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ABSTRACT 
L/ 

J 

The successful development o f  geothermal reservoirs t o  generate e l e c t r i c  
power w i l l  requi re  the  i n j e c t i o n  disposal of approximately 700,000 gal/h (2.6 x 
lo6 l / h )  o f  heat-depleted b r i n e  f o r  every 50,000 kW o f  generating capacity. To 
maintain . i n j e c t a b i l i t y ,  the spent b r i n e  must be compatible w i t h  the  receiv ing 
formation. The fac to rs  t h a t  in f luence t h i s  brine/formation compa t ib i l i t y  and 
t e s t s  t o  quan t i f y  them are discussed i n  t h i s  report.  Some form o f  treatment 
w i l l  be necessary p r i o r  t o  i n j e c t i o n  f o r  most s i tuat ions;  the process chemistry 
involved t o  avoid and/or accelerate the  formation of p r e c i p i t a t e  p a r t i c l e s  i s  
a l so  discussed. The treatment processes, e i t h e r  avoidance o r  con t ro l l ed  pre- 
c i p i t a t i o n  approaches, are described i n  terms of t h e i r  p r i n c i p l e s  and demon- 
s t ra ted  appl icat ions i n  the  geothermal f i e l d  and, when such experience i s  
l imi ted,  i n  o ther  i n d u s t r i a l  use. Monitoring techniques f o r  t rack ing  p a r t i c u -  
l a t e  growth, t h e  e f fec t  of process parameters on corrosion and wel l  i n jec ta -  
b i l i t y  are presented. Examples of b r i n e  i n jec t i on ,  p re in jec t i on  treatment, and 
recovering from i n j e c t i v i t y  loss are examined and re la ted  t o  the aspects l i s t e d  
above . 
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1.0 SUMNARY -- 

F l u i d  i n j e c t i o n  i s  not a new technology; o i l  companies have been i n j e c t i n g  
i n t o  o i l  f i e l d s  t o  increase production f o r  many years. However, o i l  f i e l d  
technology does not invo lve the  high temperatures t h a t  are cha rac te r i s t i c  o f  a 
geothermal f i e l d  and many aspects o f  the technology are not d i r e c t l y  t rans fe r -  
able. O i l  f i e l d  technology i s  more appl icable t o  sedimentary rock formations 
than t o  the f ractured systems o f ten  found a t  geothermal s i t es .  

steam f i e l d s  t o  t h e  more common liquid-dominated reservoirs. To prolong t h e  
resource and t o  avoid degrading surface waters, the underground i n j e c t i o n  o f  
t he  heat-depleted b r i n e  i s  increasingly becoming an accepted pract ice.  Many 
brines, p a r t i c u l a r l y  those from the higher temperature reservoirs, undergo 
severe chemical d i sequ i l i b r i um dur ing the energy ex t rac t i on  process because o f  
temperature and/or pressure changes. As the  b r ine  regains equil ibr ium, pre- 
c i p i t a t e s  form t h a t  can p lug the  i n j e c t i o n  process. Several approaches t o  
t r e a t i n g  t h e  b r i n e  p r i o r  t o  i n j e c t i o n  have been used, tested, proposed, o r  are 
possible. This repor t  describes these treatment options, the experience t o  
date, how they r e l a t e  t o  f l u i d  and reservo i r  character is t ics ,  and how these 
processes should be monitored. Documentation and references are provided. 

The treatment o f  spent b r i ne  p r i o r  t o  disposal i s  not cu r ren t l y  a standard 
pract ice.  Plants i n  Mexico, Kenya, Hawaii, New Zealand, and E l  Salvador do not 
i n j e c t  spent brine; the b r ine  a t  these p lants  e i t h e r  percolates i n t o  the  ground 
o r  i s  disposed of i n  surface waters. It i s  noteworthy t h a t  most p lants  a n t i c i -  
pate i n i t i a t i n g  o r  expanding i n j e c t i o n  e f fo r t s  t o  improve reservo i r  longevi ty  
and t o  minimize environmental damage. Experience has shown t h a t  treatment 
p r i o r  t o  i n j e c t i o n  w i l l  become standard p rac t i ce  because o f  the p r e c i p i t a t e s  
t h a t  form dur ing the heat ex t rac t i on  process and block t h e  i n j e c t i o n  wel l .  
Treatment p o s s i b i l i t i e s  include: 

I n  the  l a s t  two decades, geothermal development has been s h i f t i n g  from 

o immediate i n j e c t i o n  w i t h  no treatment; 1 h o f  aging p r i o r  t o  
i n j e c t i o n  (Japan); 20% annual loss o f  i n j e c t i v i t y  

o maintaining temperature above s i l i c a  p r e c i p i t a t i o n  l e v e l s  (EL 
Salvador) 

e maintaining temperature ( s i l i c a  con t ro l )  and pressure f o r  c a l c i t e  
con t ro l  (United States) 

o i n h i b i t i n g  s i l i c a  p r e c i p i t a t i o n  by a c i d i f y i n g  (United States) 
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o f l o c c u l a t i n g  the  s i l i c a  by r a i s i n g  the  pH w i t h  l ime add i t i on  (New 
Zealand and Mexico) 

o using a c a l c i t e  i n h i b i t o r  and maintaining high temperatures f o r '  
s i l i c a  contro l  (United States) 

using a recycled sludge t o  seed p r e c i p i t a t i o n  (United States). 

Operating experience i s  l imi ted,  much o f  the data i s  propr ietary,  and the 
reservoirs are so var ied t h a t  general conclusions based only on operating 
experience are hard t o  support. The reservo i r  s i t e  and chemistry condi t ions 
s t i l l  determine the treatment process. 

I n j e c t i o n  horizon reservo i r  character is t ics ,  both those r e l a t i n g  t o  the  
formation poros i ty  and i t s  connate water, have an impact on t h e  i n j e c t i o n  
treatment process. To maximize the  i n j e c t i o n  zone area and t h e  tolerance t o  
part iculates,  the prefer red p rac t i ce  i s  t o . i n j e c t  i n t o  a fracture, especia l ly  
if it  does not s h o r t - c i r c u i t  back t o  the  production welT. As t h e  Japanese and 
the Roosevelt Hot Springs experiences indicate,  h igh i n j e c t i o n  conduct iv i ty  
from f ractures can p a r t i a l l y  compensate fo r  what would otherwise be an 'unac- 
ceptable treatment process. This i n j e c t i o n  conduct iv i ty  can only be r e l i a b l y  
determined on the  s i t e  by d r i l l i n g  a wel l ;  however, l i t e r a t u r e  references can 
permit the est imat ion of formation mean g ra in  size. Assuming t h a t  i n j e c t i o n  
w i l l  be con t ro l l ed  by the poros i ty  surrounding t h e  wellbore, t h i s  can be 
correlated w i t h  d i f f e r e n t  types o f  formation damage as a funct ion o f  i n j e c t e d  
p a r t i c u l a t e  s i ze  (Table 1.1). 

The chemistr ies o f  the br ines t h a t  requi re  i n j e c t i o n  range from s a l i n i t i e s  
of 5% t o  800% t h a t  of seawater. Within t h i s  range of s a l i n i t i e s  the re  are a 
handful o f  scale species t h a t  give problems i n  geothermal condit ions, and these 
problems can be aggravated by c e r t a i n  process operations (Table 1.2). 

o 

TABLE 1.1. Estimated Impact o f  I n jec ted  Par t i c l es  on Formation 

Size o f  In jected P a r t i c l e s  
Estimated t o  A f fec t  Well Performance, p m  Calculated 

Formation No Deep Red Surf ace Reservoir 
and We1 1 - Grain Size, pm E f fec t  Invasion Impairment 

Westmorl and 
Dearborn 2 38 (0.5 0.5 to 3 >3 
Landers 3 36 <O .5 0.5 t o  3 ,3 

Mesa 5-1 13 C0.5 0.5 t o  1.2 >1.2 
Magma 46-7 137 <O .5 >0.5 

East Mesa 

1.2 



TABLE 1.2. E f f e c t  o f  Process Parameters on Potent ia l  Scale Formation 
--y--LI 

Equi l ibr ium E f f e c t  on 
PO t en t) 

Process Parameter ip, Su ate 

Temperature decrease 0 0 0 o Ca 
(as i n  p lan t  cycle) Ra 

Temperature increase 0 0 0 o Ca 
(reheat dur ing i n j e c t i o n )  o Ba 

Increased pH a 0 0 0 

Decreased pH 0 0 0 0 

Iqcreased s a l i n i t y  0 0 0 0 

(as i s  f lashed) o pH >9 

(ac id  addi t ion)  

(f lashing; mixing) 

(a)  o ag ravates problem 
o a1 4 eviates problem. 

Among these species the most universal  problem i s  caused by s i l i c a  polym- 
e r i z a t i o n  as the b r i n e  i s  concentrated and/or cooled by f l ash ing  o r  heat 
extraction; S i l i c a  p r e c i p i t a t i o n  k i n e t i c s  i s  slow t o  moderate; deposi t ion i n  
the  receiv ing formation can cause loss o f  i n j e c t i v i t y  t h a t  i s  expensive t o  
r e c t i f y .  Factors t h a t  depress the speed of s i l i c a  p r e c i p i t a t i o n  include: 
decreased temperature, decreased supersaturation r a t i o ,  t h e  absence o f  f l u o r i d e  
i o n  cata lyst ,  and lowering the  pH. Maintaining s i l i c a  supersaturation r a t i o s  
below 2 gives some opportuni ty for  c o n t r o l l i n g  p r e c i p i t a t i o n  a t  t he  pH ranges 
normally encountered i n  U.S. f i e l d s .  Lowering the pH by one u n i t  slows the  
k i n e t i c s  by a fac to r  of 10. As the pH becomes very ac id  (pH -3) and the  k ine t -  
i c s  slows, the presence of f l u o r i d e  c a t a l y s t  can maintain the p r e c i p i t a t i o n  
r a t e  even i n  the face of fur ther  pH drops. Since s i l i c a  equ i l i b r i um s o l u b i l i t y  

' increases w i t h  temperature, which p a r t i a l l y , o f f s e t s  the temperature-based 
k i n e t i c  factors,  t he  net e f f e c t  i s  t h a t  the maximum r a t e  o f  s i l i c a  p rec ip i t a -  I 

t i o n  should occur when t h e  b r i n e  i s  25 t o  5OoC below the temperature f o r  
saturat ion a t  a given amorphous s i 1  i c a  concentration. 

C a l c i t e  p r e c i p f t a t i o n  i s  t y p i c a l l y  a production problem, although i t  may 
r e s u l t  from the  i n j e c t i o n  of surface o r  incompatible waters as they a re  
reheated. Sulfate scales are a s i m i l a r  problem where incompatible waters .are 
involved. Su l f i de  scales f requent ly occur i n  conjunction with other scales, 
although as techniques are used t o  contro l  these other scales, su l f i de .  prec ip i -  
t a tes  become more not iceable as geothermal scales o n ' t h e i r  own basis. The b, 
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s u l f i d e  chemistry i s  more complicated and less understood than the  s i l i c a  and 
c a l c i t e  chemistry, and it deserves more invest igat ion.  

The various processes f o r  cont ro l  l i n g  the  chemical d isequi l fbr ium inherent 
i n  the  geothermal energy ex t rac t i on  process can be grouped as e i t h e r  p rec ip i t a -  
t i o n  avoidance or contro l  l e d  p rec ip i t a t i on ;  b r i n e  p u r i f i c a t i o n  methods ( i on  
exchange, reverse osmosis) are inappropriate. Some o f  these s p e c i f i c  tech- 
niques are more su i tab le  f o r  one type o f  scale than another and, even i n  the  
conceptual stage, can be matched t o  a p a r t i c u l a r  reservo i r  o r  type o f  "power 
cyc le  (Table 1.3). 

were produced and in jected, t he  experience and development focused on p rec ip i -  
t a t i o n  avoidance techniques such as temperature control ,  a c i d i f i c a t i o n ,  inh ib-  
i t o r s ,  o r  pressure maintenance. A l l  o f  these are cu r ren t l y  i n  use fo r 'ma in  
f low treatment i n  the United States. S i l i c a  chemical i n h i b i t o r s  have shown 
some effectiveness a t  h igh concentrations (economically unat t ract ive) ;  a 
su l fa te i n h i b i t o r  has demonstrated poor ef fect iveness i n  laboratory tests;  
CaC03 i n h i b i t i o n  has been e f f e c t i v e  a t  low concentrations (ppm range) depending 
on the  chemical used and the b r ine  scal ing tendency. 

U n t i l  t he  hot  hypersal ine br ines from the  Imperial Val ley o f  C a l i f o r n i a  

TABLE 1.3. P o t e n t i a l l y  Usable Treatment Techniques 

Scaling Control l e d  
Species P r e c i p i t a t i o n  Avoidance Prec ip i t a t i on  Not Appropriate 
S i l i c a  Temperature maintenance C r y s t a l l i z e r - c l a r i f i e r  CO2 i n j e c t i o n ( a )  

Acid treatment' Rase treatment Pressure maintenance 

I n h i  b i t o r  
D i  1 u t i  uh Agi ng/sedimentation , \  

CaC03 Pressure maintenance 
I n h i  b i t o r  
Acid treatment . 

Temperature maintenance 

I n h i b i t o r  

Sulf ides Acid treatment 

Sul fates Compatible mixing 

fb, 
C O ~  inject ion(')  Temperature maintenanc 

Crystal  1 i z e r - c l a r i f i e r  

Crystal  1 i t e r - c l  a r i  f i e r  Pressure ma5 n ena ce 
Base treatment 

. '  . 

c02 i n j e c t i o n  k r  a ~ c  

(a) To the extent t h a t  t he  r e s u l t i n g  b r ine  pH i s  lowered, i t  may be benef ic ia l .  
(b) The speed of c a l c i t e  deposit ion makes i t  u n l i k e l y  t h a t  con t ro l l ed  p rec ip i t a -  

t i o n  techniques w i l l  be successful unless pressure i s  maintained., 
(c)  I n  the  case of noncondensible gas (NCG) i n j e c t i o n  i n t o  some br ines the 

Presence of H2S could aggravate the problem by causing metal s u l f i d e s  t o  . 
p r e c i p i t a t e  from the  cooled brine. 

Ld 
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I n  the  l a t e  1970s, the U.S. Department o f  Energy and San Diego Gas and 
E l e c t r i c  operated t h e  Geothermal Loop Experimental F a c i l i t y  (GLEF) using 
hypersal ine brine. S i l i c a  and s u l f i d e  scal ing problems resul ted i n  the  suc- 
cessful t e s t i n g  of the f i r s t  o f  the con t ro l l ed  p r e c i p i t a t i o n  techniques- 
recyc l i ng  p r e c i p i t a t e  p a r t i c l e s  as seeds and completing the p a r t i c u l a t e  growth 
i n  a reactor c l a r i f i e r .  This c r y s t a l l i z e r - c l a r i f i e r  technology has been 
adapted by a p r i v a t e l y  owned 10-MWe Salton Sea plant, and other de r i va t i ve  
p lants  are planned, Various methods o f  separating the produced so l i ds  from the  
b r i n e  are described and the  geothermal experience and po ten t i a l  are discussed 
i n  t h i s  report. 

treatment: processes p ro tec t  t he  i n j e c t i o n  system, which i n  t u r n  i s  usual ly  a 
fac to r  i n  determining whether the  p lan t  i t s e l f  can operate. Monitor ing these 
treatment and i n j e c t i o n  systems can be a cost -ef fect ive way t o  maintain a h igh 
capaci ty f a c t o r  and minimize expensive we l l  recovery operations. The use and 
i n t e r p r e t a t i o n  of i n j e c t i v i t y  data, f i l t e r  tests,  p a r t i c u l a t e  analysis, and 
other  techniques are described inc lud ing a de ta i l ed  example. Treatment process 
monitor ing by b r i n e  composition changes and p a r t i c u l a t e  content have detected 
unant ic ipated scal ing and suspended s o l i d s  t rans ients  t h a t  could impact i n jec -  
t i o n  w e l l  performance. Table 1.5 i l l u s t r a t e s  a composite view from two reser- 
vo i  rs o f  p a r t i c u l a t e  concentrations observed a t  d i f f e r e n t  geothermal process 
locations. These l i m i t e d  data i nd i ca te  t h a t  the con t ro l l ed  p r e c i p i t a t i o n  
treatment processes, despi te c l a r i f i c a t i q n  and f i l t e r s ,  w i l l  i n j e c t  an order o f  
magnitude more suspended p a r t i c l e s  than the p r e c i p i t a t i o n  avoidance treatments. 
From t h i s ,  i t  can be i n fe r red  t h a t  t he  l oca t i on  of a f ractured o r  h igh l y  perme- 
able i n j e c t i o n  zone w i l l  be more c r i t i c a l  t o  the success o f  a con t ro l l ed  pre- 
c i p i t a t i o n  process than i t  i s  t o  a p r e c i p i t a t i o n  avoidance process, It i s  con- 

hat i n  the  f u t u r e  the i d e n t i f i c a t i o n  o f  favorable i n jeC t ion  horizons 
w i l l  become near ly as important as the l oca t i on  o f  favorable production zones. 

Monitoring the  process for corrosion i s  a s t ra ight forward way t o  assure 
t h a t  process condi t ions are consistent wi th  the f u l l  operational l i f e t i m e s  o f  
t he  components. An economic analysis Is presented, i n d i c a t i n g  t h a t  t he  - l i f e  
cyc le  cost of repeated w e l l  cleaning i s  greater than the cost o f  a proper ly  
operating i n j e c t i o n  treatment process. 

bd 

Table 1.4 summarizes some treatment pract ices and t h e i r  status. These 



Prob lem 

S i  l l ca  
(Section 4.11 

? 

TABLE 1.4. Br ine Treatment Problems and Selected Technical Options 
Poss lbk  Sob!flon 

Occurrence w Component 

Japan, E I Sa Ivador, Mexico, New 
Zealand, HawaII, and Inperla1 
Va I ley; most common prob Ian f o r  
InJection dlsposa I. 

Crysta 1 I lzer-reactor 
c l a r i f  fe r  techno logy 
(Section 5.2) 
Ac I d If Icat  Ion 
(Sectlon 5.1.3) 

Ca k i t e  
(Sectlon 4.2) 

Turkey, Azores, East Mesa, 
Desert Peak, and B r a e  Hot 
Springs. Maln ly a production 
prob Ian, a lthough ca l c l t e  
crysta Is may nuc b a t e  s i  l l ca  
par t  IC les. 

Su If Ides Sa lton Sea, Branley, East Mesa, 
(Sectton 4.3) Desert Peak, and New Zealand; 

other preclpltates. 
- frequently I n  conJunctlon with 

Su If ates Satton Sea 
(Sect ion 4.4) 

Add base/ I Im 
(Section 5.1.3) . 
Chemica I lnh lb l tors  
(Sectlon 5.1.4) 
A l r  f lotat lon separatlon 
(Sectlon 5.3.41 
Pond 1 ng/ag I ng-sed lmentat ion 
(Sectlon 5.3.2) 

Maintai n tenperature 
(Section 5.1.2) 
High-rate se t t l e r  
(Section 5.3.2) 
D I  lut ion (Section 5.1.5) 
Mafntatn pressure 
(Sectlon 5.1.1) 
In jec t  C02 (Sectlon 5.2.1) 
Ac Id  I f  lcat  Ion 
(Section 5.1.3) 
I nh 1 b l t o rs  
(Section 5.1.4) 
Ac I d  I f  lcat  ion 
(Section 5.1.3) 
Crysta I I 1 zer-c lar 1 f 1 er  
(Sect Ion 5.2) 
Avoid lnconpatlb le 
waters 

Geotherma I Experience 

GLFE, Sa Iton Sea 1O-MWe. 

Tested i n  New Zealand, 
Salton Sea; ncu used a t  
Braw ley 1O-MWe. 
Tested In  New Zealand, 
Cerro Prieto, Los Azufres. 
Tested a t  Satton Sea and 
Cerro Pr I eto. 
Tested a t  Wairakel. 

Japan (Hatchobaru), Hawal I ,  
and Cerro Pr le to  (no 
InJection); unsuccessful ty 
tested I n  New Zea land and 
a t  Braw ley 1O-MWe p lant. 
E l  Salvador, Esst Mesa, Heber 
(under construct Ion). 
Tested a t  Los Atufres. 

Tested i n  Ice  land. 
East Mesa, Brady Hot Springs, 
Heber (under construction). 
Desert Peak test. 
East Mesa tests. 

Rooswelt Hot Sprlngs. 

Bran ley lO*We plant. 

Sa lton Sea 1O-MWe plant 
and GLEF. 

c G 



TABLE 1.5. P a r t i c l e  Loadings i n  Treatment Processes 

Pa r t  i c l  e - Process - Location- Concentrat- 
P rec ip i t a t i on  avoidance: Plant i n l e t  0.7 
maintain temperature and 
pressure (binary p lan t )  I n j e c t i o n  1.1 

Control led p rec ip i t a t i on :  Reactor c l a r i f i e r  10 t o  20,000 

( f  1 ash p lan t )  Reactor c l a r i f i e r  50 t o  200 

c r y s t a l l i z e r ,  reactor  i n f l o w  
c l a r i f i e r ,  media f i l t e r  

out  f 1 ow 

Media f i l t e r  out- 10 t o  20 
f low t o  i n j e c t i o n  

1.7 



2.0 INTRODUCTION 

The use o f  geothermal energy t o  produce e l e c t r i c  power has demonstrated a 
long-term annual growth r a t e  o f  8.3% (Figure 2.1) throughout the world, depend- 
i n g  on the  combination o f  resources, capi ta l ,  and technical  knowledge. As o f  
1983, 90% o f  the 137 operational p lants  were d i s t r i b u t e d  about evenly among 
fou r  locat ions:  Europe, the P a c i f i c  Is land countries, North America, and 
Central America. The remaining p lants  were located i n  mainland Asia and 
Afr ica.  North and Central American p lants  (almost 30% o f  the t o t a l )  tend t o  be 
l a rge r  than the average and represent h a l f  o f  the worldwide i n s t a l l e d  capacity. 

Two types o f  geothermal reservo i rs  are represented: steam and superheated 
water (usualTy re fe r red  t o  as a l iquid-dominated o r  b r i ne  rese rvo i r  even though 
t h e  s a l i n i t y  may range from 1/20 t o  8 times tha t  o f  seawater). The steam 
f i e l d s  are more desirable because they can produce power more economically and 
e f f i c i e n t l y  than the  more common liquid-dominated reservoirs.  

Several l iquid-dominated reservoirs, using flash-to-steam o r  b inary 
(organic Rankine cycle) p l a n t  technology, are being developed as energy . 
resources. About 55% o f  the operating geothermal u n i t s  cu r ren t l y  work from 
liquid-dominated reservoirs. A by-product from t h i s  energy u t i l i z a t i o n  i s  t h e  
production o f  l a rge  volumes o f  spent (heat-depleted) geothermal brines; a 
50,000-kWe p l a n t  produces about 700,000 gal /h (2.6 m i  11 i o n  1 /h) . 

The composition o f  geothermal waters can vary widely depending on the  
source of the water and t h e  process used t o  ex t rac t  energy. A geothermal power 
p l a n t  t h a t  operates on a steam source w f l l  produce and discharge water t h a t  i s  
very low i n  dissolved s a l t s  (i .e., condensate) . A geothermal power p lan t  t h a t  
operates on a hot b r i n e  source w i l l  produce and discharge water t h a t  i s  high i n  
dissolved s a l t s  and may contain p rec ip i t a ted  p a r t i c u l a t e  matter. 

The v a r i a b i l i t y  of the composition o f  geothermal waters from d i f f e r e n t  
reservo i rs  i n  the western United States i s  i l l u s t r a t e d  i n  Figure 2.2. The 
dominant elements are sodium, potassium, calcium, and chlorine. O f  these, only 
calcium plays a d i r e c t  r o l e  i n  the formation of scale and p rec ip i t a ted  sol ids.  
The major sources of scale and p rec ip i t a ted  so l i ds  t h a t  form dur ing energy 
ex t rac t i on  from geothermal waters are 1) s i l i c a ,  2) calcium carbonate and sul- 
fate, and 3) heavy metal su l f ides,  sulfates, oxides, and carbonates. Other 
minerals such as stront ium carbonate o r  barium s u l f a t e  may Occur in f requent ly .  
The composition of geothermal waters , in a reservo i r  i s  re la ted  to :  

Q the composition of the water enter ing the  reservo i r  ( f o r  example, 
brackish o r  f resh water) 

2.1 
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FIGURE 2.1. Geothermal E l e c t r i c  Plant  I n s t a l l e d  Capacity (DiPippo 1984) 
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W , 
o temperatures w i t h i n  t h e  reservo i r  
e geologic materials; water/rock reactions . 

The solutes present i n  water enter ing a geothermal reservo i r  can a lso 
in f luence the  f i n a l  makeup o f  t he  water withdrawn f o r  energy production. A 
h igh concentrat ion o f  NaC1, f o r  example, w i l l  increase the s o l u b i l i t y  o f  BaS04 
(ba r i t e )  but decrease the  s o l u b i l i t y  o f  Si02. The types and quan t i t i es  o f  min- 
e r a l s  present i n  geologic s t r a t a  containing the geothermal water f n  a rese rvo i r  
af fect  t he  composition o f  the water. The scale- o r  precipi tate-forming charac- 
t e r i s t i c s  o f  geothermal waters are l a rge ly  the r e s u l t  o f  mineral d i s s o l u t i o n  i n  
the  reservoir .  
s t i t u e n t  i n  the  earth 's c rus t  and i s  f requent ly found i n  geothermal waters a t  
concentrat ions s u f f i c i e n t  t o  form scale o r  p rec ip i t a tes  upon cooling. 
one of the more troublesome solutes because i t  i s  o f ten  slow t o  respond t o  
physical/chemical a l t e r a t i o n  o f  the geothermal water; i t  f a i l s  t o  reach equi- , 

l i b r i u m  qu ick l y  dur ing p r e c i p f t a t i o n  o r  c r y s t a l l i z a t i o n .  

rese rvo i r  i s  enhanced as the  temperature increases. Notable exceptions are 
calcium carbonate and calcium s u l f a t e  over c e r t a i n  temperature ranges where the  
s o l u b i l i t y  decreases as the temperature increases. The causes o f  scale and 
p r e c i p i t a t e  formation are discussed i n  Section 4. 

i n  North America are presented i n  Table 2.1. These reservoirs e i t h e r  have 
e x i s t i n g  power production u n i t s  a t  the s i t e s  o r  have a po ten t i a l  f o r  large- 
scale power production. A l l  are hydrothermal, l iquid-dominated reservoirs. 

S i l i c a ,  f requent ly i n  the form o f  quartz, i s  a common con- 

It i s  

I n  general, the solvent c a p a b i l i t y  o f  water f o r  minerals i n  a geothermal 

Elemental compositions o f  geothermal waters taken from various reservo i rs  

Because o f  construct ion scale-up r isks,  the high cost o f  cap i ta l ,  l a rge  
b r i n e  disposal volumes, and the exploratory nature o f  b u i l d i n g  the f i r s t  p l a n t  
on any given reservoir ,  geothermal p lants  tend t o  be smaller than other base- 
load generating plants. The current  median s i ze  i s  i n  the 10- t o  20-MWe 
range. The la rge r  geothermal p lants  are located on steam reservoirs, wh i l e  
smaller p lan ts  are on l iquid-dominated f i e lds .  This arrangement works t o  t h e  
advantage of operators and engineers working i n  a t  l e a s t  a p a r t i a l l y  unfami l iar  
f i e l d  i n  t h a t  r i s k s  are smaller and more read i l y  compensated f o r  i n  a small 
process . 

Several innovations are being explored and tested f o r  s p e c i f i c  geothermal 
appl i c a t i  ons , including: g r a v i t y  head b i  nary p lants  u s i  ng downhol e heat 
exchangers , h i  nary p l  ants u t i  1 i z i  ng d i  r e c t  contact ( b r i  ne: 
f l u i d )  heat exchangers, a t o t a l  flow ro ta ry  separator expander, C02 in jec t i on ,  
and others. A1 1 o f  these. options (except f o r  the i n i t i a l  one) produce compar- 
able volumes of waste f l u ids .  The handling o f  these f l u i d s  i s  an area o f  
intense current  i n t e r e s t  because development o f  new b r ine  treatment processes 

organic worki ng 
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TABLE 2.1. Chemical Consti tuents i Unflashed Waters from Selected 
Geothermal Reservoirs CaP 

R e s v x o l r ,  Locat lon.  and Wel l  
Sa l ton  Sea Cerro P r i e t o  East Mesa Heber Ahuachapan Roosevel t Hot Beowawe 

USA/Cal 1 f o r n  a IlSA/Cali f o r n  a IISA/Cal i f o r n i  +El Salvad r Sprlngs, USA/ t a h  USA/Wcv da 
Cons t i t uen t  Magnamax Mexico/Radf M-3ob(cs Mesa 31-A(df C. R. Jackson lifd) Ah 1 and 6fe) P h i l l i p s  54-3Ydsf) Vulcan 2Atd*g) 

TDS(h) 183,000 ( 17,000 2900 15,300 15 ,OOO( 6440 
L i  
Na 

K 

w.3 
Ca 
S r  
Ba 

Fe 

Mn 

As 
Pb 

cu 

Zn 
F 

c1 
si02 

SQ4 
HCO3 

PH 
Temperature ,OC 

156 
41,700 
7,350 
97 
19,400 
393 
130 
126 
520 
(12)(j) 
21 - 
203 
(15)(j) 
112,800 
456 

(>lSO)(j) 
(5.2 a t  2OoC)(j) 
(340)(j) 

(5.4)(j) 

15 
5,190 
1,220 
0.55 
396 
13 
5.3 
0.3 

0.31 
1 .a 

- 
0.7 
0.007 
0 .88 

10,100 
720 
8.6 
21 
(8.10 a t  25OC) 
(273) 

0.6 2.8 
730 4690 
85 181 
<O .05 4.7 
9 891 
1.4 32 
0.15 3 
n .I 20 
NO 1.3 
0.025 - 
0.6 0.6 
co.1 0.4 
0.1 0.4 
1.4 0.9 
510 8,320 
270 267 
183 152 
84.5 - 
6.3 5.8 
174 - 

(a) Concentrat ions i n  ppm except where i n d i c a t e d  otherwise; (-) s i g n i f i e s  
(b) See San Diego Gas and E l e c t r i c  1980. 
(c )  Data i n  vm; c o r r e c t e d  f o r  steam l o s s  based on a f a c t o r  o f  0.665. 
(d)  See Cosner and Apps 1978. 
(e)  See Einarsson, Vides, and C u e l l a r  1975; C u e l l a r  1975. 
( f )  Data f rom Record 227 except t h a t  i n  parentheses I s  from Record 226. 
(9 )  l l nco r rec ted  f o r  steam loss (-7%). 
(h)  TOS - t o t a l  d i s s o l v e d  so l tds .  
(1) Sum o f  average major  element concentrat ions.  
(j) We18 IID No. 1; see White 1968. 
(k)  CO' = 168 ppn. 

c 

15 
4550 
792 
0.07 
326 
2.2 

0.08 
0.19 

- 

7 .a 
9.0008 
SO .OQ08 
0.005 
1.3 
8,250 
483 
18 
27 - 
240 

18 
2400 
565 
19 
9 - 
- - 
0.15 
3.5 
0.1 
0.03 
0.04 
(5) 
4,800 
775 
200 
(200) 
(6.5) 
(>260) 

no t  ava i l ab le ;  and ND s i g n i f i e s  n o t  detectable.  

855 
t r a c e  

214 
9 - - - - - 
<0.1 - - 
<0.1 

6 
50 
329 
89 
3(k)  

- 

9.3 
132 



w i l l  permit the tapping o f  selected geothermal reservoirs. I n  the recent past, 
some techno1 ogi es addressi ng the  hand1 i ng o f  b r i  ne p r i o r  t o  i n j e c t  i on have been 
tested; f o r  example, c r y s t a l l i z e r / c l a r i f i e r  technology adapted from municipal 
waste water treatment use. Invest igators are looking a t  combining separate 
funct ions o f  t h i s  technology i n t o  a s ing le  component. F l o t a t i o n  technology 
from the minerals indust ry  has seen l i m i t e d  t e s t i n g  t o  remove p rec ip i t a tes  from 
spent b r i ne  as have f i l t e r  presses, centr i fuges, and s e t t l e r s .  

I n  a l l  o f  these approaches t o  treatment before i n j e c t i o n  disposal, the 
b r i n e  chemistry, temperature, and pressure must be matched t o  the treatment 
process. The chemical engineering t h a t  ex i s t s  i s  one o f  most chal lenging i n  
the  f i e l d  because of the l a rge  flows involved and the rap id changes i n  tempera- 
ture, pressure, and mineral s o l u b i l i t i e s .  

This repor t  was prepared by P a c i f i c  Northwest Laboratory (PNL)(a) t o  
provide a technical  understanding and descr ip t ion o f  the rap id l y  developing 
i n j e c t i o n  treatment f i e l d .  Although many references are provided, i t  i s  the 
authors' i n t e n t  t o  provide a stand-alone t e x t  t o  the extent p rac t i ca l ,  espe- 
c i a l l y  f o r  the chemistry and treatment options areas. Discussions and evalua- 
t i o n s  o f  several techniques t h a t  have been proposed o r  could be tes ted  f o r  
geothermal use are included. The underlying process chemistry p r i n c i p l e s  are 
discussed i n  moderate d e t a i l  because o f  the unusual chemistr ies involved and 
t h e i r  large impact on process design and operation. Treatment options invo lv-  
i n g  s p e c i f i c  components are discussed w i t h  consideration t o  the nongeothermal 
background from which they are adapted. I n  many cases, these are not new and 
u n t r i e d  techniques; i t  i s  only t h e i r  adaptation t o  the geothermal chemistry 
t h a t  i s  new. 

The remainder o f  the repor t  consists of :  
0 a descr ip t ion of design requirements f o r  i n j e c t i o n  
e a discussion o f  t he  process chemistry involved 
6 a discussion of t h e  treatment options 
o a descr ip t ion o f  operational monitor ing steps 
0 a discussion of the comparative economics 
o a summary o f  i n j e c t i o n  experience throughout the world. 

-.- 

(a)  Operated f o r  the U S .  Department of Energy (DOE) by B a t t e l l e  Memorial 
I n s t i t u t e .  
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3.0 DESIGN REQUIR- AN INJECTION TREATMENT PROCESS . 

To design a water treatment process, t he  e f f l u e n t  cha rac te r i s t i cs  must be 
establ ished so t h a t  the process i s  compatible w i t h  the i n j e c t i o n  formation. 
Two i n t e r r e l a t e d  subjects are involved: 
aspect and the  geochemical problem t o  prevent scale from forming a t  an unan- 
t i c i p a t e d  l oca t i on  o r  rate. The l a t t e r  i s  introduced i n  t h i s  sect ion only, and 
ca l cu la t i ona l  models are described. The changes t h a t  occur dur ing a power 
cyc le  o r  treatment process and the  e f f e c t  on scal ing are discussed i n  
Section 4. 

the format ion/ f lu id  compa t ib i l i t y  

I n j e c t i o n  experience and treatment processes vary from rese rvo i r  t o  reser- 
vo i r ,  from b r i n e  t o  brine, and w i t h  temperature and pressure. These var iab les 
make i t  d i f f i c u l t ,  if not impossible, t o  determine design requirements f o r  a 
successful treatment process; however, the t e s t s  used t o  a r r i v e  a t  such a 
determination f o r  a p a r t i c u l a r  s i t e  are discussed i n  t h i s  section. 
t h i s  sect ion assumes t h a t  i n j e c t i o n  permeabi l i ty  w i l l  be con t ro l l ed  by the  
ma t r i x  around the  we1 lbore and not by f ractures.  Fracture-dominated permea- 
b i l i t y  ind icates t h a t  t h e  formation w i l l  t o l e r a t e  many more s o l i d s  and t h a t  
i n j e c t i o n  treatment may be minimal . 

I n  general, 

3.1 FORMATION/FLUID COMPATIBILITY 

The main questions t o  be considered i n  treatment o f  f l u i d s  t o  be i n j e c t e d  
are: What are the major f o rma t ion / f l u id  i n c o m p a t i b i l i t i e s  i n  a p a r t i c u l a r  
i n j e c t i o n  we l l  and what are t h e  po ten t i a l  we l l  impairment mechanisms t h a t  may 
occur dur ing i n j e c t i o n ?  From design and operational standpoints, i t  i s  desira- 
b l e  t o  es tab l i sh  these impairment processes before t r y i n g  t o  i n j e c t  spent f l u i d  
because w e l l  plugging i s  o f ten  expensive o r  d i f f i c u l t  t o  correct .  
terms, fo rma t ion / f l u id  i ncompa t ib i l i t y  can a r i s e  from e i t h e r  o r  both o f  two 
phenomena: 1) p a r t i c u l a t e  plugging and 2) geochemical i ncompa t ib i l i t y .  To 
diagnose i n j e c t i o n  probl-ems i n  both o f  these areas, informat ion on the  geologic 
and hydrologic cha rac te r i s t i cs  of the receiv ing formation and data on the 
i n j e c t i o n  composition, temperatures, and suspended s o l i d s  content o f  t he  f l u i d  
are required. Format ion/ f lu id compa t ib i l i t y  i s  determined by each of these 
factors,  and requirements and procedures f o r  t h e i r  character izat ion are d is-  
cussed i n  t h i s  section. 

3.1.1 P a r t i c u l a t e  Plugg!ng_ 

geothermal i n j e c t i o n  wells. It can a r i s e  from fou r  processes t h a t  have been 

I n  general 

P a r t i c u l a t e  plugging i s  the most common type o f  impairment experienced i n  
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described by Barkman and Davidson (1972) and Jorda (1980) among others..(a) ‘c.i 
These mechanisms are  s ta ted  below and shown schematical ly i n  F igure 3.1: 

0 formation o f  a f i l t e r  cake on the  wellbore face 

6 p a r t i c l e  invas ion i n t o  the  rock formation, which reduces ava i l ab le  
pore space o r  forms an i n t e r n a l  f i l t e r  cake 

WELLBORE NARROWING 
(FILTER CAKE) 

I NVASlO N 

WELLBORE FILLING 

PERFORATION PLUGGING 

--- FIGURE 3.1. Types o f  We 
(Rarkman and 

SOLIDS 
___) 
\ 

SOLIDS 
1 

1 bore Impai rment Caused by Suspended Sol i ds 
Davidson 1972) 

i (a) Chasteen 1975; Davidson ‘1979; Earlougher 1977. 
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6 wellbore f i l l i n g  

6 wel l  casing pe r fo ra t i on  plugging. 

P a r t i c u l a t e  plugging i n  geothermal systems i s  o f ten  a combinatlon o f  these 
mechanisms. F i l t e r  cake usual ly  forms when the i n jec ted  b r ine  i s  high i n  sus- 
pended s o l i d s  and the  i n j e c t i o n  horizon has a mean pore s i ze  too  small t o  
accept a l l  o f  the s o l i d  pa r t i c l es .  P a r t i c l e  invasion occurs when the r a t i o  o f  
f l u i d  p a r t i c l e  s i ze  t o  po ros i t y  s i ze  i s  such t h a t  invasion o f  the formation 
occurs and an i n t e r n a l  f i l t e r  cake i s  formed. I n j e c t i o n  impairment caused by 
wellbore narrowing, wellbore f i l l i n g ,  o r  per forat ion plugging can sometimes be 
reversed by backflushing the wel l ;  however, impairment due t o  formation o f  an 
i n t e r n a l  f i l t e r  cake i s  much more d i f f i c u l t  t o  remedy. Owen e t  at. (1979) 
invest igated i n j e c t a b i l  i ty t e s t i n g  o f  c l a r i f i e d  hypersal ine geothermal b r i n e  
and concluded t h a t  wel lbore narrowing and invasion were the  most l i k e l y  
impai rment modes . 

Several authors have presented r e s u l t s  t h a t  can be used t o  ant ic ipate,  
diagnose, and prevent i n j e c t i o n  impairment by suspended sol  ids. These methods 
are based on a thorough character izat ion o f  both the suspended so l i ds  i n  the  
i n j e c t e d  f l u i d  ( inc lud ing quant i ty  and s i ze  d i s t r i b u t i o n )  and the receiv ing 
formation (permeabi l i ty  d i s t r i b u t i o n  of pore and g ra in  sizes). These methods . 
are discussed i n  more d e t a i l  i n  Section 6 o f  t h i s  report;  however, a basic r u l e  
has been der ived t o  r e l a t e  the diameter of the suspended s o l i d s  t o  po ten t i a l  
impairment: p a r t i c l e s  l ess  than 0.45 pm i n  diameter general ly pass through t h e  
formation wi thout causing impairment and p a r t i c l e s  'greater than 10 pm i n  diame- 
t e r  general ly accumulate i n  the wellbore o r  are retained on the surface and 
form a f i l t e r  cake. P a r t i c l e s  w i t h  diameters between 0.45 pm and 10 um can 
invade the formation and cause impairment, depending on the  formation and the  
f l u i d  propert ies. Thus, p a r t i c l e s  w i t h  diameters from 0.45 urn t o  10 pm are 
p o t e n t i a l l y  the most c r i t i c a l  and represent a major candidate f o r  i n j e c t i o n  
treatment. P a r t i c l e s  w i t h  diameters l a rge r  than 10 pm should a lso be consid- 
ered f o r  i n j e c t i o n  treatment even though the impairment t h a t  they cause i s  more 
e a s i l y  recoverable. Because p a r t i c l e s  w i t h  diameters of 0.45 I l m  o r  less gener- 
a l l y  do not cause impairment, most membrane plugging and monitor ing t e s t s  use a 
0.45im f i l t e r .  This s i m p l i f i e d  analysis may have t o  be s h i f t e d  r e l a t i v e  t o  
the p a r t i c l e  size, depending on the poros i ty  and the degree o f  f r a c t u r e  o f  t he  
receiv ing formation. 

Suspended s o l i d s  i n  a spent geothermal f l u i d  can a r i s e  from a va r ie t y  o f  
sources. Major sources inc lude f i n e s  from the production formation, fragments 
from p ipe  w a l l  s r e s u l t i n g  f rom corrosion o r  p rec ip i t a t i on ,  and f r e e l y  suspended 
prec ip i ta tes.  Other sources may include chemical addi t ives ( k i l l  f l u i d s ,  
grease f o r  seals, d r i l l i n g  mud, makeup water, and scale and corrosion i n h i b i -  
tors) ,  microorganisms, and mobil ized f ines i n  the receiv ing formation. 
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Permeabil i ty can a lso be impaired when gas bubbles enter and are entrained i n  
the f l u i d  stream. These bubbles can lodge i n  pore spaces and p lug the forma- 
t ion,  but t h i s  type o f  plugging can frequent ly be remedied by backflushing. 

Spent f l u i d  output from a p lant  can vary considerably i n  composition and 
suspended so l i ds  content w i t h  time. Operational considerations such as s ta r tup  
and shutdown o f  various sections o f  the system (wells, heat exchangers, etc.) 
w i l l  produce pulses o f  water with higher suspended so l i ds  and d i f f e r i n g  compo- 
s i t ions,  Care should be taken t o  assure t h a t  these changes i n  water condi t ions 
do not saturate treatment mechanisms and f i n d  t h e i r  way i n t o  the  wellbore. 

Chemical P rec ip i t a t i on  

I n j e c t i o n  formation temperatures are general ly higher than the  temperature 
o f  the spent geothermal brine, and the i n jec ted  f l u i d s  may be reheated upon 
enter ing the formation. This increase i n  f l u i d  temperature can cause sca l i ng  
o f  minerals with retrograde s o l u b i l i t i e s  ( s o l u b i l i t i e s  t h a t  decrease as t h e  
temperature increases) . The prime candidates are s u l f a t e  and carbonate scales 
t h a t  could form under one o f  two si tuat ions.  The f i r s t  s i t u a t i o n  i s  when C02 
i s  l o s t  i n  a f l a s h  cyc le  p lan t  and s h i f t s  the pH toward a more basic, scale- 
forming condit ion. 
t he  cooled and a l te red  b r ine  on the  surface, i t  may exceed i t s  s o l u b i l i t y  l i m i t  
as i t  i s  reheated dur ing i n jec t i on .  The second s i t u a t i o n  i s  possible i f  makeup 
water i s  added t o  the  b r i n e  p r i o r  t o  i n j e c t i o n  t o  add volume o r  d i l u t e  s i l i c a  
supersaturation. 
t a tes  may form dur ing mixing o r  during the  reheating process. Sul fates o f  
barium, calcium, o r  stront ium are o f  major concern; Kandarpa and Vetter (1981) 
describe an i nves t i ga t i on  relevant t o  the Salton Sea f i e l d .  The correct  
approach i s  t o  es tab l i sh  the water chemistries and t o  use the  geochemical 
models t o  ve r i f y  compa t ib i l i t y  f o r  t he  range o f  operating temperatures. 

I f a carbonate (CaC03) i s  close t o  i t s  s o l u b i l i t y  l i m i t  i n  

I f  t h i s  added water i s  not chemically compatible, p rec ip i -  

Permeabil i ty Reduction w i t h  Clay Minerals 

Clays are hydrous aluminosi l icates t h a t  occur worldwide i n  sedimentary 
rocks. The most common clays are i l l i t e ,  kao l i n i t e ,  montmori l loni te and chlo- 
r i t e ;  and these minerals o f ten  occur together (Neasham 1977). Clay minerals 
are formed due t o  t h e  i n t e r a c t i o n  of formation water w i t h  rock, and c lay  miner- 
alogy i s  very sens i t i ve  t o  water chemistry and can change very qu i ck l y  i n  
response t o  a change i n  water chemistry. 
permeabi l i ty  i n  two ways: 
blocking pore th roa ts  o r  2) t he  c lays may disperse, causing p a r t i c u l a t e  plug- 
ging'  (Eickmeier and Ramey 1970). These phenomena can occur separately o r  
together i n  a l l  par ts  of the formation swept by the  i n j e c t i o n  f l u i d .  

Introducing fo re ign  water can reduce 
1) the clays may swell, reducing pore volume and 

* 
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Montmor i l lon i te  (smecti t  i s  the only c lay  r a l  known t o  swell  sub- 
s t a n t i a l l y  when contacted by fore ign waters. 
water w i t h  a strong b r i n e  composition i s  replaced w i t h  a weaker b r i n e  (lower 
i o n i c  strength) (Howak and Krueger 1951). Swell ing i s  general ly reversible;  
and formation permeabi l i ty  can be regained i f  the i n jec ted  water i s  t rea ted  t o  
have s a l i n i t y ,  pH, and i o n i c  strength equivalent t o  connate water and i f  the  
swel l ing permits the new f l u i d  t o  reach the clay. 

Clay minerals disperse (def locculate) t o  some 'extent whenever f l u i d s  o f  
d i f f e ren t  chemistr ies displace connate waters. The dispersion o f  c lays and the  
i n t roduc t i on  of c l a y  p a r t i c l e s  i n f o  the f l u i d  can cause p a r t i c u l a t e  plugging. 
However, i n  an i n j e c t i o n  wel l ,  t he  dispersed p a r t i c l e s  are ca r r i ed  away from 
the  wellbore; and, as the ava i l ab le  pore space increases w i t h  the square o f  t he  
distance from the  wel l ,  plugging due t o  dispersion o f ten  does not occur. 

Permeabi 1 i ty impai rmemt caused by swell4 ng and dispersion o f  c lays must be 
analyzed on a case-by-case basis. The response o f  c lay  minerals t o  i n jec ted  
water depends on the types and amounts o f  c lay  present-and on the  chemistry o f  
t h e  i n j e c t e d  water. 
connate waters, c lay  swel l ing may not occur. A t  many locat ions ( f o r  example, 
t h e  Salton Sea reservoir) ,  t he  c lay  content o f  the receiv ing formations i s  low. 
Geopressure sites', where the  c lay  content i s  o f ten  high, are exceptions. 
changes I n  c l a y  mineralogy are suspected t o  cause impairment, a ser ies o f  t e s t s  
should be performed t o  determine if c lay  swel l ing o r  dispersion i s  causing the  
problem. Laboratory analyses such as x-ray d i f f r a c t i o n  (XRD) and o p t i c a l  
petrography should be-used t o  determine the types, concentration, and l o c h t i o n  
of t he  c l a y  minerals. Neasham (1977) presents a de ta i l ed  discussion o f  t he  
ef fects  of c lays on . f l u i d  f low propert ies. 

3.1.2 Geochemical Model i n 2  

Geochemical modeling may be used t o  i d e n t i f y  o r  understand chemical 
problems a r i s i n g  from i n j e c t i n g  a l t e r e d  o r  fore ign water i n t o  a geothermal 
reservoir .  The chemical i n c o m p a t i b i l i t y  t h a t  r e s u l t s  from di f ferences i n  com- 
p o s i t i o n  and temperature may cause the  p r e c i p i t a t i o n  o f  s o l i d  phases such as 
amorphous s i l i c a  (SiOp),  CaC03, CaS04, BaSOd, o r  S r W 4 .  I n  some cases, knowl- 
edge o f  the nature and amount of p o t e n t i a l  p r e c i p i t a t i o n  as inf luenced by tem- 
perature and pressure could be c r i t i c a l  i n  managing i n jec t i on .  The tendency o f  
the b r i n e  t o  scale can be ca lcu lated by geochemical models. However, t he  k i -  
n e t i c s  of scale deposi t ion i s , d i f f i c u l t  t o  incorporate and i s  usubl ly  not 
addressed. For the  two most common types of scale (CaC03 and S O 2 ) ,  t h e  k i n e t -  
i c s  can be summarized as being very rap id  i n  CaC03 p r e c i p i t a t i o n  and being slow 
t o  moderate i n  Si02 p rec ip i t a t i on .  

It general ly swells when connate 

I f  the  i n jec ted  f l u i d s  are higher i n  s a l i n i t y  than t h e  

I f  
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The object ives o f  t h i s  sect ion are to: 

6 describe t h e  modeling approach and the  codes t h a t  are ava i l ab le  and 
appl i cab1 e 

review the necessary ana ly t i ca l  data used as input  f o r  t he  geochemi- 
ca l  models 

c) discuss advantages and shortcomings o f  using geochemical models as 
t o o l s  t o  manage the i n j e c t i o n  o f  waters i n t o  geothermal reservoirs. 

o 

Geochemical models use the  p r i n c i p l e s  o f  thermodynamics t o  ca l cu la te  t h e  
tendency o f  reactions t o  occur as a systen proceeds toward equi l ibr ium. Com- 
puter codes t h a t  incorporate these models are used t o  ca l cu la te  the  nature o f  
chemical reactions t h a t  w i l l  occur, given s u f f i c i e n t  time; but i t  i s  again 
important t o  note t h a t  most current codes cannot p red ic t  how f a s t  the react ions 
w i l l  occur. 

These geochemical mass t ransfer  codes can predic t :  1) the  f i n a l  s o l u t i o n  
composition r e s u l t i n g  from the  d i sso lu t i on  or p r e c i p i t a t i o n  o f  a set  o f  min- 
e r a l s  and 2) the t o t a l  mass o f  s o l i d  p rec ip i t a ted  (o r  dissolved). More sophis- 
t i c a t e d  mass t ransfer  codes can p red ic t  the incremental changes i n  aqueous 
so lu t i on  as the react ions proceed, but  these codes have general ly been w r i t t e n  
f o r  metered d i  ssol u t  i on of sol  i ds . These thermal " react ion path'' model s are 
based p a r t l y  on chemical equi l ibr ium and p a r t l y  on the r a t e  the  s o l i d  i s  
metered i n t o  the  system. 

Geochemical models can a lso p red ic t  t h e  effects o f  temperature and pres- 
sure on p r e c i p i t a t i o n  reactions. Obviously, the a b i l i t y  t o  ca l cu la te  tempera- 
t u r e  dependence i s  very important f o r  i n j e c t i o n  schemes i n  which temperatures 
may cover a very wide range. 

Some o f  the more recent versions o f  codes representing ge*ochemical models 
The minimum requirement for  p r e d i c t i n g  p r e c i p i t a t i o n  are l i s t e d  i n  Table 3.1. 

dur ing i n j e c t i o n  i s  a mass t ransfer  model w i t h  temperature capab i l i t y .  The 
codes EQVILIB,(a) REDEQL-UMD, and MINTEO s a t i s f y  t h i s  requirement . 'However, 
t h e  PHREEQE and E03/EQ6 codes are required i f  the de ta i l ed  sequence o f  p rec ip i -  
t a t i o n  o r  d i sso lu t i on  of so l i ds  needs t o  be known. The E03/E06 code has t h e  
advantage of being a react ion path model w i t h  high-temperature and high- 
pressure capab i l i t i es .  

--___1__ 

(a) EOUILIR i s  a copyrighted code o f  the E l e c t r i c  Power Research I n s t i t u t e ,  
Palo Alto, Cal i fornia.  
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TABLE 3.1. Summary o f  Published Geochemical Models and Capab i l i t i es  ’ 

Model Type 

SOLMNEQ Aqueous 
speci a t  i on 

WATEQ2 Aqueous 
speci a t  i on 

GEOCHEM Mass 
t r a n s f e r  

M I N EOL/R ED EQL 2 Ma s s 
t r a n s f e r  

E03/EQ6 React i on 
path 

MINTEQ Mass 
t ransfer  

PHREEQE Reaction 
path 

Temperature Pressure 

0 t o  300 1 t o  1000 Kharaka and Rarnes (1973’) 

0 t o  100 1 B a l l ,  Jenne, and Nordstrom 

R a s ,  O C  -bar - Reference -- I 

(1979) 

25 1 Sposito ,and Matt igod (1980) 

25 1 McDuff and Morel (1973); 
Westall, Zachary, and 
Morel (1976) 

0 t o  300 500 Wol ery (1979) 

0 t o  100 1 Felmy, Girv in,  and Jenne 

0 t o  100 1 Parkhurst, Thorstenson, 

,(1983) 

and P1 ummer (1980) 

A l l  geochemical codes are constrained by the accuracy o f  ava i l ab le  thermo- 
I n  addit ion, wi thout accurate and dynamic data and the  equ i l i b r i um assumption. 

complete i npu t  data, the modeling e f f o r t  ,can bg r e s t r i c t e d  o r  misleading. The 
user o f  t he  code must provide the  so lu t i on  temperature, pH, and composit ion’of 
t h e  i n i t i a l  solut ion.  Although it i s  not necessary t o  analyze f o r  every ele- 
ment suspected t o  be present i n  the i n j e c t i o n  and aqui fer  waters, Ca, pH, C02, 
HC03, C03, Sr, Ba, SO4, Sinp, F, and su l f ides should be determined as a minimum‘ 
along w i t h  t o t a l  dissolved s o l i d s  (TDS) . 

Geochemical codes can i d e n t i f y  react ions t h a t  w i l l  take pllace whenever an 
i n j e c t i o n  f l u i d  i s  mixed w i t h  the  so lu t i on  i n  the reservoir .  A code w i t h  mass 
t r a n s f e r  o r  react ion path c a p a b i l i t i e s  could ca l cu la te  the  mass dissolved o r  
p rec ip i t a ted  as various mixtures of i n j e c t e d  and na t i ve  water react w i t h  the  
aqui fer  mater ia l  and proceed .toward equi l ibr ium. This informat ion could then 
be used t o  i n d i r e c t l y  assess the p o t e n t i a l  damage t o  the aqui fer .  A t  the same 
time, the composition of the separate so lu t i on  a t  equi l ibr ium o r  combined solu- 
t i o n s  can be used t o  evaluate any p o t e n t i a l  p r e c i p i t a t i o n  (sca l ing)  i n  the  sur- 
face plant.  Thus, t he  code could be used t o  i d e n t i f y  po ten t i a l  problems. 

Geochemical models cannot describe physical changes i n  the  system. 
Although models can p red ic t  the mass of so l i ds  t h a t  might p rec ip i t a te ,  they 
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cannot p red ic t  plugging o f  the reservoir.  Dispersion o f  c lays r e s u l t i n g  from 
sudden changes i n  temperature o r  i o n i c  strength can p lug the  pore throats  o f  an 
aqui fer ,  but  a geochemical model cannot p red ic t  these reactions. None o f  the 
geochemical codes have been firmly based a t  h igh s a l t  concentrations, which i s  
a major const ra in t  f o r  some geothermal appl icat ions. Inc lud ing P i t z e r ' s  formu- 
l a t i o n  (1980, 1981) i n  f u t u r e  codes w i l l  improve the accuracy i n  very concen- 
t r a t e d  br ines . 
3.2 FLUID CHARACTERIZATION 

Detai led knowledge o f  the suspended so l i ds  content and the f l u i d  chemistry 
of i n j e c t i o n  f l u i d s  a t  a geothermal power p lan t  i s  important. F l u i d  composi- 
t i o n  var ies dur ing i n i t i a l  p lan t  s tar tup and dur ing s tar tup and/or shutdown o f  
various system components (production we1 1 s, heat exchangers, e t c  .) . 
/3.2.1 Sampl i u y z i n g  Geothermaj Fl-uids 

biases, preservation d i f f i c u l t i e s ,  and ana ly t i ca l  interferences may lead t o  
un re l i ab le  resul ts.  As p a r t  of a DOE project ,  PNL developed a procedure f o r  
sampling and analysis t h a t  i s  p a r t i c u l a r l y  su i ted t o  l iquid-dominated resources 
and adaptable t o  a va r ie t y  of s i t ua t i ons  (Kindle and Woodruff 1981). The ana- 
l y t i c a l  methods were re f i ned  from the r e s u l t s  o f  a 20-laboratory round rob in  on 
several geothermal samples. 

I n  sampling and analyzing geothermal f l u i d s ,  f low uncertaint ies,  sampling 

The approach consists o f  recording f low condi t ions a t  t h e  t ime o f  sam- 
p l ing,  a s p e c i f i c  i nse r tab le  probe sampling system, a sample s t a b i l i z a t i o n  pro- 
cedure, commercially avai lab le laboratory instruments, and data q u a l i t y  check 
procedures. Readily avai lab le equipment i s  u t i l i z e d  whenever possible. 

The sampling system consists o f  a sampling probe (Figure 3.2) t h a t  i s  
inser ted i n t o  the f lowing stream t o  avoid the  p o s s i b i l i t y  o f  contamination 
(corrosion products, d i r t ,  scale) t h a t  i s  present i n  a normal service valve. 
The probe a lso permits easier i d e n t i f i c a t i o n  of two-phase f lows t h a t  bias sam- 
p l i n g  by al lowing se lect ion of a sampling pos i t i on  w i t h i n  the f l ow  path t o  
avoid trapped gas o r  s t r a t i f i e d  flow. 

t h e  sample c o l l e c t i o n  system and t o  f a c i l i t a t e  handling. The geotherqal sam- 
p l i n g  assembly designed by PNL i s  shown i n  Figure 3.3. Coo1,ing c o i l s  fo l lowed 
by a f low-regulat ing valve permit pressure reduction wi thout f l ash ing  o r  bias- 
i n g  t h e  sample because o f  scale deposits and w i t h  a minimum o f  gas breakout. 
The e n t i r e  sampling. and analysis procedure i s  sumharized i n  Figure 3.4. The 
required sampling apparatus, which containers and s t a b i l i z e r s  t o  use, and t h e  
most appropriate ana ly t i ca l  t e c h d c a l  fa r  each chemical component are shown. 
Suggested sample designations, sample volumes, and data q u a l i t y  checks are a l s o  
i ncl  uded . 

The sample f low must be cooled under pressure t o  e l iminate f l ash ing  w i t h i n  
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ANGLED SECTION OF 
PROBE TO INDICATE 

DIRECTION OF 
SAMPLING TIP WHEN 

H EAW-WALLED 
STAINLESS STEEL WASHER 

TUBING 

ANGLED CUT FOR 
SAMPLING TIP 

SAFETY CHAIN 

FIGURE 3.2. Probe f o r  PNL Sampling Procedure (Kindle and Woodruff 1981 

Most sample components can be s t a b i l i z e d  i n  the  f i e l d  f o r  analysis i n  

CO, i s  determined from a sample s t a b i l i z e d  w i t h  NaOH.(a) 

aboratory: 

) 

t h e  

o H2S i s  determined from a sample conta in ing z inc  acetate. 

8 Cations and NH3 are  s t a b i l i z e d  by ac id i f i ca t i on .  

0 Si02 i s  d i l u t e d  ten- fo ld  t o  preserve i t  i n  solut ion.  

o Hg samples are co l lec ted  i n  glass b o t t l e s  containing an acid- 
ox id i ze r  mixture. 

pH i s  measured i n  t h e  f i e l d .  

For  1 aboratory analys , a combination of  standard echniques and COmmer- 
c i a l l y  ava i lab le  instruments (as shown i n  Figure 3.4) produces sa t i s fac to ry  
resul ts.  Spec i f i ca l l y ,  these methods are: 

(a) To estimate c a l c i t e  sca le problems, some prefer t o  determine CO2 using a 
separator t o  unamhigiously d i f f e r e n t i a t e  C02 from H C O i -  
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FIGURE 3.3. Geothermal L iquid  Sampling Double Coi l  Assembly (Kindle and Woodruff 1981) 
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o spect roscopy--i nduct i vely coup1 ed plasma ( I C P )  and atomic absorption 
(AA) - f o r  cat ions 

e color imetry - fo r  s i l i c a  and ammonia 

e i o n  chromatography - f o r  anions 

e select ive i o n  electrode - f o r  ammonia and pH 

o t i t r a t i o n s  - f o r  sul f ide,  a l k a l i n i t y ,  hardness, CO2, ch lo r i de  

o gravimetry - f o r  suspended and dissolved so l i ds  
2 .  

e turb id imetry  - f o r  su l fa te.  

A data q u a l i t y  check i s  used t o  insure t h a t  the ana ly t i ca l  r e s u l t s  are con- 
s i s ten t :  a charge balance (anion-towcation r a t i o )  i s  calculated. 

t he  Environmental Protect ion Agency (Kindle e t  a . 1984). Liquid, gaseous, and 
environmental sampling techniques are included. 

3.2.2 Inexpensi ve S i  te-Speci f i c Test i n e  

A c o l l e c t i o n  o f  geothermal character izat ion techniques i s  avai lab le from 

Br ine treatment p r i o r  t o  i n j e c t i o n  may requi re a large c a p i t a l  investment 
and/or a s i g n i f i c a n t  r i s k  o f  i n j e c t i o n  malfunction and p l a n t  shutdown. How- 
ever, there are a few simple and inexpensive t e s t s  t h a t  can be run on the  b r i n e  
t o  give a prel iminary i n d i c a t i o n  o f  s u i t a b i l i t y .  For example: 

o t e s t  f o r  d i r e c t  i n j e c t i o n  - Sample the  b r i n e  f o r  s i l i c a  content as 
described. Be sure t o  f i e l d  d i l u t e  the  sample, Compare the  recon- 
s t ructed s i l i c a  content (corrected f o r  f lash, i f  any) with amorphous 
s i l i c a  saturat ion curve (see Section 4) and the lowest process tem- 
perature. I f  the  sample i s  not supersaturated under these condi- 
t ions,  s i l i c a  w i l l  ne i ther .  p r e c i p i t a t e  nor p lug the  i n j e c t i o n  wel l .  
Note the effect o f  s a l i n i t y  on s i l i c a  s o l u b i l i t y .  

e t g s t  f o r  g rav i t y  sedimentation/ponding - Col lect  a ser ies o f  b r i n e  
samples under simulated process condi t ions ( f lashing, cooling, 
etc,). V isual ly  note and t ime any s e t t l i n g  or gel formation; a 
por tab le t u r b i d i t y  meter provides quan t i t a t i ve  resul ts.  A t  various 
times (0 t o  8 h?) stop s i l i c a  polymerization by d i l u t i o n  or  ac id  
addit ion. Analyze f o r  remaining soluble s i l i c a ,  p a r t i c l e  sizes, and 
numbers. From t h i s ,  a curve can be generated showing t ime t o  
r e l i e v e  s i l i c a  supersaturation ( re la tes  t o  holding t ime) and t ime t o  
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generate a c e r t a i n  nurnber'and s i ze  o f  pa r t i cu la tes  ( re la tes  i o  I t I  
. L  

evaluat ing best s o l i d s / l i q u i d  separation method) . i 

o t e s t  f o r  ac id  treatment - Col lect  a few samples under s i  
process condi t ions ( f lashing, cooling, etc.). Using a pH meter 
ca l i b ra ted  a t  those condi t ions and HCl t i t r a t e  the  samples t o  a pH 
o f  3, recording intermediate pH/acid l eve l s  every 0.25 pH u n i t .  
This*procedure w i l l  generate a curve showing how much ac id i s  needed 
t o  reach a p a r t i c u l a r  pH. Col lect  a new ser ies of samples as before 
and immediately s t i r  i n  ac id  addi t ions t o  reach selected pH l e v e l s  
(pH 4 t o  5.5?). Follow t h e  s i l i c a  polymerization c lose ly  f o r  sev- 
e r a l  hours using t h e  soluble s i l i c a  concentrat ion as an i n d i c a t i o n  
of how much ac id  i s  needed t o  a r res t  s i l i c a  growth a t  a p a r t i c u l a r  
s i t e .  Ana ly t i ca l  f i e l d  k i t s  are ava i l ab le  f o r  determining s i l i c a .  
Spectrophotometric methods (AA and I C P )  can a lso analyze micropar t i -  
culates i n  add i t i on  t o  dissolved s i l i c a  unless the sample i s  f i l -  
te red  f i r s t  through 0.22- o r  0.45-um f i l t e r s .  Try t o  perform t h i s  

, 

. 

s char- t e s t  w i t h  t h e  l a s t  samples maintained a t  a temperature t h a t  
a c t e r i s t i c  of a p lan t  disposal system. 

3.2.3 Samp1in.g and A n a l y z i s  Suspended Sol ids 

L 

Suspended s o l i d s  data are important because a h igh p a r t i c l e  load i n  t h e  
f l u i d  stream can qu ick l y  cause i r r e v e r s i b l e  plugging o f  the i n j e c t i o n  wel l .  
The minimum suspended s o l i d s  data t h a t  are required are h t o t a l  suspended 
sol ids,  which are defined as weight per volume o f  f l u i d .  It i s  a l so  usefu l  
t o  know the  p a r t i c l e  s i ze  d i s t r i b u t i o n ,  quant i ty  o f  p a r t i c l e s  i n  each s i z e  
range, and composition o f  t he  pa r t i c l es .  By monitoring these suspended s o l i d s  
data, information can be obtained on what f a c i l i t y  operations produce o r  in- 
crease t h e i r  production and t h e  ef fect iveness o f  removal methods. Determining 
t h e  chemistry o f  the suspended so l i ds  can a lso provide i n s i g h t  i n t o  possible 
mechani sms of p ipe corrosion, scal i ng phenomena, and production we1 1 per for -  
mance. For these reasons, both the quant i ty  o f  suspended s o l i d s  and t h e i r  
chemical nature should be obtained. An example of .  the d i f f i c u l t y  t h a t  a f f e c t s  
t h e  suspended s o l i d s  determination i n  f l ash ing  geothermal br ines i s  presented 
i n  the  appendix. 

Sampling f o r  p a r t i c u l a t e s  i n  geothermal systems has unique problems t h a t  
are p a r t i a l l y  due t o  the  h o s t i l e  environment. The h igh temperatures (-25OOC) 
and pressures (-700 ps ig)  t h a t  may be encountered requi re special ized sampling 
equipment t h a t  can contain these f l u i d s  safely. Another major concern i n  sam- 
p l i n g  geothermal systems i s  obtaining a representat ive sample. A number o f  
factors should be considered i n  l o c a t i n g  the sampling por t ;  f o r  example, the 

(a) Usually mi l l igrams per l i t e r  (mg/l) o r  pa r t s  per m i l l i o n  (ppm). 
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geometry o f  t he  system and whether there i s  s u f f i c i e n t  t u rbu len t  f low t o  ca r ry  
a l l  par t ic les.  A p rac t i ca l  technique f o r  withdrawing a sample through an 
upstream-faci ng probe i nserted i n t o  t h e  mai n f 1 ow i s  described by Shannon 
e t  a1 . (1980) and Kindle and Woodruff (1981). 

The chemistry of t he  geothermal f l u i d s  a lso presents unique problems i n  
sampling. For example, geothermal systems o f ten  contain NCG bubbles. These 
bubbles can cause erroneously high values when using l i g h t - s c a t t e r i n g  o r  sonic- 
counting on- l ine methods. 
needs t o  be cooled and depressurized, which can produce supersaturation i n  some 
m i  neral  s . These m i  neral  s may then p r e c i p i t a t e  and produce suspended sol i d s  
values t h a t  are t o o  high. 

i n  geothermal b r i ne  samples has not been established. 

