i l l  depend t o  some degree on the nature o f  the pa r t i cu la te  

matter. F i e l d  tes ts  under actual operating condit ions are essential before 

committing t o  the i n s t a l l a t i o n  o f  a large system. 
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Figure IV-50. Plenty and Son, Ltd. automatic backflushinq ca r t r i dge  
f i l t e r .  (From Ref. 72) 
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Figure IV-51. AMF Cuno metal element high capabi l i ty  
cartr idge f i l t r a t i o n  system with con- 
ti nuous backwash capabi 1 i ty. 
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Table I V - 5  

Cycle Time Avg. Solids 
Test to 30 psi Conc. (pp m) F1 owrate 
No. . Condi ti onsa AP (hrs) In Out (gpm/ft2) 
1 Precoat: JM Hyflo 4.0 108 (5 1.1k0.2 

Super-Cel (Medi um Grade) 

Super-Cel 
Bodyfeed: 150 ppm 

2 Precoat: JM Hyflo 2.0 292 1 1.1k0.2 

3 Precoat: JM 545 2.2 340 <5 1.1+0.2 - 

Results of Hypersal i ne Geothermal Brine Fi 1 tration Tests 
(From Ref. 87) 

Results of Precoat Pressure Filtration Tests on Niland Brine Effluents , 

Cost Filter Aid 
Mi 1 s/kWh/ppmb 
Brine Solids 

0.0054 

0.0078 

0.0038 

Cycl e AP Across Avg. Tur- Average r 
Duration Bed (psi) bidity, NTU Temp ("C) Flow Rate 

Cycleb (hrs) Initial Final In Out In Out (gpdf t2) 
1 8.5 0.3 1.6 28 0.6' 81 79 4.220.4 

2 23.0 0.3 46.6 33 0.5 81 79 4.2kO. 4 

Mixed Media Sanda Filtration of Niland Brine Effluents 

~ ~~ - ~~ 

a - Mixed media: 18" anthracite coal 
9" silica sand 
3" garnet sand 
3" garnet support 

b - Filter was backwashed with filtrate after each cycle 
c - 1 NTU = 2-3 ppm suspended solids 
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Cartridge f i 1 ters are commonly employed during the conduction of we1 1 

Portable or small scale systems can be obtained as rental 

units and are convenient when field activities will not be of extended dura- 

Bd testing programs. 

tion. In general, a systey with backwashable filter elements will be more 

convenient to operate and less expensive than similar units with replaceable 

filter elements. The primary limitation with respect to utility of a particu- 

lar filter unit on a geothermal project is temperature capability. Injected 

effluents commonly are at or near boiling temperature. One type of cartridge 

filter unit that is of potential use in geothermal applications utilizes steel 

mesh filter elements that are backwashable. For example, Michigan Dynamics, 

Inc. , Garden City, Michigan can supply wire cloth absolute backwashable filter 
units with flow capacities of up to 12,000 gpm at 500 psi and 600OF. This 

type of unit would be most attractive as an injection system polishing filter. 

AM< Cuno also manufactures metal element cartridge fi 1 tration systems which 

include provisions for automatic, continuous backwashing to minimize differen- 

tial pressure increases. These units are sized for flows to 20,000 gpm. 

Higher flows can obviously be accommodated by utilizing several filter modules. 

The metal cartridge filters offer attractive possibilities for geothermal 

appl i cati ons especi a1 ly since chemical treatment of raw waters i s not requi red 

as may be the case in obtaining optimum performance from a media filter. 

IV-20-3. S1 udge Dewater1 ng 

In geothermal operations, solids recovered by filtration, sedimentation, 

clarification, etc. must be further treated prior to ultimate disposal in a 

I : & J  
i 
I 

1 andf i 11. Addi tf onal treatment is required to reduce the moisture content of 

the sludge. Reduced moisture content is desirable first because the entrained 

waters may contain toxic dissolved species, such as boron, soluble chlorides 
and heavy metals, and secondly because moisture content represents bulk. which 
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w i  11 increase t ranspor tat ion costs f o r  de l i ve r ing  sludge: t o  an approved d is-  

posal s i te .  Sludge dewatering operations can be r e a d i l y  accomplished using 

conventional thickener and f i l t e r  press technologyC841. 

A thickener i s  a sedimentation tank equipped wi th  a centra l  cone through 

which s e t t l e d  so l i ds  may be recovered. Depending upon the complexity o f  the 

un i t ,  a motor dr iven rake may be used t o  d i r e c t  so l i ds  t o  the centra l  blowdown 

cone. The so l i ds  content o f  a geothermal sludge can be increased f r o m  1-2 

weight percent t o  as much as 10 weight percent. Thickened sludge i s  f u r t h e r  

t reated t o  reduce water content e i t h e r  by the use o f  special  f i l t e r  assemblies 

o r  by centr i fuges. Complete descr ipt ions o f  these types o f  equipment are 

provided i n  Ref. 84. The f i l t e r  press has been sutcessfu l ly  used t o  t r e a t  

sludge produced i n  conjunction w i t h  the u t i 1  i z a t i o n  o f  hypersaline ‘geothermal 

b r i ne  a t  the Salton Sea Geothermal Field.  The so l i ds  content o f  t rea ted  

sludge was increased t o  65 weight percent from an i n i t i a l  value of 10 percent 

by use o f  a p l a t e  and frame f i l t e r  press. Water treatment systems which 

include r e a c t o r - c l a r i f i e r s  incorporate thickeners as p a r t  o f  the c l a r i f i e r  

process. 

IV-20-4. F l o t a t i o n  

F l o t a t i o n  i s  a process whereby a i r  bubbles o r  o ther  gas bubbles are 

attached t o  f ine-grained pa r t i cu la tes  so tha t .  the pa r t i cu la tes ,  under quies- 

cent condit ions, are f l o a t e d  t o  the top o f  a sedimentation tank. The process 

i s  s i m i l a r  t o  g r a v i t y  sedimentation wi th  the obvious d i f ference t h a t  the 

downward force exerted by g r a v i t y  i s  overcome by the buoyancy of the gas 

bubbles. However, the p a r a s i t i c  forces which can d i s t u r b  g r a v i t y  sedimenta- 

t i o n  u n i t s  must also be considered. I n  sedimentation uni ts ,  s e t t l e d  so l i ds  

are removed by an under dra in  system and c l a r i f i e d  water i s  recovered using an 

overflow drafn located near the top o f  the s e t t l i n g  tank. I n  f l o t a t i o n  uni ts,  
,- 

i d  
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particuJ,ates are accumulated a t  the top o f  t he  separation tank and they are 

removed by means O f , $  t r a v e l i n g  rack o r  some s o r t  o f  overf low skimming system. 

C l a r i f i e d  water i s  captured behind a sludge receiv ing wier located near the 

w 

F l o t a t i o n  i s  a wel l  developed technology w i t h  primary use i n  the mineral 

i ndus t r y  - f o r  the separation o f  valuable mineral s from t a i  1 i ngs. There are no 

known geothermal f l o t a t i o n  appl icat ions i n  the United States. Some in te res t -  

i ng  p i l o t b  scale work has, however, been successful ly carr ied out by New Zea- 

l and geothermal researchersC88-891. 

ent  app l i ca t i on  o f  f l o t a t i o n  requires t h a t  suspended p a r t i c l e s  

become attached t o  l e v i t a t i n g  gas bubbles. A condi t ion ing process i s  usual ly  

required :-to achieve p a r t i c l e  attachment. The condi t ion ing process involves 

use o f  one or more. chemical addi t ives t h a t  help t o  c o l l e c t  and secure p a r t i -  

c l es  t o  gas bubbles. 'For example, Ref. 85 describes the use o f  a galena 

col lector:-,cal led xanthate which i s  very s p e c i f i c  f o r  heavy metal s u l f i d e  

The xanthate molecule contains a soluble sodium atom attached t o  an 

i nso l  uble sul  fur-bear i  ng hydrocarbon chain: 

ROC- SNa 

s 
R = hydrophobic hydrocarbon chain 

II  

Co l lec t i on  o f  s u l f i d e  p a r t i c l e s  by xanthate occurs by d i sso lu t i on  of the 

the  f r e e  s u l f u r  atom t o  a s u l f i d e  par t icu la te.  

hydrocarbon chains make the s u l f i d e  p a r t i c u l a t e  surface hydro- 

ourages ent r a i  nment o f  the p a r t  i cul  ates by r i  s i  ng a i  r bubbl es. 

ning processes are used t o  f l o a t  other types o f  sol ids.  

The primary d i f f i c u l t y  i n  applying f l o t a t i o n  technology t o  p a r t i c u l a t e  

Geother- Parat ion from geothermal waters w i l l  be i n  the condi t ioning area. 

LJ 
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mal waters w i l l  be hot and the appropriate chemical aids w i l l  have t o  be 

i den t i f i ed .  Low t o  moderate s a l i n i t y  geothermal waters may not pose any 

p a r t i c u l a r  d i f f i c u l t i e s ,  but  the appl icat ion o f  f l o t a t i o n  t o  hypersaline 

geothermal br ines could be problematic. I n  any case, no data i s  avai lable t o  

assess the p r a c t i c a l i t y  o f  f l o t a t i o n  f o r  a hypersaline br ine system. Data are 

avai lable, however, t o  ind icate t h a t  f l o t a t i o n  i s  a technica l ly  v iab le process 

f o r  the treatment o f  lower s a l i n i t y  geothermal waters. The precaution noted 

e a r l i e r  concerning potent ia l  detrimental e f fec ts  o f  chemical addi t ives on 

i n j e c t a b i l i t y  should also be considered w i t h  respect t o  the use o f  condition- 

ing aids. 

I 

F i e l d  Studies o f  F lo ta t i on  -- Dissolved a i r  f l o t a t i o n  (DAF) i s  a process 

whereby bubbles f o r  f l o t a t i o n  are produced by dissolv ing high pressure a i r  i n  

water and then expanding the water through a t h r o t t l i n g  valve. The r e s u l t i n g  

bubble size i s  less than 100 microns and v i o l e n t  a g i t a t i o n  of'-the f l o t a t i o n  

solut ion does not occur. For geothermal systems, the f l oa ted  scum which forms 

i s  an advantage because it provides some therm1 insu la t i on  thereby minimizing 

convection currents. 

Shannon and BuissonC881 completed a series o f  laboratory experiments t o  

evaluate DAF f l o t a t i o n  f o r  geothermal appl icat ions. They produced i r o n  f l ocs  

which were subsequently removed from solut ion using a laboratory DAF simulator. 

Thei r resu l t s  i ndi cated that:  

1. 

2. 

Fine a i r  bubbles f o r  hot water DAF processing can be produced with- 
out  d i f f i c u l t y .  

Pumping costs f o r  saturat ion o f  hot water w i t h  a i r  are comparable t o  
ambient temperature systems because o f  reduced v i scos i t y  and density 
of water a t  higher temperatures and lower a i r  s o l u b i l i t y .  

3. Bubble r i s e  and f l o c  clearance i n  l o w  v iscos i ty ,  h igh temperature 
water i s  more rap id  thereby favor ing more ,rapid processing o f  raw 
water. 
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4. A t  8OoC f r o m  70 t o  80 percent o f  Fe(OH)3- prec 
f r o m  water using A l l i e d  Col lo ids Magnafloc 351 
a i r - s o l i d s  r a t i o  as low as 0.05. 

5. Less than 2 minutes were required t o  c l e a r  more 
‘ a n  i r o n  f l o c  through a water column 570 mm th ick.  

LJ 
p i t a t e  was removed 
condi t ioner and an 

than 70 percent of 

6. The c a p i t a l  and operating costs fo r  a ho t  water DAF process were 
bel  i eved t o  be comparabl e t o  ambient temperature DAF processes. 

7. The cost  o f  i n s t a l l i n g  and operating a DAF system has been estimated 
t o  be comparable t o  the costs o f  conventional sedimentation u n i t s  o f  
the same capacity. 

A subsequent p i l o t - s c a l e  f i e l d  study by Shannon, e t  a l .  [89] substantiated 

the effect iveness o f  DAF processing f o r  the removal o f  pa r t i cu la tes  f r o m  hot  

geothermal water. I n  these experiments, hot geothermal water f lowing a t  6 

tons/hour was dosed wi th  f e r r i c  sulphate t o  produce an i r o n  f l o c .  The p a r t i c -  

u la tes were subsequently removed i n  a DAF u n i t .  The o v e r a l l  system i s  shown 

schematical ly i n  Figure 52. Up t o  89 percent o f  the i r o n  f l o c  was separted 

w i t h  the a i d  o f  A l l i e d  Col lo ids Magnafloc 351 and Ciba Geigy Quaternary 0 

surfactant.  .The separation o f  i r o n  f l o c  was accomplished i n  a t o t a l  treatment 

t i m e  o f  s i x  minutes. The p r e c i p i t a t i o n  o f  f e r r i c  hydroxide i n  the DAF u n i t  

reduced the geothermal water pH f r o m  8 t o  4. The pH reduct ion was intended t o  

s t a b i l i z e  s i l i c a  i n  so lu t i on  t o  prevent f u r t h e r  p r e c i p i t a t i o n .  The pH s t a b i l -  

i z a t i o n  process was based on work o r i g i n a l l y  reported by Owen[90] and Grens 

and Owen[91] and subsequently repeated by New Zeal and researchersC921. An 

i n i t i a l  concentrat ion o f  4.5 grams per ton  arsenic l e v e l s  i n  the  geothermal 

waters was reduced by 98 percent a f t e r  dosing w i t h  17 grams per ton o f  iron. 

The authors concluded t h a t  OAF processing was more su i tab le  f o r  removal of 

suspended sol  i d s  than a conventional sedimentation u n i t .  The primary advan- 

tages were t h a t  the ho t  water DAF process i s  more e f f i c i e n t  than g rav i t y  

sedimentation, it operates f a s t e r  and produces a sludge w i t h  a higher so l ids 

w content than s e t t l i n g .  
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Figure IV-52.  Pilot plant for evaluation of a hot 
water dissolved air  flotation process. 
(From Ref. 89) 
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IV-20-5. Reaction C lar i f i ca t ion  

A reac tor -c la r i f ie r  i s  a device which i s  rout inely used i n  the treatment 

The basic system combines the functions o f  mixing, o f  municipal waste streams. 

f locculat ion and se t t l i ng  i n  a single tank as shown i n  Figure 53. The high- 

ra te solids-contact reactor-c lar i f ier  i s  the most e f f i c i e n t  type o f  unit .  The 

best qua l i t y  overflow i s  achieved using t h i s  type o f  u n i t  w i th  the minimum 

amount o f  chemical additivesC841. Reaction-clari f icat ion i s  used t o  t rea t  

highly tu rb id  waters where coagulation and f locculat ion are required. The 

most common applications include l i m e  softening o f  water, and the treatment o f  

indust r ia l  waste streams, and sewage, -_ -- 
A unique feature of a reactor-c lar i f ier  i s  the f a c i l i t y  f o r  recirculat ion 

Intimate contact o f  the' water 
1 

.. ._ 

o f  precipi tated sludge w i th  i ncomi ng raw water. 

wi th  the c i rcu la t ing  sludge resul ts i n  rapid prec ip i ta t ion o f  dissolved spe- 

cies which are supersaturated. It i s  possible, using th is method, t o  more 

rapidly br ing a supersaturated solut ion t o  thermodynamic equi 1 ibrium a t  the 

treatment temperature than would be possible by simply holding the same solu- 

t i o n  under quiescent periods f o r  the same length o f  t ime. The operation o f  

the reac tor -c la r i f ie r  i s  best understood by re fe r r ing  t o  Figure 53. 

The center cage of the u n i t  contains a high speed turbine mixer. Incom- 

i ng water i s contacted wi th  rec i  rcu l  at5 ng sl udge precipi tated during ear l  i e r  

cycles. Chemical additives are in jected i n t o  the reactor i f  needed t o  improve 

coagulation and f locculat ion o f  part iculates. The reacted mixture leaves the 

central reactor and passes through a quiescent zone where sol ids are separated 

by gravi ty sedimentation. A mechanically operated rake a t  the bottom o f  the 

tank i s  used t o  sweep set t led sol ids t o  a central po in t  where they can be 

removed from the tank. C la r i f ied  e f f luen t  i s  obtained i n  the over f low from 

the top o f  the tank. More e f f i c i e n t  c l a r i f i c a t i o n  0 - f t h e  water can be achiev- 
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Figure IV-53. Reactor-cl ari f ier o f  the hi gh-rate , 
sol ids-contact type. (From Ref. 84) 
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ed by forc ing the water, a f ter  it leaves the reactor zone, t o  f l o w  through 

This act ion resul ts  i n  addit ional u e t t l e d  sludge, ca l led  the sludge blanket, 

p a r t i c l e  removal by sludge blanket f i l t r a t i o n .  
I .  

The f i r s t  attempt t o  use a reactor c l a r i f i e r  f o r  the treatment o f  hot 

geothermal water was reported by Quong, e t  al.[93]. These ear ly  studies 

involved attempts t o  improve the i n j e c t a b i l i t y  o f  hypersaline geothermal br ine 

a1 Loop Experimental F a c i l i t y  (GLEF) lo -  

i e l d  (Southern Cali fornia). The GLEF was 

U-S.  Department of Energy and the San Diego Gas and 

E lec t r i c  Company. I n i t i a l l y ,  bench condit ion j a r  tes t ing  was carr ied out a t  

temperatures t o  about 90°C t o  evaluate the s e t t l i n g  character ist ics and poten- 

t i a l  f o r  addi t ional  p rec ip i ta t ion  o f  dissolved species ( s i l i c a  and i ron) f rom 

flashed brine. As a resu l t  o f  these e f f o r t s ,  important information concerning 

the behavior o f  f 1 ashed hypersal i ne b r i  ne was d i  scovered: 

1. Agitat ion s ign i f i can t l y  improved coagulation and f locculat ion of 
sol ids prec ip i ta ted from hot (85OC) brine. 

2. . For the' chemical addit ives tha t  were evaluated, temperatures f r o m  45 
t o  84OC had l i t t l e  inf luence on performance. 

3. Flashed br ine a t  pH 5.5 slowly clouded w i th  s i l i c a  precipi tates.  
Coagulants d id  not s igq i f i can t ly  increase the rate o f  s i l i c a  precip- 
i t a t i on .  + 

r ap id ly  prec ip i ta te s i l i c a  i n  flashed br ine by 
' increasing br ine pH t o  5.9, but  t h i s  treatment caused prec ip i ta t ion  

. It was possi 

o f  i r o n  hydroxide. 

It was possible t o  rap id ly  reduce s i l i c a  i n  flashed br ine t o  satura- 
t i o n  by contacting flashed br ine wi th  agitated freshly precipi tated 
sludge ( 1  t o  2 weight percent). 

Inorganic coagulants and cat ion ic  polymers were found t o  be p a r t i a l -  
l y  benef ic ia l  i n  combination w i th  sludge contact i n  reducing treated 
br ine tu rb id i t y .  

Anionic polymers were highly e f f e c t i v e  f locculents when used i n  corn- 
b i  natf on wi th  s l  udge contact . F1 ocs set t led rapidly and supernatant 
t u r b i d i t y  o f  3 NTU was readi ly achieved. 

5. 

6. 

7. 

&d 
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The most important outcome o f  the bench scale t e s t i n g  program was the 

demonstration o f  the effectiveness o f  sludge contact 1 n accelerat ing the 

p rec ip i t a t i on  of supersaturated s i l i c a  and other dissolved species from f lash- 

ed brine. Figure 54 i l l u s t r a t e s  the e f f e c t  o f  sludge contact on the prec ip i -  

t a t i o n  o f  s i l i c a  from hypersaline brine. 

LJ 

The bench scale tests  were fol lowed by a series o f  p i l o t  scale reactor- 

c l a r i f i e r  tests  which made use o f  a u n i t  w i t h  a br ine throughput r a t e  o f  10 

gal lons per minute. The t e s t  u n i t  i s  i l l u s t r a t e d  schematically i n  Figure 55. 

The react ion zone of a conventional r e a c t o r - c l a r i f i e r  was simulated using an 

outboard mixing tank. The residence t i m e  was 5 minutes i n  the mixing tank and 

100 minutes i n  the c l a r i f i e r .  Upflow ve loc i t y  i n  the quiescent 

c l a r i f i e r  was 0.38 gpm/ft2. As shown, br ine and so l ids were contacted i n  the 

rap id mix tank i n  the presence o f  a coagulant aid. The pretreated br ine was 

then transferred t o  the c l a r i f i e r  where i t  was subjected t o  sludge blanket 

f i l t r a t i o n  and g rav i t y  se t t l i ng .  The sludge blanket was 24 inches t h i c k  and 

it contained 6 t o  10 weight percent sludge. The best performance o f  the u n i t  

was achieved using 3 ppmv o f  Calgon Corp. M-580 coagulant a i d  (a hydrolyzed 

polyacrylamide polymer). The overflow e f  f 1 uent contained 44 ppmv 'suspended 

so l ids and dissolved s i l i c a  was reduced t o  saturation. The c l a r i f i c a t i o n  

process fol lowing the rap id  mix tank removed apprximately 80 percent o f  the 

suspended so l ids formed by the sludge contact process. It was fu r the r  demon- 

s t ra ted t h a t  the c l a r i f i e d  e f f l u e n t  could be pol ished using e i t h e r  a precoat 

pressure f i l t e r  o r  a mixed media sands f i l t e r  t o  produce an e f f l u e n t  contain- 

i n g  less than 5 ppmv o f  suspended sol ids. The pol ished br ine was'also s t a b i l -  

ized w i t h  respect t o  addi t ional  p r e c i p i t a t i o n  o f  dissolved s i l i c a .  

A cost estimate f o r  the br ine processing system was generated. Assuming 

a 50 MWe power plant,  the clarification-filtration system would cost 20 cents L. 
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TlhtllF - MINUTES 

. The e f f e c t  o f  solids (sludge) contact 
w i th  b r i n e  e f f l u e n t  on the p r e c i p i t a t i o n  
r a t e  o f  s i l i c a .  (From Ref. 93) 
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Figure IV-55. Schematic o f  p i l o t  scale c l a r i f i e r  
tested f o r  removal o f  suspended 
sol i d s  from hypersaline b r i n e .  
(From Ref.  93) 
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per 1000 gal lons o f  t reated brine. The cost assessment was based on the 

assumption o f  100 l b s  o f  br ine per KWh. The treated e f f l u e n t  volume was 10 

Mgd. Total costs o f  1.7 mils/KWh vary by a few tenths o f  a m i l  depending upon 

the quant i t ies  o f  chemical aids used i n  the treatment o f  spent br ine,  the 

operating pressure o f  the f i l t r a t i o n  system and the water content o f  the 

sludge. 

LJ 

Large-Scale C l a r i f i e r  Tests -- P i l o t  t e s t i n g  of a 30 gpm reactor-c lar i -  

f i e r  and f i l t r a t i o n  system using e f f l u e n t  hypersaline br ine from the GLEF were 

ca r r i ed  out by Magma Power Company i n  1978[94-961. The p i l o t  t e s t  u n i t  was 

located adjacent t o  an i n j e c t i o n  w e l l  and operated on a continuous basis f o r  a 

1.5 month period. Subsequent t e s t i n g  was also ca r r i ed  out using the same u n i t  

t o  develop data f o r  media f i l t r a t i o n  o f  c l a r i f i e d  overflow and sludge dewater- 

i ng. Important operati  ng parameters o f  the integrated b r i  ne treatment system 

were as f o l l o w s :  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

No chemical aids were used. 

The upf 1 ow reactor-c l  a r i  f i e r  r a t e  was 0.72 gpm/f t2. 

Sol i d s  concentration i n  the react ion wel l  were 2.5 percent. 

Ef f luent  br ine f rom the c l a r i f i e r  contained 172 mg/l dissolved 
s i l i c a  (approximately saturat ion f o r  t he  operating temperature) and 
44 mg/l suspended sol  ids. 

E f f l uen t  produced by a media contained 5 mg/l suspended sol ids.  

Sludge production amounted t o  1.7 lbs/day per gpm. 

Sludge concentrations i n  various par ts  o f  the treatment system were 
as fol lows: 

a) r e a c t o r - c l a r i f i e r  - 4.5 percent 
b) thickener - 10 percent 
c) f i l t e r  press - 65 percent 

An important outcome o f  these tes ts  was the determination t h a t  conventional 

w thickening- f i 1 t e r  press techno1 ogy could readi l y  produce a f i 1 t e r  cake f o r  
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l a n d f i l l  disposal w i t h  a so l i ds  content o f  65 percent. The best performance 

obtained using a centr i fuge produced a f i l t e r  cake w i t h  a so l i ds  content o f  50 

percent. The f i 1 t e r  'press f i 1 t ra te ,  which must be returned t o  the c l a r i f i e r ,  

was essen t ia l l y  f ree  of suspended so l i ds  whereas the f i l t r a t e  produced by the 

centr i fuge contained up t o  1 weight percent suspended sol  ids. Reintroduction 

o f  extraneous so l i ds  i n t o  the r e a c t o r - c l a r i f i e r  i s  detr imental t o  the perform- 

ance o f  the uni t .  

The reduction of dissolved s i l i c a  t o  saturat ion l e v e l s  i n  the reactor  

zone o f  the c l a r i f i e r  i s  a funct ion of the so l i ds  concentrat ion i n  the reactor  

w e l l .  The re la t i onsh ip  between so l i ds  concentrat ion and s i 1  i c a  reduction i s  

shown i n  Figure 56. S i l i c a  s t a b i l i z a t i o n  was achieved a t  a so l i ds  concentra- 

t i o n  o f  about 2.5 percent. Further increase i n  the solids concentrat ion had 

l i t t l e  addi t ional  e f f e c t  on the l eve l  of soluble s i l i c a  i n  the t reated brine. 

These condit ions pe rva i l  a t  the treatment temperature which was between 180 t o  

20OoF. A reduction i n  b r i ne  temperature downstream o f  the c l a r i f i e r - f i l t r a -  

t i o n  system could r e s u l t  i n  addi t ional  p r e c i p i t a t i o n  o f  dissolved s i l i c a .  