For most sampling methods, the geothermal f l u i d  

It i s  important t o  note t h a t  t he  p rese rvab i l i t y  o f  
suspended sol i d s  

Samples can 
o r  a representat 
d i t i o n s  o r  a f t e r  
i s  introduced by 
temperatures and 
p l  i ng techniques 

be obtained i n  several ways. The t o t a l  stream can be sampled, 
ve p a r t  can be sampled. A sample can be taken a t  i n - l i n e  con- 
i t  i s  depressurized and cooled. The smallest sampling e r r o r  
sampling the stream a t  i n - l i n e  conditions. Unfortunately, t h e  
pressures encountered reduce the  number o f  t o t a l  stream sam- 
t o  on- l ine p a r t i c l e  s i ze  analyzers. Several pa r t i cu la te -  

counting techniques have been tested: u l t rason ic  echo measurements, l a s e r  beam 
attenuation, opt ica l -e lect ron ic  method, mass flow, and x-ray attenuation. How- 
ever, none o f  these instruments i s  cu r ren t l y  configured f o r  f i e l d  use. The 
lase r  and op t i ca l -e lec t ron i c  techniques requi re a clean i n - l i n e  o p t i c a l  window. 
Overall, i n - l i n e  counting should lend i t s e l f  t o  long-duration hands-off f i e l d  
monitoring when r e l i a b l e  instrumentation i s  developed. Tu rb id i t y  measurements 
are a l so  useful guides t o  water qua l i t y .  These measurements are easier and do 
have an i n - l i n e  c a p a b i l i t y  but provide only q u a l i t a t i v e  data on suspended 
sol ids.  Maintaining o p t i c a l  window c l a r i t y  i s  d i f f i c u l t .  

The hardware f o r  obta in ing a representative sample o f  b r i ne  from a l a r g e  
f lowing volume has been successful ly tested (Figure 3.5). The sampling system 
consists of an i n s e r t i o n  probe, cool ing co i l s ,  f i l t e r  housing, and necessary 
valves and gauges. A more de ta i l ed  descr ip t ion o f  the sampling hardware can be 
found i n  Shannon e t  a l .  (1980). 

The suspended so l i ds  sampler o r  m u l t i p l e - f i l t e r  housing (Figure 3.6) sizes 
p a r t i c l e s  dur ing sampling and c o l l e c t s  s ized p a r t i c l e s  f o r  l a t e r  chemical 
analysis. Cel lu lose f i l t e r s  can be used f o r  cooled and depressurized sampling, 
and Teflon@ f i l t e r s  can be used f o r  sampling a t  temperatures and pressures o f  
t h e  geothermal system. However, some of t he  higher temperature geothermal 
resources may exceed the temperature s t a b i l i t y  l i m i t  f o r  Teflon. For a f l u i d  

* Registered trademark of E m  I. du Pont de Nemours and Company, Inc., 
W i  l m i  ngton, Del aware. 
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INSERTABLE 
SAMPLE 
PROBE 
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a) Cold Sampling System 
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b) Hot Sampling System 
-.. 

GRADUATED 
CYLINDER 

FIGURE 3.5. Sampling System f o r  Col lect ing and Measuring Suspended Solids 
(Shannon e t  e l .  1980) 

containing 2-mg/l par t icu la tes,  f i l t e r i n g  5 1 o f  b r i ne  was s u f f i c i e n t  t o  obta in  
measurable weight gain on the f i l t e r  even a f t e r  correct ing fo r  residual  sa l t .  
For m u l t i p l e  f i l t e r s ,  more f l u i d  i s  general ly needed; but care must be taken 
not t o  develop f i l t e r  caking t o  the extent t ha t  the e f f e c t i v e - f i l t e r  pore s i z e  
i s  reduced. The f i l t e r  weight gain technique Ss 0 quick, inexpensive, and 
eas i l y  performed measurement of suspended sol  ids. 
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FIGURE 3.6. Cross Section o f  Suspended Sol ids 
(Shannon e t  a1 . 1980) Sampler 

Geoth,ermal f l u i d  s mples can a lso be co l lec ted  i n  c le - r  glass b o t t l e s  
(r insed w i th  0.45-m f i l t e r e d  d i s t i l l e d  water) f o r  p a r t i c u l a t e  populat ion 
s i z i n g  using l i g h t - s c a t t e r i n g  techniques. This technique i s  rap id  but more ' 
expens i ve . 

Numerous other  pa r t i c l e -s i z ing  methods ex is t :  sedimentation, x-ray 
cent r i fuge sedimentation, e l e c t r i c a l  sensing zone methods, and wet sieving. 
Considering the  p a r t i c u l a t e  s i ze  range o f  in te res t ,  wet s iev ing  i s  not appro- 
p r ia te .  The other  techniques a l l  have the disadvantage t h a t  they do not work 
we1 1 f o r  the  concentrated f l u i d s  expected i n  geothermal systems . Mj croscopic 
s i z i n g  of p a r t i c l e s  co l lec ted  on a f i l t e r  i s  sometimes d i f f i c u l t  due t o  h igh  
p i ck ing  densi ty t h a t  makes p a r t i c l e  s i ze  d e f i n i t i o n  impossible. 

F l u i d  chemistry i s  important because f l u i d / f l u i d  o r  f l u id / rock  incompati- 
b i l i t y  c,an cause serious impairment o f  an i n j e c t i o n  wel l .  
should be analyzed f o r  TOS, content and amount and type o f  anions and cations. 
Special a t ten t i on  should be given t o  character izat ion of S O 2 ,  Ra, Ca, Sr, Cog, 
SO4, pH, f luor ide ,  and s u l f i d e  content. 

I n j e c t i o n  f l u i d s  
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F l u i d  cha rac te r i s t i cs  are very sensi t ive t o  pressure, temperature, and 
f low condit ions; and f l u i d s  should be sampled and analyzed i n  such a manner 
t h a t  r e s u l t s  are representative of the actual operating condi t ions i n  the 
plant. For example, the compositions measured w i t h i n  wel ls  f lowing i n  ar tes ian 
flow, pumped flow, o r  two-phase flow can be d i f ferent .  A de ta i l ed  f l u i d  sam- 
p l i n g  plan should be formulated t o  gather data f o r  the design o f  an i n j e c t i o n  
treatment f a c i l i t y .  Complete f l u i d  character izat ion should be conducted on: 

0 geothermal production f l u i d  for  each wel l  and t h e i r  mixtures 

e f l u i d  e x i s t i n g  a t  the production plant,  i f  avai lab le 

o any fo re ign  waters t h a t  are t o  be mixed with spent f l u i d  

o the mixture of spent and foreign f l u ids ;  it i s  especia l ly  important 
t h a t  these measurements be made a t  pressure, temperature, and concen- 
t r a t i o n s  appropr iate t o  the p lant  i f  the water treatment system i s  t o  
be added t o  an e x i s t i n g  plant. 

. 

For more d e t a i l s  on a f i e l d  study i n  suspended so l i ds  sampling, t h e i r  chemical 
i n te rp re ta t i on ,  and the ef fects  on i n j e c t i o n  wel l  product iv i ty ,  see the  appen- 
d i x  and Shannon, Elmore, and Pierce (1981). 

3.3 FORMATION CHARACTERIZATION 

i 
1 

The disposal o f  l a rge  quan t i t i es  o f  spent geothermal f l u i d s  by i n j e c t i o n  
nto the hot  reservo i r  requires consideration o f  numerous construction, geo- 
ogi  ca l  , and hydro1 ogical  factors . 

of these aspects may r e s u l t  i n  i n s u f f i c i e n t  i n j e c t i o n  capacity o r  even d e t r i -  
mental changes i n  reservo i r  thermal character is t ics .  

Improper p l  anni ng or i ncompl e te  know1 edge. 

3.3.1 F i e l d  Measurements 

co l l ec ted  from the exploratory and production holes d r i l l e d  f o r  f i e l d  delinea- 
t i o n  and resource evaluation. The y i e l d  capacity of a supply we l l  i s  re la ted 
t o  the capacity o f  t he  same we l l  o r  an equivalent s t ruc tu re  t o  accept' f l u i d s  i n  
an i n j e c t i o n  mode. Experience has shown t h a t  i n  single-phase f l u i d  systems, 
i n j e c t i o n  capacity i s  commonly about 80% o f  production capacity. I n  geothermal 

Important data f o r  the design and operation o f  a i n j e c t i o n  f i e l d  can be 

6d 
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i n s t a l l a t i o n s ,  t he  di f ferences i n  f l u i d  cha rac te r i s t i cs  between production and 
i n j e c t i o n  are s i g n i f i c a n t  both phys ica l ly  (temperature, v iscos i ty ,  etc.) and 
chemically (TDS, par t icu la tes,  etc.) and may be less amenable t o  t h i s  rule- 
of-thumb approach. 

Well t e s t i n g  i s  discussed i n  d e t a i l  by a number o f  authors; t h e  most com- 
prehensive t e x t s  are by Earlougher (1977) and Matthews and Russell (1967). 
Although these t e x t s  are d i rected a t  o i l  f i e l d  engineering, t h e  p r i n c i p l e s  and 
techniques.are very s i m i l a r  o r  i d e n t i c a l  t o  those appl icable t o  geothermal 
reservo i r  analysis. Determining i n i t i a l  w e l l  condi t ions using f l ow  and pres- 
sure t e s t i n g  i s  h igh l y  recommended. 

The t e s t s  t h a t  are l i s t e d  i n  Table 3.2 general ly requi re  l i t t l e  specia- 
l i z e d  equipment; t h e i r  cost i s  low compared w i t h  geophysical logging. Because 
the  cost i s  moderate and several of t he  t e s t s  can be done whi le  t h e  p lan t  i s  
operating, they are i dea l  f o r  i n j e c t i o n  we l l  monitoring. The t e s t s  should be 
performed s h o r t l y  a f t e r  construct ion t o  establ ish preoperational condi t ions of 
t he  i n j e c t i o n  wells. 

. Geophysical logging of t he  proposed i n j e c t i o n  wel l  p r i o r  t o  on- l ine opera- 
t i o n  i s  essential.  The background data provided by preoperational t e s t s  are 
t h e  basis f o r  ascertaining what damage has occurred dur ing operation and t h e  
e f f e c t  of r e h a b i l i t a t i o n  procedures. The fo l l ow ing  logs should be run: 

o c a l i p e r  - t o  record borehole diameter over the  e n t i r e  w e l l  p r o f i l e  

e gamma density - t o  record t h e  poros i ty  o f  t he  i n j e c t i o n  i n t e r v a l  

e temperature - t o  provide a record o f  ambient thermal d i s t r i b u t i o n  

e flowmeter - t o  del ineate zones where water enters o r  leaves 

o natural  gamma - t o  i nd i ca te  the  c lay  mineral f r a c t i o n  and loca t i on  
o f  c lay - r i ch  zones. 

Spontaneous po ten t i a l  and r e s i s t i v i t y  (SP&R) logs can be used t o  del ineate 
zones of h igher permeabi l i ty  o r  po ten t i a l  zones f o r  i n jec t i on .  A f u l l  set  o f  
logs i s  advisable so t h a t  no fac to r  i s  overlooked. 

s i v e l y  using the  method developed by Barkman and Davidson (1972). B r i e f l y ,  
t h i s  method e n t a i l s  f lowing the disposal f l u i d  through a membrane f i l t e r  (usu- 
a l l y  0.45 wn) under constant d r i v i n g  pressure (between 80 and 100 ps ig  recom- 
mended) wh i l e  recording the cumulative volume o f  t h e  f i l t r a t e  a t  set  times. 
The r e s u l t  i s  a Kc value, which i s  then compared w i t h  the  known formation 
permeabi l i ty  (Kf )  (Figure 3.7) t o  est imate the  po ten t i a l  type o f  w e l l  

Predict ions of i n j e c t i o n  performance can be estimated qu ick l y  and inexpen- 

L+ 
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TABLE 3.2. Well Monitor ing Tests 

. Test Equ I pment 
Downhole pressure 
prof 1 I e recorder. 

Translent pressure 
t e s t  w e 1  Ihead. 

Downhole pressure gauges wl th  a surface 

Mgh-preclslon pressure gauge a t  

Interference t e s t  Pressure changes recorded 1 n observatlon 
wel l  ( the closed well) w l th  tlme; dann- 
ho le  quartz c rys ta l  pressure gauges 
capable o f  resolvlng pressures t o  
wl th ln  0.01 psl. 

h-11  I stem t e s t  
(DST) 

w . 
)-. 

Lo 

Fa I lo f  f t e s t  

k t  DST too ls  lnclude several pressure 
gaqes, packets, and f lm valves. Tool 
1s attached t o  d r l  I I stem and lawered 
t o  t h e  t e s t  depth. A surface recorder 
1 s a I s 0  needed. 

Surface pressure gauges and recordlng 
1 nstrunents. 

Done Under Normal 

Yes 

Yes 

Data Plant Operat tons 
Changes I n  pressure a t  d l f f e ren t  hor l -  
zOns re la ted t o  changes I n  t h e  aqulfer. 

Pressure varlatfons wl th  tfme a f t e r  f l a w  
r a t e  o f  we1 I 1s changed r e f l e c t  permea- 
b l  I Ity o f  reservolr rock around we1 I and 
t h e  nunber of aqulters. 

poroslty, anlsotrcplc d l rect lonal  reservolr 
permeabl l l t y  obtalned from data. An a l te r -  
nate t e s t  1s "pulse test lng" where rapld 
pressure changes occur a t  one w e 1  I and 
are recorded a t  another. 

Dl red lona I reservol r f 1011 patterns, No 

A DST ytelds a sarnple o f  t h e  type o f  
reservolr f l u ld  present a t  each t e s t  
depth, an Indlcatlon o f  flow rates, a 
measure o f  s t a t l c  and f Iawlng bottonhole 
pressures, and a short-term pressure 
translent test. 

ln ject lon o r  f l o w  Is constant un t l  I the 
we1 I Is shut. Pressure data are taken 
lmmedlately before and durlng the  
shut-In perlod. The pressure fa1 l o f f  
behavlor can be ana lyted t o  deterrnlne 
reservolr permeabl I l t y  and sk ln  factor. 

No 

No 
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FIGURE 3.7. Relat ionship Retween F i l t e r  Cake and Formation Permeabi l i t ies i n  
Flow o r  Particle-Laden F l u i d  Through Porous Media (Jorda 1978) 

/ REGION 1 - SURFACE FILTRATION OCCURS 
AND ALL PARTICLES ARE RETAINED ON THE 
SURFACE OF THE POROUS MEDIUM t 

F REGION 2 - DEEP-BED 
FILTRATION OCCURS AND ALL 
PARTICLES INVADE THE POROUS 
MEDIUM, CAUSING IMPAIRMENT 

t REGION 3 - NO FILTRATION IS POSSIBLE 
AND ALL PARTICLES PASS THROUGH THE 
POROUS MEDIUM WITHOUT CAUSING / IMPAIRMENT 

I I I /  I I I I I 

impairment. The Kc value obtained from t h e  membrane t e s t  can a l so  be used t o  
estimate the  h a l f - l i f e  o f  t he  i n j e c t i o n  wel l ,  assuming t h a t  wel lbore narrowing 
occurs. An example i s  presented i n  F igure 3.8 (from Jorda 1978) f o r  t h e  case 
where Kc/Kf i s  greater than 0.05 and wel lbore narrowing i s  t he  means o f  w e l l  
impairment. The hatched rectangle shows t h e  co r r i do r  f o r  w e l l  operation where 
the  suspended so l i ds  are r i g i d  p a r t i c l e s  l a rge r  than 10 vm and range from 0.0 
t o  1.0 ppm and Kc i s  l a rge r  than 7.5 md. 

It i s  a lso  important t o  design t h e  we l l  t o  assure t h a t  i t  w i l l  wi thstand 
the  stresses t h a t  w i l l  be appl ied t o  it. Thermal in ter ference between in jec -  
t i o n  and production we l l s  should a lso  be avoided. One method o f  accomplishing 
t h i s  i s  t o  assure adequate we l l  separation. Determining what distance i s  ade- 
quate w i l l  depend on hydrologic character izat ion o f  t he  reservoir .  Numerical 
modeling of t he  reservo i r  using computer codes may provide i n s i g h t  i n t o  t h e  
spa t ia l  problems of w e l l  placement. Typica l ly ,  however, reservo i r  models do 
not .easily accommodate f rac tu res  and may be of only modest value i n  a poor ly  
understood geothermal reservoi  r. 

. Operational procedures t h a t  can t h e o r e t i c a l l y  minimize t h e  ef fects  of we l l  
in ter ference invo lve  mu l t i p le  i n j e c t i o n  we l l s  used a l te rna te ly .  The we l ls  a re  
used a l te rna te l y  so t h a t  t h e  cool water plume w i l l  be reheated by the  reservo i r  
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FIGURE 3.8. Calculated Hal f -L i fe  f o r  t h e  Case o f  'Wellbore Narrowing 
w i t h  High-Permeability F i l t e r  Cake (Jorda 1978) 

rocks dur ing t h e  unused period. 
mined by t h e  rese rvo i r  temperature, t he  amount o f  water in jected, and t h e  prox- 
imity o f  t h e  i n j e c t i o n  and production wells. Numerical s imulat ion o f  rese rvo i r  
response' i s  again recommended. 
they are used in te rm i t ten t l y ;  therefore, a balance must be made between 
minimizing thermal in ter ference and maxi i z f n g  capacity. 

3.3.2 Oownhole Sampling (cor ing) 

conventional co r ing  and sidewall  sampling. 
centered b i t  bores through formations. Core samples up t o  a few inches i n  
diameter and up t o  10 t o  30 f t  long can be co l l ec ted  i n  competent rock, and 
continuous co r ing  can produce a sample o f  t h e  e n t i r e  thickness o f  a formation. 
However, core recovery i s usual l y  l ess  successful i n f r i  ab1 e o r  unconsolidated 
zones . 

Sidewall sampling i s  an a l te rna te  method o f  obtaining subsurface samples. 
A percussion device dr ives a ser ies o f  small cor ing t o o l s  i n t o  t h e  formation 
face. These sampling t o o l s  are attached t o  t h e  main t o o l  body v i a  cables and 
can be retr ieved. This method y i e l d s  smaller samples (1.125 in.  diameter by 
2.125 in. long) than conventional coring, requires s k i l l e d  operators, and i s  
l i m i t e d  t o  a maximum temperature of 300OF. However, i t  can be very useful,  
especia l ly  f o r  prov id ing samples t o  ascertain impairment' mechanisms and t o  
evaluate the  effectiveness of we l l  s t imulat ion techniques. 

The length o f  t ime a we l l  i s  unused i s  deter- 

I n j e c t i o n  we1 1 s lose capacity more rap id ly ,  i f  

Two types o f  sampling methods are commonly used i n  the d r i l l i n g  industry:  
I n  conventional coring, an open- 
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Conventional core hand1 i ng and preserving techniques shoul d be used, and 
core samples should be logged and proper ly archived by a geologist.  Ca re fu l l y  
prepared descr ip t ive core logs can be used t o  estimate the maximum theore t i ca l  
permeabi l i t ies o f  layers i n  the i n j e c t i o n  zone based on the  fo l l ow ing  equation: 

where d = gra in  diameter i n  microns; estimated from the  core descr ip t ion 
(i.e., very f i n e  grained sand impl ies gra in  sizes from 
0.0625 t o  0.125 mm) 

K = permeabi l i ty  i n  m i l l i d a r c y s  (md). 

These permeabi l i ty  estimates can then be used w i t h  w e l l  and pump design data t o  
estimate maximum we l l  i n j e c t i v i t y  (see example from Jorda 1980). Theoret ical  
permeabi 1 i ty can be compared wi th laboratory permeabi 1 i t y  measurements, and 
corresponding correct ions can be appl ied t o  i n j e c t i o n  system design. 

3.3.3 Laborator-  Measurements 

r 

While geophysical logging and surface geophysical measurements have t h e  
obvious advantage o f  prov id ing data on i n  s i t u  parameters, they o f t e n  do not  
provide adequate spa t ia l  resolut ion o r  the appropriate technique t o  s u f f i -  
c i e n t l y  character ize an i n j e c t i o n  zone f o r  geothermal use. A d r i l l  stem t e s t  
may provide these data, but  i n j e c t i o n  zone data may a lso be obtained from core 
samples taken whi le  d r i l l i n g .  The proper t ies of these samples are then studied 
i n  laboratory tests.  While cor ing has not been a frequent p rac t i ce  i n  geother- 
mal i n j e c t i o n  wells, there i s  evidence i n  the l i t e r a t u r e ( a )  t h a t  core t e s t s  can 
help identqfy and avoid i n j e c t i o n  problems. Jorda (1980) presents a de ta i l ed  
discussion o f  the use o f  laboratory core t e s t s  t o  character ize i n j e c t i o n  forma- 
t i o n s  and much of the fo l l ow ing  discussion i s  based on h i s  report.  
discussion, only the  types of measurements and t h e i r  primary u t i l i t y  are 
presented . 

, 

I n  t h i s  

Porosi ty 

'Porosity i s  formally defined as the  r a t i o  o f  the pore space volume i n  a ' 

rock t o  t h e  t o t a l  volume o f  t he  rock; i t  i s  usual ly  s ta ted as a percent. How- 
ever, t h i s  d e f i n i t i o n  includes a l l  i so la ted  voids i n  the  rock and does not 
i nd i ca te  the  transmissive propert ies o f  t he  rock. A more usefu l  concept i s  
t h a t  of e f fec t i ve  po ros i t y  o r  the po ros i t y  o f  the interconnected pore network 

u- 

#(a) See Gray and Rex (1966); Gruesbeck e t  a l .  (1979); Jorda 1978; McCune 
(1977). ' 
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L, 
I 
1 

i n  a rock. E f f e c t i v e  po ros i t y  can be used t o  ca lcu late f l u j d  storage capaci ty 
o f  a formation i f  the thickness and areal extent are known, E f f e c t i v e  po ros i t y  
can be measured by the  fo l l ow ing  techniques: f 

e comparing saturated sample weight versus dry sampie weight; t h i s  
method requires t h a t  t he  bulk volume o f  the sample and the densi ty 
o f  t he  f l u i d  be known 

e using a Boyle's Law porosimeter t o  measure gas displacement i n  a 

1 

I dr ied  sample. 

Jorda (1980) presents a de ta i l ed  discussion on the, concept and measurement o f  , 

po ros i t y  f o r  geothermal appl icat ion,  I , .  
I &abi l i ty -  

+ 

Permeabi l i ty  i s  defined as the  a b i l l t y  o f  rock t o  conduct f l u i d  through an 
interconnected pore network. Permeabil i ty i n  f low regimes encountered i n  
i n j e c t i o n  i n  sedimentary formations i s  thought t o  fo l l ow  Darcy's Law, which 
describes laminar, viscous,~and l i n e a r  f low o f  f l u i d s  through porous media. 
Darcy's Law f o r  f low through a c y l i n d r i c a l  sample i s  given by: 

where K -= . permeabi 1 i ty , darcys 
q = f l ow  rate, ml/s 
1 = sample length, cm 

= f l u i d  v iscos i ty ,  cent ipoise 
A = sample cross-sectional area, cm 2 
P = pressure drop across sample, atm. 

Laboratory permeabi 1 i ty measurements p red ic t  we1 1 performance, simulate . , 

we l l  s t imu la t i on  techniques, and inves t i ga te  physicochemical processes a c t i v e  

p rec ip i t a t i on ,  and other phenomena) . Whi 1 e permeabi 1 i ty measurements can pro- 
v ide more informat ion on subsurface phenomena than other laboratory measure- 
ments, they are more d i f f i c u l t  t o  obta in  and the  r e s u l t s  must ,be c a r e f u l l y  
interpreted. For example, laboratory permeabi l i ty  measuremknts y i e l d  data on 
the  matr ix  permeabi l i ty  of a formation; however, t h i s  value should' be consid-. . 

ered as an order of magnitude number only heca 
be as h igh as 1O:l i n  poor ly  sorted o r  otherwise heterogeneous formations. 
Moreover, i t  i s  important t o  have a measure of the permeabi l i ty  o f  the matr ix,  
especia l ly  i n  sandstone formations. 

i n  t h e  i n j e c t i o n  zone (migrat ion of f ines, c lay  swelling,' d i sso lu t i bn /  , +  

permeabi 1 f t y  v 
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Since permeabi l i ty  may change w i t h  temperature, measurements should be 
made a t  temperatures equal t o  those o f  the i n j e c t e d  f l u i d .  
important f o r  determining impairment mechanisms, and laboratory  t e s t s  should 
simulate f low rates a t  t he  wellbore rock face. Permeabil i ty may a lso vary w i t h  
conf in ing pressure; therefore, laboratory t e s t s  should simulate the  downhole 
pressure. 

Flow r a t e  i s  a l so  

Pore Size D i s t r i b u t i o n  

The pore s i ze  d i s t r i b u t i o n  o f  a rock defines the  percentage o f  po ros i t y  as 
a funct ion of pore size. Pore s i ze  d i s t r i b u t i o n  i s  general ly presented as a 
semilog p l o t  of cumulative s i ze  percent versus pore s i ze  (vm). Pore s i ze  d is-  
t r i b u t i o n  can be used i n  conjunction w i t h  p a r t i c l e  s i ze  d i s t r i b u t i o n  i n  the  
i n j e c t e d  f l u i d  t o  p red ic t  i f  1) a l l  p a r t i c l e s  w i l l  br idge on the  we l l  face, 
2)  invasion of a l l  p a r t i c l e s  w i l l  take place, or 3) both types o f  p a r t i c l e  d i s -  
t r i b u t i o n  w i l l  take place (Rrownell e t  a l .  1947). 

It i s  general ly acknowledged t h a t  the r a t i o  o f  pore s i ze  t o  p a r t i c l e  s i z e  
necessary t o  cause surface f i l t r a t i o n  lies between 1O:l t o  3:l  (o f ten  c a l l e d  
the b r idg ing  r a t i o ) .  This b r i dg ing  r a t i o  i s  based on the  guidel ines presented 
by Thormeer e t  a1 . (1977), who conducted laboratory studies using we1 1-sorted 
and rounded-to-subrounded sand grains and pa r t i c l es :  

o I f  the  pore th roa t  diameter i s  less than three times the p a r t i c l e  
diameter, t he  so l i ds  br idge on the rock face. 

o I f  the  pore th roa t  diameter i s  more than three times but less than 
10 times the  p a r t i c l e  diameter, shallow invasion of s o l i d s  w i l l  take 
place and a damaging i n t e r n a l  f i l t e r  cake w i l l  form. 

e If the  pore th roa t  diameter i s  more than 10 t imes the  p a r t i c l e  
diameter, deep invasion o f  so l i ds  w i l l  take place and a nondamaging 
condi t ion w i l l  ex is t .  

Unfortunately, t h i s  range of b r i dg ing  r a t i o s  i s  not s u f f i c i e n t l y  narrow t o  
t o t a l l y  optimize i n j e c t i o n  wel l  design. Few i n j e c t i o n  systems have the  pre- 
c i s e l y  defined sand grains and water-borne p a r t i c l e s  used i n  these experiments; 
and, frequently, the formation cha rac te r i s t i cs  are not accurately known. 

Purcel l  (1949) developed a technique f o r  determining pore s i ze  d i s t r i b u -  
t i o n  using data derived from a high-pressure mercury porosimeter. Pore s i z e  
d i s t r i b u t i o n  measurements are described by several authors; Jorda (1978) pre- 
sents a thorough discussion of t h e i r  use and in terpretat ion.  
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Grain Size D i s t r i b u t i o n  

E r a i n  s i ze  d i s t r i b u t i o n  analysis i s  important for  sand con t ro l  i n  i n jec -  
t i o n  zones i n  unconsolidated sands o r  i n  consolidated sands t h a t  have been 
disturbed. The g r a i n  s i ze  d i s t r i b u t i o n  i s  used w i t h  the  p a r t i c l e  s i ze  d i s t r i -  
but ion i n  the  t rea ted  i n j e c t i o n  f l u i d  t o  design the gravel pack f o r  completion 
o f  t he  i n j e c t i o n  well .  Median gravel s i ze  must be about 4 t o  6 times as l a rge  
as the  median g r a i n  s i ze  o f  t he  formation t o  achieve ef fect ive sand con t ro l  
(Jorda 1980) . 
impairment. By comparing the  diameter range o f  t h e  p a r t i c l e s  i n  the  f l u i d  w i t h  
t h e  diameter range of t h e  formation pa r t i c l es ,  t h e  po ten t i a l  f o r  and t h e  causes 
of w e l l  impairment can be estimated by comparing the  diameter ranges shown i n  
Figure 3.9. Grain s i z e  can be determined using conventional s iev ing apparatus 
and analysis techniques. Detai led discussions o f  analysis and appl icat ion o f  
g r a i n  s i z e  data from core, sidewall, and b a i l e r  samples are presented by Jorda 
(1978) . 

Grain s i z e  d i s t r i b u t i o n  can be used t o  estimate po ten t i a l  i n j e c t i o n  w e l l  

The median g r a i n  s i ze  of a formation can a l s o  be estimated d i r e c t l y  from 
formation permeabi l i ty  measurements using Equation (3.1) o r  from a combination 
o f  permeabi l i ty  and po ros i t y  data using t h e  expression: 
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FIGURE 3.9. P a r t i c l e  D i s t r i b u t i o n  i n  Systems Where Par t i c l es  i n  F l u i d  
and Reservoir P a r t i c l e s  Are Spheroids (Jorda 1978) 
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(3.3) 6/ 

where d = mean gra in  size, pm 

Q = formation porosity, %. 
Kf = formation permeabil i ty, md 

Equation (3.1) i s  ac tua l l y  derived from Equation (3.3) by assuming t h a t  ,the 
formation i s  composed o f  c losely  packed spheres. 
pended so l i ds  impairment using both laboratory and f i e l d  data i s  provided i n  
Table 3.3. 
Equations (3.1) and (3.3) t o  p red ic t  mean gra in  size, which i s  then used w i th  
Figure 3.9 t o  p red ic t  t he  type o f  i n j e c t i o n  impairment expected from p a r t i c l e s  
of d i f f e r e n t  sizes. 

An example o f  est imat ing SUS- 

In t h i s  example, formation permeabi l i ty  and poros i ty  are input  i n t o  

Examples o f  poros i ty  and permeabi 1 i ty  ranges encountered i n  geothermal 
i n j e c t i o n  systems are l i s t e d  i n  Table 3.3. For each wel l ,  t he  mean g ra in  diam- 
e te rs  of t he  formations were calculated from the  poros l ty lpermeabi l i ty  data 
using both Equation (3.1), which re la tes  the square o f  the g ra in  diameter t o  
t h e  formation permeabi l i ty  over a constant, and Equation (3 .3) ,  which describes 
g ra in  diameter i n  terms o f  t he  permeabi l i ty  and po ros i t y  o f  the formation. .The 
two mean gra in  diameters calculated by the  equations f o r  a given formation d i f -  
f e r  by more than an order of magnitude, which r e s u l t s  i n  q u i t e  a s i g n i f i c a n t  
dif ference i n  est imat ing the  mechanism o f  wel l  impairment f o r  various diameters 
of i n jec ted  pa r t i c l es .  The predic t ions obtained from Equation (3.3) appear t o  
be more reasonable. 

This exercise demonstrates how t o  use the informat ion contained i n  t h i s  
sect ion t o  estimate the diameter range o f  i n jec ted  p a r t i c l e s  t h a t  could cause 
trouble. The need f o r  carefu l  i n t e r p r e t a t i o n  i s  apparent. The di f ferences 
h i g h l i g h t  the advantage of using actual data as a guide i n  a r r i v i n g  a t  the 
design parameters f o r  a water treatment process p r i o r  t o  i n jec t i on .  These data 
could be obtained from p r i o r  i n j e c t i o n  experience a t  the same formation o r  by 
running the  t e s t s  described e a r l i e r  on core samples. 

3.4 INJECJION WELLS AND PIPELINES 

I f  the b r ine  treatment r e l i e s  on maintaining the  temperature t o  avoid 
so l ids/scale formation u n t i l  t he  spent b r i ne  i s  i n j e c t e d  i n t o  the  reservoir ,  i t  
w i l l  be necessary t o  al low f o r  cool ing i n  the  i n j e c t i o n  pipel ines.  Rased on 
New Zealand experience (Henley 1983), the cool ing i n  i n j e c t i o n  p ipe l i nes  f o l -  
lows the  re la t ionship:  

- I-. 
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TARLE 3.3. Comparison o f  Calculated Formation Mean Grain Sires 

Equatlon (3.1) Equatlon (3.3) 
Aean Graln Mean Grain Size, urn 

f1-$)2 Estlmated Impalmnt 
Particle 

Size/Location(b) 

Estlmated Impairment 
Parti cl e 

Fleld Data Laboratory Data 
Geothermal Typical Pemabi l i ty  Poroslty. Permea 
Reservoir Poroslty. X (KC). md x ( k,): '2y Type o f  Rock TGIT Size/Locatlon(b) du 

Westmorl and, 
Cali fornia 

Dearbom 2(') 0.25 40.16 -- -- Unconsolidated 1.7 >0.1 um/surface 38.0 
sand, sllt. 
and clay. 

sand, silt,  
and clay. 

31.34 201.85 (a i r )  Unconsolidated 1.8 >0.1 um/surfacc 36.2 

Raft flyer, 
Idaho 

RRGI-7(C) 0.17 t o  25 t o  165 -- -- Fractured 1.3 t o  3.4 >0.23 m/surface 59.2; 54.7 
0.30 metamorphic (0.23 vn/dep bd 

above 
quartzite. 

East Mesa, 
Callfornla 

Magma 46-7(e) 0.28 800 -- -- Sands, shales, 7.4 >0.85 urn/surface 137.4 
sllts. and 
clays. 4.45 vm/none 

stone. 

0.85 t o  0.45 pn/deep bed 

Mesa 5-1(c) 0.27 6 -- -- Sand and s i l t  0.64 >0.1 &surface 12.7 

(a) Conclusions vary dependlng on which equation i s  used; Equatlon (3.3) results i n  more reasonable calculations. 
(b) Type of particuhte plugging determined by Figure 3.9. 
(c) See Republic Geothermal 1979. 
(d) See Kunze 1978. 
(e) See Jorda 1980. 

. >3 rm/surface 
3 t o  0.45 vrnldeep b-ed 
4.45  vmlnone 

>8.0 pm/surface 
8 t 9  0.45 um/surface 
4.45 pm/nom 

>0.45 pm deep bed 
(0.45 urnlnone 

>1.2 vn/surface 
1.2 t o  0.45 pm/deep bed 
(0.45 urnhone 



(3.4) 

where 0 i s  the p ipe l i ne  diameter, in. This i s  equivalent t o  a 1.3OC (2.3OF) 
drop per 1000 f t  f o r  a 12-in. diameter pipe. 
s i  te-speci f i c  temperatures, i nsu la t i on  thicknesses, and f low ve loc i t ies.  

can t l y  from requirements f o r  production wells, although common p rac t i ce  i s  t o  
t u r n  an unsuccessful production we l l  i n t o  an i n j e c t i o n  wel l .  
f o r  continuous i n j e c t i o n  simpll’fy construct ion requirements, which must account 
f o r  c y c l i c a l  thermal s t ress ing and the  accompanying mechanical s t ress ing of 
casing s t r i n g s  due t o  expansion and contraction. A gravel pack surrounding t h e  
s l o t t e d  i n j e c t i o n  casing reduces f low v e l o c i t i e s  a t  t he  we l l  formation i n t e r -  
face t o  l e v e l s  where laminar f low i s  assured. Gravel pack components should be 
ca re fu l l y  sized i n  conjunction w i t h  p a r t i c l e  s i ze  analysis o f  both the  forma- 
t i o n  and the  suspended s o l i d s  retained i n  the  i n j e c t i o n  f l u i d  (Jorda 1980). 
Well impairment caused by d r i l l i n g  mud i s  w 11 known i n  t h e  o i l  i ndus t r y  and 
has been invest igated by several authors. (ae These researchers general ly agree 
t h a t  invasion of t he  formation by mud p a r t i c l e s  can cause permeabi l i ty  impair- 
ment. Abrams (1977) summarized the  r e s u l t s  o f  several studies on t h i s  subject: 

Precise estimates would inc lude 

Optimum construct ion requirements f o r  i n j e c t i o n  we l l s  may d i f f e r  s i g n i f i -  

Wells t h a t  a l l ow  

Q Invasion and formation damage can occur w i t h  a l l  d r i l l i n g  muds. 

o Impairment usual ly  occurs i n  the f i r s t  1 t o  2 in.; however, invasion 
and damage could e x i s t  as deep as 1 ft. 

Q Damage i s  most l i k e l y  t o  occur i n  higher permeabi l i ty  formations. 

Q Where invasion occurs, backflushing does not remove the impairment. 

Experimental resu l t s  i nd i ca te  t h a t  i t  i s  possible t o  minimize t h i s  impair- 
ment by designing the mud t o  include proper ly sized b r idg ing  mater ia l  (Abrams 
1977). The b r idg ing  mater ia l  must be selected so t h a t  t he  median p a r t i c l e  s i z e  
i s  equal t o  o r  s l i g h t l y  greater than one-third the  s i ze  o f  t he  median pore s i z e  
of the formation and the  mud mix must contain 5 vol% b r idg ing  s i ze  sol ids.  A 
detergent so lu t i on  o r  p l a i n  water i s  being used i n  place o f  mud i n  some geo- 
thermal d r i l l i n g  t o  avoid the  p o s s i b i l i t y  o f  formation permeabi l i ty  damage. 

Numerous chemical so lu t ions are o f ten  added t o  the  geothermal f l u i d :  
f l u i d s ,  grease f o r  seals, scale and corrosion i n h i b i t o r s ,  and other treatment 
f l u i d s  such as coagulants. Each of these addi t ives could p o t e n t i a l l y  reduce 

k i l l  

(a) See Barna and Patton (1972); Glenn and Slusser (1957); Kennedy (1971); 
Krueger and Vogel (1954). 
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w e l l  i n j e c t a b i l i t y  by in t roducing suspended s o l i d s  o r  by adverse chemical 
a l t e r a t i o n  o f  t h e  i n j e c t i n g  f l u i d .  The add i t i on  o f  these so lut ions should b e '  
monitored along with we l l  i n j e c t a b i l i t y .  An example o f  a scale i n h i b i t o r  t h a t  
reduced j n j e c t a b i l i t y  a t  h igh concentrations i s  presented by Harrar (1981). 

I n j e c t i o n  wel l  constructlon/operation i s  a separate subject from i n j e c t i o n  
treatment and i s  only mentioned t o  i d e n t i f y  i t s  re la t i onsh ip  t o  the parameters 
discussed here. A discussion o f  geothermal we l l  completion i s  avai lab le 
( N i  chol son 1984). 

3.5 SUMMARY OF DESIGN REOUIREMENTS 

I n j e c t i o n  we1 1 s general ly become impai red because avai 1 able f 1 ow channel s 
are reduced, which r e s u l t s  i n  decreased i n j e c t i o n  f low o r  increased i n j e c t i o n  
pressure o r  both. The impairment can occur i n  the  wellbore o r  i n  t h e  receiv ing 
formations. Flow channel reduction i s  usual ly  caused by par t icu la tes.  Thei r  
source can be suspended s o l i d s  i n  the  i n jec ted  f l u i d ,  p a r t i c l e s  formed by f l u i d  
o r  f l u i d / f l u i d  i n s o l u b i l i t i e s ,  o r  mobil ized f i nes  i n  the receiv ing formation. 
Clay swe l l i ng  can p o t e n t i a l l y  reduce f low channels a t  some s i tes.  A l l  o f  these 
are caused by i n j e c t i n g  incompatible f l u i d .  

Table 3.4 summarizes the  t e s t s  mentioned i n  t h i s  sect ion t o  determine i f  
w e l l  impairment i s  l i k e l y  t o  occur. Other t e s t s  t h a t  de l ineate the character 
of t h e  i n j e c t i o n  system are a l so  presented. It would requi re a substant ia l  
budget t o  perform each of t he  l i s t e d  tests ;  but  appropriate t e s t s  can be 
selected by i n t e r p r e t i n g  s i t e  data. The amount o f  geophysical logging, f low 
test ing,  and chemical analysis i s  subjective. For example, i f  the c lay  conten 
of t he  rece iv ing  formation i s  low, t e s t s  on c lay  swel l ing would be omitted. 

Besides t h e  t o t a l  quan t i t y  o f  suspended so l i ds  and t h e i r  s i z e  range, - t he  
nature of the suspended s o l i d s  needs t o  be considered. Gelatinous, s o f t  sus- 
pended s o l i d s  (such as amorphous s i l i c a )  t y p i c a l l y  cause a quicker dec l ine i n  
w e l l  i n j e c t i v i t y  than r i g i d  pa r t i c l es .  Removing these sof t  p a r t i c l e s  w i l l  
maximize i n j e c t i o n  we l l  performance. 

A few general izat ions can be made f o r  estab l ish ing the  design requirements 
fo r  an i n j e c t i o n  treatment system a t  a geothermal f a c i l i t y .  An i n j e c t i o n  f l u i d  
w i t h  a suspended s o l i d  content below 5 ppm i s  general ly considered t o  be su i ta-  
ble, but  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  as important as the  t o t a l  concentra- 
tion o f  Suspended sol ids.  P a r t i c l e s  with diameters less than 0.45 urn general ly 
pass through t h e  formation wi thout causing impairment; p a r t i c l e s  w i t h  diameters 
between 0.45 urn and 10 urn can invade t h e  formation and cause t h e  l e a s t  ,recover- 
able form of impairment; and p a r t i c l e s  w i t h  diameters greater than 10 pm cause 
impairment, general ly by remaining i n  the  wellbore o r  by being retained a t  t h e  
surface of t he  formations. These ranges are s impl i f ied,  and the  re la t i onsh ip  

$d 
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b l  TABLE 3.4. Tests t o  Characterize the  I n j e c t i o n  System and Estimate Impairment 

A. Establ ish chemistry and gas content o f  i n j e c t e d  f l u i d  
6. Suspended so l i ds  analysis, quant i ty,  s i ze  range, and chemistry , 

1. Membrane f i l t e r  t e s t s  
2. L ight -scat ter ing techniques 

C .  General area geology inc lud ing f a u l t s  and f r a c t u r e  systems, hydrology, 
geophysical data, and h i s t o r y  o f  earthquake a c t i v i t y  

I 
I D. Core analysis f o r  i n j e c t i o n  horizon I 
I 

E. 
! 

, 
I F. 

1. Petrology (c lay content) 
2. Connate water chemistry (from each main aqui fer )  
3. Di rect ional  permeabi l i t ies 
4. Porosi ty and nature o f  pore spaces 

1. Cal iper  
2. Gamma densi ty 
3. Temperature 
4. Natural gamma 
5. Spontaneous po ten t i a l  
6. R e s i s t i v i t y  

Geophysical 1 ogs 

Pressure/f 1 ow t e s t s  
1. Downhole pressure p r o f i l e  of w e l l  
2. Transient pressure t e s t i n g  
3. Interference t e s t s  
4. D r i l l  stem t e s t s  
5. F a l l o f f  t e s t s  
6. Production o r  i n j e c t i o n  t e s t s  

G. Predic t ing i n j e c t i o n  system performance 
1. Core f l ood ing  
2. Membrane plugging 
3. 
4. Calculated h a l f - l i f e  (Figure 3.8) 
5. Pore-to-part ic le s i z e  r a t i o s  
6. Suspended pa r t i cu la tes  (Figure 3.8) 

F i l t e r  cake permeabi l i ty  versus formation permeabi l i ty  (Figure 3.7) 

I 
between impairment and p a r t i c l e  s i z e  d i s t r i b u t i o n  should be establ ished i n d i -  
v i d u a l l y  f o r  each i n j e c t i o n  system and receiv ing formation. 
nate treatment methods f o r  a l lowing p r e c i p i t a t i o n  t o  occur i n  a con t ro l l ed  
manner (see Section 4) can r e s u l t  i n  the formation of pa r t i cu la tes  with diam- 
e te rs  510 um. Obviously the process needs t o  be designed and operated t o  
remove these pa r t i cu la tes  . 

Some o f  t he  a l t e r -  

3.30 
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4.0 PROCESS CHEMISTRY 

Successful underground i n j e c t i o n  o f  geothermal waters general ly requires a 
s tab le  s o l u t i o n  t h a t  i s  essen t ia l l y  f r e e  o f  suspended matter t o  avoid plugging - 
t h e  geological s t ra ta.  Two approaches can achieve these conditions: 
c i p i t a t e  o r  c r y s t a l l i z e  supersaturated const i tuents and remove them from the  
b r i n e  o r  2) prevent precipi tat ion/deposit ion o f  so l i ds  by avoiding supersatura- 
t i o n  o r  by adding chemicals t h a t  prevent scale formation. The process designs 
using t h e  p r e c i p i t a t i o n  approach must include methods f o r  accumulation and d i s -  
posal of sludges produced by treatment processes . 
temperature reductions and, i n  the  case o f  f l a s h  processes, t h e  loss o f  steam 
and NCG such as cop and H2S from the  brines. As a r e s u l t  o f  these physical and 
chemical changes, t h e  b r i n e  may become unstable and one o r  more o f  i t s  d i s -  
solved const i tuents  may p r e c i p i t a t e  o r  b u i l d  up scale on surfaces i ns ide  pipes, 
tanks, and other equipment. Prec ip i ta tes o r  s o l i d  deposits may a lso form i n  
the  i n j e c t i o n  we l l  and geological s t r a t a  receiv ing the  brine, rendering the 
system inoperable o r  subs tan t i a l l y  reducing the  flow. This sect ion includes a 
desc r ip t i on  of t he  chemical processes involved i n  spent b r i ne  treatment. The 
process equipment t h a t  may be used and f i e l d  appl icat ions o f  the equipment are 
discussed i n  Section 5, 

To understand t h e  ra t i ona le  f o r  designing a treatment system p r i o r  t o  
i n jec t i on ,  i t  i s  necessary t o  understand the  involved chemistry o f  the b r i n e  
and t h e  changes t h a t  i t  undergoes dur ing t h e  p lan t  cycle. The 'chemistr ies 
involved wi th  t h e  fo l l ow ing  major sca l ing species i n  a geothermal environment 
are discussed i n  t h i s  section: 

1) pre- 

E l e c t r i c  power production from geothermal br ines t y p i c a l l y  involves l a rge  

s i l i c a  - p r e c i p i t a t i o n  can occur when t h e  f l u i d  i s  cooled below the  
amorphous s i l i c a  saturat ion l eve l ,  which i s  a func t i on  o f  tempera- 
t u r e  and s a l i n i t y  

c) c a l c i t e  (carbonate) - p r e c i p i t a t i o n  can occur a t  h igh temperatures 
when COP flashing/breakout occurs and a t  low temperatures when the 
temperature increases (due t o  the  retrograde o l u b i l i t y  of CaC03) 

fi s u l f i d e  - metal s u l f i d e  scales form i n  geothermal f lows through 
poor ly  understood mechanisms t h a t  may be a combination o f  incompati- 
b l e  water mixing, temperature decreases, o r  pH changes due t o  C02 
breakout 
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other ( su l fa te )  - calcium, barium, and stront ium su l fa tes  can pre- 
c i p i t a t e  due t o  temperature changes,or t he  mixing o f  incompatible 
waters. 

The e f f e c t  o f  some process parameters on the  po ten t i a l  scale species i s  
summarized i n  Table 4.1. 

4.1 SILICA PRECIPITATION 

The current  experience w i t h  geothermal i n j e c t i o n  ind icates t h a t  s i l i c a  
f o u l i n g  i s  t he  most widespread concern. To avoid t h i s  f o u l i n g  by polymerized/ 
p rec ip i t a ted  s i l i c a ,  a process must be designed to: 
dynamic d r i v i n g  fo rce  toward p r e c i p i t a t i o n  o r  2) a f f e c t  t he  k i n e t i c s  t o  have 
p r e c i p i t a t i o n  occur where i t  can be handled r e a d i l y  or delayed u n t i l  t h e ' b r i n e  
has been i n j e c t e d  i n t o  the  reservo i r  (and possibly reheated). Recause o f  t he  
dominant importance of s i l i c a  con t ro l  and t h e  h igh cost  o f  achieving t h i s  con- 
t r o l ,  t he  two subjects of thermodynamics and k i n e t i c s  are described i n  some 
de ta i  1 . 

1) el iminate the  thermo- 

TABLE 4.1. E f f e c t  o f  Process Parameters on Potent ia l  Scale Formation 

Process Parameter. 
Temperature decrease 
(as i n  p lan t  cyc le )  

Temperature increase 
( i n j e c t i o n  i n t o  warm formation) 

Increased pH 
(as COP i s  f lashed) 

Decreased pH 
(ac id  add i t i on )  

Increased s a l t  concent r a t i o n  
(flashing; mixing) 

(a) 0 aggravates problem 
0 a l l e v i a t e s  problem. 

€qui 1 b r i  urn E f f e c t  on 
Potent i a1 Scale Species (a) 

3 Su l f i des  Sul fates CaTD - si O 2  

0 0 0 

0 0 0 

o pH >9 0 0 

0 0 0 

0 0 0 

o Ca 
0 Ba 

0 Ca 
o Ba 

0 

0 

0 
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W 4.1.1 S i l i c a  P r e c i p i t a t i o n  Thermodynamics 

The concentrat ion o f  s i l i c a  (S iOp)  i n  geothermal waters i n  reservoirs i s  
usual ly  c o n t r o l l e d  by the  d i sso lu t i on  o f  quartz from the  geological s t r a t a  o f  
t h e  reservoirs. The deposi t ion o f  s i l i c a  as a scale, however, i s  con t ro l l ed  by 
i t s  polymerization and p r e c i p i t a t i o n  as amorphous s i l i c a ,  which i s  more soluble 
than quartz. The s o l u b i l i t i e s  o f  quartz and amorphous s i l i c a  as a funct ion o f  
temperature are i l l u s t r a t e d  i n  Figure 4.1. 
rese rvo i r  i s  i n  equ i l i b r i um w i t h  quartz a t  3OO0C, f o r  example, t h e  water w i l l  
become supersaturated wi th  amorphous s i l i c a  when brought t o  t h e  surface and 
cooled t o  100°C by an energy recovery process. P r e c i p i t a t i o n  o f  s i l i c a  may 
occur immediately o r  some t ime a f t e r  cool ing depending on t h e  pH and supersatu- 
r a t i o n  ra t i o ,  bu t  t h e  p r e c i p i t a t e  t h a t  forms w i l l  be amorphous s i l i c a  ra ther  
than quartz. 

A1 though quartz i s  thermodynamically more s tab le  than amorphous s i l i c a ,  
extreme condi t ions of temperature, pressure, and/or a l k a l i n i t y  are required f o r  
t h e  growth of quartz a t  measurable ra tes i n  aqueous so lut ions (Weres, Vee, and 
Tsao 1980). I n  the  example given above, 630 mg o f  Si02 w i l l  be dissolved a t  
equi l ibr ium f o r  quartz a t  30OoC i n  pure water (see Figure 4.1).  When t h i s  

If the  geothermal water i n  the 

- 
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- s 

8 - /' 
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FIGURE 4.1, S o l u b i l i t y  o f  Ouartz and Amorphous S i l i c a  i n  
Pure Water as a Function o f  Temperature 
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water i s  cooled t o  100°C, i t  w i l l  be supersaturated a t  a r a t i o  o f  630 t o  
400 mg/l (1.58) w i t h  respect t o  amorphous s i l i c a .  The greater s o l u b i l i t y  o f  
amorphous s i l i c a  r e l a t i v e  t o  quartz i s  a d i s t i n c t  advantage f o r  geo theya l  
power p lants  because i t  l i m i t s  t h e  p r e c i p i t a t i o n  o f  s i l i c a  from spent brlnes. ; 

The s o l u b i l i t y  curves o f  amorphous s i l i c a  and quartz both increase w i t h  tem- 
perature t o  -3OOOC and then decrease due t o  the  decreasing densi ty and so lvent  
p&er o f  water. , 

(374OC) i s  exceeded. 

sol  u t i  ons . lac The e f f e c t  of NaCl m o l a l i t y  and temperature on amor'phous s i l i c a  
and quartz s o l u b i l i t y  i s  shown i n  Figure 4.2. 

(a) 

I 

The decrease becomes rap id  as t h e  c r i t i c a l  p o i n t  o f  water 

Disso v d s a l t s  and pH a l so  a f f e c t  t h e  s o l u b i l i t y  o f  s i l i c a  i n  aqueous 

The s o l u b i l i t y  of amorphous s i l i c a  i n  pure water previously shown i n .  
Figure 4.1 (dashed p o r t i o n  o f  curve) and Figure 4.2 (0 m o l a l i t y  o f  NaC1) 
was ca lcu lated by t h e  empir ical  equation o f  Marshal (1980a): 

3 
Log so = -0.1185 - (1.1260 x F) + (2.33 x $) - ( 

where so = molal s o l u b i l i t y  of amorphous s i l i c a  i n  pure water 
T = temperature i n  Kelvin. 

The s o l u b i l i t y  of amorphous s i l i c a  i n  NaCl so lu t ions was ca lcu lated f o r  
Figure 4.2 from t h e  c l a s s i c  Setchenow equation (Setchenow 1892): 

Log (so/s)  = Dm (4.2 1 

where s = molal s o l u b i l i t y  of amorphous s i l i c a  i n  t h e  s a l t  s o l u t i o n  
D = a parameter t h a t  var ies w i t h  s a l t  type and temperature 
m = m o l a l i t y  o f  t h e  added s a l t  . 

Values f o r  D have been determined f o r  NaCl , NaN03, NaS04, MgC12, and MgS04 
so lut ions f o r  temperatures from 25 t o  3OOOC by Marshal and Chen (1982) 
using experimental data (Marshal 1980a; Marshal 198Qb; Chen and 
Marshal 1982). The s o l u b i l i t y  of quartz up t o  220OC was ca lcu lated f o r  
Figure 4.1 (dashed p o r t i o n  of curve) us ing t h e  f o l l o w i n g  equation (Weres, 
Yee, and Tsao 1980): 

Log co = - - '160 + 1.93 T (4.3) 

where c0 i s  t h e  equi l ibr ium s o l u b i l i t y  o f  quartz i n  g/kg o f  water. Data 
f o r  t h e  s o l u b i l i t y  of quartz i n  NaCl so lu t ions shown i n  Figure 4.2 were 
taken from data reported by Weres, Yee, and Tsao (1980). 
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FIGURE 4.2. E f f e c t  of NaCl M o l a l i t y  on S o l u b i l i t y  of Amorphous 
S i l i c a  and Quartz as a Function o f  Temperature 
(1 m NaCl = 58,400 ppm) 

The curves i n  Figure 4.2 show decreasing s o l u b i l i t y  f o r  both amorphous 
s i l i c a  and quartz w i t h  increasing NaCl mola l i ty ,  but  t he  e f f e c t  i s  more pro- 
nounced w i t h  amorphous s i l i c a .  The saturat ion r a t i o s  f o r  amorphous s i l i c a  
r e s u l t i n g  from coo l i ng  br ines i n  equ i l i b r i um w i t h  quartz a t  3OOOC down t o  100°C 
increase w i t h  increasing NaCl mola l i ty .  The value o f  1.58 previously given f o r  
pure water so lut ions increases t o  2.66 f o r  5 m NaC1. The higher supersatura- 
t i o n  r a t i o s  f o r  amorphous s i l i c a  i n  cooled br ines increase t h e  k i n e t i c  d r i v i n g  
force fo r  p r e c i p i t a t i o n  of amorphous s i l i c a .  

Estimates f o r  sa tu ra t i on  values of amorphous s i l i c a  were computed f o r  
several cooled geothermal br ines using Equation (4.2) and D values f o r  NaCl 
reported by Marshal and Chen (1982) us ing t h e  assumption t h a t  a l l  o f  t he  
ch lo r i de  i n  the  geothermal b r i n e  was NaC1. Comparing these calculated values 
t o  actual  geothermal f i e l d  data (Table 4.2) shows good agreement, especia l ly  
when t h e  k i n e t i c  factors t h a t  in f luence f i e l d  s o l u b i l i t i e s  are considered. 
These fac to rs  confirm t h e  v a l i d i t y  -of  ca l cu la t i ng  t h e  amorphous s i l i c a  
s o l u b i l i t y  i n  t h i s  manner. 

The temperatures a t  which amorphous s i l i c a  sa tu ra t i on  i s  reached upon 
cool ing wi thout water l oss  by f l ash ing  ( f o r  example, b inary power p l a n t )  are 

4.5 
LJ 



, 

b TABLE 4.2. Comparison o f  Calculated and Analyzed Values f o r  
Amorphous S i l i c a  i n  Cooled Geothermal Brines 

Calculated 
Chl o r i  de Analyzed S o l u b i l i t y  o f  

si029 PPm sio2, ppm Brine Concent r a t  i on, 
Br ine Source Temperature, OC p pm - .  

GLEF No. l(a) 90 
GLEF No. 2(a) 90 
GLEF No. 3(b) 100 

Cerro Prieto(d9e) 95 
GLEF No. 4(') 105 

Ahuachapan(f) 150 

112,000 
145,400 
134,500 
125,000 
12,940 
9,340 

183 166 
144 124 
192 156 
185 181 
370 369 
570(g) 632 

- 
(a) CLEF - Geothermal Loop Experimental Faci 1 i t y  . 
(b) See San Diego Gas and E l e c t r i c  1980. 
(c) See Featherstone and Powell 1981. 
(d) See Weres, Tsao, and Ig les ias  1980. 
(e) Simulated brine. 
(f) Einarsson, Vides, and Cuel lar  1975. 
(9) Assumes 18% concentrat ion of b r i n e  from reservo i r .  

given i n  Table 4.3 fo r  t he  geothermal waters l i s t e d  i n  Table 2.1. 
concentrations are low enough a t  East Mesa t h a t  sa tu ra t i on  would not be reached 
by cool ing t h i s  b r i n e  t o  below 100OC. Maintaining process temperatures above 
the  saturat ion l i m i t  i s  t he  p r i n c i p l e  o f  the s i l i c a - f r e e  operation of t he  East 
Mesa Binary Plant (Magma Power Co.). Figure 4.3 i l l u s t r a t e s  how process condi- 
t i o n s  i n  a f l a s h  p lan t  can change the saturat ion temperature f o r  dissolved 
amorphous s i l i c a .  

Attempts t o  use Equation (4.2) adapted f o r  mixed e lec t ro l y tes  (Marshal and 
Chen 1982) and s u b s t i t u t i n g  D values f o r  MgC12 i n  place o f  Ca€12, which i s  h igh 
i n  Salton Sea geothermal brines, gave even lower amorphous s i l i c a  estimates f o r  
GLEF brines. The D values f o r  MgC12 and CaC12 did, however, compare favorably 
a t  2 5 O C  (Marshal and Warakomski 1980); but addi t ional  work i s  needed t o  develop 
CaC12 (and KC1) data a t  h igher temperatures t o  v e r i f y  the usefulness o f  t he  
mixed e l e c t r o l y t e  equation. Values f o r  D w i t h  FlaCl a t  temperatures from o f  25 
t o  30O0C are given i n  Figure 4.4. 

increases i n t o  the  a l k a l i n e  range. An expression f o r  t he  re la t i onsh ip  between 
pH and the  s o l u b i l i t y  of monomeric s i l i c a  i s  given by the fo l l ow ing  equation 
(Wahl 1977): 

S i l i c a  

The s o l u b i l i t y  o f  s i l i c a  i s  subs tan t i a l l y  independent o f  pH u n t i l  t h e  pH 
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W TABLE 4.3. Temperatures f o r  Amorphous S i l i c a  Saturat ion f o r  
Geothermal Waters 

Reservoi 
Sal ton Sea 
Cerro P r i e t o  
East Mesa 
Heber 
Ahuachapan 
Roosevel t Hot Springs 
Beowawe 

Mol a1 i ty 

3.6 

0.01 

0.23 

0.001 

0.30 

0.23 

0.14 

S i  1 i c a  
Concent r a t  i on(b) 

560 
733 
270 
270 
500 
782 
329 

Temperature, O C  

183 
167 
63 
70 

123 
174 
83 

(a) From Table 2.1. 
(b) Calculated from ppm o f  Si02 by cor rec t ing  f o r  TDS. 

Y 

50 
0 200 400 600 800 lo00 1200 1400 1600 

Si02 IN GEOTHERMAL FLUID 
PRIOR TO FLASHING, ppm 

FIGURE 4.3. Process Flash E f f e c t  on Saturat ion Temperature 
f o r  Amorphous S i l i c a  (Barnes and Rimst idt  1976). 
Conditions: 
s i te -spec i f i c  t o t a l  s a l t  concentrations. . -  

pH < 8; precise work would inc lude 



0*09 t . .. 

o-021 0.01 

TEMPERATURE, OC 

FIGURE 4.4. D Parameter (NaC1) as a Function o f  Temperature 
(Marshal and Chen 1982) 

w - w  
S m  

'm 
= PH + l o g  K1 1 og 

wheFe ws = t o t a l  s o l u b i l i t y  o f  monomeric s i l i c a  
wm = weight percent o f  molecular s i l i c i c  ac id  
K 1  = f i r s t  i o n i z a t i o n  constant f o r  molecular s i l i c i c  ac id  o r  

H4Si04 = H3Si04- + H+ 

K~ = 10'9*7 a t  25OC 

The i o n i z a t i o n  constant can be calculated a t  higher temperatures using the  
fo l lowing equation (Wahl 1977): 

(4.4) 

(4.5) 

(4.6) 
1661 I n  K1 = -16.76 - - T 

. 

where T = temperature, K 
I n  = 2.303 log. 
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S o l u b i l i t y  curves f o r  amorphous monomeric' s i l i c a  (Figure 4.5) a t  25OC and 
100°C were ca lcu lated from Equation (4.4) using wm values o f  0.012 and 
0.0402 w t X  (120 and 402 ppm) and l o g  K 1  values o f  -9.70 and -9.21 a t  25OC and - 
100°C, respectively. The s o l u b i l i t y  curve a t  25OC agrees reasonably wel l  w i t h  
experimental data except t h a t  t h e  l a t t e r  increases somewhat below pH 5. 

l i t t l e  p r a c t i c a l  s ign i f icance under t y p i c a l  b r i n e  condi t ions when the pH i s  
below 8. However, as discussed below, the  k i n e t i c s  of s i l i c a  deposi t ion slows 
dramat ica l ly  as t h e  pH i s  lowered i n t o  t h e  ac id  range. 

The e f f e c t  o f  pH on the  equ i l i b r i um s o l u b i l i t y  of monomeric s i l i c a  i s  o f  
' 

I I I I I I 

PH 

0 2 4 6 8 

FIGURE-4.5. S i l i c a  S o l u b i l i t y  as a func t i on  o f  pH. Calculated from 
Equation (4.4); experimental data a t  25OC show a s l i g h t  
increase i n  ac id  waters w i t h  a s o l u b i l i t y  minimum near pH 7. 
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4.1.2 - S i l i c a  P rec ip i t a t i on  Kinet ics  

b i l d t y ,  other factors  a f f e c t  t he  r a t e  a t  which s i l i c a  comes out o f  solut ion.  
These k i n e t i c s  are fnf luenced by the degree o f  supersaturation, temperature, 
cata lysts  ( f l uo r ide ) ,  and nucleat ion s i t e  a v a i l a b i l i t y .  Looking a t  j u s t  t he  
temperature factors, the maximum 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  w i l l .  occur a t  a 
temperature 25 t o  5OoC below the saturat ton temperature as the b r ine  cools. 
Another r u l e  o f  thumb i s  t h a t  once the  supersaturation r a t i o  nears 2 s i l i c a  
p rec ip i  t a t 1  on commences without delay. 

I n  add i t i on  t o  the various factors  a f f e c t i n g  s i l i c a  equi l ibr ium solu- 

The s i l i c a  p r e c i p i t a t i o n  process consists o f  the fo l l ow ing  steps (Weres, 
Yee, and Tsao 1980): 

o Step 1 - formation o f  s i l i c a  polymers o f  less than nucleus s i ze  

e Step 2 - nucleat ion o f  an amorphous s i l i c a  phase i n  the  form o f  c o l l o i d a  
p a r t i c l e s  

Step 3 - growth o f  s u p e r c r i t i c a l  amorphous s i l i c a  p a r t i c l e s  by f u r t h e r  
chemical deposi t ion o f  s i l i c i c  ac id  on t h e i r  surfaces 

c) Step 4 - coagulat ion o r  f l o c c u l a t i o n  o f  c o l l o i d a l  p a r t i c l e s  t o  g ive e i t h e r  
a p r e c i p i t a t e  o r  a semi sol  i d  materi  a1 

c, Step 5 - cementation o f  the p a r t i c l e s  i n  the  deposit by chemical bonding 
and f u r t h e r  deposi t ion o f  s i l i c a  

o Step 6 - growth o f  a secondary phase i n  the  i n t e r s t i c e s  between the  

A s o l i d  surface i n  contact w i t h  a supersaturated so lu t i on  o f  amorphous 

amorphous s i l i c a  p a r t i c l e s  (occurs r a r e l y )  . 
s i l i c a  may have a l aye r  o f  amorphous s i l i c a  on i t  and f u r t h e r  deposi t ion may 
proceed by Step 3 alone. I f  c o l l o i d a l  amorphous s i l i c a  p a r t i c l e s  form i n  the  
supersaturated solut ion,  these may adhere t o  the surface i n  analogy t o  Steps 4 
and 5; Step 6 may fol low. 

ra ted s o l u t i o n  can be re fe r red  t o  as homogeneous nucleation. 
nant process a t  t he  h igh i n i t i a l  supersaturation r a t i o s  required f o r  rap id  
polymerization of amorphous s i l i c a .  Heterogeneous nucleat ion appl ies t o  the  
deposi t ion of amorphous s i l i c a  on pre-ex is t ing c o l l o i d a l  amorphous s i l i c a  
pa r t i c l es ,  but  i t  i s  not a c t u a l l y  a nucleat ion process. Nucleation by other 
scale p a r t i c l e s  can a l so  occur t o  provide surfaces fo r  amorphous s i l i c a  
deposition. The formation of the amorphous s i l i c a  on Fe(I1) i s  most l i k e l y ,  
fo l lowed by s i l i c a t e s  of aluminum, magnesium, and calcium. 

The formation of amorphous s i l i c a  c o l l o i d a l  p a r t i c l e s  from a supersatu- 
It i s  t h e  domi- 
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The nucleat ion process frequent ly involves an induct ion o r  l a g  t ime dur ing 
which the  concentration o f  molecular s i l i c i c  ac id  remains constant. A f t e r  some 
per iod  o f  time, the  concentration o f  molecular s i l i c i c  ac id  begins t decrease, 

which ind ica tes  tha t  nucleat ion i s  occurring. This induct ion time phenomena 
has been in te rpre ted  i n  two ways. F i r s t  the approximate time required f o r  sub- 
c r i t i c a l  c lus te rs  o f  amorphous s i l i c a  t o  grow t o  c r i t i c a l  nucleus s i ze  and 
s l i g h t l y  beyond i t  i s  considered t o  be the  induct ion time. The induct ion t ime 
i s  longer a t  lower saturat ion r a t i o s  because the c r i t i c a l  nucleus s i ze  i s  
l a r g e r  a t  these rat ios.  For a batch process, the nucleat ion ra te  bui lds,  
peaks, and f a l l s  again as the  saturat ion r a t i o  decreases as a consequence o f  
nuc leat ion and p a r t i c l e  growth. 

I n  the  second in te rpre ta t ion ,  induct ion time i s  viewed as simply the  
length o f  t ime required f o r  enough p a r t i c l e s  t o  nucleate and grow t o  a po in t  
where the  concentration o f  molecular s i l i c i c  ac id  decreases. Rapid attainment 
o f  steady-state nucleat ion i s  imp1 i c i t  i n  t h i s  in te rpre ta t ion ;  therefore, an 
i n i t i a l l y  slower nucleat ion ra te  may be ignored f o r  p rac t i ca l  purposes. This 
i n t e r p r e t a t i o n  appl ies t o  induct ion times observed f o r  both homogeneous and 
heterogeneous nucleat ion . 
some o f  the reported l i t e r a t u r e  on amorphous s i l i c a  nucleation. 
reported a c e r t a i n  maximum deposi t ion ra te  f o r  molecular s i l i c i c  ac id  on 
c o l l o i d a l  amorphous s i l i c a .  Attempts t o  increase t h i s  ra te  by increasing the  
concentrat ion o f  molecular s i l i c i c  ac id  l e d  t o  the  homogeneous nucleat ion o f  
new p a r t i c l e s  o f  amorphous s i l i c a  as we l l  as sustained growth o f  p re-ex is t ing  
par t i c les .  Weres, Yee, and Tsao (1980) reported tha t  other researchers con- 
ducted t h e i r  amorphous s i l i c a  nucleat ion studies above a saturat ion r a t i o  of 
2.0, apparently t o  avoid inconvenient ly slow repct ion rates. 