S im i la r l y ,  i n t roduc t i on  o f  a i r  i n t o  t rea ted  b r ine  could r e s u l t  i n  post t r e a t -  

ment p r e c i p i t a t i o n  o f  dissolved i r o n  and reduct ion i n  b r i ne  pH. 

An estimate of treatment costs lead t o  the fo l l ow ing  conclusions: 

Br ine treatment costs were estimated t o  be 11 cents per 1000 gal lons o f  

brine. The sludge dewatering costs based on the use o f  thickeners and f i l t e r  

presses was 8 cents per 1000 gal lons of brine. The t o t a l  treatment cost  was 

19 cents per 1000 gal lons o f  b r i ne  o r  1.6 m i l s  per KWh. Chemical addit ions, 

if needed, would add another 2-5 cents per 1000 gallons o f  b r i ne  t o  the t r e a t -  

ment costs. 

Demonstration Tests -- I n  1979, a 10 MWe capacity b r i ne  treatment f a c i l -  

i t y  was b u i l t  t o  process the t o t a l  output o f  the 'GLEF. The system design i s  
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illustrated in Figure 57. The performance of this unit was similar to results 

obtained for the 30 gpm pilot system. The detailed operating characteristics i 
and design of the demonstration unit are fully described in Ref. 98. The 

reactor-clarifier used in the demonstration unit is shown in Figure 58. The 

unit was supplied by the EMICO Division of Envirotech Corporation. This unit 

was sized for a brine throughput rate of about 96,000 gallons per hour. A 

detailed description of the numbered items in Figure 58 is provided in Ref. 

98. 

IV-20-6. Crystallizer Technology 

Successful adaptation of the principle of reaction clarification to treat 

geothermal effluents for injection led to attempts to carry the process for- 

ward in the geothermal energy conversion cycle. One of the major gains in 

utilizing reactor-clarifiers was the elimination of scale deposition in the 

c l a r i f i e r  and downstream components. A t  t h e  GLEF; s i l i c a  sca l ing  r a t e s  o f  up 

to 3.5 inches per hour were experienced in the low pressure flash vessel, the 

atmospheric receiver vessel and in downstream pipingC961. Scale deposition i,n 

the higher temperature first-stage flash vessel was lower but still trouble- 

some. Periodic shutdowns were required to mechanically remove scale deposits 

by hydroblasting. Efforts were, therefore, directed to combine the functions 

of a flash separator and reactor-clarifier in the same vessel. 

Crystallizer technology has been used for years by the chemical process- 

ing industry. A comprehensive description of crystallizers is provided in 

Ref. 84. Crystallizers may be classified in terms of the methods used to 

suspend t h e  growing product. There a re  f i v e  p a r t i c l e  suspension categories as 

summarized in Table IV-6.  In geothermal applications, scale formation is sup- 

pressed by providing a large ratio of seed particulates t o  piping and vessel 

surface area to preclude scale deposition. The seed material consists oL~ 
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Table IV-6 

Classification of Crystallizers Based on the Method 
o f  Suspending the Growing Product (From Ref. 84) 

u 
Fondcirculation evaporator r Forced-cinulation cooling crystallizer 
Draft-tube evaporator 
Dnft-tube cooling crystallizer 
fondcirculation surface-cooled crystallizer - Draft-tube clirectsoncact.cding crystallizer 

--* Without fina datruction Mixed nrrprns~on 
m d  product removal \/ 

Oslo evaporative crystallizer 
Oslo coolins crystallizer c W o  rurface-cooled crystallizer 

With fines destwtion 
Withour fines deJtruc*t:on Clpcufied swpcruion - E :  

Swewn-Walker crystallizer 
Votator 

scraped nufocc 

Static tanks 

Tank type - - = :  Aptoted tanks-surfacetooled 
4ptatd tanks-evapontive type 

finely divided recycled sludge. The sludge contact reduces supersaturated 

dissolved species such as silica to saturation levels and thereby reduces the 

main driving force for scale formation. 

The prototype f 1 ash crystal 1 i zer eval uated for service as a rep1 acement 

for a low pressure flash steam separator is shown in Figure 59. The unit is 

similar to a conventional tangential entry flash separator with a provision 

for recycling sludge produced in a downstream clarifier. The unit has no 

provisions for removal o f  precipitated sol ids. The generated particulates are 

carried through the system where they are eventually removed by the appropri- 

ately sized reactor-clarification system. Operation of this type of unit 

resulted in essentially complete elimination of scale deposition at the GLEF 

1 ow pressure steam separator conditions. Chloride carryover i n the separated 

steam was 5 mg/l or less. Brine residence time in the crystallizer was 8 

minutes and from 0.5 to 1.0 percent solids recycle concentration was required 

to control scale deposition. Detailed chemistry assessments made at the 

' EF[96] indicated that silica processed brine was slightly supersaturated in ad 
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the c r y s t a l l i z e r  eff luent. The s o l u b i l i t y  o f  s i l i c a  i n  b r i ne  f o r  various 

. operating temperatures was as fol lows: LJ 
Average S i l i c a  

( O F )  (mg/l) 

263.5 344.4 
289.7 369.7 
304.9 405.6 

Temperature Sol ubi  1 i t y  

Plans developed f o r  a 49 MWe geothermal power p lan t  located a t  the Salton 

Sea Geothermal F i e l d  involved the use o f  two f i r s t  stage f l a s h  ’separators 

operating a t  production is lands a t  200 psia. Scale deposi t ion rates a t  these 

condit ions were considered acceptable. The separated s ing le  phase b r i n e  

streams were then conveyed t o  a second stage f l a s h  c r y s t a l l i z e r  operated a t  22 

psia. The t reated b r i n e  e f f l u e n t  was then s p l i t  i n t o  two streams and d i rec ted  

t o  two equal s ized reac to r -c la r i f i e rs .  C l a r i f i e d  overf low was s p l i t  again 

i n t o  two equal streams and then t ransferred t o  two media f i l t r a t i o n  modules 

for  f i n a l  pol ishing. The sludge produced by the r e a c t o r - c l a r i f i e r  and f i l t e r s  

was dewatered using thickeners and a f i l t e r  press o f  conventional design. 

IV-20-7. Flash Crystal  1 i z a t i o n  

The contro l  o f  scale deposits formed a t  h igh temperature and pressure can 

be achieved by combining recycle seeding and s l u r r y  segregation capabi 1 i ti es 

i n  a f l a s h  steam separator vessel. A ser ies o f  papers by Awerbuch and others 

C99-1021 describe an in tegrated f l  asher-crystal 1 i zer-separator (FCS) u n i t  w i t h  

the c a p a b i l i t y  o f  e l im ina t i ng  scale deposi t ion w h i l e  simultaneously producing 

high p u r i t y  steam f o r  turbogenerators. The basic FCS u n i t  i s  shown i n  Figure 

59. Geothermal b r i n e  i s  i n jec ted  i n t o  a c e n t r a l l y  located ventur i  which 

promotes expansion o f  the b r ine  t o  produce steam and simultaneous p rec ip i t a -  

t i o n  o f  scal ing species. ck The in t imate contact  o f  b r i n e  w i t h  f resh ly  p r e c i p i  

IV-148 



Figure IV-59. The Bechtel flasher-crystal 1 izer- 
separator unit. (From Ref. 100 
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tated p r t i c u l a t  prom t rapid p rec ip i ta t ion  o f  addi t ional  quant i t ies o f  

dissolved scal ing species. I n  the case o f  s i l i c a ,  reduction o f  supersatura- 

t i o n  by 80 percent 'causes a' substantial increase i n  the length o f  t ime  re-  

quired f o r  attainment o f  equil ibrium. Thus, it i s  not necessary t o  achieve 

s i l i c a  s o l u b i l i t y  i n  the FCS t o  i n h i b i t  s i l i c a  scale deposition. 

The FCS u n i t  shown i n  Figure 59 incorporates a sludge s e t t l i n g  volume and 

the capabi l i ty  f o r  sludge blanket f i l t r a t i o n .  This type o f  u n i t  could poten- 

t i a l l y  be used i n  a mineral recovery operation where valuable constituents 

could be segregated from the bulk of sol ids tha t  would be recovered by a 

convent1 onal reactor-cl a r i  f i er. The use o f  chemical s i s not requi red t o  

prevent scale formation. However, i n  a combined mineral recovery-scale sup- 

pression operation, cer ta in  chemical addit ives might be used t o  more complete-, 

l y  prec ip i ta te dissolved species such as the lead, s i l v e r  o r  other heavy 

metal s. 

The Bechtel FCS process as described i n  Refs. 99-102 eliminates the need 

f o r  a downstream reactor-c lar i f ier .  The claim i s  made tha t  s i l i c a  can be 

s tab i l i zed  i n  solut ion f o r  i n jec t i on  by d i l u t i n g  and reheating the spent 

effluent. The integrated process i s  shown i n  Figures 60-61. A two-stage FCS 

system i s  i l l u s t r a t e d  wi th  reheat supplied by a thermocompressor (Figure 60) 

o r  by a mechanical compressor (Figure 61). The concept o f  reheating and 

d i l u t i n g  geothermal br ine t o  s tab i l i ze  residual s i l i c a  may be workable a t  many 

o f  the low t o  moderate s a l i n i t y  resources. However, i n  the case o f  the hyper- 

sal ine resources o f  the Salton Trough (Southern Cal i fornia),  dissolved i r o n  

and s i l i c a  coprecipitate f r o m  low pressure flashed brine. Reheat may o r  may 

not s tab i l i ze  s i l i c a  depending upon the ul t imate s t a b i l i t y  o f  i r on  as copre- 

c i p i t a t i o n  o f  both species i s  probable. I n  any case the u t i l i z a t i o n  of a 

downstream reac tor -c la r i f ie r  and f i l t r a t i o n  system would provide a complete 
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THERMOCOMPR ESSOR 

Figure IV-60. Process flow sheet for a dual-stage FCS demonstration 
plant. (From Ref. 100) 
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treatment capabi 1 i t y  f o r  even the hypersal i ne  geothermal brines. A downstream 

f i l t r a t i o n  system would be needed even f o r  ' t h e  reheat FCS system since the 

overf low from the FCS u n i t s  would most l i k e l y  contain object ionable l eve l s  o f  

suspended p a r t i  c u l  ates. 

The Union O i l  Company has been successful ly o a t i n g  a 10 MWe demonstra- 

t i o n  p l a n t  located i n  the southwestern p o r t i o n  he Salton Sea Geothermal 

Field.  The p l a n t  u t i l i z e s  a p re f l ash  wellhead separator t h a t  operates a t  

production we l l  head condi t ions and two Gosl in-Burmingham FCS stages., Part icu- 

l a tes  generated i n  the FCS ages are c a r r i e d  through the system t o  a reactor- 

c l a r i f i e r  fo l lowed by a me f i l t e r  system. . Scale abatement i n  the p l a n t  i s  

sa id  t o  be excel lent .  It can be concluded on the basis o f  t h i s  experiment 

t h a t  the high temperature/pressure c r y s t a l  1 i z a t i o n  rocess when used i n  com- 

b ina t i on  w i t h  a r e a c t o r - c l a r i f i e r  makes i t  possible t o  u t i l i z e  hypersaline 

geothermal br ines wi thout major concerns about s c a l i  ng i n  su r f  ace equipment . 
By inference, i t  should, therefore, be r e l a t i v e l y  easy t o  t r e a t  lower s a l i n i t y  

b r i ne  systems w i t h  the same level. o f  effect iveness. 
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APPENDIX I V - I  

HEWLETT PACKARD CALCULATOR (HP-67)  CODE FOR THE 
CALCULATION OF I N J E C T I O N  WELL TEMPERATURE D I S T R I B U T I O N S  
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User Instructions 

Ins t ruc t ion  

Key i n  R value 

Key i n  E value 

Key i n  Xo value 

Registers 
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Input 
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APPENDIX I V - I 1  

HEWLETT PACKARD CALCULATOR (HP-67)  CODE FOR EVALUATING 
THE BARKMAN AND DAVIDSONGS WELLBORE NARROWING AND 

I N V A S I O N  I N J E C T I O N  WELL IMPAIRMENT MODELS 
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I 

Primary Storage Registers 

R1 + Kc (md) 
* R2 + S (M/Jmin) 

I * R3 + pc (gm/cm3) 
* R4 + pw (gm/cm3) 
* R5 + Ac (an2) 
* R6 + AP, (psi)  

* R7 + M (CP) 
R8 + F (years) 

* R9 + r (M) 
* RA + h (M) 
* RB + io (bbl/day) 

RC + G (dimensionless) 
R,, + TC (years) 

W 

*Key value i n t o  r e g i s t e r  p r i o r  t o  running program. 
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w Secondary Storage Registers 
I 
1 + G (dimensionless) RSO 

R S 1  + 0 (dimensionless) 
RS2 + Kc/Kf (dimensionless) 

* RS3 + re ( M I  
* RS4 + rw (MI  
* RS5 + CY (dimensionless) 
* RS6 + Frac (dimension 
* RS7 + ra (MI 

RS8 + f3 (dimensionless) 
* RS9 + Kf (md) 

ess) 

I *Key value into register prior to running program. 
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X 

2 
N1 
t138 

X 

+ 
X/T 

2 
N? 
Tl38 
X/T 
51311 
XA 
AsX 
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&138 
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- 
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TOT 
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L60 
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S60 
b6O 
&SO 
260 
TS0 
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880 
L80 
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S80 
980 
880 
Z80 
180 
080 
6LO 
8LO 
LLO 
9LO 
SLO 
%LO 
&LO 
ZLO 
TLO 
OLO 
690 
890 
L90 
990 
s90 
b90 
E90 
z90 
t90 
090 
6SO 
8SO 
LSO 
9so 
sso 
*so 
&SO 
zso 

---- 
da7S 

- D 

0138 

b 
X33 
E 
Z 
L 

T 

Td 

X 

X 

X 

X 

bLN3 
6138 

V138 
&IN3 
El38 
SI8 
TOLS 

A*X 
0138 

T 

9 
9 
T 
8 

X 

- * 

X 

0 
a - X 

+LN3 
2138 

b138 

L138 

9138 

0 

a - 
0 - 
X 

X 
X 

iLN3 
S138 

€738 
+LN3 
2 
Vl8l 

Xaqu3 Xan 

X 

--_--___- 

TSO 
os0 
650 
850 
LbO 
9%0 
SbO 
bfO 
&bO 
290 
TbO 
Ob0 
6E0 
8&O 
LEO 
980 
SEO 
%EO 
€EO 
Z&O 
TEO 
OEO 
620 
820 
LZO 
920 
SZO 
%ZO 
EZO 
220 
TZO 
ozo 
6T0 
8TO 
LTO 
9TO 
STO 
bTO 
&TO 
ZTO 
TTO 
0'10 

* . 600 
800 
LOO 
900 
so0 
boo 
EO0 
zoo 
TOO 

da?s 
. _. 
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149 
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V. CONTROL OF NONCONOENSABLE GAS EMISSIONS 

V-1. Chapter Summary 

Hydrogen su l f i de  (H2S) i s  a common const i tuent i n  geothermal steam and 

water. Abatement o f  H2S emissions during d r i l l i n g  and subsequent resource 

u t i  1 i za t i on  can be a requirement w i th  respect t o  sa t i s f y ing  environmental 

regulations. Beyond compl i ance with emi ss i  on standards , however , H2S contro l  

i s  useful i n  preventing o r  minimizing scal ing and corrosion o f  steam turb ine 

components and cool ing/condensing equipment. High ambient H2S leve ls  sur- 

rounding a geothermal f a c i l i t y  can also d ras t i ca l l y  accelerate corrosion o f  

exposed e l e c t r i c a l  devices and contacts , copper being p a r t i c u l a r l y  susceptible 

t o  t h i s  type o f  attack. This chapter summarizes H2S environmental standards 

and H2S abatement technologies most su i tab le f o r  use a t  hydrothermal resources. 

V-2. In t roduct ion 

The t o x i c i t y  o f  H2S has been w e l l  documented (Table V-1). A p rac t ica l  

concern regarding H2S emissions, w i th  respect t o  human t o x i c i t y ,  i s  the nox- 

ious odor t h a t  i s  detectable a t  leve ls  as low as 0.03 ppm[Z]. The current 

U. S. Occupational Safety and Health Administrat ion standard f o r  an e igh t  hour 

continuous exposure per iod i s  10 ppm[3]. Beyond H2S leve ls  o f  20 ppm, respi r -  

a tory  p ro tec t ion  i s  requiredC21, Since H2S i s  heavier than a i r ,  r e l a t i v e l y  

.hiqh leve ls  can b u i l d  up i n  areas having inadequate vent i la t ion.  Extremely 

dangerous s i tuat ions can ar ise  i n  t h i s  fashion, i n  p a r t  due t o  the d imin i t ion  

o f  odor a t  elevated H2S leve ls  ,and r a p i d i t y  o f  onset o f  severe physiological 

response and morbidity. Response o f  loca l  vegetation, especial ly i n  c u l t i -  

vated areas, t o  H2S exposure i s  also an important concern. A t  the present 

t ime,  Ca l i f o rn ia  and New Mexico have the most s t r ingent  H2S emission contro l  

regulations. The Cal i forn ia  regulat ion i s  0.03 ppm by volume as a one hour 

v-1 



Table V - 1  

E f fec t  o f  Hydrogen Sul f ide on Humans 
h i  4 

' . .  
Concentrations 

(ppm) 

0.0007-0.O30 . 

0.33 

2.7-5.3 

20-33 

100 

210 

667 

750 

Ef fects  

odor threshold 

d i s t i n c t  odor; can cause nausea, headaches 

odor o f  fens1 ve and moderately intense 

odor strong bu t  not  i n to le rab le  

can cause loss o f  sense o f  smell i n  few 
minutes 

smell not  -as pungent, probably due t o  

can cause death quick ly  due t o  respi ra tory  

v i r t u a l l y  no odor sensation; death can 

o l f a c t o r y  para lys is  

para lys is  

occur rap id ly ,  upon very short  exposure 

(from Ref. 1) 

average. Federal and s ta te  H2S emission 

standards are described by Hartley131 and Stephens, e t  a l .  [4]. The s i t u a t i o n  

w i t h  respect t o  H2S emissions a t  U.S. and fore ign geothermal f a c i l i t i e s  i s  

summarized by HartlyC31 and PasqualettiCS]. Table V-2, from Layton, e t  a l .  [ S I  

summarizes H2S emissions f o r  hot  water and vapor dominated geothermal re- 

sources. 

New Mexico's standard i s  0.003 ppm. 

V-3. Sources o f  Hydrogen Sul f ide Emissions 

Release points  f o r  H2S emissions from geothermal f a c i l i t i e s  have been 

I n  general, release po in ts  f o r  H2S may be described by several authorscl-41. 

categorized as pre-energy conversion and as post-energy conversion emissions. 

Sources o f  pre-energy conversion H2S emissions include releases dur ing we l l  

d r i l l i n g  and we l l  t e s t i n g  a c t i v i t i e s ,  p ipe l i ne  venting and steam stacking. LJ 
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Table V-2 

Concentrations of Hydrogen Sul fide i n  Geothermal F1 u ids  and 
Estimated Emission rates for Hot-Water and Vapor-Domi nated 

Geothermal Reservoirs i n  the U.S. and Elsewhere 

Concentration 
~~ 

iesource Area 
Estimated Emissions 

(g/Mwe* h)  

Sal ton Sea, Cal i forni a 
Brawley, California 
Heber , Cal i forni a 
East Mesa, Cal i forni a 
Baca, New Mexico 
Roosevelt Hot Springs,  Utah 
Long Valley, California 
Beowawe Hot Springs , Nevada 
Wairakei , New Zealand 
Ahuachapan, E l  Salvador 
Otake, Japan 
Matsukawa, Japan 
Cerro Pri eto , Mexico 

Larderel 1 0 ,  Italy 
The Geysers, Cal i forni a 

[n  Liquids (mq/kql 

3.2 
55 .1  
0.18 
0.54 

60.7 
8 

14 
6 

b -- 
48 

b 
b 
b 

0-  

-- 
0-  

In Steam ( w t .  % 
b -- 

24.5 

a - T h i s  emission rate has been recalculated. 

128a 
2,424 

20 
60 

2,125 
304 
826 
348 
570 

1,580 
542 

5,050-20,800 
32,000 

14,300 
1,850 

b - The hydrogen sulfide concentration associated w i t h  the 

(Frpm Ref. 6) 
emission rate was not reported. 
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Steam stacking i s  the process whereby steam o r  hot  water bypasses energy 

conversion equipment and i s  vented d i r e c t l y  t o  the atmosphere. Steam stacking 

i s  necessitated dur ing i n i t i a l  production wel l  start-up and i n  cases o f  equip- 

ment malfunction when it i s  impract ical  o r  dangerous t o  attempt r a p i d  shut- in 

o f  a wel l  producing hot  f l u i d s  a t  high rates. Generally, f low i s  d i rected o r  

bypassed around energy conversion equipment and l e t  down t o  atmospheric condi- 

t i ons  using steam si lencers, atmospheric f l a s h  tanks o r  by venting d i r e c t l y  

i n t o  holding p i t s .  

Post-energy conversion H2S emission sources are conversion-process de- 

pendent. The most common type o f  conversion system f o r  producing e l e c t r i c i t y  

from l i q u i d  dominated geothermal systems i s  the flashed-steam process. I n  

t h i s  process, H2S emissions occur i n  the noncondensable gas vent downstream o f  

the steam turbine, during pre- in ject ion treatment o f  spent f l u i d  and i n  con- 

junct ion w i t h  the operation o f  condensing/cooling units[4]. S imi lar  release 

points  f o r  H2S also occur i n  t y p i c a l  d i r e c t  steam conversion systems i n  use a t  

steam dominated geothermal resources such as the Geysers i n  Northern Cal i f o r n -  

ia.  Although the ideal  b inary conversion system produces no H2S emissions, i n  

p rac t i ca l  terms, gas venting t o  prevent pump cav i ta t ion,  operation o f  open 

system pre- in ject ion spent water treatment f a c i l i t i e s  o r  steam stacking opera- 

t i ons  could be important sources o f  H2S emissions[3]. 

Dispersal o f  H2S a f t e r  atmospheric release i s  complicated by the re la-  

t i v e l y  high s o l u b i l i t y  o f  t h i s  gas i n  water[1,7]. I n i t i a l  d i s s o l u t  on o f  H2S 

i n  water droplets condensed from vented steam o r  i n  atmospheric mositure 

resu l t s  i n  p a r t i a l  scrubbing o f  H2S. However, subsequent dispersal and evap- 

orat ion o f  water droplets re-releases H2S t o  the atmosphere. Thus, the i n i -  

t i a l  dispersal o f  H2S po l lu tants  could i n  some cases r e s u l t  i n  a reconcentra- 

t i o n  o f  the gas, depending on atmospheric and topographic features, a t  some 

distance from the o r i g i n a l  release point .  
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V-4. Abatement o f  Hydrogen Sulfide Emissions 

Control technologies for HzS emissions from geothermal facilities have 

Most work performed to date on a pilot scale 
ccd 

been extensively reviewedC3-41. 

has involved emission control at the steam dominated Geysers resource in 

Northern Cal i forni a. With the exception of the LLNL process[8,9] and the 

caustic peroxide process[10,11,12], no pilot scale studies of H2S abatement 

technologies have been carried out at liquid dominated resources in the United 

States. Thus, some caution must be exercised in considering the technical 

viability and economic feasibility o f  untried abatement methods at the liquid 

dominated geothermal resources. HzS control processes which have been devel- 

oped for industrial applications, such as oil and gas field operations or 

control of fossil-fuel power plant emissions, are summarized in Table V-3. 

Many of these processes are inappropriate for geothermal applications because 

of high costs, complexity, kinetic' limitations or the form of the end waste 

product. A tabulation of HzS control processes that are amenable to geother- 

mal applications is provided in Table V-4. 

A primary difficulty in applying HzS controls to liquid dominated re- 

sources is to insure chemical compatability between the geothermal fluids and 

the abatement systems. For example, the FMC process requires an alkaline pH 

and application of the process results in production of dissolved sulfate[lO, 

113. Thus, a significant potential exists for precipitation of carbonates, 

sulfates, silicates, and hydroxides since most high temperature geothermal 

waters contain abundant di ssolved constituents that wi 11 react in a1 kal i ne, 

high sulfate solutions. The majority of HzS control processes are chemical 

processes with removal of H2S either by formation of insoluble precipitates 

(sulfur or heavy metal sulfides) or by formation of water soluble compounds o f  

sulfates or sulfides. The ultimate disposal o f  H2S conversion products by an 
LiJ 
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Table V-3 

I ndus t r i a l  Hydrogen Sul f ide Abatement Methods 

Process 
ADIP 
ALKAZID 
Benf ie ld 
Carl s t i  11 
C1 aus 
Fumaks 
Kawada-Uchi da 
Mdea 
Pur i  sol 
Rectisol 
scot 
Sel exol Solvent 
S i v a l l s  
S t re t fo rd  
Sul f i ban 
Sul f i no1 
Takahax 

HPS Removal 
Physical 

Absorption 

J 
J 

J 

J 
J 
J 
J 
J 
J 

J 
J 

lri nc ip le  
Chemical 
Reacti on 

J 

J 
J 

J 
J 

J 

End Product 

H2S 

H2S 

H2S 

H2S 
S 

S 
Thiosul fur ic Acid 

Reference 
4 
4 

4,13,14 
4 

4,15 
16 
16 
4 
4 
4 
4 
4 

17 
4,33 

4 
4 

16 
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Table V-4 

i 
j 

i 

1 L J  Hydrogen Sulfide Control Processes Potentially Suitable 
For Appl ication a t  Hydrothermal Resources 

I_  ’ 

i -  : I Hydrogen Sul fide Removal ‘ 8  

Pre-Energy Conversion (Upstre 
o Steam Converters 
o Steam Condenser-Reboi l e r  . 

o EIC Process 
o DOW Oxygenation Process 1 

o UOP Catalytic Oxidation Process 
o SRI Electrolytic Oxiation Process 
o Solid Sorbents 
o Deuterium Process 

Post-Energy Conversion (Downstream): 
o Iron Catalyst 
o Ozone Oxidation 
o Wackenroder Process 

Off-Gas (Vent Gas) 
o Hydrogen Peroxide-Sodium 

o Selective Caustic Absorption 
o LLNL Brine Scrubbing Process . . ’ 

o Stretford 
o Claus 
o Jefferson Lake 
o Burner-Scrubber 
o Benfield 
o Ferrox 

Hydroxide Process 

o Sodium Hydrochlorite 
o Potassium Permanganate 

Reference 

” -  1, 4 
-. . ‘4,  18-20 

2-4, 21-24 
25-26 
4 
4, 27 
28-31 
i, 4 

3-4 
4 
4 

4, 10-11 

3 2 
1 4,  8-9 

1-4, 33-35 

2, 15 
2, 15, 36 

2, 4 
4, 37-38 
4 
4 
4 
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0 off-gas process1 such as the S t re t fo rd  Process, i f  needed, i s  thus a key con- 

s iderat ion i n  the select ion o f  an appropriate control  technology. For example, 

i on  upstream reboi l e r  process i s  a p o t e n t i a l l y  important 

on technique which involves condensing and rebo i l i ng  

geothermal steam i n  a specia l ly  designed heat exchangerC41. As the steam 

condenses, noncondensable gases are pa r t i t i oned  i n t o  the vapor phase. During 

reboi l ing,  steam w i th  less than 90 percent o f  i t s  o r i g i n a l  H2S content i s  

produced. An important subsidiary bene f i t  o f  t h i s  process i s  the u l t imate 

.removal o f  up t o  98 percent of the o r i g i n a l  t o t a l  noncondensable gas load. 

However, the recovered H2S must then be t reated by a subsidiary process such 

as the S t re t fo rd  process f o r  f i n a l  e l iminat ion o f  H2S emissions. 

V-5. Descript ion o f  Hydrogen Sul f ide Control Technologies 

Stephens, e t  al. [4] developed a l i s t  o f  c r i t e r i a  which need t o  be sat is-  

f i e d  by any H2S abatement technique. The a i thors note t h a t  whi le most geo- 

thermal H2S emission control  techniques have been developed f o r  and tested a t  

the Geysers, the same techniques should be d i r e c t l y  appl icable t o  H2S removal 

from flashed steam derived from 1 i q u i d  dominated geothermal resources. Unfor- 

tunately, t h i s  may be a serious understatement o f  problems a r i s i n g  due t o  the 

higher scal ing tendency o f  moderate t o  high s a l i n i t y  geothermal brines. 

Chemical incompatabil i ty  between geothermal brines and H2S abatement systems 

may i n  fact  be the major detriment t o  d i r e c t  u t i l i z a t i o n  o f  technologies 

devel oped f o r  dry steam domi nated resources. Nonetheless , the technical 

c r i t e r i a  f o r  appl icat ion o f  H2S emission controls f rom Reference 4 are worth 

repeating here: 

1. 

2. 

The process must be e f f i c i e n t  and economical. 

The process must not increase hazards t o  the p l a n t  workers o r  t o  the 
1 oca1 environment. 
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3. Corrosion problems should not be adversely impacted. 

Dynamic response of the H2S abatement system should be capable of 
dealing with fluctuations i n  H2S levels. 

5. Power conversion efficiency mus t  not be adversely impacted. 

6. Sol id  waste by-products must  n o t  cause operational o r  disposa 

7. Chemical compatibility of the abatement process must be verified 

I n  the following section, potentially useful H2S emission control systems 

w i l l  be considered w i t h  respect t o  their  u t i l i t y  for service i n  l i q u i d  domin- 

ated geothermal systems. An attempt will be made t o  describe potential prob- 

probl ems. 

lem areas that  may need additional development work before a particular emis- 

sion control system could be considered as a viable technique. I t  i s  useful 

t o  note that o f  a l l  the control techniques developed fo r  geothermal applica- 

tions,- only the LLNL brine scrubbing method was specifically designed f o r  

service a t  a 1 iquid dominated resource[8,9]. Additional information regarding 

HzS detection and abatement are provided in Refs. 41-42. 

V-5-1. Pre-Energy Conversion HnS Abatement Systems 

Upstream abatement of H2S is of primary interest  because i t  protects 

expensive t u r b i n e  components from premature failure due t o  scaling, corrosion 

and precipitated particulate induced erosion damage. An upstream abatement 

system would also be helpful i n  abating H,S emissions during steam stacking 

operations.. Direct contact condensers are desireable because o f  their  h i g h  

efficiency and relatively low cost. Pre-energy conversion removal of H2S 

would permit realization of direct  contact condenser benefits. Several gener- 

i c  types of pre-conversion H2S control systems have been developed. These 

systems either physically remove HzS gas from steam o r  convert H2S gas t o  

r’+her stable water soluble species o r  t o  stable particulates. Some down- 
W 

v-9 



stream o r  post-energy conversion abatement systems convert H,S t o  react ive 

water soluble species which must be fu r ther  t reated by a secondary process t o  

prevent re-generation o f  H2S gas., Secondary processing i s  also required t o  

s tab i l i ze  H,S gas recovered by physical segregation methods involv ing use o f  

steam converters o r  reboi lers. A potent ia l  problem w i th  a l l  pre-energy con- 

version tt,S control  systems i s  the l i ke l ihood that dissolved species i n  b r ine  

droplets which carryover dur ing the steam separation process may be prec ip i -  

ta ted by the H2S control  system and thus aggravate scal ing and .erosion o f  

t u r b i  ne components. 

V-6-1. Steam Converters 

V-6-la. Descrirjt ion of the Method - The basic steam converter process i s  

shown i n  Figure V-1. The steam converter o r  primary heat exchanger condenses 

most o f  the input  steam. As a r e s u l t  o f  the condensation process, noncondens- 

able gases, comprised o f  CO,, NH, and H,S, are segregated from clean condens- 

ate and subsequently removed i n  the gas s t r ipper  unit. The heat l ibera ted  

from the condensing steam i s  used t o  rebo i l  clean steam condensate t o  produce 

steam t h a t  i s  almost completely f ree o f  noncondensable gasesC1,41. The steam 

converter process was o r i g i n a l l y  developed f o r  use a t  Lardarello, I t a l y  as 

p a r t  o f  a bor ic  ac id  recovery process. The bor ic  ac id  was concentrated i n t o  

the small blowdown stream o f  condensate produced by the .gas s t r ipper  un i t .  A 

modern geothermal power p lan t  equipped w i t h  steam converters would require a 

secondary off-gas process t o  convert the separated H,S gas t o  a stable product. 

Under favorable conditions it might also be possible t o  r e i n j e c t  the separated 

noncondensable gases. 

V-6-lb. Hydrothermal Studies - None. 
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V-6-lc. Hydrothermal Appl icat ions - According t o  Ref. 4, the e f f i c i e n c y  o f  

steam converters depends on the p a r t i  ti oni ng o f  noncondensabl e gases between 

l i q u i d  and vapor phases. The gas p a r t i t i o n i n g  i s  dependent upon the pH o f  the 

condensate which i s  cont ro l  l e d  by the composition o f  the noncondensable 'gases 

(CO? and NH3 are most important), the temperature and pressure condit ions, the 

volume o f  produced condensate and the concentrat ion o f  H2S i n  the raw steam. 

Operation o f  a steam converter r e s u l t s  i n  loss o f  enthalpy o f  the clean steam 

as compared t o  the enthalpy o f  the raw steam. This loss i s  o f f s e t  somewhat by 

the reduction i n  tu rb ine  backpressure due t o  the almost complete upstream 

removal o f  a1 1 noncondensable gases which subs tan t i a l l y  improves tu rb ine  

ef f ic iency.  Upstream removal of noncondensable gases a lso permits the use o f  

smaller mechanical gas e jectors  and d i r e c t  contact condensers t h a t  r e s u l t  i n  

improved e f f i c i e n c y  and lower costs. These gains tend t o  compensate fo r  the 

enthalpy loss inherent i h  the ove ra l l  process. Substantial advances i n  steam 

converter technology have been rea l i zed  over the l a s t  several years. These 

advances (see Section V-6-2) have subs tan t i a l l y  improved the e f f i c i e n c y  of t h e  

process. Thus, the use o f  modern steam r e b o i l e r  u n i t s  i s  now a p r a c t i c a l  

p o s s i b i l i t y  f o r  a hydrothermal f a c i l i t y .  The major drawbacks t o  use o f  such a 

u n i t  are the uncer ta in t ies regarding mineral deposi t ion o r  sca l ing o f  the 

reboi 1 e r  heat exchanger and the resul  ti ng 1 oss o f  thermal e f f i c i ency .  

. 

V-6-2. Steam Reboi 1 ers 

V-6-2a. Descr ipt ion of the Process - The basic p r i n c i p l e s  concerning design 

and operation o f  a steam condenser-reboiler u n i t  are described i n  Refs. 18-20. 

Figures V-2 and 3 i l l u s t r a t e  the v e r t i c a l  tube and hor izonta l  tube condenser- 

rebo i l e r  un i ts ,  respect ively.  The process can be shown on the basis of equi- 

l i b r i u m  chemistry t o  have a theo re t i ca l  H2S removal, e f f i c i e n c y  o f  greater than 

90 percent over a wide range of steam condi t ions and noncondensable gas con- LJ 
v- 12 
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centrat ions (NH3, COz and H2S mixtures). Referr ing t o  Figure V-2, the process 

operates by continuous condensation-reboiling as follows: W 
1. 

2. 

3. 

4. 

5. 

6. 

Raw steam enters one side o f  a ve r t i ca l  heat exchanger. 

A l l  but  a small por t ion  o f  the raw steam i s  condensed. 

The noncondensable gases are str ipped i n  a small quant i ty  o f  noncon- 
densed steam which acts as a car r ie r .  

The vent gases are t reated i n  a secondary process such as the Stret -  
f o rd  process t o  s t a b i l i z e  HzS. 

The steam condensate undergoes a pressure reduction which causes a 
corresponding temperature reduction re1 a t i ve  t o  the raw steam. 

The condensate i s  passed through the opposite side o f  the heat 
exchanger where the temperature di f ference causes the steam t o  
rebo i l  thereby producing clean, gas-free steam. 

The major parameters t h a t  control  system performance are the temperature, 

The major pressure, gas composition and the percent o f  i n l e t  steam vented. 

cost factors are the amount of noncondensable gas t o  be removed, the heat 

t ransfer  area required, the power production penalty f o r  the loss o f  steam i n  

the vent streams, the power production penalty f o r  the drop i n  pressure o f  the 

clean steam and the c r e d i t  due t o  an increase i n  power production caused by 

the reduction i n  steam f low requirements f o r  operation o f  gas ejectors since 

the t o t a l  noncondensable gas load i n  the system has been reduced. It i s .  shown 

i n  Ref. 20 t h a t  a 55-MWe steam condenser-reboiler system could be i n s t a l l e d  a t  

the Geysers f o r  $8.2 m i l l i on .  The cost includes i n s t a l l a t i o n  o f  an off-gas 

St re t fo rd  process t o  s t a b i l i z e  co l lected HzS. The cost estimate i s  based on a 

two-stage process (Figure V-4). The f i r s t  stage of the process produces clean 

steam f o r  the turb ine generators. The vent gas from the f i r s t  stage i s  then 

fed t o  a second stage which i s  used t o  produce clean, low pressure steam t o  

operate the j e t  a i r  ejectors. 

V- 15 
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V-6-2b. Hydrothermal Studies - The Electric Power -Research Institute ( E M )  

w i s  evaluating steam reboiler technology for possible applications at hydro- 

thermal resources. 

V-6-2c. Hydrothermal Applications - The steam reboiler technology can become 
the preferred method for upstream removal of H2S if it can be demonstrated 

that scale deposition within. the reboiler unit and <resulting degradation of 

heat transfer coefficients is not an insurmountable problem. Process econom- 

ics are critically dependent on the mat ntenance of heat transfer coefficients. 

Highly efficient boiler design may 'make it difficult and expensive to clean 

scaled heat exchanger surfaces. 

V-6-3. The Copper Sulfate Process 

V-6-3a. Description of the Process - The EIC Copper Sulfate or CUPROSUL 

process [2-4, 20-251 involves pre-energy conversion scrubbing of geothermal 

steam using an ammonium sulfate buffered acidic solution of copper sulfate. 

H2S is converted t 0 . m  insoluble copper sulfide precipitate which is subse- 

quently recovered and exposed to a copper sulfate regeneration process. 

Ultimately, H2S is converted to either soluble ammonium sulfate or elemental 

sulfur. Simplified schematics of the copper sulfate process are provided in 

Figures V-5 and V-6. 

Implementation of the Copper Sulfate process proceeds in three steps 

consisting of H2S scrubbing, solids separation and copper sulfate regeneration 

[3]. Step I involves absorption of H2S by three reaction pathways: 
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2H+ + + H2S04 

cu+2 + s-2 + cus 

Overall : CuSO, + H2S + CUS + HzSO4 

Pathway B: + H+ + HS- 
"%q) 

CUO + cu+2 + 0-2 

cu+2 + f2  + cus 

HS- + H+ + S-2 

2H+ + 0-2 + H20 

Overall : CUO + H2S + CUS + H2O 

Pathway C CU~SO, + H2S + CUZS + HzSO4 

Step I1 involves recovery o f  p rec ip i t a ted  sol ids: 

F i e l d  t r i a l s  a t  the Geysers have u t i l i z e d  an eight- inch diam- 

e te r  s ing le sieve t r a y  scrubbing column. The r e s u l t i n g  copper 

s u l f i d e  s l u r r y  i s  passed through a centr i fuge as the prel iminary 

l i q u i d  separation step. Further upgrading o f  the l i q u i d  i s  required 

depend4 ng upon the scheme employed t o  regenerate copper sul  fate.  

Step I11 involves regeneration of copper sul fate.  Two processes have been 

tested: 

A. Regeneration by oxidat ive roast ing proceeds as follows: 

cus + 202 + cuso, 

CUS + 3/2O2 + CUO + SO2 

so2 + 1/202 + so3 

These reactions are exothermic and are, therefore, sel f -sustaining 

once i n i t i a t e d .  Byproduct s u l f u r  oxides are scrubbed i n  an ammoni- 

ca l  so lu t ion and re in jected w i t h  cool ing tower  blowdown. The CuS04 - 
CuO s l u r r y  i s  rec i rcu lated t o  the hydrogen s u l f i d e  scrubber. 
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6. The alternative oxygen pressure leaching process operates as follows: 

Operating conditions can a1 so be adjusted t o  promote elemental 

sulfur production: 

CuS + 1/20, + 2H+ + C U + ~  + So + H20 

Cu2S + O2 + 4H+ 

(V-9) 

(V-10) + 2Cu*' + So + 2H20 

I n  general, reaction times ranging from 2 t o  4 hours are needed for the con- 

version of sulfide so l ids  by pressurized oxygen a t  about 100 psia. Carpenter 

20Cb3 and stainless s teels  are claimed t o  provide adequate service as mater- 

i a l s  of construction for scrubbers and other components[3]. The pressure 

leaching process is attractive because 80 t o  90 percent of the original-boric 

acid and ammonia i n  the steam is  eliminated. 

Economics of the copper sulfate process have most recently been summar- 

ized, by Stephens, e t  a1 . [4] using a method described by HartleyCZ]. Capital 

costs are estimated using the known installed capital cost of $2,432,000 f o r  a 

Stretford process on the u n i t  14, 117.5 MW power p l a n t  a t  the Geysers as t h e  

base caseC261. Capital costs for the Stretford process include a differential 

investment cost for  installation of a surface condensor i n  lieu of a direct  

contact condenser. GriebeC34) derived the following equations for evaluating 

capital costs of Stretford units w i t h  H2S levels or  steam flow rates other 

than those defined i n  the base case: 

I A  = IB (SA/SB)o*4 (V-11) 

for: 0.5 < SA < 5 metric tons  of sulfur per day 

IA = IB ( s ~ / s B ) * * ~  (V-12) 
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for: 5 < SA c 250 metr ic tons o f  s u l f u r  per day 

SA = metric tons o f  s u l f u r  produced per day i n  the desired case 

SB = metr ic tons o f  s u l f u r  produced per day by the base case (un i t  14) 

I = cap i ta l  investment f o r  the desired o r  base (A o r  B) S t re t fo rd  process 

A summary o f  costs f o r  the E I C  process are provided i n  Figure V-7 and 

Refs. 3 and 4. 

V-6-3b. Hydrothermal Studies - None. 

V-6-3c. Hydrothermal Applications - The E I C  process, as configured f o r  lise a t  

the Geysers can be adapted f o r  use a t  hydrothermal resources by direct, t e -  

grat ion wi th a flashed steam energy conversion process. The separated steam 

from one o r  more steam separators would be t reated d i r e c t l y  i n  analogous 

fashion t o  the treatment o f  dry steam a t  the Geysers. Potent ia l  d i f f i c u l t i e s  

involve i n te rac t i on  o f  dissolved br ine consti tuents ca r r i ed  over during the 

steam separation process w i t h  the reagents used t o  p rec ip i t a te  copper sul fate.  

Fo r  example, the presence o f  calcium, barium o r  strontium as impur i t ies  i n  

separated steam could lead t o  su l fa te  scal ing o f  turb ine components as wel l  as 

increased consumption o f  reagent. The production o f  s u l f u r i c  ac id  as a by- 

product o f  the E I C  'process leads t o  the po ten t i a l  f o r  s i g n i f i c a n t l y  increased 

c o r r o s i v i t y  o f  the scrubbing so lut ion unless s u f f i c i e n t  ammonia i s  present t o  

neutral ize the acidCl]. 

V-6-4. The Dow Oxygenation Process 

V-6-4a. Descript ion o f  the Process - Oxygenation o f  a hypersaline geothermal 

b r i ne  as a means o f  suppressing formation o f  heavy meta s u l f i d e  scale deposi- 

t i o n  was f i r s t  described by Jackson and HillC251. The process was designed t o  

el iminate only t h a t  p a r t  o f  the t o t a l  s u l f u r  i n  the system present as a dis-  
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solved secies i n  the br ine a t  h igh temperature/pressure, production w e l l  head 

conditions. The bulk  o f  the t o t a l  s u l f u r  o r i g i n a l l y  prese 

was pa r t i t i oned  i n t o  the vapor phase as H2S a t  wellhe 

residual dissolved s u l f u r  i n  the br ine a t  wellhead condit ions was 30 mg/l o r  

less. The authors noted t h a t  u t i l i z a t i o n  o f  a t yp i ca l  hyper- 

sal ine geothermal br ine would r e s u l t  i n  a substantial reduct i  

thus increasing the c o r r o s i v i t y  o f  the t reated brine. They a1 

s i g n i f i c a n t  potent ia l  f o r  p r e c i p i t a t i o n  o f  sul fates existed i f  more .than a 

10 percent o f  the dissolved s u l f u r  were converted t o  sulfate. 

Subsequently, King and W i l  son[26] suggested t h a t  pre-energy conversion 

oxidat ion o f  a geothermal brSne, a t  production we1 lhead conditions, could b’e 

an e f f e c t i v e  H2S control  measure. The oxygenation process was subsequently 

reviewed[l,4] and i t  was noted t h a t  the process i s  not amenable t o  the t rea t -  

ment o f  vapor phase H2S owing t o  i n s u f f i c i e n t  residence t i m e  f o r  react ion w i t h  

vapor phase H2S. It was also noted t h a t  operation o f  the process has a s ign i -  

f i can t  and detrimental e f f e c t  on the c o r r o s i v i t y  o f  t reated brine. The gov- 

erning react ion f o r  the removal o f  H2S i s  described by: 

H2S (aqueous) + 202 (gas) + H2S04 (aqueous) (IV-13) 

The optimum removal o f  H2S from br ine was achieved a t  pH 7 (171OC) a t  a mole 

r a t i o  oxygen:H2S o f  1.5. Appl icat ion of the process a t  a t yp i ca l  hydrothermal 

resource would require the use o f  a downhole pump t h a t  could produce a single- 

phase l i q u i d  product a t  production wellhead conditions. A su i tab le downhole 

pump f o r  use a t  elevated temperatures (200-270OC) i s  not  avai lable. 

V-6-4b. Hydrothermal Studies - Results f o r  the laboratory evaluation o f  the 

oxygenation process are described i n  Ref. 26. 
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hd 
V-6-4c. Hydrothermal Applications - The oxygenation process is o f  limited 

uti1 ity for the treatment of typical two-phase brine-steam mixtures produced 

at hydrothermal resources. The proess is not capable o f  removing H2S In the 

in a substantial 

Treatment of hypersaline brines and 

er bri nes contai ni ng di ssol ved barf um, calcium and stronti urn could resul t 

n the formati f sulfate scales. Th could be used to treat brine 

at production wellhead conditions if a downhole pump were used., However, 

iable downhole pumps for high temperature' geothermal service are not avail- 

apor (steam) phase. Treatment of geothermal brine result 

increase in the corrosivi the brine. 

able. 
I 

&V-6-5, UOP Catalytic Oxidation Process 

iV-6-5a. Description o f  the Process The UOP or SULFOX process is described 

-in Ref. 4. This process involves the use of a metal phthalocyanine-activated 

',charcoal-supported catalyst designed to promote the oxidation of vapor phase 

S to sulfur using air as the oxidant. The fundamental reaction which de- 

scribes performance of this H2S abatement system, initially developed for 

treatment o f  hydrocarbon gas streams, is: 

2H2S + 02 + 2s + 2H20 (V- 14) 

The process was being evaluated under U.S. DOE sponsorship in 1980[4]. The 

process may also be useful in the treatment of condensate streams containing 

residual ammonia and H2S as indicated by the following reactions: 

2NH4SH + 02 * 2s + 2NH,OH, 

2NH4SH + 202 + (NH4)2S203 + H20, 

PNH4SH f 302 + 2NHIOH + 2("4)2S03 + 2H20, 

NHISH + 202 + NH40H + ("*)*SO4 + H20 

(V-15) 

(V-16) 

(V- 17) 

(V-18) 
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cI.i V-6-5b. Hydrothermal Studies - None. 

V-6-5c. Hydrothermal Applications - U t i l i z a t i o n  o f  the UOP process f o r  the 

treatment o f  separated steam produced a t  a t yp i ca l  hydrothermal resource i s  

possible but  subject t o  some serious potent ia l  l im i ta t i ons .  The s t a b i l i t y  o f  

the supported cata lyst  i s  o f  concern i n  the presence o f  b r i ne  carryover t h a t '  

could lead t o  scale deposit ion on the ca ta l ys t  and r e s u l t i n g  loss o f  act iv i ty. '  

I n jec t i on  o f  a i r  could exacerbate scale deposit ion i n  turb ine components as 

wel l  as enhance the c o r r o s i v i t y  o f  separated steam. U t i l i t y  o f  t h i s  process ~ , 

might require use o f  steam scrubbers t o  control  b r i ne  carryover. 

. .- 
. I  

, . - t  

V-6-6. The S R I  E l e c t r o l y t i c  Oxidation Process 1 ,. ; I 

V-6-6a. Descript ion o f  the Process - This process involves d i r e c t  e lect ro ly-  .. L--  

t i c  oxidat ion o f  H2S present as a dissolved species i n  aqueous solutionC41. I - . 

The process i s  based on the fo l lowing reaction: 

HS- + H+ + 2e (V- 19) 

P r e l  iminary ladoratory experimentation described n Ref. i nd :ateL greater 

than 95 percent removal o f  H2S from a so lut ion a t  200OC and 900-1000 psi.  

V-6-6b. Hydrothermal Studies - No f i e l d  studies have been completed t o  date. 

V-6-6c. Hydrothermal Applications - U t i l i z a t i o n  o f  t h i s  process f o r  the 

tretment o f  s ing le phase high temperature/pressure production we1 1 head 1 i q u i d  

i s  subject t o  s im i la r  l i m i t a t i o n s  described f o r  the DOW oxygenation process 

described i n  Section V-6-4. The S R I  process could also be susceptible t o  

accelerated scale formation on the carbon anode used i n  the prel iminary labor- 

a tory  experiments. Use o f  an e l e c t r o l y t i c  H2S abatement system i n  conjunction 

wi th the production o f  hypersaline geothermal br ine i s  most probably out o f  
-_ 

b 
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the question owing t o  accelerated rates of scale formation and loss of elec- 

Successful development of t h i s  process might involve  a 

simplified procedure f o r  the treatment of off-gas emissions following the 

energy conversion process. For example, this  process might be economically 

preferable t o  the Stretford process for the removal of H2S i n  noncondensable 

U r o d e  activityC271. 

gas streams. Integration of this process w i t h  the caustic scrubbing process 

described i n  Section V-8-2 could be highly beneficial especially i n  the pres- 

ence of dissolved ammonia. 

V-6-7. Solid Hydrogen Sulfide Sorbents 

V-6-7a. Description of the Process - Ultra high efficiency removal of H2S 

from a gas stream can be realized by the use of so l id  sorbents. A commercial 

product called IRONITE SPONGE i s  used as a dr i l l ing mud additivet28-291. T h i s  

product i s  manufactured by the IRONITE PRODUCTS CO.,  S t .  Louis, MO. The 

material is manufactured using powdered i ron  which is  oxidized t o  yield a 

microporous i ron oxide particle. The final product has a particle s i t e  dis- 

t r i b u t i o n  between 1.5 t o  50 microns w i t h  90 percent of the particles ranging 

i n  size between 2 t o  20 microns. The material has low residual magnetism and 

is ,  therefore, not strongly attracted t o  steel surfaces. Removal of H2S i s  

accomplished via the following reactions: 

Fe30a + 4H2S -* 3FeS + 4H20 + S (V-20) 

FeS + S .* FeS2 (V-21) 

Fe304 + 6H2S + 3FeS2 + 4H20 + 2H2 (V-22) 

The product i s  not active a t  pH values above 10[30]. Optimum performance 

occurs a t  about neutral pH. The reaction product is pyrite, which is  highly 

stable. The primary drawback t o  the use of th i s  material for the continuous 

hd removal of H2S from geothermal gas streams is the price. The material has an 
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a c t i v i t y  o f  1 pound o f  IRONITE per 2000 mg/l H2S a t  a cost o f  $1.00 per pound 

[30]: Unfortunately, the material cannot be recharged. 