(LBL) t o  determi ne heterogeneous and homogeneous amorphous s i  1 i ca nucleat ion 
rates under s p e c i f i c  condi t ions . Us1 ng both batch and continuous f 1 ow exper i -  
mental resu l t s  (Figure 4.6), Weres, Yee, and Tsao (1980) developed an empir ical  
equation t o  ca lcu la te  the ra te  o f  molecular deposi t ion o f  amorphous s i l i c a  over 
a broad range o f  temperature and molybdate ac t i ve  s i l i c a  concentrations. 
Co l lo ida l  s i l i c a  was added t o  so lut ions o f  molybdate ac t i ve  s i l i c a  t o  determine 
heterogeneous nucleat ion (deposi t ion on c o l l o i d a l  amorphous s i l i c a  surfaces). 
Concentrations were -0.6, 0.8, and 0.85 g/1 a t  50, 75, and 100°C, respect ively.  
The c o l l o i d a l  s i l i c a s  used i n  these experiments were Ludox@ TM, HS, and SM, 
which had s p e c i f i c  surface areas o f  157, 242, and 359 m2/g o f  SiOe, respec- 
t i v e l y .  The t o t a l  surface area o f - t h e  c o l l o i d a l  s i l i c a s  var ied between 143 and 

A threshold value f o r  amorphous s i l i c a  supersaturation i s  apparent i n  
I l e r  (1973) 

Experimental studies have been conducted a t  Lawrence Berkeley Laboratories 

@ Product o f  E. I .  du Pont de Nemours and Company, Inc., Wilmington, 
Del aware. 
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MAS = 0.8 g/l 

1 .o g/l LUDOX TM, pH 6.60 

0 0.6 g/l LUDOX HS. pH 6.63 

A 0.4 g/l LUDOX SM. pH 6.51 

0 
0 50 1 00 

TIME, min 

FIGURE 4.6. Reduction i n  Molybdate Act ive S i l i c a  (MAS) as a Func- 
t i o n  o f  Time Following Addi t ion o f  Co l l o ida l  S i l i c a  
(Weres, Yee, and Tsao 1980) 

157 m2/1 f o r  1 g/1 Ludox TM, 0.6 g/1 Ludox HS, and 0.4 g/1 Ludox SM. The re- 
duction i n  molybdate a c t i v e  s i l i c a  concentrat ion w i t h  t ime fo l l ow ing  add i t i on  
of c o l l o i d a l  s i l i c a  i s  i l l u s t r a t e d  i n  Figure 4.6. Sodium m o l a l i t y  i n  these 
experiments was -0.07 due t o  bu f fe r i ng  agents and the use o f  sodium s i l i c a t e  
so lut ions t o  prepare the  molybdate a c t i v e  s i l i c a .  According t o  Figure 4.2, 
saturat ion o f  amorphous s i l i c a  would be 290 ppm a t  75OC; therefore, -90% o f  t h e  
supersaturation was re l ieved i n  90 min and about h a l f  o f  the supersaturation 
was re l ieved i n  15 min. 

Molybdate a c t i v e  s i l i c a  i s  experimentally t he  same as unpolymerized 
s i l i c a .  The amorphous s i l i c a  molecular deposi t ion r a t e  (Rmd) (grams o f  
Si02/cm2/min) i s  calculated from the  fo l lowing equation: 

(4.7) 

where F(pH, pHno,) = f a c t o r  expressing pH and s a l t  e f f e c t  on deposi t ion r a t e  
(see Figure 4.7) 

KoH(T) = r a t e  constant a t  temperature T = antiloglO (3,1171 - 4296.6/T) 
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S = saturat ion r a t i o  (Si02 concentration/amorphous s i l i c a  
saturat ion concentrat ion) 

f f ( S a )  = Sa5 i f  Sa St where St = a n t i l o g l o  (0.0977 + 75.84/T) o r  

, 

L, 

= S t  5 + 5St 4 (Sa S t )  i f  Sa > S t  

Sa = (1 - a)S where a = f r a c t i o n  o f  Si02 i n  i o n i c  form. 

The r a t e  of molecular deposi t ion a t  various molybdate a c t i v e  s i l i c a  con- 
centrat ions i n  low s a l i n i t y  so lut ions a t  100°C i s  i l l u s t r a t e d  i n  Figure 4.8. 
The r a t e  values were calculated w i t h  S = Sa, which i s  approximately t r u e  i n  low 
s a l i n i t y  solut ions. Values from the  curves i n  Figure 4.8 may be corrected by ' 

m u l t i p l y i n g  by (1 - 1 / S ) / ( 1  - l/Sa)D Although t h i s  correct ion f a c t o r  may be 
neglected i n  most cases because i t  i s  usual ly  very c lose t o  1, i t  can be impor- 
t a n t  if S i s  c lose t o  1. Only the area out l ined by a s o l i d  l i n e  i s  approxi- 
mately covered by experimental data; the other curves are extrapolat ions based 

FIGURE 4.7. Var ia t ion of S i l i c a  Deposit ion Rate Factor w i t h  pH 
(Weres, Yee, and Tsao 1980) 
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on Equation (4.7). The dotted l i n e  represents the boundary between f i r s t - o r d e r  
k i n e t i c s  (on the l e f t  of the dotted l i n e )  and f i f t h - o r d e r  k i n e t i c s  (on the 
r i g h t  o f  the dotted l i ne ) .  

evident i n  Figure 4.8. The deposit ion ra te  increases by almost three orders o f  
magnitude by a three-fold increase i n  concentration (0.4 t o  1.2 g / l )  a t  100'C. 
However, the indicated ra te  o f  molecular deposit ion o f  amorphous s i l i c a  i s  
s t i l l  very slow and would cause a bui ldup o f  only 3 mm o f  scale over a per iod 
o f  a year. 

This r a t e  i s  considerably less than the 38 mm/month observed downstream 
from the second-stage f lash vessel a t  the GLEF (San Diego Gas and E l e c t r i c  , 

1980). The rap id bui ldup o f  s i l i c a  scale on equipment surfaces i n  contact w i t h  
s i l ica-supersaturated geothermal waters i s  a t t r i b u t e d  t o  deposit ion of excess . 
molecular s i l i c i c  acid on c o l l o i d a l  pa r t i c l es ,  which i n  t u r n  adheres t o  the 
equipment surfaces and accelerates scale formation (Weres, Tsao, and I g l e s i a s  
1980). 
s i l i c a  sludge p a r t i c l e s  than indicated i n  Figure 4.8. 
1.8 w t %  p rec ip i t a ted  sludge w i th  spent geothermal b r i ne  f o r  20 min i n  a reactor 
c l a r i f i e r  a t  the GLEF lowered the s i l i c a  content from 390 t o  200 mg/l S O 2  (San 
Diego Gas and E l e c t r i c  1980). I f  an average 10-m sludge p a r t i c l e  s i ze  i s  
assumed (Awerbuck and Rogers 1981) and the densi t  of the p a r t i c l e  i s  1.4, 
the calculated s i l i c a  deposit ion r a t e  i s  2 x l0-'g/cm2/min. The equivalent 
molecular s i l i c i c  acid deposit ion ra te  from Figure 4.8 would be -lo-' g/cm2/ 
min. 
example, Owen 1975), s i 1  i c a  p r e c i p i t a t i o n  k i n e t i c s  increases w i t h  increasing 
temperature and then decreases f o r  a given concentrat ion as the supersaturation 
r a t i o  drops toward 1.0. 

The r a t e  o f  homogeneous nucleation a t  l0O'C and neutral  pH i s  i l l u s t r a t e d  
i n  Figure 4.9 f o r  d i f f e r e n t  molybdate ac t i ve  s i l i c a  s t a r t i n g  concentrations i n  
experiments s i m i l a r  t o  those previously described but wi thout c o l l o i d a l  s i l i c a  
addit ion. 
ef fect  o f  supersaturation r a t i o  on the polymerization induct ion period. These 
curves were corrected f o r  small d i f ferences i n  pH and are therefore t o  be 
considered approximate. 

s a l t  concentration, and f l u o r i d e  ions can a f f e c t  the r a t e  o f  s i l i c a  nucleation. 
Weres and others have re la ted the increase i n  molecular deposi t ion rates (i.e., 
heterogeneous nucleat ion) t o  pH and Na' as i l l u s t r a t e d  i n  Figure 4.7, which 
shows about an order o f  magnitude increase i n  deposit ion ra te  by increasing the 
pH from 5 t o  6. 
t h e  deposi t ion r a t e  by an order o f  magnitude a t  pH 5 (pHnom = 6 w i th  0.69 m 
Na' a t  pH 5). The e f fec ts  o f  varying pH and NaCl concentrations i n  homogeneous 

The e f f e c t  o f  s i l i c a  concentrat ion on the r a t e  o f  deposi t ion i s  c l e a r l y  

It i s  also evident t h a t  s i l i c a  deposits more rap id l y  on p rec ip i t a ted  
For example, mixing 

As can be seen from Figure 4.8 and from various l i t e r a t u r e  sources ( f o r  

Figure 4.10 shows the same data re in terpreted t o  i l l u s t r a t e  the 

I n  addi t ion t o  temperature and degree o f  supersaturation, pH, dissolved 

An increase i n  Na' from 0.069 t o  0.69 m would a lso increase 
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FIGURE 4.8. Rates o f  Molecular Deposition o f  Amorphous S i l i c a  a t  pH 7 
(Weres, Yee, and Tsao 1980) . Experimental data obtained 
w i t h i n  the four-sided figure; other curves are calculated. 
The maximum deposi t ion r a t e  f o r  a spec i f i c  concentration 
(dots) i s  the po in t  where temperature-based increases i n  
k i n e t i c s  are counterbalanced by temperature-based increases 
i n  s o l u b i l i t y .  The v e r t i c a l  scales are considered by, the 
authors t o  be quan t i t a t i ve l y  unre l iab le  f o r  p red ic t i ng  actual  
p lan t  and wel l  deposi t ion rates. 

0 
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FIGURE 4.11. E f fec t  of Varying pH on Homogeneous Nucleation o f  S i l i c a  
(Weres, Yee,.and Tsao 1980). 
as so lu t i on  becomes more acidic. 

P rec ip i t a t i on  k i n e t i c s  slows 

experiment conducted a t  a pH higher than 3.3 (Weres, Yee, and Tsao 1970). The 
s p e c i f i c  f l u o r i d e  l eve l s  described i n  t h i s  f igure are high f o r  geothermal f l u -  
i d s  and would not normally be encountered; however, the f i g u r e  does i l l u s t r a t e  
the dramatic c a t a l y t i c  e f f e c t  of the f l u o r i d e  i on  a t  low pH. 

homogeneous nucleat ion was developed a t  LBL and was incorporated i n t o  the com- 
puter  code SILNUC (Weres, Tsao, and Ig les ias  1980). The a v a i l a b i l i t y  o f  the 
SILNUC code should make t h i s  involved work on s i l i c a  k i n e t i c s  simpler f o r  geo- 
thermal use. Awerbuck, Van der Mast, and Rogers (1982) used an exponential 
decay curve (such as i s  used t o  describe rad ioact ive decay) t o  estimate the  
k i n e t i c s  f o r  the design parameters f o r  a contro l  1 ed p r e c i p i t a t i o n  process-a 
f l a s h  c r y s t a l l i z e r - c l a r i f i e r .  However, the general re la t ionships o f  Weres' 
work are confirmed by other invest igators  o f  s i l i c a  chemistry: 

A t heo re t i ca l  approach t o  the formation o f  c o l l o i d a l  s i l i c a  p a r t i c l e s  by 

e Weres reported t h a t  the ra te  o f  s i l i c a  deposi t ion i s  proport ional  t o  
the sodium i o n  concentration; I l e r  (1979) reported t h a t  dissolved 
NaCl promoted fas te r  s o l u b i l i t y  equi l ibr ium. 

iu 
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FIGURE 4.14. E f fec t  o f  F luor ide Catalysis on Homogeneous Nucleation 
o f  S i l i c a  a t  Low pH (Weres, Yee, and Tsao 1980). Due 
t o  the  impact o f  the k i n e t i c  impact o f  pH alone, f l u o r i d e  
ca ta l ys i s  becomes much less dramatic as pH rises. 

Q Weres reported a ten- fo ld  increase i n  deposi t ion rates w i th  an 
increase from pH 5 t o  6; Baumann (1955)--Figure 4.15--found t h a t  the  
ra te  o f  d i sso lu t i on  var ied s i m i l a r l y  w i t h i n  the approximate pH range 
of 3 t o  6. 

o Weres reported f l u o r i d e  ca ta lys is  o f  s i l i c a  polymerization; I l e r  
(1979) discussed t h i s  e f f e c t  and confirmed i t s  s ign i f i cance i n  low 
pH waters. 

The subject  o f  s i l i c a  p r e c i p i t a t i o n  k i n e t i c s  i s  d i f f i c u l t  t o  assess 
q u a n t i t a t i v e l y  wi thout f i e l d  tests.  Among ca lcu la t iona l  options, the DOE/ 
Berkeley code (SILNUC) and possibly the EPRI codes (EOUILIR, FLOWSCALE) are the  
most usable methods. For an i n i t i a l  design parameter, the k i n e t i c s  can be 
estimated from the  re la t ionsh ips  discussed i n  t h i s  sect ion and summarized i n  
Table 4.4. 

4.19 
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FIGURE 4.15. pH Dependence o f  S i l i c a  K ine t ics  fo r  Dissolut ion Equi l ibr ium, 
Ind i ca t i ng  t h a t  D isso lu t ion  and Prec ip i t a t i on  Have S imi la r  pH 
Dependencies (Baumann 1955) 

4.2 CARBONATE PRECIPITATES 

Carbonate p rec ip i t a tes  o r  scales can form i n  geothermal waters by the  
combination of carbonate i o n  w i t h  ce r ta in  metal ions, the  most prominent o f  
which i s  Ca(I1). Calcium i o n  can u n i t e  w i t h  carbonate i o n  i n  geothermal waters 
t o  form ca lc i te ,  one of the c r y s t a l l i n e  forms o f  calcium carbonate. Aragonite, 
a d i f f e r e n t  c r y s t a l l i n e  form, can a l so  form but  i t  i s  less  common. Calcium 
carbonate deposits form very rap id l y  once the  thermodynamic condi t ions are 
correct .  For p rac t i ca l  purposes, t he  c a l c i t e  k i n e t i c s  can be assumed t o  be 
instantaneous. Other a l ka l i ne  ear th  metals, such as Sr(I1) and Ba( I I ) ,  and 
c e r t a i n  heavy metal ions, such as Fe(I1) and Pb( I I ) ,  can a lso  cont r ibu te  t o  
carbonate prec ip i ta tes  o r  scales under appropr iate condit ions. Many o f  the  
heavy metal ions, excluding t h e  a l k a l i n e  ear th  metals, may be p r e f e r e n t i a l l y  
p rec ip i t a ted  as su l f ides  instead o f  carbonates i f  s u f f i c i e n t  S= i s  present 
because of the  lower s o l u b i l i t y  o f  the  s u l f i d e  compounds o f  these heavy 
metals. A lka l ine  ear th  su l f ides  are r e l a t i v e l y  soluble. 

I f  the  geothermal resource i s  a bicarbonate-dominated water (i-e., t he  pH 
i s  cont ro l led  by the  CO,/HCO, equi lbrium), a l ka l i ne  ear th  carbonate p rec ip i -  
t a tes  and scale can be formed when f lash ing  f o r  steam production occurs. 



Lowering pH slows k i n e t i c s  by a 
fac to r  o f  -10 f o r  every pH uni t .  

PH 

Supersaturation P r e c i p i t a t i o n  becomes rap id as 
r a t i o  the r a t i o  exceeds 2. 

TABLE 4.4. Factors A f fec t i ng  S i l i c a  Deposition Kinet ics  

Factor Impact Comments 

Reduce pH and temperature 

Tempe r a t  u r e  K i  net i cs s l  ows dramat i ca l  l y  as 
temperature drops , wh i ch 
counteracts the increase i n  
supersaturation r a t i o  as a 
saturated so lu t i on  cools. 

Sal i n i  ty 

F c a t a l y s t  

Increased s a l i n i t y  increases 
k i n e t i c s  o f  deposit ion 

This equi 1 ibr ium ( p r e c i p i t a t i o n )  
accelerator may become the 
domi nant cont ro l  1 e r  o f  deposi - 
t i o n  i n  lower pH br ines (pH 31)  
where the normal prec i  p i  t a t  i on 
mechanism i s  pH inh ib i ted.  

Chemical Retards growth o f  s i l i c a  
i nhi b i  t o r s  pa r t i cu la tes  

The maximum s i l i c a  deposi- 
t i o n  r a t e  may occur 25 t o  
5OoC below the temperature 
a t  which the cooled s o l u t i o n  
reaches amorphous s i l i c a  
s o l u b i l i t y  l i m i t s .  

L imited t e s t i n g  described 
i n  the I n h i b i t o r  Treatment 
sect ion . 

The loss o f  carbon d iox ide and the associated pH increase are the p r i n c i p a l  
causes f o r  a l k a l i n e  ear th  carbonate prec ip i ta t ion.  The s o l u b i l i t y  products 
(KSp) o f  calcium, strontium, and barium carbonate minerals a t  25OC and 100°C 
are presented i n  Table 4.5. A l l  the carbonate minerals l i s t e d  e x h i b i t  decreas- 

c a l c i t e  continues t o  decrease from 100 t o  250°C, wh ich ' l im i t s  i t s  The so K% b i l i t y  Of 
i n g  s o l u b i l i t y  as the temperature increases from 25 t o  100°C. 

(see Figure 4.16). However, the presence o f  CO2 under moderate t o  h igh 
pressure i n  a geothermal reservo i r  enhances i t s  s o l u b i l i t y .  This d i sso lu t i on  
react ion may be expressed as: 

CaC03(s) + H20(r) + C02(g) % Ca (4.8) 

As the b i c a r  ate i on  d issoc iate o form carbonate ion, the pH r ises:  

HCO; + OH- + C02 (4.9) 

4.21 



TABLE 4.5. S o l u b i l i t y  Products o f  A lka l ine Earth Carbonate Minerals L a d  
a t  25°C(a) Ksp a t  IOOOC(~) 

. Mineral Chemical Formula Ksp 
Ca lc i te  CaC03 2.4 t o  4.8 x 3.2 x loo1' 
S t  r o n t i a n i  t e  SrC03 1.6 10-9 1.4 x 10-l' 
Wi ther i te  BaC03 8.1 10-9 1.4 10-13 
~- ~ 

(a) See Wahl 1977; Chemical Rubber 1962. 
(b) See E l l i s  1963. 

!5 50 100 150 200 250 

TEMPERATURE, O C  

FIGURE 4.16. S o l u b i l i t y  Product o f  Ca lc i t e  as a Function o f  Temperature 
i n  Water (Wahl 1977; E l l i s  1963) 

But the equi l ibr ium of Equation (4.9) i s  s h i f t e d  t o  the l e f t  under the  
inf luenee o f  increasing CO2 pressure, which decreases the pH: 

H ~ C O ~ * H +  + H C O ~  (4.10) 

The CO; concentration, which contro ls  the s o l u b i l i t y  o f  c a l c i t e  and the other  
minerals l i s t e d  i n  Table 4.5, i s  given as a funct ion o f  temperature and C02 
pressure i n  Figure 4.17 f o r  geothermal water from the East Mesa reservoir .  
Flashing o f  t h i s  water, which contains 400 ppm o f  HCOS, increases the pH from 6 dil.i 

4.22 



250 

Y 

d 

200 
K 
3 
I- 

W 

150 

100 

, 
0.001 0.01 0.1 1 .o 

CO2 PRESSURE, atm 

FIGURE 4.17. Isopleths Showing CO= Concentrations Versus 
Temperature and C02 $ressur-e (Michels 1979) 

o r  7 t o  9 o r  10 and increases the COS concentrat ion from (0.7 t o  -70 ppm. This 
change causes the  p r e c i p i t a t i o n  o f  -7 ppm o f  Ca as CaC03 (Michels 1979). The 
so lub le Ca i n  a pure water so lu t ion  w i th  70 mg/l COS would be -0.01 mg/l 
Ca(I1); however, the presence o f  complexing agents ( f o r  example, SO; and F') 
could increase t h i s  value i n  actual geothermal water. The f r a c t i o n  o f  CO!, 
HCOj, and H2CO3 (C02aq) present as a func t ion  o f  pH a t  100°C i s  shown i n  
Figure 4.18. I n  the case o f  the  water containing 400-ppm HCO; and C02(aq), i f  
only the  ava i lab le  COe i l l u s t r a t e d  i n  Figure 4.18 were f lashed w i t h  steam, the  
pH o f  t he  so lu t i on  would appear t o  approach 9 ra ther  than exceed i t  as d i s -  
cussed i n  the  East Mesa example. Some of the H C O i  decomposes t o  y i e l d  wate'r 
and C02 ( v o l a t i l i z e s  w i th  the  f lash ing  steam) and CO; t ha t  hydrolyzes t o  
increase the  pH above 9 (Michels 1979): 

b o i l i n g  
2 HCO; ------+ (4.11) 

and 
CO; + H20 % OH- t HCO; 

H2C03) a t  equ i l ib r ium i n  a so lu t ion  containing HCOj. The equ i l ib r ium constant 

(4.12) 

From Equation (4.10), there i s  always some C02 and H20 ava i lab le  (as 

4.23 
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(K1) f o r  Equation (4.10) a t  100°C i s  5.8 x (Table 4.6). Although 
ure  4.18 ind ica tes  zero mole f r a c t i o n  o f  H$O3 a t  pH 9, the  mole f r a c t  
c a l  cu l  ated f rom: 

0 

0.2 1 1 0  

0' 
0 

0.4 y 
2 
0 + 

0.6 5: 
a 
LL 
w 
J 
0 

0.8 2 

1 .o 
2 4 6 8 10 12 14 

PH 

FIGURE 4.18. Fract ion o f  H2CO3, HCO;, and cog 
as a Function o f  pH a t  100°C 

F i  g- 
on 

(4.13) 

TABLE 4.6. Equ i l ib r ium Constants K1 and K2 f o r  Equations 4 13) and (4.9), 
Respectively, a t  Temperatures from 25 t o  2OOOC t a 5 

K 1  x 10 K2 x 10 11 Temperature, O C  

25 4.45 4.69 
50 5.16 6.73 

100 5.8 7.3 
150 4.7 5.6 
200 2.8 3.8 

(a) See E l l i s  1959b. 
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hd 
i s  a c t u a l l y  a f i n i t e  amount (H2CO3 = 0.0017 mole fraction),. The amount o f  
H2CO3 (or CO2 + H20) may be very small; but due t o  the high v o l a t i l i t y  o f  C02 
dissolved i n  water, t he  C02 i s  read i l y  removed by b o i l i n g  o r  steam s t r i p p i n g  t o  
pH leve ls  above 9. Experiments with shale o i l  waste water containing NaHC03 
have shown t h a t  p evels increased from 8.6 t o  as high as 10 by steam s t r i p -  
p ing f o r  ammonia,ra1 which a lso removes C02 by decomposition o f  the HCO,' 
(Mercer e t  a1 . 1982) . Steam s t r i p p i n g  of the CO2 avai lab le from Equa- 
t i o n  (4.13) becomes less e f f i c i e n t  as the pH increases because the f r a c t i o n  o f  
C02(aq) becomes smaller ( f o r  example, a t  pH 10 and 100°C, t he  mole f r a c t i o n  o f  
HzCO3 i s  only 1.7 x lom4). 

and Morgan 1981): 
The COS concentrat ion can be computed from t h  

. t  

(4.14) K1 K2 "5 = (H+)' ( K H )  eC02) 

where K1 and K2 = the f i r s t  and second ion i za t i on  constants ' for  carbonic 
acid; Equations (4.10) and (4,9), respectively, and 
Table 4.6 

K" = the  i-nverse o f  Henry's law constant i n  moles/l/atm 
(see Figure 4.19) 

P = the p a r t i a l  pressure o f  C02 i n  atmospheres. 
co2 

A value o f  81 mg/l CO; was calculated from Equation (4.14) using constant from 

f o r  COS. This CO5 concentrat ion f a l l s  w i t h i n  the zone for  the steam separators 
Table 4.6 and Figure 4.19 f o r  100°C, a pH o f  9, and a pressure of 3 x 10- 5 atm 

I 1  
shown i n  Figure 4.17. ., 

4.3 SULFIDE PRECIPITATES 

P r e c i p i t a t i o n  o f  heavy metal su l f i des  i s  also inf luenced by temperature 
reduct ion and loss o f  C02. However, compared w i t h  the a l k a l i n e  earth carbon- 
ates, t he  temperature reduction general ly decreases the s o l u b i l i t y  of the heavy 
metal su l f i des  (see Figure 4.20). The loss o f  CO2 increases the pH, which a 
enhances the p r e c i p i t a t i o n  o f  the heavy metal sulf ides. A t  pH values normal 
seen i n  geothermal waters (pH 4 t o  9 ) ,  most s u l f i d e  i s  present as H2S 
ion; however, s o l u b i l i t y  products are expressed i n  terms o f  s u l f i d e  '(S=); 

(a) Steam s t r i p p i n g  NH3 causes a reduction i n  pH i n  pure' water. 
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FIGURE 4.19. Henry’s Law Constant (K) f o r  C02 i n  Water and NaCl 
Solut ions as a Function of Temperature for  CO 
Pressure Below 50 atm ( E l l i s  and Golding 1963f 

S u l f i d e  i o n  i s  formed from H2S, commonly found i n  geothermal waters by the 
fol lowing reactions: 

H2S ,” HS- + H+ 

HS- ,” S= + H+ 

(4.15) 

(4.16) 

An increase i n  pH s h i f t s  Equation (4.16) t o  the r i g h t  increasing the con- 
cen t ra t i on  o f  s u l f i d e  i on  avai lab le f o r  p r e c i p i t a t i n g  heavy metals. The e f fec t  
o f  pH on the s o l u b i l i t y  of several heavy metal su l f i des  i s  i l l u s t r a t e d  i n  F ig-  
ure 4.21. These s o l u b i l i t i e s  decrease rap id l y  w i t h  increasing pH. 

w i t h  i t s  s o l u b i l i t y  i n  3 M NaCl (Figure 4.20) i l l u s t r a t e s  the effect o f  
ch lor ide complexing f o r  iTcreasing the s o l u b i l i t y  o f  the Ag2S. The concentra- 
t i o n  of Ag2S i s  m i n  water compared w i t h  -10” m i n  3 M NaC1. The 

Comparing Ag2S s o l u b i l i t y  i n  a neutral  so lu t i on  o f  water (Figure 4.21) 

- 
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FIGURE 4.20. S o l u b i l i t i e s  o f  Sul f ides i n  3 - M NaCl (Helgeson 1969) 

complexing ac t ion  o f  chlorides, HS', and other l igands makes i t  d i f f i c u l t  t o  
p red ic t  heavy metal s u l f i d e  s o l u b i l i t i e s  i n  geothermal waters. Hopefully, t he  
development o f  computer programs w i l l  g rea t ly  s imp l i f y  the  task o f  ca l cu la t i ng  
s o l u b i l i t i e s  o f  su l f i des  and other species i n  geothermal waters. 

Heavy metal sulfides, especia l ly  galena o r  lead su l f ide,  formed a hard 
black scale i n  the  p lp ing  and valves leading t o  the f i r s t - s tage  f lash ing  vessel 
a t  t he  Salton Sea GLEF (Featherstone and Powell 1981). Beyond the f i r s t - s t a g e  
f l ash ing  vessel, the  p r e c i p i t a t i o n  o f  s i l i c a  begins t o  dominate; however, the  
p r e c i p i t a t e  i s  dark colored due t o  the in te rmix ing  o f  metal . su l f ides  w i th  t h e  
s i l i c a .  It i s  a lso known t h a t  cooled br ines a t  t h i s  p lan t  p rec ip i t a ted  heavy 
metal su l f i des  i f  the  NCG from the separator bubbled through the br ine.  The 
H2S i n  t he  gas reacts w i th  the  cooled so lu t ion  under the  new s o l u b i l i t y  con- 
d i t i o n s  and s u l f i d e  p rec ip i t a tes  form. Although t h i s  r e s u l t s - i n  less H2S being 
released, the  s p e c i f i c  app l i ca t ion  t o  a b r i ne  treatment process has not been 
expl ored. 

4.27 
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FIGURE 4.21. Metal Su l f i de  S o l u b i l i t y  i n  Water as a 
Function o f  pH a t  25OC (EPA 1980) 

4.4 OTHER PRE.CIP1TATES 

A wide va r ie t y  o f  p rec ip i t a tes  other than the  ones discussed above are 
possible when geothermal waters are processed f o r  energy recovery. 
ear th  metals, Ca, Sr,  and Ba comprised 10% o f  the washed f i l t e r  cake from 
i n j e c t i o n  water treatment a t  t h e  Salton Sea p lan t  (Featherstone and Powell 
1981). A substant ia l  p o r t i o n  o f  these metals, especia l ly  Ra (4.8%), probably 
p rec ip i t a ted  as su l fa te  s ince there was 6.38% s u l f a t e  i n  the  f i l t e r  cake. 
Calcium and stront ium su l fa tes  have retrograde s o l u b i l i t i e s  i n  water from 30 t o  
about 3OOOC. Although NaCl increases the s o l u b i l i t y  of these two sulfates,, t h e  
s o l u b i l i t y  remains retrograde i n  t h i s  temperature range f o r  5rS04 up t o  2 m 
NaCl and f o r  CaS04 up t o  5 m NaCl (Holland and Ma l in in  1979). The s o l u b i l i t y  
o f  barium s u l f a t e  i s  prograde i n  water t o  - 1 O O O C ;  however, t he  presence o f  NaCl 
concentrations above 1 m can r a i s e  t h i s  temperature t o  a t  l e a s t  30OOC. There- 
fore, b r i n e  so lut ions (>1 m NaC1) saturated w i t h  RaS04 a t  3OOOC can p r e c i p i t a t e  
Bas04 as they are cooled. The add i t i on  of s u l f u r i c  ac id  as a pH con t ro l  agent 

A1 k a l i n e  
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kd can a l so  cause t h e  p r e c i p i t a t i o n  o f  Ca, Sr ,  and Ra su l fa tes  by increasing the  
SOZ concentrat ion o f  t he  water. The mixing o f  incompatible waters may be a 
prime cause o f  s u l f a t e  scales. 

Hydroxide, s i l i c a t e ,  and f l u o r i d e  p rec ip i t a tes  are a lso possible i n  geo- 
thermal waters. These p rec ip i t a tes  are o f  minor o r  t heo re t i ca l  i n t e r e s t  except 
f o r  i r o n  hydroxide, which has been observed i n  some br ines a f t e r  exposure t o  
a i r  (oxygen). The most noteworthy cases o f  t h i s  i r o n  (111) hydroxide t o  date 
have been i n  the  hypersal ine Imperial Val ley brines. 



5.0 TREATMENT OPTIONS~ 

There are two approaches tha t  can be used t o  ex t rac t  the  usable energy 
from the  product ion f low without damaging the spent b r i ne  i n j e c t i o n  system: 
1) choosing an energy cyc le  o r  process tha t  avoids p r e c i p i t a t i o n  o r  2) using 
one t h a t  con t ro ls  p r e c i p i t a t i o n  so t h a t  i t  occurs i n  a l oca t i on  designed f o r  
t h a t  purpose. With the  second approach, one o f  several subsystems can be cho- 
sen f o r  separat ing the  so l i ds  from the l i q u i d s  on a continuous basis. Rather 
than concentrate on the  four o r  f i v e  pract iced i n j e c t i o n  treatment systems 
(GLEF, Salton Sea, Brawley, Magma's Binary Magmamax, and the  Japanesh aging 1 

technique) as de ta i l ed  case studies, the  options ( inc lud ing  many subsystems not 
cu r ren t l y  i n  use) are described as i nd i v idua l  technologies and components. 
Where there, i s  re levant  geothermal experience, i t  i s  described and referenced. 
Those readers in te res ted  i n  how indust ry  has integrated, o r  plans t o  in tegrate,  
these i n t o  whole processes may pre fer  reading ,the sect ion on "Current Br ine 
Processing Experience." The s tatus of de ta i led  operat ing informat ion o f  the  
prac t iced  treatment system i s  l i s t e d  below: - i 

GLEF - dismantled; comprehensive in format ion published 

c, Salton Sea - discussed i n  t h i s  report; add i t iona l  d e t a i l s  would 
requ i re  p ropr ie ta ry  operational data . 

o Brawley - same comments as for  Salton Sea on ly  Brawley i s  not func- 
t i o n i n g  as smoothly 

Magmamax - a propr ie ta ry  approach t o  avoiding p r e c i p i t a t i o n  whose 
performance i s  we l l  known i n  the  f i e l d ;  s p e c i f i c  examples are 
d i s cus sed 

aging - discussed i n  t h i s  report, but t he  experience ind icates i t  i s  
usable on ly  with ce r ta in  br ines and w i t h  fracture-dominated 
i n j e c t i o n  capabi 1 i ty. 

Precipitatiion avoidance w i l l  requi re  e i t h e r  l i m i t i n g  t h e  temperature drop 
of the  b r ine  ( l i m i t i n g  the  energy input  i n t o  the power p l a n t )  or adding pres- ' 

suye/chernicals t o  t h e  b r ine  t o  contro l  o r  a l t e r  t he  chemistry (raises ,costs). 
Control led p r e c i p i t a t i o n  requires add i t iona l  f a c i l i t i e s  and energy f o r  removing 
and pumping t h e  s o l i d s  ( ra ises costs). The p r inc ip les  of t he  treatment options 
are described i n  reasonable d e t a i l  j u s t  as the  process chemistry p r i nc ip les  
were. Except poss ib ly  f o r  t he  use of ce r ta in  i n h i b i t o r s  as p r e c i p i t a t i o n  
avoidance t o o l s  a l l  of the  treatment techniques are adaptations o f  e x i s t i n g  
water treatment processes i n  use i n  municipal water treatment p l  ans or -  
i n d u s t r i a l  appl i cat  i ons . 

c) 

- 

/ 
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It i s  exceedingly d i f f i c u l t  t o  estimate a s p e c i f i c  de ta i l ed  system f o r  a 
generic geothermal p lan t  s ince the  i nd i v idua l  chemistr ies and reservo i r  char- 
a c t e r i s t i c s  inf luence the  choice so much. As a hypothet ica l  resource becomes 
h o t t e r  ( t ha t  is ,  the  energy i s  higher grade and ove ra l l  power conversion e f f i -  
c iencies improve), more cap i ta l  investment and expense can tie to le ra ted  i n  
ex t rac t i ng  t h i s  des i rab le energy compared t o  a lower grade, lower temperature 
resource. 
treatment processes, which has been observed i n  the  United States. 

This impl ies t h a t  ho t te r  f i e l d s  w i l l  see the  use and development o f  

5.1 PREC I P I TAT1 ON AVO I DANCE 

Process parameters (pressure and temperature) and add i t i ves  (acid, i n h i b i -  
1 

tors,  and water) t h a t  can be used t o  cont ro l  sca l ing  before and dur ing the’ 
i n j e c t i o n  process are discussed i n  t h i s  section. The use of’C02 i n j e c t i o n  i s  
described i n  Section 5.2 because i t s  use can both avoid and cont ro l  CaC03 
scale, depending on the  p a r t i c u l a r  i n j e c t i o n  point. The use o f  l ime (a base) 
t o  accelerate s i l i c a  deposi t ion i s  discussed i n  Section 5.1.3 because i t  4s 
complementary t o  a c i d i f i c a t i o n  (a p r e c i p i t a t i o n  avoidance technique) . I 

5.1.1 Pressure 

If s u f f i c i e n t  pumped pressure i s  appl ied t o  the  geothermal l i q u i d  t o  keep 
theSCO2 i n  solut ion,  CaC03 scale i s  avoided, which al lows the  designer t o  con- 
centrate on avoiding s i l i c a  p rec ip i ta t ion .  I n  t h e  case o f  pumped binary cyc le  
plants, s i l i c a  p r e c i p i t a t i o n  i s  avoided by maintaining a c e r t a i n  minimum tem- 
perature. Pressure i s  e f fec t i ve  a t  preventing CaC03 scale t h a t  occurs i n  many 
we l ls  as a r e s u l t  of chemical pH changes accompanying\ C02 exsolution, but i t  . i s  
ine f fec t i ve  a t  prevent ing other  types o f  p a r t i c u l a t e  scale formation. 

It i s  necessary t o  p red ic t  accurately the  minimum pressure necessary t o  
prevent CaC03 scale formation i n  f l u i d s  t h a t  show a tendency t o  scale i n  t h i s  
manner. This pressure w i l l  be a funct ion o f  temperature, s a l i n i t y ,  and i n d i -  
v idual  f low chemistry. The usual and safest  approach i s  t o  insure t h a t  ne i ther  
f l ash ing  of the  b r ine  i n t o  steam nor dissolved gas breakout occurs and then 
boost t he  pressure t o  account f o r  flow composition changes and hydraul ic  
pumping factors.  

l o s t  (lower pressure means \lower pumping costs) as long as enough remained t o  
prevent CaC03 formation. This prec is ion i s  exceedingly d i f f i c u l t  because C02 
i s  l o s t  very rap id l y  dur ing the  i n i t i a l  f l a s h  stages (see Figure 5.1). To 
avoid t h i s  two-phase flow, the  design must take i n t o  account C02 pressure, 
other NCG pressures, and br ine  f l ash  pressures. Downhole pressures must a lso  
inc lude hot s t a t i c  wellhead pressure and drawdown allowances. 

I f  t h e  ca lcu la t ions  were su f f i c i en t l y  precise,lsome o f  t he  CO2 could be 
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COn REMAINING IN SOLUTION, psia 

FIGURE 5.1. Loss of CO as Flash Progresses 
( M i  chel s 1681) 

I f  two-phase flow i s  avoided throughout the process, no CaC03 w i l l  
deposit. The only conceivable exception would be i f  the b r ine  were mixed w i t h  
another somewhat incompatible water. Because CaC03 solubi  1 i t y  decreases with 
increasing temperature (retrograde s o l u b i l i t y ) ,  CaC03 could a lso p r e c i p i t a t e  
and p lug the i n j e c t i o n  zone as i t  i s  reheated. 

5d1.2 Temperature 
I 

I n  a geothermal cyc le  (where the f l u i d  s t a r t s  o f f  as a supepheated brine, 
heat i s  extracted from it, and the f l u i d  i s  disposed o f  i n  a p o t e n t i a l l y  warm 
aqu i f i e r ) ,  adverse i n j e c t a b i l i t y  may be caused by p a r t i c u l a t e  gel o r  c r y s t a l  
growth due t o  s i l i c a ,  metal sul f ides,  o r  barium sul fa te.  These growths can be 
avoided by c o n t r o l l i n g  t h e  lowest temperature p r i o r  t o  i n jec t i on .  
with s i l i c a  are commonly encountered a t  geothermal s i tes,  and i t  i s  the chemis- 
try o f  t h i s  mineral t h a t  determines the minimum temperature and therefore t h e  
energy ava i l ab le  and the economics.- Barium s u l f a t e  and metal su l f i de  i n j e c t a -  
b i l i t y  problems are more s i t e  o r  we l l  specif ic. .- 

The simplest and most c e r t a i n  way to avoid s i l i c i  problems i s  t o  keep t h e  
s i l i c a  concentrat ion below the  amorphous s i l i c a - s a t u r a t i o n  l e v e l  . 
s i l i c a  supersaturation, it i s  nekessary t o  control\- the temperature f o r  a b inary 
p l a n t  (or  i n j e c t i o n  process'alone) o r  t he  degree o f  f l ash ing  f o r  a f lashed 
b r i n e  p lant .  Con t ro l l i ng  the temperature i s  the normal b r i n  treatment method 
f o r  b inary cyc le  power plants. Awerbuck, Van der Mast, and ogers (1982) pro- 
posed a f l ow  sheet i n  which a f l a s h  cyc le ,ef f luent  i s  d i l u t e d  w i t h  reheated 
steam condensate t o  avoid the  s i 1  i c a  supersaturation problem. 

Problems 

To avoid 

> 
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5.1.3 Br ine pH Adjustment 

i n  a changed process environment. This environment can be changed by adding 
mineral acids/bases t o  e f f e c t  a pH environment and prevent the formation o f  
selected sol ids.  C02 gas t o  lower the pH i s  discussed i n  another section. A l l  
o f  the major sca l i ng  elements i n  geothermal systems ( s i l i c a ,  ca l c i t e ,  sul f ides,  
and su l fa tes)  are less troublesome as the pH i s  reduced. The s o l u b i l i t y  i s  
higher as a c i d i t y  increases and s i l i c a  polymerization k i n e t i c s  slows dramati- 
ca l ly .  S i l i c a  s o l u b i l i t y  i s  a t  a minimum a t  pH 7; i t  increases s l i g h t l y  i n  
ac id  waters and dramat ical ly as the pH r i ses  above 8 and becomes more basic. 

Scale and p a r t i c u l a t e  formation are caused by chemicals re -equ i l i b ra t i ng  

Acid Addi t ion - S i l i c a  

The e f f e c t  o f  reduced pH t o  re ta rd  s i l i c a  polymerization i s  wel l  known and 
has been tested a t  several s i tes.  A good t e s t  i s  t o  t i t r a t e  the b r i n e  t o  
determine how much ac id i s  needed t o  reach a s p e c i f i c  pH. This nformation 
coupled w i t h  a t e s t  on the speed o f  polymerization a t  a s p e c i f i c  pH w j l l  permit 
ca l cu la t i on  of t he  amount of ac id  required, which w i l l  permit an economic 
analysis (should incorporate an a1 1 owance f o r  increased co r ros i  v i  t y  o f  the 
a c i d i f i e d  so lut ion) .  
corrosive at tack and remaining wal l  thickness. 

Instruments are avai lab le t o  permit on- l ine monitoring o f  

A conceptual f low process incorporat ing ac id  treatment i s  shown i n  Fig- 
ure 5.2. Although i t  i s  a simple f low sheet, ac id  treatment had not been used 

GENERATOR 
HIGH-PRESSURE 

LOW-PRESSURE 

I N JECTlO N 
PUMP 

PRODUCTION *ALTERNATE POSITIONS 

FIGURE 5.2. Process Flow A c i d i f i c a t i o n  Scale Prevention 
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LJ 
on an operational basis u n t i l  the Brawley p lan t  i n s t i t u t e d  i t s  use on hyper- 
sa l i ne  brine. 
a l t e red  t o  f i t  d i f f e ren t  f lows and because a c i d i f i c a t i o n  i s  e f f e c t i v e  against 
a l l  the major sca l i ng  species. HC1 would probably be the ac id  o f  choice 
because i t  i s  read i l y  avai lab le and i t  does not introduce any new contaminants 
i nto the process chemi s t  ry . 
vate problems w i t h  s u l f a t e  p rec ip i t a tes  (Ca, Sr,  Ba), exact ly opposite t o  what 
was intended. 
the  pH; however, depending on the  amount o f  CO2 and t h e  b r i n e  chemistry, i t  may 
o r  may not be s u f f i c i e n t  t o  re ta rd  s i l i c a  growth. 

It has advantages o f  f l e x i b i l i t y  because the dose can be r e a d i l y  

H2SO4 i n t  roduces sul  f a t e  ion, which could aggra- 

Repressurizing the b r ine  w i t h  CO2 (such as from NCG) can lower 

The a c i d i f i c a t i o n  opt ion has two technical  disadvantages. The f i r s t ,  
accelerated corrosion o f  s tee l  piping, i s  discussed more i n  Section 6.2 
(Corrosion). There are some data and experiences i n d i c a t i n g  t h a t  pH decreases 
i n t o  the pH 4 t o  5 range may not  ra i se  corrosion rates t o  unacceptable l ev -  
els. The second disadvantage i s  t h a t  increased evolut ion o f  NCG can resul t ,  
p a r t i c u l a r l y  i f  the  f l u i d  i s  near neutral  o r  basic i n  pH and has dissolved car-  
bonate o r  s u l f i d e  species. These gases degrade tu rb ine  performance and may 
cause a disposal problem i f  they are mixed w i t h  steam, suggesting t h a t  a c i d i f i -  
ca t i on  should occur a f t e r  the separator i n  many resources; thus, addi t ional  
corrosion p ro tec t i on  of t h e  separator i s  not needed. I n  the  uncommon event 
t h a t  a p a r t i c u l a r  w e l l  o r  combination o f  wel ls  has a BaS04 p r e c i p i t a t i o n  ten- 
dency, there i s  some i n d i c a t i o n  t h a t  a c i d i f i c a t i o n  accelerates p rec ip i t a t i on .  

Salton Sea t e s t s  of a c i d i f i c a t i o n  were ca r r i ed  out by several groups. 
Grens and Owen (1977) found a c i d i f i c a t i o n  on postseparator b r i ne  (+200°C) t o  be 
e f fec t i ve  i n  c o n t r o l l i n g  s i l i c a ,  metal sul f ide,  and mixed scales i n  surface 
p ip ing  and equipment (Figure 5.3). By t h e i r  estimate the cost o f  the ac id  
would amount t o  6% of the value o f  the produced e l e c t r i c i t y  a t  the bus bar. It 
i s  important t o  note t h a t  t h e i r  work involved scal ing on surface equipment, and 
they d i d  not consider suspended p a r t i c l e s  o r  downhole p rec ip i t a t i on .  

Sal ton Sea b r i n e  a t  90'C. These r e s u l t s  show the  ef fect iveness o f  a c i d i f i c a -  
t i o n  i n  delaying p r e c i p i t a t i o n  under hypersal ine condi t ions (Figure 5.4). This 
f i g u r e  i s  a good example of some of the t e s t i n g  recommended i n  Section 3.2.2. 

Tests on New Zealand spent br ines (approximately 3000 ppm TDS and~75'C) 
showFd t h a t  a c i d i f i c a t i o n  t o  pH 4 reduced sca l i ng  rates on pipes by a f a c t o r  o f  
18 a t  Broadlands ( s i l i c a  i s  900 ppm) and 100 a t  Wairakei ( s i l i c a  i s  560. ppm) 
(Rothbaum e t  al. 1979). 

As o f  1984, t h e  steam supply system a t  the Brawley 10-MWe Demonstration 
Plant (Imperial Valley, Cal i forn ia)  i s  using a c i d i f i c a t i o n  t o  help contro l  t he  
high scal ing tendencies of the hypersal ine brine. The p a r t i c u l a r  ac id  and t h e  
i n j e c t i o n  po in t  are cu r ren t l y  propr ietary.  

Harrar (1981) studied the e f f e c t  o f  pH on suspended s o l i d s  formation i n  a 
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FIGURE 5.3. E f fec t  o f  pH on Scale Deposit ion o f  Separated 200 t o  23OOC 
Br ine  from Salton Sea Geothermal F i e l d  (Grens and Owen 
1977). Compare w i t h  Figure 4.12. 
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FIGURE 5.4. E f f e c t  of pH on Delaying P a r t i c u l a t e  Formation i n  Brine. 
220,000 ppm TDS and 90°C from Salton Sea; s t a r t i n g  
dissolved s i l i c a  concentrat ion 450+ ppm (adapted from 
Harrar 1981). Broken l i n e s  are presumed curves where 
p a r t i c u l a t e  growth i s  most rapid. Note good agreement 
w i t h  Figures 4.7. 



Gudmundssen (1983) discusses a study on s i l i c a  deposi t ion a t  an - Icelandic 
geothermal f i e l d  and concludes t h a t  a c i d i f i c a t i o n ,  possibly inc lud ing the use 
o f  n a t u r a l l y  a c i d i c  condensate, would be e f fec t i ve  a t  c o n t r o l l i n g  s i l i c a . s c a l e .  

Acid Addi t ion - Ca lc i t e  

Adding ac id  upstream from c a l c i t e  deposi t ion spots w i l l  e l jminate scal- 
ing. However, i t  i s  not an a t t r a c t i v e  method i n  geothermal s i t ua t i ons  due t o  
the f o l  lowing factors:  

o the cost of the ac id  

e the thermodynamic penal ty o f  adding cool ac id  degrades the resource 
before the energy i s  extracted from i t  

o the add i t i on  of ac id  a t  the head end o f  the production l i n e  means 
t h a t  acid-accelerated corrosion w i l l  be a concern f o r  the e n t i r e  
h r i  ne system, 

o t he  possi b i  1 i t y  o f  using noncorrosi ve scal e i nhi b i  tors.  

. 

Acid Addi t ion - Sulf ides 

S u l f i d e  s o l u b i l i t i e s  increase rap id l y  as the so lu t i on  becomes more acidic.  
L i t t l e  a t t e n t i o n  has been paid t o  s u l f i d e  scal ing alone; i t  i s  usual ly  found i n  
conjunction w i t h  other scales. 

Base Addi t i on 

The a d d i t i o n  o f  l ime  (CaO) t o  waste geothermal b r i ne  has been tested a t  
several locat ions and especia l ly  i n  New Zealand t o  remove s i l i c a  and arsenic 
p r i o r  t o  surface disposal. Although t h i s  i s  not a p r e c i p i t a t i o n  avoidance 
method, i t  i s  discussed here because o f  the natural  j ux tapos i t i on  w i t h  the  
foregoing ac id  add i t i on  section. The increase i n  pH speeds up the polymeriza- 
t i o n  k ine t i cs ,  causing s i l i c a  f l ocs  t o  form and s e t t l e  out on standing. Since 
s i l i c a  s o l u b i l i t y  i s  a t  a minimum a t  pH 7, any increase above t h a t  w i l l  
increase s o l u b i l i t y  equ i l i b r i um and fur ther  m i t i g a t e  s i l i c a  problems. The 
amount of l ime  required w i l l  be s i t e  dependent and w i l l  be af fected by buffer- 
i n g  capacity, s p e c i f i c  f l o w  chemistry, and process conditions. 
best t o  experimental ly t e s t  the effect iveness o f  r a i s i n g  the  pH a t  a p a r t i c u l a r  
s i t e  ra ther  than r e l y i n g  .a  ca l cu la t i on  model o r  experience. 

Meres, Tsao, and I g  i a s  (1980) found t h a t  an increase of one-half pH 
u n i t  t o  pH 7.8 i n  a synthet ic  Cerro P r i e t o  b r i ne  aused a f l o c  t o  form t h a t  
s e t t l e d  a t  the r a t e  o f  60 cm/min. Th ated t h a t  37 ppm of l ime-- 
Ca(OH)2 i n  t h i s  case-was needed t o  f l oc  production. The high 

It would be 
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LJ concentrat ion o f  d iva lent  cat ions present ( s p e c i f i c a l l y  Ca+2) contr ibuted t o  
the  e f f e c t  i veness o f  1 ow treatment 1 eve1 s . 
combined process i nvo l v ing  10 t o  15 min aging, 20 t o  40 ppm l ime  addit ion, and 
sedimentation i n  a c l a r i f i e r  (Hurtado e t  al. 1981). Their  analysis showed t h i s  
approach cost 25% less than t h a t  of a reactor c l a r i f i e r  approach from which 
they were unable t o  get good resul ts.  

Lime add i t i on  has been tested i n  New Zealand as p a r t  o f  a l a rge r  process 
t o  remove arsenic from spent geothermal waters p r i o r  t o  surface disposal 
(Rothbaum and Anderton 1975). The t race  arsenic was oxidized t o  a s t a t e  t h a t  
coprec ip i ta ted w i t h  s i l i c a  as the pH was raised. The r e l a t i v e l y  low s a l i n i t y  
and a1 k a l  i n e  waters requi red a substanti  a1 l y  higher 1 ime add i t i on  r a t e  (Fi  g- 
ure 5.5) than the Cerro P r ie to  test ing.  The comparison i s  clouded, however, 
because of the d i f ferent  purposes of the tests :  
and suspended so l i ds  removal a t  Cerro Prieto. 

Tests a t  the major Mexican f ie ld--Cerro Prieto-show good resu l t s  from a 

arsenic removal i n  New Zealand 

Testing a t  t he  Mexican Los Azufres f i e l d  demonstrated a s i m i l a r  experience 
t o  t h a t  o f  New Zealand. The f i e l d  t e s t s  (Martinez e t  a l .  1983) were t o  reduce 
arsenic, boron, and s i l i c a  w i t h  the possible object ives of surface disposal,  
reverse osmosis cleanup, o r  i n jec t i on .  These t e s t s  ind icated t h a t  the s e t t l i n g  
r a t e  o f  the f l o c  was re la ted  t o  the  "aging" per iod o f  the b r ine  (Figure 5.6). 

h u w r  A WAIRAKEI, AFTER 2.5 h 

\ 0 BROADLANDS, AFTER 0.5 h 

0 APPROXIMATE LIME ADDITION 
RATES THAT PRODUCED SOLIDS \ \ \ THAT DRIED MOST READILY 

40 

20 - 
10 - 

0 200 400 600 800 1000 
LIME ADDED, ppm CaO 

FIGURE 5.5. Ef fec t  o f  Lime Treatment on S i l i c a  i n  New Zealand Brines 
(data o r i g i n a t i n g  from Rothbaum and Anderton 1975) 
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FIGURE 5.6. pH Versus S i l i c a  Sedimentation Rate f o r  Los Azufres Br ine 
(data o r i g i n a t i n g  from Martinez e t  al.  1983). Note 
possible complicating e f f e c t  o f  temperature. 

A high-rate lamel la s e t t l e r  worked wel l  w i t h  the l ime add i t i on  and resul ted i n  
a 24-fold reduct ion i n  required s e t t l i n g  time. 

F i e l d  t e s t s  a t  t he  Salton Sea GLEF demonstrated s i m i l a r  behavior o f  base 
(NaOH) i n  reducing supersaturated s i l i c a  (Ouong e t  a l .  1978). Adding 25 ppm 
NaOH increased t h e  pH from 5.5 t o  5.9 and decreased soluble s i l i c a  by 16% a f t e r  
30 min. These t e s t s  ind icated t h a t  temperatures between 4OoC and 85OC had no 
e f f e c t  on base add i t i on  (or  any other coagulants). 

Process Equipment 

The equipment used o r  recommended by these three t e s t s  i s  
The b r i n e  passes through an aging tank i n t o  a mixing tank where l ime i s  added. 
A f t e r  t h i s  pH adjustment (an on- l ine pH monitor would be appropriate), t he  pre- 
c i p i t a t i n g  b r ine  goes i n t o  a s e t t l e r / c l a r i f i e r  where the  sludge i s  separated 
and the  b r i n e  c l a r i f i e d .  A f i n a l  sludge disposal/dewatering step i s  necessary. 
Because of the aging a f fec t  on the e f f i c i e n c y  o f  t he  f locculat ion,  the optimum 
aging per iod o r  a speci f ic  s i t e .  
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5.1.4 Scale I n h i b i t o r s  

deal w i t h  thermodynamically unstable processes o r  waters. The geothermal prob- 
lem d i f f e r s  from most indus t ry  experience because of the  temperatures, composi- 
t ions,  and la rge  b r ine  f low rates t h a t  are involved. 

Scale i n h i b i t o r s  are used rou t i ne l y  i n  many indus t r i es  and processes t h a t  

S i l i c a  I n h i b i t i o n  

The most thorough evaluat ion o f  s i l i c a  scale i n h i b i t o r s  has been conducted 
by Harrar and coworkers i n  the  l a t e  1970s (see Harrar 1982 and l i s t e d  publ ica- 
t ions) .  The purpose o f  t h i s  work was t o  f i n d  an i n h i b i t o r  t h a t  would func t ion  
i n  the  hypersal ine Salton Sea geothermal br ines (>200,000 ppm TDS; >450 ppm 
Si02; >2OO0C). Tests were conducted a t  90°C and some a t  125OC and 22OOC. A 
comparison o f  the  resu l t s  ind ica ted  t h a t  scale prevent ion data a t  90°C d i d  no t  
co r re la te  w i t h  r e s u l t s  a t  h igher temperatures; Figure 5.7 i s  an example. This 

8 100-  

n 

e 9 0 0 ~  

0 125OC 

0 220% 

SUBSTRATE: MILD STEEL 

1 I 
MIRAPOL A-1 5 ETHOQUAD ETHOQUAD CONTROL PAE-HCL ETHOQUAD CORCAT 

AND AND 18/25 (35ppm) ANDHCL P-18 
CYCLORYL M A  DUOMAC T (35 ppm) (27/100 ppm) (35  ppm) 
(0-20120 ppm) 
OR MIRAPOL 
(0-20 ppm) 

FIGURE 5.7. Relat ing S i l i c a  I n h i b i t o r  Performance t o  D i f f e r e n t  Temperatures. 
Poor ex t rapo la t ion  t o  d i f f e r e n t  temperatures i s  evident. Data 
from Harrar, tes ted  i n  Magmamax-1 br ine.  
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lesson i s  important t o  every other invest igator ;  i n h i b i t o r  t e s t i n g  should 
(must) be done a t  process temperatures. ti 

I 

No pure organic i n h i b i t o r  proved e f f e c t i v e  a t  210°C;,only a so lu t i on  
ca l l ed  PAE-HC1 (Dynapol, Inc.) had any bene f i c ia l  e f fec t  (probably due t o  the  
ac id  group). Figure 5.8 demonstrates the r e l a t i v e  performance o f  pH contro l  

Corcat P-18 i 
1 and organic i n h i b i t o r s  a t  the lowest temperature tested (90OC). 

(Cordova Chemical Co.) and PAE-HC1 were e f f e c t i v e  a t  125OC, and the Corcat P-18 I 
I 

also acted as a corrosion i n h i b i t o r  f o r  m i l d  steel .  An examination o f  Fig- 
ures 5.7 and 5.8 demonstrates the r e l a t i v e  performance advantage t h a t  ac id  has 
over organic s i l i c a  i n h i b i t o r s .  Harrar 's analysis concluded t h a t  chemicals 
containing ethylene oxide and/or polymeric n i t rogen showed t h e  most promise f o r  

be a three-way mixture of an organic s i l i c a  i n h i b i t o r  (as above), ac id  ( t o  slow 
s i l i c a  p r e c i p i t a t i o n  k ine t i cs ) ,  and a CaC03 scale i n h i b i t o r  (crysta ls  may serve 
as p r e c i p i t a t i o n  s i t e s  for  S O 2 ) .  Dequest 2060 was suggested as the CaC03 
scale i n h i b i t o r .  

i 
i 
I 

~ i 

I 

I f u r t h e r  test ing.  He concluded t h a t  the most e f f e c t i v e  i n h i b i t o r  could probably I 

i 

i 

A) pH 4.3 OR 5.0 
B) ETHOQUAD 18/25 
C) ETHOMEEN 18/25 
D) CARBOWAX 14000 
EjCORCAT P-200 

I 
i 

i 

I 

1 
I 

I 

, 

I FIGURE 5.8. 90°C S i l i c a  I n h i b i t o r  Performance (20 ppm concentrat ion 
I 
I 
! 

I 

i n  Magmamax No. 1 b r ine  a f t e r  1 h). Data from Harrar. 
I n  a separate t e s t  PAE-HC1 performed a t  po in t  D under 
s l i g h t l y  d i f f e ren t  s a l i n i t y  conditions. Relat ive 
effectiveness of pH adjustment can be seen. 

i w  
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Chemical i n h i b i t o r s  t h a t  proved la rge ly  i n e f f e c t i v e  i n  Harrar 's work a t  
re tard ing s i l i c a  growth included: 
1 ignosul fonates , phosphate esters, phosphonates, nonethoxyl ated ce l  l u lose  
derivatives, technical  proteins, and silanes. 
s i  lanes, polyoxypropyl ane glycols, and a mixture o f  polyethylene imines-- 
ac tua l l y  behaved as f locculants  i n  m i l d l y  a c i d i f i e d  b r ine  (pH 4). 

polyacrylates, polymaleic acid, sulfonates, 

Some inh ib i t o rs - - i nc lud ing  oxy- 

The e f f e c t  o f  ac id  and scale i n h i b i t o r s  on the  corrosion r a t e  i s  discussed 
i n  Section 6. 

Ca rbonate/Su 1 f a t e  I n  h i  b i  t i on 

O i l  f i e l d  b r i n e  scale (CaC03/CaSO4/BaS04) formation has been shown t o  be 
i n h i b i t e d  by adding small quan t i t i es  o f  aminomethylene phosphonate (Ralston 

'1969). The ef fect iveness o f  t h i s  phosphonate i s  a funct ion o f  the molecular 
weight o f  the compound along w i t h  the degree o f  supersaturation and the tem- 
perature. Other phosphonates are being invest igated f o r  geothermal use. To 
date, geothermal experience has witnessed c a l c i t e  sca l ing i n  the production 
well. It i s  conceivable t h a t  c a l c i t e  could form dur ing i n jec t i on ,  but a t r e a t -  
ment process t h a t  would lead t o  t h i s  would probably i nvo l ve  fo re ign  water addi- 
t ion,  NCG i n jec t i on ,  o r  l ime (base) treatment. 

Vetter (1972) tested a ser ies o f  i n h i b i t o r s  a t  temperatures up t o  350°F 
(177°C). H i  s r e s u l t s  comparing phosphonates, esters, and polye lect ro ly tes t o  
i n h i b i t  BaS04, CaS04, and CaC03 as a funct ion o f  temperature and i n h i b i t o r  con- 
cen t ra t i on  are shown i n  Tables 5.1, 5.2, and 5.3. The conclusions from t h i s  
o i  1 - f i e l d  or iented work are: 

TABLE 5.1. E f f e c t  o f  Temperature o I i b i t o r  Effect iveness 
f o r  BaS04 Preci p i  t a t 1  on ?a ,E? 

I n h i b i t o r  % of P r e c i p i t a t i o n  Prevented 
Concent rat ion,  Po lye lec t ro l y te  Ester Phosphonate 

13°F 210" F 350" F 73°F 210" F 350" F --- --- 73°F 210°F 350°F --- ppm 

0 0 0 0 0 0 0 0 
2 100 80 0 100 100 0 100 
4 100 90 20 100 100 0 100 
8 100 100 40 100 100 0 100 

12 100 100 60 100 100 0 100 
20 100 100 100 100 100 0 100 
50 100 100 100 100 100 0 100 

250 100 100 100 100 100 0 100 

(a) Vetter 1972. 
(b) I n i t i a l  concentrat ion = 5 x 10-4 mol; NaCl = 0.5 mol = 2.92%. 

0 0 
100 0 
100 5 
100 9 
100 30 
100 55 
100 100 
100 100 
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I 
TABLE 5.2. E f f e c t  o f  Temperature.0 I i b i t o r \E f fec t i veness  iu f o r  CaS04 Prec ip i t a t i on  Pa,E$ 

I 
I n h i b i t o r  % o f  P r e c i p i t a t i o n  Prevented ' 

I 
i 
\ Concent r a t  i on, Polyel  ect  r o l y t e  Ester Phosphonate 
I 73°F 210°F 350°F 73°F 210°F 350°F 73°F 210°F 350°F 1 p pm --- --- --- 

0 0 0 0 0 0 0 0 o *  0 
0 0 
2 0 

2 0 0 Q 2 0 0 2 .  
4 15 0 0 60 2 0 4 
8 70 0 0 80 4 0 20 4 2 

12 80 0 0 90 10 0 40 6 8 
20 80 0 0 90 10 0 40 8 1 0  
50 80 0 0 90 20 0 70 15 20 

250 90 0 0 90 30 0 90 80 20 
I .  

(a) Vetter 1972> 
(b) I n i t i a l  concentrat ion = 0.08 mol; NaCl = 0.5 mol = 2.92%. 

b i t o r  Effectiveness ' 

Y a f W  
TABLE 5.3. E f f e c t  o f  Temperature o 

f o r  CaC03 P r e c i p i t a t i o n  

I n h i  b i t o r  

p pm 

% o f  P rec ip i t a t i on  Prevented 

73°F 210°F 350°F 
Concentration, Po lye lec t ro l y te  Ester Phosphonate 

73°F 210°F 350°F -___.-  --- 73'F 210°F 350°F 
w-- 

0 0 0 0 0 0 0 0 0 0 
2 47 0 0 40 7 0 100 10 7 

100 20 10 4 100 0 0 100 10 . 0 
35 100 50 8 ,  100 20 0 100 15 0 
38 100 100' 12 100 32 10 100 25 0 
42 100 100 20 100 35 20 100 55 0 
42 100 100 50 100 40 40 100 65 0 
45 100 100 250 100 100 50 100 65 0 

(a) Vetter 1972. 
(b) I n i t i a l  concentrat ion = 0.08 mol; NaCl = 0.5 mol = 2.92%. 

e Bas04 i n h i b i t i o n  - Polye lect ro ly tes showed t h e r  best performance a t  
h igh temperatures, c losely  fol lowed by phosphonates. A1 1 three 

Cas04 - Phosphonates showed good r e l a t i v e  performance a t  35OoF, b u t .  
esters were m lower temperatures. 

, 

r e  equal ly e f f e c t i v e  a t  lower temperatures. 

c) 

0 CaC03 i n h i b i t  Phosphonates showed f a i r  t o  good performance up 
t o  35OoF, the  highest temperature tested. Esters and polye lect ro-  
l y t e s  were much less ef fect ive.  

li 
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6; This work was extended t o  look a t  a p a r t i c u l a r  phosphonate i n h i b i t o r .  
Dequest 2060 (Monsanto Chemical) was invest igated a t  a c a l c i t e  sca l ing  geother- 
m a l  production we l l  i n  t h e  East Mesa f i e l d  and i n . t h e  laboratory  (Vet ter  and 
Campbell 1979). The f i e l d  t e s t s  a t  temperatures o f  32OOF (16OOC) ind ica ted  
1 vppm o f  the  i n h i b i t o r  prevented a l l  sca l ing  wh i le  7.5 vppm p rec ip i t a ted  a 
calcium phosphonate s a l t  from the i n h i b i t o r  i t s e l f .  There was some i n d i c a t i o n  
t h a t  t h i s  " i n h i b i t o r  scale" had retrograde s o l u b i l i t y ,  which could represent a 
complication when i n j e c t i n g  i n t o  a warm/hot reservo i r .  

One add i t iona l  f i e l d  study o f  sca l ing  i n  East Mesa br ines (Lindemuth 
e t  a l .  1977) involved fou r  i nh ib i t o rs :  
502 ( a l l  c r y s t a l  growth i nh ib i t o rs ) ,  and Calgon SL-500 (a che la t ing  agent). 
The resu l t s  are summarized i n  Table 5.4. Follow-up experiments found t h a t  7 t o  
10 ppm was the  optimum concentration f o r  Dearborn 8010, the  most e f f e c t i v e  o f  
the  four  i n h i b i t o r s  (Crane and Kenkeremath 1981). 

geothermal i n j e c t i o n  i n  the  Imperial Val l e y  conclued t h a t  " the phosphonate 
i n h i b i t o r s  performed b e t t e r  than i n h i b i t o r s  based. on polymers, polymaleic 
acids, and phosphate esters." This conclusion was severely q u a l i f i e d  by: 

Dearborn 8010, Calgon CL-77W, Drewplex 

La ter  laboratory work by Vetter Research (1982) look ing s p e c i f i c a l l y  a t  

c) 

e 

i n h i b i t o r  ef fect iveness was temperature and t ime dependent 

i n h i b i t o r  e f fect iveness was diminished i n  the presence o f  d issolved 
i ron 

c) when forced t o  mix incompatible waters, i t  might be b e t t e r  t o  remove 
the SO; i o n  f i r s t  ra ther  than r e l y  on the  i n h i b i t o r  t o  prevent 
p r e c i p i t a t i o n  . 