L i ,  e t  al.[31], evaluated various s o l i d  sorbents. They found, f o r  exam- 

t h a t  ZnO was a excel l e n t  sorbent f o r  H2S gas. Unfortunately, attempts 

t o  regenerate t h i s  nd other sorbent materials were not successful. L i ,  e t  

al., also evaluated act ivated charcoal f o r  use as an H2S gas oxygenation 

catalyst .  The oxidat ion process proceeds, using a i r  o r  pure oxygen as the 

oxidant, as follows: 

H2S + 3104 .+ H20 + S (V-23) 

The process was found t o  have an H2S removal e f f i c i ency  o f  90 percent o r  

be t te r  .at  temperatures t o  235OC provided the steam temperature was above i t s  

saturat ion temperature. Wet steam caused s u l f u r  deposit ion on the ca ta l ys t  

and loss o f  a c t i v i t y .  Treatment a t  temperatures i n  excess o f  235OC resul ted 

i n  entrainment o f  s u l f u r  par t icu la tes by the t reated steam. It was possible 

t o  react ivate spent ca ta l ys t  by solvent extract ion using carbon s u l f i d e  (CS2). 

A conceptual design f o r  a geothermal steam scrubbing process based on the 

oxygenation-catalyst process i s  shown i n  Figure V-8. The primary drawbacks t o  

the proposed scheme are the need f o r  minimizing pressure drops across the 

steam scrubber and the need t o  develop an environmentally acceptable method 

f o r  disposal o f  spent CS2 regeneration l i qu id .  

V-6-7b. 

i n  Ref. 31. No f i e l d  studies have been reported. 

V-6-7c. Hydrothermal Applications - Upstream oxygenation processes su f fe r  

from the po ten t i a l  f o r  scale deposit ion on turbine components and elevated 

Hydrothermal Studies - Results o f  laboratory evaluations are reported 

co r ros i v i t y  of separated stea-m. Appl icat ion of the catalyst-oxidat ion process 
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Figure V-8. Conceptual process design for  the Battel l e ,  PNL activated carbon catalyst- 
oxidation process. Figure A i s  the schematic i l lus t ra t ion  o f  the overall 
process. Figures B-D i l l u s t r a t e  the sequential regeneration o f  spent 
catalyst (From Ref. 3). 



*-. f o r  use on post-energy conversion noncondensable gas streams o r  on noncondens- 

able gas streams produced by r e b o i l e r s  o r  steam converters are other  p o s s i b i l -  

i t i e s .  f he  s o l i d  sorbent process based on the use o f  IRONITE, ZnO o r  o ther  

iJ 

sorbents does not  seem p r a c t i c a l  f o r  large scale, continuous geothermal 

ng t o  the h igh cost  o f  the s o l i d  sorbents and the  i n a b i  

regenerate a c t i v i t y  o f  spent sorbent. 

V-6-8. The Deuterium Process 

V-6-8a. Descr ipt ion o f  the Process - A p r o p r i e t a r y  l i q u i d  absorpt 

appl i - 
i t y  t o  

on H2S 

scrubber was successful ly tested a t  the Geysers by the  Deuterium Corporation 

o f  White Plains, New York[1,4]. Test r e s u l t s  i nd i ca ted  b e t t e r  than 90 percent 

H2S remoal e f f i c i ency .  The most de ta i l ed  desc r ip t i on  o f  t h i s  process i s  

ava i l ab le  i n  Ref. 1. 

V-6-8b. Hydrothermal Studies - A successful f i e l d  t e s t  o f  t he  process was 

c a r r i e d  out  a t  the GeysersCl]. No f i e l d  studies have been repor ted f o r  hydro- 

thermal resources. 

V-6-8c. Hydrothermal Appl icat ions - Unknown a t  present. 

V-7. Post-Energy Conversion (Downstream) Hydrogen S u l f i d e  Abatement 

Steam which passes through a tu rb ine  i s  condensed using e i t h e r  surface or  

d i r e c t  contact  un i ts .  The d i r e c t  contact  u n i t  i s  more des i rab le because o f  

i t s  s i m p l i c i t y ,  lower cost  and i n s e n s i t i v i t y  t o  deposi t ion o f  scales. The 

operating cha rac te r i s t i cs  o f  both types o f  condensers are described i n  Ref. 

( d  

39. Select ion o f  a condenser f o r  geothermal appl icat ions i s  s t rong ly  depend- 

ent upon the need f o r  H2S con t ro l  and the p a r t i c u l a r  H2S con t ro l  method se- 

lected. During the condensation process a s i g n i f i c a n t  f r a c t i o n  o f  the o r ig in -  - 
LJ a1 H$ may be p a r t i t i o n e d  i n t o  the condensed l i q u i d  (condensate) depending 
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upon i t s  pH and temperature. 

t a t  e appl i cat  i on o f  cont ro l  measures 

Redis t r ibut ion o f  H2S could, therefore, compli- 

hi The d i r e c t  contact condenser i s  i l l u s t r a t e d  i n  Figure V-9. Steam vapor 

i s  condensed by i n te rac t i on  w i t h  a spray o f  water droplets. D i rec t  contact  

condensers are desirable because they are simple i n  design, r e l a t i v e l y  inex- 

pensive and p r a c t i c a l l y  immune t o  operational problems such as leakage and 

performance degradation due t o  scale formation. Since, n geothermal opera- 

t ions,  steam condensate i s  the most l i k e l y  source o f  cool ing water, and main- 

tenance o f  h igh m i  ca l  p u r i t y  of the condensate i s unnecessary, elaborate ?; 

fo r  the condensers are not  needed. 

e surface condenser operates most usual ly  as a shell-and-tube heat 

exchanger which e f f e c t i v e l y  i so la tes  the coolant from the condensing steam. 

The steam most usual ly  f lows on the she l l  side o f  the heat exchanger as shown 

i n  Figure V-10. A surface contact condenser i s  more cos t l y  and more compli- 

b u i l d  i n  p a r t  because allowance must be made f o r  the thermal expan- 

the  condenser tubes and deposi t ion o f  scale on the inner and outer 

surfaces o f  the heat exchanger tubes must be contro l led,  most usual ly  by 

treatment o f  the condensate. Deposit ion d i r e c t l y  f r o m  the condensing steam 

can a lso be a problem t h a t  might requi re  frequent downtime f o r  removal o f  

\ 

deposits. 

Typical geothermal f lashed steam p lan ts  w i t h  d i r e c t  contact o r  surface 

contact condensers are shown i n  Figures V - 1 1  and 12. The chemical in terac-  

t i ons  between noncondensable gases and condensate are important i n  determining 

the s u i t a b i l i t y  of d i r e c t  contact condensers f o r  spec i f i c  p r o j e c t  i f  H2S 

abatement i s  required, I n  the  presence o f  ammonia, H2S may have s i g n i f i c a n t  

s o l u b i l i t y  i n  condensate and thus s i g n i f i c a n t  p a r t i t i o n i n g  of H2S between the  

- w t e d  noncondensabl e gases and the condensate i s  4 5  kely[l]. The probl  em may 
LJ 
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Figure V-9. Counter flow (a) and para-llel flow direct 
contact condensers (From Ref: 39). 
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Figure V-10. Sections through a typical  'two-pass surface condenser (From Ref. 39) 
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Figure V-12. Flashed-steam cycle using, surface condenser and 
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be be t te r  understood by reference t o  Figure V-13 which i l l u s t r a t e s  the behav- 

W i o r  o f  noncondensable gases i n  the Geysers u n i t  number 3 where d i r e c t  contact 

condensers are employed. I n  the surface contact condenser, noncondensable 

gases do not contact the coolant. They do, however, have the opportunity t o  

i n te rac t  w i th  the l i q u i d  condensate formed during the condensation process. 

2 

Since the volume o f  condensate i s  much lower w i th  the surface contact condens- 

e r  than w i th  a d i r e c t  contact condenser, p a r t i t i o n i n g  o f  noncondensable gases 

i s  less o f  a problem glven t h a t  i n  most cases the concentration o f  C02 i s  much 

greater than the corresponding concentrations o f  ammonia or H2S. Thus, the 

C02 tends t o  contro l  condensate pH and, thereby, l i m i t s  the d isso lut ion o f  

H2S. The chemistry o f  steam condensers i s  considered i n  some de ta i l  i n  Ref. 

1. 

To summarize, the select ion o f  H2S abatement technology i s  dependent i n  

an important way on the method selected for the condensing of steam i n  a 

flashed steam cycle. The c r i t i c a l  decision points are i l l u s t r a t e d  i n  Figure 

V-14. S impl i f ied methods f o r  ca lcu lat ion o f  the p a r t i t i o n i n g  o f  H2S, C02 and 

NHs between steam condensate and noncondensable gas streams produced by e i the r  

surface or d i r e c t  contact condensers are summarize i n  Ref. 4. Figure V-15, 

from Ref. 4, i l l u s t r a t e s  the p a r t i t i o n i n g  o f  HzS gas a t  a separation tempera- 

t u re  o f  1 2 O O F .  

V-7-1. Post-Energy Conversion Hydrogen Sul f ide Control Measures 

It should be noted tha t  some H2S abatement techniques such as the E I C  

process could be u t i l i z e d  a t  e i t he r  upstream or downstream H2S release points. 

To avoid confusion, t h i s  section w i l l  describe only those processes t h a t  are 

intended f o r  the treatment o f  steam condensate fo l lowing the energy conversion 

process. I n  Section V-8, off-gas or vent gas H2S emission contro l  systems are 
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X I L  7~12~11101 

Figure V-13. Simplified mass balance for Geysers Unit 3 
illustrating the fate of noncondensable gases 
when steam is  passed through a direct contact 
condenser. Water flows are in metric tonnesl 
hour, other mass flows are in kg/hour. He, N2, 
CH4 and 02 ignored (From Ref. 1 ) .  
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described. Several o f  these processes, SuCT' as'.'t;hle,~peroxide-caustic system, 
j ,  3 

V-7-2. The I r o n  Catalyst Process e. t 

I ,  

- This system L ,  was i n  

and wnih subs cati Oris ' 
ter=a lso [ l ] .  The basic scheme as 

ure V-16., The i r o n  ca ta lys t  system 

by 

, *, 
J , .  

employed a t  the Geysers i s  shown i n  

operation i s  based on the use o f  fer rous su l fa te '  t o  con rt H2S to 

the oxidat ion o f  ferrous i r o n  t o  f e r r i c  i ron: .  
Y 

Fe" + k,02 + 2H+ + 2Fe+3 + HzO' 

H2S (aqueous) + 2H+ * 
2Fe+3 + S-' + 2Fe" + S 

(V-25) 

(V-26) 

The net react ion i s :  

H2S + 3502 -* H20 + S (V-27) 

The quant i ty  o f  ferrous su l fa te  used:for .HzS abatement must be ca re fu l l y  

cont ro l led t o  avoid p rec ip i t a t i on  o f  ui 'f ide which causes fou l ing prob- 

lems i n  the cool ing tower and f lowlines: 

Fe+2 + S-' FeS (V- 28) 

Subsequent modif icat ions t o  the system have included the i n s t a l l a t i o n  o f  a 

peroxide-caustic treatment system f o r  the .removal o f  H2S f rom cool ing waterC41. 

The optimized HzS contro l  system operate 

ciency. D i f f i c u l t i e s  wi th the sy corrosion Of 

steel  components and carryover / I  tower spray that 

discolors areas immediately adjacent t o  the towers. 

\.. . .  I - .  

w 
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V-7-2b. Hydrothermal Studies - None reported. 

W - Z c .  Hydrothermal Applications - The iron catalyst system will most prob- 

ably be of 1 i m i  ted uti 1 i ty  i n  typical hydrothermal appl ictions. The disadvan- 

tages of the process include relatively high costs fo r  chemical supplies as 

j compared t o  equa ly  effective o r  superior a1 terniitive abatement processes. 

The corrosion diff icul t ies  coupled w i t h  cooling tower carryover iron pol lu t ion  
~ 

can be eliminated by the selection o f  alternative abatement processes. 

V-7-3. The Ozone Oxidation Process 

V-7-3a. Description of the Process - The oxidation o f  aqueous H2S i n  condens- 

a te  by ozone i s  theoretically possibleC41: 

(V-29) 

If reaction V-30 predominates, ozone requirements will be increased four times 

relative t o  reaction V-29. 

V-7-3b. Hydrothermal Studies - None. 

V-7-3c. Hydrothermal Applications - Insufficient information is available t o  

assess the potential u t i l i t y  o f  this process. 

V-7-4. The Wackenroder Process 

V-7-4a. Description of the Process - According t o  Ref. 4, t h i s  process is the 

liquid phase equivalent of the classical Claus process (see Section V-8). The 

process converts aqueous HzS t o  free sulfur using sulfur dioxide as the 0x1- 

dant: 

2H2S + SO2 + 3s + 2Hz0 ksd (V- 31) 

I 
I V-41 
J 



bi Preliminary laboratory experiments without the use of catalysts indicated some 

conversion of H2S, but at a slow rate. 

V-7-4b. Hydrothermal Studies - None. 
V-7-4c. Hydrothermal Applications - Insufficient information is. available to 

i 

assess potential applicability of the process. 

V-8. O f  f-Gas Hydrogen Sulfide Abatement Systems 

The industrial processing of acid noncondensable gas for the removal of 

H2S is well known and in common practice. The difficulties in applying these 

standard technologies to the abatement o f  geothermal emission stems more from 
process economics than from technical difficulties. Table V-4 lists the H2S 

off-gas or vent gas control systems that have been evaluated for geothermal 

service or considered on the basis of technical merits. These systems are 

similar in that they treat gas streams directly without the requirement of 

preconcentration of H2S into a large volume of liquid. The processes, either 

alone or in combination, reduce H2S to a stable end-product which is suitable 

for either sale as a mineral commodity (sulfur) or for disposal in an appro- 

priate 1 andf i 11. 

V-8-1. Hydrogen Peroxide-Sodium Hydroxide Process 

V-8-la. Description of the Process - This method was originally developed as 
a means of controlling H2S emissions during well drilling operations at the 

Geysers[2,4,10-11]. Selective absorption of H2S from sour gas in oil field 

operations by caustic gad1 iquid scrubbing with sodium hydroxide has been 

shown to be effectiveC193. Application of the peroxide-a1 kal i technique is 

shown schematicaly in Figure V-17. Sodium hydroxide and hydrogen perioxide 

are injected into geothermal steam in a Blooie line while the well is being 
LJ 
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Figure V-17. Typical appl icatlon f o  
Peroxide H2S abatement during air 
drilling. 
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d r i l l e d  wi th  a i r .  Normally, treatment 4s:- ontinued f o r  16 days, the nominal 

t i m e  required f o r  completion o f  the w e l l .  The produced steam which ,contains 

H2S i s  treated a t  a temperat of 100OC. Typical gas composition fo r  Geyser 
/ a  

F 
I1 

I /  . ! ,  . $ 1  

I 

geothermal steam where the process was f i r s t  tested is :  

Constituent Mg/kg 
900 t o  19,000 
60 t o  1,100 
3 t o  20 

N2 + A r  20 t o  640 

. H2S 5 t o  1,600 

co2 
"S 

H2 20 t o  290 

C2H6 

H2S abatement i n  steam occurs by absorption o f  H2S i n t  NaOH t form hydro- 

su l f ide and sulf ide ions followed by oxidation o f  these intermediates t : t o '  
I 

sulfates by H202: I 

H2S + NaOH + NaHS + H20 
H2S + 2NaOH + Na2S + 2H20 
NaHS + 4H202 + NaHS04 + 4H20 
Na2S + 4H202 + Na2S04 + 4H2O 

Oxidation o f  su l f ide ion  t o  su l fa te by H202 i s  essential i n  preventing redis- 

t r i bu t i on  o f  su l f ide ions i f  pH changes occur due t o  subsequent mixing wi th  

l o w  pH waters o r  by absorption o f  geothermal o r  atmospheric COO. Use of 

caustic t o  increase pH i s  also essential i n  promoting more complete dissocqa' 

t i o n e o f  H2S and hence more complete absorption o f  the gas. For a typ ica l  w e l l  

d r i l l i n g  operation a t  the Geysers, treatment o f  HzS emissions achieves 83 t o  

98% abatement a t  a cost o f  $8,600 t o  $11,400 per well  or  1 t o  1.6% o f  the 

to ta l  well  cost. 

The hydrogen peroxide process has been successfully used t o  eliminate H2S 

Typical Geysers condensate has the follow- emissions from Geysers condensate. 

ing  composition: 
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kd 

Constituent 
Ammonia 
Sulfate 
Gal ci um 
Si l ica  
Boron 

Ms/kg 
69 t o  235 
80 t o  186 
1 t o  10 
1 t o  8 
1 t o  27 

Laboratory experiments using Geysers condensate* demonstrated that  90 percent 

o r  more of the original H2S could be eliminated a t  temperatures of 40 t o  52OC 

i n  15 seconds or  less provided that  small quantities o f  FeSO, catalyst (1 t o  2 

Mg/kg) were added t o  t h e  condensate steam. A1 ternatively, higher * concentra- 

tions of H202 also promoted more rapid reaction i n  the absence of catalyst. A 

peroxide/sulfide mole ra t io  o f  400:l was necessary i n  the absence of catalyst. 

Subsequent work a t  t h e  Geysers demonstrated that  H,S could be scrubbed from 

steam condensate i n  both direct  contact and surface contact condensing systems. 

. .  

Treatment cos t  i n  one case where a 1:l mole rat io  of peroxide t o  su l f ide  was 

maintained was $0.572 per pound of H,S treated. 

V-8-lb. Hydrothermal Studies - The caustic peroxide H,S abatement system has 

been successfully demonstrated i n  conjunction w i t h  hydrothermal well t es t s  a t  

the HGP-A fac i l i ty  on the island of Hawaiitl81. The production well charac- 

t e r i s t i c s  are suriunarized i n  Table V-5. Successful abatement of H2S i n  separ- 

ated steam (774 ppmv H,S) was accomplished using caustic treatment (NaOH) 

only. The percent abatement reached 99 percent o f  t h e  original H2S In the 

steam (Table V-6). Spent steam’ condensate was percolated into the porous 

volcanic strata.  Treatment w i t h  peroxide, which prevents re-release of H2S if 

condensate pH drops by reaction w i t h  rocks or  ground water, was deemed unne- 

cessary. Temperature of t h e  separated steam a t  t h e  point of caustic injection 

was not specified. 

V-8-lc. Hydrothermal Applications - The caustic-peroxide abatement technique 

has been demonstrated t o  be effective fo r  the treatment of steam and low sa- 
u 
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Table V-5 

H2S i n  Dis- % Abatement i n  % Abatement i n  
charged Steam Steam phase Total Flow 

Separator 
Pressure 

(psis) 

56 

110 

132 

161 

54 

100 

165 

pH 

Thrott led Flow Data 
Well HGP-A 

20 

6 

1 

Total Mass 

97 95 11 

99 97 >11 

99 98 >11 .. 

F1 ow Rate 
(K1 b/hr) 

111.5 

110.3 

108.0 

105.9 

99.0 

93.0 

89.0 

Steam Flow 
Rate 

(K1 b/hr) 

70.9 

64.7 

61.0 

56.6 

65.0 

57.0 

54.0 

Water F l o w .  
Rate 

(K1 b/hr) 

40.6 

45.6 

47.0 

49.3 

34.0 

36.0 

35.0 

(From Ref. 18) 

Table V-6 

H2S Caustic Abatement Data 
Well HGP-A 

Caustic/H2S 
Mole Ratio 

1.5 

2.0 

3.2 

8.0 

Steam 
Qual i ty  

63.6 

58.7 

56.5 

53.4 

66.0 

64.0 

60.0 

0 

(From Ref. 18) 
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1 i n i t y  condensate. General u t i  1 i ty o f  the method f o r  hydrothermal resources 

w i l l  most probably be l i m i t e d  t o  post-energy conversion treatment o f  vent gas 

streams produced by reboi lers  o r  steam j e t  e jectors and steam condensate 

streams. I n  some cases, i t  may be necessary t o  r e i n j e c t  residual steam con- 

Some a t ten t i on  would have t o  be ,directed . t o  the potent i  a1 f o r  i ncom- 

patabi 1 i ty between caust ic su l fa te  bearing condensa and i n - s i t u  formation 

f lu ids .  Prec ip i ta te formation could lead t o  premature f a i l u r e  o f  i n j e c t i o n  

we1 1s. Routine abatement o f  H2S emissions during steam stacking operations 

may  no t  be p rac t i ca l  i f  caust ic i s  rap id ly  consumed by react ion w i th  produced 

C02. I n  ' most cases, geothermal steam from hydrothermal resources contains 

noncondensable gases which are h igh ly  enriched i n  COO r e l a t i v e  t o  H2S. Thus, 

economics could be severely af fected by p a r t i a l  absorption o f  COP and resu l t -  

i ng increased a1 ka l  i . consumption (see next section). 

V-8-2. 

V-8-2a. Descript ion o f  the Process - According t o  Ref. 32, H2S can be selec- 

t i v e l y  absorbed from a gas mixture o f  H2S and COP by maintaining a proper 

residence contact t ime between the gas and an a lka l ine  scrubbing solut ion.  

The absorption and react ion o f  H2S i n  strongly a lka l ine  so lu t ion  (pH 9 t o  

12) i s  essent ia l ly  instantaneous while the absorption of C02 occurs a t  a much 

slower rate. - Thus ,. proper appl i c a  n o f  t h i s  process r e s u l t s - i n  high e f f i -  

ciency separation o f  ii25 from -CO d fhereby s i g n i f i c a n t l y  reduces caust ic 

consumption. 

Selective Caustic Absorption o f  Hydrogen Sul f ide Gas 

The governing chemical rect ions f o r  the process are: 

H2S + 2NaOH'Na2S + 2H20 (V-36) 

H2S + Na2S'2NaHS (V-37) 

C02 + 2NaOH'Na2C03 + H20 (V-38) 
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Reaction V-37 i s  most desirable and it i s  promoted a t  pH values between 9 and 

12. Reaction V-38 i s  leas t  desirable because i t  consumes caust ic by absorp- 

t i o n  o f  COP. 

o f  less than 5 percent o f  the i n i t i a l  COP concentration. 

Proper operation o f  the process l i m i t s  COP absorption t o  values 

Figure V-18 i l l u s t r a t e s  the process. A gas stream, containing COP and 

H2S i s  flowed through a contactor and a separator. The off-gas i s  enriched i n  

C02 while the l i q u i d  e f f l uen t  i s  enriched i n  H2S i n  the form o f  sodium b isu l -  

f i d e  (NaHS). Sodium b i s u l f i d e  has commercial value and i s  commonly used as an 

oxygen inh ib i to r .  Common o i l f i e l d  practice, however', i s  t o  dispose o f  the NaHS 

process stream v i a  subsurface i n jec t i on  we1 Is. Surface disposal o f  the l i q u i d  

e f f l uen t  i s  not  feasible owing t o  the re-evolut ion o f  H z S ' i f  the e f f l uen t  pH 

i s  lowered. The su l f i de  i n  the waste stream could .a lso-be s tab i l i zed  by 

conversion t o  su l fu r  and sul fates using the peroxide treatment described i n  

Section V-8-1 o r  by appl icat ion o f  the St re t fo rd  process. 

Capital costs f o r  i n s t a l l a t i o n  o f  the caust ic treatment system were 

Operating costs were estimated t o  be 

The e f f i c i ency  

estimated a t  $10,000 t o  $30,000 (1980). 

$O.lO/lb o f  H2S removed assuming a caust ic cost  o f  $180/ton. 

o f  the process was estimated t o  be 90 percent, Higher e f f i c i enc ies  can be 

achieved by use o f  dual stage contactors. The process has been successful ly 

tested under f i e l d  conditions where an i n i t i a l  H2S concentration of 0.8 weight 

percent was reduced t o  0.000 weight percent i n  the presence o f  65 weight 

percent C02 a t  a t o t a l  mass f lowrate o f  1300 MSCF. 

V-8-2b. Hydrothermal Studies - see Section V-8-1. 

V-8-2c. Hydrothermal Applications - This process has been used successfully 

t o  remove H2S f r o m  steam. Large scale appl icat ion of the process w i l l  be 

strongly contro l led by cost o f  appl icat ion, reagent costs being o f  dominant 
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Figure V-18. Hydrogen Sulfide Caustic Scrubber 
(From Ref. 32). 
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importance. Since the process does not completely stabi 1 i re  recovered H2S, 

ultimate disposal of treated effluents must be considered. If peroxide treat- 

ment is used t o  destroy H2S, the added reagent costs could prevent widespread 

application of the process. The caustic process or  the caustic-peroxide 

processes could, however, be used as secondary control measures t o  recover the 

10 t o  20 percent of residual H2S lost t o  condensate i n  a surface condenser i n  

conjunction w i t h  the utilization of the Stretford process as the primary H2S 

control measure. 

V-8-3. The LLNL Brine Scrubbing Process 

V-8-3a. Description of the Process - The hypersaline geothermal brines found 

i n  t h e  Sal ton  Trough of Southern Cal i fornia are characterized by extremely 

h i g h  concentrations of dissolved transition metals. For example, dissolved 

iron concentrations i n  brines from the Salton Sea Geothermal Field and the 

South  Brawley Geothermal Field range from several hundred t o  several thousand 

mg/l. The total dissolved heavy metal content of these brines i s  significant- 

ly  greater than the stoichiometric requirement for  the quantitative precipita- 

t i o n  of heavy metal sulfide minerals given the characteristic H2S concentra- 

t i ons  i n  the reservoir brines. In 1978, Owen, e t  al.[8] filed a patent dis- 

closure describing a process f o r  H2S abatement specifically designed for  a 

hypersaline geothermal brine containing a high dissolved content of trans1 t ion  

metals. The disclosure suggested that flashed 'brine could be used as a highly 

efficient scrubbing agent for H2S vent gas due t o  the precipitation of metal 

sulfides as shown by the following reactions: 

Absorbtion 

' (V-39) 

(V-40) 

(V-41) 
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W 

Prec ip i ta t ion  

= MZ' + s= M2,zs(s) (V-42) I - z  
where: Z i s  the ox i  i on  number o f  the heavy metal i on  (M) 

The overa l l  react ion i s  

I ,  

It was subsequently demonstrated by means of a small-scale f i e l d  experi- 

ment t h a t  the br ine  scrubbing process had an H2S removal e f f i c i ency 'o f  greater 

than 96 percent a t  a 0 . 3  weight percent noncondensable gas t o  br ine ratioC91. 