TABLE 5.4. Results o f  CaC03 and BaSO Sc 1 
I n h i b i t i o n  Tests a t  East fl esa Pa7 

Concentration, Average& Average& 
Addi t i ve ppm Recovery, % Recovery, % 

Dearborn 8010 25 t o  30 140 104 
Cal gon CL-77W 25 t o  30 82 65 
Drewplex 502 25 t o  30 105 87 
Cal gon SL-500 70 t o  80 128 65 

(a) Lindemuth e t  a l .  (1977). 
(b) Average percentage recovery i s  the  percentage amount o f  ca t  i o n  

i n  the  b r ine  t h a t  i s  removed by the  addi t ive;  recovery i n  excess 
o f  100% ind icates t h a t  addi t ional  ca t ion  i s  taken out o f  t he  
e x i s t i n g  scale i n  the  system. 
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It i s  s i g n i f i c a n t  t o  note t h a t  Vetter, working on c a l c i t e  scale i n h i b i -  
ti on, experienced problems i n reconci 1 i ng 1 aboratory and f i e l d  r e s u l t s  j u s t  as 
Harrar, who worked on s i l i c a  scale i n h i b i t i o n .  The lesson i s  worth h i g h l i g h t -  
ing: 
and most laboratory studies have not reproduced these condit ions. 

sca l i ng  tendencies a r r i v e d  a t  the fo l l ow ing  conclusions: 

L J  

i n h i b i t o r  t e s t i n g  should be done under actual  process ( f i e l d )  condit ions, 

I t a l i a n  laboratory invest igat ions (Corsi 1984) i nvo l v ing  br ines w i t h  CaC03 

o Chelating i n h i b i t o r s  are e f fec t i ve .  

c) These i n h i b i t o r s  (especial ly Monsanto Dequest 2066) remain e f f e c t i v e  
f o r  3 h o r  more. 

S a l i n i t y  and temperatures below 200OC do not a l t e r  the ef fect iveness 
o f  the i n h i b i t o r s ;  above 2OO0C, addi t ional  i n h i b i t o r  concentrat ion 
i s  required. 

t r a c e  b r i n e  const i tuents ( f o r  example, As and Mn) do not in f luence 
the resul ts.  

o 

c) 

Su l f i de  I n h i b i t i o n s  

L i t t l e  a t t e n t i o n  has been paid t o  i n h i b i t i n g  s u l f i d e  p r e c i p i t a t i o n  despi te 
the widespread occurrence of these usual ly  dark-colored scales. Conventional 
wisdom ind icates t h a t  su l f i de  scale forms a f t e r  s i l i c a  deposi t ion has begun 
(Austin e t  a l .  1977). Many o f  the scales found i n  the Salton Sea (hypersal ine) 
br ines are mixtures o f  s i l i c a / s u l f i d e  mixtures. Acid is, o f  course, e f f e c t i v e  
a t  preventing s u l f i d e  p r e c i p i t a t i o n  (see Harrar e t  a l .  1982 as an example); but  
t he  amount o f  ac id  needed t o  contro l  s u l f i d e  has not been studied a t  various 
s i tes.  Other s u l f i d e - s p e c i f i c  i n h i b i t o r s  have not been invest igated. 

Despite t h e  common view of s u l f i d e  formation being r e l a t e d  t o  s i l i c a ,  sul-  

Shannon, Elmore, and Pierce (1981) noted t h i n  f i l m s  o f  s u l f i d e  scale 
f i d e  scale has been found i n  locat ions where s i l i c a  scale has not been 
observed. 
on top of carbonate scale dur ing coupon t e s t s  i n  an East Mesa brine. The i n i -  
t i a l  f i e l d  demonstration of t he  CO2 i n j e c t i o n  process t o  successful ly cont ro l  , 

c a l c i t e  scale i n  the w e l l  bore d i d  encounter a t h i n  coat ing o f  black s u l f i d e  

ledge about s u l f i d e  p r e c i p i t a t  n chemistry i n  br ines may 
present a modest long-term const ra in t  on c e r t a i n  geothermal pract ices.  ‘ I f  su l -  
f i d e  scal ing tendencies are present and only wa i t i ng  f o r  a s i t e  t o  c r y s t a l l i z e  
on, then the  formation in ter face i n  the i n j e c t i o n  wel l  might provide those 
s i t e s  and r e s t r i c t  i n j e c t i v i t y .  Sul f ide scale chemistry i s  an aspect o f  geo- 
thermal power production t h a t  would bene f i t  from f u r t h e r  research. 
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. I  5.1.5 D i l u t i o n  

t o  geothermal i n jec t i on ;  however, the problems o f  implementing i t  a t  a p a r t i -  
c u l a r  s i t e  have prevented i t s  use. The p r i n c i p l e  i s  t h a t  water w i l l  be added 
t o  the b r ine  a f t e r  it has been flashed, changing the b r ine  chemistry i n t o  a 
nonscaling condit ion. O f  t he  two major geothermal scales--CaCO3 and Si02--this 
technique would be usable only f o r  preventing the slower Si02 formation. The 
k i n e t i c  behavior o f  CaC03 deposit ion i s  too fast ;  CaC03 would deposit before 
any d i l u t i o n  could take place. 

The d i l u t i o n  technique f o r  water treatment has some po ten t i a l  appl icat ions 

There i s  i n t e r e s t  a t  some geothermal locat ions i n  adding water p r i o r  t o  
. i n j e c t i o n  simply t o  add t o  the volume, thus making up the water t h a t  i s  f lashed 
t o  steam t o  minimize subsidence concerns. The po ten t i a l  problems w i t h  the 
d i l u t i o n  approach include: 

o lack of water - Most U.S. hydrothermal resources are located i n  a r i d  o r  
semiarid regions where water i s  scarce. 

o inappropr iate water cha rac te r i s t i cs  - The ava i l ab le  water may be 
chemically incompatible w i t h  the brine, a c t u a l l y  p r e c i p i t a t i n g  
scale. Barium, calcium, and strontium su l fa tes  and carbonates might 
be p a r t i c u l a r l y  troublesome. D i l u t i n g  w i t h  steam condensate would 
solve t h i s  problem; however, t he  condensate would not be ava i l ab le  
f o r  consumption by the  heat r e j e c t i o n  cyc le  (cool ing towers). 

e ,suspended so l i ds  - A chemically compatible water d i l u e n t  could s t i l l  
cause problems if i t  ca r r i es  suspended so l i ds  t h a t  p lug i n j e c t i o n  
wells. 

o temperature - The e f f e c t  o f  the reduced temperature on scale 
s o l u b i l i t i e s  a f t e r  d i l u t i o n  must be taken i n t o  account. 

Techniques t h a t  might be considered i n  ser ies w i t h  d i l u t i o n  f o r  appl ica- 
t i o n  a t  a p a r t i c u l a r  s i t e  are: a c i d i f i c a t i o n  ( t o  prevent scale), i n h i b i t o r  
add i t i on  ( t o  prevent scale), o r  a con t ro l l ed  p r e c i p i t a t i o n  technique such as a 
reactor c l a r i f i e r .  Because these techniques can serve as a water treatment 
approach without t he  add i t i on  of nongeothermal f l u i d ,  i t  i s  u n l i k e l y  t h a t  sur- 
face water d i l u t i o n  w i l l  be considered as a b r i ne  treatment opt ion unless: 
there i s  a good source o f  compatible water, s i l i c a  sca l i ng  i s  the only i n j e c -  
t i v i t y  problem, and there i s  a regulatory o r  reservo i r  management reason f o r  
i n j e c t i  ng addi t ional  water vol  ume. 

The only actual  data on the  e f fec t  o f  d i l u t i o n  on geothermal b r i n e  pre- 
c i p i t a t i o n  i s  t h a t  o f  Harrar e t  a l .  (1977) on the hypersal ine Magmamax 1 b r i n e  
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a t  90OC. They were p r i m a r i l y  i n te res ted  i n  studying the e f f e c t  o f  a c i d i f i c a -  
t ion;  the d i l u t i o n  t e s t s  were o f  secondary concern. The conclusion was t h a t  a 
20% d i l u t i o n  was approximately as e f f e c t i v e  as a c i d i f y i n g  t o  pH 4 o r  5 (from 
the .o r i g ina l  pH 5.7) i n  c o n t r o l l i n g  so l i ds  formation. D i l u t i o n  and m i l d  acid- 
i f i c a t i o n  were very e f f e c t i v e  a t  reducing so l i ds  formation; d i l u t i o n  was 
approximately as e f f e c t i v e  as lowering the pH another u n i t  o r  more. 
r e s u l t s  are i l l u s t r a t e d  i n  Figure 5.9. 

There i s  one conceptual geothermal s i t u a t i o n  where d i l u t i o n  w i t h  chemical1 
compatible water would be a very desirable. treatment. 
step (whether a f l a s h  o r  pumped b inary cycle) leads t o  a b r i ne  supersaturated i n  
s i l i c a  (but only moderately so t h a t  the p r e c i p i t a t e  does not form immediately), 
then an immediate d i l u t i o n  could be ve benef ic ia l  i n  slowing the  formation of 
sol ids.  Such a d i l u t i o n  would probabl ave t o  be pumped, i n  against the b r i n e  
pressure, and any oxygen content i n  the added water would be corrosive. 

No re levant f u l l - s c a l e  geothermal experience exists,  although Bechtel has 
developed a conceptual f low sheet using a condensate d i  lu t ion/ reheat  approach 
(Awerbuck, Van der Mast, and Rogers 1982) . An Ice1 andi c d i  rect-use appl i ca t ion  
d i d  use 35% wellhead d i l u t i o n  t o  prevent s i l i c a  scaling. The r e s u l t i n g  l a r g e  
temperature drop i s  not des i rab le f o r  power generation unless i t  i s  done a f t e r  
steam/brine separation, preferably w i t h  a low pH water such as some steam 

These 

I f  the  power e x t r a c t i o n  

condensates. 

3a 

UNDl LUTED ' 
\ 

1 

. 
DILUTED 20 wt% I 

3 4 -5 5.7 
PH 

FIGURE 5.9. E f fec t  o f  D i l u t i o n  on,Solids Formation i n  Br ine as a Function 
o f  pH f o r  kagmamax 1 Br ine (Harrar e t  al. 1977) 
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5.2 CONTROLLED PRECIPITATION 

When i t  i s  uneconomic t o  prevent p rec ip i t a t i on ,  i t  may be possible t o  
design the  process so t h a t  scale formation occurs a t  a l o c a t i o n  and i n  a form 
t h a t  can be manipulated a t  minimal cost. Among these techniques i s  the use o f  
c r y s t a l  1 izers, c r y s t a l  1 izer-separators, reactor c l a r i f i e r s  , and CO2 in jec t i on .  
The f i r s t  three contro l  t he  l oca t i on  o f  geothermal sca l ing t o  surface vessels 
and keep the i n j e c t i o n  wel l  usable. They w i l l  be most usable f o r  s i l i c a /  
s u l f i d e / s i l i c a t e  scales t h a t  have moderate t o  slow k ine t i cs ;  CaC03 scale, w i th  
i t s  rap id  k ine t i cs ,  w i l l  probably form i n  a pipe without wa i t i ng  t o  reach the 
vessel. C02 i n j e c t i o n  i s  a mechanism t o  contro l  CaC03 sca l i ng  by s h i f t i n g  t h e  
chemical equi l ibr ium and w i l l  serve p r i m a r i l y  as a production t o o l  ra ther  than 
as an i n j e c t i o n  treatment. 

are described i n  other sections. Aging the b r ine  i n  a tank o r  pond, i s  
described i n  Section 5.3.2 (Sedimentation) because the f a c i l i t i e s  are o f  
s i m i l a r  design and, perhaps, overlap i n  purpose. Base add i t i on  i s  described i n  
Section 5.1.3 (Brine pH Adjustment) because of i t s  natural  re la t i onsh ip  t o  ac id  
add i t i on  

Two addi t ional  methods of con t ro l l ed  p r e c i p i t a t i o n  (aging and adding base) 

5.2.1 COS I n j e c t i o n  

Many scales can be avoided by a c i d i f i c a t i o n ;  ca l c i t e ,  s i l i c a ,  and su l f i des  are 
sens i t i ve  t o  pH. C a l c i t e  and s u l f i d e  dependence on pH i s  based on equi l ibr ium 
factors; the s i l i c a  dependence i s  k i n e t i c a l l y  based. By i n j e c t i n g  C02, the pH 
and the  equi l ibr ium can be sh i f ted t o  favor the dissolved species-at the 
expense o f  the s o l i d  scale phase. The chemical equation f o r  c a l c i t e  sca l ing 

CO2/HCO,/COg equi 1 i b r i  a frequently cont ro l  the pH o f  geothermal 1 i qu ids  . 

can be s i m p l i f i e d  as: 

Ca2+ + Z H C O ~  z ~ a ~ ~ ~ + ( s c a l e )  + C O ~  + H ~ O  

Thus, by supplying C02 on the  r i g h t  s ide o f  t he  equation, the 
s h i f t e d  from the calcium carbonate t o  the bicarbonate on the 
stays i n  s o l u t i o n  as t h e  bicarbonate. This chemistry process 
using CO2 pressure t o  prevent c a l c i t e  scale formation. 

(5.1) 

equi l ibr ium i s  
e f t .  Calcium 
i s  the  basis f o r  

From Henry's Law, t h e  concentrat ion o f  dissolved C02 i s  proport ional  t o  
t h e  appl ied pressure o f  C02 over the solut ion:  

(5.2) 
c02 

k(C02) = P 

where k i s  a p r o p o r t i o n a l i t y  constant (Henry's Law constant). By applying C02 
pressure t o  t h e  solut ion, it can be made unsaturated w i t h  respect t o  CaC03 (a 

5.18 



nonscaling condi t ion)  . Ascertaining t h e  amount o f  C02 pressure necessary t o  
prevent scale formation requires a s i t e -  and process-specif ic calculat ion.  
Figure 5.10 i l l u s t r a t e s  the e f f e c t  o f  temperature and the  concentrat ion o f  d i s -  
solved c a l c i t e  on the pressure o f  C02 necessary t o  avoid scale formation. 
Michels (1981) provides a good discussion o f  the subject of COe and carbonate 
chemistry as appl ied t o  geothermal engineering. Figure 5.11 re la tes Henry's 
Law (expressed i n  engineering u n i t s )  as a funct ion o f  temperature and s a l i n i t y  
(Mi  chel s 1981) . 

0.70( 

TEMPERATURE, O C  
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The most l i k e l y  area t o  use CO2 i n j e c t i o n  t o  con t ro l  scale and b r i n e  f l ow  1 
propert ies i s  t he  production wel l  because t h i s  i s  t he  area where c a l c i t e  scale 
i s  most l i k e l y  t o  form. Ca lc i t e  sca l ing i n  h production wel l  i s  a common 
probl  em i n many geothermal f i e l d s  worl dwi de . r a e  

Scaling i n  the i n j e c t i o n  s ide i s  also possible i f  the b r ine  equ i l i b ra tes  
a t  reduced surface temperatures mixed w i th  incompatible waters and i s  then 
reheated dur ing i n j e c t i o n  i n t o  warm aqui fers ( c a l c i t e  s o l u b i l i t y  i s  retrograde 
w i t h  respect t o  temperature). These condit ions could occur dur ing extended 
b r i n e  ponding/aging o r  if surface waters are mixed w i t h  the b r i n e  dur ing i n j e c -  
t ion.  CO2 i n j e c t i o n  has not been demonstrated t o  bene f i t  s i l i c a  scale con t ro l  

\ NaCl CONCENTRATION 

.Y - HELGESON (1 969) 

0 I I I I 
150 250 350 450 5 50 650 

TEMPERATURE, O F  

FIGURE 5.11. C02-Henry's Law Relat ionship i n  Engineering Units as a 
Function of Temperature and S a l i n i t y  (Helgeson 1969). 
Note s i m i l a r i t y  and agreement w i t h  Figure 4.19. 

(a) K i z i l d e r e  (Turkey), Azores, Molagasy Republic, East Mesa, and many basin 
and range resources are known t o  have severe CaCOq scale potent ia l .  With 
t h i s  potent ia l ,  there i s  an enormous range of COZ-contents: 
a CO pressure o f  35 k20 psi ;  the Niland f i e l d  i s  general ly above 300 p s i  
(Mictels 1981); and K i z i l d e r e  has it GO2 content o f  15,000 ppm (Kuwada 

East Mesa has 

Ld 1982) 
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I 

e f f o r t s .  The add i t i on  o f  C02 w i l l  not d r i v e  the  pH down i n t o  the  range t h a t  i s  
needed t o  a r r e s t  s i l i c a  p r e c i p i t a t i o n  (pH 4); however, the pH s h i f t  may a f f e c t  
marginal s i l i c a  scal ing i n  some cases and prove t o  be an e f f e c t i v e  s i t e -  
speci-f i c treatment. 

, 

Production-Side COP I n j e c t i o n  

Although t h i s  i s  not p r i m a r i l y  an i n j e c t i o n  treatment process, it i s  a 
b r i ne  treatment approach t h a t  has impl icat ions f o r  i n j e c t i o n  treatment. C02 i s  
i n j e c t e d  i n t o  t h e  producing wel l  below the  calc i te- forming l e v e l  by means o f  
tubing. The addi t ional  C02 pressure i n  the gas phase keeps the carbonate equi- 
l i b r i u m  sh i f t ed  t o  the nonscaling bicarbonate. The add i t i on  o f  gas a lso lowers 
the e f f e c t i v e  densi ty of t he  producing f l u i d  and the f low increases (Fig- 
ure 5.12). A l l  of t he  pumps and maintenance problems are on the  surface ra the r  
than downhole, which i s  an operational advantage when compared w i th  the use o f  
downhole pumps f o r  the same purposes. The conceptual app l i ca t i on  o f  C02 i n j e c -  
t i o n  t o  a f lash p lan t  i s  shown i n  Figure 5.13. It i s  a techn ica l l y  i n t e r e s t i n g  
and p o t e n t i a l l y  v e r s a t i l e  process t h a t  warrants addi t ional  test ing.  However, 
a t  l e a s t  p a r t i a l l y  o f f s e t t i n g  the p o s i t i v e  features are four items needing 
a t t e n t i o n  dur ing de ta i l ed  design: 

j 

BRINE FLOW, 1000 Ib/h 
- 

, FIGURE 5.12. Effect of CO I n j e c t i o n  Rate on Br ine Production 
(Kuwada 19823 
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MOISTURE SEPARATOR 

PREHEATER 
(COMPRESSOR FIRST- 

STAGE SUCTION DRUM) (HEAT 
\ 

CONDENSATE 1 

C02 RECYCLE 
COMPRESSOR HIGH-PRESSURE (HP) 

STEAM 
TO 

POWER 

STEAM TURBINE 

LP FLASH 
DRUM 

BRINE, STEAM, AND CO2 
PRODUCTION FLASH 

SEPARATOR 
PRODUCTION PREFLASH HP FLASH 

DRUM DRUM PUMP WELLS WELLS 

FIGURE 5.13. C02 I n j e c t i o n  i n  Flash Cycle Concept 
(Kuwada 1982) 

CaC03 w i l l  form i n  the  separator when the  C02 pressure i s  released 
dur ing steam flashing. A t  a t e s t  i n  1982 a t  Desert Peak, Nevada, 
the  deposit was eas i l y  removed and may have been aragoni te ra ther  
than ca l c i t e .  Cycl ing between two separators may be feasible.  

Non-C02 gases (N2, CHq) w i l l  tend t o  increase i n  concentration i n  
t h e  recycled gas because of t he  differences i n  s o l u b i l i t y .  During 
the  Desert Peak tes t ,  the  recycled gas was only 15% t o  20% C02 
(Rodgers Engineering 1982) . 
Although i n j e c t i n g  C02 does increase b r ine  production i n  a given 
conf igurat ion,  lowering a tube t o  de l i ve r  the  C02 resu l t s  i n  a lower 
cross-sectional area ava i lab le  and more f r i c t i o n  f o r  b r i ne  flow. A 
3-1/2411. outside diameter (OD) tube inser ted  down a 9-5/8-in. OD 
casing reduces the  ava i lab le  area by 16%. 

The ex t ra  CO w i l l  make the br ines more a c i d i c  and corrosive. The 

spec i f i c  and may be of minor consequence. 
degree t o  wh ? ch t h i s  occurs w i l l  be s i t e  and process mater ia l  

In ject ion-Side Cog Addi t ion 

This process has not been tested because the  s i t u a t i o n  i nvo l v inq  CaC09 

- 

plugging o f  t he  i n j e c t i o n  we l l  has not been experienced t o  date i n  the  Uni ied 
States. A conceptual f low sheet i s  shown i n  Figure 5.14. 
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FIGURE 5.14. COe Addi t ion t o  I n j e c t i o n  Flow--Conceptual Flow Sheet 

I f  CaC03 p rec ip i t a tes  dur ing i n jec t i on ,  i t  may be a r e s u l t  o f  adding 
s l i g h t l y  incompatible waters o r  chemicals dur ing b r i n e  treatment o r  concen- 
t r a t i n g  Ca by evaporation p r i o r  t o  i n jec t i on .  A s ide bene f i t  o f  i n j e c t i n g  t h e  
COP and NCG (as shown Figure 5.14) i s  t h a t  nuisance gases such as H2S are 
in jected, 

5.2.2 F1 ash Crystal  1 i z e r s  

scale formation i n  f lash vessels used f o r  low-pressure steam recovery. This 
development was an outgrowth o f  the successful app l i ca t i on  o f  a sol ids-contact 
c l a r i f i e r  used i n  a p i l o t - p l a n t  t e s t i n g  program a t  the GLEF near Niland, Ca l i -  
fornia,  a t  the Salton Sea geothermal rese rvo i r  (Featherstone and Powell 1981). 
A sol ids-contact c l a r i f i e r  (described i n  more d e t a i l  i n  a l a t e r  sect ion) pro- 
motes p a r t i c l e  growth by coagulation/flocculation o r  c r y s t a l l i z a t i o n ,  thereby 
f a c i l i t a t i n g  the  s e t t l i n g  of the pa r t i c l es .  Both p a r t i c u l a t e  growth and sedi- 
mentation f o r  c l a r i f i c a t i o n  of the t rea ted  water are accomplished i n  one u n i t .  

a c t i  oris' are d r i  veri t o  equi 1 i b- 
rium f a s t e r  when t h e  supersaturated so lut ions are allowed t o  contact a pre- 
formed sludge. The sludge contains seed p a r t i c l e s  t o  promote the c r y s t a l l i t a -  
t i o n / p r e c i p i t a t i o n  processes. Recause of the severe scal ing problems 
encountered a t  some f i e l d s  i n  low-pressure f l a s h  vessels, pipes, and valves, i t  
was f e l t  t h a t  t he  sol ids-contact p r i n c i p l e  could be appl ied t o  these vessels t o  
t ransfer  ' t he  'growth of inso lub le matter from the surfaces o f  the 
t h e  sludge p a r t i c l e  surfaces, 

Flash c r y s t a l l i z e r s  are a recent innovation developed t o  reduce o r  prevent 

The autocrystal  1 i zat ion o r  p r e c i p i t a t i o n  



i 

6-I 
A natural  i n t e r n a l  c i r c u l a t i o n  f l a s h  c r y s t a l l i z e r  i s  i l l u s t r a t e d  i n  Fig- 

ure 5.15. Br ine from t h e  f i r s t - s t a g e  f l a s h  vessel i s  introduced through a p ipe 
i n  t h e  bottom of t he  f l a s h  c r y s t a l l i z e r ;  t h e  p ipe terminates i ns ide  a d r a f t  
tube t h a t  i s  elevated from the bottom t o  permit f l u i d  rec i rcu lat ion.  
takes place i n s i d e  t h e  d r a f t  tube above t h e  i n f l u e n t  pipe, and two-phase f low 
occurs above t h e  po in t  where f l ash ing  i s  i n i t i a t e d  (Hedrick 1982). F l u i d  i s  
d r i ven  up the  d r a f t  tube by t h e  low-density two-phase flow; i t  i s  then c i rcu-  
l a t e d  down t h e  high-density single-phase f l u i d  outside the  tube where a sub- 
s t a n t i a l  po r t i on  i s  rec i r cu la ted  back up t h e  d r a f t  tube. Sludge from the  
sol ids-contact c l a r i f i e r  i s  introduced near the  bottom of t he  f l a s h  c r y s t a l -  
l i z e r  vessel and mixes w i t h  t h e  r e c i r c u l a t i n g  f l u i d .  E f f l u e n t  cons is t ing o f  a 
s l u r r y  of sludge w i t h  spent b r i n e  i s  withdrawn from the  s ide o f  t he  f l a s h  crys- 
t a l l i z e r  f o r  f u r t h e r  f l ash ing  and treatment t o  reduce supersaturation t o  a 
l e v e l  compatible with underground i n j e c t i o n  o f  t he  spent br ine.  

Flashing 

The primary purpose of t h e  f l a s h  c r y s t a l l i z e r  i s  t o  reduce o r  prevent 
sca l i ng  i n  the  b r i n e  feeding the  low-pressure steam system; however, t he  opera- 
t i o n  of t h i s  equipment i s  discussed i n  t h i s  sect ion because i t  i n i t i a t e s  the 
precipitation/crystallization process needed t o  s t a b i l i z e  the  b r i n e  f o r  i n jec -  
t ion.  This equipment has successfully con t ro l l ed  scal ing problems a t  t he  

r * STEAM OUT 

SEED CRYSTAL 
SLUDGE RECYCLE 
(FROM CLARIFIER) 

FIGURE 5.15. Natural I n te rna l  C i r cu la t i on  Flash C r y s t a l l i z e r  
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Salton Sea 10-MWe demonstration p lan t  (Chemical Engineering 1983) . Deta i led 
propr ie tary  design and operational data on the f l a s h  c r y s t a l l i z e r s  used i n  t h i s  i 

, pl.ant are not  avai lab le a t  t h i s  time. 

Operational data have been reported .by Featherstone and Powell (1981) on 
the  p i l o t - p l a n t  t e s t s  conducted w i t h  a forced external  r e c i r c u l a t i o n  f l a s h  

was i n i t i a l l y  operated a t  11-psig pressure f o r  760 h w i t h  a scale bui ldup o f  
0.016 in. on t h e  w a l l  o f  t h e  c r y s t a l l i z e r .  Minor scale deposits formed on 
surfaces i n  t h e  system where nonturbulent condi t ions existed ( f low v e l o c i t y  = 
2.5 f t / s ) .  No deposits formed i n  l a t e r  t e s t s  a t  higher f low ve loc i t ies.  Scale 
was prevented i n  t h e  c r y s t a l l i z e r  a t  optimal operating condi t ions o f  0.5% t o  
1.0% s o l i d s  and a residence t ime of 8 min. Test runs a t  1% so l i ds  l e v e l  i n d i -  
cate t h a t  the p i l o t  f l a s h  c r y s t a l l i z e r  was operating a t  near saturat ion l e v e l s  
of amorphous s i l i c a  (Table 5.5). 

3 c r y s t a l l i z e r  ( i l l u s t r a t e d  i n  Figure 5.16). This p i l o t - p l a n t  f l a s h  c r y s t a l l i z e r  
i 
I 

I i 
I 

Downhol e I n j e c t i o n  
I 1 
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csld 
TABLE 5.5. S i l i c a  S o l u b i l i t y  i n  P i l o t  F1 sh C r y s t a l l i z e r  Tests w i t h  

Sal t on  Sea Geothermal Br ine  (a? 

Condl t tons' b, Sample 1 Sample 2 Sample 3 
Crysta I I 1 zer pressure, a h  1.23 2.59 3.74 

131 146 157 Operat 1 ng temperature, *C 
Operating S102 concentratlon, mg/l 364 388 412 

Tlme Af ter  Sample 1 Sample 2 Sample 3 
Shutdown, S102 Qncen- Tenper- S102 Qncen- Tenper- Slop Qncen- Tenper- 

m l  n tratton, mg/l ature, *C tratton, mg/ l  ature, .C tratron, mg/ i  ature. *C -- -- 38 5 147 -- -- 2 
5 370 132 
6 -- -- 362 144 413 153 
9 364 131 -- -- 415 153 -- -- 362 143 -- -- 11 

12 -- -- -- -- 404 152 
15 332 129 
17 -- -- 368 142 -- -- 
18 342 128 
19 -- -- -- -- 396 151 -- -- 372 142 -- -- 20 
22 -- -- -- -- 407 151 
23 332 128 
26 -- -- 372 141 402 150 
28 336 127 

126 342 32 
Average 
constant 
value 337 129 367 143 402 152 

(a) See San Dlego Gas and E lec t r l c  1980. 
(bl Resldence tlme = 8 mln; sol lds concentratlon = 1s I n  a l l  runs. 

-- -- -- -- 

-- -- -- \ -- 
-- -- -- -- 

-- -- -- -- 
( 

-- -- -- -- -- -- -- -- - - - - - - 

approach. The C02 i n j e c t i o n  technique con t ro l l ed  c a l c i t e  p r e c i p i t a t i o n  by 
recyc l ing C02 downhole; i t  may be poss ib le  t o  recyc le sludge downhole t o  
cont ro l  s i l i c a / s u l f i d e  scaling. Since c a l c i t e  f requent ly  comes out i n  the  
wellbore, t he  presence of sludge seed pa r t i cu la tes  nay reduce narrowing by 
ca l c i t e .  Negative aspects might inc lude a dampening e f f e c t  on product ion 
through t h e  i n j e c t i o n  of a cool  dense l i q u i d ,  although t h e  e f f e c t  n i g h t  be 
modest w i t h  a small volume recycle. The use of t h e  producing wel lbore as a 
recyc l ing  natura l  f lash c r y s t a l l i z e r  would appear t o  deserve t e s t i n g  and/or 
s i  te-speci f i c  evaluation. 

5.2.3 Flash Crystal  l i t e r  Separators 

A mod i f i ca t ion  o f  t h e  f l a s h  c r y s t a l l i z e r  i s  cu r ren t l y  being researched by 
Bechtel Group Inc. under contract  w i t h  the  E l e c t r i c  Power Research 
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Inst i tu te . (a)  The modi f icat ion involves the addi t ion o f  a sol ids-contact 
c l a r i f i e r  sect ion t o  a f l a s h  c r y s t a l l i z e r ,  which el iminates the  need f o r ' a  
follow-up reactor  c l a r i f i e r  t o  achieve a s t a b i l i z e d  e f f l uen t .  : A.conceptua1 
diagram o f  t h e  f l a s h  c r y s t a l l i z e r  separator (FCS) i s  i l lustratsed i n  Fig- 
u re  5.17. The FCS concept, which i s  scheduled f o r  p i l o t  t e s t i n g  i n  t h e  near 
future, combines t h e  funct ions o f  con t ro l l ed  p r e c i p i t a t i o n  and s o l i d s  
separation . 

y t o  t h e  f lash c r y s t a l l i z e r  i n  the  center of t he  
un i t .  Geothermal b r i n e  i s  introduced i n t o  a ventur i  where i t  entra ins a por- . 
t i o n  of t he  b r i n e l s l u r r y .  Steam . i s  released as the t h i r d  phase, t he  so l i ds /  
l i q u i d  vapor mass expands i n t o  the  enlarged cone. The steam i s  l a r g e l y .  
released as i t  i s  discharged against t he  b a f f l e  p l a t e  and then e x i t s  through 
the top of t h e  FCS. The br ine/so l ids mixture cycles down beside the  ventur i  

blanket. The p a r t i c u l a t e  matter grows i n  s i ze  and eventual ly becomks 
la rge  enough t o  descend through the  sludge o u t l e t  a t  the bottom of the FCS. 

The FCS operates s i m i l  

a p o r t i o n  again enters the  venturi ;  t h e  remainder flows through t h e  

At 

TO POWER PLANT 

. .  

+ TO FILTERANJECTION 
STEP 

CLARIFIED BRINE 

SLUDGE BLANKET 

GEOTHERMAL 
BRINE 

SLUDGE 

. F1 ash C r y s t a l l i z e r  Separator Concept 

(a) Awerbuck and Rogers 1981; Awerbuck, Van der Mast, and Rogers 1982. 
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small b r i n e  f l o w  i s  maintained upflow through the sludge o u t l e t  t o  re tu rn  any 
small p a r t i c l e s  t h a t  escape i n t o  the sludge blanket f o r  f u r t h e r  growth. E l i m i -  
nat ion o f  small p a r t i c l e s  f a c i l i t a t e s  any subsequent sludge dewatering step. 

The exponential decay equation used t o  p red ic t  the retent ion t ime i n  the  
Bechtel FCS p i l o t - p l a n t  design t o  achieve a desired supersaturation l e v e l  i s  
p l o t t e d  i n  Figure 5.18. The value o f  R i n  the equation i s  a funct ion o f  many 
factors, inc lud ing temperature, degree o f  supersaturation, p a r t i c l e  surface 
area, pH, i o n i c  strength o f  the brine, and concentrat ion o f  c a t a l y t i c  agents 
( f o r  example, f l u o r i d e  f o r  s i l i c a  p rec ip i t a t i on ) .  As discussed i n  the sect ion 
on autoprecipi tat ion,  s i l i c a  deposi t ion becomes very slow as the  supersatura- 
t i o n  r a t i o  approaches 1.0. The FCS i s  ant ic ipated t o  r e l i e v e  only 80% o f  the 
supersaturation. This approach subs tan t i a l l y  reduces the t ime requirement i n  
t h e  FCS and minimizes the s i ze  o f  t he  uni ts .  I f  80% of the s i l i c a  saturat ion 
i s  rel ieved, Rechtel bel ieves t h a t  s i g n i f i c a n t  sca l ing i n  the  FCS u n i t s  and 
associated p ip ing  and equipment w i l l  be prevented. The e n t i r e  system i s  closed 
and operates above atmospheric pressure. Long residence times i n  high-pressure 
vessels must be avoided o r  these vessels become very l a rge  and very expensive. 
The residual  20% supersaturation w i l l  be el iminated a f t e r  t he  second-stage FCS 
by d i l u t i n g  t h e  b r i n e  w i t h  condensate from t h e  power p lan t  and by increasing 
the temperature using a vapor compressor. 

v) 

FIGURE 5.18. 
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5.2.4 Reactor C l a r i f i e r  and F lu id ized Bed 

Process Descr ip t ion 

A reactor  c l a r i f i e r  cont ro ls  p r e c i p i t a t i o n  and separates pa r t i cu la tes  
and l i qu ids .  Reactor c l a r i f i e r s  were o r i g i n a l l y  developed for  use i n  water 
treatment, although the p r i n c i p l e s  have been successfully used i n  waste water 
appl icat ions (Culp, Wesner, and Culp 1978). Reactor c l a r i f i e r s  have been par- 
t i c u l a r l y  useful i n  s e t t l i n g  f locculant and low-density sludges. Sedimentation 
u n i t s  o f  t h i s  type have been var iously termed sol ids-contact c l a r i f i e r s ,  upflow 
c l a r i f i e r s ,  sludge blanket c l a r i f i e r s ,  and many t rade names. 

Several equipment conf igurat ions are of fered by manufacturers; a major 
p o r t i o n  o f  t he  volume o f  the sol ids-contact c l a r i f i e r  may be taken up by mixing 
and react ion zones as shown i n  Figure 5.19. These mixing and react ion zones 
coupled wi th  the  sludge blanket o r  s l u r r y  pool can be very e f f e c t i v e  f o r  s o l i d s  
removal. Flow enters the c l a r i f i e r  through a p ipe t o  the mixing zone and pro- 
ceeds t o  the react ion zone. Chemicals may be added t o  the incoming stream o r  
d i r e c t l y  t o  the  mixing zone t o  enhance f l o c c u l a t i o n  o r  sedimentation. The 
la rge  c i r c u l a t i o n  patterns i n  these zones provide an opportuni ty f o r  thorough 
mixing and p a r t i c l e  contact t o  enhance f l o c c u l a t i o n  o r  p a r t i c l e  growth. 
Treated waste water leaves the react ion zone and passes through the sludge 

COLLECTION WEIRS TURBINE BRINE LEVEL 

i u  i 

i 
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i 

FIGURE 5.19. Solids-Contact Reactor C l a r i f i e r  
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blanket o r  s l u r r y  pool where essen t ia l l y  a l l  o f  the p a r t i c u l a t e  matter i s  
retained. C l a r i f i e d  water f lows up from the sludge blanket and overflows t o  
the e f f l u e n t  l i n e .  Sludge i s  co l lected i n  the  concentrator and discharged a t  a 
r a t e  designed t o  maintain an optimum so l i ds  concentrat ion i n  the sludge 
blanket . 

Process Appl icat ion 

A f u l l - s c a l e  reactor c l a r i f i e r  operated continuously f o r  10 weeks a t  t h e  
GLEF t o  evaluate i t s  performance i n  p r e c i p i t a t i n g  and removing s i l i c a  and other 
substances (San Diego Gas and E l e c t r i c  1980). The ob jec t i ve  o f  the operation 
was t o  render the spent b r i ne  su i tab le  for  underground in jec t i on ,  and the 
equipment was considered t o  be the  fundamental component of t he  b r i n e  i n j e c t i o n  
processing system. Due t o  the a v a i l a b i l i t y  o f  only one production well ,  f l ow  
from the GLEF averaged only 525 gpm dur ing the  t e s t  period. Since the  design 
flow of the reactor c l a r i f i e r  was 1600 gpm, 680 gpm o f  c l a r i f i e d  b r ine  was 
recycled from the  i n j e c t i o n  pump t o  the  c l a r i f i e r .  The t o t a l  average i n f l u e n t  
f l a w  was therefore 1205 gpm o r  only 75% o f  the design flow. 

- 

Data from a p i l o t  t e s t  program ind icated t h a t  t he  best r e s u l t s  were 
obtained when the sludge blanket was ca r r i ed  considerably above the lower out-  
s ide edge o f  the react ion zone. It was not possible t o  achieve t h i s  condi t ion 
i n  the  55- f t  diameter reactor c l a r i f i e r  due t o  several factors.  F i r s t ,  the 
design f low r a t e  was not at ta inable;  and second, so l i ds  s e t t l e d  more rap id l y  i n  
the l a rge  c l a r i f i e r  (2.1 gpm/ft2) than i n  the  p i l o t ' c l a r i f i e r  (1.5 gpm/ft2), 
which ind icated t h a t  the large c l a r i f i e r  could a c t u a l l y  be sized f o r  2300 gpm. 
As a resul t ,  the sludge blanket could not be proper ly expanded t o  achieve good 
p a r t i c l e  growth. The p i l o t  c l a r i f i e r  produced an e f f l u e n t  containing 50 mg/l 
of suspended so l i ds  whi le  the fu l l - sca le  c l a r i f i e r  produced an e f f l u e n t  con- 
t a i n i n g  100 mg/l of suspended so l i ds  (average values). 

The sludge blanket of a reactor c l a r i f i e r  could contain enough suspended 
so l i ds  so t h a t  i t  would operate w i t h  hindered s e t t l i n g  ( f o r  example, Type 3 
se t t l i ng ,  discussed i n  Section 5.3.2). The e f fec t i ve  operation o f  a reactor 
c l a r i f i e r  depends on mai n t a i  n i  ng a suf f  i c i  ent so l  i d s  concent r a t i o n  and s l  udge 
blanket depth t o  reduce s i l i c a  supersaturation t o  acceptable l e v e l s  wh i l e  
achieving p a r t i c l e  sizes t h a t  s e t t l e  well. I n  the case o f  hindered se t t l i ng ,  
t he  s e t t l i n g  v e l o c i t i e s  are inverse ly  proport ional  t o  the so l i ds  concentrat ion 
i n  t h e  zone where t h e  p a r t i c l e s  se t t l e .  S e t t l i n g  rates as a funct ion o f  sus- 
pended so l  ds are i l l u s t r a t e d  i n  Figure 5.20. Upflow v e l o c i t i e s  as high as 

blanket when a suspended so l i ds  concentration o f  0.5% i s  maintained. The 
upflow rates must be decreased accordingly when the percent s o l i d s  i s  
inc-eased. Therefore, a compromise ex i s t s  between continuous s tab le production 
of s i l i ca -sa tu ra ted  ef f luent  and the  maximum permissible upflow r a t e  i n  the  
c l a r i f i e r .  A s o l i d s  concentration o f  1.35% w i l l  produce a s i l i ca -sa tu ra ted  

2.4 gpm/ft !? (0.5 f t /m in )  can be maintained i n  t h i s  react ion zone o r  sludge 
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SUSPENDED SOLIDS IN REACTtON ZONE, % 

FIGURE 5.20. S e t t l i n g  Rate Versus Suspended Solids Concentration i n  t h e  
GLEF Reactor C l a r i f i e r  (San Diego Gas and E l e c t r i c  1980) 

ef f luent  (190-ppm Si02) (Figure 5.21). An upflow r a t e  o f  2.1 gpm/ft2 i s  i n d i -  
cated i n  Figure 5.20 t o  achieve a s o l i d s  concentrations o f  1.35%. 
manufacturers f requent ly design these u n i t s  f o r  about 'one-half t he  s e t t l i n g  
v e l o c i t y  a t  optimum s o l i d s  loading. This conservative design gives an upflow 
v e l o c i t y  of 1.05 gpm/ft2 a t  1.35% suspended Folids. A summary o f  t he  average 
measurements o f  operating parameters f o r  the f u l l - s c a l e  reac tor  c l a r i f i e r  a t  

C l a r i f i e r  

sented i n  Table 5.6. Dahlstrom, Moore, and Emmett (1982) 
eactor c l a r i f i e r  f rom an equipment manufacturer's 

81) reported a 42-day t e s t  o f  reactor 
c l a r i f i e r  technology e l l  i n  t he  Imperial .Valley. Increased 
residence t ime s l i g h t  p a r t i c l e  s i ze  and the  number of p a r t i c l e s  
>9 vm I n  size. The most common p a r t i c l e  s i ze  was 5 , t o  10 un i n  the react ion/  
i r ow th  areas of a reactor  c l a r i f i e r  and 5 t o  7 vm a f t e r  t he  s e t t l i n g  ( c l a r i f i e r )  
port ion. 

Reactor c l a r i f i e r s  have been used successfully a t  t he  Salton Sea demon- 
s t r a t i o n  p lan t  since t h e  July 1982 startup. Operqtlonal data-are not ava i l ab le  
a t  t h i s  time; however, these u n i t s  are reported t o  be. operating successfully. 
NO chemical coagulants are used. The output o f  these reactor c l a r i f i e r s  i s  
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FIGURE 5.21. S i l i c a  i n  Solut ion i n  GLEF C l a r i f i e r  E f f l u e n t  Versus Suspended 
Sol ids i n  Reaction Zone (San Diego Gas and E l e c t r i c  1980) 

bel ieved t o  be p r i m a r i l y  S10-clm s i l i c a  pa r t i cu la tes  t h a t  range from 50 t o  
200 mg/l i n  concentration, depending on t h e  rout ine/ t rans ient  nature o f  the 
process a t  t h a t  time. 

F i e l d  experiments a t  Cerro P r i e t o  i n  Mexico attempted t o  dupl icate the  
successful use o f  t he  reactor c l a r i f i e r  a t  t he  GLEF. Although a p i l o t - s c a l e  
commercial u n i t  was used, i t  d i d  not adequately prevent scale (Hurtado e t  a l .  
1981). Dissolved s i l i c a  a t  t he  overf low was 3 t o  400 ppm; suspended s o l i d s  
were 250 ppm; and so l i ds  i n  the  react ion zone were 0.9%. Cerro P r i e t o  b r i n e  
has a s a l i n i t y  o f  30,000 ppm TDS and s i l i c a  concentrat ion o f  1000 ppm. Other 
t e s t s  ind icated t h a t  aging, 1 ime addit ion, and s e t t l i n g  produced superior 
r e s u l t s  a t  t h i s  s i t e  (Hurtado e t  a l ,  1981); t h i s  l a s t  step was performed i n  a 
c l a r i f i e r ,  although t h e  l ime  add i t i on  makes i t  a d i f f e r e n t  process than t h e  
natural  pH p a r t i c u l a t e  growth of t he  reactor c l a r i f i e r  a t  GLEF o r  t h e  Salton 
Sea plant.  

F1 u i d i  zed Beds 

F lu id i zed  beds, as t h e  generic concept i s  appl ied t o  geothermal b r i n e  
treatment, are a l o c a t i o n  where p a r t i c l e s  are f l u i d i z e d  i n  the  b r i n e  flow. I n  - 
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ks TABLE 5.6. Operating Parameters f r the  55- f t  Diameter 
GLEF Reactor C l a r i f i e r  Pa 1 

Parameter 

C1 a r i  f i e r  i nf luen t  
(b r i ne  feed) 

C l a r i f i e r  react ion zone 

C1 a r i f i e r  d r a f t  tube 

Average Me as u remen t 

Temperature = 104OF 
Suspended s o l i d s  = 180 ppm 
S i l i c a  i n  so lu t i on  = 390 ppm 

Tota l  f low = 1205 gpm 
GLEF f low = 252 gpm 

Suspended s o l i d s  = 1.8 w t %  

pH = 5.4 

Suspended so l i ds  = 2.7 w t %  

C l a r i f i c a t i o n  zone a t  a 
p o i n t  50 ft v e r t i c a l l y  
from bottom o f  s ide 

Suspended so l i ds  = 0.06 w t %  

Up f 1 ow vel  oc i  ty  

Sett 15 ng v e l o c i t y  

0.51 gpm/ft2 

2.0 gpm/ft2 

C1 a r i f i e r  e f f l u e n t  Temperature = 102OC 
Turb id i t y  = 15 NTU 
Suspended s o l i d s  = 100 ppm 
S i l i c a  i n  so lu t i on  = 200 ppm 
pH = 5.1 

(a) See San Diego Gas and E l e c t r i c  1980. 

IS t o  f n m c  +he n-p ip i t a t i on  o f  ( s i l i c a )  
t h e  p a r t i c l e s  grow t h i s  p o s i t i o n  they ac t  as seed crysta _ _  - ---- "'.% r'-- 

minerals on these crysta ls .  As m ci pitati on 
they s e t t l e  out and 

a r t i c l e s  are sel f -ge 

ady for  disposal. 

g scale pa r t i c l es ,  i t  i s  a s i m i l a r  
technology t o  t h a t  appl ied i n  the react ion sludge blanke 
process ( f o r  example, Vet ter  e 1, 1981 and Kandarpa et 

of a clarifier 

If t h e  p a r t i c l e s  are not self-generating scale p a r t i c l e s  but are a fo re ign  
- dense mater ia l  (perhaps a mineral sand), then t h e  technology i s  indeed d i f f e r -  

ent  from t h a t  described e a r l i e r ;  i t  i s  c lose r  t o  the  usual concept o f  a f l u i d -  
i zed  bed. Because of t h e  scale growth, a continuous supply o f  f resh fo re ign  
pa r t i cu la tes  must be introduced t o  t h e  f l u id i zed  bed unless they are recycled. 
R. C. Axtmann (1980) patented a process f o r  removing s i l i c a  v i a  a f l u i d i z e d  bed 
w i t h  p a r t i c l e s  being recycled a f t e r  cleaning i n  a b a l l  m i l l .  This process was 



f i e l d  tested a t  the New Zealand Broadlands s i t e  using a continuous b a l l  m i l l ;  
the operation/technical d e t a i l s  w i l l  be avai lab le i n  the f a l l  o f  1984. 

f o u l i n g  o f  heat exchangers i n  binary cycle plants. Tests a t  East Mesa were 
e f f e c t i v e  a t  preventing c a l c i t e  and i r o n  s u l f i d e  scale on the  metal vessel sur- 
faces. To prevent i n j e c t  i on  p l  uggi ng, such a heat exchanger would presumably 
have t o  be fol lowed by a f i l t e r  t o  remove the  unadhered scale p a r t i c l e s  from 
the b r i n e  unless t h e  p a r t i c l e  sizes and f u r t h e r  Scal ing tendencies o f  the b r i n e  
were compatible w i t h  the  formation, which i s  un l ike ly .  F lu id i zed  bed p a r t i c l e s  
w i t h  adhered scale would have t o  be cleaned and the so l i ds  separated. 

Two DOE-funded projects(a) looked a t  the use o f  f l u i d i z e d  beds t o  prevent 

5.3 .L IQUID/SOL I D S  SEPARATION 

The se lec t i on  o f  t he  process t o  remove so l i ds  from geothermal br ines 
requires addressing the fo l lowing considerations: 

o smallest p a r t i c l e  s i ze  t o  be removed 

0 physical propert ies o f  the system, such as f l u i d  density, so l i ds  
density , and v i  scosi ty 

o so l i ds  burden ca r r i ed  by the f l u i d  

o processing rates. 

Generally, as the so l i ds  burden and the  p a r t i c l e  s i ze  increase, a r t i f i c i a l  o r  
natural  g rav i t y  separation becomes the method o f  choice. Centr i fugat ion i s  
appl icable from a submicon range; hydroclones, from -5 um up; and s e t t l i n g ,  
from -1 um up. As the  p a r t i c l e  s i ze  and the s o l i d  burden decrease, f i l t r a t i o n  
and enhanced s e t t l i n g  (thickeners; f l occu la t i on )  become more a t t r a c t i v e  w i t h  
respect t o  power consumption and technical  f e a s i b i l i t y .  Tradi t ional  operating 
ranges are shown i n  Figure 5.22. The avai lab le data i n d i c a t e  t h a t  geothermal 
i n j e c t i o n  treatments y i e l d  p a r t i c l e s  less than 20 t o  30 um; however, no geo- 
thermal data are ava i l ab le  on many o f  the streams and subsystems, especia l ly  
those t h a t  y i e l d  l a r g e r  p a r t i c l e s  t h a t  end up as sludge. 

(a) Addomms, Breindel, and Gracey (1978); Allen, Lawford, and Van Haaften 
(1978). 



I- a 
d 

FIGURE 5.22. 

c I 

W 

SOLIDS IN SUSPENSION, % 

Operating Ranges for  Tradi t ional  L iquid/Sol ids 
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5.3.1 Chemical Coagulation/Flocculation 

Inorganic Coagulants 

E f fec t i ve  removal o f  suspended matter from waste water by sedimentation 
and/or f i l t r a t i o n  processes requires t h a t  t he  p a r t i c l e s  o f  suspended matter be 
l a r g e  enough t o  e i t h e r  s e t t l e  i n  a r e l a t i v e l y  short  per iod o f  t ime o r  be 
removed by entrapment i n  the void spaces o f  a f i l t e r  bed. Because a s i g n i f i -  
cant f r a c t i o n  of t he  suspended matter i n  waste water o f ten  consists o f  p a r t i -  
c les too  small f o r  e f f e c t i v e  s e t t l i n g  o r  f i l t r a t i o n ,  the aggregation o f  these 
p a r t i c l e s  by coagulat ion and f l occu la t i on  i n t o  larger,  more read i l y  se t t l eab le  
o r  f i l t e r a b l e  aggregates i s  common practice. 

~ 

n are terms t h a t  are frequently used i n t e r -  
ocument, coagulat ion i s  defined as a process 
aste water t o  reduce the forces t h a t  keep the  

suspended p a r t i c l e s  apart. Coagulation occurs immediately a f t e r  the chemicals 
are r a p i d l y  mixed i n t o  the waste water. F locculat ion involves the bonding 

of the coagulated p a r t i c l e s  t o  form se t t l eab le  o r  f i l t e r a b l e  so l i ds  by 
t ion,  which i s  hastened by gent ly s t i r r i n g  t h e  water t o  increase the  



c o l l i s i o n  o f  coagulated par t ic les.  F locculat ion requires longer t ime i n t e r v a l s  
than coagulation. Culp, Wesner, and Culp (1978) discuss these p r inc ip les  i n  
deta i  1. 

The de ta i l ed  mechanisms o f  coagulation and f l o c c u l a t i o n  are not we l l  
understood, and considerable research has been conducted t o  understand these 
phenomena. Mechanisms t h a t  occur dur ing coagulat ion and f l o c c u l a t i o n  include: 
1) chemical and physical reactions with c o l l o i d a l  p a r t i c l e s  dur ing coagulation, 
2) physical enmeshment o r  entrapment o f  p a r t i c l e s  dur ing f l o c c u l a t i o n  and sedi- 
mentation, and 3) adsorption. The r e l a t i v e  importance o f  each o f  these mecha- 
nisms has not been established, but i t  i s  bel ieved t h a t  a l l  three play a role. 
A1 though current  theory helps t o  explain these processes, chemi ca l  c l  a r i  f i ca- 
t i o n  remains as much an a r t  as a science. To determine the  proper dosages o f  
chemicals, laboratory and p i l o t - p l a n t  t e s t i n g  i s  usual ly  required using the 
actual  waste water t o  be processed. 

Coagulation i s  general ly ca r r i ed  out i n  a rap id  mix o r  f l a s h  mix tank o r  
basin; coagulation reactions are very rap id and occur w i t h i n  1 s. The rap id  
mixing disperses the coagulat ing chemical i n t o  the waste water as qu ick ly  as 
possible. The rap id mix tanks o r  basins are usual ly  equipped w i th  high-speed 
mixing devices designed t o  create ve loc i t y  gradients o f  300 f t / s - f t  o r  more 
w i th  re ten t i on  times i n  the tank ranging from 15 t o  60 S. 

Inorganic chemicals commonly used i n  waste water coagulat ion are aluminum 
s u l f a t e  (alum), lime, and i r o n  s a l t s  such as f e r r i c  chlor ide.  The chemical 
reactions involved w i t h  waste water containing bicarbonate i on  o r  calcium 
bicarbonate are: 

0 

o 

A l 2 ( S O 4 l 3  14 H20 + 6 HCO; + 2 A l  (OH)3 + + 3 SO4 t 6 C02 + 14 H20 

Ca(OH)2 + Ca(HC03)2 + 2 CaC03 J. + 2 H20 

e FeC13 + 3 Ca(HC03)2 + 2 Fe(OH)3 J. + 3 CaC12 + 6 C02. 

The add i t i on  o f  s u f f i c i e n t  l ime  t o  r a i s e  the pH t o  -11 w i l l  a lso p r e c i p i t a t e  
magnesium hydroxide, which i s  a gelat inous p r e c i p i t a t e  and a good coagulant. 

Two p r i n c i p a l  theor ies have been proposed t o  expla in  coagulat ion and f l o c -  
cu la t i on  mechanisms: 
aggregates o f  d e f i n i t e  chemical s t ruc tu ra l  u n i t s  and coagulat ion occurs because 
of a s p e c i f i c  chemi ca l  react ion between these aggregates and the coagul a t i  ng 
chemical and 2) a physical  theory t h a t  proposes t h a t  c o l l o i d a l  suspension con- 
s i s t s  of very f i ne  p a r t i c l e s  t h a t  carry  an e l e c t r i c  charge on t h e i r  surface. 
The p a r t i c l e s  are repel led from one another by t h i s  charge, which causes them 
t o  remain i n  suspension. The s t a b i l i t y  of c o l l o i d a l  suspensions i n  water i s  
based on the  a b i l i t y  o f  the p a r t i c l e s  t o  r e t a i n  the  surface charge. This 

1) a chemical theory t h a t  assumes t h a t  c o l l o i d s  are 
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charge vust be overcome i f  p a r t i c l e s  are t o  aggregate (coagulate) and 
l a r g e r  p a r t i c l e s  ( f locculate)  t h a t  s e t t l e  e a s i l y  (Metcalf and Eddy 1979). 
Coagulation i s  brought about by overcoming t h e  e f f e c t  of t he  e l e c t r i c a l  charge 
o r  by reducing the  charge, which may be accomplished by adding e lec t ro l y tes  t o  
t h e  solut ion.  

Organic Polymers 

Organic polymers (o f ten  c a l l e d  polye lect ro ly tes)  may be d iv ided i n t o  two 
categories: natura l  and synthetic. Important natura l  po lye lect ro ly tes i nc lude  
those o f  b i o l o g i c a l  o r i g i n  and products derived from starch, cel lu lose, and 
alginates. The synthet ic  po l ye lec t ro l y tes  t h a t  are cu r ren t l y  being used i n  t h e  
h a t e r  and waste water treatment f i e l d  can be d iv ided i n t o  three categories o f  
long-chained organic polymers: 1) neutral  (nonionic), 2) negat ively charged 
(anionic), o r  3) p o s i t i v e l y  charged (cat ionic) .  

t i o n  of suspended matter i n  waste water (Metcalf  and Eddy 1979). F i r s t ,  t h e  
polye lect ro ly tes can act  as coagulants by reducing the  charge on c o l l o i d a l  par- 
t i c l e s .  Since waste water c o l l o i d a l  p a r t i c l e s  are normally negat ively charged, 
c a t i o n i c  polymers can serve as primary coagulants by neu t ra l i z i ng  the  charges 
on these pa r t i c l es .  Second, b r i dg ing  can take place whereby t h e  polymers 
become attached t o  t h e  c o l l o i d a l  p a r t i c l e s  a t  a number of adsorption s i t e s  on 
t h e  polymer. Anionic and nonionic (usual ly  anionic t o  a s l i -ght  extent) poly- 
mers c o l l e c t  two o r  more p a r t i c l e s  along the  chain of t he  organic molecule t o  
form l a r g e r  masses. These bridged p a r t i c l e s  become in ter twined w i t h  other  
bridged ' p a r t i c l e s  t o  form s t i l l  l a rge r  masses t h a t  s e t t l e  readi ly.  Third, 
extremely 'h igh molecul a r  weight ca t  i onic pol  ye1 ect  ro l y tes  not only reduce t h e  
charge of t h e  c o l l o i d a l  p a r t i c l e s  but a lso form p a r t i c l e  bridges. 

culat ion.  
alone produces very f i n e  f l o c s  t h a t  s e t t l e  slowly. The addi t ion o f  a su i tab le  
polymer p r i o r  t o  t h e  f l o c c u l a t i o n  tank f requent ly increases t h e  s i ze  o f  t h e  
f l o c  and subs tan t i a l l y  improves t h e  s e t t l i n g  process (Culp, Wesner, and Culp 

Polye lect ro ly tes can perform three funct ions i n  t h e  coagulat ion j f loccul  a- 

Polye lect ro ly tes are of ten used w i t h  inorganic coagulants t o  improve f l o c -  
Treatment of c e r t a i n  types of waste waters w i t h  inorganic coagulants 

1978) . 
AcidjBase Treatment 

The pH of a geothermal water may be adjusted wi th  an ac id  o r  base add i t i on  
t o  i n i t i a t e  o r  accelerate precipitation/coagulation reactions. Lime was used 
t o  increase t h e  pH of t he  Cerro P r i e t o  b r i n e  from 7.35 t o  -7.8; t h e  treatment 
was very e f f e c t i v e  fo r  f l o c c u l a t i n g  s i l i c a  (Weres and Tsao 1981). These 
experimental r e s u l t s  suggest a s imp1 e p r e i  n j e c t  i on b r i n e  treatment process t h a t  

5.37 



consists o f  aging the  b r i n e  f o r  10 t o  20 min i n  a closed holding tank, adding 
30- t o  40-ppm lime, mixing f o r  5 min, and separating the f locculated s i l i c a  
wi th  a conventional c l a r i f i e r .  

Coagulant Tests on Geothermal R r i  ne 

Laboratory j a r  t e s t s  were conducted on GLEF Salton Sea spent b r i ne  t o  
evaluate several inorganic coagulants f o r  removing suspended sol  i d s  (Quong 
e t  al. 1978; Ouong, Schoepflin, and Stout 1978). The coagulants tested 
included FeC13, Fe*(S04)3, MgO, and Al2(SO4)3. 

was the most e f fect ive.  
t h e  amount and r a p i d i t y  o f  f l o c  formation i n  the contro l  samples, which was 
apparently due t o  mixing o f  spent b r i ne  (see Table 5.7). 
ment i n  sedimentation r a t e  o f  t h e  coagulated p a r t i c l e s  and e f f l u e n t  c l a r i t y  was 
achieved when coagulat ion was combined w i t h  sludge contact. 

The inorganic coagulants proved s l i g h t l y  benef ic ia l ;  Fe2(S04)3 a t  100 ppm 
The most notable feature o f  the j a r  t e s t  r e s u l t s  was 

S ign i f i can t  improve- 

Inorganic coagulants were re jected i n  favor o f  organic polymers f o r  coagu- 
l a t i o n  and f l o c c u l a t i o n  during t h e  p i l o t  sol ids-contact c l a r i f i e r  t e s t i n g  a t  
t h e  GLEF. Although inorganic coagulants are commonly used f o r  waste water 
treatment p r i o r  t o  underground in jec t i on ,  there are no known geothermal water 
treatment examples p r i o r  t o  i n jec t i on .  Mexican and New Zealand experience has 
included adding CaO ( l ime) t o  remove s i l i c a  and t o x i c  metals p r i o r  t o  surface 
disposal . 

Polymer Tests w i t h  Geothermal Brines 

Kochelek and Zienty (1981) tested some of t h e i r  company’s organic f loccu- 
l a n t s  on a heat-depleted Imperial Val l e y  b r i ne  processed through a p i l o t - s c a l e  
c l a r i f i e r .  These t e s t s  involved T r e t o l i t e  chemical TFL-362 and TFL-410D 
( P e t r o l i t e  Corporation) w i t h  residence times o f  45 t o  90 min. The r e s u l t s  
showed a reduction i n  e f f l u e n t  suspended so l i ds  t h a t  ranged from 29% t o  65% 
w i th  added chemical concentrations i n  the 1- t o  5-ppm range. Their analysis 
ind icated t h a t  t h i s  could be an economical way t o  decrease the s ize o f  the 
c l a r i f i e r  and reduce up-front c a p i t a l  expenditures. 

Anionic polymers i n  combination w i t h  sludge contact were h igh ly  e f f e c t i v e  
for  s e t t l i n g  so l i ds  i n  j a r  t e s t s  conducted with GLEF spent brine; a 5-ppm poly- 
mer dosage was required (Quong e t  al.  1978). Cat ionic polymers were somewhat 
bene f i c ia l  as coagulants (see Table 5.7), and t h e i r  ef fect iveness was substan- 
t i a l l y  improved by sludge contact. A range o f  5- t o  10-ppm c a t i o n i c  polymer 
was needed f o r  good sedimentation. 

An anionic polymer (hydrolyzed polyacrylamide) was used i n  p i l o t  t e s t i n g  
o f  a reactor c l a r i f i e r  a t  the GLEF. A 3-ppm concentrat ion o f  t h i s  polymer was 
added t o  t h e  rap id  mix tank t o  p r e c i p i t a t e  supersaturated s i l i c a .  The best 
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TABLE 5.7. Jar  Test Results f o r  Chemical Addit ives w i t h  Magmamax No. 1 Spent Rrine from GLEF(a) . 

Concentration, Concentration, I n i t i a l  Final  Final - Test Polyelectrolyte(b) Type ppm Inorganic ppm Temperature. OC Temperature, OC pH Observat i ons 
1-1 Control - 
2 B-1100 
3 B-1130 
4 B-1100 
5 8-1130 
6 B-1100 

1-2 Control - 
2 51175 
3 B-1180 
4 B-1185 
5 51190 
6 5Po ly  Floc 3 20 

1-3 Control 
2 B-1175 
3 51180 
4 B-1185 
5 B-1190 
6 B-poly Floc 3 Nonionic 20 

1-4 Control - 
2 R-1175 
3 8-1180 
4 51185 VI 

w 5 E1190 

' i 
~' "Tic i 

I i  
0 I i "  

Cationic 

Cationic 

L o  6 B-Poly.Floc 3 , Nonionic 20 

1-5 Control - 
2 8-1175 
3 51180 
4 51185 
5 51190 
6 B-Poly Floc 3 Noni on1 c 

1-6 Control - 
2 8-1185 Cat1 on1 c 
3 8-1185 C a t  ion1 c 
4 B-1130 Anionic 
5 51130 Ani oni c 
6 

1-7 Control 
2 51185 Cat i on1 c 
3 8-1185 Cationic 
4 B-1130 Anionic 
5 n-1130 Anionic 
6 

Cat 1 onic 

I [  

- i 
- i 

'i ?' 200 
20 
20 

20 

20 
20 

2c 

20 
20 

39 I 
Y 

5.5 
5.5 
5.5 
2 .8 
5.5 
5.5 

5f 

(I( 
5.1 I 

I 
5.3 

5.5 
5.5 
5.3 
5.4 
5.3 
5.2 

5.3 
5.3 
5.1 
5.3 
5.1 
5.1 

Rapid f loc  formation i n  a l l  tests with 
only s l i gh t  inprovesent w i th  polymer 
and FeC13 and a l m  addition. 
Supernatant l i q u l d  i n  Test 4-1 was 
clear. 

Rapid f loc  formation I n  a l l  tests with 
only s l i gh t  improvement wi th polymer 
addl t 1 on. 

Rapid f loc  formation I n  a l l  tests w i t h  
only s l i gh t  improvement wi th polymer 
and FeC13 addition. Tests 4-3 and 5-3 
gave the  best results. 

Rapid f loc  formation i n  a l l  tests w i t h  
only s l i gh t  improvement wi th polymer 
add1 t 1 on. 

Sane as above. 

Samples cooled f o r  1.5 h before test-  
ing. Rapid f l o c  formation i n  a l l  
tests wi th polymer and FeCl addition. 
Test 3-6 gave the best resujts. Aglng 
fo r  1.5 h d id  not appear t o  help f l oc  
formation. 

Samples were held at  81°C f o r  1.5 h 
before testing. Rapid f l o c  fornation 
I n  a l l  tests wi th only s l i gh t  Inprove- 
ment wi th polymer and FeC13 addition. 
Test 3-7 gave the best results, Aging 
f o r  1.5 h d id  nqt appear t o  help f l oc  
format i on. 
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TABLE 5.7. (contd) 

Concentration, In1 t i a l  Final  Final  Observat 1 ons Concent ration, 
Test Polyelectrolyte(b) Type D D ~  Inorganic p m  Temperature. .C Temperature. OC pH - 
1-8 Control 
2 8-1185 
3 - 
4 8-1185 
5 8-1185 
6 8-1185 

1-9 Control 
2 - 
3 - 
4 8-1130 
5 DC 2-6070 
6 UC A-1100 

1-10 Control 
2 ZT-646 
3 
4 
5 
6 

1-11 Control 
2 - 
3 - 
4 2T-646 
5 
6 

Cat1 on1 c 2 

Ani on1 c 5 
Anionic 50 
An 1 on1 c 50 

Ani on1 c 5 

FeCl3 
FeCl3 
A1 m 
A1 rn 
A1 m 

T 
NaOH 
)Irgo 
N O  

NaOH 

50 

300 
500 

150 
500 
500 

150 

84 

I 
I 
86 

5.5 Rapid f l o c  formation I n  a l l  tes ts  w i th  
no improvewant noted w i th  polymer, :::I'i FeCl3, and alum addi t ion i n  

4.4(e) Tests 2-8, 3-8, and 6-8. Supernatant 
l i q u i d  I n  Test 4-8 was clear. 

z::(d) 

5.5 Rapid f l oc  formation i n  a l l  tests w i th  
5.8 only s l i gh t  improvement with polymer 
5.4 and many a i r  coagulant addition. 
5.5 Test 3-9 gave the best resul ts o f  

inorganic coagulants studied. + 

i' 
5.1 Good f locs  produced, pa r t i cu la r l y  
5.4 with higher MgO additions. 
5.6 
5.8 
6 .O 7' 6.1 

5.2 
5.8 
6.1 
6.3 
5.3 
5.9 

Test 4-11 gave the results. 

See Quong e t  al. 1978. 

DC - Dow Corning 
CU = Union Carbide 
ZT = Z imi te ;  ZT 628, 636, 644, 651 also tested up t o  20 ppm by canpany representative; ZT-646 produced best results. 
NA - not available. 
NaQH added. 
HCl added. 

B = Betz 
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c l a r i f i e r  performance produced an e f f l uen t  w i t h  44-ppm suspended sol ids,  which 
showed t h a t  c l a r i f i c a t i o n  alone could remove a t  l e a s t  80% o f  the so l i ds  (Quong &i 
e t  ' d l  . 1978) . 
evaluated i n  the  laboratory f o r  removal o f  s i l i c a  i n  Cerro P r ie to  high and low 
Ca synthet ic  br ines (Weres and Tsao 1981). These synthet ic  solut ions were 
buffered w i t h  b a r b i t a l  (5,5 ' -d iethylbarbi tur ic ac id)  t o  f a c i l i t a t e  pH con t ro l  
because carbonate b u f f e r i n g  ( i n  natural  brines) would be d i f f i c u l t  t o  con t ro l  
under the  experimental condit ions. 
r a p i d l y  mixed f o r  a few seconds a f t e r  chemical addit ion; and then t h e  s i l i c a  
was allowed t o  se t t l e .  Samples were p e r i o d i c a l l y  withdrawn from the  superna- 
t a n t  f o r  suspended s i l i c a  analysis (Tables 5.9 and 5.10). A ca t i on i c  polymer- 
Magnifloc 573C--gave the  most promising r e s u l t s  w i t h  h igh Ca synthet ic  brines, 
b u t  several others were a l s o  promising. None o f  t h e  organic f locculants  was 
e f f e c t i v e  w i t h  low Ca synthet ic  brines. Raising the  pH t o  -7.8 qu i ck l y  reduced 
t h e  suspended s i l i c a  concentrat ion and gave a f i n a l  value below 5 mg/l i n  a l l  

Synthetic organic f locculants  (see Table 5.8) and caust ic  addi t ions were 

I n  t h e  tests ,  300 m l  o f  synthet ic b r i n e  was 

TABLE 5.8. Synthetic Flocculants Tested i n  Synthetic Cerro P r ie to  Brines(a) 

Manufacturer Name Chemical 
American Cyanamid Magnifloc 572C Probably a monomeric quaternary amine (a) 
American Cyanamid Magni f l o c  573C Probably a monomeric quaternary ami ne(a) 
American Cyanamid Magnifloc 577C Probably a monomeric quaternary amine(a) 
American Cyanami d Magni f 1 oc 585C Probably a monomeric quaternary ami ne(a) 
American Cyanamid Magnifloc 587C Probably a monomeric quaternary amine(a) 
American Cyanamid Magnifloc 591C Probably a monomeric quaternary amine(a) 
American Cyanamid Magnifloc 156X Cat ionic polymer; otherwise unknown 
American Cyanamid Magnifloc 2535C Cat ionic polymer; otherwise unknown 
Ca 1 gon M503 Cationic polymer; otherwise unknown 
Cal gon M570 Cat ionic polymer; otherwise unknown 
Cal gon M580 Cat ionic polymer; otherwise unknown 
Cal gon M590 Cat ionic polymer; otherwise unknown 
Dow Separan CP7 Probably a c a t i o n i c  polyacryl  ami de 
Dow Probably a cat  i oni c polyacryl  ami de 

(a) See Weres and Tsao 1981. 