The proces was eventual ly evaluated on a p i l o t  scale by Magma Power Company 

and the San Diego Gas and E lec t r i c  Co. a t  the Geothermal Loop Experimental 

1 

(GLEF). Noncondensable vent gas was in jected ihto' the' react ion we1 1 

o f  a 30 gpm EIMCO reac tor -c la r i fe r  and H2S scrubbing e f f i c ienc ies  o f  97 per- 

cent were obtainedC41. The process i s  p a r t i c u l a r l y  a t t rac t i ve  f o r  appl icat ion 

i n the hypersal i ne br ine  resource areas because the chemical requi rements f o r  

c i p i t a t i o n  of addi t ional  heavy atement are s a t i s f i e d  a t  no cost, the 

metal su l f ides w i th in  a reac to r -c la r i f i e r  can ac tua l l y  improve performance o f  

the un i t ,  and the po ten t ia l  ex is ts  f o r  economic recovery o f  mineral values 

by the recovered heavy metal precipi tates.  

V-8-3b. Hydrothermal Studies - The process has been successful ly tested on a 

bench .and p i l o t  scale a t  the Salton1 Sea Geothermal Field[4,8,9]. The process 

i s  presently. being used successful ly by the Union O i l  Company i n  conjunction 

w i th  the operation o f  a 10 MWe demonstration p lant ,  f o r  Southern Ca l i f o rn ia  

Edison, located a t  the Salton Sea Geothermal Field. 

V-8-3c. Hydrothermal Applications - The LLNL br ine  scrubbing process i s  the 

preferred method f o r  achieving adequate abatement o f  H2S emissions i n  conjunc- 
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t i o n  wi th the exp lo i t a t i on  of hypersaline br ine resources. Appl icat ion o f  the 

process requires use o f  surface contact condensers t o  preclude p a r t i t i o n i n g  o f  

H2S i n t o  condensate. Satisfactory appl icat ion o f  the process w i l l  also re- 

qu i re  use o f  a two-stage f l a s h  process t o  insure t h a t  the bulk  o f  the H2S i n  

the reservoir  br ine i s  e f f e c t i v e l y  separated f r o m  the brine. It has been 

found as a r e s u l t  o f  operational experience a t  the GLEF t h a t  the pH o f  second 

stage steam condensate i s  8.5-9.5 as compared t o  the pH o f  f i r s t - s tage  conden- 

sate o f  about 6.2. A t  the higher pH, H2S i n  contact wi th  the condensate would 

tend t o  dissolve i n t o  the condensate. 

V-8-4. The S t re t fo rd  Process 

V-8-4a. Descript ion o f  the Process - A schematic i l l u s t r a t i o n  o f  the Stret-  

f o r d  process i s  shown i n  Figure V-19. The process was o r i g i n a l l y  developed 

f o r  the treatment o f  Synthetic f u e l  gases i n  the United Kingdom[1-2,4]. The 

process converts H2S t o  f ree s u l f u r  by c a t a l y t i c  a i r  oxidation. The scrubbing 

medium i s  an aqueous so lut ion o f  sodium carbonate, sodium metavanadate and 

anthraquinone d i  sul  fon ic  ac id  (ADA). A counter-current scrubber i s  used t o  

contact H2S gas wi th  the scrubbing solut ion. The reactor tower i s  operated a t  

an optimum pH o f  about 8.8. H2S reduction t o  f ree  s u l f u r  occurs as follows: 

Absorption Reaction 

H2S + Na2C03 + NaHS + NaHC03 

NaHS(aq) + Na + HS- 
+ 

Conversion Reaction 

HS- + v+5 + s + v+4 

(V-44) 

(V-45) 

(V-46) 

The process i s  c a t a l y t i c a l l y  promoted by ADA which acts t o  replenish quinquiv- 

a1 ent vanadi um: 
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Figure V-19, The Stret ford process (From Ref. 2) .  
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V+4 + ADA + V'5 + reduced ADA 

reduced ADA + O2 -* ADA + H20 

(V-47) 

(V-48) 

A i r  serves the dual purpose o f  causing the ox idat ion o f  H2S ' t o  f r e e  s u l f u r  and 

f l o a t i n g  produced s u l f u r  t o  the top o f  a skimming tank w it i s  recovered 

as a saleable by-product. Process economics are s t rongly  dependen& upon the 

commodity value o f  the recovered su l fur .  The ove ra l l  scrubbing process i s  

defined by the fo l l ow ing  reaction: 

4 

+ 02 + 2H20 + 2s (V-49) 

A S t r e t f o r d  process w i l l  e l iminate b e t t e r  than 99 percent o f  

gas admitted t o  the scrubber tower. A surface contact conden 

wi th  the process t o  preclude p a r t i t i o n i n g  o f  H2S i n t o  conden 

quant i ty  'of condensate produced i n  the surface contact condens 

f r o m  10 to .20 percent o f  the t o t a l  H2S depending upon,the pH o f  the condensate. 

This residual  H2S gas w i l l  be vented t o  the atmosphere v i a  the cool ing tower 

unless a secondary process such as the caustic-peroxide process i s  used t o  

contro l  the residual  H2S. Capital  and annual O&M costs f o r  the S t r e t f r d  

process are summarized i n  Figure V-20. The estimates were based on the f o l -  

1 owing assumpti ons[2]: 

te. The small 

w i  11 scavenge 

o Amort izat ion period: 15 years 
3 

o Maintenance materials:. 2 percent o f  the i n s t a l l e d  c a p i t a l  cost  

o Maintenance labor: 10 percent downtime, r e q u i r i n g  
tenance crew, earning approximately $30 per hour. 

o E l e c t r i c a l  power usage: 66 operating BHP per metr 
produced per day 

a two man main- 

c t o n  o f  s u l f u r  

o Chemical cost: $35 per metr ic  t o n  o f  s u l f u r  produced per  day 

o Sul fur  c red i t :  $20 per metr ic  t on  
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Figure V-20. Costs for hydrogen sulfide removal by the 
Stretford process (From Ref. 2). 
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o Construction s i te :  The Geysers 

and, 

IA = IB (SA/SB)Oo4 for: 

IA = IB (SA/SB)0*5 for: 

0.5 < SA 8 5 metric tons  of sulfur per day 

5 < SA < 250 metric tons of sulfur per day 

SA = metric tons of sulfur produced per day i n  the desired case 

SB = metric tons of sulfur produced per day by the base case 

I = Capital investment for  the desired or base (A o r  B) Stretford 

(The Geysers u n i t  14) Stretford process. 

Process. 

V-8-4b. Hydrothermal Studies - None. 

V-8-4c. Hydrothermal Applications - W i t h  the instal la t ion of the appropriate 

surface contact condensers there are no compelling reasons other than cost  

factors which would argue against instal  lat ion of Stretford abatement systems. 

Competing process would include the caustic-peroxide process and the EIC and 

LLNL processes which both affect  removal of H2S i n  the form of heavy metal 

sul f ide precipitates. A t  conventional hydrothermal resources where produced 

brines do not include high concentrations of transit ion metals, reagent costs 

for precipitation o f  sulfides w i l l  become important. Regeneration of reagent 

as described i n  the E I C  process w i l l  be of obvious importance. If c l a r i f i e r s  

are not needed, application of the su l f ide  precipitation processes will re- 

quire additional capi to1 expend; tures for  scrubbing towers. 

V-8-5. The Claus Process 

V-8-Sa. Description of the Process - The Claus process was originally devel- 

oped for  the recovery of sulfur from a gas stream consisting of H2S and sulfur 

dioxide (SO?). A typical Claus plant i s  shown i n  Figure V-21. According to  

Refs. 2 and 15, the Claus process involves the sp l i t t ing  of vent gas into two 

streams. One-third of the HzS is oxidized by a combustion process as follows: 
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Figure V-21. Claus sulfur recovery process (From Ref. 2 ) .  
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H2S + 3/2 02 -+ SO2 + H2O (V-50) 

Recovered SO2 i s  fecombined wi th  the v i r g i n  gas stream and passed through two 

o r  more c a t a l y t i c  reactors where H2S i s  converted t o  f ree s u l f u r  as follows: 

2H2S + SO2 C$T 35s + 2H20 (V- 51) 

Reactions V-50 and V-51 are exothermic and recovered excess heat can be used 

t o  generate moderate pressure (150 ps i )  and low pressure (35 ps i )  steam for 

supplemental use. 

Refs. 43-44. 

Recent modif icat ions t o  the Claus process are described i n  

V-8-5b. Hydrothermal Studies - None. 

V-8-5c. Hydrothermal Applications - The p r i n c i p l e  d i f f i c u l t y  wi th  the Claus 

process i s  i t s  s e n s i t i v i t y  t o  C02 gas. The process cannot be sustained i f  C02 

concentrations i n  the gas exceed 60 percent. Pre-processing f o r  the removal 

o f  C02 would d r a s t i c a l l y  impact process economics. The detrimental behavior 

o f  C02 i s  described by the fo l lowing chemical reactionsC23: 

C02 + H2S -* COS + H2O (V-52) 

C02 + H2S -* CS2 + 2H2O (V-53) 

The presence o f  water i n  the raw gas stream also tends t o  poison ca ta l ys t  

a c t i v i t y .  The Jefferson Lake process i s  a modif icat ion o f  the Claus process 

which moderates the C02 contamination problem (Section V-8-6). 

V-8-6. Jefferson Lake Process 

V-8-6a. Descript ion of the Process - The inherent l i m i t a t i o n s  o f  the c lass i -  

cal  Claus process i n  the presence o f  high C02 concentrations i s  overcome by 

the use o f  f ree s u l f u r  i n  s u l f u r  burner t o  generate SO2 gas f o r  use i n  reac- 

t i o n  V-51[15): 
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s + 02 + so2 (V- 54) 

process flow-sheet for the Jefferson Lake process i s  shown in-Figure V-22. 

The process is now used routinely for the processing of hydrocarbon gases. 
1 

V-8-6b. Hydrothermal Studies - The process has been evaluated f o r  use a t  the 

Cerro Prieto Geothermal Field i n  northern Mexico[4]. 

V-8-6c. Hydrothermal Applications - S u i t a b i l i t y  of the proess f o r  hydrother- 

mal applications is control led to  a significant degree by process economics. 

A cost analysis for the process[lS] indicates tha t  the value of recovered 

sulfur by-product is  extremely important. Plant cost ( i n  1975 dollars) are 

summarized i n  Table V-7. Plant s ize  i s  i n  terms of the sulfur recovery rate. 

The impact of sulfur resale value on overall plant economics is  summarized i n  

Figure V-23. A 150 We generating capability a t  Cerro Prieto,  Mexico would 

produce about  60 long tons  of sulfur per day. According t o  Ref. 15, a plant 

that  produces 80 tons per day o r  more of sulfur would be profitable a t  any 

Frash process, U.S. Gulf Coast sulfur price that  had been obtained between 

1958 t o  1978. The Jefferson Lake process is  of potential interest ,  b u t  more 

evaluation work w i l l  be needed before implementation of the process could be 

undertaken. 

V-8-7. Burner-Scrubber Process 

V-8-7a. Description of the Process - Vent gases are incinerated and the 

residual gases are scrubbed using an aqueous solution[4]. The u n i t  produces 

SO2 as a by-product. Preliminary work was carried out a t  the Geysers. A 

direct contact condenser was employed. I t  was hoped tha t  the SOp would reduce 

condensate pH and thereby parti t ion more H2S into the vapor phase, b u t  i n s u f -  

f i c ien t  SO2 was produced t o  significantly a l t e r  condensate pH. The system i s  

n o t  under serious consideration f o r  development a t  the Geysers. 

1 

W 
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Figure V-22. Jefferson Lake Process Flow-Sheet (From Ref. 15).  

50-  

SULFUR SEUJNG PRICE, $/LONG TON , fOB PLANT 

Flgure V-23. Profitability, before income taxes, for the 
Jefferson Lake Process (From Ref. 15). 
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Table V-7 

Plant Costs for the Jefferson Lake Process* 

40 Plant Size (Long Tons Sulfur/day) 20 - 
6,570 13,140 yearly capacity i n  long tons 

(90% load factor) 

80 

26,280 

- 
! 

plant cost 1,222,000 1,775,000 2,625,000 

working cap. (15% of plant cost) 183,000 266,000 394,000 

capital investment $1,405,000 $2,041,000 $3,019,000 

Fixed Costs/Long -Ton 
depreciation (straight-line; 

15 yr. p l an t  l i f e )  

i taxes , insurance 

i ~ Operating Costs/Long Ton 
~ 

I 

1 abor 

$12.40 

4.65 

$9.01 $6.66 

3.38 2.50 

3.50 2.00 2.00 

supervision & clerical 4.75 2.37 

maintenance 9.30 * 6.75 

1.20 0.64 payroll overhead 

1.19 

4.99 

0.50 

elec. : 3-1/2 kwh/ton 0.12 0.12 0.12 

fuel gas: 200,000 BTU/ton 0.40 0.40 0.40 

instrument a i r  0.12 0.06 0.03 

1 oadi ng , sales 

steam credit  

4.00 

(1.25) 

4.00 

(1.25) 

4.00 

(1.25) 

Total Cost/Long Ton $39.19 $27.48 $21.14 

*July 1975 dollars. (From Ref. 15) 
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The'- catalyst-bcrubber process i s  a ca ta l y t i ca l l y -ass i s ted  inc inerat ion 

process, butaH2S removal e f f i c i ency  i s  only on the order o f  50 percentC41. 

V-8-7 - None. 

V-8-7c. Hydrothermal Applications - I n s u f f  c i e n t  informat ion i s  avai lable t o  

appraise po ten t i a l  a p p l i c a b i l i t y  o f  the process. 

V-8-8. The Benf ie ld Process 

V-8-8a. Descript ion o f  the Process - The Benf ie ld o r  hot  carbonate process 

[4,13,14] involves gas- l iquid absorption using an aqueous so lut ion o f  potas- 

sium carbonate. Vent gas i s  i n j e c t e d  i n t o  a counter-curent tower where H2S i s  

scavenged as follows: 

K2CO3 + H2S + KHC03 + KHS (V-55) 

The scrubbing so lut ion i s  regenerated wi th  l o w  pressure steam. The process i s  

widely used i n  i n d u s t r i a l  appl icat ions. Recovered H2S must be fu r the r  pro- 

cessed using, f o r  example, a S t re t fo rd  process, t o  s t a b i l i z e  the H2S. f o r  

t h i s  reason, appl icat ion o f  the process a t  hydrothermal resources i s  doubtful. 

V-8-8b. Hydrothermal Studies - None. 

V-8-8c. Hydrothermal Applications - None. 

V-8-9. Miscellaneous Processes 

V-8-9a. Descript ion o f  the Process - The Ferrox 

processes are described i n  Ref. 4. These processes 

formation o f  i r o n  su l f ides and nat ive s u l f u r  and su 

and Sodi um Hypochlorite 

involve removal o f  H2S by 

f i tes  , respectively. The 

processes operate by contacting vent gas w i t h  the appropriate scrubbing solu- 

t i o n  i n  a tower; 

t o  evaluate s u i t a b i l i t y  f o r  hydrothermal appl icat ions. 

Neither process has been invest igated i n  s u f f i c i e n t  d e t a i l  
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V-9. Summary o f  Vent Gas HPS Abatement Methods 

h*) Removal o f  H2S upstream of the energy conversion process o f fe rs  the best 

potent ia l  benef i ts  i n  terms o f  reduced co r ros i v i t y  o earn and s ign i f i can t  

reduction i n scale deposit ion on turb ine components. the methods consid- 

ered f o r  hydrothermal service, the use o f  optimized steam rebo i l  

seems t o  o f f e r  the best po ten t ia l  benef i ts with the leas t  amount o f  po ten t ia l  

d i f f i c u l t i e s .  The major unknown i n  the appl icat ion o f  reboi lers  i s  the poten- 

t i a l  f o r  scale deposit ion w i th in  theshea t  exchanger and the e f fec ts  o f  such 

Cost evaluations need t o  be performed t o  establ ish impacts o f  

various modes o f  operation. 

Downstream o r  post-energy conversion removal o f  H2S involves abatement 

techniques which t r e a t  steam condensate. The processes are o f  i n te res t  p r i -  

mar i ly  f o r  shor t  term f low tes t i ng  o f  geothermal’ wel ls  and during d r i l l i n g  

operations rather  than f o r  i n s t a l  l a t i o n  as primary H2S abatement systems. 

Secondary appl icat ion o f  these processes may be needed i n  conjunction with the 

operation o f  o f f  gas abatement systems. 

Vent gas .abatement systems w i l l  most l i k e l y  be employed a t  hydrothermal 

resources. These systems would be needed as secondary processes f o r  the 

treatment of gas produced by steam reboi lers .  A t  the hypersaline geothermal 

resources where the brines are enriched i n  dissolved t r a n s i t i o n  metals, the 

LLNL br ine scrubbing process w i  1 1 undoubtedly be u t i  1 i zed. An in tegra t ion  o f  

the br ine  scrubber w i t h  the rebo i l e r  system is most l i k e l y  a t  these resources. 

/ 

Whi 1 e the LLN br ine  scrubbing process could be used a t  conventional hydrother- 

mal resources, nonreplenishable supplies o f  heavy metals would be needed t o  

scrub H2S. These reagent costs may be excessive. The’EIC process, which 

i ncl  udes regeneration of sul  f ide p rec ip i t an t  , could a1 so be considered pro- 

‘ded t h a t  secondary p rec ip i t a t i on  o f  su l fa tes and scale deposit ion problems 

% not become serious . 
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One of the technical problems t h a t  needs t o  be addressed i n  more deta i  

concerns the p a r t i t i o n i n g  o f  H2S between vapor and condensate. Although the 

S t re t fo rd  process i s  h igh ly  e f f i c i e n t ,  f o r  example, only t h a t  gas which i s  

pa r t i t i oned  i n t o  the vapor phase can be treated. This problem needs addit ion- 

a l  evaluation including f i e l d  studies a t  operating hydrothermal resources. 

V-10. Ambient A i  r Moni t o r i  ng 

H2S gas can accumulate about geothermal f a c i l i t i e s  i n  t o x i c  and even 

l e t h a l  amounts. For example, large tanks used t o  store l i q u i d  'condensate 

could accumulate high H2S leve ls  i f  the tanks are covered. Ambient a i r  moni- 

t o r i n g  capab i l i t i es  are a useful on-site analy t ica l  capab i l i t y  t h a t  can be 

eas i l y  provided[2]. A useful battery-powered H2S monitoring device i s  de- 

scribed i n  Ref. 40. 
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W V I .  GEOTHERMAL MINERAL RECOVERY 

V I -1 .  Chapter Summary 

Compared t o  cool surface waters, geothermal waters c o l l e c t i v e l y  have an 

enormous range o f  composition. This i s  due t o  the var ied geologic te r ra ins  

they are found i n  and the large d isso lv ing power o f  hot  water. Addi t ional ly,  

the dissolved substances themselves fu r the r  increase the d isso lv ing power o f  

water. Bicarbonate i o n  helps t o  leach rock components and ch lor ide ions form 

strong complexes wi th  some elements, s t a b i l i z i n g  them i n  solut ion,  especial ly 

a t  higher temperatures. Rare o r  unusual elements sometimes occur i n  thermal 

f l u i d s ,  o f ten  i n v i t i n g  imaginative speculation about recovering mineral wealth. 

Several pro jects  have aimed a t  minerals recovery and a few have been 

successful. C r i t e r i a  f o r  success are many. Assessing the mineral po ten t i a l  

f o r  a geothermal resource requires a broad-ranging descr ipt ion o f  circumstan- 

ces and requirements o f  technology, geology, economics, and i n s t i t u t i o n s ,  

features emphasized i n  t h i s  section. 

VI-2. In t roduct ion 

This descr ipt ion begins w i t h  mention o f  some requirements f o r  recovering 

mineral wealth, fol lowed by a review o f  several attempts a t  minerals recovery 

from geothermal s i t e s  around the world. Evaluation o f  a spec i f i c  resource i s  

addressed by using the hypersaline br ines o f  the Imperial Val ley o f  Ca l i f o rn ia  

as an example. I n  the case o f  the Imperial Val ley brines some useful  techni- 

ca l  reports are avai lable because o f  the large number o f  studies ca r r i ed  out  

by the federal government. E l  sewhere, recovering minerals from brines re- 

quires technical approaches t a i l o r e d  s p e c i f i c a l l y .  f o r  ind iv idual  s i tes.  

Development o f  such processes i s  o f ten propr ietary.  

I 

LiJ 
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b, Beyond the laboratory and p i  l o t  p l a n t  stage, i n d u s t r i a l  e f f o r t s  require 

deta i led designs o f  f u l l - sca le  equipment so t h a t  cost estimates can be pre- 

pared f o r  construction and operation. These lead t o  economic models for  

producing commodities t h a t  are followed by f inanc ia l  models t h a t  forecast the 

several aspects o f  cap i ta l  flow. 

A l l  those factors have circumstances t h a t  are uniquely geothermal. It i s  

hoped t h a t  by presenting them here as a set, aimed a t  i n te r re la ted  examples, 

readers may apply and extend the i n te rp lay  o f  factors  toward a f u l l e r  assess- 

ment o f  t h e i r  own spec i f i c  interest .  

VI-3.  General Concepts 

The recovery o f  minerals from geothermal f l u i d s ,  as f r o m  other media, 

generally requires simultaneously favorable circumstances f o r  a1 1 the several 

aspects o f  exploi tat ion,  namely: 

1. 

2. 

3. 

4. 

5. 

The physical existence o f  the materials i n  contexts which can lead 

t o  (usually geological) means o f  forecasting the locations, amounts, 

and grades o f  the ore; 

Access ib i l i t y  i n  terms o f  technology, ownership, and i n s t i t u t i o n a l  

constraints; 

The existence o f  technology f o r  recovering and r e f i n i n g  a product 

t h a t  can be so ld a t  a p r o f i t  via; 

A market; and 

Access t o  the market i n  terms o f  t ransportat ion costs, the existence 

o f  a d i s t r i b u t i o n  system, and the actions o f  ca r te l s  o r  free-market 

competitors. 

A serious disadvantage f o r  any s ingle i tem above can deny the v i a b i l i t y  

o f  a commercial operation, except t h a t  some i n s t i t u t i o n a l  forces can override 

modest diseconomies. LJ 
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Items 1 and 3 above provide a"genera7 *assessment .of a resource base. 

Explo i ta t ion o f  a s 

by new technologic de 

af fected w i t h  regard t o  

t o  Items 2, 3 and 5, era1 novel circum- 

stances which chal len o r  example, the 

presence o f  thermal en 

economies i n  product3 

the separation methods. A l ternat ive ly ,  cogeneration o f  e l e c t r i c i t y  w i th  other 

products can have economic advantages as we1 1 as involving,novel -approaches t o  

W 

p r i c i n g  the various outputs. , .  

The 1 a t t e r  aspect d i  v-i des m i  neral s - recovery methods .i nto two general 

categories; those w i t h  cogeneration versus those without cogeneration of 

salable e l e c t r i c i t y ;  i.e., mu l t i p le  use vershs s ing le purpose exploi tat ion.  

The concept of mu1 t i p 1  e use 4 a1 so has two',branche&;. .geothermal energy could be 

used t o  obtain minerals from a geothermal o r  a nongeothermal source. 

Examples o f  quasi-geothermal endeavors include evaporation o f  seawater t o  

obta in 'sa l  t[3]. Production of heavy water (deuterium) has been proposed using 

mu l t i p le  e f f e c t  evaporation[3] and using an H2S/H20 i o n ,  exchange methodC41, 

a l l  merely dr iven by geothermal heat. Those' kinds o f  developments w i l l  not  be 

pursued further.  Instead, t h i s  review w i l l  focus on circumstances wherein the 

mineral component derives from the geothermal f l u i d ,  i r respect ive o f  whether 

o r  not the thermal energy Component i s  used; 

VI-3-1.  Ear ly Experience 

Recovery o f  minerals from geothermal resources hjstorical l y  involved 

1 oca1 c i  rcumstances. For example, he steam f i e l d s  o f  I t a l y  were also ex- W 
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p l o i t e d  f o r  boron compounds, ammonium s a l t s ,  s u l f u r ,  and C02[5-61. 

a l s  recovery was pose. Energy i n  the  h contained t h e  Lr 
minerals was used on ly  t o  evaporate condensate as a means o f  concentrat ing and 

d ry ing  the  p c t .  E l e c t r i c i t y  product ion from t h e  same f i e l d s  invo lved 

d i f f e r e n t  we l ls .  Since 1971 no borax h been ex t rac ted  from the  I t a l i a n  

geothermal resource as it became more economical t o  use t h e  steam t o  r e f i n e  

The miner- 
r 

imported boraxC71. 

I n  Ice land,  a p i l o t  p l a n t  has been b u i l t  and operated cont inuously  for  

more than. two years w i t h  a throughput o f  two tons o f  geothermal water per hour 

(0.5 kg/sec) t h a t  has a seawater-1 i ke composi tionC81. A semi-commercial p l a n t  

was constructed i n  1982 t o  y i e l d  8,000 t o  12,000 tons o f  s a l t  per year  d i v ided  

among several products. A 40,000 t o n  per  year  p l a n t  i s  planned f o r  1985. 

Major use o f  t he  NaCl w i l l  be f o r  cu r ing  f i s h  but  some product ion w i l l  a i m  a t  

i n d u s t r i a l  chemicals, food add i t i ves ,  and household uses. Product ion o f  KC1 

w i  11 y i e l d  f e r t i  1 i zer and i ndust r i  a1 chemical s ; ca l  c i  urn ch l  o r i  de f o r  road 

deic ing,  d r i l l i n g ,  dust prevention, and o ther  i n d u s t r i a l  and domestic pur- 

poses; bromine f o r  i ndustryC91. 