P u r i f l o c  C31 

Cyanamid product ra tu re  d i d  not  ' i den t i f y  chemi c-1 nature 
roducts. However, t h e  Magnifloc 500C ser ies products are s tated 

t o  be of low molecular weight, and a shipping l abe l  on a package o f  samples 
i d e n t i f i e d  the  contents as quaternary ammonium compounds. The now product 
l i t e r a t u r e  s tates t h a t  most of t h e  products i n  t h e  Separan and P u r i f l o c  
ser ies belong t o  t h i s  chemical class. 
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TABLE 5.9. F locculat ion Experiments w i t h  High Ca Synthetic Brine(a) 

Quanti ty I n i t i a l  I n i t i a l  Suspended SiO,, ppm Final  Suspended Si09  
Date F1 occul ant Used SiOg, ppm pH 30 min 40 min ppm a t  (min) 

121 12/78 
1211 1/78 
2/02/79 

121 19/78 
1/05/79 

12/21/78 
12/13/78 
6/11/79 
5130179 

VI 1/10/79 
N 1/09/79 

4/27/79 
1/08/79 
6/12/79 

12/20/78 
12/18/ 78 
2/07/79 
2/06/79 
4130179 

. 

None 
None 

pH ra ised t o  7.77 
pH ra ised t o  7.79 
pH ra ised t o  7.74 
pH ra ised t o  8.01 
pH ra ised t o  7.75 

MF 572C(') 
MF 572C 
MF 573C 
MF 573C 
MF 573C 
MF 585C 
MF 591C 
MF 1563C 
MF 2535C 
MF 836A 
MF 836A 

Calgon M 503 

1000 
1000 
800 
800 
900 
900 

1000 
1100 
1100 
1000 
1000 
900 

1000 
1100 
800 

1000 
1000 
1000 
1100 

7.40 
7.17 
7 -41 
7.18 
7 -29 
7.12 
7.24 
7.23 
7.20 
7.25 
7.27 
7.27 
7.17 
7.33 
7.09 
7.23 
7.34 
7.25 
7.31 

321 
A59 (b) 
(1 0 

44 
460(h) 
15 
69 
(1 0 

576(b) 
(10 
34 
60 
295 ( b, 

64 
78 
39 
19 

449(b) 

(a) S i l c a  concentrat ions i n  ppm; 1 ppm = 1 mg 1-1. 
(b) Point  taken before treatment and w i t h i n  5 min o f  s ta ted time. 
( c )  MF - American Cyanamide Magnifloc. 

151 

20 
(10 
15 
27 

(10 

36 
(10 

13 

26 
31 
58 
40 

5.6 
3.9 
3.9 
1.7 
3.3 
3.5 
3 03 

5 .O 

2.4 
1.0 
4.0 
1.8 

5.3 

>34 

>32 

13 
28 
22 
3 .O 

>96 
,100 
>50 
>70 
>60 
>40 
>60 
>33 
>30 
>50 
>60 

51 
>50 
>32 
>60 
>67 
>60 
>50 
>30 
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TABLE 5.10. F locculat ion Experiments w i t h  Low Ca Synthet ic Br ine(a) 
c 

Quantity I n i t i a l  I n i t i a l  Suspended 9 0 9 ,  pp m F ina l  Suspended Si09 
Date F1 occul ant Used SiO,, ppm pH 30 min 40 min ppm a t  (rnin) - 

4/13/79 None 
None 
aised t o  7.90 

4/17/79 pH raised t o  7.83 

4/24/79 MF 573C 
4/18/79 MF 573C 
6/05/79 MF 577C 
4/16/79 MF 5856 

'p 6/05/79 MF 587C 
6/06/79 MF 591C 
5/01/79 Calgon M 570 
5/02/79 Calgon M 580 
5/02/79 Calgon PI 590 
4/12/79 P u r i f l o c  CM(d) 
4/20/79 Separan CP7(d) 
4/19/79 Separan CP7 
4/11/79 Separan CP7 
5/01/79 Separan CP7 
4/25/79 Separan CP7 

VI 

u 

1094 
1000 
1000 
1094 
1100 
1100 
1100 
900 
900 , 

1100 
1094 
1100 
1100 
1100 
1100 
1100 
1000 
900 
900 

1000 

1100 
1000 

7.24 
7.26 
7 -29 
7.30 
7.22 
7.34 
7 -32 
7.28 
7.27 
7.36 
7 -32 
7.32 
7.31 
7.25 
7.23 
7.30 
7.27 
7 -25 
7 441 
7.37 
7.30 
7.27 

253 179 
356 294 
(10 
(10 

617(b) 243 
530(b) 31 
278 
388 
499 (b) 

94(b) 

79 
(10 

295(') 
92 

599 144 
149 
58 

503 

230(b) 55 
39 
18(') 

170 

(a) S i l i c a  concentrations i n  ppm; 1 ppm = 1 mg 1-l .  

t c l  MF - Ameri can Cyanamid Magni f 1 oc . 
(d) P u r i f l o c  and Separan are now products. 

b Point taken from the treatment and w i t h i n  5 min of stated time. 

27 >60 
32 >60 
2.5 >34 
3.6 >30 

177 >45 
26 >40 

303 >30 
310 65 
32 52 

>32 >36 
31 >30 

>32 >31 
27 >34 

133 >31 
82 >45 

174 >30 
30 >32 

338 >28 
0.7 )44 

24 >33 
21 >28 
>31 >35 
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t e s t s  f o r  both h igh and low Ca brines. Due t o  the h igh cost, the slow decom- 
p o s i t i o n  a t  h igh temperature, and probable d i f f i c u l t y  i n  maintaining a conve- 
n i e n t  supply, t he  organic f locculants were less desirable compared w i t h  lime, 
which i s  inexpensive, read i l y  avai lable, and very ef fect ive f o r  accelerat ing 
t h e  formation o f  a good s e t t l i n g  s i l i c a  f loc.  

5.3.2 Sediment a t  i on 
- 

Gravi ty Sedimentation 

The fou r  d i s t i n c t  phenomena t h a t  take place dur ing sedimentation are 
refer red t o  as sedimentation Types 1, 2, 3, and 4 (Figure 5.23). Type 1 sedi- 
mentation can be described mathematically by Stokes' Law, which appl ies t o  t h e  
unhindered s e t t l i n g  ve loc i t y  of d i sc re te  p a r t i c l e s  i n  a quiescent l i q u i d  
suspension: 

2 
g(ps - P)d - 

"c - 18 u (5.3) 

where Uc = s e t t l i n g  v e l o c i t y  
g = g rav i ta t i ona l  constant 

pS = densi ty of p a r t i c l e  
p = densi ty o f  f l u i d  
d = p a r t i c l e  diameter 
IJ = v i scos i t y  o f  f l u i d .  
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Since the  v iscos i ty  o f  water decreases w i th  increasing temperature, s e t t l i n g  
ve loc i t y  and hence c l a r i f i e r  e f f i c i ency  increases w i t h  temperature (provided 
thermal convection currents are minimal). 

I n  pract ice,  a p a r t i c l e  w i t h  a charac ter is t i c  Uc value i s  selected and the  
basin i s  designed so t h a t  a l l  p a r t i c l e s  w i th  s e t t l i n g  ve loc i t y  greater than Uc 
are removed i n  the  basin. The basin then produces c l a r i f i e d  water a t  the  r a t e  Q: 

(5.4) 
C 

Q = AU 

where A i s  the  area o f  the  basin. Thus, Type 1 s e t t l i n g  i s  independent o f  basin 
depth; however, f o r  p a r t i c l e s  t o  completely s e t t l e  t o  the  tank bottom and a t  t h e  
same t ime opt imize the  tank size, the  fo l low ing  re la t ionsh ip  should be used: 

- - tank depth 
"c re ten t ion  t ime (5.5) 

The actual  design i s  more complicated than t h i s  i n  t h a t  nonideal fac to rs  such as 
i n l e t  and o u t l e t  turbulence, short  c i r cu i t i ng ,  sludge storage, and currents 
r e s u l t i n g  from sludge removal must be,accounted for. 

Type 2 s e t t l i n g  occurs when the  pa r t i c l es  i n  r e l a t i v e l y  d i l u t e  so lu t i on  do 
not  s e t t l e  independently but coalesce. As t h i s  occurs, the  p a r t i c l e  mass 
increases and the  s e t t l i n g  occurs more rap id ly .  The r a t e  a t  which f l occu la t i on  
occurs var ies w i t h  opportuni ty f o r  p a r t i c l e  contact. Hence, p a r t i c l e  concentra- 
tion,. s ize+ ranges, basin s i te ,  depth and overf low rates, and ve loc i t y  gradients 
a l l  p lay a part .  The complexity o f  t h i s  system does not read i l y  1end" i tse l f  . t o  
mathematical analysis. Type 2 s e t t l i n g  i s  normally studied by 
cons is t ing  o f  a transparent tube t h a t  i s  15 cm o r  more i n  diam 
(Metcalf and Eddy 1979). 
v e r t i c a l  dimension (Figure 5.24). Quiescent s e t t l i n g  i n  a model basin must be 
corrected f o r  less  than optimum condi t ions i n  actual  operat ing uni ts .  Model 
detent ion times are therefore m u l t i p l i e d  by a fac to r  o f  1.25 t o  1.5 t o  ob ta in  

Sampling ou t l e t s  are located -60 cm apart along the  

design s e t t l i n g  times. * .  

s u f f i c i e n t  fo r  hydraul ic  charac ter is t i cs  and in terpar t ic12e forces' t o  cause. par- 
t i c l e s  t o  maintain t h e  same relat' ive pos i t i on  as they se t t le .  'The r e s u l t  
d isc re te  "blanket" o r  .zone t h a t  may be observed i n  the  s e t t l i n g  basin o r  

Type 4 s e t t l i n g  (compression s e t t l i n g ) '  occurs bhen p a r t i c l e s  ' s e t t l e  near' t he  
bottom of the  sedimentation basin. Compression s e t t l i n g  resu l t s  when there i s  
physical  contact between p a r t i c l e s  and a s t ruc tu re  i s  formed. The resu l t i ng  mass 
compresses slowly under i t s  own weight (see Figure 5.23). Type 3 and Type 4 

Type 3 s e t t l i n g  (zone s e t t l i n g )  occurs when the  suspension c o n c e n t r a t i ~ n  i s  
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FIGURE 5.24. Laboratory S e t t l i n g  Wodel and App tus 

s e t t l i n g  have not been s a t i s f a c t o r i l y  analyzed mathematical l y  . The area 
requirement f o r  Type 3 s e t t l i n g  may be determined using laboratory  data from a 
transparent tube. 

P l a i n  Sedimentation and Aging 

P l a i n  sedimentation i s  a wel l -establ ished process t h a t  i s  used f o r  removal 
o f  se t t leab le  and f loatable matter from waste water. The process involves quies- 
cent containment o f  waste water f o r  a s u f f i c i e n t  per iod o f  t ime t o  al low some o r  
a l l  of the  suspended matter t o  s e t t l e  out o r  f l o a t  t o  the  surface o f  the  waste 
water. I n  i t s  simplest form as a batch process, a given volume of waste water i s  
t rans fer red  t o  a vessel o r  basin and he ld  there u n t i l  essen t ia l l y  a l l  the  s e t t l e -  
able and f l oa tab le  matter separates. F loa t ing  matter may then be skimmed and the  
c l a r i f i e d  waste water decanted f o r  discharge o r  f u r t h e r  treatment. Sludge t h a t  
co l l ec ts  i n  the  vessel o r  basin i s  removed a f t e r  several batches o f  waste water 
have been processed. Sludge removal may be a manual operat ion using shovels o r  
front-end loaders t o  t ransfer  the  sludge t o  containers f o r  disposal. Sludge 
t ransfer  from a batch s e t t l i n g  vessel can be f a c i l i t a t e d  by const ruct ing the  
vessel w i t h  a conical  bottom t o  route the  sludge through a valve i n t o  a container 
o r  t ransfer  l i n e  (Figure 5.25). The conical bottom could be sloped f o r  sludge 
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FIGURE 5.25. Batcl, Sedimentation Tank 

drainage; however, a scraper t o  sweep the bottom may a lso be included. 
equipped w i t h  valves are located on the s ide of the vessel f o r  decanting the  
supernatant 1 i q u i d  a f t e r  s e t t l i n g  i s  complete. 

Out lets 

Large s e t t l i n g  ponds may be constructed where s u f f i c i e n t  land area i s  a v a i l -  
able. These ponds are f requent ly s ized t o  contain several days output o f  waste 
water (nongeothermal pract ice) ,  thereby achieving quiescent condi t ions f o r  set-  
t l i n g  wh i l e  waste-water f lows'continuously i n t o  and out o f  the ponds, The ponds 
are drained p e r i o d i c a l l y  t o  remove sludge co l l ec ted  on the  bottom o f  the ponds. 
,Cooling the water i n  l a rge  outdoor ponds or  lagoons can i n f l i c t  an economic pen- 
a l t y  by cool ing t h e  geothermal reservo i r  i f  t h i s  water i s  in jected. Large 
s e t t l i n g  '(evaporation) ponds a 
t i o n  i s  attempted. 

t o  grow and take the s o l u t i o n  c loser  t o  equi l ibr ium. I t  i s  essen t ia l l y  the same 
process as sedimentation except t h a t  i t  i s  done a t  t he  po in t  where pa r t i cu la tes  
form. Contacting the  b r i n e  w i t h  a i r  (oxygen) seems t o  accelerate the formation 
of s i l i c a  p rec ip i t a tes  a f t e r  an i n i t i a l  per iod f o r  nucleat ion (Brown and McDowell 
1982), Aging i s  an inexpensive option. 

. used a t  ('err0 Pr ieto;  however, no so l i ds  separa- 

tank can be done t o  permit s i l i c a  p a r t i c l e s  I'Aging" the  b r i n e  i n  a pond o 
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A t  t he  10-MWe Brawley plant, Union O i l  has t r i e d  ponds fo r  aging the  b r i n e  L 
p r i o r  t o  i n jec t i on .  Although the d e t a i l s  (temperature, residence time, etc.) are 
not  p u b l i c l y  avai lable, i t  i s  known t h a t  the ove ra l l  system performance was 
unsat isfactory f o r  t h i s  h i  gh-temperature, hypersal ine brine; sca l ing and we1 1 
plugging resulted. Rothbaum e t  a1 . (1979) repor t  t h a t  ponding was unsat is factory  
as a scale contro l  technique i n  New Zealand; however, Yanagase, Suginohara, and 
Yanagase (1970) reported t h a t  t es ts  a t  the Otake f i e l d  showed t h a t  1 h o f  pond 
s e t t l i n g  reduced the s i l i c a  scal ing by 90%. A t  Otake, ponding i s  not pract iced 
r o u t i n e l y  (immediate i n j e c t i o n  i s  followed); however, a t  adjacent Hatchobaru 
f i e l d  ponding fo r  1 h p r i o r  t o  i n j e c t i o n  i s  practiced, although s i l i c a  separa- 
t ion/sedimentation i s  not attempted. A f t e r  1 h o f  aging, t he  gel does not adhere 
t o  p ipe walls, and the suspension i s  in jected. A 20% annual loss o f  i n j e c t i o n  
capacity resu l t s  (Yoshida, Tanaka, and Kusunoki 1983). Thermal degradation o f  
t he  production wel ls  and t race r  tes ts  i nd i ca te  a f ractured system t h a t  explains 
the  f a i r  to lerance f o r  t he  minimal b r i ne  treatment process. 

Tests a t  Cerro P r i e t o  showed t h a t  a good process f o r  c l a r i f y i n g  t h e i r  b r i n e  
included aging f o r  10 t o  15 min followed by l ime add i t i on  and sedimentation i n  a 
c l a r i f i e r  (Hurtado e t  a1 . 1981). E f f l uen t  suspended so l i ds  were -30 ppm--almost 
a fac to r  o f  10 less than the  GLEF-type reactor c l a r i f i e r .  

Ponding/aging i s  t he  sole treatment f o r  waste b r ine  a t  the 3-MWe Hawaii 
power plant;  however, i n j e c t i o n  i s  not practlced. Instead, the b r ine  i s  allowed 
t o  percolate i n t o  the porous lava. These experiences i nd i ca te  t h a t  surface ponds 
may have a place as a component i n  a b r i ne  treatment process, but i t  i s  u n l i k e l y  
t h a t  they w i l l  be s u f f i c i e n t  by themselves. As described e a r l i e r ,  the treatment 
must be matched t o  the i n j e c t i n g  formation (and the  br ine).  

Conceptually comparing the p l a i n  s e t t l i n g  tank/pond w i t h  the f l a s h  c r y s t a l -  
l i z e r  i n  geothermal f lows indicates why the c r y s t a l l i z e r  may y i e l d  super ior  
resul ts.  The f lash c r y s t a l l i z e r  with i t s  r e c i r c u l a t i n g  c rys ta l s  encourages l a r g e  
p a r t i c u l a t e  growth, whi le  the s e t t l i n g  pond encourages large pa r t i cu la tes  t o  
s e t t l e  out ea r l y  and perhaps lead t o  more smaller p a r t i c l e s  a t  the e x i t  t h a t  do 
not  have a chance t o  s e t t l e  out. 

When s u f f i c i e n t  land area i s  not avai lab le and r e l a t i v e l y  large volumes o f  
waste water with 1 ow suspended sol  i d s  concent r a t  ions ( f o r  example, 4000 mg/l ) 
must be treated, more sophist icated u n i t s  ( c l a r i f i e r s )  are usual ly  employed. 
Geothermal usage would normally fit these guidelines. These c l a r i f i e r  u n i t s  are 
engineered t o  achieve maximum s e t t l i n g  rates f o r  a given volume and configura- 
t ion.  Many conf igurat ions have been developed t o  increase the r a t e  o f  s e t t l i n g  
per  u n i t  volume of c l a r i f i e r .  Figure 5.26 shows a diagram o f  a conventional c i r -  
cu la r  c l a r i f i e r .  
center of the c l a r i f i e r  t h a t  i s  baff led t o  prevent excessive ve loc i t i es .  The 
waste water f lows r a d i a l l y  outward from the wel l  t o  a pe r iphe ra l l y  mounted - 

I n f l u e n t  f lows continuously through the i n l e t  t o  a we l l  a t  t h e  
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FIGURE 5.26. C i r cu la r  C1 a r i f i e r  Design 

! 

serrated we i r  protected by a b a f f l e  t o  prevent s t ray  currents from d i s tu rb ing  t h e  
quiescence o f  t h e  waste water. The c l a r i f i e r  i s  equipped w i th  rad ia l  r o t a t i n g  
c o l l e c t o r  arms t h a t  move along the  bat ton t o  move s e t t l e d  sludge toward the  cen- 
t e r  fo r  continuous o r  per iod ic  removal’: A rad ia l  arm o r  skimmer can be included . 
t o  sweep the  surface t o  remove f l o a t i n g  matter. 

High-Rate Se t t l e rs  

The Type 1 sedimentation process i s  a funct ion of area and i s  independent o f  
t h e  depth o f  t h e  c l a r i f i e r .  
could be accomplished w i t h i n  a few minutes i f  shallow basins could be used t o  
reduce t h e  f r e e  f a l l  distance o f  part icles‘.  Ear ly prototypes o f  such equipment 
were unsuccessful due t o  problems wi th  f l o w  d i s t r i b u t i o n  and sludge removal. One 
such attempt invo lved i n s e r t i n g  layers of hor izonta l  p la tes i n t o  a s e t t l i n g  
basin, which had t h e  effec f many shallow sedimentation basins stacked on t o p  
of each other. 

r i f i e r s  have been introduced i n  t h e  past two 
decades, These u n i t s  use t h e  shallow depth s e t t l i n g  concept i n  s l i g h t l y  i n c l i n e  
o r  steeply i n c l i n e d  tube se t t l e rs .  This type o f  c l a r i f i e r  i s  useful  where space 
i s  l l m i t e d  or where t h e  capacity of an e x i s t i n g  conventional c l a r i f i e r  must be 
increased. One type of h igh-rate set t ler -a  Lamella se t t l e r - i s  i l l u s t r a t e d  i n  
Ftgure 5.27. Experiments conducted a t  t he  Los Azufres geothermal f i e l d  i n  
Michoacon, Mexico, ind icated t h a t  residence t ime i n  a s e t t l e r  can be reduced from 
120 min t o  5 min by using a Lamella s e t t l e r  f o r  l ime-prec ip i ta ted so l ids  i n  spent 
geothermal b r i n e  (Martinez e t  a). 1983). This 24-fold reduction i n  tank s ize 

It has long been recognized t h a t  so l ids  removal 
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LUENT 
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FIGURE 5.27. Lamella S e t t l e r  Design (Culp, Wesner, and Culp 1978). Several 
va r ia t i ons  o f  t h i s  design are commercially avai lable. 

could g rea t l y  reduce equipment costs. More than 95% o f  the suspended s o l i d  was 
removed with a p i l o t - p l a n t  Lamella separator from l ime-treated br ine.  a t  t he  Los 
Azuf res f i e l  d . 

Gravi ty  Thickeners t .  

Gravi ty  thickeners concentrate s l u r r i e s  containing l a rge  amounts o f  sus- 
pended so l i ds  ( f o r  example, sludge from a g rav i t y  c l a r i f i e r  o r  soli.ds contact 
c l a r i f i e r ) .  A diagram of a g r a v i t y  th ickener used a t  t he  GLEF i s  shown i n  Fig- 
u re  5.28. Gravi ty thickeners normally operate w i t h  Type 3 s e t t l i n g ;  therefore, a 
s e t t l i n g  model ( f o r  example, graduated cy l i nde r )  must be used t o  obtain data f o r  
design purposes. The area required f o r  th ickening i s  determined by f i l l i n g  t h e  
s e t t l i n g  model wi th  a uniform suspension w i t h  a known s o l i d s  concentration; The 
p o s i t i o n  o f  t h e  i n t e r f a c e  i s  then recorded a t  various t ime in te rva l s ;  t he  height  
of t h e  i n t e r f a c e  i s  p l o t t e d  on a graph as a funct ion o f  time; and a l i n e  i s  drawn 
through t h e  points  as i l l u s t r a t e d  by the  curve i n  Figure 5.29. The-area required. 
f o r  th ickening i s  computed from t h e  fol lowing equation (Talmadge and F i t c h  1955):- 

I 

- 1  , 

5.50 



FEEDWELL 

RAKE 

FIGURE 5.28. Gravity Thickener Used a t  the GLEF 
(San Diego Gas and E l e c t r i c  1980) 

where A = area required f o r  sludge th'ckening, m 2 
0 = f low r a t e  i n t o  thickener, m 3 /s 

tu = t ime t o  reach desired underflow concentration, s 
H, = o r i g i n a l  

Tangents are drawn from the hindered s e t t l i n g  po r t i on  o f  the curve and the 

ght of interface i n  column, m. 

compression port ion. The c r i t i c a l  concentrat ion (C2)* which contro ls  the sludge- 
handling c a p a b i l i t y  of t he  thickener, i s  determined by d issect ing the angle 
formed by the  tangents. A hor izonta l  l i n e  i s  drawn a t  depth Hu t h a t  corresponds 
t o  the desired sludge underflow concentration C,. The value o f  Hu i s  computed 
as: 
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FIGURE 5.29. Graphical Analysis o f  In te r face  S e t t l i n g  Curve 
(Talmadge and F i t c h  1955) 

- 
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U 
(5.7) 

I 

where Co = the  i n i t i a l  so l i ds  concentration. 

A tangent t o  the  s e t t l i n g  curve a t  po in t  C2 i s  constructed, and a v e r t i c a l  l i n e  
i s  drawn t o  t h i s  tangent where i t  in te rsec ts  w i th  l i n e  Hum The po in t  on the  X 
ax is  where t h i s  v e r t i c a l  l i n e  in te rsec ts  i s  tu, and the  value o f  tu i s  used i n  
Equation (5.6) t o  determi ne the  area requ9 rement. 

Centr i fugat ion 

The g rav i t y  s o l i d s / l i q u i d  separation can be accelerated by increasing the  
force o f  g rav i ty  and therefore the  p a r t i c l e  s e t t l i n g  ve loc i ty .  P a r t i c l e  dynamics 

o c i t y  (Up), processing rates (q), 
p a r t i c l e  ve loc i t y  . determine the  re la t ionsh ip  between p a r t i c l e  ve 

and the  required area (A)  perpendicular t o  the  

For g rav i ta t i ona l  separation w i t h i n  centr  
lowing re la t ionsh ip  appl ies: 

fugat ion o r  se t t l i ng ,  the  f o l -  
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up '% (5.8) 

Assuming t h a t  Stoke's law can be applied, the p a r t i c l e  v e l o c i t y  can be described 
by Equation (5.3). 

LJ 

Since the apparent force on the  p a r t l c l e  as determined by Ps - P i s  l i n e a r  
w i t h  U, g can be i n te rp re ted  as the product o f  N times the g rav i ta t i ona l  
constant, where N i s  t he  number o f  g's conventional ly used i n  centr i fugat ion.  
The p a r t i c l e  s e t t l i n g  ve loc i t y  depends on the square o f  the p a r t i c l e  diameter. 

determining the minimum requirement f o r  separption based on 100 gal (minimum 
geothermal f l u i d  w i t h  the densi ty and v i scos i t y  l i s t e d ) .  
hydraul i c and mechanical i nstabi  1 i t  i e s  w i  11 increase the requi rements , dependi ng 
on design and f low contro l  cha rac te r i s t i cs  o f  the system. 

The re la t i onsh ip  between the p a r t i c l e  diameter and the required area f o r  
s e t t l i n g  and f o r  g parameters o f  10, 100, and 1,000 i s  shown i n  Figure 5.31 ' The 
projected power requirements f o r  a centr i fuge design w i t h  radius equal t o  t h e  
length are presented i n  Figure 5.30. The power necessary for a given separation 
requirement can be determined from the figure. 

Using these calculat ions,  Figures 5.30 and 5.31 were prepared t o  a s s i s t  i n  

I n  a p r a c t i c a l  case, 

CENTRIFUGE AREA, ft2 

FIGURE 5.30. Centr i fuge Power Requirements Versus Performance on Di f ferent -  
Sized P a r t i c l e s  for  a Un i t  w i t h  Radius Equal t o  Length 



t: COMPUTATION BASIS : - 
TEMPERATURE = 1 OOOF 
SOLIDS DENSITY = 2.5 g/cm2 

LIQUID DENSITY = 1 .O g/cm2 

VISCOSITY = 0.7 cps 

FLOW RATE = 100 gal/min 

SOLIDS BURDEN = UNHINDERED 
SETTLING 

"IL, 

10 1 o2 1 o3 1 o4 1 os 1 

MINIMUM AREA REQUIREMENTS, ft2 

FIGURE 5.31. Centr i fuge Size Versus P a r t i c l e  Size f o r  100 gal/min 
Geothermal F1 ow 

0 Example f o r  app l i ca t i on  of cen t r i f uga t ion  t o  a geothermal power 
p lan t  i n j e c t i o n  stream: 

Flow = 6 x lo5 gal/h 
Minimum p a r t i c l e  s i ze  = 1 
Sol ids burden = 50 t o  100 ppm 
Viscos i ty  = 0.7 cps 
L i q u i d  densi ty  = 1.0 g/Cm3 (may vary w i t h  b r i ne  and scale) 

Minimum s e t t l i n g  area required = 5.8 x lo6 

Minimum power required = 5500 kW. 

Sol ids densi ty  = 2.5 g/cm3 (may vary w i th  

Minimum cent r i fuge area required = 5.8 x 

Trans lat ion o f  the  above requirements t o  commercially ava i l ab le  equipment 
i s  tabulated below: 

Power/Uni t , Capacity , U n i t  Cost, Number Tota l  
Type . hp gpm $K Required Cost, $M 

Dorr-01 i v e r  
HPC-30 

125 450 265 24 6.36 

Western Machine 75 60 168(a) 180 30 
S1 ug-A-Tron 

(a) Titanium. ki 
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Obviously cen t r i f ug ing  the  e n t i r e  waste stream p r i o r  t o  in jec t ' ion  requires 
a la rge  cap i ta l  investment and imposes s i g n i f i c a n t  p a r a s i t i c  loads on the p lan t  
output. However, i f  a cent r i fuge i s  considered as a component working on a 
sidestream w i t h  a h igh so l ids  content, it appears t o  be a more a t t r a c t i v e  
opt i on. 

o Example f o r  app l i ca t ion  o f  cen t r i fugat ion  t o  a geothermal power 
p lan t  th ickener stream: 

Flow = 2.4 x lo4 gal/h 
P a r t i c l e  s i ze  (maximum e f f l u e n t )  = 5 urn 
Sol ids burden = 18% 
Viscos i ty  = 0.7 cps 
L iqu id  densi ty = 1.0 g/cm3 (may vary w i th  b r ine  and scale) 
Sol ids densi ty = 2.5 g/cm3 (may vary w i th  b r ine  and scale) 

Minimum cent r i fuge area required = 249 ft2 a t  1000 g's 
Power required = 27 kW. 

Minimum s e t t l i n g  area required = 2.65 x 10 5 2  ft 

Minimum cent r i fuge area required = 2.49 x 10 3 2  f t  a t  100 g's 

Trans lat ion o f  the above requirements t o  commercially avai lab le equipment i s  
tabulated below: 

Power/Uni t , Capacity, Un i t  Cost, Number Tota l  
Type hp gpm SK Required Cost, SM, 

Dorr-01 i ver 125 450 26 5 1 0.265 
HPC-30 

Dorr-01 i v e r  260 93 2 0.186 
Dorrc l  one 
rmc-300 

Western Machinery 75 60 168(a) 7 1.78 
S1 ug-A-Tron 

Although a cent r i fuge o r  a Dorrclone appear t be feasible, sol  i d s  hand1 i n g  
systems using them have n demonstrated i n  geothermal appl icat ions.  

Process Appl icat ion 

Informat ion on aging o r  ponding a t  geot a1 f a c i l i t i e s  
e a r l i e r  and w i  11 

ested a t  the GLEF and are cur- 
r e n t l y  used a t  the  Salton Sea demonstration plant. The average suspended 

t be repeated here. 
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so l i ds  i n  the sludge t o  the  thickeners a t  the GLEF was 6 t o  10 wt%. The 
thickener underflow averaged 10% t o  20% and the overf low was 0.05% t o  0.10% 
suspended so l  i d s  , 

Lamella s e t t l e r s  are cu r ren t l y  being used a t  the Geysers geothermal power 
p lan t  i n  C a l i f o r n i a  t o  remove p rec ip i t a ted  so l i ds  from condensate produced by 
Uni ts  3, 4, 5, 6, 11, and 12. The condensate from these u n i t s  i s  _treated w i t h  
an i r o n  ca ta l ys t  f o r  removal o f  H2S, The p r e c i p i t a t e  produced by ceaction wi th  
the  i r o n  ca ta l ys t  consists mostly o f  su l fur .  E f f l u e n t  from these Lamella set-  
t l e r s  i s  s u f f i c i e n t l y  free of suspended so l i ds  f o r  d i r e c t  underground i n j e c t i o n  
i n t o  the porous reserv ior  wi thout f i l t r a t i o n .  As described ea r l i e r ,  Lamella 
s e t t l e r s  were successfully tested i n  Mexico for  accelerated removal o f  95% o f  
t he  s i l i c a  p a r t i c l e s  a f t e r  l ime treatment. 

5.3.3 F i l t r a t i o n  

Granul a r  Media Deep-Bed F i  1 t r a t  i on  

The mechanisms involved i n  the removal o f  suspended o r  c o l l o i d a l  mater ia l  
from waste water by f i l t r a t i o n  are complex and in te r re la ted .  The dominant 
mechanisms depend on the physical and chemical cha rac te r i s t i cs  o f  the pa r t i cu -  
l a t e  matter and f i l t e r i n g  medium, the r a t e  o f  f i l t r a t i o n ,  and the chemical 
cha rac te r i s t i cs  o f  the water. The mechanisms responsible f o r  t h e  removal o f  
p a r t i c u l a t e  matter w i l l  vary w i t h  each treatment system. 

The p r i n c i p a l  processes used t o  f i l t e r  so l i ds  from waste water may be 
c l  assi f i  ed i nto  two general categories: adhesion and s t  r a i  n i  ng, Adhesion 
involves the physical/chemical process o f  p a r t i c l e  adsorption on the surface o f  
the f i l t e r i n g  medium. As a p a r t i c l e  approaches the surface of the f i l t e r i n g  
medium o r  previously deposited so l i ds  on the medium, an attachment mechanism 
reta ins the p a r t i c l e ,  This attachment mechanism may involve e l e c t r o s t a t i c  
in teract ion,  chemical bridging, o r  s p e c i f i c  adsorption. The adhesion process 
al lows removal of submicron p a r t i c l e s  dur ing f i l t r a t i o n  by adsorption on the 
surfaces o f  the f i l t e r  media. 

The second process--straining--takes place i n  the f i l t e r  media a t  r e s t r i c -  
t i o n s  i n  the pores (minute openings i n  the f i l t e r ) .  A l l  p a r t i c l e s  l a rge r  than 
these openings w i l l  be trapped and he ld  back. In granular f i l t e r s ,  s t r a i n i n g  
ac t i on  takes place i n  the f i l t e r  medium a t  r e s t r i c t i o n s  i n  the pores formed - 

where several p a r t i c l e s  o f  the f i l t e r  media come i n  contact. I n  practice, a l l  
of the suspended so l i ds  l a rge r  than the pore space between the  f i l t e r  medium 
would be removed by straining, frequently on top of the f i l t e r  medium (surface 
removal). Smaller p a r t i c l e s  are a lso removed by s t r a i n i n g  i n  the depth o f  t he  
f i l t e r  (depth removal), but the f rac t i on  removed by s t r a i n i n g  decreases w i t h  
the decreasing suspended so l i ds  p a r t i c l e  size, Other mechanisms o f  minor 
importance include f locculat ion,  sedimentation, and entrapment t h a t  occurs i n  
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t h e  pores o f  t he  bed. Informat ion i n  Culp, Wesner, and Culp (1978), Metcal f  
and Eddy (1979), and Cleasby (1972) provides a thorough discussion o f  deep-bed 
f i l t r a t i o n .  

Variables Af fect ing F i  1 t r a t i o n  E f f i c i ency  

A number of var iables w i l l  a f f e c t  the e f f i c i e n c y  of the f i l t e r i n g  opera- 
t ion.  These var iables include character is t ics  o f  the suspended so l i ds  and t h e  
f i l t e r  media, the f l u i d  propert ies o f  the waste water, and methods o f  f i l t e r  
operation. Some o f  the more important variables i n  waste water f i l t r a t i o n  
i nc l  ude: 

o media s i ze  - A higher percentage o f  the appl ied suspended matter i s  
removed using small-sized f i l t e r  media (small f i l t e r  pores). The 
surface area of smaller media i s  greater f o r  a given u n i t  volume 
than the surface area of l a rge r  media, and the opportuni ty f o r  t he  
so l i ds  t o  at tach t o  the media i n  a natural  br idge- l ike manner across 
the  f i l t e r  pores i s  greater f o r  smaller media. The r a t e  o f  head 
loss  increase i s  greater f o r  small-media than f o r  large-media f i l -  
ters .  Consequently, w i t h  granular media f i l t e r s ,  ,shorter f i l t e r  
runs can be expected w i t h  smaller gra in  s ize (smaller pores) than 
w i t h  l a r g e r  g ra in  s i z e  ( l a rge r  pores). A f i l t e r  run commences w i t h  
the  f low o f  water through the f i l t e r  and ends when excessive head 
loss across the f i l t e r  o r  so l i ds  breakthrough occurs. 

f low r a t e  - The flow r a t e  of waste water through the f i l t e r  i s  a 

f l o c  p a r t i c l e s  deeper i n t o  o r  through the f i l t e r  media.' As3more 
' s  so l i ds  accumulate i n  the media, the cross-sectional f low area i s  

reduced and the  ve loc i t y  of the water increases f o r  the same f low 
rate. F ina l l y ,  equ i l i b r i um i s  reached when t h e  dragging forces o f  
t he  water on ' the p a r t i c l e s  balance the adhesive (or a t t r a c t i v e )  
force of the p a r t i c l e  f o r  the media and no fur ther  deposit occurs. 
For a given suspension and a given f i l t e r ,  there w i l l  be a f low r a t e  
t h a t  w i l l  r e s u l t  i n  f i l t e r  breakthrough. 

desired e f f l u e n t  q u a l i t y  0 The desired e f f l u e n t  q u a l i t y  o f  t he  fil- 
tered  waste water can be measured by running a suspended so l i ds  o r  
t u r b i d i t y  determination, which depends on d i sc re te  sampling opera- 
t i o n s  and w i l l  y i e l d  p a r t i c l e  concentrat ion data but no s i z e  
i n f ormat i on . 
appl ied suspended so l i ds  cha rac te r i s t i cs  - Both the nature and 
amount of t he  suspended so l i ds  appl ied t o  the f i l t e r  have a major 
e f fec t  on f i l t r a t i o n  performance. The f i l t r a t i o n  cha rac te r i s t i cs  o f  

o 
, c r i t i c a l  var iab le because' hydraul ic shearing forces tend t o  drag the  ' 

- 

o 

o 
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t he  so l i ds  found i n  a b io log i ca l  treatment p lan t  e f f l u e n t  are d i f -  
ferent  than those r e s u l t i n g  from chemical coagulation. Geothermal 
use w i l l  more c losely  fo l l ow  t h a t  o f  chemical ra ther  than b i o l o g i c a l  
processes. 

Polymeric F i  1 t e r  Aids 

The amount o f  po l ye lec t ro l y te  needed t o  a i d  f i l t e r i n g  i s  general ly much 
smaller than t h a t  required f o r  coagulation o r  as a f l occu len t  i n  conjunction 
with another coagulant. Typical f i l t r a t i o n  doses are less than 0.1 mg/l wh i l e  
doses of 0.1 t o  2.0 mg/l are commonly used as a coagulant o r  f l occu len t  (Culp, 
Wesner, and Culp 1978). When used as a f i l t r a t i o n  aid, the polymer i s  added t o  
increase the strength of the f loc,  thereby reducing f l o c  shearing and prolong- 
i n g  the  length o f  the f i l t e r  run. 

For maximum effect iveness as a f i l t r a t i o n  aid, the polymer should be added 
d i r e c t l y  t o  the f i l t e r  i n f l u e n t  and not i n  an upstream s e t t l i n g  basin o r  f l o c -  
culator. However, i f  polymers are used upstream as s e t t l i n g  aids, i t  may not 
be necessary t o  add any addi t ional  polymer as a f i l t r a t i o n  aid. 
i l l u s t r a t e s  the  importance o f  proper dosing o f  polymers and the  r e s u l t i n g  
e f f e c t  as a f i l t e r  a i d  on the e f f l u e n t  t u r b i d i t y .  

The condi t ion o f  inadequate polymer dose represented by Figure 5.32a 
i l l u s t r a t e s  the resu l t s  o f  a f r a g i l e  f l o c  shearing and then penetrat ing the 
f i l t e r .  
t o  permit penetrat ion i n t o  the f i l t e r ;  therefore, a rap id  bui ldup o f  head loss  
occurs i n  the upper few centimeters o f  the f i l t e r ,  which causes premature t e r -  
mination of the f i l t e r  run. The optimum polymer dose--Figure 5.32c--will per- 
m i t  t he  terminal head loss t o  be reached simultaneously w i t h  the f i r s t  s ign o f  
increasing f i l t e r  e f f l u e n t  t u r b i d i t y .  The optimum value i s  normally reached 
through t r i a l  and e r r o r  since no p r e d i c t i v e  technique has been developed t o  
give polymer dosage as a funct ion o f  a l l  the f i l t r a t i o n  variables. 

Figure 5.32 

If the polymer dose i s  too high (Figure 5.32b), t he  f l o c  i s  too strong 

Mu1 t imedia F i  1 t r a t i o n  

The l i m i t a t i o n s  o f  the s ing le  media rap id sand f i l t e r  prompted the devel- 
opment o f  f i l t e r s  using two o r  three d i f f e r e n t  media t o  a t t a i n  a higher degree 
of in-depth f i l t r a t i o n .  A single-medium f i l t e r  hyd rau l i ca l l y  grades dur ing 
backflushing t o  place the f i n e s t  grade o f  the medium a t  the top of the f i l t e r  
bed and the  coarsest grade a t  the bottom. I n  an ideal  f i l t e r ,  t h i s  s i t u a t i o n  
would be reversed. The idea l  system i s  approached by using two o r  more f i l t e r  
media wi th  d i f ferent  mesh sizes and densit ies. The coarser media with lower 
densi t ies remain on top of the f iner, more dense media. A single-medium f i l -  
ter ,  a dual f i l t e r ,  and an i dea l  f i l t e r  are compared i n  Figure 5.33. 
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FIGURE 5.33. 

k PORE SIZE 

a)  S i  ngle-Medium F i l t e r  

PORE SIZE 

b )  Dual-Media F i l t e r  

1 PORE SIZE 

c )  Ideal  F i l t e r  

Various Media F i l t e r  Designs (Culp, Wesner, and Culp 1978) 
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The e f f e c t i v e  f i l t e r i n g  depth i s  extended by using two media (such as coa 
and sand), although there i s  some fine-to-coarse s t r a t i f i c a t i o n  w i t h i n  each o f  
t he  layers as shown by the graph depic t ing pore size. The e f f e c t i v e  s i z e  o f  
sand i n  a t y p i c a l  dual-media f i l t e r  i s  0.4 t o  1.0 mm w i th  an anthrac i te  coal 
s i ze  o f  0.8 t o  2.0 mm. The layers commonly consist  o f  6 t o  10 in. o f  sand 
under 20 t o  30 in. o f  coal. A dual-media f i l t e r  may be pressure o r  g r a v i t y  
operated . 
used i n  pressure f i l t e r s  fo r  removing p a r t i c u l a t e  matter from swimming pool 
water. Many municipal water treatment p lants  subsequently adopted t h i s  type o f  
f i l t e r  bed t o  improve f i l t e r  performance. F i l t e r  f low rates were t y p i c a l l y  i n  
the  range of 2 t o  3 gPm/ft2 of surface area. Considerable research was con- 
ducted a t  the Hanford Atomic Energy Works (Richland, Washington) t o  upgrade t h e  
performance of the dual-media f i l t e r s  (Conley 1951). The use of polymers was 
introduced a t  Hanford t o  a i d  i n  f locculat ion and f i l t r a t i o n ,  thereby pe rm i t t i ng  
f low r a t e  increases t o  as h igh as 8 gpm/ft2 o f  f i l t e r  surface. The q u a l i t y  o f  
the f i l t e r e d  water was excel lent .  The dual-media f i l t e r s  used a t  Hanford nor- 
mal ly consisted o f  -24 in. of 1.0-mm anthrac i te  coal over ly ing 6 in. o f  0.43-mm 
sand. This type o f  f i l t e r  i s  now widely used throughout the United States wi th  
alum and polymer treatment a t  flow rates from 3 t o  5 gpm/ft2 o f  f i l t e r  surface. 

design o f  multimedia f i l t e r s .  
anthrac i te  coal should be as coarse as i s  consistent w i t h  so l i ds  removal t o  
prevent surface bl inding, but the sand should be as f i n e  as possible f o r  maxi- 
mum removal of suspended matter. However, if the sand i s  too f i n e  i n  r e l a t i o n -  
sh ip t o  t h e  coal, it w i l l  r i s e  t o  the  top of the f i l t e r  bed during. backflushing 
and n u l l i f y  the advantages of the dual-media f i l t e r .  Experience has shown t h a t  
i t  i s  not f eas ib le  t o  use s i l i c a  sand smaller than 0.4 mm because the  corre- 
sponding coal g ra in  s i ze  would e small enough t o  cause unacceptably high head 
losses a t  rates above 3 gpm/ft of f i 1 t e r  surface. 

-media f i l t r a t i o n  concept w i t h  three f i l t e r  media was introduced 
as an improvement over dual-media f i l t e r s .  
very heavy f i n e  medium (garnet w i t h  a s p e c i f i c  g rav i t y  
a speci f ic  g r a v i t y  of -4.5) i s  placed under the s i l i c a  

exists.  This mixing el iminates the s t r a t i f i c a t i o n  t h a t  occurs I n  the dual- 
media f i l t e r  (Figure 5.33) and r e s u l t s  i n  a f i l t e r  t h a t  c losely  approximates a 
uniform decrease i 

Typical ly,  a 
i t e ,  25% t o  30% s i l i c a  sand, and 55% t o  60% anthrac i te  coal. Figure 5.34 shows 
how p a r t i c l e s  o f  d i f ferent  media are a c t u a l l y  mixed throughout the  bed. There 

kd 

Dual-media f i l t e r  beds composed o f ,  crushed coal and sand were o r i g i n a l l y  

Proper se lec t i on  o f  media g ra in  s i ze  i s  an important consideration i n  the 
I n  t h e  case o f  the dual-media f i l t e r ,  t h e  

I n  add i t i on  t o  s i l i c a  sand, a t h i r d  
-4.2 o r  i lmen i te  wi th  

nd (Culp, Wesner, and 
The garnet ( o r  i lmeni te),  s i l i c a  sand, and coal p a r t i c l e s  are 

in termix ing of these mater ia ls  occurs and no d i sc re te  i n t e r f a c e  

space w i t h  increas i  

edia f i l t e r  i s  composed o 

b, 
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FIGURE 5.34. D i s t r i b u t i o n  of Media i n  a Mixed-Media F i l t e r  
(Culp, Wesner, and Culp 1978) 

i s  no l aye r  e f fec t ;  the coarser, low-density coal forms the  upper po r t i on  o f  
t he  f i l t e r  bed and the  f ine,  high-density mater ia l  forms the  bottom. A t y p i c a l  
mixednedia f i l t e r  has a p a r t i c l e  s i ze  graduation t h a t  decreases f rom-2 mm a t  
t h e  top  t o  -0.15 mm a t  the  bottom. 

The const ruct ion o f  a mixed-media f i l t e r  i s  very important, and t h e  s i ze  
d i s t r i b u t i o n  o f  each component must be c a r e f u l l y  cont ro l led.  The s i ze  d i s t r i -  
bu t ion  o f  commercially ava i lab le  mater ia ls  i s  ra re l y  adequate f o r  a good mixed- 
media f i l t e r .  Fa i l u re  t o  remove excessive amounts o f  f i n e  mater ia ls  i s  t he  
most common const ruct ion problem. These f i n e  mater ia ls  can be removed by plac- 
i n g  the  medium i n  the  f i l t e r  bed, backflushing, d ra in ing  the  f i l t e r ,  and skim- 
ming the  upper surface. These steps are repeated u n t i l  s ieve analysis i n d i -  
cates t h a t  t he  desired p a r t i c l e  s i ze  d i s t r i b u t i o n  i s  reached. The procedure i s  
then repeated fo r  t he  second and t h i r d  media. Sometimes 20% t o  30% o f  the  f i l -  
t e r  media may have t o  be skimmed and discarded t o  achieve the  proper p a r t i c l e  
s i ze  d i s t r i bu t i on .  

No one f i l t e r  d e s i g n j s  optimum for  a l l  waste water treatments. The phys- 
i c a l  and chemical charac ter is t i cs  of suspended so l i ds  as we l l  as t h e i r  concen- 
t r a t i o n s  w i l l  have a profound ef fect  on the  design of a f i l t e r  bed. For exam- 
ple, t he  removal of small quant i t ies  of h igh-strength f l o c  may be r e a d i l y  
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hd achieved by a dual-media f i l t e r .  Poorly f loccu la ted  sol ids,  however, may 
requi re th ree  media t o  remove f i n e  so l ids  i n  the  bottom laye r  o f  the  f i l t e r .  
The low physical  s t rength o f  chemical f l o c s  w i l l  usual ly  d i c t a t e  the  use o f  a 
mixed-media f i l t e r  f o r  h igh so l ids  removal and h igh produc t iv i t y ,  per f i l t e r  
run . 

The s ing le  most important f ac to r  in f luenc ing  f i l t e r  performance i s  the  
effectiveness of the  preceding chemical coagu la t i on -c la r i f i e r  treatment. I f  
t h e  treatment system i s  performing well, good f i l t e r  performance can a lso  be 
expected. Conversely, if the system i s  subject t o  frequent upsets, f i l t r a t i o n  
w i l l  be much more d i f f i c u l t  dur ing those periods. The need f o r  extensive 
p i l o t - p l a n t  studies i n t e n s i f i e s  w i t h  such an operation. 
ab le measure of the f i l t e r a b i l i t y  of d i f f e r e n t  types o f  so l i ds  ex is ts .  The 
design of a f i l t e r  bed must r e l y  on p i l o t - p l a n t  studies using the actual  waste 
stream t o  be t rea ted  (Metcalf and Eddy 1979; Kr iessel  1973). 

The importance of f i l t e r  backf lushing cannot be overemphasized. Waste 
water f i l t r a t i o n  usual ly  involves a much higher degree o f  agglomeration o f  so l -  
i ds  and media i n  a f i l t e r  bed than does normal water f i l t r a t i o n .  As a resu l t ,  
a greater e f fo r t  i s  required t o  break up the  c rus t  t h a t  forms on the  f i l t e r  and 
t o  prevent "mud b a l l "  formation. I n  add i t ion  t o  backflushing, two methods may 
be used t o  assure t h a t  agglomerated so l i ds  break up. I n  the  f i r s t  method, a 
revolv ing d i s t r i b u t o r  equipped w i t h  nozzles d i r e c t s  j e t s  o f  water i n t o  the  f i l -  
t e r  bed. This approach involves more than the  surface o f  the  f i l t e r  s ince a s 

good revo lv ing  surface wash ac tua l l y  causes mixing throughout the  bed. The 
wash water nozzles are d i rec ted  a t  -30' from hor izonta l ,  and the  j e t s  o f  water 
under 50- t o  100-psi water pressure cause the d i s t r i b u t o r  t o  revolve. 

I n  t h e  second method, a i r  and water are used t o  break up the  agglomerated 
sol ids.  A i r  i s  i n i t i a l l y  i n jec ted  through the  underdrain system wh i le  the  
backf lush water i s  shut off. To avoid loss  o f  media, the  water  l e v e l  i s  low- 
ered t o  w i t h i n  2 t o  6 in.  of the  surface o f  the f i l t e r .  The bed i s  v i o l e n t l y  
ag i ta ted  f o r  3 t o  10 min w i t h  a i r  alone a t  a r a t e  o f  2 t o  5 ft3/min-ft2. 8ack- 

' 

f l u s h  w a t e r ' i s  then appl ied a t  a low ra te  (-2 gpm/ft2) w i t h  the  a i r  sparge cqn- 
t i n u i n g  u n t i l  t he  water i s  w i t h i n  8 t o  10 in.  o f  the  wash water troughs. A t  
t h i s  point ,  t h e  a i r  sparge i s  discontinued and the  f i l t e r  bed i s  backflushed 
w i t h  water a t  8 t o  10 gpm/ft u n t i l  t he  f i l t e r  i s  clean. Backflushing mixed- 
media f i l t e r s  w i l l  o r d i n a r i l y  requi re  flows o f  15 t o  20 gpm/ft2. No surface 
washing o r  a i r  sparging must take place i n  the  f i n a l  1 t o  2 min o f  the  back- 
f lush t o  a l low the bed t o  c l a s s i f y  properly. 

No un iversa l l y  r e l i -  

-. 
Precoat F i  1 t e r s  

Precoat f i l t r a t i o n  i s  a form of mechanical l i q u i d / s o l i d  separation where a 
l aye r  of powdered f i l t e r  a i d  .of re f ined diatomaceous ear th  i s  b u i l t  on a re la -  
t i v e l y  loose septum ( fo r  example, w i re  c l o t h )  t o  screen out suspended so l i ds  i n  

$ 

W 
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waste water (McIndre 1969; Cleasby 1972). The septum i s  usual ly  fabr icated o f  
corrosion-resistant mater ia l  ( f o r  example, s ta in less s tee l )  with permeabi l i ty  
cha rac te r i s t i cs  t h a t  do not impart unnecessary hydraul ic resistance t o  the  f low 
o f  i n f l u e n t  water. The septum c o l l e c t s  the bulk o f  the diatomaceous ear th  on 
the  surface dur ing the  precoating o f  the f i l t e r  a i d  and w i l l  eas i l y  release the  
f i 1 t e r  cake dur ing cleaning operations. 

The f i r s t  major use o f  d iatomite as a f i l t r a t i o n  media occurred dur ing 
World War I 1  when the U.S. armed services u t i l i z e d  thousands o f  small por tab le 
d ia tomi te f i l t r a t i o n  u n i t s  t o  produce safe, amoebic cyst- f ree d r ink ing  water 
f o r  troops i n  the f i e l d  (McIndre 1969). Precoat f i l t r a t i o n  was f i r s t  used i n  
small i n d u s t r i a l  appl icat ions p r i o r  t o  1915, but  i t  has only been i n  t h e  l a s t  
45 years t h a t  t h i s  process has been used f o r  large-scale appl icat ions.  The 
major advantages of precoat f i l t r a t i o n  include lower capf t a l  investment, 
smaller space requirements, and decreased need f o r  extensive pretreatment. 
Generally high operating ( labor)  costs are the major disadvantage. 

I n  general, precoat f i l t r a t i o n  i s  a two-step operation. F i r s t ,  a t h i n  
p ro tec t i ve  l a y e r  o f  f i l t e r  a i d  (precoat) i s  b u i l t  up on the porous f i l t e r  sep- 
tum t h a t  supports the f i l t e r  media throughout the f i l t e r  run. Even the coars- 
e s t  grades of f i l t e r  a i d  used for f i l t r a t i o n  are usual ly  subs tan t i a l l y  f i n e r  
than the openings i n  the  septum material.  Thus, t he  i n i t i a l  precoat formation 
must be made by bridging. Bridges must form over the  openings between the sep- 
tum mater ia l  f o r  the f i n a l  precoat formation t o  be achieved. Once established, 
these bridges are extremely s tab le due t o  the diverse shapes o f  the f i l t e r  a i d  
pa r t i c l es .  This f i l t e r  a i d  bui ldup i s  accomplished by recyc l ing a diatomaceous 
ear th  s l u r r y  (-0.10 t o  0.15 l b / f t z  o f  f i l t e r  area) through the  f i l t e r .  
r e s u l t i n g  precoat protects  the f i l t e r  system from becoming fouled by the s o l i d s  
t o  be removed and a lso acts as the i n i t i a l  f i l t e r  medium. 

The 

The second step, ca l l ed  body feed, involves adding small amounts o f  ear th  
t o  the incoming waste water. By adding a predetermined amount o f  body feed t o  
the i n f l uen t ,  clogging of the precoat pores i s  prevented and a f resh f i l t e r i n g  
surface i s  formed. This act ion helps t o  maintain a higher f i l t e r  porosi ty.  
The two steps are shown i n  Figure 5.35. 

The f i l t e r i n g  equipment can be put  i n t o  two general c lass i f i ca t i ons :  
pressure and gravity/vacuum. With pressure f i l t e r s ,  the feed i s  forced by a 
pump i n  t h e  i n f l u e n t  l i n e  o r  by an avai lab le hydrostat ic  head. The most common 
types of pressure f i l t e r s  are c y l i n d r i c a l  element f i l t e r s  (Figure 5.36) and 
v e r t i c a l  leaf  f i l t e r s  (Figure 5.37). 

The gravity-vacuum f i l t e r  i s  s i m i l a r  t o  the  pressure f i l t e r ;  t h e  design o f  
the tank i s  the p r i n c i p a l  dif ference. I n  a vacuum f i l t e r ,  f i l t r a t i o n  i s  per-  
formed i n  an open tank. The combined forces o f  g rav i t y  and atmospheric pres- 
sure push the water through the f i l t e r  t o  be pumped away by a suct ion f i l t r a t e  
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FIGURE 5.37. Ve r t i ca l  Leaf Pressure F i l t e r  

pump. The pump i s  located on the discharge side; thus, i t  pumps f i l t e r e d  water 
away from the  f i l t e r .  The gravity/vacuum f i l t e r  can be cleaned manually. 

Rotary Vacuum F i  1 t e r  

The most frequent appl icat ion of surface f i l t r a t i o n  i s  f o r  dewatering 
sludges o r  f i l t e r i n g  l a rge  amounts o f  so l i ds  p rec ip i t a ted  from waste water such 
as metal f i n i s h i n g  wastes. The ro ta ry  vacuum f i l t e r  (Figure 5.38) i s  represen- 
t a t i v e  o f  t h i s  type o f  f i l t e r .  The f i l t e r  medium (a f a b r i c  o r  w i re  mesh i n  t h e  
form of a continuous b e l t )  ro tates over a perforated drum t h a t  i s  p a r t i a l l y  
submerged i n  the s lur ry .  Water i s  pu l l ed  through the f i l t e r  cake t h a t  forms on 
t h e  b e l t  t o  the  i ns ide  o f  t he  drum where i t  i s  t ransferred t o  the  vacuum sys- 
tem. The f i l t e r  cake a lso acts as f i l t e r  media t o  increase the  e f f i c i ency  o f  
so l i ds  removed. The f i l t e r  cake rotates around t o  the scraper where i t  i s  
removed and drops t o  a co l l ec to r .  Various appurtenances, such as spray washers 
t o  r i n s e  the  cake before the  scraper and remove residue a f t e r  the scraper, may 
be included w i t h  t h i s  equipment. 

Sludge cha rac te r i s t i cs  are important f o r  successful operation o f  ro ta ry  
vacuum f i l t e r s  as we l l  as other types of surface f i l t r a t i o n  devices. The 
sludge must be s u f f i c i e n t l y  coagulated t o  al low water t o  d r a i n  f r e e l y  through 
the sludge. Chemical condi t ioning w i t h  f e r r i c  ch lo r i de  o r  polymers may be 
necessary t o  f i l t e r  a sludge e f fec t i ve l y .  
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FIGURE 5.38. Rotary Vacuum F i l t e r  

F i  1 t e r  Presses 

F i l t e r  presses are constructed o f  a ser ies o f  p la tes and frames (Fig- 
ure 5.39) and are p r i m a r i l y  used f o r  dewatering sludges. The volume provided 
by these f i l t e r s  consists o f  c a v i t i e s  l i n e d  with f i l t e r  c l o t h  between the  
p la tes as shown i n  Figure 5.40. 
basis. The sludge t o  be f i l t e r e d  i s  pumped i n t o  each o f  t he  c a v i t i e s  i l l u s -  
t r a t e d  by B i n  Figure 5.40, the so l i ds  are retained on the  f i l t e r  c l o t h  i n  each 
cavi ty,  and f i l t e r e d  l i q u i d  f lows i n t o  chambers next t o  the  c a v i t i e s  and down 
through an ou t l e t .  GJhen the f i l t e r  cake bu i l ds  up t o  a c e r t a i n  leve l ,  the 
p l a t e  and frames are separated by a hydraul ic  mechanism and the  s o l i d s  are 
removed mechanically. 

Plate and frame f i l t e r s  operate on a batch 

Geothermal Process Appl icat ion 

A dual-media g r a v i t y  f i l t e r  was evaluated a t  t he  GLEF f o r  removing res id-  
ual  suspended matter i n ’ t h e  reactor c l a r i f i e r  e f f l u e n t  (San Oiego Gas and Elec- 
t r i c  1980). This f i l t e r  was 26 ft i n  diameter, 16 f t  high, and contained th ree  
c e l l s  (see Figure 5.41). The f i l t e r  was operated f o r  500 h a f t e r  s tab le  opera- 
t i o n  of the reactor  c l a r i f i e r  was achieved. ue t o  problems w i t h  the  d i s t r i b u -  
t i o n  nozzle, short  f i l t e r  runs, i n t e r r u p t e  ckf lush cycles, and i n s u f f i c i e n t  
backflush capacity, t h e  resu l t s  of the f i l t e r  t e s t s  are considered prel iminary. 
P r i o r  p i l o t - p l a n t  f i l t e r  runs had been conducted f o r  24 h; the runs w i t h  the 
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FIGURE 5.40. Cross Section o f  One Rectangular Chamber o f  a F i l t e r  Press 

26- f t  diameter f i l t e r  were conducted f o r  15 h Two possible reasons f o r  t h i s  
d i f f e rence  were noted: 1) The p i l o t - p l a n t  f i l t e r  received b r i n e  with only h a l f  
as much suspended so l i ds  as the 26-f t  diameter f i l t e r  (50 versus 100 ppm) and 
2) t he  chemical and physical composition of the suspended matter was d i f f e r e n t .  
The feed t o  the l a rge  f i l t e r s  contained f i n e r  p a r t i c l e s  o f  f e r r i c  hydroxide, 

in on the surface o 

was 2.5 gpm/ft2 and t h e  backflush r a t e  was 20 gpm/ft2. 
t e r  a f t e r  shutdown showed t h a t  -25% o f  the sand and a lesser amount o f  anthra- 
c i t e  was l o s t  dur ing operation o f  t he  f i l t e r .  There was no evidence o f  sca l i ng  
on the f i l t e r  media. The suspended so l i ds  concentrations o f  the c l a r i f i e r  and 
f i l t e r  ef f luents dur ing operating periods e presented i n  Figure 5.42, Much 
o f  the suspended matter i n  the f i l t e r  e f f l  n t  contained f e r r i c  i ron,  which was 
bel ieved t o  r e s u l t  from ox idat ion of soluble ferrous i r o n  i n  the  brine. L i m i t -  
i n g  contact o f  t he  b r ine  wi th a i r  s expected t o  overcome t h i s  p 

Dual-media f i l t e r s  a t  t he  Sa on Sea 10-MWe p lan t  reduce the suspended 
so l i ds  t o  -10 mg/l (from 50 t o  200 mg/l) p r i o r  t o  i n jec t i on .  These f i l t e r s  
have required some maintenance t o  overcome scale deposits and breakthrough t h a t  
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FIGURE 5.41. Dual-Media Gravi ty F i l t e r  Used a t  GLEF 
(San Diego Gas and E l e c t r i c  1980) 

occurred dur ing the f i r s t  year o f  operation. The new c r y s t a l l i z e r l r e a c t o r  
c l a r i f i e r  technology was being optimized dur ing t h i s  time, which probably 
resul ted i n  more operational t rans ients  than normal . 

The f i l t e r  press used f o r  the large-scale demonstration t e s t  a t  the GLEF 
processed about 100 tons o f  so l i ds  dur ing the t e s t  per iod (San Diego Gas and 
E l e c t r i c  1980). The cyc le t ime f o r  dewatering a batch of sludge from the  
thickener was -45 t o  50 min. The u n i t  was general ly r e l i a b l e  and produced a 
f i l t e r  cake containing -65% dry so l i ds  from thickener underflow w i t h  10% t o  20% 
dry sol ids.  A f i l t e r  press was also used i n i t i a l l y  a t  t he  Salton Sea plant, 
but  i t  was bypassed and the  s l u r r y  was disposed o f  d i r e c t l y .  

A p i l o t - s i z e d  ro ta ry  vacuum f i l t e r  was tested a t  Wairakei and Broadlands, 
New Zealand, f o r  dewatering a calcium s i l i c a t e  sludge (Rothbaum and Anderton 
1976). This sludge y ie lded  a f i l t e r  cake containing 30% dry sol ids.  

5.3.4 Gas F l o t a t i o n  

The p r i n c i p l e s  of gas f l o ta t i on ,  i t s  current usage ( p a r t i c u l a r l y  i n  t h e  
mining industry) ,  and the s ing le  geothermal experience are described i n  t h i s  
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FIGURE 5.42. Suspended S o l i d  Removal Across GLEF F i l t e r  

section. Among l i q u i d / s o l i d  separation approaches, t h i s  technique has a con- 
ceptual advantage f o r  geothermal appl icat ions because o f  the natura l  source o f  
gas (the ent  r a i  ned/di $sol  ved NCG) . This process i s  therefore described i n some 
d e t a i l  even though geothermal experience i s  1 imited. 

Gas ( a i r )  f l o t a t i o n  i s  a method o f  separating pa r t i cu la tes  from l i q u i d s  by 
l e v f t a t i n g  them w i t h  gas bubbles. The lower s p e c i f i c  g r a v i t y  o f  the p a r t i c l e s /  
bubble aggregates causes them t o  r i s e  t o  the  surface where they can be removed 
by skimming o r  overflowing. Any gas o r  even l i q u i d s  o f  low s p e c i f i c  g r a v i t y  
can be used f o r  l e v i t a t i o n ,  and the method can be made se lec t i ve  f o r  c e r t a i n  
p a r t  i c l  es . Part  i cul  a te  mat e r i  a includes not only so l i ds  but  a lso dispersed 
l i q u i d  phases. The f l o t a t i o n  process i s  broadly appl ied i n  the mineral indus- 
t ry f o r  t he  select-ive recovery of m e t a l l i c  and nonmetal l ic minerals and the  
r e j e c t i o n  o f  undesir+d gangue minerals from ores; i n  the removal o f  f r e e  o r  
emuls i f ied o i l  from re f i ne ry  waste water i n  the  petroleum industry; i n  the  
removal of pa r t i cu la tes  ‘from e f f l u e n t s  of municipal waste treatment plants; i n  
t h e  recovery of potassium,-lithium, and other s a l t s  from brines; and experimen- 
t a l l y  a t  l e a s t  i n  the removal o f  pa r t i cu la tes  from geothermal f l u i d s .  The pro- 
cess i s  e f fect ive fo r  separating small p a r t i c l e s  from l i q u i d s  t h a t  are other- 
wise d i f f i c u l t  t o  separate by sedimentation because o f  t h e i r  low s e t t l i n g  
rates. , 
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F l o t a t i o n  i s  based on t h e  f a c t  t h a t  p a r t i c u l a t e  matter can be made t o  
adhere t o  a i r  bubbles w i t h  s u f f i c i e n t  tenaci ty  t o  be f loated. Nonpolar s o l i d s  
n a t u r a l l y  adhere t o  a i r  bubbles. Most other so l i ds  and l i q u i d s  are water 
wetted and do not read i l y  adhere t o  a i r .  Tradi t ional  f l o t a t i o n  processes have 
been based on adsorbing a nonpolar f i l m  on the surface o f  p a r t i c l e s  t o  be 
f l oa ted  t o  permit t h e i r  strong attachment t o  a i r  bubbles. 
o f  hydrocarbon f i l m s  on a desired s o l i d  species al lows the se lec t i ve  f l o t a t i o n  
o f  t h a t  species. Conversely, adsorption o f  reagents t h a t  wet the surface o f  a 
p a r t i c l e  al lows t h a t  species t o  be re jected i n  a f l o t a t i o n  process. A i r  f l o t a -  
t i o n  as appl ied t o  l i q u i d - s o l i d  separation i n  water treatment depends on forces 
o f  attachment o f  pa r t i cu la tes  t o  bubbles t h a t  are tenuous but s u f f i c i e n t  t o  
accomplish phase separation under quiescent conditions. Such water-avid p a r t i -  
culates as s i l i c a t e s  o r  hydrated oxides are read i l y  f l oa ted  by clouds o f  f i n e  
bubbles under these conditions. The appl icat ion t o  geothermal chemistry i s  
apparent. 

Select ive adsorption 

One t e s t  o f  t h i s  process has been conducted t o  c l a r i f y  geothermal brine. 
Since the geothermal app l i ca t i on  of f l o t a t i o n  i s  s t i l l  i n  the  research stage 
w i t h  many unknowns, the p r inc ip les  of a i r  f l o t a t i o n ,  var iat ions,  and nongeo- 
thermal i ndust r i a l  experience are a1 so described. 

Geothermal Experience 

Geothermal discharge water has been processed i n  a 6 tonnejh dissolved a i r  
f l o t a t i o n  p i l o t  p lan t  i n  the Wairakei, New Zealand, geothermal f i e l d  (Shannon, 
h e r s ,  and Rothbaum 1982). The object ive was t o  separate and remove arsenic 
coprecipi tated w i t h  i r o n  hydroxide f l o c s  and t o  remove calcium s i l i c a t e  s o l i d s  
by f l o t a t i o n .  The composition of t y p i c a l  Wai rakei  geothermal discharge waters 
i s  shown i n  Table 5.11 (Buisson, Rothbaum, and Shannon 1979). The p i l o t - p l a n t  
layout  i s  shown i n  Figure 5.43. 

TABLE 5.11. Composition o f  Typical Wairakei Geothermal Waters (pH = 8.2) 

Element 
Chlorine 
S i l i c a  
Li th ium 
Arsenic 
Cesi um 
A1 umi num 
I r o n  
Manganese 
Bery l l ium 

Quantity, pp m 
2085 
580 

12.5 
4.3 
2.28 
0.35 
0.012 
0.0007 
0 . 00005 
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Geothermal water (84 t o  8 6 O C )  i s  f i r s t  dosed w i t h  sodi um hypochlor i te  
(-3.6 g / t )  t o  ox id i ze  As(1I I )  t o  As(V) followed by t h i s  sequence of mixing and. 
condi t ion ing i n  the  f l o c c u l a t i o n  tank: 

o add f e r r i c  su l fa te  (40 t o  70 g / t )  w i t h  30 s mixing 
o slowly s t i r  f o r  100 s t o  produce i r o n  f l o c  
o add Magnafloc 351 (0.5 t o  0.6 g / t )  w i t h  30 s mixing 
o add Quaternary' 0 sur factant  (1.0 g / t )  w i t h  30 s mixing 
e slowly s t i r  f o r  140 s t o  promote and condi t ion f loc.  

The condit ioned wate s t o  the f l o t a t i o n  tank where water (-13% of 
main f low) saturated w i t h  t 200 kPa (29 p s i )  i s  in jected. Up t o  89% of 
the i r o n  f l o c  f l o a t e d  car  i t h  i t  -89% of the arsenic i n  a t o t a l  treatment 
t ime of 6 min. Tests were a lso run us ing about 6% t o  7% add i t i on  o f  co ld  water 
saturated with a i r  a t  222 kPa (32 p s i )  f o r  i n j e c t i o n  i n  the  f l o t a t i o n  ta.nk i n  
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place a f  recycled hot water. Cold water i s  preferred because i t  dissolves more L 
a i r  than hot water and avoids c o l l e c t i o n  o f  s i l i c a  i n  the saturator. The 
smaller volume o f  cold water required a lso reduced pumping costs. 

slaked 10% CaO (500 g / t )  s l u r r y  was added t o  geothermal water t o  form calcium 
s i l i c a t e .  A surfactant (Quaternary 0, 4 g / t )  was a lso added. The calcium 
s i l i c a t e  f l oa ted  rap id l y  and 95% of the s o l i d  was recovered. 

Removal o f  s i l i c a  by dissolved a i r  f l o t a t i o n  was a lso tested. Freshly 

A i r  F l o t a t i o n  Pr inc ip les 

Major mechanisms responsible f o r  dissolved a i r  f l o t a t i o n  o f  so l i ds  have 
been postulated by Vrabl ik (1959) and Neis and Kiefhaber (1980) (Figure 5.44): 

e adhesion o f  gas bubbles on s o l i d  phase 

o t rapping of gas bubbles w i t h i n  a f l o c  s t ruc tu re  dur ing the r i s e  o f  
t he  bubbles 

0 adsorption o f  gas bubbles i n  a f l o c  s t ruc tu re  as the f l o c  i s  formed 

o formation o f  gas bubbles w i t h i n  f locs.  

FIGURE 5. 

GAS BUBBLES 4 

1.. - Major Mechanisms Responsible f o r  Dissolved A i r  F l o t a t i o n  
(Ne1 s and K i  efhaber 1980) tcp, 



Whatever the  de ta i l ed  mechanisms, the  process depends on the  generation o f  
la rge  numbers o f  very small bubbles (-80 vm diameter) and a l lowing the bubbles 
t o  separate under quiescent condit ions. F lo ta t i on  processes i n  the  mineral 
indust ry  invo lve  v io len t  ag i ta t i on  and bubble sizes are much la rge r  (-1000 vm 
diameter) . 
r e l a t i v e l y  i n e f f i c i e n t  i n  the recovery o f  f i n e r  p a r t i c l e s  (<40 urn). 

Because o f  t h i s ,  conventional f l o t a t i o n  processes have been 

D i  ssol  ved A i  r F1 o t a t  i on 

In dissolved a i r  f l o ta t i on ,  water i s  saturated w i t h  a i r ;  and on subsequent 
pressure reduction, the  dissolved a i r  comes out o f  so lu t i on  and forms bubbles. 
The volume of bubbles formed depends on the  s o l u b i l i t y  o f  a i r  o r  o ther  gases i n  
water, on the  temperature, and on the  pressure o f  the  system. The s o l u b i l i t y  
o f  a i r  and other  gases i n  water a t  2OoC and 760-mm Hg pressure and the  equiva- 
l e n t  number of 80ym diameter bubbles generated by complete exsolut ion are 
shown i n  Table 5.12. 

The bubbles nucleate on par t i c les ,  become entrapped i n  f locs,  o r  a t tach t o  
p a r t i c l e s  by co l l i s i on .  Water saturated w i th  a i r  a t  atmospheric pressure i s  
subjected t o  a vacuum t o  generate bubbles (vacuum f l o t a t i o n )  . Al te rna t ive ly ,  
water saturated w i t h  a i r  a t  elevated pressure i s  released through valves t o  
atmospheric pressure t o  produce f l o t a t i o n  bubbles. The s o l u b i l i t y  o f  gases i n  
water i s  propor t ional  t o  the  pressure appl ied (Henry's Law); thus, a greater 
volume of bubbles i s  produced by the  l a t t e r  process. The theo re t i ca l  and 

( a b )  
TABLE 5.12. S o l u b i l i t y  o f  Various Gases i n  H20 

Equivalent Number o f  80-vm 
Gas/ Grams of Gas/ Diameter Bubbles Generated 

Gases H20, cc 100 H20 by Complete Exsolut ion/cc H20 

N i  t rogen 0.015 0.0019 56,000 
Oxygen 0.031 0.0043 116,000 

0.00016 67,000 Hydrogen 0.018 
0.17 3,300,000 Carbon d iox ide 0.88 

0.023 0.0028 86,000 Carbon monoxi de 
A i  r 0.0187 1.87 70,000 
Hydrogen su l  f i d e  2.58 0.38 9,6OO,OOO 
Sul f u r  d iox ide 39 e4 11.28 147,000,000 

0.0023 123,000 gas) 0.033 

2OoC and 760-mm Hg. (a) Conditions: 
(b) Vrabl ik (1959). 
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actual mass o f  a i r  evolved a t  various saturat ion pressures i s  shown i n  Fig- 
ure 5.45. An example o f  the s i ze  d i s t r i b u t i o n  o f  a i r  bubbles generated by 
release through a l j 8 - i n .  needle valve o f  water saturated a t  20 and 50 p s i g  i s  
shown i n  Figure 5.46. 

I n  practice, a i r  o r  other gas i s  drawn i n t o  a cen t r i f uga l  pump w i t h  the  
water t o  be t reated and in jec ted  i n t o  a re ten t i on  tank. The mixed f l u i d s  are 
he ld  under pressure f o r  a short  per iod (30 t o  60 s) t o  al low t ime f o r  the a i r  
t o  dissolve i n  the  water. The gas-saturated water i s  then j e t t e d  i n t o  the  
f l o t a t i o n  c e l l  where the dissolved a i r  p rec ip i t a tes  i n  a cloud o f  small bubbles 
t h a t  r i s e  through the l i q u i d .  The bubbles c o l l i d e  w i th  and become attached t o  
p a r t i c l e s  o r  are entrapped i n  flocs, l i f t i n g  them t o  the  surface where they are 
discharged by skimming o r  overflowing. The e n t i r e  stream o r  only pa r t  o f  t he  
stream t o  be t reated can be pressurized, depending on the  volume, the amount o f  
sol ids, and the  effectiveness required. A l ternat ive ly ,  a po r t i on  o f  the clean 
water discharged from the  f l o t a t i o n  c e l l  can be charged w i t h  a i r  under pressure 
and used t o  generate bubbles i n  the f l o t a t i o n  c e l l .  This l a t t e r  process avoids 
the  plugging of equipment by the  so l i ds  i n  the  feed stream. The several f low 
sheets described are i l l u s t r a t e d  i n  Figure 5.47. 

500 t 172.5 

K 
n 

W 
3 . -0 a rn 

THEORETICAL VALUES : 

- 29.0 

- 14.5 

10 20 30 40 50 60 70 80 

w 
1 

# 4 

AIR EVOLVED, mg/l 

FIGURE 5.45. Mass of A i r  Evolved a t  Various Saturation Pressures f o r  Tem- 
peratures o f  5OoC and 8OoC a t  Constant Surface Loading Rate. 
Theoretical curves from Wilhelm e t  a l .  (1977) f o r  20, 50, 
and 8OOC; Shannon and Buisson (1980). 
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FIGURE 5.46. Size D i s t r i b u t i o n  o f  A i r  Bubbles Released I n t o  
F l o t a t i o n  Chamber i n  Laboratory Tests 
(Vrabl i k  1959) 

Induced A i r  F l o t a t i o n  

I n  induced a i r  f l o t a t i o n ,  a i r  i s  drawn i n t o  an impel ler  where i t  i s  

Pneumatic and A i r  L i f t  F l o t a t i o n  

speared and dispersed i n t o  the l i q u i d  as bubbles (Figure 5.48). 

Pneumatic f l o t a t i o n  machines generate bubbles by b l  i n g  a i r  i n t o  t h e  
l i q u i d  through a porous mater ia l  l i k e  porous carbon, ceramic, o r  canvas (Roe 
1980). A i r  l i f t  machines discharge a i r  from a p ipe immersed i n  water i n  a 
confined channel where the  a i r  bubbl e/water mixture r ises,  creat ing a pumpi ng 
ac t i on  t o  c i r c u l a t e  pulp and provide 
al lows f r o t h  t o  separate f o r  removal 
orders o f  magnitud 

e l e c t r o l y s i s  o f  the l i q u i d  by the  
or by b o i l i n g  the l i q u i d  forming i t s  vapor ( b o i l i n g  f l o t a t i o n ) .  

bb le /pa r t i c l e  contact. A qu ie t  zone 
Bubbles formed by these methods are 

the dissolved a i r  method. 

ve been suggested inc lude 
i d  w i t h  carbonates o r  su l f ides 
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FIGURE 5.48. Induced A i r  F l o t a t i o n  Uni t  (Churchi l '  

Bubble Rise Veloci ty and Buoyancy 
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and Tacchi 1978) 

The s i ze  o f  an a i r  bubble governs i t s  buoyancy and r i s e  ve loc i ty ,  which 
determines hold up t ime and capacity o f  f l o t a t i o n  ce l l s .  The terminal r i s e  
v e l o c i t y  o f  a par t ic le /bubble aggregate i s  given by Stokes' equation: 

g(p l i q u i d  - p aggregate)Da 2 
( 5 m 9 )  - 

"t - 1% 

where Vt = terminal  r i s e  v e l o c i t y  of the gas/sol id agglom 
g = accelerat ion o f  g r a v i t y  

p l i q u i d  = densi ty o f  t h e  l i q u i d  
p aggregate = densi ty o f  the gas-sol id agglomerate 

Da = diameter o f  the agglomerate 
1.1 = v i s c o s i t y  o f  the l i q u i d .  

o c i t y  o f  various diameter bubbles i s  show Figure 5.49. 
Gaudi n (1932) c i t e s  desi rab l  e bubble 
a i r  f l o t a t i o n  v e l o c i t i e s  are much l e s  
i s  3 cm/s (Nagahama 1974). Shannon and Buisson (1980) repor t  a r i s e  r a t e  i n  
hot  water (800C) o f  0.5 cm/s. 

o c i t l e s  as 12 cm/s o r  more; dissolyed 
The Nagahama f l o t a t i o n  c e l l  r i s e  r a t e  
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FIGURE 5.49. Rise Rates o f  Single Bubbles o f  D i f f e ren t  Sizes 
(Klassen and Mokrousov 1963) 

The s i ze  o f  p a r t i c l e s  t h a t  can be l e v i t a t e d  by a given s i ze  a i r  bubble i s  
i l l u s t r a t e d  i n  Figure 5.50. The bulk s p e c i f i c  g rav i t y  o f  the  bubble/par t ic le  
aggregate must be less than the  spec i f i c  g rav i t y  o f  the  f l u i d  ( less than 1 i n  
the  case o f  water) f o r  f l o t a t i o n  t o  occur. An 80-um diameter bubble would be 
unable t o  f l o a t  a s i l i c a  p a r t i c l e  as la rge  as 68 urn i n  diameter o r  a p y r i t e  
(FeS2) o r  hematite (Fe203) p a r t i c l e  as la rge  as 50 Urn i n  diameter. 

Indust r i  a1 Use and Experience 

Vrab l i k  (1959) l i s t s  some known appl icat ions o f  d issolved a i r  f l o t a t i o n  
fo r  i n d u s t r i a l  waste treatment: 

Q canneries - Citrus,  f ish,  f r u i t ,  and vegetable canning produce waste 
streams containing organic suspended so l i ds  t h a t  may be removed by 
f 1 o t a t  ion. 

e chemicals - Dissolved a i r  f l o t a t i o n  i s  being used f o r  recovering 
f i nes  dur ing the  copolymerization of syn the t ic  rubber. It a lso  may 
be used t o  recover f i nes  from polyethylene production processes. 
Carbon, c o l l o i d a l  metals, calcium sul fa te,  hydroxides, etc., have 
i l l u s t r a t e d  excel lent  tendencies toward concentrat ion by f l o ta t i on .  
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A i r  F lo ta t i on  Effectiveness on Various Size Mineral Par t ic les.  
The diameter o f  an a i r  bubble tha t  w i l l  j u s t  suspend a s ing le  
p a r t i c l e  of a given s i t e  and spec i f i c  g rav i t y  i n  water i s  
ind ica ted  by the  diagonal l ines.  Larger bubbles w i l l  cause 
f l o t a t i o n .  The shaded bands ind i ca te  t y p i c a l  bubble s ize  
charac ter is t i cs  of d issolved a i r  f l o t a t i o n  and induced a i r  o r  
pneumatic f l o ta t i on .  Other mineral densi t ies inc lude 
CaC03.6H20 - 1.8, CaC03 - 2.7, and Si02 gel - 1.4 (presumed). 

o coal - F ine ly  d iv ided coal has been successful ly f l oa ted  by a 
solved a i r  process; CO i s  the  gas usual ly  incorporated. The 

a i r  f l o ta t i on .  A spec i f i c  app l i ca t ion  would be the  separation o f  
coal and p y r i t e  from slate.  The coal and p y r i t e  are eas i l y  f loated, 
whereas the  s l a t e  s e t t l e s  out. F lo ta t i on  may be appl icable f o r  
c los ing  a coal-washing c i r c u i t  i n  place o f  s e t t l i n g  basins. . 

e i r o n  and s tee l  - Scale and o i l  present i n  i r o n  and s tee l  m i l l  waste 
water as a r e s u l t  o f  manufacturing may be removed by f l o ta t i on .  

process i s  used when t 2 e s ize  range precludes the  use o f  d isp 
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laundry waste - Sol ids and f a t t y  acids may be recovered. 

meat products - Valuable grease i s  recovered, and BOD i s  reduced 
s u f f i c i e n t l y  t o  al low reuse o f  process water. 

mining - dissolved a i r  f l o t a t i o n  i s  used t o  remove suspended so l ids  
present i n  overflows from dispersed a i r  f l o t a t i o n  machines. 

metal f i n i s h i n g  - Coolants used dur ing machining and o i l s  used t o  
wash castings r e s u l t  i n  a waste stream contaminated with suspended 
so l ids  and soluble o i l s .  Aircraft-washing wastes may a lso be 
t rea ted  by dissolved a i r  f l o ta t i on .  

o i l  indust ry  - Free o r  emulsi f ied o i l  i n  re f i ne r ies  o r  o i l  f i e l d s  i s  
removed by dissolved a i r  f l o ta t i on .  

pulp, paper, and a l l i e d  products - This f i e l d  represents the  h i s -  
t o r i c a l  app l i ca t ion  of dissolved a i r  f l o t a t i o n ;  the  technique has 
been used since World War I .  
paper waste stream are extremely d i f f i c u l t  t o  recover by g rav i t y  
sedimentation . 

The suspended so l ids  i n  a t y p i c a l  

soap manufacturing - Fats and o i l s  are recovered f o r  reprocessing. 

sugar re f i ne r ies  - F lo ta t i on  i s  appl icable f o r  removing impur i t ies  
and nonsugar so l i ds  from a raw sugar melt. 

Examples of the  recovery of l i t h i u m  s a l t s  from brines, the  removal o f  p rec ip i -  
t a tes  and f i ne  par t i cu la tes  from mineral p lan t  e f f luents ,  and o i l  and suspended 
p a r t i c l e  removal from petroleum re f i ne ry  waters are described below. 

L i th ium Sa l t  F lo tat ion.  D i l i t h i u m  sodium phosphate i n  t h e  form o f  2.5-pm 
diameter p a r t i c l e s  was f l oa ted  from hot  b r i ne  so lut ions i n  the  Trona, 
Cal i fornia,  p lan t  o f  the  American Potash and Chemical Corporation (Ryan 1951; 
Roe 1980; Meinhold and Walker 1968). The p lan t  was closed i n  1978 a f t e r  
34 years of operat ion (Roe 1980). The s l u r r y  o f  hot  b r i ne  and d i l i t h i u m  sodium 
phosphate p a r t i c l e s  was aerated by spraying downward i n  upward r i s i n g  a i r  cur-  
rents  i n  cool ing towers and then pumped t o  f l o t a t i o n  tanks. The l i t h i u m  s a l t  
par t i cu la tes  coatedb w i t h  a soap residue from e a r l i e r  process steps combined 
w i t h  f i n e  bubbles and f l oa ted  t o  the  top  o f  the  tank under quiescent condi t ions 
where they were discharged over a f ro th  overf low l i p .  A second-stage dissolved 
a i r  f l o t a t i o n  u n i t  processed the  t a i l i n g s  from the  f i r s t  stage. Second-stage 
recycle b r ine  was pressurized w i th  a i r  a t  90 psi,  he ld f o r  2 min i n  a 1500-gal 
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pressurized re ten t i on  tank, and then released i n t o  the f l o t a t i o n  tank where 

the  recovery system was about 1000 gpm. 

1 
I residual  pa r t i cu la tes  f loated w i t h  the a i r  bubbles f o r  recovery. Flow through 
i 

Mineral Plant E f f l u e n t  F lo tat ion.  E f f l u e n t  from the Kamioka, Japan, z inc 
concentrate th ickener contains copper and other heavy metal ions and cyanide. 
A process was developed t o  reduce the concentrat ion o f  these contaminants f o r  
environmental and other reasons (Nagahama 1974). 
because of t h e  combination o f  i o n  f l o t a t i o n ,  p r e c i p i t a t e  f l o t a t i o n ,  and u l t r a -  
f i n e  p a r t i c l e  f l o t a t i o n  using a s p e c i f i c a l l y  designed induced a i r  f l o t a t i o n  
machine t h a t  generates a l a rge  volume of f i ne  bubbles i n  nonturbulent condi- 
t ions.  The composition of the th ickener overf low i s  shown i n  Table 5.13. The 
pH o f  the e f f l uen t  was adjusted from 11.6 t o  3 w i t h  s u l f u r i c  acid, which decom- 
posed the soluble Cu(CN)3- i o n  i n t o  inso lub le CuCN and Cu++ and CN' ions. The 
copper ions form a p r e c i p i t a t e  w i t h  residual  e thy l  xanthate i o n  from the con- 
centrator  process and cyanide i o n  remains i n  solut ion.  Sodium s u l f i d e  was 
added t o  p r e c i p i t a t e  any remaining copper, zinc, cadmium, and i r o n  ions. An 
anionic polyacrylamide f l occu len t  (Accofloc 305) and a f r o t h e r  (MIBC-methyl 
isobuty l  carb ino l )  was added, ag i ta ted f o r  7 min, fol lowed by 10-min f l o t a -  
t i on :  97.7% of the copper, 98.3% o f  the zinc, and 98.3% o f  the cadium were 
recovered i n  the f l o t a t i o n  f ro th.  

induced a i r  f l o t a t i o n  are used i n  the petroleum indust ry  f o r  the removal o f  o i l  
and suspended so l i ds  from wastewater. A summary o f  a number o f  r e f i n e r y  sys- 
tems i s  presented i n  Table 5.14 (Churchi l l  and Tacchi 1978). 

The process i s  o f  i n t e r e s t  

- 

Petroleum Refinery Wastewater F lo tat ion.  Dissolved a i r  f l o t a t i o n  and 

TABLE 5.13. Contaminants i n  Zinc Thickener Overflow(a) 

Elements and Concent r a t i o n  o f  
Radicals, ppm Chemical Species 
Cu, 30 
CN, 51 
Zn, 203.43 
Cd, '1.09 CdS + soluble Cd 
Fe, 3.36 FeS 4 D 9  

Soluble Fei:+ 0.08 
Soluble Fe 0.20 

l6 i Xanthate 
18.0( 

S CN-, Cu becomes completely 

- complexed as Cu(CN)3=. 
(c )  CN' concentrat ion excluding CU(CN)~- .  
(d)  Determined using c a l i b r a t i o n  curve of " f ro the r  power tests." W 
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TABLE 5.14. Summary o f  Dissolved A i r  F l o t a t i o n  Systems LJ 
Ref i nery I \  

No. 1 No. 2 No. 3 No. 4 No. 5 A P I t a '  Design Parameter - 
I n l e t  o i l  content, mg/l 

F locculat ion p r i o r  t o  
f 1 o t a t i o n  

Overflow ri ite, gpm/ft2 

Detention time, min 
F l o t a t i o n  chamber 
Contact tank 

Recycle pressure, ps ig  

Recycle, % of feed 

A i  r/water ra t i o ,  
SCF/lOO gal 

Removal e f  f i c i  ency 
O i l ,  % ~ 

Suspended sol ids,  % 

Designed flow, mgd 

--- 
Yes 

3.45 

19.5 
18 

50 

25 

0.8 

270 70 112 --- --- 
No Yes Yes Yes Yes 

2.3 2.9 2.3 4.0 2.0 t o  2.5 

23 27 20 10 10 t o ' 4 0  
1 t o  2 1 t o  2 -0- --- 1 t o  2 

40 40 40 t o  50 40 40 

33 33 --- 50 20 t o  50 

1.0 1.0 0.36 --- 0.05 to' l .O 

70 t o  85 60 92 66 75 
30 t o  50 --- 'I 2 --- --- 
30 4.3 5.7 2.5 2.5 

(a) A P I  r e fe rs  t o  general c r i t e r i a  speci f ied by the American Petro 
I n s t i t u t e .  

-e- 

eum 

5.4 PURIFICATION TREATMENTS: REVERSE OSMOSIS AND ION EXCHANGE 

Other possible water treatment approaches have been tested i n  geothermal 
appl icat ions but are almost c e r t a i n l y  inappropr iate for  main f low treatment 
p r i o r  t o  i n jec t i on .  Reverse osmosis i s  an energy-intensive method t o  remove 
essen t ia l l y  a l l  dissolved so l i ds  from solut ion.  This i s  more than 4 s  needed 
f o r  geothermal i n j e c t i o n  treatment because there are only a few chemicals t h a t  
cause par t icu la te/scale problems; removing dissolved NaCl i s  o f  l i t t l e  i n t e r e s t  
i n geothermal appl i cat ions . The membrane i nvol ved i n  the  reverse osmosis pro- 
cess must be kept clean from scale, which requires the use o f  i n h i b i t o r s  and 
backflushing. Mickley and Coury (1982) reported a study o f  s i l i c a  sca l i ng  from 
br ines undergoing reverse osmosis treatment. One geothermal appl i c a t i o n  of 
reverse osmosis was a u n i t  t o  provide domestic and process cleanup water f o r  a 
geothermally heated food processing p lant  a t  Brady Hot Springs i n  Nevada 

L, 
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(2800 ppm dissolved sol ids,  131OC). As o f  1982, the u n i t  was unused because i t  
L, 

reportedly f a i l e d  t o  d e l i v e r  the volume and p u r i t y  of water expected and 
requi  red more maintenance than was desi red. 

geothermal power p lan t  because the ion-exchange media are not se lec t i ve  enough 
f o r  the scal ing species i n  the midst o f  an overwhelming concentrat ion o f  innoc- 
uous sal ts.  I n  addit ion, the ion-exchange media might form scale. 
exchange might very wel l  p lay a p a r t  i n  water condi t ion ing for  a s p e c i f i c  p l a n t  
use (pump bearing l u b r i c a t i o n  o r  cool ing water) but  not f o r  main f low treatment 
p r i o r  t o  disposal. 
t o  concentrated solut ions. 

Ion exchange i s  not considered feas ib le  fpr t r e a t i n g  the main f low a t  a 

Ion 

Anderson (1981) describes the  app l i ca t i on  o f  i o n  exchange 

5.5 CURRENT BRINE PROCESSING EXPERIENCE 

Spec i f i c  treatment t e s t s  have been described under the p a r t i c u l a r  techno1 - 
ogy heading i n  t h i s  chapter. On a geographic basis, the experiences are sum- 
marized i n  Section 8. I n  the  United States, there are s i x  instances i n  which 
several d i f f e r e n t  components o r  approaches have been combined i n t o  a s i n g l e  
treatment process. These are described t o  emphasize these processes, which 
combine several technologies. 

5.5.1 Salton Sea Geothermal Demonstration Un i t  1 

ment systems f o r  the Union O i l  10-MWe Salton Sea Uni t  1 f a c i l i t y  i s  i l l u s t r a t e d  
i n  Figures 5.51 and 5.52. This u n i t  began operation i n  1982 t o  upply steam t o  
a companion Southern Cal i f Q r n i a  Edison 10-MWe steam generator. caS Production 
we l l s  a t  t h i s  f a c i l i t y  supply up t o  1,416,000 lb /h  o f  hot b r i ne  (475 t o  500OF) 
t o  the steam production system. The two-phase f low from each production w e l l  
i s  processed through a we1 1 head separator (-420OF) wh 
b r i n e  i s  co l l ec ted  and routed i n t o  the main steam l i n  
b r i n e  from the  separators i s  co l l ec ted  i n  a common header and d i rected t o  t h e  
f i r s t - s t a g e  f l a s h  c r y s t  l i z e r ,  which operates a t  -125 psia. Sludge i s  recy- 
c led  from the thickener o the f i r s t - s t a g e  c r y s t a l l i z e r  to,provide seed p a r t i -  
c l es  f o r  deposi t ion of s i l i c a  and other supersaturated const 
brine. Steam separ ted  i n  the  f i r s t - s t a g e  c r y s t a l l i z e r  i s  r 
steam l i ne ,  and the spent b r i ne  s l u r r y  i s  sent t o  the  second-stage f l a s h  crys- 
t a l l i z e r  t h a t  op above atmosp r i c  pressure. Steam from the  

A s i m p l i f i e d  process f low sheet f o r  t he  steam production and b r i n e  t r e a t -  

steam flashed from t h e  
o the power plant. Hot 

(a) This large-scale p i l o t  p lan t  uses hypersal ine brine, -250,000-ppm TDS, and 
incorporates the fol lowing techniques i n  i t s  b r i ne  treatment process: 
f l a s h  c r y s t a l l i z e r s ,  reactor c l a r i f i e r ,  g rav i t y  thickener, and dual-media u f i l t e r s .  
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FIGURE 5.51. Flow Diagram f o r  Salton Sea Uni t  No. 1 (Moss, Whitescarver, 
and Yamasaki 1982) . The dupl i c a t e  c r y s t a l  1 i z e r  separator 
t r a i n  i s  omitted f o r  c l a r i t y .  

second-stage f l a s h  c r y s t a l l i z e r  i s  cu r ren t l y  vented t o  the  atmosphere, and t h e  
b r ine  s l u r r y  flows t o  an atmospheric separator f o r  f i n a l  separation of t he  
steam from the  brine. Two separate t r a i n s  of f l a s h  c r y s t a l l i z e r s  and atmos- 
pher ic separators are avai lable; each i s  capable o f  processing 100% of t h e  
flow. This arrangement al lows one t r a i n  t o  be shut down f o r  maintenance wi th-  
out i n t e r r u p t i n g  power generation and a lso provides a greater degree o f  con t ro l  
f o r  balancing b r ine  flow and s t a b i l i z i n g  vessel operating condit ions. Addi- 
t i o n a l  surge capacity i s  avai lab le i n  the system by using second-stage 
c r y s t a l  1 i z e r s  . 
t e n t  bel ieved t o  be 1% t o  2%) t o  a reactor c l a r i f i e r  where p r e c i p i t a t i o n  o r  
c r y s t a l l i z a t i o n  o f  supersaturated const i tuents i s  essen t ia l l y  completed and 
much of t he  p a r t i c u l a t e  matter i s  separated from the brine. P o s t c l a r i f i e r  
residual  p a r t i c u l a t e  matter (believed t o  be 50 t o  200 ppm suspended so l i ds )  i n  

Spent b r i ne  f lows from the  atmospheric separators (suspended sol  i d s  con- 
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FIGURE 5.52. Br ine Treatment F a c i l i t i e s  a t  Salton Sea 10-MWe Plant (1983)' 

the b r ine  i s  lowered t o  -10 ppm by the dual-media f i l t e r s  t h a t  receive t h e  
b r i n e  e f f l u e n t  from the reactor c l a r i f i e r .  Four i n j e c t i o n  we l l s  discharge t h e  
190OF f i 1 te red  b r i n e  t o  underground recei  v i  ng formati ons . 

Sludge from the reactor  c l a r i f i e r  (bel ieved t o  be 5% t o  8% so l i ds )  i s  
routed t o  a th ickener t o  remove water t h a t  can be separated by g rav i t y  sedimen- 
ta t ion.  The sludge from the thickeners (bel ieved t o  be 15% t o  18% sol ids) .  i s  
pumped t o  a f i l t e r  press f o r  f i n a l  dewatering; i t  i s  designated as a hazardous 
waste due t o  i t s  r e l a t i v e l y  high heavy metal content ( f o r  example, Ba, Pb, and 
Cu) and must be transported a considerable distance t o  an approved b u r i a l  s i t e  
near San Diego. A l o c a l  disposal s i t e  i s  planned when the  quant i ty  o f  hazard- 
ous waste produced becomes large enough t o  j u s t i f y  b u i l d l n g  the s i t e ,  An 
a l t e r n a t i v e  tested a t  t he  p lan t  i s  t o  bypass the f i l t e r  press and dispose o f  
the s l u r r y  d i r e c t l y ,  

The Salton Sea Un i t  1 f a c i l i t y  has operated we l l  w i t h i n  expectations f o r  a 
demonstration plant. Some m i  nor d i  f f i cul  t y  has been experienced w i t h  p l  uggi ng 
and loss  of e f f ic iency i n  the  dual-media f i l t e r s ,  probably r e s u l t i n g  from over- 
loads caused by occasional upsets o f  the reactor c l ' a r i f i e r .  

Recycling sludge from the  thickener t o  the f i r s t - s t a g e  c r y s t a l l i r e r s  
imposes an energy penalty on the-system because o f  the cool ing e f f e c t  o f  t he  
recycled sludge. Add i t i ona l ' b r i ne  (-3%) must be added t o  the f low from the  

.' 

' 
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ci production we l ls  t o  overcome t h i s  penalty. 
feed, and f i l t e r  press pumps and the reactor c l a r i f i e r  mixer and sludge rake 
imposes an addi t ional  but  unknown energy requirement. 

Operation o f  in jec t ion ,  f i l t e r  

5.5.2 Niland Geothermal Power Plant Design 

Salton Sea geothermal waters (Featherstone and Powell 1981) using a spent b r i ne  
processing f a c i l i t y  s i m i l a r  t o  tha t  o f  the  10-MWe Salton Sea plant.  The steam- 
gathering system of the  Niland design d i f f e r e d  i n  tha t  only one stage o f  f l a s h  
c r y s t a l l i z a t i o n  i s  used and high-pressure steam i s  co l lec ted  separately from 
low-pressure steam and each i s  routed separately t o  a dual-pressure turbine. 
High-pressure steam i s  co l lec ted  i n  cent r i fuga l  separators; low-pressure steam 
i s  co l lec ted  i n  f lash c r y s t a l l i z e r s  tha t  operate a t  22 psia. The energy pen- 
a l t y  f o r  recyc l ing  sludge t o  the  f lash c r y s t a l l i z e r  i n  t h i s  design requires -1% 
addi t ional  production. E l iminat ing the  second-stage f l ash  c r y s t a l l i z e r  would 
reduce the  c a p i t a l  cost  of a b r i ne  treatment f a c i l i t y .  The p lan t  would prob- 
ably be operated w i t h  a f i  rst-stage high-pressure, high-temperature system 
(200 ps ia )  t o  minimize scale formation. 

A conceptual design f o r  a 49-MWe geothermal power p lan t  was developed f o r  

5.5.3 Flash Crys ta l l i ze r  Separator Design 

i l l u s t r a t e d  i n  Figure 5.53 (Awerbuck, Van der Mast, and Rogers 1982). 
introduced t o  FCS No. 1, which produces high-pressure steam f o r  a dual-pressure 
turbine. The c l a r i f i e d  br ine  from FCS No. 1 f lows t o  FCS No. 2, which produces 
low-pressure steam f o r  the  turbine. C l a r i f i e d  b r ine  from FCS No. 2 (now sepa- 
rated w i t h  s i l i c a )  i s  d i l u t e d  wi th a po r t i on  o f  the  steam condensate and i s  
heated by compressing a po r t i on  of the  low-pressure steam produced by FCS 
No. 2. D i l u t i o n  and heat ing of the  br ine  reduces s i l i c a  and other const i tuents  
below t h e i r  respect ive saturat ion l i m i t s ,  thus preparing a c lear  b r ine  f o r  
underground in jec t ion .  
small f l a s h  tanks t o  permit the  sludges t o  reach thermal equ i l ib r ium a t  atmo- 
spheric pressure p r i o r  t o  fur ther  processing (e.g., dewatering by g rav i t y  
th ickening and f i l t e r  press). The major advantage o f  t h i s  design i s  a substan- 
t i a l  reduction i n  equipment requirements f o r  b r ine  treatment (el iminates reac- 
t o r  c l a r i f i e r s  and b r ine  f i l t e r s ) .  The FCS u n i t s  are estimated t o  be about the  
same cost as the  f lash c rys ta l l i ze rs ;  however, they have not been constructed. 
The c l a r i f i c a t i o n  sections of the  FCS u n i t s  requi re  a longer residence t ime 
than the  f l ash  c r y s t a l l i z e r s  and therefore a l a rge r  volume. It i s  important t o  
minimize the  s ize  of the  FCS uni ts,  however, due t o  the  h igh  cost o f  b u i l d i n g  
la rge  high-pressure vessels. Therefore, as ind icated ea r l i e r ,  i t  i s  planned 
t h a t  only 80% o f  the  supersaturation w i l l  be rel ieved, which subs tan t ia l l y  
reduces the  t ime requirement. A 6% energy penalty i s  imposed t o  reheat the  
br ine.  

The conceptual f low sheet f o r  using the  FCS i n  the  dual- f lash system i s  
Feed i s  

Sludges produced by the  FCS u n i t s  are routed through 
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FIGURE 5.53. Conceptual Flow Diagram f o r  Power Plant Using FCS Uni ts  
(Awerbuck, Van der Mast, and Rogers 1982) i 

5.5.4, Brawley Demonstration Plant 

Sea area o f  the  Imperial Valley. S i l i c a  and su l f i de  sca l ing  are 
This 10-MWe p lan t  was the  f i r s t  t o  operate on the  hypersal ine br ines from 

t t h i s  locat ion.  The b r ine  treatment approach consisted i n i t i a l l y .  of 
i n g  only and was unsuccessful a t  c o n t r o l l i n g  equipment and i n j e c t i o n  

we l l  plugging. This has been modified t o  inc lude ac id i f i ca t i on .  The owner/ 
operator o f  t he  steam supply/brine supply f o r  t h i s  plant,  Union O i l  Company, 
has reta ined the  d e t a i l s  o f  the  Brawley exper ie e as propr ie ta ry  information. 
he dose r a t e  and loca t i on  of t he  ac id  add i t ion  r e  unavailable. Since th-js 

p l a n t  i s  operat ing on a kinetics-based p r e c i p i t  i o n  avoidance treatment scheme 
( i n  contrast  t o  Union O i l ' s  Salton Sea Plant w i t h  i t s  con t ro l l ed  p r e c i p i t a t i o n  
approach), o ther  consistent act ions would be maintaining temperature, avoiding 
oxygen contact, and minimizing delay p r i o r  t o  in jec t ion .  Whether these 
a c t i v i t i e s  are being done i s  not known. 

5.5.5 Magma Power Binary Cycle Plant 

I 

j 
i 

i 
i 

This 11-MWe p lan t  was the  f i r s t  long- l ived p lan t  t o  operate i n  t h e  
i Imperial  Valley and the  f i r s t  b i n  cyc le  p lan t  i n  the  United States. It 
I operates on a moderate-temperatur 

t o  form c a l c i t e  scale. The b r ine  treatment consists o f  maintaining pressure 
and c o n t r o l l i n g  t h e  temperature dec l ine of the b r ine  upon energy extract ion.  
Pressure i s  maintained by downhole and surface pumping t o  prevent f l ash ing  and 

377OF) br ine  t h a t  has a pronounced tendency 

i 
i 
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b 
t h e  r e s u l t i n g  c a l c i t e  scale formation. The design and operation of the heat 
exchangers keeps the b r ine  above the temperature a t  which s i l i c a  could p r e c i p i -  
tate.  There have been no problems w i t h  t h i s  b r i ne  treatment approach other 
than maintenance o f  t h e  equipment. Scal ing has been s l i g h t ,  and the  suspended 
s o l i d s  t h a t  are i n jec ted  consist  o f  f i n e s  ca r r i ed  over from the production 
wel ls  and some corrosion products from the  p i p i n g  walls. The t o t a l  concentra- 
t i o n  o f  suspended p a r t i c l e s  i s  low r e l a t i v e  t o  other b r i ne  treatment approaches 
(see Section 6). 

5.5.6 Roosevelt Hot Springs 

t o  come on- l ine (June 1984). The power p lan t  i s  operated by Utah Power and 
Light,  and t h e  brine/steam supply i s  operated by P h i l l i p s  Petroleum. The 
approximate b r ine  condi t ions are 18% wellhead f l a s h  t o  35OOF r e s u l t i n g  i n  a 
790-ppm Si02 l e v e l  i n  t h e  f lashed brine; f l u o r i d e  l e v e l s  are high a t  1 t o  
3 ppm. Ca lc i t e  sca l ing i s  avoided by the add i t i on  o f  a few pa r t s  per m i l l i o n  
o f  phosphonate i n h i b i t o r  (believed t o  be Dequest 2060) a t  the wellhead. 
sca l ing i s  con t ro l l ed  by maintaining the  temperature a t  -35OOF i n  a t o t a l l y  
pressurized and insulated i n j e c t i o n  system. The b r ine  residence t ime from 
f l a s h  t o  i n j e c t i o n  i s  on the order o f  45 min. Some s i l i c a  scal ing i s  observed; 
but  because i n j e c t i o n  i s  i n t o  a 3- t o  5 - f t  wide fracture,  i t  i s  hoped t h a t  
long-term i n j e c t i v i t y  w i l l  remain good. The f i e l d  has produced low volumes o f  
flow for  over two years dur ing a t e s t  o f  a new tu rb ine  concept. Presumably 
t h i s  permitted P h i l l i p s  the  opportuni ty t o  match t h e i r  treatment t o  the  p a r t i c -  
u l a r  production and i n j e c t i o n  character is t ics .  The use o f  an i n h i b i t o r  (ca l -  
c i t e ) ,  temperature maintenance, and oxygen avoidance combine t o  make an opera- 
t i o n a l  system a t  t h i s  s i t e .  

A 20-MW (23-MW gross) f l a s h  cyc le  p lan t  near Mi l ford,  Utah, i s  scheduled 

S i l i c a  
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b, 6.0 OPERATIONAL ASPECTS 

The design o f  an i n j e c t i o n  treatment process w i l l  determine s p e c i f i c  
operational procedures; however, there are several aspects t h a t  deserve high- 
l i g h t i n g  f o r  a l l  processes. 
may not be achievable f o r  a given i n s t a l l a t i o n ,  they are a l l  ava i lab le f o r  con- 
s ide ra t i on  dur ing the design o r  operational phases. 

Although pursuing each a c t i v i t y  t h a t  i s  described 

6.1 TREATMENT PROCESS MONITORING 

The maintenance o f  i n j e c t a b i l i t y  i s  necessary t o  preserve the  c a p i t a l  
investment i n  the  i n j e c t i o n  system and u l t i m a t e l y  i n  the e n t i r e  plant.  
t h e  treatment process works on a complex chemical e q u i l i b r i a l k i n e t i c s  problem, 
i t  i s  prudent t o  monitor chemically re la ted parameters i n  add i t i on  t o  normal 
process measurements (pressure, pressure drop, temperature, l i q u i d  leve l ,  f low 
rate) .  These addi t ional  parameters include f l u i d  chemistry, p a r t i c u l a t e  
content i n  f l u i d ,  and gas content ( f o r  pressure maintained systems). 

Since 

On-line p a r t i c u l a t e  monitoring assures rap id  detect ion o f  operating upsets 

PNL (Shannon, Elmore, and Pierce 
tha t ,  might go unnoticed by normal process measurements. On-1 i n e  monitoring 
provides a mechanism t o  optimize the process. 
1981) and Vet ter  Research (Kandarpa e t  a l .  1981) have t r i e d  on- l ine p a r t i c l e  
monitoring under geothermal conditions. PNL found t h a t  high concentrations o f  
suspended p a r t i c l e s  resul ted from thermal cyc l i ng  dur ing up and down operation 
o f  a binary cyc le  plant. Vetter Research found t h a t  increased residence t ime 
i n  a reactor resul ted i n  both increased sizes and concentrations o f  pa r t i c l es .  
Both groups found l i m i t a t i o n s  on using e x i s t i n g  instrumentation f o r  on- l ine 
geothermal appl icat ions. PNL i s  undertaking addi t ional  research o f  p a r t i c l e  
instruments designed f o r  on- l ine geothermal appl icat ions.  

Since the  purpose o f  i n j e c t i o n  treatment i s  t o  avoid the  i n j e c t i o n  o f  sus- 
pended pa r t i c l es ,  o r  a so lu t i on  t h a t  may y e t  p r e c i p i t a t e  them, the  establ ish-  
ment of the s o l i d s  f low through the  process i s  a d i r e c t  measure o f  i t s  success. 
Table 6.1 i l l u s t r a t e s  p a r t i c u l a t e  d i s t r i b u t i o n s  through four examples: one 
pumped b inary cyc le  p lan t  and three reactor c l a r i f i e r  processes. 
informat ion were avai lable,  p a r t i c u l a r l y  r e l a t i n g  t o  the s i ze  o 
i t  would f i l l  i n  t h e  gaps and a i d  i n  t h e  s e l e c t i o  
the so l i ds  from the brine. 
base on d i f f e ren t  reservoirs, i t  would have t o  be: 

I f  more 

If a conclusion can be drawn from t h i s  l i m i t e d  data 
i f  the receiv ing formation 

s po ros i t y  con t ro l l ed  t o  avoid plugging the formation, then the pumped b inary 
c l e  w i l l  d e l i v e r  cleaner b r i ne  whose pa r t i cu la tes  are sized larger.  The l a r -  

ger par t icu la tes,  when they do accumulate t o  a f f e c t  i n j e c t i v i t y ,  w i l l  be eas ier  
t o  remove by backflushing. Smaller pa r t i cu la tes  can invade the  formation and 
cause more serious damage; Unfortunately, we have no operating geothermal 
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TABLE 6.1. P a r t i c l e  D i s t r i b u t i o n  i n  Br ine Treatments (um/ppm) Ld 
Magma B n ry MCR (Mercer-2 S l t o n  S a 

P1 ant la! GLEF Test(b) 42-Day Test('] ;Planf(dg 

>5 t o  13/0.7) 
Production f 1 ow (<0.4 and , 

Power ex t rac t i on  step; (25/1.1) 
output t o  i n j e c t i o n  
(Hx o r  f l a s h  
c r y s t a l l i z e r )  

- 

Reactor c l a r i f i e r  
i n f l o w  

Reactor c l a r i f i e r  
b r i ne  output 

<1 0/50-100) (.- 

Reactor output (5-10/ ) 
F lu id ized bed output (5-10/ 
S e t t l i n g  area (5-7/360) 

Reactor c l a r i f i e r  
sludge output 

Media f i 1 t r a t i  on 
b r i n e  output 

( /6-10%) 

Thickener b r i ne  output ( /500-1000) 

Thickener sludge 
output 

F i  1 t e r  press b r ine  
output 

F i l t e r  press sludge 
output 

( /10-20%) ( /15-18%) 

(a) Shannon, Elmore, and Pierce 1981. 
(b) San Diego Gas and E l e c t r i c  1980. 
(c)  Vet ter  e t  al.  1981; Kandarpa e t  a l .  1981. 
(d) Not confirmed by operator. 
(e) C o n f l i c t i n g  data (see tex t ) .  
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information on p a r t i c l e  sizes o f  f i l t e r  e f f l u e n t  other than (2 (and even 
t h i s  i s  unsure since the  same researcher, using other instruments, reported 
f a i r  numbers o f  5- t o  9-m par t i c l es ) .  The avai lab le data are too  l i m i t e d  t o  
make a good in terpretat ion.  

because small d i  f f erences i n composi t i on between en te r i  ng and 1 eavi ng f 1 u i  ds 
can detect  corrosion, scale deposition, o r  scale dissolut ion.  The basic sampl- 
i n g  equipment (described i n  Section 3) was adopted as ASTM Speci f icat ion E947 
i n  1983. 
c i a l l y  important i n  s i t ua t i ons  where scale i s  deposited i ns ide  the  piping. The 
scale would tend t o  f i l t e r  o r  p r e c i p i t a t e  out components as a sample i s  wi th-  
drawn unless a probe i s  pushed through the scale i n t o  the main flow. This 
monitor ing p r i n c i p l e  was used a t  the Salton Sea GLEF t o  detect  major sca l i ng  i n  
the equipment (Needham, Murphy, and McCawley 1976) . PNL used concentrat ion 
increases o f  2 ppm i r o n  t o  detect corrosion i n  a geothermal binary cyc le  p l a n t  
(Shannon, Elmore, and Pierce 1981). The small concentrat ion increase becomes 
s i g n i f i c a n t  when the  l a rge  f low rates are evaluated (Table 6.2). 

F l u i d  chemistry i s  an e f f e c t i v e  monitoring t o o l  f o r  a geothermal p lan t  

The use o f  the sampling probe inser ted i n t o  the main f low i s  espe- 

Monitoring the gas content o f  the b r ine  i s  useful  i n  binary cycle geo- 
thermal plants, although i t  may be o f  l i t t l e  i n t e r e s t  i n  f l a s h  cycles. The 
pressurized binary cyc le  has two concerns f o r  gas detection: 
change t h e  pH enough t o  cause CaC03 sca l i ng  and leaks o f  h igh l y  pressurized 
organic working f l u i d  i n t o  the b r ine  can be i n d i c a t i v e  o f  corrosive pe r fo ra t i on  
o f  the heat exchanger. On-line instrumentation can detect  both condi t ions 
(Shannon, Elmore, and Pierce 1981). PNL i s  developing improved instrumentat ion 
t o  detect  both gas breakout (Robertus, Shannon, and Su l l i van  1984) and working 
f l u i d  leaks i n t o  the b r i n e  f low (Kindle 1983). 

NCG breakout can 

TABLE 6.2. Chemical Ind icat ions o or ros ion i n  a Binary Cycle 
Geothermal Power P1 ant Tat 

I r o n  i n  I r o n  i n  
Incoming Brine, Outgoing Brine, I r o n  Increase, F ow, I r o n  Loss, 

10 3 kg/h kg/day Date mg/l mg/l 
11/6/79 0.5 3.1 2.6 215 14 
11/10/79 0.7 1.7 1.0 355 9 
1 / 30/8 0 0.2 2.2 2.0 277 13 
1 /31/80 0.2 2.1 1.9 27 7 13 
9/15/80 0.3 1.9 1.6 300 11 
10/22/80 0.5 .6 273 11 

(a) Samples were s t a b i l i z e d  w i th  nonoxidizing ac id  (HC1) before analysis. The 
usefulness of precise chemistry i n  monitoring the process i s  shown (Kindle 
and Shannon 1982). 
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6.2 CORROSION 

Produced br ines are oxygen f r e e  and chemically compatible w i t h  t h e  rock o f  
t he  production formation. Many metals are not  compatible with these brines, 
even as produced, and undergo a corrosion de te r io ra t i on  process. Subsequent t o  
u t i l i z a t i o n  and b r i n e  treatment, these br ines may have been changed to :  l ose  
dissolved gases, lose p rec ip i t a ted  minerals, add scale i n h i b i t o r s ,  and add 
atmospheric gases. The e f f e c t  o f  these changes on metal d u r a b i l i t y  should be 
included i n  t h e  design o f  a b r i n e  treatment process. The loss o f  dissolved 
gases i s  usual ly  bene f i c ia l  from a corrosion standpoint since the  loss o f  C02 
w i l l  tend t o  r a i s e  t h e  pH i n  many waters. Corrosive at tack on s tee ls  i s  
reduced as t h e  pH rises. 

temperature ( 8 0 O C )  o i  1 f i e 1  d h r i  nes and concluded t h a t  t h e  aggressiveness d i d  
not vary s i g n i f i c a n t l y  between pH 5 and 7. S im i la r  r e s u l t s  were found by Posey 
and Palko (1979) i n  t h e i r  study of hypersal ine corrosion rates as a func t i on  o f  
pH and temperature. Thei r  data, Figure 6.1, i nd i ca te  l i t t l e  s i g n i f i c a n t  pH 
dependence between pH 4 t o  7 above 10c)OC.  

A uniform scale deposi t ion i n h i b i t s  corros ive at tack on t h e  under ly ing 
surface. The e f f e c t  of scale i n h i b i t i o n  on corrosion r a t e  i s  much more var ied 

Duhalt, Mendoza, and Cortes (1970) looked a t  t h e  corrosiveness o f  low- 

I . --- 
500 

200 

100 

0.5 
A21 28  CARBON STEEL IN 
4 M  NaCl SOLUTION 
(234.000 ppm) 

I I I I I 

250 200 150 100 75 5 0  25 
TEMPERATURE, OC 

FIGURE 6.1. Electrochemical Corrosion Rates i n  Deaerated Hypersaline 
Br ine as a Function of pH and Temperature. Data points  
omitted (Posey and Palko 1979). 
dependence i n  pH 4 t o  7 range above 100°C i n ' t h i s  study. 

Note lack o f  pH 
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U and i s  frequently untested. r r a r  tested t h e ' r e l a t i v e  e f f e c t  o f  some scale 
s i l i c a  i n h i b i t i o n  studies (Harrar e t  a l .  1982). i n h i b i t o r s  on corrosion d u r i  

The scale i n h i b i t o r  t h a t  showed t h e  best corrosion protect ion was Corcat P-18 
(see Figure 6.2). Not a l l  scale i n h i b i t o r s  performed as corrosion i n h i b i t o r s  
a t  125V (Table 6.3); a few were accelerators. 
(Corsi 1984) of Monsanto Dequest 2066 i n h i b i t o r  (250 ppm i n  a b r i n e  with h igh 
scal ing tendencies) t h e  corrosion o f  t h e  Incoloy 800 p ip ing  was a t t r i b u t e d  t o  
the presence o f  t he  i n h i b i t o r .  

sphere. The only gas of any corrosion consequence i s  oxygen. Althbugh t h e  
s o l u b i l i t y  of oxygen decreases t o  a minimum as the  emperature r i s e s  near 100°C 
(Figure 6-31, i t  i s  very important t o  exclude oxyg contact w i t h  brine. Above 
100°C, t h e  s o l u b i l i t y  increases w i t h  temperature. I n  add i t i on  t o  uniform cor- 
rosion, oxygen i n  b r i ne  causes p i t t i n g  at tack on some stee ls  and can lead t o  
per forat ion of t h e  metal a t  ra tes f a s t e r  than predicted, based on uniform cor- 
rosion rates. Corrosion i n h i b i t o r s  do not prevent p i t t i n g ,  which proceeds a t  5 
t o  20 times the  uniform corrosion r a t e  (Annand, H i l l i a r d ,  and T a i t  1977). 
Since the  i n j e c t i  on we1 1 and b r i  ne treatment equi pment represent a substanti  a1 
investment, t h e  corros ive l i f e t i m e  should be established, p a r t i c u l a r l y  i f  the  

I n  a 45-day I t a l i a n  f i e l d  t e s t  

. +  

Atmospheric gases can d isso lve i n  t h e  b r ine  i f  i t  i s  exposed t o  t h e  atmo- 

1000 
T = 125OC 1 

FIGURE 6.2. Corrosion Rate of M i l d  Steel ( A I S 1  1018) i n  Hypersaline 
Magmamax 1 Brine. P e t r o l i t e  instrumentation; Harrar 
e t  a l .  1982. No tebene f i c ia l  e f f e c t  of chemical 
i n h i b i t o r  a t  h igh concentrations. 
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TABLE 6.3. S i l i c a  Scale I n h i b i t o r  E f f e c t  on Corrosion Rate.(a) LI 

Corrosion Rate, mpy 
Addi t ive (0.001 in./yr) 

Group A 
None, contro l  5 

Mirapol A-15 and Cycloryl  NA (20/20 ppm) 
PAE-HC1 (35 p w )  2 00 

- Corcat P-18 (35 ppm) 1.0 

Ethoquad 18/25 and HC1 (27/100 ppm) 20 
Ethoquad 18/25 and Duomac T (25/7 ppm) ,200 
Ethoquad 18/25 (325 ppm) 1.2 

2.4 

Group B 
None, contro l  15 

Cal gon CL-165 2 
Natco S-404 3 
Betz 419 4 
Thermos01 APS 5 

Geomate 256 
Drewsperse 747 
Cortron R-16 
SW Chem SC-210 

15 
15 
25 

25 t o  60 

(a) M i l d  s tee l  ( A I S 1  1018) ra tes measured by l i n e a r  po la r i za t i on  
resistance technique a t  125OC ( a f t e r  Harrar). Magmarnax 1 
hypersal ine brine; pH 5.7-5.9 . 

b r i n e  treatment includes a pathway f o r  oxygen contact w i t h  t h e  br ine.  
Figure 6.4 shows t h e  r e s u l t  o f  p i t t i n g  i n  downhole we l l  materials. 

t h e  l o c a l  t e s t  va r ia t i ons  t h a t  a f fec t  t h e  environment surrounding t h e  metal 
t e s t  coupon. I n  addi t ion,  shor ter  term ( less than 30 days) corrosion t e s t s  
f requent ly overestimate t h e  corrosion r a t e  when extrapolated t o  longer term 
exposures. Pa r t l y  i n  response t o  these concerns, Radian Corporation and DOE 
have published two comprehensive survey manuals on corrosion i n  geothermal 
environments ( E l l i s  e t  a l .  1983; E l l i s  and Conover 1981). 

Corrosion data may not  be read i l y  t rans fe r rab le  t o  other s i t ua t i ons  due t o  
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vapor a t  a t o t a l  pressure o f  760 mm Hg (Cramer 1974). 

FIGURE 6.4. Results o f  P i t t i n g  Attack 
a t  Hypersaline Salton Sea 
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Shannon, Elmore, and Pierce (1981) reported on a cooperative PNL/Magma 
Power CompanylDOE program t o  develop instrumentat ion and monitor the  chemistry 
and mater ia ls  o f  the  f i r s t  U.S. b inary cyc le  geothermal plant. Uniform corro- 
sion, p i t t i n g  attack, and pro tec t ive  scale were a l l  noted. Through the  use o f  
inser tab le  on-1 i n e  resistance corrosion probes (Figure 6.5), permi t t ing  removal 
i n s t a l l a t i o n  wi thout d is tu rb ing  p lant  operations (Figure 6.6), the  corrosion 
r a t e  changes detected unexpected operating condi t ions/errors before damage was 
done t o  components. 
l o t  o f  up and down p lan t  operations dur ing s ta r tup  o f  t h i s  new technology, t he  
t yp i ca l  corrosion r a t e  i n  t h i s  177OC 8000-ppm TDS b r i n e  was 5 t o  10 mpy. 
use of b r i ne  composition analysis t o  detect  corros ive at tack i s  i l l u s t r a t e d  i n  
Table 6.2. 

I n  the  f i r s t  years o f  p lan t  operation, which experienced a 

The 

Shannon found t h a t  o f  the  two types o f  on- l ine corrosion monitors, res is -  
tance and l i n e a r  po lar izat ion,  -the former was more r e l i a b l e  i n  pressure and 
temperature c y c l i c  geothermal service, The commercial l i n e a r  po la r i za t i on  
probe had a seal t h a t  leaked and resul ted i n  ind icated corrosion rates below 
what was ac tua l l y  being experienced. A l l  probes need t o  be placed t o  p ro tec t  
them from the  erosion po ten t ia l  o f  the  center pa r t  o f  the  b r ine  flow. 

CORROSION METERJ INSULATED CORROSION/ 
SENSOR SCALING SPECIMENS 

FIGURE 6.5. Inser tab le Corrosion Monitor ing Probe. PNL 
device and var ia t ions o f  i t  t o  provide combined on- l ine 
and h i s t o r i c a l  corrosion data (Shannon, Elmore, and 
Pierce 1981). This inser tab le  probe i s  re fe r red  t o  i n  
the  fo l low ing  f igure.  The specimens and the  sensor 
must be protected from a typ ica l  vel  oc i  ty-based erosion . 
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BRINE PICK-UP 

CORROSION METER TO INJECTION 
PUMP SUCTION 

CONDUCTIVITY PRESSURE/TEMP. 

PROBE INSERTION/ 
RETRIEVAL LOCK 

SYSTEM PLUGS 

FIGURE 6.6. Monitoring Stat ion A f te r  I n j e c t i o n  Pump. This s t a t i o n  
monitored corrosion changes and t e s t  instruments a t  t he  
Magma East Mesa Plant. The d i f ference i n  pressure before 
and a f t e r  the i n j e c t i o n  pump permits a con t ro l l ed  f low 
through the s t a t i o n  (Shannon, Elmore, and Pierce 1981). 

6.3 INJECTION WELL MONITORING 

The l i f e  span o f  an i n j e c t i o n  we l l  i s  o f ten  a r e f l e c t i o n  o f  how the we l l  
i s  operated. One of the key operations t h a t  a i d  i n  maintaining capacity i s  
pe r iod i c  backflushing. It i s  essent ia l  t h a t  t he  i n j e c t i o n  system be designed 
f o r  pe r iod i c  backflushing. 
so t h a t  as a zone becomes i n e f f e c t i v e  i t  can be abandoned i n  favor o f  more 
permeable zones i f  i t  c not be restored 

Resides pe r iod i c  backflushing and aban i n g  i ne f fec t i ve  zones, there are 
several operational aspects t h a t  can a i d  i n  i n t a i n i n g  the capacity of a w e l l  . 
As mentioned by Knutson and Boardman (1978), t he  l i f e  span o f  an i n j e c t i o n  w e l l  
increases as the i n j e c t i o n  f low r a t e  decreases. Thus, i t  might be prudent t o  
use a l l  t he  ava i l ab le  i n j e c t i o n  wel ls  simultaneously f o r  disposal, which would 
minimize the disposal flow r a t e  per well .  

It i s  advantageous t o  have m u l t i p l e  i n j e c t i o n  zones 

It was a lso noted t h a t  i n j e c t i o n  - -  - 

/ 

we l l s  l ose  capacity more rap id l y  i f  they are used i n t e r m i t t e n t l y .  

Careful monitor ing and reco keeping are essent ia l  f o r  each i n j e c t i o n  
we l l  t o  es tab l i sh  the magnitude of w e l l  impairment, i t s  po ten t i a l  cause, and 
the percent of recovery a f t e r  wel l  rehab i l i t a t i on .  Data t h a t  should be co l -  
l ec ted  dur ing the  l i f e  of 'an i n j e c t i o n  wel l  are l i s t e d  on Table 6.4. 
items l i s t e d  are not needed a t  any one time; and, i n  many cases, some o f  t h e  

A l l  t he  

ksd' 
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I tem 
1 
- 

2 

3 

4 

5 

6 

7 

8 

9 

10 

TABLE 6.4. Suggested F i e l d  Invest igat ions f o r  
Monitoring I n j e c t i o n  well  s 

Procedure 

Per iod i ca l l y  sample the  b r i n e  before treatment, a f t e r  treatment, and j u s t  
before i n j e c t i n g  f o r  water chemistry, suspended sol ids,  and gas bubbles. 

Record i n j e c t i o n  rate, i n j e c t i o n  pressure, and in jec ted  f l u i d  
t empe r a t  u re. 

From recorded data (I tem 2) determine t h e  conduct iv i ty  o f  t he  wel l  (Kh) 
from a r e i n j e c t i o n  fmpai rment map ( R I M )  . 
Run pe r iod i c  membrane f i l t e r  t e s t s  (Rarkman-Davidson) t o  coincide w i t h  
f l u i d  sampling on samples o f  i n j e c t i o n  f l u i d  before treatment, a f t e r  
treatment, and j u s t  before i n jec t i on .  

Run f low and pressure t e s t s  (discussed i n  Section 3); downhole pressure 
p r o f i l e  o f  wel l ,  t r ans ien t  pressure tests ,  in ter ference tests ,  d r i J l  stem 
tests,  and f a l l o f f  tests.  

Re-perform geophysical 1 oggi ng, ca l iper ,  gamna density , temperature, and 
natural  gamma. 

Record i n j e c t i o n  pump performance. 

Col lect  samples o f  scale i n  t h e  i n j e c t i o n  system. 

Col lect  corrosion data from coupons and corrosion r a t e  meters. 

Keep a w e l l  log, record t imes o f  i n jec t i ng ,  any problems, maintenance, 
and w e l l  recovery operations. 

items w i l l  never be required, depending on we l l  performance. A t  t h e  minimum, 
Items 1, 2, 3, 4, and 10 are recommended. Since most o f  t h e  i n j e c t i o n  per for -  
mance t e s t s  were discussed i n  Section 3 f o r  estab l ish ing a preoperational base 
l i n e ,  these t e s t s  w i l l  only be b r i e f l y  reviewed here as they apply t o  w e l l  
monitoring. 

6.3.1 I tem 1 - Suspended Sol ids 

P a r t i c u l a t e  plugging i s  one of the major causes o f  we l l  impairment; thus, 
i t  i s  essent ia l  t h a t  p a r t i c  1 t e s  be monitored. Monitoring t h e  pa r t i cu la tes  a t  
key locat ions i n  t h e  streamyaP can help determine where t h e  p a r t i c u l a t e s  are 
produced. These data along w i t h  t h e i r  chemistry, quant i ty,  s i ze  ranges, and 

(a) For example, a t  each production well ,  a f t e r  mixing o f  t he  production 
f l u i d s ,  a f t e r  heat ex t rac t i on  o r  steam f lashing, a f t e r  waste treatment, 
and j u s t  before i n jec t i on .  
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physical  cha rac te r i s t i cs  provide the  necessary informat ion f o r  estab l ish ing 
treatment methods and f o r  monitoring the  success o f  these methods. 
changes i n  t h e  p a r t i c u l a t e  content can occur due t o  changes i n  the  p lan t  opera- 
t ion.  By frequent monitoring, these changes can be i d e n t i f i e d  and correspond- 
i n g  changes i n  t h e  waste treatment can be made t o  o f f s e t  these peak periods. 
Methodology fo r  sampling and analyzing the b r ine  chemistry and suspended par- 
t i c u l a t e s  was discussed i n  Section 3. 

6.3.2 Item 2 - I n j e c t i o n  Wellhead P a t a  

6*, Sudden 

Recording t h e  f low r a t e  a t  each i n j e c t o r  well ,  t he  corresponding i n j e c t o r  
we l l  pressure, and i n j e c t e d  f l u i d  temperature provides a low-cost p i c t u r e  o f  
t h e  i n j e c t o r  performance. Recause o f  t h e  s i m p l i c i t y  and low Cost, i t  i s  h i g h l y  
recommended t h a t  I tem 2 be included i n  a we l l  monitoring program. P l o t t i n g  t h e  
i n j e c t i o n  pressure versus t h e  i n j e c t i o n  r a t e  provides a good v i s u a l i z a t i o n  o f  
t h e  i n j e c t i o n  performance. Table 6.5 contains data from Magma Power Company's 
i n j e c t i o n  we l l  46-7 and shows t h a t  t h e  i n j e c t i v i t y  o f  t h e  we l l  decreased from 
1.81 t o  0.93 as t h e  w e l l  became impaired. A f t e r  backflushing, t he  i n j e c t i v i t y  
increased t o  2.53. 

6.3.3 I tem 3 - Rein ject ion Impairment Map 

A. R I M  p l o t s  i n j e c t i o n  we l l  surface pressure against water i n j e c t i o n  r a t e  
f o r  a fami ly  o f  kh  (m i l l i da rcy - fee t )  values. Ry p l o t t i n g  the  pressure versus 
f low data obtained a t  t h e  wel l ,  an estimate can be made o f  t he  w e l l ' s  current  
conduct iv i ty  (kh). The R I M  i s  an improvement over j u s t  i n j e c t i v i t y  (I tem 2) 
because i t  encompasses t h e  t o t a l  system hydraul ics, i ncludjng reservoi r hydro- 
dynamics, t ub ing  f r i c t i o n ,  and hydrostat ic  d r i v i n g  forces. One disadvantage i s  

TABLE 6.5. Excerpt from Magma Power's Operational 
Log f o r  I n j e c t i o n  Well 46-7 

Flow, I n j e c t i v i t y  
Date Je!!.L p s i g  ( f l  owlpressure) 

763 470 1. 
749 530 1. 

5/23/78 646 515 1.25 
5/25/78 656 541 1.21 
5/26/78 721 645 1.12 
5/31/78 506 540 0 093 

8/9/78 647 255 2.53 

Well impaired; backflushed 
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t h a t  a separate map must be constructed f o r  each water i n j e c t i o n  temperature 
and probably fo r  each i n j e c t i o n  well .  Despite t h e  i n i t i a l  t ime f o r  construc- 
t i o n  o f  t h e  RIMS, they are recommended as a valuable t o o l  t o  evaluate t h e  cur- 
rent  s t a t e  of t h e  i n jec to r .  
Jorda (1978). Figure 6.7 i s  an example o f  a R I M  f o r  Flagma Power Company's 
i n j e c t i o n  wel l  46-7. 

For more d e t a i l s  on the  construct ion o f  a RIM,  see 

6.3.4 

The membrane f i l t e r  t e s t  i s  a r e l a t i v e l y  quick and inexpensive t e s t  and i s  
recommended f o r  a wel l  monitoring program. By comparing the  permeabi l i ty  (md) 
of t he  f i l t e r  cake from a current t e s t  with previous tests,  a r e l a t i v e  guide t o  
the  po ten t i a l  f o r  t he  current  waste t o  impair  t h e  i n j e c t i o n  system can be made. 
By using t h e  f i l t e r  cake md and t h e  estimated formation md, the  mode o f  impair- 
ment can be estimated. 