I n  New Zealand, use fu l  calcium s i l i c a t e s  were generated as a by-product 

o f  environmental con t ro l  methods aimed a t  s i l i c a  and arsenic[lO]. A der iva-  

t i v e  o f  a general process known as "hot  process water sof ten ing"  was used i n  

which l ime i s  added t o  p r e c i p i t a t e  compounds o f  s i l i c a  and heavy metals under 

cond i t ions  o f  c o n t r o l l e d  pH. 

Water i s  i t s e l f  a mineral resource o f  commercial value and several desa- 

l i n a t i o n  schemes have been proposed[11-12]. Actual t e s t s  have occurred i n  

some cases. Results from a p i l o t  p l a n t  a t  Cerro Pr ie to[13]  show t h a t  f r e s h  

water produced from geot mal water cos t  about one-tenth as much as water o f  

s i m i l a r  q u a l i t y  produced from a l t e r n a t e  sources. However, i t  appeared t h a t  - 

L J  
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e l e c t r i c i t y  which could be produced f rom the same steam would be even more 

valuable than the water. 

A most ambitious plan was tested by the U.S. Bureau o f  Reclamation[14-15] 

t o  solve water d i s t r i b u t i o n  problems t h a t  had become p o l i t i c a l l y  sensit ive. 

Legal agreements among seven western states had resul ted i n  an over-subscrip- 

t i o n  o f  the water i n  the Colorado RiverC161 such t h a t  the remaining f low i n t o  

Mexico was, i n  some years less than required by t r e a t y  and heavi ly salt- laden 

as wel l .  By using self-heat and mu l t i p le  e f f e c t  evaporators, desal inat ion of 

geothermal water was considered f o r  augmenting the r i v e r  f l o w .  The u l t imate 

use was f o r  crop i r r i g a t i o n ,  bu t  the d r i v i n g  m o t i v e  was t o  provide l e g a l l y  

a1 1 o t ted  water i ntra- and in ternat ional  ly. I n  contrast, desal i nat ion schemes 

mentioned e a r l i e r  aimed a t  i n d u s t r i a l  and domestic uses. I n  t h i s  case, i n s t i -  

t u t i ona l  factors promoted the geothermal development o f  a substantial,  but  

low-value, use o f  f resh water. The p ro jec t  has been abandoned as technica l ly  

feasible, bu t  lack ing s u f f i c i e n t  water reserves t o  be useful f o r  the purposes 

o f  the Bureau o f  Reclamation. 

Most geothermal resources have more economic value f o r  t h e i r  energy 

Hence, exp lo i t a t i on  w i l l  tend t o  forego miner- 

. a l s  recovery unless special circumstances enable i t  t o  be done without a 

penalty t o  the e l e c t r i c a l  generating capacity. Such circumstances e x i s t  a t  

Cerro Prieto, Mexico. Solar evaporation i s  used there t o  concentrate residual  

geothermal l i qu ids ,  u l t ima te l y  recovering potasti (KC1) f o r  f e r t i l i z e r [ l 7 ] .  

The p i lo-scale operation was very successful and u l t imate development there i s  

expected t o  convert Mexico i n t o  a ne t  exporter o f  KC1, whereas before, i t  

imported a l l  o f  i t s  domestic requirements. I n  addit ion, l i t h i u m  can be recov- 

content than f o r  the minerals. 

ered f r o m  Cerro P r ie to  brines and arrangements f o r  production and marketing 

e i n  advanced stages o f  development. S imi lar  proposals have been made f o r  
L 4  

New Zeal and[18]. 
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LJ 1 Sul fur  ' was recavered from geothermal steam a t  the Kokonoeyama Sul fur  

Mining Plant i n  Japan'i by channeling natural  geothermal gases through long 

f lues[l9].  Upon cooling, su l fu r  o f  +99% p u r i t y  would c r y s t a l l i z e .  The opera- 

t i o n  produced 2,412 tons i n  1904, 2.4 i n  1918, 1,540 i n  1964, and became 

uneconomic i n  1968. This v a r i a b i l i t y  mainly r e f l e c t s  the osc i l l h t f ons  o f  I tem 

: .4; thelgeothermal gases were'a stable resource, as was the technology. 

I n  the Hubei Province o f  China, thermal waters associated w i t h  the Jim- 

Recent productions 

year) were: NaC1 10,000, boron, 40; ammonia, 29; bromine, '19; 

nan Gas F i e l d  have y ie lded minerals f o r  many years[ZO]. 

a1 umi num carbonate, 6. 

I n s t i t u t i o n a l  constraints, I tem 2 above, can inadvertent ly a f f e c t  the 

minerals recovery aspect. I n  The Geysers o f  Ca l i f o rn ia ,  emission allowances 

f o r  H2S are l i m i t e d  by l oca l  and s tate ordipances. Consequently, the H2S i s  

chemically converted, a t  a net  cost, t o  a nonvolat i le  form. The (patented) 

S t re t fo rd  process[21], appl ied there t o  three o f  the 22 e l e c t r i c  power plants,  

y i e l d s  elemental s u l f u r  o f  high q u a l i t y  and i n  i n d u s t r i a l l y  important amounts 

[22] but, unfortnuately, t o  a weak market. Although the s u l f u r  i s  placed i n t o  

the i n d u s t r i a l  sector, i t s  value only p a r t l y  covers haul ing costs, and, i n  

p r i n c i p l e  a t  least, depresses the market s t i l l  fur ther .  

The Stretford-equipped p lants  have an e l e c t r i c a l  capacity o f  about 300 

megawatts and y i e l d  400 t o  500 pounds o f  s u l f u r  per hour when a t  f u l l  capacity. 

I n  t h i s  case, minerals recovery (su l fur )  p a r t l y  reduces a diseconomy o f  opera- 

t i o n  (H2S removal) which i s  implemented so le l y  t o  make the generating o f  

e l e c t r i c i t y  possible w i t h i n  i n s t i t u t i o n a l  (environmental) constraints. An 

a l t e r n a t i v e  method of H2S control  used on most other p lants  there, and known 

as the i r o n  ca ta l ys t  systemC231 y i e l d s  a waste sludge counterpart o f  the 

su l fur  which contains about 90% waterC241. The sludge has no o f f s e t t i n g  - 
Lid 
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economic Val ue and incurs addi t ional  charges when :del ivered t o  ,waste: !di sposal 

s i tes.  Moreover, the sludge i n v i t e s  'other concerns due t o  the i co r ros i ve  

aspects of the ( f e r r i c )  i ron  and the very f a c t  that ,  it s "disposed" 'o f  ,in a 

Ld 

land f i l l .  ' * , .  I 

A s i m i l a r  response t o  i n s t i t u t i o n a l  requirements may develop i n  the 

Imperial Val l e y  o f  Ca l i f o rn ia  where, hypersaline brines[25] are being developed 

f o r  e l e c t r i c i t y  production. Sludges develop from the ;brine. Mainly they 

contain s i l i c a  and must be-removed before the b r ine  i s  disposed o f  i n t o  in jec-  

- 

t i o n  wells. Trace elements zinc, boron, barium and lead cause the,sludge t o  

be c l a s s i f i e d  as hazardous and cos t l y  requirements are imposed on t h e i r  dis- 

posal. 

Removal o r  even reduction o f  the t o x i c  elements would y i e l d  economies 

f rom i n s t i t u t i o n a l  access t o  a less cos t l y  disposal means. The amount o f  

waste i s  formidable, a s ing le p lan t  o f  50 megawatts would generate about.16 

cubic meters o f  moist sludge per day. Current disposal ,charges o f  $27.74/m3 

[26] are appl ied t o  the hazardous form. Al ternat ive ly ,  disposal charges o f  

only $2. 52/m3 would apply t o  tox ic- f ree sludgesC27J. 

i s  roughly equivalent t o  energy revenues from 2.5 megawatts o f  power, .approxi- 

mately one-half the energy output o f  a geothermal w e l l .  

The ,dif ference, $400/day, 

Only a small f r a c t i o n  o f  the tox i c  elements i n  the b r ine  are t ranferred 

t o  the sludge. Thus, a minerals recovery program applied t o  the t o t a l  .brine 

f low would not only y i e l d  substantial tonnages o f  metals beyond those can- 

tained i n  the sludges. bu t  also would accrue any reduced costs f o r  sludge 

disposal. However, p lac ing the minerals recovery step ahead o f  sludge removal 

may be technological ly d i f f i c u l t  o r  noneconomic. Perhaps some method could be 

found e i the r  t o  t r e a t  the sludge separately or cause it t o  form without in- 

c luding the t o x i c  elements. 

W 
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b, VI-4. Estimations o f  Mineral Reserves i n  Geothermal Brines 

Attempts t o  use geothermal f 1 uids as mineral resources commonly f a i l  s 

because the concentrations, o f  dissolved components are too l o w  t o  i n v i t e  

serious development. Fo r  example, minerals a v a i l a b i l i t y  calculated f o r  The 

Geysers, Casa Diablo, ,and the Bureau o f  Reclamation wel ls  a t  East Mesa i n  the 

Imperial Valley showed them t o  be o f  neg l i g ib le  interestC83. None o f '  those 

examples have p a r t i c u l a r l y  s a l t y  brines. Geopressured br ines i n Lou4 s i  ana and 

Texas are s a l t i e r  b u t  a review o f  t h e i r  mineral potent ia l ,  presented l a t e r ,  

suggests l i t t l e .  However, a remarkable br ine occurs i n  Cal i forn ia .  

Soma o f  the most spectacular hypersaline br ines i n  the world occur i n  

Cal i forn ia 's  Imperial Valley. ' From them more than a dozen minerals are poten- 

t i a l l y  recoverable i n  amounts such t h a t  the gross values o f  the minerals may 

I 

exceed the energy value o f  the same f l u i d .  The br ines are current ly  being 

developed f o r  e l e c t r i c a l  energy, w i th  only small programs aimed a t  the mineral 

components. These brines are so extensive. and so concentrated t h a t  they 

dominate the top i c  o f  minerals recovery from geothermal f l u i d s  i n  the U.S. 

VI-4-1. Reserves Estimate f o r  the Imperial Val l e y  

The brines are best known from about twenty deep wel ls near the Sa 

Sea, around which are drawn the formal boundaries o f  the Salton Sea KGRA, 

ton 

and 

addi t ional  d r i  11 i ng has encountered s i  m i  1 a r  brines many m i  1 es away. The 

"possible" reserves under1 i e  several hundred square miles , and, though deep, 

they can be reached by conventional geothermal d r i l l  ing. An addi t ional  favor- 

able circumstance involves the a p p l i c a b i l i t y  o f  so lar  evaporation o f  br ine 

residues as an intermediate step i n  minerals recovery fo l lowing the example a t  

Cerro PrietoC281. 

Two methods are avai lable f o r  es t  

resource o f  a geothermal sett ing. The 

mating the magnitude o f  the minerals 

c lass ica l  geological method aims a t  
r 

L J  
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W i d e n t i f y i n g  a volume o f  rock which contains the resource; f i n d i n g  some way t o  

establ ish the average grade (mineral content) o f  t h a t  rock; and forecasting a 

f r a c t i o n  o f  the volume t h a t  could be trapped o r  removed by curr'eht, o r  a n t i c i -  

pated, technology. Each step i n  t h a t  method y i e l d s  numerical values (or 

ranges) so t h a t  the overa l l  estimate o f  recove rab i l i t y  s simply a mu l t i p l i ca -  

t i o n  product o f  the several numerical values. 

The second method derives from estimates o r  forecasts o f  e l e c t r i c a l  

energy production, using the impl ied f l u i d s  as an "ore volume" component. 

These estimates involve some nongeological factors[29]. Hydrologic factors, 

p o l i t i c s  and energy-company forecasts o f  energy demands are involved, p lac ing 

q u a l i t a t i v e l y  d i f f e r e n t  kinds o f  uncertaint ies i n t o  the estimates o f  mineral 

resources. 

I n  a s i m i l a r  way as before, the overa l l  a v a i l a b i l i t y  o f  the mineal com- 

ponent i s  given by the m u l t i p l i c a t i o n  product o f  several terms. The two 

methods are not  wholly independent since some rock-volume considerations are 

commonly invoked when forecast ing the e l e c t r i c a l  capacity o f  a f i e l d .  

The second method y i e l d s  a r a t e  a t  which reserves can be made avai lab le 

whereas the f i r s t  method i d e n t i f i e s  the t o t a l  amount avai lable. I n  est imating 

the mineral reserves o f  the Imperial Valley, the e l e c t r i c a l  approach w i l l  be 

appl ied f i r s t .  

VI-4-2. Rate o f  Production 

The r a t e  t h a t  mineral reserves can be del ivered can be baseG on the 

e l e c t r i c a l  generating r a t e  and the b r ine  composition according t o  Equation 

V I - I :  

q = (P)(h)(s)(l/f)(e)(k) ' (VI-1) 
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I n  equation V I - 1 ,  the quant i ty  (4) o f  a mineral t h a t  i s  recoverable per 

megawatt year o f  power generation i s  given as the continuous product o f  the 

power output (P) i n  megawatts, the hours (h) o f  operation per year, the r a t e  

o f  steam supply(s) required i n  a f l a s h  system per megawatt o f  power output, 

the amount o f  br ine ( l/f) associated w i t h  a u n i t  amount o f  steam where f = the 

weight f r a c t i o n  o f  the produced f l u i d  t h a t  f lashes t o  steam, the extractable 

concentration increment (e) o f  the element o f  i n te res t ,  and a fac to r  (k) t o  

adjust  dimensional un i t s  and/or convert mass o f  the dissolved form ( indicated 

by chemical analysis o f  br ine) t o  the equivalent mass o f  an i n d u s t r i a l  chemi- 

cal  form. 

1 

The resu l t s  o f  working out (a) are t h a t  each ppm o f  mineral (element) 

recovered from a br ine would amount t o  a recovery o f  400 kg per megawatt-year 

~301.  

For example, manganese i s  present i n  hypersaline br ines a t  concentrations 

t h a t  average near 1,200 ppm before steam f lashing. A 50-megawatt e l e c t r i c a l  

p l a n t  t h a t  could recover 80 percent o f  t h a t  manganese would generate about 3 1  

m i l l i o n  kg o f  MnOz per year. That amount would be worth between $6.0 and $16 

m i l l i o n ,  depending on where the q u a l i t y  o f  the actual product . f i t t e d  i n t o  

ex i s t i ng  patterns o f  use. That d o l l a r  value represents an amount equal t o  30 

percent o r  more o f  the e l e c t r i c a l  values from the same plant.  The tonnage 

amount represents about 1.8 percent o f  the 1971-1975 average annual U.S. 

consumption o f  manganeseC311. F u l l  development o f  the Imperial Val l e y ' s  

hypersaline br ines i s  forecast t o  exceed 1,400 megawatts[32]. A t  t h a t  time, 

the associated manganese could p o t e n t i a l l y  s a t i s f y  about h a l f  o f  U.S. needs. 

The po ten t i a l  outputs f o r  several elements contained i n  the hypersaline 

brines are l i s t e d  i n  Table V I - 1  on the basis o f  a 50 megawatt e l e c t r i c a l  p lan t  

and a mid-range composition o f  the several b r i ne  analyses available[33-34] and 
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TABLE V I - 1 .  

P o t e n t i a l  I kcovery  Rates o f  Minera ls  from I l ypersa l inc  U r i n e  
Uased o f  F l u i d  Tkrouyti-put of a 50 Mwe Power P lan1 

E 1 enien t Conc . lndus tr i a 1 Recovery Tons /Year $/lOVi Gross Vali ic 
ppm/wt Forrti E f f i c i e n c y  Itecoverab l e  $ M i  1 I i ons /y r  

Sod i uni 57 100 NaCl 0.9 20110000 50 144 ( e )  
Calcium 25700 CaC12( a) 0.8 
Potassium 14 700 K C l  (b) 0.8 

3 300000 

4 94000 
l ron 1770 Fe (011) 3. 2H20 0.9 79000 120 9.5 (e) 
Manganese 1230 Mn02 0.1) 34300 175 ( f )  

Uariuni 550 UaS04 1, 0.9 10900 100 1.1 

L i t h i u m  2 83 t i 2 C O 3  0.6 4 0 0  2 800 1.12 

Z inc  7 15 Zn 0.8  12600 4 50 5.7 
S t ron t ium 620 SrS04 ( c )  0.4 11600 G40 7.4 ( e )  

Uoron 365 I t3B03 0.05 2 300 5 50 1.3 (e )  

Lead I14 Pb 0.95 2 400 300 0.72 

0.1 64 600 0.038 Uromirie 

Copper 2.4 cu 0.5 26 1300 0.034 

S i l v e r  0.09 Ag 0.5 9.9 25OOOO( d )  2.5 

29 Br2 

E l e c t r i c i t y  0.8 ( 9 )  21 

( a )  3UX l i q u i d  
(b) f e r t i  1 i z e r  grade 
( c )  Requires conversion t o  SrCU3 

(d) $9 p e r  Troy ounce 

(e )  inadequate market 

( f ) 
(9)  $.Of50 per  kwli 

unknown niarke tab i 1 i l y  



other propr ie tary  data[35]. Unfortunately, the technologies f o r  recovering 

most o f  the l i s t e d  components have not been demonstrated, nor even wel l  devel- 

oped, yet [  341. 

Mineral reserves associated w i t h  the f u l l  1,400 megawatt development o f  

the Salton Sea geothermal brines might be estimated i n  a crude way by simply 

mu l t i p l y ing  the tab le values by 28, the equivalent number o f  50-megawatt 

p lants impl ied by the f u l l  1,400 megawatt development. However, the markets 

f o r  commodities l i k e  CaClz and NaCl and l i t h i u m  could not  be sustained w i t h  

y t h a t  land requirements 

conf 1 i c t e d  strongly w i t h  

f u l l  exploi tat ion.  Furthermore, i t  would be unl i ke 

f o r  evaporation ponds could be met i n  f u l l  i f  they 

t r a d i t i o n a l  ag r i cu l tu ra l  uses. 

VI-4-3. U1 t imate Reserves 

The volume o f  reserves can be estimated i f  the boundaries o f  the 

resource can be defined along w i t h  the overa l l  porosity[35]. 

n-pl ace 

The gross reserves can be calculated by equations s i m i l a r  t o  VI-2: 

Where the quant i ty (Q) o f  a mater ia l  present i n  the resource i s  given as a 

continuous product o f  the gorund surface area (A) which over l ies the resource, 

the average o r  integrated thickness (t) o f  the rock zone which contains the 

resource, the poros i ty  f r a c t i o n  (p) o f  the rock, the extractable concentration 

increment (e) o f  the element o f  i n t e r e s t  and a f a c t o r  (k) t o  make adjustments 

among conventional un i t s  o f  measure. 

Compared t o  equation V I - 1 ,  (e) and (k) are the same whereas q i s  the 

Q represents a depletable resource t h a t  has 

However, estimates for  the magnitude o f  Q are uncer- 

The 

annual r a t e  t h a t  Q can be tapped. 

a d e f i n i t e  i n i t i a l  size. 

t a i n  due t o  uncertaint ies i n  determining values f o r  the f i r s t  f ou r  terms. 
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f i r s t  three terms, A, t, and p are subject  t o  geologic i n t e r p r e t a t i o n  and the 

l i m i t s  o f  d r i l l i n g  resu l t s .  The four th ,  (e) depends on the technology o f  

t r e a t i n g  b r i  nes, i nc l  udi ng f u t u r e  improvements thereof. 

For the Sal ton Sea f i e l d ,  as o r i g i n a l l y  defined, volumetric estimates o f  

t o t a l  recoverable b r i n e  ( 9 ~ 1 0 ~ ~  kg) have been made[38]. This estimate was 

based on several presumptions, some o f  them guided by data from t e n  d r i l l e d  

wells. Spec i f i ca l l y ,  i t was i n f e r r e d  t h a t  a 1,000-ft (307 m) t h i c k  production 

zone no deeper than 5,000 f t  (1,520 m) extended throughout 307 km2 (118 sq. 

miles) o f  area. The boundaries were based j o i n t l y  on temperature gradients 

[39] and on aeromagnetic data[40]. The der ived area i s  l a r g e r  than the 18 

square miles contained w i t h i n  the formal boundaries o f  the KGRA, b u t  smaller 

than more recent data would indicate.  Addi t ional  assumptions included: a 

matr ix  po ros i t y  o f  20 percent i n  the sands o f  the rocks; 59 percent sand, per 

producing section; and 80 percent e f f i c i e n c y  f o r  drainage o f  f l u i d  i n t o  wel ls.  

Some add i t i ona l  usefu l  data are now availableC411. 

Younker and KasameyerC423 used a novel c o r r e l a t i o n  between temperature 

gradients and the magnetic anomaly t o  ob ta in  an area o f  124 square km f o r  t he  

Salton Sea KGRA. The thickness chosen was 1-2 km and t h e i r  est imate o f  gross 

rock volumes was 182 cubic km. No assignment o f  p o r o s i t y  was made which 3s 

required t o  ob ta in  an estimate o f  l i q u i d  volume. However, i f  a p o r o s i t y  o f  10 

percent i s  used, t he  Younker and Kasameyer estimate i s  about twice as l a rge  as 

Towse's[38]. 

Subsequent data requ i re  modify ing these estimates t o  account f o r  deeper 

production, f r a c t u r e  permeabi l i ty ,  and the greater geographic extent  o f  t he  

hypersal i n e  br ines t h a t  was perceived e a r l  i er. 

The geographic d i s t r i b u t i o n  o f  hypersal ine br ines goes far  beyond the 

o r i g i n a l  boundaries of the Salton Sea KGRA (Figure V I -1 ) .  Several we l l s  
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drilled since 1979 have encountered hypersaline brines at depths between 8,000 

and 14,000 ft (2,500 to 4,500 meters). These include some newer fields local- 

ly designated as Brawley, East Brawley, South Brawley, Westmorland, and Niland. 

These occurrences d.escribe an approximately rectangular area about 16 miles 

(25 km) wide and 25 miles (40 km) long, extending southeastward from the edge 

of the Salton Sea. The 400 square miles (1,000 km2) contained therein does 

not include areas to the northwest o f  the southeast shore of the Salton Sea. 

An equally large zone is indicated to lie there mainly beneath the Salton Sea, 

and is indicated by the anomalies of temperature gradients and geophysical 

dataC421. 

The brine is contained within the pore structure of some of the rocks in 

that area. Some data are available to limit speculation about which rocks are 

involved and what the pore structure is like. Rock porosity is an uncertain 

factor. Sedimentary rocks in the Imperial Valley, as elsewhere, lose most of 

their matrix porosity during early stages of metamorphism[43], specifically at 

temperatures above 150°C[44]. Porosity is partly regained in the form of 

fractures as the metamorphic grade increases, making the rock more brittle, 

and as geologic forces operate, in episodic ways related to faulting and 

crustal spreading. 

The average porosity of rocks in the hypersaline zone is problematic 

because the zone includes the transition between do.minance of matrix porosity 

in shallower regions and fracture porosity at depth. The matrix porosity in 

producible sand6 may be on the order of 20 percent in unmetamorphosed places, 

but metamorphism reduces the matrix porosity toward values of 52 percent o f  

the rock volume[45). Fracturing increases the gross porosity in addition to 

making drainage possible from some of the matrix porosity. For the deep 

hypersaline brines the fractures are important for both volumetric storage and 

as conduits for fluid movement. 
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Perhaps the most d e f i n i t i v e  summary about the gradation o f  poros i ty  w i t h  

depth besides data i n  Ref. 43 appears i n  testimony regarding environmental 

impact of geothermal developmentC47). 

I n  reference t o  a leasehold near the community o f  Niland, " A l l  production 

i s from f racture zones o r  ind iv idual  fractures. Schl umberger 1 ogs (neutron, 

sonic, density) show a steady decrease i n  poros i ty  and permeabi l i ty  from 15%* 

a t  4,500 f t  t o  about 10% a t  8,000 f t  and 6-8% f r o m  8,000-10,000 f t  i n  these 

we1 1 s . I' 
Testimony continued, not ing t h a t  hypersaline production was obtained from 

(s imi lar )  f ractures a t  the fo l lowing f i e l d s  and depths: Brawley, 5,500 t o  

8,000 f t  deep; East Brawley, 10,000 t o  13,000; South Brawley, 10,000 t o  14,000; 

and south o f  Westmorland, 8,000 t o  10,000. 

The p r o f i l e  o f  depth versus poros i ty  appl ies best t o  the areas o f  thermal 

anomalies. For the cooler spaces i n  between, the metamorphic grade o f  the 

rock w i l l  be less ( a t  s i m i l a r  depths) and the residual poros i ty  w i l l  be great- 

er. Thus, the overa l l  poros i ty  o f  rocks i n  the hypersaline zone w i l l  not  be 

the minimum described i n  the hearings, bu t  ra ther  larger.  Accordingly, a 

value o f  12% i s  chosen f o r  the overa l l  t o t a l  poros i ty  (matrix p lus fracture). 

To complete t h i s  volumetric ca lcu lat ion,  an estimate o f  the thickness o f  

the hypersaline zone i s  required. Currently, there i s  l i t t l e  evidence t o  

i d e n t i f y  how t h i c k  the zone o f  hypersaline l i q u i d  may be, no pa r t i es  appear t o  

claim having d r i l l e d  completely through it. However, i t  i s  c lea r  t h a t  the 

upper boundary o f  the zone i s  s i g n i f i c a n t l y  deeper beyond the formal boundar- 

i e s  o f  the Salton Sea KGRA. The pos i t i on  o f  the upper boundary may provide a 

basis t o  estimate the thickness. 

Although a l i n e a r  increase i n  s a l i n i t y  w i t h  increasing depth i n  the 

Salton Sea KGRA has been inferredC481, other dataC491 suggest t h a t  a d e f i n i t e  
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L h t e r f a c e  exists.  Such an in ter face would become an isopotent ia l  surface i f  

the geol ogi c c i  rcumstances permitted f ree 1 atera l  movement o f  the f 1 uids and 

i f  the basin were stable enough f o r  the l i q u i d s  t o  f i n d  t h e i r  isopotent ia l  

pos i t ions i n  the g rav i t y  f i e l d .  The topography o f  the in ter face would then 

r e f l e c t  the j o i n t  e f fec ts  due t o  thickness o f  and temperature gradients and 

s a l i n i t y  gradients w i t h i n  the hypersaline zone. This approach toward deducing 

the probable thickness has not been developed, apparently. 