I tem 4 - Membrane F i l t e r  Tests 

6.3.5 I tem 5 - Flow and Pressure Tests 

Flow and pressure t e s t s  provide many we l l  and reservo i r  data such as poro- 
s i t y  and permeabi l i ty  o f  reservo i r  rock around t h e  wel l ,  sk in  factor ,  t he  num- 
ber  of aquifers, and changes i n  pressure w i t h  depth. Monitor ing changes i n  
these parameters would provide i n s i g h t  as t o  t h e  accep tab i l i t y  o f  t he  i n j e c t i o n  
system t o  t h e  i n j e c t e d  waste. Although these t e s t s  do requi re  more elaborate 
equipment than t h e  t e s t s  l i s t e d  under t h e  f i r s t  f ou r  items, they a lso provide 
more de ta i l ed  information. Thus, i t  depends on the  performance o f  t he  i n jec -  
t i o n  system how o f ten  these t e s t s  should be performed, i f  a t  a l l .  Roth down- 
ho le pressure p r o f i l e s  o f  t he  w e l l  and t rans ien t  pressure t e s t i n g  can be 
performed dur ing normal p lan t  operations, so they are more convenient than the  
other tests.  An example o f  estimated reservo i r  parameters obtained from pres- 
sure and f low t e s t s  i s  presented i n  Table 6.6. 

Br ie f l y ,  t he  two production t e s t s  demonstrated i n  Table 6.6 provide a mea- 
sure of t h e  average formation permeabi l i ty  throughout t h e  wel l  depth (kh) and a 
measure of average reservoi r compressi b i  1 i t y  throughout t h e  we1 1's depth (6ch). 
Besides obtaining base-line wel l  data f o r  l a t e r  comparisons, inferences about 
t h e  area hydrology can often be made. Since the  production t e s t s  w i t h  Well 
38-30 and then Well 25-20 producing resul ted i n  s i m i l a r  kh and &h values i n  
Wells 56-30 and 31-1, t he re  appears t o  be open communication between these 
wells. 

6.3.6 I tem 6 - Geophysical Logging 

By repeating t h e  geophysical logs and then comparing them w i t h  the  pre- 
operational logs, a basis can be derived f o r  determining what damage has 
occurred t o  the  i n j e c t i o n  system dur ing p lan t  operations o r  t he  ef fect iveness 
of we l l  recovery methods. The disadvantages of geophysical logging f o r  we l l  
monitoring are t h a t  t h e  we l l  must be temporar i ly  shut down and t h e  t e s t  i s  more 
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INJECTION RATE,THOUSANDS OF b/d 

POINT A REPRESENTS THE WELL PERFORMANCE BEFORE BACKFLUSH 

POINT B REPRESENTS THE IMPROVED PERFORMANCE AFTER BACKFLUSH 

%FIGURE 6.7. R I M  f o r  Well 46-7. Rased on: water v i scos i t y  = 0.185 cp 
Re = 1000 ft; R = 6 in.  Fracture pressure i s  j u s t  under 
700 p s i  (Jorda r980). 

expensive than most o f  t h e  other l i s t e d  items. O f  course, i f  problems are 
impl ied from surface data, these disadvantages are outweighed by t h e  precise 

. 

informat ion t h a t  they can provide, such as borehole diameter p r o f i l e ,  po ros i t y  
o f  i n j e c t i o n  i n te rva l s ,  temperature p r o f i l e ,  and loca t i on  o f  and f r a c t i o n  o f  
c l a y  

6.3.7 

The f i r s t  s i x  items are t e s t s  t o  obta in  current data on t h e  i n j e c t a b i l i t y  
of t h e  system. The next f ou r  items are more o f  a cataloging nature. Besides 
such data as t h e  permeabi l i ty  of t h e  receiv ing formation, i t  i s  advantageous t o  
record and c o l l e c t  t h e  informat ion l i s t e d  i n  Items 7 through 10. Without t h a t  
data, a f u l l  p i c t u r e  of t h e  h i s t o r y  and t h e  current s t a t e  o f  t he  i n j e c t i o n  sys- 
tem cannot be drawn. Rack und data include: Item 7, a record o f  i n j e c t i o n  
pump performance; I tem 8, o l - lect ion o f  scale samples from t h e  i n j e c t i o n  sys- 
tem; Item 9, corrosion data of t h e  i n j e c t i o n  system obtained from coupons and/ 
o r  corrosion r a t e  meters; and Item 10, a w e l l  l o g  record o f  a l l  events includ- 
i n g  shutdown and i n j e c t i o n  times, any problems, and we l l  recovery operations. 
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TABLE 6.6. Estimates o f  Reservoir Parameters Obtained from ii 
Press r /Flow Tests a t  Republic Geothermal 
We1 1 s Yay 

Test 1 Test 3 
We1 1 (38-30 producing) (25-20 producing) Previous Estimates 
36-30 kh = 24,800 md-ft Borehole logs (Republic): 
- 

kh = 44,000 md-ft 
Rui 1 dup t e s t  (Republic) : 
kh = 41,700 md-ft 
In ter ference t e s t  (LSL): 
kh = 29,500 md-ft 

--- 

56-30 kh = 26,300 md-it  kh = 23,600 md- f i  
4ch = 4.5 x 10- f t / ps i  gch = 7.89 x 10' f t / p s i  

31-1 kh = 35,400 md-fs kh = 31,700 md-gt 
gch = 2.07 x 10' f t / p s i  4ch = 2.4 x 10' f t / p s i  

16-29 kh = 21,800 md-f5 --- 
gch = 2.35 x 10- f t / p s i  

Rorehol e 1 ogs (Republ i c)  : 
kh = 30,000 md-ft 
Bui 1 dup t e s t  (Republ i c )  : 
kh = 34,700 md-ft 

78-30 --- kh = 10,400 md-fs 
gch = 6.68 x 10- f t / p s i  

(a) Narasimhan e t  al.  1977 
(b) kh = reservo i r  t ransmiss iv i ty  and 4ch = reservo i r  compressibi l i ty .  

Co l lec t ing  and logging the  informat ion i s  not expensive o r  
thus, t he  monitor ing p lan f o r  every i n j e c t i o n  we l l  should 
through 10. 

6.4 IMPAIRED INJECTION SYSTEMS 

t ime consuming; 
nclude Items 7 

Despite t h e  impairments t h a t  are discussed i n  t h i s  section, many i n j e c t i o n  
systems operate w i th  minimal d i f f i c u l t y .  Their  success i s  a combination o f  
careful  p lann ing ' to  avoid o r  eas i l y  recover from impairments and favorable 
receiv ing systems. Owen e t  a l .  (1979) discuss t e s t i n g  of c l a r i f i e d  geothermal 
br ines f o r  i n j e c t a b i l i t y .  Some examples o f  geothermal i n j e c t i o n  systems t h a t  
have operated without d i f f i c u l t y  are l i s t e d  i n  Table 6.7. More d e t a i l  on these 
geothermal systems can be found i n  Section 80 
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TABLE 6.7 . Geothermal I n j e c t i o n  Systems That Have Operated 
Without D i f f i c u l t y  

Locat i on Problem Avoided 

Ahuachapan, E l  Sa 1 vador 

On i kobe, Japan 

Salton Sea, C a l i f o r n i a  

S i  1 i ca scal ing by i n j e c t i  ng above amorphous 
s i l i c a  saturat ion 

Thermal breakthrough; successful i n j e c t i o n  
conf i gu r a t  i on 

Aggressive b r i n e  treatment process r e s u l t s  
i n  s i l i c a  and metal s u l f i d e  deposi t ion i n  
surface f a c i l i t i e s  ra ther  than downhole 

Several i n j e c t i o n  system impairments and several possible so lut ions and 
preventions are l i s t e d  i n  Table 6.8. The impairments include vapor loading, 
formation c lay  swell ing, formation permeabi l i ty  reduction, wellbore f i l l  and 
scaling, thermal breakthrough and unwanted f l u i d  migration, and mechanical 
problems. The so lut ions t o  these impairments most o f ten  c a l l  f o r  backflushing, 
t h e  use of addit ives, hydrocracking t h e  formation, mechanical t r e a t i n g  o r  
cleaning of t h e  i n j e c t i o n  we1 1, changing operational procedures (such as c los- 
i n g  o f f  t h e  system t o  oxygen), and re loca t i on  t o  another i n j e c t i o n  horizon. 

examples of recovered geothermal s i t e s  are l i s t e d  i n  Table 6.9. The f o u r  
. i n j e c t i o n  system problems t h a t  have been successful ly t rea ted  are: 

breakthrough by changing t h e  s t r a t a  t h a t  receives the  i n jec ted  f l u i d  by 
r e d r i l l i n g  o r  cessation o f  problem wells; 2) impairment due t o  wellbore f i l l  by 
backflushing; 3) impairment due t o  amorphous s i l i c a  deposi t ion by ac id  t r e a t -  
ment o r  hydrocracking; and 4) impairment due t o  heavy metal oxide bui ldup by 
seal ing i n j e c t i o n  systems from a i r  in t rus ion.  

The success r a t e  f o r  recovery from i n j e c t i o n  system impairment i s  good; 

1) thermal 

6.4.1 Vapor Loading 

the  rese rvo i r  and remains a gas. The a i r  w i l l  then produce vapor - f i l l ed  
"tubes" t h a t  provide a barrier,t_o l i q u i d  flow. Vapor loading could 'also theo- 
r e t i c a l l y  happen when ac id i z ing  a n - i n j e c t i o n  we l l  t h a t  t ransects carbonate f o r -  
mations. There are a number of so lu t ions f o r  a vapor-loaded in jec to r .  
include backflushing and reso lub i l  i z i n g  the gas by increasing the  pressure. 
Vapor loading has not been a problem i n  geothermal i n j e c t i o n  systems. 

Vapor loading occurs when undissolved a i r  i n  the  l i q u i d  i s  i n jec ted  i n t o  
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I n j e c t i o n  
System Problems 

Vapor loading 

Format i on c l  ay swell i ng 

Formati on permeabi 14 ty  
reduction; other causes 

Wellbore f i l l  and scal ing 

Thermal breakthrough and 
unwanted f l u i  d migrat ion 

Mechanical problems 

Subsidence 

Possible Solut ions and Preventions 

Rackf 1 ushi ng. 
Resolution w i t h  higher pressure. 

Addit ives t o  reduce (alcohols, ketones) o r  
prevent (hydroxy aluminum) swell ing. 
Hydrocrack formation. 
Preoperational study t o  prevent swell ing. 

Rackflushing. 
Hydrocrack formation. 
Addi t i ves f o r  d i  ssol u t i  on . 
Dissolv ing by reheating formation dur ing 
shut-i n. 
Preoperational study o f  i n j e c t i o n  on t h e  
i n j e c t o r  formations . 
Proper i n j e c t i o n  treatment process. 

Back f 1 us h i  ng . 
Redi ssol v i  ng by reheat i  ng d u r i  ng shut- i  n. 
Redi ssol v i  ng by addi t ives , i nc l  udi  ng C02 . 
Close o f f  system from oxygen; prevent metal 
oxide compounds. 
Maintain a C02 .pressure; prevent carbonates. 
Maintain an i n j e c t i o n  temperature and pressure 
t o  prevent preparation o f  amorphous s i l i c a  o r  
carbonates. 
C1 ean out we1 1 mechanical l y  . 
Reperforate l i n e r .  
Proper we l l  design t o  prevent sand i n f i l t r a t i o n .  
Proper i n j e c t i o n  treatment process. 

Re1 ocate i n j e c t i  on we1 1 s/cessation o f  p a r t  i c u l  a r  
wells. 
Change i n j e c t i o n  depth by reperforat ing/seal ing.  
Induce formation scal ing t o  r e t a r d  migration. 
Perform i n i t i a l  study t o  determine best 
locat ions f o r  in ject ion/product ion wel1,s. 

Rep1 ace o r  repai r . 
Increase i n j e c t i o n  volume. 
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TABLE 6.9 . Successful Recoveries from Geothermal c, 
I n j e c t i o n  Problems 

System Problem Locat i on Solut ion 
I n j e c t i o n  

Thermal breakthrough The Geysers, Cal i f o r n i  a 

Kakkonda, Japan 

Oni kobe, Japan 

Redr i l l ed  i n j e c t i o n  w e l l s  
deeper than production wells. 

Cessation o f  i n j e c t i o n  a t  
f ou r  wells. 

Redri 1 l e d  new i n j e c t i o n  we1 1 s 
f u r t h e r  apart. 

We1 1 bore f i 1 1 Magma, Cal i f o r n i  a Rack f 1 u shi n g . 
Magmamax 2, C a l i f o r n i a  Rackfl ushing. 

Ice1 and Rackf l ush i  ng. 

Amorphous s i l i c a  N i  land (GLEF), C a l i f o r n i a  Produced formation f ractures,  
deposit i on l a t e r  employed a treatment 

system . 
hi 1 1 ed addi t i  onal we1 1 s ; 
used ac id cleaning (HC1) and 
t e s t  i n g water treatment 
methods 

Otake and Hatchobaru, 
Japan 

North Rrawley, C a l i f o r n i a  Acid treatment (HC1-HF). 

Magmamax 3, C a l i f o r n i a  Acid treatment (HF) . 
Well 1, C a l i f o r n i a  Acid treatment (HC1-HF). 

Acid treatment (HC1-HF). 

Seal i ng system from a i  r 
i n t  r u s i  on . N i  1 and (GLEF), Cal i f o r n i  a 
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6.4.2 Formation Clay Swel l ing 

I f  c lay  minerals, especia l ly  montmori l lonite, are contacted by a fo re ign  
water with a lower s a l i n i t y ,  they w i l l  undergo some expansion. Clay swel l ing 
reduces t h e  pore space and thus lowers t h e  permeabi l i ty  o f  t h e  formation. For 
most geothermal -s i tes,  a f l u i d  with higher s a l i n i t y  than the  connate water may 
be injected. I n  addit ion, t h e  c lay  content o f  current i n j e c t i o n  s i t e s  happens 
t o  be low. For these two reasons, formation c lay  swel l ing has not been 
troublesome. 

I f  c lay  swell  i n g  does occur, recovery i s  general ly successful ; strong 
acids, alcohols, and some ketones can remove the  e f f e c t s  o f  c lay  swel l ing 
wi th in a few hours. Replacing t h e  fo re ign  water, which caused t h e  swell ing, 
w i t h  water o f  equal pH and i o n i c  strength t o  the  o r i g i n a l  connate water w i l l  
cause t h e  clays t o  slowly re tu rn  t o  t h e i r  o r i g i n a l  state. The fo re ign  water 
can be replaced by backflushing. Hydrocracking t h e  impaired formation might 
a l so  be an a l ternat ive.  

Formation c l a y  swel l ing can be prevented by performing i n i t i a l  t e s t s  on 
the  receiv ing formations p r i o r  t o  i n j e c t i o n  t o  determine t h e i r  swel l ing poten- 
t i a l .  P o t e n t i a l l y  troublesome formations can be flushed w i t h  chemicals t h a t  
are e a s i l y  absorbed on t h e  c l a y  surfaces t o  prevent swell ing, such as the  
widely used hydroxy aluminum ser ies o f  retardants. 

6.4.3 Formati on Permeabi 1 i t y  Reducti on 

The operational signs t h a t  formation permeabi l i ty  reduction i s  t ak ing  
place can be t h e  same as f o r  wellbore f i l l  and scaling. 
pressure i s  required t o  maintain f l o w .  When t h i s  happens, t h e  w e l l  system 
should be tested t o  determine what i s  causing the  impairment. 

Increased i n j e c t i o n  

Inducing formation f r a c t u r i n g  i s  one o f  several techniques t o  r e h a b i l i t a t e  
plugged formations. Other techniques include backflushing t h e  i n j e c t i o n  we l l s  
t o  remove t h e  sol ids,  in t roducing addi t ives t o  the  i n j e c t e d  b r i n e  t o  d isso lve 
t h e  plugs, o r  d i sso l v ing  by reheating the  formation dur ing shut-in. Neither 
backflushing nor t h e  use of addi t ives w i l l  be successful i f  the formations are 
extensively plugged because not enough f low w i l l  be ava i l ab le  t o  e i t h e r  push 
t h e  so l i ds  out o r  t o  d i s t r i b u t e  t h e  ac id  t o  the  e f f e c t i v e  areas. The addi t ives 
fo r  d isso lv ing t h e  plugs are discussed i n  t h e  fo l l ow ing  section. 

Reservoir f r a c t u r i n g  has long been used by t h e  petroleum indust ry  t o  s t i -  
mulate production wells. The process e n t a i l s  pumping water and sand under h igh 
pressure i n t o  t h e  s t r a t a  near a well .  The hydraul ic pressure opens cracks and 
bedding planes and t h e  sand keeps t h e  f ractures open when pressure i s  reduced. 
Formation permeabi l i ty  reduction occurred a t  t h e  GLEF f a c i l i t y  a t  Niland, 
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Cal i forn ia .  
t i o n  pressures were raised and formation f ractures were opened. 
f r a c t u r i  ng was required several t imes . 
apply t o  geothermal systems have been studied by the  Geothermal Reservoir Well 
St imulat ion Program (Republic Geothermal 1980) (Table 6.10). Comments apply t o  
formation f r a c t u r i n g  t o  enhance production, but  these same techniques can be 
used t o  f r a c t u r e  formations t o  increase t h e i r  i n j e c t a b i l i t y .  

i n  t h e  borehole. McKee and Hanson (1976) have developed theo re t i ca l  expres- 
sions t o  a i d  i n  p red ic t i ng  t h e  e f f e c t s  o f  explosives on permeabi l i ty  
enhancement . 
6.4.4 Wellbore F i  11 and Scaling 

area immediately around t h e  wel l .  Wellbore f i l l  ,and scal ing i s  a major cause 
of geothermal i n j e c t i o n  system impairment. It has occurred a t  a number o f  
s i tes;  f o r  example, Magma Well 46-7A, Magmamax 2 and 3, North Brawley, Veysey 
Well No. 1, Cal i fornia;  Iceland; and Otake and Hatchobaru, Japan. As the  wel l -  
bore area becomes plugged, i n j e c t i o n  pressure must be increased t o  maintain 
flow. Eventually, e i t h e r  t h e  addi t ional  cost  o f  increased pumping o r  t he  l i m i t  
on pumping pressure w i l l  requi re  r e h a b i l i t a t i o n  o r  abandonment o f  t h e  wel l .  

The method of i n j e c t i o n  we l l  r e h a b i l i t a t i o n  depends on the  cause o r  causes 
of t he  impairment. Frequent causes of we l l  impairment are l i s t e d  below: 

o During shut- in periods, sand grains i n f i l t r a t e  i n t o  the  we l l  due t o  

As t h e  i n j e c t i o n  became progressively more d i f f i c u l t ,  t he  in jec-  
U 

Formation 

Current w e l l  s t imulat ion techniques by rese rvo i r  f r a c t u r i n g  and how they 

Another method t o  produce formation f r a c t u r i n g  i s  t o  detonate explosives 

For t h e  purpose o f  t h i s  section, t h e  term "wellbore" a l so  includes t h e  

poor we1 1 completion techniques. 

o ' Dur i  ng operation, nonscal i n g  causes might i nclude 

- pa r t i cu la tes  from production wel ls  treatment systems 
may plug t h e  w e l l  

- w e l l  casing and f l u i d  corrosion p r  

- in t roduc t i on  of oxygen i n t o  i n j  
t o  metal oxides 

6 During operation scal i ng causes, as explained 
include 
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TABLE 6.10. Examples o f  Formation Frac tur ing  Techniques and 
The i r  App l ica t ion  t o  Geothermal Systems 

Potent I a I 
Tvae o f  Removes Provldes 

St lkJ la t lon  We1 lbore Reservolr Chemlcal Fluld Appl lcat lon t o  
Technlque Damage Stlmulatlon Type o f  Proppant Effects Conpatlbl l l t y  Formatton Damage Geothermal h e r v 6 l r s  

Water Yes Sllght, Usually sand a t  Mlnlmal Water has t o  Mlnlmal I f  water Yes; I n  certaln areas t o  
fracturl'ng because low concentrattons be conpatlble Is conpatlble overcome wellbore damage 

fractures up t o  I Ib/gal wl th formptlon by scale and t o  reduce 
are  too 
short  

pressure drop 

Pressure 
cycllng 
f ractur I ng 

Super sand 
f l u x  

Yes Yes Usual ly sand a t  M I  nlmal Water has t o  Mlnlmal I f  water 
low t o  medlum be conpatlble Is conpatlble 
concentratlons, wl th formatton 
may be s lugs of 
sand 

coheslve proppant be conpatlble no flnes, more 
retatns perme- 1 nput 
ab1 l l t y  under hlgh 
closure 

Yes Yes Super sand - a Mlnlmal Water has t o  Mlnlmal because 

Yes; f o r  Increased pro- 
duct I on fractures and 
fractured zones 

Yes; no sand f Ion back; 
permanent s t  I mu I at lon 

Source: Republlc Geothermal 1980. 
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- amorphous s i l i c a  deposi t ion 

- various mineral p r e c i p i t a t i o n  caused by i n j e c t i n g  water t h a t  i s  

CI, 

incompatible w i t h  the  connate water 

- carbonate p r e c i p i t a t i o n  (due t o  retrograde s o l u b i l i t y )  as the  
water i s  reheated t o  downhole temperature. 

Sand g ra in  i n f i l t r a t i o n  r e s u l t s  from poor w e l l  completion techniques t h a t  
al low sand grains t o  i n f i l t r a t e  i n t o  the  wel l  dur ing shut- in periods. 
i n j e c t a b i l i t y  o f  t he  we l l  decreases as t h e  we l l  i s  f i l l e d  and i n j e c t i o n  aqui- 
f e r s  are buried. The we1 1 can be per iod ica l  l y  rehabi 1 i t a t e d  by backf 1 ushi ng . 
Rackflushing i s  probably t h e  most successful technique t o  recover from sand 
g ra in  i n f i l t r a t i o n  as long as the grains are not s i g n i f i c a n t l y  cemented. I f  
they are, chemical treatment o r  mechanical cleaning methods w i l l  probably be 
required. The petroleun indust ry  has developed many t o o l s  f o r  mechanical 
cleaning; f o r  example, t h e  McGaffey-Taylor and the  Chevron Hyperjet tools.  

Rackflushing consists o f  b r i ng ing  up, wi th a sudden flow, the f l u i d  o r  
f lu id /gas t h a t  was in jec ted  i n t o  t h e  wel l .  Hopefully, t he  pa r t i cu la tes  and 
scale t h a t  plugged t h e  pore spaces w i l l  be washed up w i t h  t h e  f l u i d .  Care must 
be taken dur ing backflushing not  t o  damage t h e  wellbore. One o f  t he  p o t e n t i a l  
damages could be t h e  development of carbonate scale r e s u l t i n g  from too  great a 
pressure drop across the  sand face. Formation f r a c t u r i n g  and backflushing are 
r e l a t i v e l y  l ess  expensive than using addi t ives i f  there i s  already s u f f i c i e n t  
pumping pressure. 

The 

Acid iz ing we l l s  t o  improve t h e i r  permeabi l i ty  has long been used as a 
recovery t o o l  by the  o i l  industry. Typical ly,  e i t h e r  HC1 o r  HF i s  pumped i n t o  
t h e  we l l s  t o  d isso lve wellbore scale o r  small f i n e s  t h a t  would otherwise be 
f ree t o  move dur ing we l l  f l o w  and cause pore blockage. Using HF t o  improve 
i n j e c t a b i l i t y  i n  sandstone formations can lead t o  near-wellbore formation 
changes, a1 though deve pment o f  self-generating, low-strength HF acids has 
lessened t h i s  p o s s i b i l i t y ,  A1 1 major o i l  f i e l d  ac id i z ing  nies now supply 
sel  f-generati ng acids 

I n j ect a b i  1 i ty ca decrease due t o  p l  ec t i on  we l l  o r  
t he  near-well area from introduced s o l i d s  dur ing i n jec t i on .  These so l i ds  p lug 
pore spaces and thus l i m i t  t he  f l o w  o f  f l u i d .  These pa r t i cu la tes  can o r i g i n a t e  
anywhere from t h e  production we l l s  throughout he p lan t  t o  the  treatment system 
j u s t  p r i o r  t o  i n jec t i on .  The best prevention 
treatment system containing f i l t e r s  as t h e  f i n a l  step, Otherwise, backf lushing 
can general ly recover i n j e c t a b i l i t y .  Acid treatment o r  cleaning t o o l s  might be 
required, especia l ly  if the  impairment i s  extensive. t le l lhore f i l l  from i n t r o -  
duced s o l i d s  has occurred a t  several geothermal s i tes:  Wagma and Vagmamax 2, 
Cal i forn ia ;  and Iceland. I n  each case, backflushing increased i n j e c t a b i l i t y .  

t h i s  problem i s  a proper 
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Wellbore s i l i c a  scal ing can r e s u l t  from lowering t h e  geothermal f l u i d  tem- 
perature dur ing heat extract ion.  Maintaining the  f l u i d  a t  a temperature above 
amorphous s i l i c a  s o l u b i l i t y  w i l l  avoid t h i s  problem. However, once an in jec-  
t i o n  wel l  i s  impaired w i t h  amorphous s i l i c a  scale, backflushing t o  regain 
i n j e c t a b i l i t y  w i l l  general ly not be successful. A more r igorous approach i s  
required; f o r  example, formation f ractur ing,  ac id  treatment, and mechanical 
cleaning. Another possible method suggested by experiments a t  Ni land i s  t o  
redissolve the  s i l i c a  by reheating t h e  i n j e c t e d  f l u i d  containing the  s i l i c a  i n  
t h e  we l l  dur ing shut- in periods, possibly by using two widely spaced i n j e c t i o n  
wel ls  i n  an a l te rna t i ng  mode (Jorda 1978). 

base t o  clean out a we1 1. Two base treatments were used a l te rna te l y  with 
f lushes i n  a 30-min period. Whether t h i s  cleaned out any formation damage i s  
unknown; the  base was 125 kg of NaOH and 300 1 o f  water (Ozawa and F u j i i  1970). 
Depending on t h e  brine, however, a base treatment can i n i t i a t e  the  prec ip i ta-  
t i o n  of carbonates, sul f ides,  sul fates,  o r  metal hydroxides. 

Well impairment can a lso occur when the  wellbore becomes f i l l e d  w i t h  cor- 
rosion products produced by the  i n t e r a c t i o n  o f  t he  i n j e c t e d  f l u i d  and t h e  w e l l  
casing, although t h i s  has not y e t  been reported t o  be a major concern i n  the  
geothermal industry. There are a number o f  corrosion i n h i b i t o r s  t h a t  would 
probably contro l  t h i s  problem. I f  t h i s  problem does develop, any combination 
of the r e h a b i l i t a t i o n  methods discussed could apply t o  recover i n j e c t a b i l i t y .  
The f l u i d s  po ten t i a l  f o r  sca l ing o r  corrosion can be estimated by using the  
Ryzner s t a b i l i t y  index o r  t h e  Langelier index. These indexes r e l a t e  t o  water 
pH, a l k a l i n i t e ,  calcium hardness, TDS, and temperature. 

There i s  a t  1 east one successful Japanese experience using concentrated 

6.4.5 Thermal Breakthrough and Unwanted F l u i d  Migrat ion 

Thermal breakthrough occurs when t h e  r e l a t i v e l y  co ld  water t h a t  was 
in jec ted  m’igrates f a s t e r  than the reservo i r  rock can heat it. This r e l a t i v e l y  
co ld  water then cools the  hot  production water. Unwanted f l u i d  migrat ion can 
a lso occur when the  i n jec ted  water migrates i n t o  d r i nk ing  o r  i r r i g a t i o n  
aqui fers  . 

These two problems usual ly  occur i n  geothermal systems t h a t  are permeable 
due t o  h igh l y  f ractured formations (such as Raft Valley, Idaho, and Japanese 
f i e l d s )  ra the r  than systems t h a t  are permeable due t o  poros i ty  (such as 
Imperial Valley, Cal i forn ia) .  F l u i d  migrat ion i n  f ractured systems i s  much 
f a s t e r  than i n  porous systems. For example, a t  Hatchobaru, Japan (a f ractured 
system) actual  t r a c e r  speeds i n  the reservo i r  were as high as 80 m/h. The 
presence of a f ractured system does not necessari ly imply a reduced reservo i r  
l i f e t i m e  due t o  thermal drawdown of t he  production wells. I n i t i a l  t e s t i n g  t o  
determine t h e  underground f low paths can guide i n  the  l oca t i on  and depths o f  
i n j e c t i o n  wel ls  t o  minimize thermal in ter ference o r  unwanted f l u i d  migration, 
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Lippman, Tsang, and Withers 
and compaction o r  CCC) t o  a i d  i n  establ ish ing the best product ion/ in ject ion 
we1 1 placement . 

Thermal breakthrough has occurred are Kakkonda, Onuma, Hatchobaru, Japan; 
t h e  Geyers, Cal i forn ia ;  Larderel lo, I t a l y ;  and t o  a small degree a t  Rroadlands, 
New Zealand. A t  Raf t  River, Idaho, i n jec ted  f l u i d  migrated up i n t o  i r r i g a t i o n  
aquifers. A t  t he  Geyers, thermal breakthrough was stopped by r e d r i l l i n g  the  
i n j e c t i o n  we l l s  deeper than the  production wells. A t  Kakkonda, thermal break- 
through was stopped by abandoning fou r  i n j e c t i o n  wells. Roth o f  these solu- 
t i o n s  were expensive. The cost o f  estab l ish ing t h e  underground f l o w  paths, 
especia l ly  f o r  a h igh l y  f ractured reservoir ,  i s  h igh l y  j u s t i f i e d .  

Vetter e t  a1 . (1982), who suggested se lec t i ve l y  sca l ing the  receiv ing formation 
a t  h igh permeabi l i ty  streaks o r  f ractures t o  r e t a r d  the  f low o f  i n jec ted  f l u i d s  
through these f low channels. Such f low retardat ion w i l l  increase the residence 
t ime of t h e  i n j e c t e d  f l u i d s  and thus enable them t o  heat up t o  the  production 
f l u i d  temgerature. Three methods of se lec t i ve  scal ing were proposed: i n jec -  
t i o n  of a thermodynamically unstable brine, i n j e c t i o n  o f  a s lug o f  d i r t y  brine, 
and mixing a reservo i r  b r i n e  w i t h  an incompatible i n j e c t i o n  brine. 

(1 977) devel oped a code (conduct i on-convect i on 
U 

Another so lu t i on  f o r  co r rec t i ng  thermal breakthrough has been proposed by 

6.5 IMPAIRED WELL RECOVERY EXAMPLE 

Magma Power has an operating power p lan t  a t  t he  East Mesa Reservoir. This 
nes o f  7500 ppm dissolved 
e p lan t  pumps the w e l l s  and 

moderate-temperature (-36OOF) reservoi r produc 
I so l i ds  having .a l a rge  c a l c i t e  sca l ing potent ia  
maintains s u f f i c i e n t  pressure t o  prevent f l a s h  d c a l c i t e  plugging. A 
minimum b r i n e  temperature (-160OF) i s  maintained t o  avoid supersaturating 
s i l i c a  and plugging t h e  i n j e c t i o n  wells. Despite using these proper tech- 
niques, some i n j e c t i o n  impairment has occurred t h a t  has necessitated co r rec t i ve  
act ions t o  restore i n j e c t i v i t y .  Reviewing t h i s  experience i s  an example of: 
1) how t o  apply monitor ing techniques t o  the  rea l  world, 2) t h e  need f o r  moni- 
t o r i n g  these we l l s  even when t h e  treatment process i s  prop r l y  designed, and 
3)  t h a t  i n j e c t i o n  impairments can be overcome. 

This 10-MWe geothermal power p l a n t  has been t h e  s i t e  o f  many t e s t s  per- 
formed by PNL under a cooperative program w i t h  Magma Power. A h i s t o r y  of t h e  
p l a n t  and i t s  primary i n j e c t i o n  w e l l  offers a good example o f  a working geo- 
thermal i n j e c t i o n  system. The t y p i c a l  chemistry of t h e  p l a n t  e f f l u e n t  j u s t  
before i n j e c t i o n  i s  presented i n  Table 6.11. Chemical var ia t ions were minor, 
especi a1 l y  consi de r i  ng the  many f 1 ow combi nations o f  t he  f i v e  production we1 1 s . 
The t y p i c a l  e f f l u e n t  was a brackish f l u i d  w i t h  nominal 2-mg/l pa r t i cu la tes  BB 
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r, TABLE 6.11. Typical E f f l u e n t  Chemistry Before I n j e c t i o n  w i t h  Both Magma Power 
We1 1 s F1 owi ng 

Sampling Conditions: Date - September 15, 1980 
Well No. 1 - 810,000 l b / h  
Well No. 2 - 675,000 lb /h  

Pressure 370 ps i  Total C03 1,900 mg/l 

Temperature 16OOF A1 <0,5 mg/l 

02 <5 PPb R 8.E mg/l 

PH 5 a66 As 0.9 mg/l 

Conduct i v i  ty 12,200 pmho Ba 
TDS 7,470 mg/l Ca 
Tu rb id i t y  
HCOS 

*2S 
s o i  
F' 
c1- 
S i  O2 

NH3 

(5 FTU 
434 mg/l 

2.1 mg/l 
91 mg/l 

3 mg/l 
4,050 mg/l 

252 mg/l 
18 mg/l 

Fe 
K 
L i  

Mg 
Na 
P 

S i  
S r  

1.0 mg/l 
32 mg/l 

234 mg/l 

9.0 mg/l 
1.6 mg/l 
2,610 mg/l 
<0.5 mg/l 
118 mg/l 
7.0 mg/l 

l a9  mg/l 

i n jec ted  a t  a temperature above amorphous s o l u b i l i t y  of s i l i c a  and a pressure 
above the  breakout of CO2. Thus, we l l  o r  formation impairment due t o  s i l i c a  or  
carbonate deposits t h e o r e t i c a l l y  should not occur; and observations from the 
f a l l  o f  1979 t o  t h e  f a l l  of 1982 confirmed t h a t  the treatment process operated 
as designed. 

Despite t h i s  success, i n j e c t i o n  wel l  impairment has repeatedly occurred. 
I n j e c t i o n  we l l  46-7A has been the primary i n j e c t i o n  wel l ,  and i t  has been 
r e h a b i l i t a t e d  by backflushing a t  l e a s t  f ou r  times (Table 6.12 and Figure 6.8). 
Each time, backflushing s i g n i f i c a n t l y  recovered the  i n j e c t a b i l i t y  o f  t he  
well. Figure 6.9 graphica l ly  demonstrates the  dec l ine o f  t h e  wel l ;  i n j e c t i o n  
wellhead data are p l o t t e d  as recommended. It i s  easier t o  graphica l ly  locate 
t h e  we l l  impairment i f  the i n j e c t i v i t y  r a t i o  i s  p l o t t e d  rather  than j u s t  the 
pressure and f low data. The backflushed s l u r r y  was examined f o r  a c lue  i n t o  
t h e  cause o f  the impairment. 
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c 

Used t o  Calculate kh Values i n  I n j e c t i o n  
46-7A Before and A f t e r  Backflushing 

I n j e c t i  on I n j e c t i o n  Br ine 
Data Pressure, Rate, Temperature, 

i t i o n  - Point Date p s i  g b/d O F  
I .  

We1 1 impai red(a) A 6113-14/78 600 9,500 350 
A f t e r  backflushing(a) R 6/78 600 26,000 350 
We1 1 impai red C 5/3/78 540 17,349 338 
A f t e r  backflushing D 8/3/78 245 25,371 - 
We1 1 impai red E 5/19/80 353 16,107 145 
A f t e r  backflushing F 8/28/80 335 29,130 255 
We1 1 impai red 6 7/31/81 365 29,300 - 
(a)  Estimated from Figure 6.9. 

kh 
2,880 
21,600 
6,000 
19,800 
9,000 
18,000 
15,000 



750 

700 

E 
8 
3 
3 
LL 

600 0 

550 

500 

. 

WELL 
BACKFLUSHED II 

- 
IN JECTlVlTY 

I I N- I I I  V \ I 
3 6 '  23 2526 31 9 \ 

MARCH 1978 MAY 1978 AUGUST 1978 

FIGURE 6.8. Selected I n j e c t i v i t y  Data from I n j e c t i o n  Well 46-7 
(courtesy Magma Power Company) . The effect iveness 
o f  backflushing a t  res to r i ng  i n j e c t i v i t y  l o s t  over 
t ime i s  shown. Note the  graphical c l a r i t y  from 
p l o t t i n g  the i n j e c t i v i t y  r a t i o  ra ther  than pressure 
data. 

I n j e c t i o n  wel l  46-7A was backflushed dur ing June 1980, and the s l u r r y  t h a t  
was being f lushed from the wel l  was sampled. The chemical analysis o f  the par- 
t i c l e s  i n  t h e  s l u r r y  are reported i n  Table 6.13. The predominant elements i n  
order o f  concentrat ion were S i ,  A l ,  Fe, S, and Ca. The mineral phases i d e n t i -  
f i e d  by XRD were quartz, feldspar, py r i t e ,  and a t race  o f  mica. This composi- 
t i o n  d i f f e r s  from the suspended so l i ds  sampled i n  the b r ine  l i n e  before 
enter ing the  i n j e c t i o n  well .  The s l u r r y  obtained dur ing backflushing was 
higher i n  s i l i c a t e  minerals and much lower i n  scale p a r t i c l e s  (Fe + S). 

Several important conclusions can be drawn f r o m  the  chemistry o f  the 
s lurry.  F i r s t ,  a s i g n i f i c a n t  po r t i on  o f  t he  suspended so l i ds  t h a t  are being 
i n jec ted  i n t o  t h e  i n j e c t i o n  we l l  appear t o  be remaining i n  the  wellbore i t s e l f .  
This i s  v e r i f i e d  by the presence of scale p a r t i c l e s  ( p y r i t e  o r  i d e n t i f i e d  by 
Fe + S) t h a t  or ig inated on the heat exchanger surfaces and are present i n  t h e  
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FIGURE 6.9. I n j e c t i o n  Impairment Map f o r  Well 46-7A. The R I M  i s  
based on a water v i scos i t y  o f  0.185 cp, Re = 1000 ft, 
and Rw = 6 in. Fracture pressure i s  j u s t  under 700 p s i  
(Jorda 1980) . 

backflushed s lu r r y .  P y r i t e  i s  not i d e n t i f i e d  as a major mineral i n  t h e  under- 
ground formations. 
c les  i n  t h e  s l u r r y  suggests t h a t  addi t ional  minerals are i n f i l t r a t e d  through 
the  s l o t t e d  l i n e r  o f  t h e  i n j e c t i o n  wel l ,  most l i k e l y  dur ing we l l  i n a c t i v i t y .  
It should be noted t h a t  t h e  eff luent  i s  not t r e a t e d  before i n j ec t i on ,  except 
f o r  maintaining temperature and pressure. 

As suspected, t he  p a r t i c u l a t e  content was the most important quant i ty  o f  
t h e  e f f l u e n t  chemistry i n  respect t o  i n j e c t i o n  we l l  performance. I f  t h e  source 
o f  t he  suspended so l  i d s  (g ra i  ns f rom produci ng formati on, grains produced due 
t o  changes i n  b r i n e  chemistry, o r  scale fragments) and t h e i r  chemistry and s i z e  
d i s t r i b u t i o n  i s  known, then methods t o  prevent, control ,  o r  e l iminate t h e  par- 
t i c l e s  can be chosen. Several monitoring sch es were used a t  Magma by PNL t o  
measure and then study these par t icu la tes.  

s i z i n g  and chemical analysis are shown i n  Figure 6.10. Suspended so l i ds  were 
determined a t  each production we l l  a f t e r  t h e  sand separator, a t  t h e  i n l e t  t o  

Second, the  higher r a t e  o f  mineral grains t o  scale p a r t i -  

Locations a t  t h e  Magma p lan t  where suspended s o l i d s  were co l l ec ted  f o r  
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TABLE 6.13. Comparison o f  Par t icu la te  Chemistry During Backflushing and Normal 

Samp I 1 ng 
Locat 1 on 

Port PC-2 
before 
lnjectlon 

Inject Ion 
W e l l  46-7A 

Product 1 on 
well sw3 

Act i v i  ty (a  

Tota I Chemlcal Composltlon of Partlculates 
S Q F e C u Z n A s S r b  Sb Ba SI PI ant Parttculates, A I  

Qnd I t tons mg/l u q i  - - .. . 
Norma I 0.34 NA(b) <16 32 0.44 16 0.69 3.6 1.3 0.11 NA 4 . 1  <0.5 

Back) 1 ush 1 ng 

Backf I ush 1 ng 

1.82 

2.33 

(a) Shannon, Elmore, and Plerce 1981. 
(b) NA - not analyzed. 

ut% 

5.5 23 0.74 0.57 4.4 0.20 0.10 0.05 0.04 0.04 0.06 0.48 

5.0 24 0.69 6.6 5.6 0.09 0.57 0.03 0.27 0.01 0.004 0.5 
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FIGURE 6.10. Monitoring Locations a t  Magma Power Plant  
(Shannon, Elmore, and Pierce 1481) 

the heat exchanger, a f t e r  each l e g  o f  the heat exchanger, dnd f i n a l l y  down- 
stream o f  the booster pumps before i n jec t i on .  
d i s t r i b u t i o n  of suspended so l i ds  i n  the b r ine  a t  each sampling p o r t  are con- 
s tan t  dur ing steady-state p lan t  operation. A1 1 f i v e  production we l l s  t y p i c a l l y  
produce up t o  2 mg of pa r t i cu la tes  per l i t e r  o f  brine. As the b r i n e  f lows 
through the sand separator, the p a r t i c u l a t e  content i s  reduced only very 
s l i g h t l y .  The sand separator does separate l a rge  suspended grains from the 
b r i n e  and may provide a service when large slugs o f  sand are produced dur ing 
w e l l  startups. Typical ly,  t o t a l  suspended so l i ds  i n  the b r ine  are increased 
s l i g h t l y  a f t e r  passage through the heat exchanger. 

P1 ant operations t h a t  produce unusually l a rge  p a r t i c u l a t e  contents inc lude 
r e c i r c u l a t i o n  of b r i ne  through the heat exchangers (which occurs dur ing warmup) 
and the f i r s t  few hours of b r i ne  production j u s t  a f t e r  a wel l  i s  started. 
These observations are documented on Table 6.14, which l i s t s  t o t a l  suspended 
so l i ds  a t  various locat ions under varying p lant  conditions. I n  Figure 6.11, 

The quant i ty  and t h e  s i ze  
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LJ TABLE 6.14. Suspended Sol ids i n  Magma Power Plant Br ine(a) 

F i l t e r  Location and Total Suspended 
Sample H i  s to ry  Solids, mg j l  

Supply we l l  SW2 11.0 
(wel l  j u s t  turned on) 

Supply we l l  SW2 
( f low s tab i l i zed )  

Su p l y  w e l l  SW3 
(fyow s tab i l i zed )  

Supply w e l l  SW4 
(f 1 ow s tab i  1 i zed 

1.4 

2.2 

Major S i  ze 
Ranges, pm Components 

Major Chemi c a l  

-- S i  1 i c a t e  minerals 

l - t o  10 S i  1 i cate m i  neral  s 

3 t o  15 S i  1 i cate m i  neral  s 

1.9 0.22 t o  0.45; S i l i c a t e  minerals 
and 18.0 

Supply we l l  SW5 0.8 1 t o  10 S i  1 i cate m i  neral  s 
( f 1 ow s tab i  1 i zed) 

P1 ant i n l  et/normal operat i  on 0.7 0.22 t o  0.45; S i l i c a t e  minera 
(pre-heat exchanger) and 15.0 

Plant  out let jnormal operation 1.1 - 95.0 S i  1 icateslFe-S 
(post-heat exchanger) 

Plant o u t l e t  180.0 S1 i ght l y  Fe -S 
( r e c i  r c u l  a t i  ng br ine)  favor ing - >5 .O 

S 

(a) Shannon, Elmore, and Pierce 1981. 

t h e  output of the  i n l i n e  t u r b i d i t y  meter i s  shown. 
startups and temperature t rans ients  produced "bursts" o f  so l i ds  much higher 
than the  normal leve l .  Unfortunately, t h i s  instrument could not be kept opera- 
t i o n a l  due t o  deposits on the  op t i ca l  window. However, i n t e r m i t t e n t  sampling 
o f  the  b r ine  c l e a r l y  underestimates the  average so l ids  content dur ing these 
operational modes because the  "spikes" are usual l y  m i  ssed. 

It can be seen t h a t  p lan t  

A t  t he  bypass i n l e t ,  wh i le  the  south supply we l l s  were f lowing, a s ize  
d i s t r i b u t i o n  of the  suspended so l ids  i n  the  br ine  was determined using a f i l t e r  
chain. These f i l t e r s  were then analyzed t o  determine the  composition o f  the  
suspended so l ids  f o r  various sizes. Fe, As, Sb, and S became more common as 
the  pore diameter o f  t he  f i l t e r  increased, which impl ies t h a t  they are m e t a l l i c  
su l f ides,  most l i k e l y  the  source o f  the  ye l low co lo r  observed on the  f i l t e r s .  
S i l i c o n  was the  most common element on the  la rges t  f i l t e r  (8.0 pm), suggesting 
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t h a t  S i  ex i s t s  i n  a compound t h a t  i s  >8.0 vm. Barium was the  most common e le -  
ment on the  f i nes t  f i l t e r  (0.22 vm),- suggesting t h a t  Ba ex i s t s  as a compound 
(most l i k e l y  BaSOq) w i t h i n  t h e  diameter range o f  0.45 t o  0.22 pm. 

p lan t  from the  product ion wells, t he  b r ine  pa r t i cu la tes  were again studied a t  
t he  p lan t  ou t le t  (PC-2) t o  es tab l i sh  t o  what extent t he  p a r t i c u l a t e  populat ion 
was a l te red  by heat ex t rac t ion  from the b r ine  dur ing power production. Samples 
o f  suspended so l i ds  were co l lec ted  simultaneously a t  the  p lan t  i n l e t '  (PC-1) and 
p lan t  o u t l e t  (PC-2) dur ing normal heat exchanger operation, and an increase i n  
Fe and S i n  the  p a r t i c u l a t e  matter occurred. Suspended so l i ds  were sampled 
again a t  PC-2, but  dur ing r e c i r c u l a t i o n  wh i le  warming up t h e  heat exchangers. 
The ind i v idua l  p a r t i c l e s  were mostly i r o n  su l f ides w i t h  very few s i l i ca tes .  
Apparently as the  b r ine  i s  rec i rcu la ted  many times through the  heat exchangers, 
t he  mineral fragments become d i l u t e d  with the  l a rge r  quant i t y  o f  scale 
p a r t i c l e s  . 
t ions  using l ase r  l i gh t - sca t te r i ng  techniques. There appears t o  be an increase 
i n  t h e  t o t a l  quant i t y  of suspended so l i ds  a f t e r  the  b r ine  passes through the  
heat exchangers, which agrees w i t h  the  f i l t e r  data. I n  each case, the  quan t i t y  
of p a r t i c l e s  between 1 urn and 5 vm decreased, wh i le  t h e  quant i t y  o f  p a r t i c l e s  
between 5 vm t o  10 vm and 10 wn t o  15 wn general ly increased. These l a r g e r  
p a r t i c l e s  were co l lec ted  on f i l t e r s  and were determined t o  be Fe-S scale f rag-  
ments. These pa r t i cu la tes  were not the  only i r o n  i n  the  i n j e c t i o n  br ine;  
Table 6.15 shows the  amount of soluble i r o n  (passed through a 0.45ym f i l t e r )  
added t o  the  b r ine  from the  plant.  Corrosive loss of i r o n  from the  heat 
exchanger i s  bel ieved t o  be responsible. The heat exchanger l a t e r  became 
perforated and was r e b u i l t  i n  1982. 

A f t e r  es tab l i sh ing  the nature o f  t he  pa r t i cu la tes  t h a t  enter  t he  power 

Suspended so l  i d s  were a1 so measured dur ing normal p lan t  operat ing condi- 

TABLE 6.15. Soluble I r o n  Loss from Binary Cycle Plant (a)  

I r o n  i n  I r o n  i n  I r o n  
Production I n j e c t i o n  Increase, FJow, I r o n  Loss, 

Date Brine, mg/l Brine', mg/l (mg/1) 10 kg/h kglday 
11/6/79 0.5 3.1 2.6 215 14 
1 l/10/79 0.7 1.7 1.0 355 9 
l/30/80 0.2 2.2 2.0 277 13 
1/31 /80 0 02 2 0 1  1.9 277 13 
9/15/80 0.3 1.9 1.6 300 11 
10/22/80 0.5 2 0 1  1.6 273 11 

(a) K ind le and Shannon (1982); pa r t i cu la tes  l a rge r  than 0.5 um have been 
f i l t e r e d  out. 
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Suspended so l i ds  from four  o f  the f i v e  producing wel ls  were a lso studied 
b d  

t o  determine what pa r t i cu la tes  they each contr ibuted. 
t h a t  the fou r  wel ls  are very s i m i l a r  i n  the kinds o f  mineral fragments they 
produce . 
determine the plugging po ten t i a l  o f  the spent b r i ne  t o  the i n j e c t o r  formations. 
These simulat ion i n j e c t o r  t e s t s  were performed dur ing t y p i c a l  heat ex t rac t i on  
from the b r ine  on two d i f f e r e n t  occasions by PNL and on b r ine  t h a t  was cooled 
and then aged by Jorda (1980). The data from these t e s t s  were p l o t t e d  as 
cumulative f i l t r a t e  volume against the square root  o f  t ime t o  determine the  
slope. Once the slope i s  known, the f i l t e r  cake permeabil i ty (K,) can be 
ca lcu lated from the water q u a l i t y  ra t i o .  
t o  be 0.016 md. 
ducted by Jorda i n  1978 (Jorda 1980). The two simulated i n j e c t o r  t e s t s  by PNL 
i n  May and October 1980 resul ted i n  s i m i l a r  Kc values (0.014 and 0.015 md). 

Assuming a formation permeabi l i ty  between 10 and 1000 md w i th  a f i l t e r  
cake permeabi l i ty  measured around 0.014, Figure 6.12 predic ts  t h a t  the sus- 
pended so l i ds  i n  t h e  i n jec ted  f l u i d  w i l l  not be retained on the surface o f  the 
formation but w i l l  pass through. Thus, i n j e c t i o n  wel l  degradation should not 
occur due t o  the normal s ta te  o f  f i n e  par t icu la tes.  However, wel l  i n j e c t a -  
b i l i t y  does decrease w i t h  t ime and backflushing i s  necessary t o  restore the  
performance o f  t he  we1 1, suggesting t h a t  the p a r t i c u l a t e  concentrat ion spikes 
detected by the  on- l ine t u r b i d i t y  monitor (Figure 6.9) may contr ibute s i g n i f i -  
cant ly  t o  i n j e c t i o n  wel l  impairment. 

Another method t o  view the accep tab i l i t y  of the spent b r i ne  t o  the receiv-  
i n g  formation i s  t o  compare the diameter range o f  suspended so l i ds  with the  
t y p i c a l  formation p a r t i c l e  diameter. By microscopic examination of rock chips 
from the receiv ing formations, the gra in  s i ze  was determined t o  be between 5 pm 
and 50 pm. 

It was not su rp r i s ing  

Several Barkman-Davidson f i l t e r  plugging t e s t s  have been conducted t o  

For t h i s  example, Kc was ca lcu lated 
Kc values ranged from 0.003 t o  0,078 md dur ing t e s t i n g  con- 

Locating t h e  area bounded by 5- t o  50-pm diameter ( d l )  i n  Fig- 
surface re ten t i on  (Region 1) and deep-bed f i l t r a t i o n  (Region 2) 
h occur from i n j e c t i n g  p a r t i c l e s  w i t h  diameters greater than 0.4 urn. 

Pa r t i c l es  smaller than 0.4 pm i n  diameter should pass through the formation 
wi thout forming a f i l t e r  cake, 

o u t l e t  i s  1300 par t ic les/ml  of brine. It appears (by the method o f  diameter 
compari son) t h a t  we1 1 degradation and deep-bed i n 
due t o  suspended p a r t i c l e s  being retained on the 

A t y p i c a l  amount of suspended p a r t i c l e s  w i t h  diameter >1 pm a t  the p lan t  

on should both occur 
of the formations and 

ue t o  not c o l l e c t i n g  

on pores. 

The discrepancy between the two p r  
a l l  the suspended so l i ds  dur ing sampling. Larger p a r t i c l e s  (10 t o  300 pm) may 
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have co l l ec ted  i n  low points  i n  the  p lan t  o r  sample l ine ,  missed the  sample 
co l lec t ion ,  but entered the  i n j e c t i o n  wells. 
represented i n  t h e  sampling f l u id ,  t h e  f i l t e r  cake would be more compact ( thus 
lower permeabi l i ty )  than t h e  po ten t i a l  f i l t e r  cake i n  the  wellbore. The lower 
permeabi l i ty  value o f  the  f i l t e r  cake resu l ts  i n  the  conclusion t h a t  the  par- 
t i c l e s  w i l l  pass through the  formation. The predic t ions from the  second 
method, diameter comparisons, appear t o  correspond w i th  our observations; sur- 
face re ten t ion  (as wel lbore f i l l )  occurs and i n j e c t a b i l i t y  i s  improved by back- 
flushing. Deep-bed i n f i l t r a t i o n  has not been p o s i t i v e l y  i den t i f i ed ,  but i t  may 
be occurr ing a t  such a slow r a t e  t h a t  it has not been diagnosed. 

6.5.2 Summary 

p lan t  as the  b r ine  cools i n  the  heat exchangers; inso lub le  su l f i des  form on t h e  
p ipe  w a l l  as scale and deposit on the  mineral fragments. The scale can break 
1 oose and become suspended dur ing thermal expansi on/cont rac t i on  cycles o f  t he  
p lant .  Thus, t he  i n jec ted  p a r t i c l e s  are a mixture o f  t he  i n i t i a l  p a r t i c l e s  
(mineral fragments, corrosion products) plus mineral and scale fragments, The 
t o t a l  concentrat ion of these par t i cu la tes  i s  greatest  dur ing we l l  o r  p lan t  
s ta r tup  and times of thermal t ransients.  These p a r t i c l e s  cont r ibu te  substan- 
t i a l l y  t o  i n j e c t i o n  we l l  impairment by surface re ten t ion  o r  wel lbore f i l l i n g .  
I n j e c t i v i t y  can be l a r g e l y  restored w i th  backflushing. 

A possible ( p a r t i a l )  so lu t i on  t o  prevent i n j e c t i o n  impairment i n  t h i s  par- 
t i c u l a r  s i t u a t i o n  would be t o  e i t h e r  f i l t e r  the  b r ine  o r  use a s e t t l i n g  tank 
before i n j e c t i o n  dur ing t h e  peak p a r t i c u l a t e  production operations ( rec i r cu la t -  
i n g  warmup and the  f i r s t  few hours o f  b r i n e  production j u s t  a f t e r  a we l l  i s  
started).  

mary of the monitor ing techniques discussed i n  t h i s  chapter. 
Table 6.16, Items 
For Item 1, br ine  
ef f luent  chemistry i n  respect t o  i n j e c t i o n  we l l  performance was the  suspended 
sol ids.  The data co l lec ted  under Item 2 c l e a r l y  showed the  i n j e c t o r  dec l ine 
w i t h  t ime and t h e  success of backflushing t o  r e h a b i l i t a t e  the  in jec to r ,  The 
RIM-map, Item 3, provided a more accurate p i c t u r e  o f  t he  i n j e c t o r  dec l ine and 
r e h a b i l i t a t i o n ;  but, f o r  t h i s  study, it could have been deleted. 
brane tests,  d i d  not  a i d  i n  determining the cause o f  impairment, even though 
they are important i n  cataloging the  cha rac te r i s t i c  o f  the  e f f l uen t .  Items 5 
and 6 (f low/pressure t e s t s  and geophysical logging) were not performed due t o  
t h e i r  cost  and proved unnecessary i n  a r r i v i n g  a t  a basic understanding o f  t he  
i n j e c t o r  h is tory .  

c) 
I f  these l a r g e r  p a r t i c l e s  are not  

Mineral fragments w i th  minor amounts o f  p ipe corrosion products enter  t h e  

This study a t  a working geothermal power p l a n t  provides an excel lent  sum- 

through 4 and 7 through 10 were p e r i o d i c a l l y  performed. 
mpling and analysis, the  mo t important quant i t y  of t he  

I tem 4, mem- 

Items 7 through 10 are bas i ca l l y  record keeping and aided i n  
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LJ 
TABLE 6.16. Simulated I n j e c t i o n  Test/Membrane F i l t e r  Test a t  Magma Power 

Company's Well 46-7 (Jorda 1980). This t a b l e  shows how t o  
a r r i v e  a t  a f i l t e r  cake permeabi l i ty  (K,) from f i l t e r  t e s t  data. 

Date 6/14/78 Water Temp. 110 OF T i  me, Cumul a t  i ve 
D i f f e r e n t i a l  Pressure - 40 p s i  m i  n Volume, m l  
F i l t e r  Size 0.45 um 1 I 1060 

4 2180 

\ 6 2590 
9 3100 

12 3530 

Sampl e Poi n t  I n j e c t i o n  we1 1 head 2 1600. 

CALCULATION 

1. Volume a t  12 min 3530 m l  
2. Volume a t  6 min 2590 m l  
3. Di f ference (slope) 926 ml/(min) 1/2 
4. Water q u a l i t y  r a t i o  210 ppm/md (from graph) 
5. Suspended so l i ds  content 3.29 ppm 

60 Cake permeabi l i ty  0.016 md (5 + 4) 

obta in ing a c learer  p i c t u r e  o f  the i n j e c t i o n  dec l ine and recovery. 
sion, f o r  t h i s  p a r t i c u l a r  i n j e c t i o n  system dur ing t h i s  monitor ing period, not  
a l l  of t he  monitoring t e s t s  were necessary t o  obta in  an understanding o f  the 
i n j e c t o r  performance. This w i l l  most l i k e l y  be t r u e  w i t h  other i n j e c t o r  sys- 
tems. They w i l l  each requi re a d i f f e r e n t  combination o f  monitor ing tests.  

I n  conclu- 
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7 .O COMPARATIVE ECONOMICS c, 
The treatment t h a t  has been demonstrated t o  funct ion i n  t h e  most h o s t i l e  

t rea tmen t l i n jec t i on  l o c a t i o n  and the l i f e - c y c l e  costs o f  ' the treatment 
(crystallizationlclarification) versus no f l u i d  treatment p r i o r  t o  i n j e c t i o n  
are discussed i n  t h i s  section. Wells e t  a l .  (1981) developed generic treatment 
cost  funct ions t h a t  could be used t o  estimate the  costs when t r e a t i n g  geo- 
thermal l i q u i d  e f f l u e n t s  a t  d i f f e r e n t - s i t e d  plants. 

7.1 COST OF NO FLUID MENT PRIOR TO INJECTION 

No f l u i d  treatment p r i o r  t o  i n j e c t i o n  i s  a base case against which t h e  
cost o f  crystallizationlclarification can be compared. This base case involves 
c leaning t h e  i n j e c t i o n  we l l s  when plugging occurs and switching t o  spare i n jec -  
t i o n  we l l s  dur ing cleaning. The number o f  spare i n j e c t i o n  we l l s  depends on t h e  
length o f  t he  cleaning cyc le  p lus a safety margin. L i fe-cyc le  costs are calcu- 
l a t e d  f o r  two periods between w e l l  cleanings (1 month and 3 months), although 
the  1-month per iod seems too  frequent. 

F inancia l  assumptions used i n  t h e  l i f e - c y c l e  cost  analysis include: 
o debt f r a c t i o n  = 0.28 
o equi ty  f r a c t i o n  = 0.72 
Q bond i n t e r e s t  r a t e  = 5% ( r e a l )  
o r e t u r n  on equi ty  = 12% ( rea l )  
o federal  t a x  r a t e  = 48% 
o 10% investment t a x  c r e d i t  
o weighted-average a f t e r - t a x  cost o f  c a p i t a l  = 9% 
o a l l  costs i n  January 1983 d o l l a r s  
o cost per i n j e c t i o n  w e l l  = $1,000,000 
o we l l  costs are 15% tang ib le  and 85% intangible.  

e fo l l ow ing  technica l  ass t i o n s  were us 

gal fh of geothermal f l u i d  from the production w 
o 10 i n j e c t i o n  we l l s  w i t h  a capacity o f  1000 gpm each 
o f i v e  spare i n j e c t i o n  we l l s  
o i n j e c t i o n  w e l l  l i f e  = 10 years 
o wel l  cleaning consists of backflushing and ac id  treatment. 

Backflushing may be accomplished through ar tes ian flow a t  c e r t a i n  s i tes.  How- 
ever, t o  be conservative, t h i s  analysis includes one surface pump per w e l l  t o  
be used f o r  backflushing a t  a cost o f  $10,000 per pump. 

Based on experience a t  North Brawley i n  the  Imperial  Valley, t he  fo l l ow ing  
Q procedure f o r  a c i d  treatment was assumed: 
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o pref lush w i t h  5% HC1 
o f l u s h  w i t h  5% HC1 and 5% HF 
0 post f lush wi th 5% HC1. 

Each f l u s h  i s  assumed t o  requi re 75 g a l / f t  o f  zone t o  be flushed. Since i n jec -  
t i o n  wel ls  are t y p i c a l l y  s l o t t e d  t o  a depth o f  1000 ft, each f l u s h  would cover 
t h i s  1000-ft zone; therefore, each f l u s h  would requi re 75,000 gal o f  acid. 

Two cases were analyzed f o r  the no-treatment option: 
o Case 1 - 1 month between wel l  cleanings 
e Case 2 - 3 months between we l l  cleanings. 

7.2 COST OF CRY STALL I Z A T I  ON/CLAR I F  I C A T I  ON 

This treatment opt ion i s  based on a scaled-up version (6 x lo5 gal/h o f  
geothermal f l u i d  from the production wel ls)  o f  t he  Salton Sea Uni t  No. 1 demon- 
s t r a t i o n  plant.  L i f e -cyc le  costs are estimated f o r  two residence times o f  t he  
f l u i d  i n  the c r y s t a l l i z e r s  and f o r  two recycle rates o f  "seed crystals." The 
pieces o f  equipment analyzed and costed were the  c r y s t a l l i z e r s ,  t h e  reactor 
c l a r i f i e r ,  t he  dual-media f i l t e r ,  the thickener, and the  f i l t e r  press. 
addit ion, the cost o f  sludge disposal a t  an o f f s i t e  l a n d f i l l  was determined. 
The c a p i t  1 costs o f  the major pieces o f  equipment were obtained from vendor 
contacts.ta) Most o f  the operating costs were obtained from cost funct ions 
developed by We1 1 s e t  a1 . (1981). 

I n  

To proper ly s i ze  and cost the equipment, a mater ia l  balance was done f o r  
the geothermal f l u i d  and so l i ds  f low throughout the system. A t  the wellhead 
separator, 34% of the f l u i d  i s  f lashed t o  steam, whi le  t h e  remaining 66% 
(6700 gpm) i s  sent t o  the c r y s t a l l i z e r s .  Seed c r y s t a l s  o r  recycled sludge from 
the  thickener are a l so  added t o  the c r y s t a l l i z e r s .  A t  a recycle r a t e  o f  1%, 
the amount of sludge enter ing the c r y s t a l l i z e r s  i s  -59,000 lh/h. The 4% 
recycle r a t e  corresponds t o  -236,000 1 b/h. 

The c r y s t a l l i z e r s  are i n s t a l l e d  i n  two stages i n  series, w i t h  backup u n i t s  
I n  t h e  f i r s t  c r y s t a l l i z e r  stage, t he  pressure o f  t he  b r i n e  i s  avai lable. 

reduced from -170 t o  -125 psi ,  and t h e  resu l tan t  steam i s  sent t o  the  turbine. 
The second c r y s t a l l i z e r  stage reduces the  b r i n e  pressure t o  near atmospheric 
condit ions, and the  small amount o f  low-grade steam t h a t  f lashes i s  simply 
vented t o  t h e  atmosphere. 

The residence t ime o f  t he  f l u i d  i n  t h e  c r y s t a l l i z e r s  was a lso varied. The 
optimum u n i t  s i z e , f o r  the c r y s t a l l i z e r s  i s  13 ft i n  diameter. With a f l ow  r a t e  

(a) Gosl i n-Bi r m i  ngham, Inc., and Eimco Process Equipment Coo 



o f  6700 gpm, t h e  optimum residence t ime i s  8 min i n  each stage.(a) This  proc- 
ess requires three u n i t s  i n  p a r a l l e l  f o r  each stage o r  a t o t a l  o f  s i x  u n i t s  f o r  
both. A backup u n i t  f o r  each stage raises the  t o t a l  number o f  u n i t s  t o  e i g h t  
a t  a c a p i t a l  cost o f  $1,100,000. A 6-min residence t ime i n  each stage was a l so  
examined; r e s u l t i n g  i n  fou r  on- l ine u n i t s  (two for  each stage) and a backup 
u n i t  f o r  each stage ( t o t a l  o f  s i x  un i ts) .  The c a p i t a l  cost o f  these s i x  u n i t s  
i s  $840,000. The operating costs f o r  the c r y s t a l l i z e r  are minimal because 
there are no power requirements f o r  t he  uni ts .  

-61,800 l b / h  of sol ids.  With an upflow r a t e  o f  1 gpm/ft*, a c l a r i f i e r  120 f t  
i n  diameter i s  required. The cost o f  the reactor c l a r i f i e r ,  which includes the  
in ternals ,  t h e  tank and cover, and the concrete f l o o r  and piping, i s  about 
$1 m i l l i o n .  The operating cost was estimated a t  $163,00O/yr. The c l a r i f i e r  
e f f l uen t ,  which i s  sent t o  the  dual-media g rav i t y  f i l t e r  system, contains 
90 ppm o f  suspended s o l i d s  and 200 ppm o f  s i l i c a  i n  solut ion.  The underflow, 
which i s  sent t o  the  thickener, contains 10% suspended s o l i d s  by weight. 

The reactor  c l a r i f i e r  i s  sized t o  accept 10,000 gpm inc lud ing  

The dual-media g r a v i t y  f i l t e r  system uses coal and sand as f i l t e r i n g  
agents. The system reduces the  suspended so l i ds  content from 90 t o  10 ppm, 
wh i l e  deposi t ing s o l i d s  a t  a r a t e  of 400 lb/h. The f i l t e r  e f f l u e n t  i s  then 
sent t o  the  i n j e c t i o n  w e l l s  f o r  f i n a l  disposal a t  a r a t e  o f  9000 gpm. The 
s o l i d s  t h a t  are removed from the  f i l t e r s  by backflushing are recycled t o  t h e  
reactor c l a r i f i e r .  The t o t a l  cost o f  t he  dual-media g r a v i t y  f i l t r a t i o n  system, 
i nc lud ing  t h e  water backflush and a i  r-scouring subsystems, i s  about $1,5000,000 
and would cost  about $123,00O/yr t o  operate. 

t he  s o l i d s  are concentrated from 10 w t %  t o  20 wt%. For the  1% seed c r y s t a l  
recycle rate, t he  t o t a l  amount of so l i ds  passing through t h e  thickener i s  
61,500 lb /h  a t  a f l o w  r a t e  of 490 gpm. A 50-ft diameter th ickener ( cap i ta l  
cost  o f  -$75,000) wou?d be needed t o  handle the  1% recycled sludge, whi le  a 
th ickener capable of handling the 4% recycled sludge would cost  -$95,000. The 
operating costs f o r  t he  th ickener range from $7,500 t o  $9,50O/yr. The under- 
f low from t h e  thickener i s  s p l i t  i n t o  two streams: 2363 lb /h  o f  s o l i d s  i n  a 
19-gpm stream goes t o  t h e  f i l t e r  press f o r  f i n a l  disposal and the  remainder i s  
recycled t o  the  c r y s t a l l i z e r s .  

stream and concentrates i t  i n t o  a 65 w t %  cake. The r a t e  of cake production i s  
363 W h ;  t h e  cake i s  loaded i n t o  t rucks f o r  

of t he  plate-and-frame f i l t e r  i s  -5250,000; o 

The underflow from the  reactor c l a r i f i e r  i s  sent t o  the thickener, where 

The f i l t e r  press i s  a ‘plate-and-frame f i l t e r  th  takes the 20% sol  i d s  

posal. The c a p i t a l  cost  
s t s  are -$2500/yr. 

I 
! 

i 
i 

(a) Goslin-Bi rmingham, Inc. : u  I 
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The sludge i s  assumed t o  be disposed i n  an o f f s i t e  l a n d f i l l  a t  a cost  o f  
$25/ton o f  dry solids--$5/ton f o r  t ranspor ta t ion  and $20/ton f o r  l a n d f i l l  cost. 
The annual cost  of sludge disposal i s  $259,000. I f  ons i te  disposal were feas i -  
ble, a substant ia l  savings would resul t .  