Prel iminary attempts t o  apply it f o r  t h i s  repor t  suggest t h a t  depth may 

be tens o f  times greater than the topographic r e l i e f  o f  the interface. The 

amount o f  r e l i e f  appears t o  exceed 1,000 meters, hence the thickness would 

appear t o  be tens o f  thousands o f  meters, These great depths match estimates 

about how p l a t e  tectonics concepts apply t o  the Imperial Valley[50]. 

For the present, a thickness estimate o f  the br ine zone w i l l  involve an 

arb1 t r a r i  l y  defined bottom rather  than one based on d i r e c t  observation o r  on 

geologic inference. This value has 

several a t t r i b u t e s  including numerical roundness, impl icat ions f o r  d r i l l i n g  

and w e l l  completion t h a t  can be achieved wi th current technology, and tempera- 

ture/pressure imp1 i ca t i ons  f o r  the rocks which make p laus ib le  the presumptions 

o f  open, b r i n e - f i l l e d  fractures, i n  conformance wi th the estimate of ove ra l l  

A thickness o f  1,000 meters i s  selected. 

porosity, described ea r l i e r .  
I 

The completed estimate f o r  the volume o f  hypersaline br ines i n  place 

involves 1,000 km2 of area, 1 km o f  thickness and 0.12 poros i ty  f ract ion;  i n  

a l l ,  120 cubic kilometers o f  hypersaline b r ine  appear t o  be present southeast 

o f  the Salton Sea. Density of the f l u i d s ,  i n  place, i t  close t o  1 kg per 

l i t e r ,  o r  s l i g h t l y  greater[51]. Thus, the estimate o f  mass f o r  br ine I n  place 

i s  l . i x l 0 1 1  metr ic tons. 

This i s  more than twelve times the Towse estimate[38] o f  br ine hot  enough 

A l l  o f  the larger  volume o f  t o  be used f o r  generating e lec t rdc i t y ,  2 6 O i O C .  
'hd 
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brine will be at least moderately hot ause it lies at substantial depth in 

a region of relatively high heat fl a thermal gradient of 

only 40°C/km will yield temperatures of 185OC at 4 km (13,000 ft). Thus, in 

all cases, the hypersaline brines will be thermally interesting, if not of 

electrical quality. 

The tonnages of minerals in place can be estimated by introducing brine 

composition. The overall averages and other statistical data are shown in 

Table VI-2. The values in .Table VI-2 are obtained by combining the, analytical 

results from wells in the several subfields mentioned earlier. Some of the 

data are from published results for'th ain Salton Sea KGRAC331, the remain- 

der are partly proprietary data[35]. The range of data values for individual 

components is fairly large such that the overall average concentrations may be 

given more accurately by the geometric average of the subfields rather than 

. .  _.-_ . --*I - 

the arithmetic. However, the patterns of relative abundancies in the several 

subfields are quite similar. It is this latter aspect that suggests the 

resource is a single continuous unit. Not all available data was used in 

constructing Table VI-2. , Instead, representative wells were selected from 

each subfield. Not all elements have been analyzed for in all subfields, a 

feature noted in the table. 

VI-4-4. Quality bf the Estimates 

The technical qual i ty of this estimate deserves scrutiny. The mineral 

industries have formalized several categories of "quality" that are commonly 

presented as a McKelvey DiagramC521. 

The geologic assurity of the Imperial Valley resource, as described 

above, is divided among the categories nDemonstrated-IndicatedN and "Identi- 

fied-Inferred" (Figure VI-2). A higher ranking cannot be supported due to too 

few data on porosity and thickness in the vicinity of actual wells. Further- 
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Figure VI-2. McKelvey Diagram for Imperial Valley 
Hypersal ines (From Ref. 52). 
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more, no data e x i s t  t o  support the inference o f  metal-r ich brines between 

demonstrated hot places. S ign i f i can t l y ,  one deep wel l  ( the Wilson No. 1; see 
'(td 

Refs. 47 and 53) located approximately midway between the East Brawley and 

South Brawley f i e l d s  was not  hypersaline, suggesting a southern l i m i t  t o  the 

hypersaline resource. .This l i m i t  i s  considered i n  the estimate above. 

The economic qual i ty i s  poor ly defined because demonstrated recovery 

processes do not  cu r ren t l y  ex is t .  Furthermore, there i s  uncertainty about how 

a minerals recovery operation f i t s  i n t o  the economic circumstances o f  a mu l t i -  

purpose p l a n t  which generates e l e c t r i c i t y .  Thus, the economic f e a s i b i l i t y  

cannot now be ranked as "economic" i n  the McKelvey diagram. However, the 

mineral values are substantial and some research on recovery processes, de- 

scribed i n  the next section, show considerable promise. Thus "paramarginal", 

appears t o  be an appropriate ranking f o r  economic f e a s i b i l i t y .  

VI-5. Minerals i n  Geopressure Brines -- A Nonresource 

Another category o f  geothermal resources t h a t  can be considered as a 

class are the geopressured zones i n  Louisiana and East Texas. Bottomhole 

depths range from 9,700 t o  16,000 ft. Wellhead pressures range f r o m  2,500 t o  

6,700 ps i ;  temperatures are general ly below 3OO0F, bottomhole. Dissolved 

minerals range f rom 13,000 t o  160,000 ppm. These resources are most s i g n i f i -  

cant f o r  t h e i r  natural  gas content. Plans f o r  exp lo i t a t i on  general ly aim a t  

recovering the methane and re la ted  gases without recovering the  sensible heat 

f rom the associated brines. Despite that ,  geopressure resources have been 

lumped wi th  the t y p i c a l l y  geothermal f o r  purposes o f  nat ional  planning. 

Evaluations o f  t h e i r  minerals resources potent ia l  i s  presented here as an 

i n s t r u c t i v e  exercise. The geopressure brines appear t o  e x i s t  i n  several 

unconnected f i e l d s  , thus estimating t h e i r  co l  1 ect ive vol  umes has serious 

The approach used here i s  based on published estimates o f  w uncertaint ies. 
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id methane reserves, measurements o f  gas-to-brine ra t i os ,  and analyses o f  avai l -  

able brines. 

The geopressure reserves o f  recoverable methane are estimated t o  be f r o m  

7 t r i l l i o n  cubic f e e t  (TCF) t o  5,000 TCF w i t h  some intermediate estimates 

C54-553. Compositions f o r  seven geopressured we1 1s i n  'd i f ferent  f i e l d s  have 

gadbr ine  r a t i o s  t h a t  average 35 f 13 standard cubic f e e t  per barrel.  The 

average gas composition i s  84 f 6 mole percent methaneC561. Applying those 

compositions t o  the estimates o f  methane imply t h a t  recoverable geopressure 

br ine i s  from 4x1010 t o  2.8~10'~ metr ic tons. I n  r e l a t i v e  magnitude t h i s  

Tab 

i ty  

range i s  from something s l i g h t l y  smaller than the Imperial Val ley br ine volume -? 

t o  something considerably larger. 

I n  terms o f  minerals, the geopressured br ines appear t o  o f f e r  very l i t t l e .  

e VI-3 l i s t s  br ine compositions f o r  seven wells[56]. The great v a r i a b i l -  

among them makes impossible the assignment o f  reasonable average concen- 

t ra t i ons  f o r  dissolved s a l t  components, as was done f o r  the methane. This 

v a r i a b i l i t y  conforms t o  the discontinuous nature o f  the geopressure occurren- 

ces,.and stands i n  important contrast  t o  the i n f e r r e d  con t inu i t y  o f  the Imper- 

i a l  Valley hypersaline resource. 

Importantly, the geopressure brines appear un iversa l ly  low i n  base metals 

(lead, zinc, manganese, copper, i ron)  compared t o  the hypersaline br ines o f  

the Imperial Valley. The elements sodium, potassium, and calcium, commonly 

removed as chlorides would appear unrecoverable from geopressure brines be- 

cause the loca l  c l  imate makes evaporation ponds inoperable, unless freeze- 

c r y s t a l l i z a t i o n  methods could be appliedt571. 

Perhaps strontium, an element already i n  surplus supply, could be the 

only candidate f o r  minerals recovery among the 1 i sted components[ 581. The 

strontium market current ly  i s  small. Beyond t h e i r  energy content due t o  

f 1 ammabl e gas, geopressure resources have no s i  gni  f i cant m i  neral Val ues. 
LJ 
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Table VI-3. Composition o f  Geopressured-Geothermal B r i n e  (From Ref. 56). 

Wel l  Code* FFS-2 
1) i s  solved S a l  Ls ( ppm) 

Tota l  156200 
C1 96100 
II coj 
so4 5 
F 0.69 
Na 49300 
Ca 7 560 
Mg 660 

. Fe 50 
Mn 1C 
Zn 1 
S r  602 

, Ita 165 
u 49 
I% .05 
CU .3 
Cd .2  

K 1116 

-z 
c-( 
I 
h, 
w 

Y&? n9 . 

4Jissolved Gases (Mole%) 
ctiq 88.7 

1.9 

8.4 
N2 .4 
112s 

.I5 

22.3 3 Gas/Water Ratio, f t  /bb l  
Uottorittrole Tenlp. OF 2 70 
Perf  Zone, f t  - 15800 

PU-2 

129000 
76800 

300 
5 
1.1 

37900 

640 
595 
60 
22 

1010 
730 

31 
.2 

‘ .2 
.2 

nwo 

.8 

n5 
124 

83 
3.2 

.02 
11.3 

.4 

27.2 
306 

14700 

ns-2 I’C- 1 

90300 4 2000 
53200 24 100 

890 
616 173 

30400 14400 
29500 850 

264, 110 
5 30 112 
68 72 

4 1 

262 80 
10 15 
75 loo+ 

.85 1.5 

.2 . .1 

.2 T2 

.2 .03 

.3 
30 

102 

89 I n4.7 
2 2.7 

.4 .3 
7 11.7 

.4 n i l  
13PW 

20.3 
266 294 

14700 14 800 

t 

WG-1 

23740 
12600 

1910 
650 

2.7 
8740 

4n 

86 
15 

.54 

.07 

.3 

.1 

;2 
’ .02 

.03 - 

16 

74 

’ 7.5 
122 

91.4 

.5 
5 .R 

I .n 

n i l  

40 
274 

14noo 

LK- 1 115-2 

14700 12900 
72UO 6390 
2440 1 n35 

42 30 

5330 4860 
40 51 
5.3 6.n 

74 31 
2.4 19 

3 2.2 

. I1  .36 

.12 - .22 
7.4 6.4 

20 15 
43 U t )  

- 2  .2 

.2 ’ +  - 1  -. 
7.8 20 - 

..I . o? 

121 142 

79.5 73.6 
4.9 2.5 

7.2 22.9 
n i  1 .2 

- 1  I 

60ppm 

30-318 4 7-54 
260 300 

11700 9800 

*Code: FFS-2 Fairfax-Foster-Sutter No. 2, Louisiai in PC-1 P r a r i e  Canal No. 1, Louisiana 
PU-2 Pleasant Bayou No. 2, Tex.as WG-1 Wainoco-Girouarcl No. 1, Louisiana 
US-2 Beulah-Simon No. 2, Louisiana LK-1 Lear-Koeleniay No. 1, Texas 

16-2 Riddle-Saldana No. 2, Texas 
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VI-6, Minerals Recovery Processes f o r  Imperial Val ley Brines 

The minerals po ten t i a l  o f  the Imperial Val ley br ines was recognized ea r l y  

and attempts f o r  recovery were made by Union O i l  Co., Shell  O i l  Co., Chevron 

O i l  Co., and Morton In ternat ional  Research Co.[S]. Some of. the e f fo r t s  ad- 

vanced t o  p i  1 o t  p l a n t  stage[ 59). Commerci a1 production 'Gas never attempted, 

but  not  e n t i r e l y  f o r  reasons of chemical problems. For example, start-up o f  

large potash operations i n  Saskatchewan i n  the ea r l y  1960's, appeared t o  make 

Imperial Valley KC1 uncompetitive on world markets. The loca l  f e r t i l i z e r  

market could not be captured because i t  uses K2S04. The chlor ide form i s  

mildly detrimental t o  the fo l iage of c i t r u s  trees. The heavy metal po ten t i a l  

of the resource i s  described i n  Refs. 60-62. Commercial COP production f r o m  

f i e lds  along the southeastern shore o f  the Salton Sea i s  described i n  Refs. 63 

and 64. 

Deta i ls  o f  the attempts a t  mineral recovery by commercial in terests  are 

not reported i n  de ta i l .  However, the U.S. Bureau o f  Mines supported several 

studies i n  the 1960's and 1970's which i d e n t i f y  some possible approaches t o  

recovery[65-71]. Unfortunately, the work has slowed t o  a repor t  w r i t i n g  stage 

and the reports are not widely known. 

The f i r s t  chemical work on brines was done i n  laboratories, using spent 

brine, from several wells, t h a t  was cool and stale,  and therefore d i f f e r e n t  

from what a f i e l d  operation would encounter. Enough prel iminary information 

was obtained t o  design a p i l o t  p l a n t  and make prel iminary technical and econ- 

omic assessments. One Bureau o f  Mines p i l o t  p l a n t  was b u i l t  and operated a t  

the Salton Sea GLEF, u t i l i z i n g  f l u i d  from Magmamax No. 1 f o r  three months i n  

1979. A short  repor t  o f  resu l t s  i s  now available[72]. 

The Of f i ce  o f  Saline Water also sponsored some research on minerals 

recovery, some of which appears t o  have relevance t o  the geothermal resource. 
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However, it w i l l  not  be reviewed here because most o f  i t  applies t o  waters 

t h a t  are r i c h  i n  su l fa te  and low i n  economically valuable constituents. 
LB 

VI-6-1. Prel iminary Considerations 

Because the hypersal i  ne brines are so complex chemically, and because 

they are so react ive when fresh, minerals recovery processes w i l l  have t o  cope 

w i th  many problems t h a t  are general ly absent i n  other circumstances t h a t  might 

appear s u p e r f i c i a l l y  s imi lar .  

The chemical i n s t a b i l i t y  o f  the f resh ly  produced brines i s  mainly due t o  

the severe temperature change which occurs as the f l u i d  r ises,  w i t h  continuous 

f lash ing o f  new steam, up the wellbore and through process equipment. Tech- 

nology f o r  pumping these brines, 200-260°C, without f lash ing does not e x i s t  

and formation p roduc t i v i t i es  are not high enough t o  j u s t i f y  pumping. Flashing 

f low on the other hand, y ie lds  very large pressure drawdowns and commercially 

a t t r a c t i v e  w e l l  f low rates. With the f lash ing there i s  a concommitant in- 

crease i n  concentration o f  (residual) dissolved sal ts.  That e f f e c t  on solu- 

b i l i t y ,  about 20 t o  25 percent, i s  small compared t o  the e f f e c t  o f  the 100 t o  

170°C temperature change which occurs i n  5 t o  40 minutes depending on wel l  

depth and discharge rate. 

I n d u s t r i a l l y ,  the uncontrol led formation o f  scale i n  the we1 lhead and 

nearby equipment presents an in to lerable s i tuat ion.  Methods o f  scale preven- 

t i o n  are therefore obl igatory ( f o r  example, see Chapters 3 and 4). These may 

involve i n j e c t i o n  o f  chemicals t h a t  cause the scale-forming mater ia ls t o  y i e l d  

a sludge t h a t  passes on w i t h  the br ine rather  than hard scales t h a t  b u i l d  up 

on pipes and valvesC731. Eventually, the sludge must be separated from the 

l i q u i d  before it i s  passed on t o  a minerals recovery process and/or disposed 

of by in ject ion.  

VI-25 



If  the minerals recovery process begins a f t e r  t h e  s i l ica-r ich sludge has 

been removed, then i t  m u s t  be adapted to  temperatures near 90°C and be immune 

to  the presence of residual s i l i c a  and other materials tha t  tend to  deposit 

spontaneously. The sludge should not carry away significant amounts o f  com- 

ponents aimed for i n  the minerals recovery scheme applied t o  the brine, nor 

can the recovery process be sensitive to  residual additives used to  control 

scale upstream. 

These brines are so complex that  they may never be processed for  a single 

There would always be a temptation to  convert a stream of waste commodity. 

into a salable product. The likelihood seems good for  finding a modified 

process that  takes advantage of the marginal economics involved w i t h  convert- 

ing an earlier-planned waste stream to  a product stream. Such comprehensive 

recovery operations are d i f f i cu l t  t o  s e t  up and are complicated t o  maintain 

since perturbations can propagate both up and downstream. They have been 

considered, however, and some detai ls  are reviewed below. 

Minerals recovery processes will complement, b u t  not substi tute for scale 

and sludge control methods. Controls for  sludge and scale, per se, have been 

attempted and reported broadly. Comprehensive reviews are available i n  Chap- 

t e r  3 of t h i s  report and i n  Ref. 74. Minerals recovery methods are less 

common than scale-control effor ts  and more highly specialized, i n  comparison. 

VI-6-2. Chemical Process Studies 

The following review will emphasize results from studies funded by the 

U.S. Bureau of Mines and aimed a t  the Imperial Valley hypersaline brines. The 

work was done by Hazen Research, Inc., of Golden, ColoradoC681; SRI Interna- 

t ional,  Stanford, CaliforniaC651; and DSS Engineers, F t .  Lauderdale, Florida 

[57]. These ear l ie r  studies provided sufficient background for  the develop- 

ment of an integrated approach t o  mineral recovery from hypersaline brines 
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involving the process of cementationt751. A tabulation of the potential 

mineral values recoverable from a typical hypersaline geothermal brine from 

the Salton Sea Geothermal Field are summarized in Table IV-4. These 'estimates 

are based on a 1000 W e  power production facility assuming 90% recovery of 

mineral values and a plant downtime o f  '25%. 

VI-6-2a. Sulfidation Process - Preliminary studies aimed solely at recovering 
heavy metals (mainly lead and zinc), by precipitation with sulfide were made 

by SRIC65J. Coprecipitation includes silver, which is desirable, and iron and 

manganese, which are not. A single electrolysis experiment was reported. 

The SRI work involved computer modeling and experimental runs on 250 ml 

batches o f  brine from Magmamax No. 1 and Woolsey No. 1, two of the less salty 

of the hypersaline wells. Additionally, they made experimental runs on 12 

liter batches o f  brine from IID No. 2,  one of the more salty of the hypersa- 

line wells. However, the SRI analyses for Pb, Zn, Fe, and Mn showed similar 

concentrations in each of the three lots of brine used by them and these were 

generally different from the data in other literature. Thus, questions arise 

about what the experimental brine represents, beyond the 1 aboratory results. 

S R I  also made some continuous mixing and discharge experiments with brine from 

110 No. 2,  using brine-filled 50 gallon drums as sources of material, mixing 

with regents, and settling and thickening the sludges (Figure VI-3). 

The brines used by SRI had been stored. That from IID No. 2 was at least 

four years old at the time experiments were run. All the brines had apparent- 

ly aged since the pH's (reported by SRI) were 2 to 4 units more acid than are 

reported for fresh brine from the respective wells. The as-received brines 

had pH's of 2.3 to 3.5. 

Preliminary thermodynamic modeling suggested that separation of Pb, Zn, 

and Ag from Fe and Mn by sulfidation would occur best at a moderately acid pH. 
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Table VI-4. 
Potent ia l  minerals recovery from a 1000-WWe 
geothermal power-mineral s recovery p l a n t  
in the  Salton Sea (From Ref, 75) .  . .  

Possible plant . Market value ot po&ble . I  US. consumption 
1980 estimates 

(thousand metric 
product and market ' plant product . 

(10130 181) Magmamax 1 Sinclair 1 
Omillion/ yr) 

SiO, 

"3 

Li 
Mn 

Fe 

c u  
Zn 
Sn . 
Pb 
Se 

Subtotal 

As' 
Au' 
Pt' 

Total 

53 

I2 

31 

150 

112 (i91b 

0.2 
'60 
6 

18.6 
1.6 

4.2 
0.8 
0.5 

135 

117 

65 
335 

346 (272Ib 

0.8 
133 - 
24 
0.7 

4.2 
0.8 
0.5 

- 
If 800 

4.9  
1061 

69 400 

3 902- 
920 
53 

1 loo 
0.4 

99 
3.0 
22* 

Amorphous drying 
grade 93%. S311ton 
Aqueous 29.49 
anhydrous basis, 
S2lOl ton 
Lit COW S1.4lllb 
Ferromanganese 78%. 
0.1% C, SO.685llb _I 

Black, magnetic iron 
oxide, SQ.25tlb 
Metal, 10.74511b 
Metal, 50.462/1b 
Metal, $6.86/1b 
Metal, SO.J6/lb 
Metal, S3.8011b 

Metal, S9.08/troy oz 
Metal, S4261troy oz 
Metal, $412/troy oz 

1.8 

2.7 

' (511)' 
290 

28 

61 
90 
14.8 
13.4 - 

502 
38 

341 

- 

1.6 

27.1 

(1 Off)' 
648 

97 

- 
135 

19 
6 

938 
38 

341 
206 

- 

1 523 

'Elasticity of lithium market not known. 
blron in excess of that needed for 78% ferromanganese production. 
'Precious metals production in million troy ounces (31.104 8). 
'Total consumption, platinum-group metals. 
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Figure VI-3. SRI International Field continuous sulfidation 
apparatus (From Ref. 6 5 ) .  
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Accordingly, 250 m l  batch-type experimental runs were begun a t  pH 3 and 1 atm. 

o f  H2S pressure. Ef f ic ienc ies f o r  p r e c i p i t a t i o n  were low f o r  Zn a t  room 

temperature, lower s t i l l  (-50%) a t  100OC. However, very l i t t l e  Fe and Mn were 

precipitated. Poor e f f i c i ency  was p a r t l y  due t o  increased a c i d i t y  ( t o  pH-2) 

resu l t i ng  f rom react ion VI-3. 

H2S + M++ + MS + 2H+ (VI-3) 

Experiments a t  higher pH were made by using an excess of NaPS instead o f  H2S 

compared t o  Pb + Zn. The pH r i ses  s i g n i f i c a n t l y  due t o  react ion VI-4. 

"a2$ + H20 + 2Na+ + OH- + HS- (VI-4) 

A t  pH 6, the coprecipi tat ions o f  Fe and Mn are small compared t o  t h e i r  avai l -  

a b i l i t y  i n  br ine,  but  are s i g n i f i c a n t  i n  regard t o  the composition o f  the 

f i n a l  bulk prec ip i ta te.  

The continuous su l f i da t i on  experiments involved br ine temperatures of 

80-90°C, without pH control  : 

Mixing was done by i n j e c t i n g  Na,S through a needle i n t o  a Y-tubing 
o f  4 mm ins ide diameter and a l i q u i d  speed o f  30 cm/sec. Mixing 
appeared 'to be complete i n  about 1.5 cm (50 m i l  1 iseconds) , as i n d i -  
cated by the uni formity o f  density and dispersion o f  the newly- 
formed black sol ids. I 

Progressive plugging o f  the Y-tubing occurred as a cone o f  b lack material 

developed a t  the needle o r i f i c e .  Subsequently, small i n - l i n e  reactors o f  

various volumes were used. Residence times i n  these ranged from 3.2 t o  32 

seconds without any var iat ions i n  recovery ef f ic iency,  even compared t o  the 

Y-tubing reactor. 

The p r e c i p i t a t i o n  produced f l ocs  o f  1 t o  2 mm s ize t h a t  s e t t l e d  rap id l y  

without appreciable ef fects by e i the r  cat ion ic  o r  anionic f locculants. Floc 
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size was not affected by residence time in the reactors. Recycling part of 

the sludge through the reactor apparatus yielded flocs that settled fster, but 

ultimate settled -densities of the pulp (2.3 percent sol ids) were unaffected. 

Settling speeds were measured and used[76] to obtain an estimate o f  the 

area of a thickener required to function with industrial-scale quantities. 

The result was 145 sq. ft. per ton of solids per day. Since the amount of 

precipitate was about 900 ppm, one can calculate thgt a liquid rate of 100,000 

1 b/hr, approximately enough to generate one megawatt of electrical power, 

would require 157 sq. ft. of thickener. A 50 MW plant would require a thick- 

ener 100 feet in diameter if all the brine were to be processed. Such a 

thickener would need to covered and insulated to prevent convection currents 

from disrupting the settling process. 

X-ray studies of the sludge indicated that PbS and ZnS were crystalline, 

but the FeS and MnS were amorphous. Acid-insoluble silica precipitated in 

increasingly larger amounts at higher doses of sulfide, and comprised 40 to 50 

percent of the solids. Overall, this sulfidation approach shows some promise, 

but requires much more development to improve specificity and setting rates. 

It should also be preceded with !a silica removal step. 

An inverse application of the sulfidation reactions are potentially 

useful as methods for abating H,S emissions[66]. 

VI-6-2b. 

Inc. worked with brines from Sinclair No. 4 and Magammax No. 1 wells, both of 

which are among the more salty of the hypersaline brines. They attempted a 

Hydroxide Precipitation Process and Follow-On Steps - Hazen Research, 

comprehensive recovery scheme using Sinclair No. 4 brine[68]. It began with 

the removal of iron by air-sparge oxidation and precipitation as a hydroxide 

with pH values below neutral. Subsequently the pH was raised to 8.7 with a 

lime slurry in order to precipitate manganese, zinc and lead. 
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attempted next 

ides. The res 

etable form. 

addi ng a1 umi num hydroxi de. Removal o f  

fol lowed by evaporation 

dual l i q u o r  contains ca 

Thereafter, 1 i t h i  um was prec ip i ta ted as a hydrated 1 i t h i  um a1 umi nate by 

barium and strontium, as sulfates, was 

t o  obtain sodium and potassium chlor- 

cium chlor ide i n  approximately a mark- 

Those resul ts  were extended i n t o  a p r e l  iminary strategy f o r  recovering 

mineralsC691. Addit ional suggestions involve the recovery o f  ammonia ( a t  the 

step o f  l i m e  addit ion) and recovery o f  bromine a f t e r  recovery o f  potash. This 

repor t  i s  augmented w i th  useful summaries about mineral commodities as wel l  as 

addi t ional  experimental data and interpretat ions.  It i s  an excel lent  primer 

on the minerals potent ia l  o f  hypersaline brines. 

A more advanced version of the Hazen f low scheme was developed l a t e r  f o r  

Magmamax No. 1[70]. A f low sheet from t h a t  repor t  i s  reproduced as Figure 

6-3. Importantly, i t  begins w i th  the sequential removal o f  s i l i c a  and i ron,  

which are the primary interferences i n  the recovery o f  desirable materials, 

and ends without recovery of sodium, potassium o r  calcium. That work formed 

the basis f o r  engineering designs o f  two p i l o t  plants. OneC711 uses the 

process o f  Figure VI-4. The other1771 uses a simpler process i n  which a l l  the 

heavy metals are taken i n  a bu lk  p r e c i p i t a t i o n  step fol lowing s i l i c a  removal, 

and no other materials are recovered before disposal o f  the residual  l i q u i d  by 

subsurface in ject ion.  The process f low sheets keyed t o  numbered cal l -outs i n  

Figure VI-4 are summarized i n  Table VI-5. 

Complete de ta i l s  o f  t h i s  series o f  reports cannot a l l  be reviewed here, 

but some o f  the more i n te res t i ng  resu l t s  are reviewed here. 

Removal o f  i r o n  f rom S i n c l a i r  No. 4 br ine was helped by the formation of 

a magnetic p rec ip i t a te  which coagulates quickly i n t o  a r e l a t i v e l y  dense matt. 

However, the Magmamax br ine y ie lded only a nonmagnetic counterpart. Develop- 
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Figure VI-4. 

Lithium 
reactor Spent Magmamax thickener 

No. 1 brine to 
acidification and 

reinjection 
Lithium 

centrifuge 

Lithium 
centrifuge 

Haten Research process materials balance for 
Magmamax No. 1 brine (From Ref. 7 7 ) .  
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Table VI-5. Hazen Research process flow sheet f o r  
Magmamax No. 1 b r i n e  (From Ref. 77). 

Strea 

43 PPm 

n No. 

I 7  I 8 1 11 12 2 

1.6 Ib/h 
10.2 wt% 

3 

1.6 lb/h 
60 wt% 

9 
230 pprn total 
187 pprn solid 43 PPm 

255 ppm + total 

0.16 Ib/h 
solicls 

375 Ib/h 
solicls 

Si02 

Fe 255 pprn 

333 pprn 

255 ppm 

Zn 

Mn 

333 pprn 

775 ppm 

70 PPm 

182 pprn 

333 ppm 

775 ppm 
I I 

775 pprn + 70 ppm 

775 ppm I I 
PI) 0.13 Ib/h 

solids 70  PPm 

182 pprn Li 182 ppm 

22.1% * 77.7% 

182 Pvm 

lner tia < 
n 
I 
w 
P 

I 22.1% 22.1 % 

7 Iblh I 77.7% H20 . 

Specific grey 

Temp. "C 

. 77.1% 

1.13 1.135 I 1.22 I I 1.14 1.135 

93 

1.20 

93 

200 

0.025 

1.5 
- 

15.0 

0.78 

1.32 1.9 1.22 

93 I 25 I 2 9  92 I 92 92 92 92 25 93 

200 Temp. O F  

~ 

200 

15 

200 I 77 I 8 5  198 I 198 198 198 198 77 

Flow, qpm 15 I 0.025 I I 15 0.03 15 0.088 

Flow, qph 900 I 1.50 I I 901 1 .8 90 1 5.25 900 

Flow, cfin 6.2 I - 
8523 Flow, Iblh I 8528 6.8 8508 54 2.67 20 

0.85 0.85 I 0.77 I I 0.85 0.48 0.85 0.77 Specific heat 
Btu/lb "F 

Heat Btu/h 

Density 

I I  I 352 ppm I 352 ppm "3 

0.46 
I 

I 144 X lo6 1.45 X lo6 2340 1144 X 106 2.46 

:50 11)/1t3 

646 

15.8 Ib/gal 

10,656 -1- 944 Ib/gal 10.2 Ib/gal 1 1.0 Ib/gal 

352 pprn 



" ...~ - ... - . . . 

Table VI-5. (Continued) 

Stream No. 

13 14 16 16 17 18 19 20 21 22 23 24 

Si02 
Fe 26ppm 0.21 Ib/h 13 mn 13 ppm 13 Plwn 

Zn 333 ppm 4.11 IWh 17 P P ~  17 pprn 17 PPm 

Mn 775 pprn 10.06 tb/h 39 m m  39 PPm 39 PPm 
w 56 pprn 0.48 Ib/h 6 PPm 6PPm 1. 6 PPm 

18 w Li 182 pp(n 

Inertia 22.1 % 22.1% 22.1% 22.1% 
20Ibh 777% 77.8% 77.0% 77.0% H20 

182 pprn 182 ppm 43 IMh solids 

Specific grey 1.132 1.303 1.86 1.13 1.109 1.315 1.13 1.434 1.86 1.13 

Temp.OF 85 195 195 195 195 195 77 77 195 195 195 195 

Flow, gpm 15 0.1 1 15 0.22 0.05 15.3 0.15 0.1 15 

904 6.8 t .6 902 13.6 2 .e 918 0.2 6.8 912 

- 

Temp.'C 29 90 90 90 90 90 25 25 90 90 90 90 

Flow. gph 
Flow,cfm 12.4 16.0 
Flow, lb/h 8540 74 24.8 8515 126 31 8672 110 78 8594 I 

Specific heat 0.85 0.85 0.78 0.67 0.85 0.48 0.85 
Etuhb "F 

'16,000 1.44 X lo6 7301 1.43X lo6 
15.5 Ib/gal 9.43 lb/gal 

2176 1.41 X lo6 7568 Heat Etuh . 1.41x 106 
9.45 Itl/gat 10.9 Ib/gaI 15.5 W g a l  9.44 lb/gal 9.24 lb/gal 10.9 Ildgal 9.45 Ih/gal 12.0 Ib/gal Density 

3.0 I b h  352 ppm 



ment of the magnetic form requires careful control o f  pH and oxidation. It is 

favored by high temperatures and pressures and complexable-anions, 1 i ke chlor- 

ide[78]. Its development is reported elsewhere at pH's above 7[791. Inter- 

estingly, it formed in the Sinclair No, 4 brine .at pH 5.5,. but not in Magmamax 

brine at pH of 5.7. The.chloride content of Sinclair No. A brine is about 15 

percent lower than the Magmamax No, 1, the iron content is about 4-fold great- 

er. The nonmagnetic form of iron precipitate carries higher levels of impuri- 

ties, especially lead, a feature which depresses their recoverable amounts in 

subsequent steps of the process. 

Iron removal is done by adding a lime slurry at a rate of 3,300 1b-of 

Ca(OH)2 per million lb of brine. Ammonia is given off at this point and would 

be available to a conventional wet scrubbing process.' The lime addition 

yields a pH of 5.7 and precipitates 93 percent of the iron. Lead is the major 

heavy metal impurity, comprising somewhat more than 3 percent of the precipi- 

tate, but this involves more than 10 percent o f  the initially available lead. 

Precipitating iron at a lower pH reduces the lead content, but at the cost of 

having more iron impurity in the subsequent steps of precipitating manganese, 

zinc and lead at pH 8.7. 

The iron and manganese are each susceptible to oxidation by oxygen o f  the 

air. Tests were made to determine what associated effects might occur with 

(1) minimal oxidation by holding the slurry-reacted brine under nitrogen, (2) 

moderate oxidation by being open to the atmosphere, and (3) maximal oxidation 

achieved by an air sparge, The lead was found to totally redissolve in ( Z ) ,  

to partially redissolve in (3), and to subsequently precipitate after either. 

Fe, Mn, and Zn contents in residual. liquid were unaffected, being near zero. 

Those results were interpretedC681 to mean that Pb was initially copre- 

cipitated with the Fe (11) hydroxide and released as oxidation converted Fe 

VI-36 



(11) t o  F E * ( I I I )  Subsequent t o  the okidat ion o f  Fe (XI), one expects Mn (11) 

oxidized 40 Mn XI), the hydroxide of-which would appear t o  be a col-  

The dearee o f  oxidat ion also a f fec ts  t h e  s e t t l i n g  r a t e  (pa r t i -  ector  f o r  Pb 

k l e  size3 o f  t he ’p rec ip i t a te  and the f i n a l  s e t t l e  volume[80). 

Lithium recovery was based on three paten’tst82-833 t h a t  , y i e l d  a hydrated 

m a1 umi nate - upon d d i t i o n  o f  A l C l i  and/or Al(OH),. Control o f  pH i s  

c r i t i c a l  and i omewhat *ehsier when using AlC l ,  w i t h  NaA10,. Recovery o f  

hium eXceeded 99 percent w i t h  S i n c l a i r  No. 4 br ine bu t  was only 88 percent 

w i t h  Magmamax No. 1. The p rec ip i t a te  i s  f ine-grained and requires ex t ra  

. e f f o r t  t o  densi fy and avoid peptization. 

Although strontium i s  more abundant i n  the br ines than barium (mole 

r a t i o s  are near 5:1), a strontium-free barium was obtained by adding sodium 

sul fate.  A t * a  3:l mole r a t i o  o f  SO,:Ba, recovery was 75 percent. Use o f  

gypsum as a source o f  su l fa te  y ie lded only a 60 percent recovery o f  barium and 

t h a t  w i t h  2 percent strontium content. 

Evaporation studies were made for the recovery o f  sodium and potassium 

chlorides. Useful data on the quaternary system NaC1-KCl-CaC1,-H,O i s  avai l -  

ableC841. Both raw and p u r i f i e d  br ine (by hydroxide p rec ip i t a t i on )  were used. 

Not only were the concentrdtions o f  t yp i ca l  metals[85] reduced i n  resu l tan t  

sa l ts ,  due t o  the hydroxide pretreatment, bu t  also, the  contents o f  most other 

materials were sharply reduced inc lud ing t o x i c  mater ia ls As, B, C r ,  and W. 

Results are shown i n  Table VI-6[68]. 

Upon evaporation NaCl prec ip i ta tes f i r s t .  About 60 percent 3 s  removed, 

f ree o f  potassium, i n  the f i r s t  stage. Second stage evaporation y i e l d s  approx- 

imately equal amounts o f  s o l i d  NaCl and KC1. The KC1 i t  separable by a hot- 

leach, cool r e c r y s t a l l i z e r  cycle which y ie lds  an i n d u s t r i a l l y  pure KC1. The 

r e s u l t i n g  b i t t e r n  contains ‘40 percent CaCl,, which i s  adequate t o  market as a 

l i q u i d ,  the more common i n d u s t r i a l  form, o r  dehydrate t o  a f l ake  product. 
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Table VI-6 

Recovery o f  Heavy Metals from Hypersaline 
Brine by Precipi tat ion o f  Hydroxides 

Element 

Ba 

Ca 

Pb 

L i  

Mg 
Mn 

Fe 

Na 

S r  

K 

Zn 

so4 

"4 

Concentration 

Feed Brine 
(g/l)  
0.233 
34.6 
0.139 
0.255 
0.150 
1.63 
0. a8 
69.0 
0.710 
19.1 
0.497 
0.042 
0.797 

Product Brine 

0.207 
( g A )  

36.6 
<O.OOl 
0.261 
0.0014 
0.002 
0.0053 
86.0 
0.719 
18.7 
0.004 

<o. 001 
0.007 

Washed and 
Dried Product 

Sol i d  
( W t .  %) 
0.002 
12.4 
1.52 
0.06 
2-09 
17.3 
11.0 
0.0088 
0.009 
0,007 
6.03 
-- 
-- 
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I w VI-6-3. Assessment o f  a Geothermal Mineral Extract ion Complex 
1 

DSS Engineers prepared a Phase I-qual i t y  technical and economic assess- 

ment f o r  a geothermal mineral ext ract ion complex (GMEC)[57]. . Their basic I 
! 
I 

I design required 26 m i l l i o n  tons o f  geothermal f l u i d  per year and 39 m i l l i o n  

tons o f  Salton Sea (nongeothermal) waters. It involved consumption o f  226 

megawatts o f  e l e c t r i c i t y  whi le generating only 189 megawatts plus 4.5 m i l l i o n  

tons o f  clean process steam. An al ternat ive,  however would enable the p l a n t  

t o  rea l locate a large excess o f  e l e c t r i c i t y  for  d i r e c t  sales. They.forecast a 

net annual p r o f i t  o f  $90 t o  $100 m i l l i o n  on net sales o f  $175.mi l l ion and an 

i overa l l  r e tu rn  on investment o f  38 percent. Eight such complexes were deemed 

1 developable by the year 2000 without exceeding the l i m i t s  o f  the resource b r  

the markets. 

VI-6-3a. Technologic Approach - Although some o f  t h e i r  design was based on the 

laboratory work by Hazen Research, DSS included several i t e m s  and approaches 

t h a t  are not  discussed elsewhere i n  regard t o  the Imperial Val ley resource. 

Many o f  these "novel" items do have technologic experience elsewhere. 

t h e i r  economic s u i t a b i l i t y  t o  the Imperial Val ley resources i s  not always 

clear. 

I 

However, 

I 

To make maximum use o f  the resource, DSS Engineers al located production 

of e l e c t r i c i t y  and removal o f  process steam p r i o r  t o  implementing the steps 

aimed a t  minerals recovery. They proposed t h a t  s i l i c a  and a l l  heavy metals be 

prec ip i ta ted by 1 ime addit ion. Subsequent recovery o f  heavy metals would then 

deal wi th the sludge. Lithium recovery from br ine would fo l l ow  according t o  

I 

I 

the process ,described ear l  ier[70]. 
I 

I I 

I 

~ 

A freeze-crystal 1 i z a t i o n  technique was proposed f o r  recovering. NaCl and 

KC1. It has the advantage o f  a s l i g h t l y  higher y i e l d  o f  KC1 and noncompeti- 

t i o n  w i t h  ag r i cu l tu re  for land t h a t  otherwise would be occupied by evaporation 

ponds. 
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LJ . ')Someg of the KC1 'would be converted t o  K2S04 f o r  loca l  ag r i cu l tu ra l  use. 

A 1  so ,-. low-value NaEl would 'be converted t o  h i  gh-val ue caust ic and ch l  o r i  ne. 

The production 'of I caustSc/chlorine would require 180 megawatts o f  e l e c t r i c  

decis ion t o  not  convert ' the NaCl would f ree about 140 megawatts 

of salable e l e c t r i c i t y .  The excess NaCl could be disposed o f  by d isso lut ion 

J 

njection. .Since both caustic and ch lor ide are i n  surplus supply, i t  

appears t h a t  the highest use o f  the geothermal energy i s  f o r  e l e c t r i c i t y  

generation. 

Soda ash (Na2C03) can be produced from Hac1 by a process which uses 

Sal ton Sea (nongeothermal) water, y ie ld ing  MgC12 as an addi t ional  product. 

The processed Salton Sea water would then be avai lable f o r  i n j e c t i o n  t o  sta- 

b i l i z e  pressures i n  the geothermal reservoir  as w e l l  as slowing both the r i s e  

of the Salton Sea level  and i t s  increasing s a l i n i t y .  Currently, however, t h e  

soda ash market i s  amply supplied by trona f rom the Green River formation o f  

Colorado and Wyomi ng. 

VI-6-3b. Economic Modeling - The DSS repor t  contains selieral f low sheets t h a t  

include material balances. Equipment l i s t s  have been prepared f o r  each module 

of the complex, including material select ions and sizing. These l i s t s  are 

followed by cost estimates f o r  separate modules. 

These estimates o f  d i r e c t  cap i ta l  costs involve process equipment, f i e l d  

materials and f i e l d  labor. Costs f o r  production and i n j e c t i o n  wel ls ( i n  the 

r a t i o  o f  2: 1) are estimated separately, b u t  may be judged disproport ionately 

l o w  on the average since t h e i r  presumed depths o f  1,500 meters i s  appropriate 

only f o r  a small po r t i on  o f  the resource. 

I n d i r e c t  costs included insurance, f re igh t ,  taxes, and labor ind i rects .  

The t o t a l  cap i ta l  estimate includes the basic module cost  p lus engineering, - 
fees and contingency. L J  
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Production costs were estimated by including raw material feedstocks , 
u t i  1 i t i e s  , m i  scel l  aneous process materials and suppl i e s  , operating and main- 

tenance labor including payrol l  burdens and p lant  overhead, maintenance parts 

and suppl i es , taxes , royal t i e s  , insurance , interest  and depreciation. Not  

included were workover costs f o r  w e l l s  o r  replacement we l ls .  

Several economic variables were 

in: 

where NUS = 

ROI = 

TCI  = 

PC = 

TP = 

R O I  ) (TCI 1 NUS = 

net u n i t  sales pr ice 

related according t o  Equation VI-5 where- 

+ -  PC (VI-5) TP 

percent return on investment 

t o t a l  capi ta l  investment 

t o t a l  production cost o f  the product 

annual t o t a l  production 

The net u n i t  sales p r ice  was taken as mid-1977 for se l l ing  prices f o r  the 

respective products, l e s s  an allowance o f  10% f o r  general , administrative and 

sales expenses. 

The sens i t i v i t y  o f  the ROI t o  inaccurate presumptions about, o r  f luctua- 

t ions in, the other factors i n  Equation VI-5,  was pa r t l y  explored by consider- 

ing one-at-a-time variat ions o f  power cost and se l l i ng  prices o f  power o r  

mineral product. 

That level  o f  economic analysis i s  barely adequate f o r  a Phase I qua l i t y  

review wherein the capi ta l  costs and production costs are very uncertain. The 

proposed chemical processes have not been actual ly demonstrated, for example. 

The next leve l  o f  evaluation should divide the so-called return-on- 

investments, as computed above, i n to  two parts, a return of capi ta l  and an 
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i n t e r e s t  component. Forecasts f o r  escalat ion o f  u n i t  sales pr ices and produc- 

t i o n  c need t o  be incorporated as well .  

A 'separate m t analysis would be required t o  estimate the balance 

Transportat ion 'costs f o r  some 

d CaC12, are s i g n i f i c a n t  f rac t i ons  o f  the s e l l i n g  

rkets  and a l te rna t i ve  producers can be 

They may deserve t o  be estimated f o r  each competitor. 

Financial Modeling - No f inanc ia l  model was provided i n  the DSS 

ps because d e t a i l s  would d i f f e r  among a l ternate ventures. De- 

scr ip t ions o f  f i nanc ia l  plans 'and how t o  model them comprise a large segment 

o f  the l i t e r a t u r e  on economics. It i s  impractical,  here, t o  describe d e t a i l s  

because o f  the large number o f  p lausible combinations o f  factors  t h a t  would 

a f f e c t  the f inanc ia l  scheme. Many o f  these are f a i r l y  common factors,  but  

geothermal ventures current ly  en joy some i n s t i t u t i o n a l  ized advantages t h a t  are 

less commonly understood. 

These advantages include an a l te rna t i ve  energy tax c r e d i t  o f  15 percent 

f o r  cap i ta l  i zed expenditures i n  addi t ion t o  the regular 10 percent investment 

tax credi t .  The d r i l l i n g  phase o f  a geothermal development receives a tax 

deduction f o r  in tangib le  d r i l l i n g  costs, a feature based on the  same ra t i ona le  

e and annual production. 

pr ices and r e l a t i v e  distances between 

especi r - i t i c a l .  

used i n  the petroleum industry. 

An e l e c t r i c i t y  s e l l i n g  p r i ce  advantage ex i s t s  under Sections 201 and 210 

o f  the PURPA Act o f  1978. This y ie lds  the p o s s i b i l i t y  f o r  the small ( less 

than 80 megawatt) power producer t o  s e l l  e l e c t r i c i t y  a t  a p r i c e  corresponding 

t o  the highest incremental generation cost i n  the system, and buy power a t  the 

average system cost. 

Financing can be aided by seeking c i t i e s  as development partners t h a t  can 

use tax-free funds by issuing revenue bonds t o  help secure t h e i r  fu ture energy 
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requirements. ,A1 so , some counties provide special  1 oad arrangements f o r  

geothermal developers t h a t  haye favorable terms compared t o  conventional money 

sources[86], Tax, sales, and f inance opportuni t ies a f fec t  both pa r t s  o f  an 

model about f e a s i b i l i t y .  The f i r s t  p a r t  considers f inancing require- 

ments i n  regard t o  amount and t im ing  o f  c a p i t a l  expenditures. This includes a 

de ta i l ed  c a p i t a l  expenditure budget, by operations, which i s  f i t t e d  t o  a 

desired mix o f  debt and equ i ty  contr ibut ions.  The second p a r t  forecasts 

revenue and operat ing costs based on output and escalat ion fac to rs  i n  sales 

and debt service requirements. It compares cash f lows before taxes 

t i o n  w i t h  t a x  l i a b i l i t y  and cash f lows a f t e r  taxes. It leads t o  

f o r  i n t e r n a l  r a t e  o f  r e t u r n  on equi ty,  ne t  present value, and 

ar ious scenarios need t o  be explored based on va r ia t i ons  of’some 

, perhaps selected o r  adjusted f o r  t h e i r  s t a t i s t i c a l  p robab i l i t i es .  

W 

I .  
. I  

The Cementation Process 

The metal cementaton process i s  described i n  Ref. 75. The bas ic  cementa- 

t i o n  process i s  described by equation VI-6: 

0 0  2+ 
MY + M, * M, +n/2 M, (VI-6) 

Tc where: M, = a dissolved metal o f  valence n 

= a metal substrate 

The process involves electrochemical reduct ion o f  the  dissolved i o n  by a metal 

e such as i ron.  The estimated recovery o f  dissolved metal fons o r  

metal s u l f i d e  complexes by cementation using i r o n  as the  reducing agent are 

summarized i n  Table VI-7. The recoveries are based on average compositions o f  

b r i ne  produced by the  Magmamax No. 1 and S i n c l a i r  No. 4 we l l s  as described I n  

Ref. 75. 

L) 
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Table VI-7  
i Estimated Cement Composition (%) 

I 

Magmamax No, 
Precious 1 Precious Metal 
Metal I I nc 1 uded 

Copper 

Lead 

T in  
Arsenic 

Ant i  mony 

Bismuth 

S e l  eni um 
S i  1 ver 

Go1 d 

Platinum 

0.7 
64.7 
19.7 
0 .2  
3.7 
4.7 
5.6 
0.5 
0 . 1  

0.06 

100.00 

Metal 

0.7 
65.0 

19.8 
0.2 
3.8 
4.7 
5.7 -- 
-- 
-- - 

99.9 

S i n c l a i r  No 4 Brine 
Precious Metal 

Included 

2.9 
87.1 -- 

6 .8  -- 
-- 

2.4 
0.5 
0 . 1  

0.06 

99.90 
- 

No Precious 
Metal 

2.9 
87.7 

6.9 

-- - 
100.0 

The cementation process i s  implemented as shown i n  Figure VI-5.  The 

process involves use o f  a wellhead mixer i n  which two-phase brine-steam mix- 

tures are contacted by recycled f i n e l y  dispersed i r o n  f i 11 i ngs, The we1 1 head 

br ine must be a c i d i f i e d  t o  a pH o f  about 3, by i n j e c t i o n  o f  hydrochloric acid, 

t o  prevent s i l i c a  deposition i n  the i r o n  f i l l i n g s .  The f i l l i n g s  act  as nucle- 

a t i on  centers f o r  metal su l f i de  complexes and dissolved metal ions. The cement 

product and the i r o n  f i l l i n g s  are recovered i n  a f l u i d i z e d  bed reactor. I r o n  

f i 11 i ngs are recovered by magnetic separation and recycled. The cement, which 

has been abraded f rom t h e i r  i r o n  substrates i n  the f l u i d i z e d  bed are recovered 

by thickeners and f i l t e r s  o r  centrifuges. The downstream por t ion Of the 

mineral recovery process i s  bas ica l ly  the scheme developed by Hazen Research 

f o r  the recovery of metals as hydrated oxides and l i th ium. 

I n  considering the de ta i l s  o f  the cementation process, i t  should be noted 

t h a t  the use o f  hydrochloric acid a t  production w e l l  head conditions implies 
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Figure VI-5. The Cementation process f o r  recovery o f  metal 
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a serious po ten t i a l  f o r  turb ine corrosion due t o  the v o l a t i l i t y  o f  hydrochlor- 
. \  , '?  I .  

he ' separated ' steam would 1 have t o  ~ be neutral  ized t o  reduce i t s  

c o r r o s i v i t y  t o  acceptable levels.  It i s  not c lear  t h a t  a c i d i f i c a t i o n  would, 

i n  f a c t  be necessary t o  contro i l i c a  deposition. A t  production wellhead 

conditions, s i l i c a  scal ing rates are qu i te  low. -The observation o f  massive 

s i l i c a  deposit ion by Schock and-DubaC871 dur ing the course o f  e lec t ro  deposi- 

t i o n  experiments i s  not  necessari ly i nd i ca t i ve  o f  s i l i c a  behavior i n  the 

absence o f  an e l e c t r i c  potent ia l .  The cementation process probably meri ts 

addi t ional  research. A proposed research p lan i s  provided i n  Ref. 75. 

Estimates o f  recoverable mineral values from hypersaline geothermal 

brines such as the data presented i n  Table VI-4 c l e a r l y  shows t h a t  l i t h i u m  i s  

the major commodity t h a t  should be targeted for recovery. I f  estimates o f  

l i t h i u m  demandC311 mater ia l ize,  then recovery processes f o r  the b r ine  sa l ine 

components w i l l  dominate any discussion o f  minerals recovery po ten t i a l .  The 

technology f o r  recovery o f  sal ines i s  wel l  developed. I f  market demands 

permit, the necessary modif icat ions t o  proven ext ract ion procedures w i l l  be 

forthcoming. 
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