Table 7.1 l i s t s  the  cap i ta l  and operat ing costs f o r  t he  major purchased 
equipment. The e f fec t  on the  purchased equipment cost  o f  increasing the  seed 
c rys ta l  recyc le r a t e  from 1% t o  4% i s  neg l i g ib le  (~$25,000) and i s  not included 
as a variable. 

The t o t a l  investment cost  i s  der ived by mu l t i p l y ing  t h e  purchased equip- 
ment cap i ta l  cost  by fac to rs  accounting f o r  i n s t a l l a t i o n ,  balance-of-plant, and 
i n d i r e c t  costs. Table 7.2 l i s t s  some average cost fac to rs  from the  l i t e r a t u r e  
(Peters and Timmerhaus 1968; Gerlaugh e t  a l .  1979). For an i n s t a l l a t i o n  cost 
f ac to r  o f  1.45, a balance-of-plant cost  f ac to r  o f  2.6, and an i n d i r e c t  cost  

TABLE 7.1. Purchased Equipment Capi ta l  and Operating Costs 

Capi t a1 Operating 
Equipment cost, $ Cost, S/yr 

Crys ta l l i ze rs (a)  1,100,000 - 
Reactor c l  a r i  f i e r  1,000,000 163,000 

Dual-media g rav i t y  f i l t e r  1,500,000 123,000 

Thickener 75,000 7,500 

F i  1 t e r  press 250,000 2,500 

S1 udge disposal 0 259,000 

Total  $3,925,000 $555,000 

(a) C r y s t a l l i z e r  cap i ta l  costs would be decreased 
$260,000 if the  re ten t ibn  per iod were decreased 
from 8 t o  6 min per stage. 

TABLE 7.2. Average Cost Factors 

I tem Cost Factor 
I n s t a l  l a t i  on 1.4 t o  1.5 
BaTance-of-plant 2.2 t o  3.0 
Ind i rec t  costs 1.25 t o  1.4 



S,’ \g f a c t o r  o f  1.32, t he  t o t a l  investment cost i s  $19,532,000 f o r  the 8-min reten- 
t i o n  t ime and $18,239,000 for  the 6-min re ten t i on  time. These t o t a l  investment 
costs are used i n  t h e  l i f e - c y c l e  cost analysis. 

7.3 COST COMPARISON 

Two cases were analyzed f o r  the f l u i d  treatment option: 
o Case 3 - 8-min f l u i d  residence t ime i n  the c rys taT l i ze rs  
o Case 4 - 6-min f l u i d  residence t ime i n  t h e  c r y s t a l l j z e r s .  

The l i f e - c y c l e  u n i t  costs and the  d i f f e r e n t i a l  savings are shown below: 

Treatment 
Process 

None 

None 

Crystal  1 i z e r  
and c l a r i f i e r  

Crystal  1 i z e r  
and c l a r i f i e r  

L i  fe-Cycl e D i  f f e r e n t i a l  D i  f f e r e n t i a l  
Sa i n  s, Savings , 

$/yr Residence Time UnitgCost, $ / l o  gal 16/10 Y g  gal 
Frequency/ 

I (1) Clean w e l l /  4.11 - 
1 month 

0.62 2,600,000 (2) Clean we l l /  3.49 
3 months 

(3) 8 min 2.47 1.64 6,890,000 

(4) 6 min 2.45 1.66 6,960,000 

Case 4 has the  h,ghest d i f f e r e n t i a l  savings, although the  d i f f e r e n t i a l  savings 
of Case 3 are on ly  -1% less. A c r y s t a l l i z e r  manufacturer (Goslin-Birmingham, 
Inc.) ind icates t h a t  t he  optimum residence t ime i n  the  c r y s t a l l i z e r s  i s  8 min; 
therefore, Case 3 represents the most r e a l i s t i c  geothermal i n j e c t i o n  treatment 
a1 t e r n a t i  ve. 



8.0 WORLDWIDE INJECTION EXPERIENCE 

I n  t h i s  section, the current status o f  geothermal i n j e c t i o n  p rac t i ce  i s  
It i s  w i t h i n  t h i s  patchwork of successful i n jec t i on ,  l o s t  i n jec -  

coli 
discussed, 
t i v i t y ,  and rese rvo i r  hydrodynamics t h a t  i n j e c t i o n  and p re in jec t i on  treatment 
processes are evolv ing as workable solut ions t o  s i t e -spec i f i c  problems. 
he lp fu l  t o  understand the d i v e r s i t y  i n  the h i s t o r y  o f  i n j e c t i o n  pract ices 
before t r y i n g  t o  evaluate a process f o r  a p a r t i c u l a r  p lant  o r  s i t e .  

It i s  

8.1 UNITED STATES 

The United States has demonstrated the widest range of produced/injected 
s a l i n i t i e s  o f  any geothermal user i n  the world, ranging from steam condensate 
t o  br ines containing more than 250,000 ppm dissolved sol ids. P r o f i l e s  are 
presented i n  the fo l l ow ing  sections. 

8.1.1 The Geysers, Ca l i f o rn ia (a )  

1240 MWe was on-line. This f i e l d  contains more than 200 wel ls  (-15 wel ls  are 
needed t o  support a 110-MW u n i t ) ,  Turbine i n l e t  condi t ions include tempera- 
tures from -170 t o  18OOC and pressures from 80 t o  115 psig. Contaminant con- 
centrat ions i n  the produced steam are given i n  Table 8,l. 

The Geysers i s  a steam-dominated reservoir.  I n  1983, i n  excess o f  

TABLE 8.1. Contaminant Composition o f  Produced Steam a t  the Geysers 

Average F1 ow I n t o  
Species Concent r a t  i on, ppm 110-MW Unit, kg/h 

co2 290 t o  30,600 2700 
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The Geysers steam condensate contains boron and ammonia concentrations 
t h a t  exceed Ca l i f o rn ia  standards f o r  surface disposal; hence, i n j e c t i o n  has 
become a standard procedure a t  t h i s  s i t e .  About 20% o f  the mass o f  the geo- 
thermal f l u i d  produced must be disposed o f  as excess l i q u i d  from cool ing tower 
basins. Beginning w i t h  Uni ts  5 and 6 i n  1970, t h i s  excess l i q u i d  has been 
in jected. By 1975, over 15 x l o 9  1 had been in jected, w i t h  about 18 x l o 6  l /day 
being i n jec ted  by s i x  wells. Because o f  the low pressure o f  t he  steam reser- 
voir ,  pumping i s  used only t o  t rans fe r  i n jec ted  l i q u i d  t o  the  wells; actual  
i n j e c t i o n  i s  done by g rav i t y  feed. To prevent contamination and plugging o f  
the i n j e c t i o n  wells, s e t t l i n g  basins are used t o  remove so l i ds  before i n jec -  
t ion.  Deaerating vessels remove oxygen and a i r  from the i n j e c t i o n  system t o  
contro l  corrosion and oxidation, which would contr ibute t o  the so l i ds  burden o f  
t he  i n jec ted  f l u i d .  

During ea r l y  i n jec t i on ,  some cool ing of adjacent production wel ls  was 
experienced. 
wel ls  and are as far  away as possible from the major producing regions. A 
t race r  t e s t  on a i n j e c t i o n  wel l  i n  1973-1977 ind icated t h a t  about 18% o f  the 
i n jec ted  f l u i d  i s  vented as steam a t  nearby production wells. 

Geysers. Some i ncrease i n m i  crosei smic a c t i v i t y  was observed i n 1980. 

8.1.2 Niland (GLEF), Imperial Valley, Ca l i f o rn ia (a )  

I n j e c t i o n  wel ls  are now d r i l l e d  deeper than nearby production 

Subsidence and microseismic a c t i v i t y  are c a r e f u l l y  monitored a t  t he  

The Niland reservo i r  geothermal f l u i d  i s  a hypersal ine b r i n e  o f  
200,000 ppm TDS and above. Wellhead condi t ions f o r  the Salton Sea GLEF were: 
190°C (375OF); 150 psig; 146,934 kg/h of l i q u i d ;  29,024 kg/h vapor; 5442 kg/h 
NCG. The GLEF t e s t i n g  was completed i n  1979 a f t e r  3-1/2 years o f  operation. 
This f a c i l i t y  was j o i n t l y  funded by San Diego Gas and E l e c t r i c  and DOE t o  t e s t  
production options i n  h igh -sa l i n i t y  b r i ne  f i e l d s .  

From 1976 t o  1977, the GLEF was operated as a four-stage f lash binary 
cyc le  system. Due t o  severe scal ing and corrosion problems, the system was 
converted t o  a two-stage f l a s h  binary cycle system i n  1978-1979, using d is-  
t i l l e d  water as the working f l u i d .  Under the four-stage f lash system, the non- 
vaporized geothermal f l u i d  was injected. The i n j e c t i o n  became progressively 
more d i f f i c u l t .  To maintain the desired flow, i n j e c t i o n  pressures were ra ised 
and formation f ractures were opened t o  reduce i n j e c t i o n  pressures. A number o f  
cycles o f  pressure increase and formation f rac tu re  were experienced. Scal ing 
analysis showed t h a t  the f ront  o f  the p lant  contained heavy metal su l f i des  (FeS 
and PbS), some metal oxides (Fe20g, Fe3O4), and NaC1. Toward the i n j e c t i o n  end 
of the plant,  the scale was predominantly Si02 and NaCl . 

(a) See Anastas (1980); Aducci (1980). 

8.2 



Fol lowing conversion t o  the two-stage f l a s h  binary system (Figure 8.1), 
p lant  a v a i l a b i l i t y  increased t o  60% (compared w i t h  40% w i t h  the four-stage 
system). This increase was la rge ly  due t o  fewer equipment sca l ing and corro- 
s ion problems. The Si02 deposi t ion was determined t o  be the p r inc ipa l  cause o f  
e r r a t i c  i n j e c t i o n  performance, which occasional ly necessitated rerout ing f l u i d  
t o  holding basins whi le  the i n j e c t i o n  wel l  was reworked. Under the p lant  con- 
d i t i ons ,  the s luggish Si02 p r e c i p i t a t i o n  k i n e t i c s  postponed much o f  the Si02 
p r e c i p i t a t i o n  u n t i l  the f l u i d  had entered the reservoir .  

Based on t e s t s  by Magma Power Co. and Envirotech Corp., a treatment system 
f o r  i n jec ted  f l u i d  evolved using a reactor c l a r i f i e r ,  a thickener, a dual-media 
sand f i l t e r ,  a f i l t e r  press, and a hold ing tanking f o r  f i l t e r  backwash. This 
system operated from June 1979 u n t i l  September 1979. 
equipment ind icated t h a t  the t o t a l  suspended so l i ds  l eve l  dropped from 180 t o  
100 ppm and dissolved Si02 dropped from 390 t o  200 pprn i n  the  reactor c l a r i -  
f i e r .  Fol lowing t h e  dual-media sand f i l t e r ,  the f l u i d  contained 4 t o  10 ppm 
suspended so l i ds  and a dissolved Si02 content o f  192 ppm. 

The heavy metal oxides were another problem i n  the i n jec ted  f lu id .  The 
p r i n c i p a l  cause of the formation of these oxides was a i r  leakage i n t o  the  
reactor c l a r i f i e r .  Points where a i r  entered t o  the  system were sealed, thus 
remedying t h i s  problem. 

Fol lowing the  September 1979 shutdown, the reactor c l a r i f i e r  system was 
examined. There was no scale of any type on any of the system parts. Some 
corrosion was noted on i n t e r i o r  wal ls  of the c l a r i f i e r .  Methods t o  accelerate 
the p r e c i p i t a t i o n  o f  Si02 using f locculat ing agents have shown some promise. 
If successful, such agents could markedly reduce the  s i ze  o f  the reactor 
c l a r i f i e r  f o r  a given i n j e c t i o n  flow. 

above was too  short  t o  permit any s i g n i  i can t  conclusions concerning the  
effects on the  i n j e c t i o n  syste reservoir .  The r e s u l t s  do, however, 

was the predecessor t o  the Union O i l  Salton Sea plant, which uses a f l a s h  
c r y s t a l l i z e r ,  reactor  c l  

8.1.3 Salton Sea Geothe Demonstration Un i t  1 

ment systems f o r  t he  Union O i l  10-MWe Salton Sea Uni t  1 f a c i l i t y  i s  i l l u s t r a t e d  

h.’ 

P i l o t  t e s t s  with t h i s  

The durat ion of the i n j e c t i o n  t e s t s  using the f l u i d  treatment system noted 

upport the use of t 
reatment of f l u i d  f a-dominated geothermal reservoi r. This research 

/sand f i l t e r  concept for  p re in jec t i on  

i e r ,  and media f i l t e r  flow system. 

A s i m p l i f i e d  process flow sheet for  t he  steam production and b r i n e  t r e a t -  
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i n  Figure 8.2 (Moss, Whitescarver, and Yamasaki 1982).(a) 
operation i n  1982 t o  supply steam t o  a companion Southern C a l i f o r n i a  Edison 
10-MWe steam generator. 
1,416,000 lb /h  o f  hot b r i ne  t o  the steam production system. The two-phase f l ow  
from each production wel l  i s  processed through a wellhead separator where steam 
f lashed from the b r ine  i s  co l lecte l l  and routed i n t o  the main steam l i n e  t o  t h e  
power plant. Hot b r i ne  from the separators i s  co l lected i n  a common header and 
d i rected t o  the  f i r s t - s t a g e  f l ash  c r y s t a l l i z e r ,  which operates a t  -125 psia. 
Sludge i s  recycled from the  thickener t o  the f i r s t - s t a g e  c r y s t a l l i z e r  t o  pro- 
vide seed p a r t i c l e s  f o r  deposi t ion o f  s i l i c a  and other supersaturated const i tu-  
ents i n  the  brine. Steam separated i n  the f i r s t - s tage  c r y s t a l l i z e r  i s  routed 
t o  the main steam l i n e ,  and the spent b r i ne  s l u r r y  i s  sent t o  the second-stage 
f l a s h  c r y s t a l l i z e r ,  which operates s l i g h t l y  above atmospheric pressure. Steam 
from the second-stage f lash c r y s t a l l i z e r  i s  vented t o  the atmosphere, and t h e  

This u n i t  began 

Four production wel ls  a t  t h i s  f a c i l i t y  supply up t o  
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br ine  s l u r r y  flows t o  an atmospheric separator f o r  f i n a l  separation o f  steam 
from brine. Two separate t r a i n s  o f  f l a s h  c r y s t a l l i z e r s  and atmospheric sepa- 
ra to rs  are avai lable; each i s  capable o f  processing 100% o f  the flow. This 
arrangement al lows one t r a i n  t o  be shut down f o r  maintenance without i n t e r r u p t -  
i n g  power generation and a lso provides a greater degree o f  con t ro l  f o r  balanc- 
i n g  b r ine  f low and s t a b i l i z i n g  vessel operating condit ions. 
capacity i s  avai lab le i n  the  system through the use o f  the second-stage 
c r y s t a l  1 i zers . 

Addit ional  surge 

Spent b r i ne  flows from the atmospheric separators t o  a reactor c l a r i f i e r  
where p r e c i p i t a t i o n  o r  c rys ta l1  i z a t i o n  o f  supersaturated const i tuents i s  essen- 
t i a l l y  completed and much o f  the p a r t i c u l a t e  matter i s  separated from the 
brine. P o s t c l a r i f i e r  residual  p a r t i c u l a t e  matter i n  the b r i n e  i s  reduced by 
dual-media f i l t e r s .  Four i n j e c t i o n  wel ls  discharge the f i l t e r e d  b r i n e  t o  
underground receiv ing formations. 

Sludge from the reactor c l a r i f i e r  i s  routed t o  a th ickener t o  remove water 
by g rav i t y  sedimentation. The sludge from the thickeners i s  pumped t o  a f i l t e r  
press f o r  f i n a l  dewatering; i t  i s  designated as a hazardous waste due t o  i t s  
r e l a t i v e l y  high heavy metal content and must be disposed o f  a t  an authorized 
b u r i a l  s i te ,  I n  1982, the d a i l y  cost o f  haul ing and disposing o f  the sludge 
was about $800, much o f  which resul ted from t ranspor t ing the sludge a consid- 
erable distance t o  the  b u r i a l  s i t e  near San Diego. A l o c a l  disposal s i t e  i s  
being planned when the quant i ty  o f  hazardous waste produced becomes 1 arge 
enough t o  j u s t i f y  b u i l d i n g  the  s i te .  An a l t e r n a t i v e  would be t o  bypass the 
f i l t e r  press and dispose of the s l u r r y  d i r e c t l y .  

The Salton Sea Un i t  1 f a c i l i t y  has operated wel l  w i t h i n  expectations f o r  a 
demonstration plant. Minor d i f f i c u l t y  was experienced w i t h  plugging and loss  
of e f f ic iency i n  the dual-media f i l t e r s  i n  the f i r s t  year o f  operation 
(Yamasaki 1983), which may have been a r e s u l t  o f  occasional upsets i n  the 
reactor c l a r i f i e r ,  

Recycling sludge from the thickener t o  the f i r s t - s t a g e  c r y s t a l l i z e r s  
imposes a s l i g h t  energy penalty on the system due t o  the cool ing e f f e c t  of t h e  
recycled sludge. Addi t ional  b r i ne  (-3%) i s  added t o  the  f low from the  produc- 
t i o n  wel ls  t o  overcome t h i s  penalty. If the sludge were not recycled, sca l i ng  
would r e s u l t  , causing p l  ant shutdown . 
8.1.4 North Brawley, Imperjal Valley, Ca l i f o rn ia (a )  

S ix  wel ls  were completed a t  t h i s  s i t e  i n  1976-1978 by Union O i l  Company. 
The chemical cha rac te r i s t i cs  o f  the geothermal f l u i d  a t  t h i s  s i t e  are s i m i l a r  

(a) See Messer, Pye, and Gallus (1978). 
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t o  those o f  the GLEF. Unconsolidated sediment composed o f  sand, gravel, and 
sof t  c lay  were encountered a t  shallow depths. 
became progressively harder. 

There i s  l i t t l e  informat ion on i n j e c t i o n  o f  concentrated br ines i n t o  a 
porous formation s i m i l a r  t o  t h a t  found i n  the Imperial Valley. 
No. 1 was tested f o r  p r o d u c t i v i t y  and then converted t o  a i n j e c t i o n  we l l  t o  
dispose of b r i n e  from other wells. 
depth of-4670 ft, and 775,000 barre ls  o f  b r i ne  were i n j e c t e d  dur ing a.16-month 
period. The i n j e c t e d  b r ine  was s ing le  phase, and the  wellbore was always f u l l  
o f  b r i ne  dur ing the i n jec t i on .  Compatible br ines from various producing wel ls  
were i n jec ted  under the  same surface conditions. The br ines were supersatu- 
ra ted w i t h  Si02 and contained low concentrations o f  suspended c o l l o i d a l  Si02 (2 
t o  15 urn i n  s ize).  

During the  i n j e c t i o n  period, wel l  surveys showed no evidence o f  b r i dg ing  
above the f l u i d  ent ry  po ints  from the  wellbore. The wellbore scale accumula- 
t i o n  dur ing the  i n j e c t i o n  per iod was uniform and d i d  not cause a major r e s t r i c -  
t i o n  o r  a measurable pressure increase a t  the wellhead (the v e l o c i t y  o f  t h e  
b r i n e  i n  the wel lbore was general ly greater than 3 f t / s ) .  S t a t i c  formation 
pressure surveys between i n j e c t i o n  periods showed no change-in the s t a t i c  res- 
e r v o i r  pressure dur ing the  16-month test .  It was concluded t h a t  most o f  the 
wellhead i n j e c t i o n  l oss  was caused by damage s t a r t i n g  a t  t he  sand face. Sam- 
ples o f  scale co l l ec ted  dur ing mechanical cleaning o f  the wellbore revealed t h e  
fo l l ow ing  two major-scale consti tuents: a l ight -co lored mater ia l  composed o f  
s i l i c a  and s i l i c a t e s  and a dark-colored mater ia l  composed o f  iron, s i l i c a ,  and 
s i l i c a t e s .  Both const i tuents contained small amounts o f  carbonates. 

The loss of i n j e c t i o n  c a p a b i l i t y  was bel ieved t o  be caused by p a r t i c l e  
invasion and subsequent plugging o f  the sand matr ix  along w i t h  p r e c i p i t a t i o n  o f  

matrix. S i  gni f i can t  damage occurred a t  depths ranging from 
Co l l o ida l  Si02 p a r t i c l e  p r e c i p i t a t i o n  and plugging caused neg- 

l i g i b l e  damage beyond -4 ft from the wellbore. Testing i n  t h i s  f i e l d  revealed 
t h a t  severe i n j e c t i o n  damage can r e s u l t  if hypersal ine br ines are not proper,ly 
t rea ted  before i n j e c t i o n  i n t o  sedime ary formations. 

t he  one we l l  used i n  t h e  above tests.  This acid treatment consisted of: 

A t  greater depths, the sediment 

The Veysey Well 

The cemented wellbore was perforated t o  a 

An ac id  s t imu la t i on  treatment was devised t o  restore i n j e c t i o n  a b i l i t y  f o r  

r e  acidiz ing,  t he  wellbore was cleaned by mechanical scraping 
and brushing the  t o t a l  depth of the well .  This treatment, by 
i t s e l f ,  d i d  not  s i  c a p a b i l i t y  
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o A se lect ive ac id  i n j e c t i o n  treatment was used. Each zone was 
t reated i n  immediate succession w i th  a 5% HC1 preflush, a 5% 
HC1-5% HF ac id treatment, and a 5% HC1 ac id  postf lush. Each stage 
was i n h i b i t e d  and designed f o r  75 g a l / f t  o f  zone. The ac id  was 
in jec ted  by an ac id wash tool ,  w i t h  the ac id  confined t o  a given 
zone by opposing swab cups. Each zone was 8 f t  long, and the i n j e c -  
t i o n  r a t e  was 3 t o  4 barrels/min. A f t e r  the ac id  treatment, a 2% 
so lu t i on  o f  ammonium ch lo r i de  was in jec ted  t o  minimize p r e c i p i t a t i o n  
reactions t h a t  could form excess acid i n  the  wellbore. 

e The 3 t o  4 barrels/min i n j e c t i o n  ra te  removed scale deposits i n  t h e  
pe r fo ra t i on  and a lso resul ted i n  enough ac id displacement t o  obtain 
the necessary penetrat ion i n t o  the formation. 

o Since the  ac id  i n j e c t i o n  required a pressure above t h e  formation 
f rac tu re  pressure, the e f f e c t i v e  ac id  penetrat ion was estimated t o  
be 2 t o  4 ft along the f rac tu re  wal l  and 3 in .  i n t o  the  matr ix  adja- 
cent t o  the f rac tu re  wal l .  This r a t e  a lso minimized ac id  exposure 
t ime i n  the  tub ing t o  reduce corrosion. 

The resu l t s  and' conclusions o f  the ac id  s t imulat ion treatment are summar- 
i zed  below: 

o I n j e c t i v i t y  loss from Si02 p a r t i c l e  plugging o f  the formation matr ix  
can be restored by a proper ly designed HC1-HF ac id  treatment. 

Si02 p a r t i c l e  bui ldup a t  the sand face and accumulation i n  the  sand 
matr ix  near the wellbore were the primary causes o f  the i n j e c t i o n  
l oss  a t  t h i s  wel l .  

o 

e The major i n j e c t i o n  loss was caused by t o t a l  plugging o f  some in jec -  
t i o n  i n te rva l s ,  ra ther  than a general reduction i n  permeabil i ty. 

e Si02 p r e c i p i t a t i o n  resul ted from supersaturation condi t ions imposed 
on the b r ine  when f l ash ing  the e f f l u e n t  before i n j e c t i o n .  

a The amount o f  ac id  treatment should be based on how much b r i n e  i n d i -  
vidual i n j e c t i o n  zones w i l l  accept. 

8.1.5 Heber, Imperial Valley, Cal i forn ia(a)  

Geothermal waters a t  Heber are found a t  depths ranging from 600 t o  3000 m. 
NaCl i s  t he  main dissolved const i tuent (TDS = 14,000 t o  16,000 ppm), and Si02 

(a) See Defferding (1980). 
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i s  low enough (-270 ppm) t h a t  sca l ing i s  not expected t o  be a problem a t  t h i s  
s i t e  as long as i n j e c t i o n  temperatures are kept above -150°F. Wellhead b r i n e  
temperatures o f  350 t o  38OOF are expected. 

1830 m. When the  we l l s  were flowed, a l l  b r i ne  in jected, with the exception o f  
a small amount t h a t  was flashed t o  steam i n  an experimental f a c i l i t y .  Blowdown 
from coo l i ng  towers i s  combined w i t h  recycled, cooled brine. The nominal 
i n j e c t i o n  pressure i s  315 psi. With deep w e l l  pumps, i n j e c t i o n  flow rates 
could be from 6 t o  8 x l o 6  l jday.  

o f  b r i ne  pe r  hour t o  a San Diego Gas and E l e c t r i c  binary cyc le  p lan t  (65 W e  
gross/45 MWe net). Because t h i s  i s  a pumped design (note the p a r a s i t i c  load 
without f lashing),  a l l  o f  the produced b r ine  w i l l  be disposed o f  v i a  i n jec t i on .  
Br ine temperatures are t o  be kept above 165OF t o  avoid s i l i c a  p rec ip i t a t i on ,  
and the  pressure w i l l  keep the C02 i n  so lu t i on  and prevent CaC03 scaling. 

'a, 

Six wel ls  have been d r i l l e d  (up t o  1980) ranging i n  depth from 1220 t o  

- z  

Current ly  (1984), Heber i s  undergoingtdevelopment t o  supply 8 m i l l i o n  l b  

8.1.6 Val les Caldera, New Mexico(a) 

The Val les Caldera reservo i r  i s  bel ieved t o  be l i q u i d  dominated w i t h  an 
over ly ing vapor-dominated zone. The geothermal power, po ten t i a l  o f  t h i s  s i t e  
had been estimated as 2700 MW sustained over -30 years. The mean reservo i r  
temperature i s  expected t o  be-273OC. As o f  1980, 17 wel ls  had been d r i l l e d  i n  
t h e  southwest quadrant o f  the f ie ld ,  a t  depths ranging from 1525 t o  2745 m. 

Union O i l  Company has been conducting i n j e c t i o n  t e s t s  a t  t h i s  s i t e  s ince 
1973. 
the persistence of the i n j e c t i o n  a b i l i t y  and the lack of seismic ef fects  from 
the  i n jec t i on .  The complex geology of t h e  Valles Caldera s i t e ,  however, 
required substantially more drilling to establish t h e  commercial value o f  the 
s i t e .  o f  1982, s i t e  development was suspended because .of i n s u f f i c i e n t  pro- 
d u c t i  ow despi te sa t i s fac to ry  resource tem 

I n j e c t i o n  i s  considered t o  be a v iab le  opt ion f o r  t h i s  f i e l d  based on 

8.1.7 Ra f t  R (b) 

The Ra f t  River geothermal s i t e  i s  located i n  a closed groundwater basin i n  
south-central' Idaho. The 1982 i n s t a l l e d  capacity was 5 MWe; t h i s  experimental 
b inary cyc le  p lan t  was closed a f te r  a b r i e f  run because o f  h i g h  cost. Chemical 
analyses i n d i c a t e  the  existence of natural  communication between the geothermal 
rese rvo i r  and the  shallower aquifers used f o r  i r r i g a t i o n .  
thermal f l u i d s  may r e s u l t  i n  f u r t h e r  degradation o f  i r r i g a t i o n  water. 

I n j e c t i o n  o f  geo- 

(a) See DiPippo (1980); Defferding (1980). $d (b) See Spencer (1980). 
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Seven monitoring wells, ranging i n  depth from 150 t o  400 m, were d r i l l e d  3 
t o  evaluate i n j e c t i o n  ef fects.  These we l l s  were monitored over a span o f  
1 year, i nc lud ing  two-21-day i n j e c t i o n  t e s t s  i n  1979. Well RRG-1 ( d r i l l e d  t o  a 
depth o f  1160 m) was used f o r  the i n jec t i on .  The monitor ing we l l s  were d i s -  
t r i b u t e d  a t  various distances from the  i n j e c t i o n  well ,  ranging from -2.6 km t o  
-0.3 km. 

The i n j e c t i o n  t e s t s  were not long enough t o  permit any general izat ions 
concerning the i n t e r a c t i o n  between i n j e c t i o n  o f  geothermal f l u i d  and the  irr i- 
gat ion reservoir.  Spec i f i c  t e s t  resu l t s  included the  fol lowing. The water 
l e v e l  i n  the  w e l l  -0.8 km from the i n j e c t i o n  we l l  increased,an average o f  
0.4 m/week dur ing t h e  i n jec t i on ,  i n d i c a t i n g  d i r e c t  f r a c t u r e  connection between 
the i n j e c t i o n  zone and the  aqui fer  penetrated by the  monitor ing well. The 
water l e v e l s  i n  welpls -0.3 kin, -0.6 km, and -0.4 km from the  i n j e c t i o n  we l l  
showed a step funct ion decrease t h a t  coincided with the  per iod o f  the i n j e c t i o n  
tests.  This response may be caused by e l a s t i c  deformation o f  the i r r i g a t i o n  
aqui fer  matrix. The Raft  River experience i l l u s t r a t e s  i n j e c t i n g  a low s a l i n i t y  
b r i n e  i n t o  a f rac tu red  reservoir.  

8.1.8 Brawley 10-MW Demonstration Plant 

Brawley began operation i n  Ju ly  1980 and was the  f i r s t  p l a n t  t o  a c t u a l l y  
produce power using t h e  hypersal ine br ines from the reservo i rs  i n  the north- 
cent ra l  p a r t  of t he  Imperial Valley. The power p l a n t  i s  a partnership between 
Southern C a l i f o r n i a  Edison and the  Los Angeles Water and Power Department. The 
b r i n e  product ion/ t  reatment/i n jec t i on  and steam de l i ve ry  systems are owned and 
operated by Union O i l  Company. 

TDS) w i t h  a s i g n i f i c a n t  NCG content. Steam i s  de l ivered a t  a pressure o f  
approximately 100 p s i g  from a f l a s h  separator a t  170°C (340°F). B r ine  t r e a t -  
ment i n i t i a l l y  consisted o f  ponding/aging, perhaps t r y i n g  t o  dupl icate t h e  
experience a t  t h e  Japanese Hatchobaru f i e l d .  Well and equipment plugging have 
resulted. As of 1984, b r i n e t a c i d i f i c a t i o n  has been added t o  the  treatment 
process w i t h  some improvement i n  resul ts .  Operating speci f ics ,  even t h e  t ype  
of ac id  used, are unknown. Since t h i s  p lan t  i s  operat ing on a kinetics-based 
p r e c i p i t a t i o n  avoidance treatment scheme ( i n  contrast  t o  Union O i l ' s  Salton Sea 
Plant w i t h  i t s  con t ro l l ed  p r e c i p i t a t i o n  approach), other consistent act ions 
woul d be mai n t a i  n i  ng temperature, avoiding oxygen contact, and m i  nimi z i  ng del  ay 
p r i o r  t o  i n jec t i on .  Whether these act ions are being done i s  not  known. 

The resource i s  high temperature (+475"F) and h igh l y  s a l i n e  (>200,000 ppm 
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8.1.9 Roosevelt Hot Springs u 
A 20-MW net (23 gross) f l a s h  cyc le  p lan t  i s  scheduled t o  come .on-line i n  

June 1984. The power p lan t  i s  operated by Utah Power and Light, and t h e  
brine/steam supply i s  operated by P h i l l i p s  Petroleum. 
condi t ions are 18% wellhead f l a s h  t o  35OOF r e s u l t i n g  i n  a 790, ppm Si02 l e v e l  i n  
t h e  flashed brine; f luori .de l e v e l s  are high a t  1 t o  3 ppm. 
avqided by t h e  add i t i on  o f  a few par ts  per m i l l i o n  o f  phosphonate i n h i b i t o r  
(bel ieved t o  be Dequest 2060) a t  t h e  wellhead. 
maintaining t h e  temperature a t  -350OF i n  a t o t a l l y  pressurized and insulated 
i n j e c t i o n  system. The b r ine  residence t ime from f l a s h  t o  i n j e c t i o n  i s  on t h e  
order o f  45 min. Some s i l i c a  scali-ng i s  observed, but because i n j e c t i o n  i s  
i n t o  a 3- t o  5- f t  wide f racture i t  i s  hoped t h a t  long-term i n j e c t i v i t y  w i l l  
remain good. The f i e l d  has produced low volumes o f  f low f o r  over two years 
dur ing a t e s t  of a new tu rb ine  concept, and.presumably t h i s  permit ted P h i l l i p s  
the opportuni ty t o  match t h e i r  treatment t o  t h e i r  p a r t i c u l a r  production and 
easy i n j e c t i o n  character is t ics .  

The approximate b r i n e  

Ca lc i t e  sca l ing i s  
~ 

S i l i c a  scal ing i s  c o n t r o l l e d  by 

8.2 MEXICO - CERRO PRIETO(~) 

The 1 iquid-dominated Cerro P r i e t o  reservo i r  produces a two-phase mixture 
a t  the wellhead. The chemical composition o f  separated water samples from 
12 we l l s  i s  given i n  Table 8.2. The geothermal steam contains -1 w t %  NCG, 

TABLE 8.2. Composition of Separated Water from 12 Wells a t  Cerro Pr ie to(a)  

Consti tuent Concentration, ppm 
c1 14,370 
Na 7,760 
K 1,660 
s i02 850 
Ca 545 
HC03 50 
L i  18 
B 18 

17 
1.4 

so4 
Mg 
pH (25OC) 8.2 

(a) DiPippo (1980). 

hi (a) See Goyal, Lippmann, and Tsang (1982); Tsang e t  al. (1981); DiPippo (1980). 

http://fluori.de


mainly C02 and H S. 

steam f low o f  120,000 lb /h  and an average separator pressure o f  114.6 psig. 

Engineering studies began i n  1978 under a 5-year cooperative agreement 
between the  U.S. DOE and the  Comision Federal de E l e c t r i c i d a d  de Mexico (CFE). 
I n  general, i t  has been observed t h a t  the mass f l o w  produced by a given produc- 
t i o n  wel l  a t  Cerro P r i e t o  has decreased w i t h  t ime from 1973 t o  1980. This 
reduction i s  a t t r i b u t e d  to:  
t i v e  permeabi l i ty  e f f e c t s  i n  the two-phase region near and around the  wellbore; 
and reduced pressure gradients due t o  f i e l d  explo i ta t ion.  

For e igh t  wells, the average C02 and H2S concentrations 
are 7320 and 156 $ ppm, respectively. These samples were taken from an average 

Si02 p r e c i p i t a t i o n  i n  the reservo i r  pores; re la-  

Since 1979, CFE has been conducting i n j e c t i o n  t e s t s  using Cerro P r i e t o  
wel l  M-9. The i n j e c t i o n  condi t ions are: 
maximum i n j e c t i o n  rate; 721 t o  846 m depth o f  i n jec t i on .  

165OC untreated brine, 80 tonnes/h 

Monitoring o f  neighboring production wel ls  has not shown any s i g n i f i c a n t  
change i n  the  wellhead temperature, pressure, o r  enthalpy o f  t h e  geothermal 
f l u i d .  Inasmuch as the production wel ls  (>1100 m) are subs tan t i a l l y  deeper 
than the i n j e c t i o n  we l l s  (721 t o  864 m), t h i s  independence i s  not surprising. 
This r e s u l t  was corroborated by computerized modeling studies o f  the Cerro 
P r i e t o  reservo i r  using i n j e c t i o n  parameters corresponding t o  t h e  actual  t e s t  
case and geological assumptions appropriate t o  the Cerro P r i e t o  f i e l d .  Since 
Cerro P r i e t o  i s  plagued with s i l i c a  scal ing problems, i t  i s  expected t h a t  any 
substant ia l  i n j e c t i o n  w i l l  have t o  include a s i l i c a  b r i n e  treatment process. 
Current spent b r i ne  disposal i s  accomplished by evaporation from la rge  ponds. 

S i l i c a  treatment approaches tested a t  Cerro P r i e t o  inc lude the GLEF-style 
reactor c l a r i f i e r  and an aging/l ime addition/sedimentation process (Hurtado 
e t  a l .  1981) tested on br ines of  -30,000 ppm TDS and 1000 ppm SiO2. The 
reactor c l a r i f i e r  operating with 0.9% so l i ds  i n  the react ion zone had (over- 
f low) e f f l u e n t  t h a t  contained 250 ppm par t i cu la tes  and 300 ppm dissolved Si02; 
i t s  performance was unsat is factory  when compared w i t h  the second process. This 
second process consisted o f  10 t o  15 min aging, 20 t o  40 ppm l ime addit ion, and 
sedimentation i n  a c l a r i f i e r .  This process y ie lded an e f f l u e n t  o f - 3 0  ppm 
par t i cu la tes  a t  a calculated cost o f  25% less than a reactor c l a r i f i e r  process. 

8.3 EL SALVADOR - AHUACHAPAN(~) 

This l iquid-dominated f i e l d  has an i n s t a l l e d  capacity o f  95 MWe (1981). 
As o f  1981, 28 wells, both production and in jec t i on ,  had been d r i l l e d ;  w e l l  
depths range from 600 t o  1000 m. Some charac te r i s t i cs  o f  t he  Ahuachapan geo- 
thermal f l u i d  are given i n  Table 8.3. The main tu rb ine  steam temperature i s  

(a) See DiPippo (1980); Kest in (1980); Horne (1982a); Horne (1982b). 
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W 
TABLE 8.3. Character is t ics  o f  Ahuachapan Geothermal F l u i d  

Average Chemical 
Species Composition, ppm 

c1 10,430 
. Na 5,690 

K 950 

Ca 443 
6 151 
B r  43.9 
HC03 34.2 

34.0 
17.5 L i  

As 11.3 
I 8.1 
Rb 7.1 
cs 5.5 
S r  4.7 

Si02 537 

so4 

, Sb 2.1 
F 1.5 
Mg 0.13 

Composition o f  NCG 
Gas i n  Steam, vol% 
cor, 86.8 
H25 12.1 

0.126 

1.0 
0.05 

H2 
N2 

NH3 and CH4 

I 

reported t o  be 313OF; pressure, 80 psig. 
continued t o  operate despi te the m i l i t a r y  act ions t h a t  have taken place i n  
E l  Salvador. 

It i s  understood t h a t  t h i s  p lan t  has 

Four i n j e c t i o n  we l l s  were s i t e d  on t h e  periphery o f  t he  f i e l d .  The inne r  I 

casings o f  t h e  we l l s  were not cemented t o  al low f o r  easy conversion t o  produc- 
t i o n  wells. To support 60 MWe, a l i q u i d  i n j e c t i o n  r a t e  o f  -368 kg/s (5800 gpm) 
i s  required. The i n j e c t e d  l i q u i d  i s  taken d i r e c t l y  from the  wellhead separa- 
t o r s  a t  separator pressure and i n j e c t e d  without booster pumps. There i s  no 
atmospheric exposure o f  the f l u i d  and no chemical treatment. About 13 x lo6 Mg 
(29 x lo9 l b )  o f  f l u i d  has been in jec ted  since 1975. Large-scale i n j e c t i o n  
experiments were c a r r i e d  out i n  1970 and 1971; 2 x 10 6 3  m of water a t  15OOC was 
in jected. The combined forces of g r a v i t y  and vapor pressure were used. A 
dual-purpose w e l l  was d r i l l e d  i n  the production area and f i n i shed  w i t h  a s l o t -  
t e d  1 i n e r . t o  a depth .of 952 m, somewhat below the  depth o f  the producing wells. 
I n j e c t i o n  was successful with t h i s  we l l  as long as the  i n j e c t i o n  temperature 
was he ld  above 150OC. This h igh temperature i s  necessary t o  prevent s i l i c a  
polymerization. The use of separator and g r a v i t y  d r i v e  f o r  i n j e c t i o n  ind icates 
t h a t  t h e  formation has good permeabil i ty. 
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Using a t r i t i u m  tracer,  some connection was noted between an i n j e c t i o n  Ld 
well  and a production w e l l  -500 m away. No connection was noted between the 
i n j e c t i o n  we l l  and nearby surface springs. With proper spacing, i n j e c t i o n  can 
probably be successful ly managed i n  t h i s  f i e l d .  Tests have shown t h a t  i n j e c -  
t i o n  i s  important t o  maintaining reservo i r  pressure. Because the temperature 
o f  the i n jec ted  f l u i d  has been maintained above 1 5 O O C  (302OF), there has been 
no mineral deposit ion i n  the l i n e r  o f  the i n j e c t i o n  wells. The balance o f  the 
waste water i s  transported t o  the ocean v i a  a 75-km long covered concrete 
channel. 

8.4 JAPAN - 
Data summarizing geothermal production and i n j e c t i o n  i n  Japan as o f  

September 1980 are given i n  Table 8.4. 

8.4.1 - O t  ake(a) 

There are two geothermal zones a t  the Otake s i t e .  The upper zone s t a r t s  
The top o f  the lower reservo i r  a t  a depth o f - 2 5 0  m and continues t o  -550 m. 

i s  -1000 m below t h e  surface and extends t o  an unknown depth. This l i q u i d -  
dominated f i e l d  taps only the  upper reservo i r  a t  a temperature o f  -200°C. 
NCG and TDS content o f  the geothermal f l u i d  i s  ind icated i n  Table 8.5. Waste 
f l u i d  i s  i n jec ted  immediately a t  Otake because t e s t s  ind icated t h a t  i t  took 1 h 
f o r  the s i l i c a  t o  s t a r t  polymerizing. 

separators and excess steam condensate from the co ld  wel l  o f  cool ing towers. 
As a r e s u l t  of t race r  t e s t s  using f luorescein dye (sodium s a l t ) ,  t he  three 
i n j e c t i o n  wel ls  d r i l l e d  a t  Otake i n  1972 were located 150, 350, and 500 m from 
the  nearest production well ,  respectively. The casing f o r  t he  i n j e c t i o n  we l l s  
was i d e n t i c a l  t o  t h a t  f o r  t he  production wells. 
pher ic pressure t o  avoid t r i g g e r i n g  seismic a c t i v i t y .  It has been noted t h a t  
pressure i n j e c t i o n  i s  p e r i o d i c a l l y  used t o  overcome i n j e c t i o n  resistance. To 
date, no seismic ef fects  from the geothermal a c t i v i t y  have been noted. 

t h a t  i n j e c t i o n  was supporting the  reservo i r  pressure. By 1975, t he  improvement 
ceased and one wel l  ceased production due t o  the loss i n  enthalpy o f  the geo- 
thermal f l u i d ,  i n d i c a t i n g  thermal in ter ference from the i n jec t i on .  Since t h a t  
time, reservo i r  output has been reducing a t  -6%/yr. I n  1979 and 1980, produc- 
t i o n  was raised t o  12.5 MWe by d r i l l i n g  two new production wel ls  and i n j e c t i o n  

The 

I n j e c t i o n  began a t  Otake i n  1972 t o  dispose o f  waste l i q u i d  from wellhead 

I n j e c t i o n  i s  done a t  atmos- 

A f t e r  i n j e c t i o n  t e s t s  began i n  1972, recovery was improved, i n d i c a t i n g  

(a) DiPip o (1980); Kest in  (1980); Horne (1982a); Yoshida, Tanaka, and Kusunoki 
(1983y. 
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TABLE 8.4. Summary f Geothermal Production and I n j e c t i o n  
i n  Japan Pa, 

Otake Hatchobaru Onuma Kakkonda Onikobe 
12 55 10 50 25 

1980 production, MU 12 55 7 40 7.5 

Production: 
No. o f  wells 4 8 5 11 12 
Average depth, m 500 1000 1600 ’ 1000 300 
Total steam, t / h  120 400 91 380 75 
Wellhead pressure, kPa 304 481 300 686 200 

Inject ion:  
No. o f  wells 8 14 4 15 1 
Average depth, rn 500 1000 800 700 1000 
Total flow, t / h  680 400 360 2700 115 
Temperature, O C  95 60 t o  95 95 160 95 
Pressure, kPa 0 0 0 540 0 

Configuration Side/equal Sidejabove S i  de/above M i  xed/above S i  de/bel ow 
Tracer flow, m/h -0.3 up t o  ao up t o  4 -- -- 

-- Gas i n t e r -  
siO? -- ference water from sca ing  

Hat  choba ru  
(175 t /h)  

Comments Accepts 

f September 1980. 

TABLE 8.5. NCG and TDS Content o f  ake Geothermal F l u i d  

Species TDS Content, ppm 

c1 1630 
Si02 668 
Ca 29 
Mg 1 7  
Na ’ 940 
K 110 

145 
6.7 t o  8.4 

so4 
PH 

L d  
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, 

was increased t o  a t o t a l  of 663 t/h, inc lud ing 175 t / h  piped from Hatchobaru. 
The current p rac t i ce  i s  t o  i n j e c t  the produced br ines immediately fo l l ow ing  
steam separation. 

f u l  from a reservo i r  standpoint. Tracer t e s t s  i n  1976 showed permeation 
v e l o c i t i e s  o f  -0.3 m/h--two t o  th ree  orders o f  magnitude smaller than those 
observed a t  Hatchobaru, probably due t o  supersaturated Si02 condi t ions a t  
atmospheric pressure. 
causing a substant ia l  f low reduction (310 t o  120 t / h  i n  about 3 years); cor-  
responding scale thickness was -25 mm on the  casing a t  t he  wellhead. Kyusha 
E l e c t r i c  Power Co. i s  present ly conducting waste water treatment studies i n  an 
attempt t o  con t ro l  O r  remove s i02  and arsenic from Otake waste water. 

LJ 

Despite t h e  demise o f  one well, i n j e c t i o n  a t  Otake appears t o  be success- 

Some scale bui ldup was experienced a t  i n j e c t i o n  wells, 

8.4.2 Hatchobaru(a) 

The Hatchobaru f i e l d  i s  s i m i l a r  t o  nearby Otake; both s i t e s  are over a 
dual geothermal reservoi r. While Otake taps the upper reservoi  r, Hatchobaru 
taps the  lower one a t  a temperature o f  23OOC.  
geothermal f l u i d  a t  t h i s  l iquid-dominated f i e l d  are given i n  Table 8.6. 
Hatchobaru has a double f lash-type power p lan t  w i t h  a capacity o f  55 MWe. 
Geothermal waste f l u i d  i s  aged f o r  1 h i n  a tank p r i o r  t o  i n j e c t i o n  t o  permit  
s i l i c a  polymerization. A f t e r  aging, t he  s i l i c a  adheres l ess  t o  p ip ing  and t h e  

NCG and TDS compositions f o r  t he  

TABLE 8.6. Character ist ics o f  Hatchobaru Geothermal F l u i d  

Gas Total NCG Burden, vol% Species 

CO2 40 t o  84 Na 

02, N2, etc. 10 t o  57 Ca 

c1 
Si02 
As 

PH 

H2S 3 t o  15 K 

NCG content o f  steam: 0.05 t o  0.59 w t %  of steam 

Contaminant 
Concent r a t  i on, ppm 

2200 t o  2860 

243 t o  383 

34 t o  108 
3850 t o  5150 

620 t o  922 

2.9 t o  3.2 
4.7 t o  6.5 

hv! 
(a) See DiPippo (1980); Kest in (1980); Horne (1982a); Yoshida, Tanaka, and 

Kusunoki (1983) . 
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water i s  i n j e c t e d  wi thout  attempting a t o t a l  separatlon o f  t he  s o l i d  par t i c les .  
F l u i d  channeled through heat exchangers f o r  low-grade heat recovery i s  i n j e c t e d  
over a temperature range o f  60 t o  7OOC.  

I n j e c t i o n  we l ls  a t  Hatchobaru are d r i l l e d  i n  the  side/equal conf igurat ior l ,  
meaning t h a t  d r i l l i n g  i s  on the  side o f  the production f i e l d  a t  roughly t h e -  
same depth as the  product ion we l ls  (see Table 8.4). Tracer t e s t s  have i n d i -  
cated.a strong connection between some wel ls  as h igh  as 80 m/h, w i t h  s t rong 
returns over distances as great as 600 m. 
o f  a l l  product ion wells. An annual loss of i n j e c t i o n  capacity (approaching 
20%) has been experienced due t o  Si02 plugging. To maintain i n j e c t i o n  capa- 
b i l i t y ,  25% o f  the  waste water i s  exported t o  Otake and i n j e c t e d  there. 

Possible reservo i r  s h o r t - c i r c u i t i n g  problems have been i d e n t i f i e d  a t  
Hatchobaru using f luorescein dye. This agent has proved as sa t i s fac to ry  as the  
more expensive K I  t r a c e r  i n  i d e n t i f y i n g  f i r s t  a r r i v a l  times o f  t he  t r a c e r  f l u i d  
a t  product i on we1 1 s . 
8.4.3 Onuma(a) 

A t  t he  l iquid-dominated Onuma f i e l d ,  one i n j e c t i o n  we l l  and a l l  t he  pro- 
duct ion wel ls  have been s lan t  d r i l l e d .  The i n j e c t i o n  we l ls  r e c e i v e - l i q u i d  a t  
atmospheric pressure immediately a f t e r  the  pressure i s  l e t  down i n  cyc lon ic  
silencers. Waste water i s  i n jec ted  from the  periphery of the  f i e l d  and a t  a 
somewhat shallower depth than the  production we l ls  (a side/above conf igurat ion;  
see Table 8.4). 

There i s  some evidence t h a t  sho r t - c i r cu i t i ng  occurs dur ing i n jec t i on ,  
although t o  a lesser  extent  than a t  Kakkonda. Tracer re tu rn  rates are an order 
of magnitude slower than a t  Kakkonda. It appears t h a t  i n j e c t i o n  and productiorl 
can coexist f a i r l y  successfully a t  Onuma, provided t h a t  i n j e c t i o n  we l ls  are no t  

c lose t o  product ion wells. 

I n j e c t i o n  has lowered the  enthalpy 

This 1 i q u i  d-domi nated f i e l d  s the  newest geothermal p lan t  complex i n  
n jec t i on  wel ls  i s  754 m; product ion wells, 

ed i n  between the  production wel ls;  hence, t h i s  
Japan. The average dept 
1000 m. I n j e c t i o n  we l ls  
i s  an intermixed/above i n j e c t i o n  conf igurat ion (see Table 8.4). 

Japanese geothermal p lan i s  where i n j e c t i o n  i s  $done a t  atmospheric pressure t o  
j e c t i o n  i s  done a t  separator pressure ( 550 kPa), u n l i k e  a l l  o ther  

(a) See DiPippo (1980); Kest in  (1980); Horne (1982a). 
(b) See DiPippo (1980); Kest in  (1980); Horne (1982a). 
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minimize seismic ef fects .  Extensive i n j e c t i o n  has not caused not iceable seis-  
mic action. The i n j e c t i o n  temperature i s  -16OoC, which prevents Si02 deposi- 
t i o n  i n  t h e  i n j e c t i o n  wells. 

The very l a rge  i n j e c t i o n  r a t e  f o r  Kakkonda (3000 t / h  per 500 t / h  of pro- 
duced steam) represents a worst-case f o r  reservoi r short-c i  r c u i t i  ng. 
s h o r t - c i r c u i t i n g  has been i d e n t i f i e d  by t r a c e r  studies. Wells t h a t  have had 
rap id t r a c e r  a r r i v a l  t imes from fou r  p a r t i c u l a r  i n j e c t i o n  we l l s  decl ined s ig -  
n i f i c a n t l y  i n  output from the  s t a r t  o f  production. Cessation o f  i n j e c t i o n  from 
these wel ls  resul ted i n  a recovery o f  production from the  af fected wells. 
I n j e c t i o n  a t  separator pressure and temperature appears t o  have avoided many o f  
the deposi t ion problems t h a t  have 1 essened i n j e c t  i on capabi 1 i t y  i n  we1 1 s u s i  ng 
atmospheric i n j e c t i o n  conditions. 

8.4.5 Onikobe(a) 

Such 

Onikobe l i e s  over a dual geothermal reservoir ;  t h e  shallow zone i s  vapor 
dominated and the deep zone i s  l i q u i d  dominated. The ac id  nature o f  t he  deep 
zone prevented i t s  e x p l o i t a t i o n  u n t i l  1980. NCG and TDS compositions f o r  t h e  
Onikobe reservo i r  are given i n  Table 8.7 (see Table 8.4 f o r  addi t ional  d e t a i l s  
on production and i n j e c t i o n  a t  Onikobe). 

A l l  waste l i q u i d  (drawn from separators, turbines, etc.) and t h e  overf low 
from cool ing tower basins are co l l ec ted  i n  d ra in  ponds and then in jected, which 
i s  a r e l a t i v e l y  small f r a c t i o n  o f  t he  geothermal f l u i d  because of t he  high dry- 
ness f r a c t i o n  o f  the f l u i d  a t  the wellhead. The high H2S burden i s  released t o  
t h e  atmosphere wi thout  controls. Spent produced b r i n e  i s  combined w i t h  waste 
water t o  make a t o t a l  o f  -115 t / h  t h a t  i s  i n jec ted  i n t o  a s i n g l e  we l l  a t  

TABLE 8.7. NCG and TDS Content o f  Onikobe Geothermal F l u i d  

Gas Concentration, w t %  Species TDS o f  l i q u i d ,  ppm 

CO2 58.4 c1 7590 

H2S 36.0(a) Ca 930 

He, CH4, NH3 5.6 s i  02 550 
Mg 340 
so4 24 

(a) Highest o f  any geothermal p l a n t  i n  t h e  world. 

(a) See DiPippo (1980); Kest in  (1980); Horne (1982a). 
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atmospheric pressure. This s ing le  we l l  i s  located a t  one end o f  t he  f i e l d  and 
i n j e c t s  a t  1000 m i n t o  the  ac id i c  po r t i on  o f  the  reservo i r  (side/below in jec -  
t i o n  conf igurat ion;  see Table 8.4). 

The Onikobe f i e l d  experienced a decrease i n  steam output between 1975 and 
1980, which may be due t o  an i n f l u x  o f  co ld  surface water o r  t o  in ject i .on.  
There has been no notfceable a l t e r a t i o n  i n  the  thermal o r  pressure behavior o f  
the  f i e l d  s ince i n j e c t i o n  began i n  1978. 

fo l lowing in jec t ion .  This r i s e  (accompanied by a decrease i n  the  C02 content)  
was a t t r i b u t e d  t o  entrainment o f  a i r  i n  t he  i n j e c t i o n  wel l .  The i n j e c t i o n  w e l l  
was enclosed i n  1980 t o  prevent a i r  entrainment, and the  n i t rogen content o f  
t h e  producing we l ls  has since declined. S imi la r  t ranspor t  o f  n i t rogen has been 
observed a t  Hatchobaru. 
NCG between the  two reservo i rs  under the  Otake s i t e  but not f o r  t he  waters. 

8.4.6 Summary o f  Japanese I n j e c t i o n  Experience(a) 

There was a d i s t i n c t  r i s e  i n  n i t rogen content o f  the  NCG i n  t h e  months 

I n j e c t i o n  t e s t s  have demonstrated a connect iv i t y  f o r  

I n  cases where i n t e r w e l l  f low occurs, the  r e s u l t i n g  thermal in te r fe rence 
can be very detr imental  t o  production. Such in ter ference has occurred a t  
Otake, Hatchobaru, Onuma, and Kakkonda. Hydraulic interference, however, may 
be bene f i c ia l  i n  p rov id ing  pressure support f o r  the  reservoir .  The problem i s  
one o f  s u f f i c i e n t  separation between the  i n j e c t i o n  and product ion we l l s  so t h a t  
i n j e c t i o n  f l u i d  i s  heated t o  production l eve l s  before reaching the  production . 
wells. Previous estimates of safe distance have var ied and appear t o ' b e  q u i t e  
s i t e  spec i f i c ;  f o r  example, the suggested distance o f  150 m f o r  Otake i s  not  
s u f f i c i e n t  f o r  Hatchobaru. 

Reduced performance r e s u l t i n g  from i n j e c t i o n  has been observed a t  
Hatchobaru, Kakkonda, and Onuma. 
expedient t o  avoid thermal i n te rac t i on  even a t  the  cost of l os ing  hydraul ic  
support 8 One a t t r a c t  
but  separate s i te .  

overcome some of t he  

I n  high ly  f ractured systems, i t  appears t o  be 

h i s  i s  t o  i n j e c t  a t  a ,neighboring, 

t advantage i n  Japan t o  i .dent i fy  and 

se of chemical instead o f  rad ioac t ive  
through problems, p a r t i c u l a r l y  a t  Kakkonda. 

a b i l i t y  has presented operat ional  d i f f i c u l t i e s  a t  
r i n j e c t i o n  problems w i t h  i t s  

(a) See Horne (1982a). hsd 



8.5 ITALY - LARDER EL LO(^) 

As o f  1979-1980, the  vapor-dominated Lardere l lo  f i e l d  had -190 producing 
The Cycle 1 system i s  

I n  the main- 
wells, i nvo l v ing  various types o f  u t i l i z a t i o n  systems. 
the  simplest and involves no treatment o f  the geothermal f l u i d .  
stay Cycle 3 system, impur i t i es  and corrosive substances are removed by scrub- 
bers upstream o f  the tu rb ine  i n l e t .  Pure water and a l k a l i n e  solut ions wash the  
stream, and a x i a l  separators remove l i q u i d  p r i o r  t o  tu rb ine  entry. 

Wellhead steam temperatures a t  Lardere l lo  range from 140 t o  22OOC (285 t o  
430°F); pressures, from 200 t o  700 kPa (29 t o  102 psig). NCG i n  the steam 
phase contains -5 w t %  CO2 and -0.5 w t %  H2S. The NCG content o f  the l i q u i d  and 
vapor phases ranges from 1 t o  20 w t %  o f  the t o t a l  geothermal f l u i d  content; t h e  
average composition i s  93.8 vol% C02, 2.6 vol% H2S, 1.8 vol% H2, 1.1 vol% CH4, 
and 0.65 vol% N2. 

I n j e c t i o n  experiments have 
been performed a t  the periphery o f  the f i e l d  and i n  the producing regions. 
one instance, channeling of co ld  water quenched a producing we l l .  This was 
a t t r i b u t e d  t o  f low o f  cooler water along a major f a u l t  i n t o  the  producing 
region. One set  of i n j e c t i o n  t e s t s  was undertaken i n  1973 i n  the  Vi terbro 
region, i n j e c t i n g  62OC water a t  rates o f  3.5 t o  35 l / s .  Gravi ty feed was used 
fo r  t he  i n j e c t i o n  i n t o  an 1100-m deep we l l  t h a t  passed through a very permeable 
carbonate formation ( f i r s t  encountered a t  -700 m). This t e s t  was continued f o r  
9 days. No seismic ef fects  were noted a t  f i v e  microseismic monitor ing stat ions.  
Extensive i n j e c t i o n  modeling analysis i s  i n  progress f o r  the Lardere l lo  s i t e .  

About 20% of the waste l i q u i d  i s  injected. 
I n  

8.6 NEW ZEALAND 

8.6.1 Wai rakei  (b) 

Wairakei has been i n  production since 1960 and i s  an example o f  a f i e l d  
operated without i n jec t i on .  Loss o f  production, subsidence, and surface con- 
tamination have occurred. Some character is t ics  of the geothermal f l u i d  a t  t h i s  
l iquid-dominated reservo i r  are given i n  Table 8.8. The wel ls  a t  Wairakei are 
flashed t o  produce a t  two and three pressure levels;  a considerable reduction i n  
f i e l d  pressu're has occurred dur ing the l i f e t i m e  of the project .  A h igh pressure 
loss approaching 50% has occurred. To maintain production i n  the  face o f  
dec l i n ing  output from high-pressure turbines, addi t ional  intermediate- and low- 
pressure capacity was ins ta l l ed .  Figure 8.3 re la tes  the dec l ine o f  high- 
pressure capacity a t  Wairakei and the l a rge ly  successful maintenance o f  f i e l d  

(a) See DiPippo (1980); Kest in (1980); Schroeder e t  a l .  (1982). 
(b) See DiPippo (1980); Horne and Grant (1982); Stacy and Thain (1984). 
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TABLE 8.8. Characteristics of Wai rakei Geothermal F lu id  

High Intermediate Hot Liquid 
Gas Pressure, ppm Pressure, ppm Species Composition, ppm 

CO2 4857 3467 c1 2318 
H2S 132 70 , -  S i  92 300 

7 17 . ~2~204(a) ' 116 
* 39 CH4 ' 3  5 HCO3 
34 

. . 10 
pH condensate 8.6 

- 

N2 

HZ 1 1 so4 
- F  

(a)  Metaboric acid. 

DECREASING 

GENERATION 

Thain 1984). 
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output through br ing ing lower pressure ( l ess -e f f i c i en t )  u n i t s  on-line. I n  1975, Ld 
the t o t a l  i n s t a l l e d  power capacity o f  Wairakei was 192.6 MWe. 
has passed i t s  peak o f  production; i t  i s  hoped t h a t  product ion w i l l  s t a b i l i z e  a t  
between 125 and 140 MWe for  an i n d e f i n i t e  period. 

A t  l e a s t  p a r t i a l  i n j e c t i o n  o f  spent f l u i d  i s  under consideration t o  prolong 

This reservo i r  

output. The f i e l d  pressure recovered somewhat dur ing a 3-1/2 month f i e l d  shut- 
down i n  1968; maximum subsidence rates o f  up t o  1 f t / y r  (a t o t a l  o f  23 ft t o  
date) have been measured. The f i r s t  i n j e c t i o n  t e s t s  a t  Wairakei were performed 
i n  1982. 
t h i s  f ie ld .  I n  1969, a production wel l  ceased a f t e r  a downflow from i t s  shallow 
feeder zone a t  360 m t o  a deeper zone a t  600 m. Another w e l l  a lso ceased pro- 
duction i n  1976 and a downflow o f  16OOC water was a lso shown a t  t h i s  we1 1. This 
we l l  was worked over i n  1980, and the  upper feed zone was successful ly sealed 
o f f .  A f t e r  4 years of accepting 300 t / h  o f  16OOC water, t h i s  we l l  again pro- 
duced a t  i t s  e a r l i e r  temperature. Another wel l  had a downflow o f  175OC water 
from 300 t o  600 m, although t h i s  wel l  has continued t o  produce steam from 
-300 m. Other we l l s  t h a t  have had s i m i l a r  f a i l u r e s  due t o  breakthrough i n t o  
lower formations have been sealed. 

Tracer t e s t s  using 1311 and 82Rr have shown t h a t  i n j e c t e d  f l u i d  f low i s  

Some unintent ional  i n j e c t i o n  has been tak ing place f o r  some t ime i n  

c l e a r l y  w i t h i n  reservo i r  fau l ts ,  although the f l o w  i s  o f ten  by very c i r c u i t o u s  
routes through t h i s  f racture complex. 
as much as 20 times greater than those a t  Broadlands, i n d i c a t i n g  a greater 
po ten t i a l  f o r  rese rvo i r  s h o r t - c i r c u i t i n g  dur ing the  i n jec t i on .  

pared w i t h  Broadlands, which was a t t r i b u t e d  t o  t h e  l a rge  NCG content a t  Broad- 
1 ands and hence the greater compressi b i  1 i ty o f  t he  Broad1 ands geothermal f l  u i  d. 
As wi th Broadlands, strong returns of i n jec ted  water were general ly i n  we l l s  
t h a t  were deeper than the po in t  of i n jec t i on ,  suggesting a tendency f o r  downward 
migrat ion o f  t he  i n jec ted  f l u i d .  

water supersaturated w i t h  Si02 can general ly be i n jec ted  i n t o  the  f ractured 
rese rvo i r  wi thout d i f f i c u l t y .  I n j e c t i v i t y  has tended t o  increase w i t h  i n j e c t i o n  
due t o  thermal cont ract ion of f issures o r  t o  pressur izat ion and i n f l a t i o n  o f  t h e  
format i on . 

In jec ted  f l u i d  movements i n  Wairakei are 

The Wairakei f i e l d  exhib i ted a rap id  pressure response t o  i n j e c t i o n  c o w  

I n i t i a l  i n j e c t i o n  t e s t s  a t  both Broadlands and Wairakei have shown t h a t  

,- 

Lid 
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b/ 8.6.2 Broadlands(a) 

Two-phase condi t ions e x i s t  a t  the Broadlands s i t e  down t o  -660 ft due t o  
NCG pressure. Some o f  the cha rac te r i s t i cs  o f  the geothermal f l u i d  a t  t h i s  s i t e  
are presented i n  Table 8.9. 

I n j e c t i o n  has been a prominent technical  subject a t  Broadlands because t h i s  
f i e l d  i s  bisected by the Waikato River and any subsidence would probably cause 
f l ood ing  o r  a course change f o r  t h i s  r i ve r .  I n j e c t i o n  t e s t i n g  has taken place 
a t  t he  fo l l ow ing  wel ls  a t  Broadlands: I n  a l l  
cases except Br34, i n j e c t i v i t y  increased w i t h  time, probably due t o  thermal con- 
t r a c t i o n  o f  f issured rock. 
due t o  St02 deposition. This wel l  was a shallow, co ld  we l l  t h a t  brought Si02 
i n t o  a p r e c i p i t a t i o n  regime. The other wel ls  i n jec ted  i n t o  a hot formation, 
which precluded Si02 p rec ip i t a t i on .  I n  we l l s  Br7. and 28, s t a t i c  formation pres- 
sure f e l l  w i t h  i n jec t i on ,  probably as a r e s u l t  o f  i n j e c t i o n  o f  cooler water i n t o  
t h e  two-phase reservoir.  

Tracer studies with I3lI showed t h a t  i n jec ted  f l u i d  migrates over long d is-  
tances due t o  the f ractured nature o f  the reservoir .  Migrat ion v e l o c i t i e s  o f  up 
t o  0.5 m/h were indicated. Tracer studies a lso ind icated a s l i g h t l y  downward 
f l o w  o f  the i n j e c t e d  f l u i d .  
recovered i n  a l l  tests ;  therefore, the path of the i n j e c t e d  f l u i d  i s  not we l l  
understood. No thermal effects have been observed a t  neighboring wel ls  despi te 

Br7, 13, 23, 28, 30, 33, and 34. 

I n  the case of wel l  Br34, t he  i n j e c t i v i t y  decl ined 

Only a small percentage o f  t he  t r a c e r  f l u i d  was 

TABLE 8.9. Character is t ics  o f  Broadlands Geothermal F l u i d  

- Gas NCG Concentration 
1.2 t o  10.8 w t %  o f  steam 
0.022 t o  0.077 w t %  o f  steam 
22.8 t o  49.0 pprn 

co2 
H2S 
N"3 

Contaminant Content of L i q u i d  
Separated from We1 1 bore 

Species a t  Atmospheric Pressure, ppm 
c1 1488 , 

Na 997. 
S i  771 
HC03 175 

I K 175 
B 43.7 
As 3.3 

I 

8 

i 

(a)  See DiPippo (1980); Horne and Grant (1982); Horne (1982a). L J  
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b evidence t h a t  up t o  12% of t he  i n jec ted  f l u i d  does break through in to 'ne igh-  
bor ing product ion we l l  zones. Reservoir enthalpy i s  reduced i n  the  v i c i n i t y  of 
t h e  i n j e c t i o n  we l l  as was expected (e.g., -100 t o  200 kJ/kg decrease out o f  
-1300 kJ/kg). 

The question as t o  where t o  i n j e c t  has not been resolved f o r  t h i s  s i t e  t o  
date. I n j e c t i o n  has been done both i n  and outside the  f ie ld .  

8.7 PHILIPPINES 

8.7.1 Mak-Ban(a) 

This  l iquid-dominated reservo i r  a t  Los Raios on the  i s l a n d  o f  Luzon had an 
i n s t a l l e d  power capaci ty of 220 MWe by 1980 w i t h  an add i t iona l  100 MWe planned 
by 1984. Mak-Ban i s  t he  l a rges t  geothermal power complex i n  the  wor ld t o  i n j e c t  
a l l  o f  i t s  waste water. Most o f  the  14 we l ls  are on the  per iphery of the  pro- 
duct ion f i e l d .  Published r e s u l t s  f o r  t he  Mak-Ban i n j e c t i o n  experience have been 
very sparse. Although the  spent water has been i n j e c t e d  wi thout  any not iceable 
negative ef fects ,  the  chemistry o f  the  f l u i d s  i s  unavailable. 

8.7.2 Tongonan(a) 

The l iquid-dominated Tongonan f i e l d  i s  located i n  the  Bao River  va l l ey  on 
the  i s l a n d  o f  Leyte. 
1942 m. Subsequently, -45 we l ls  have been d r i l l e d ,  and a 112-MWe power s t a t i o n  
was scheduled f o r  serv ice i n  1982. Most we l ls  are subs tan t ia l  producers 
(-72 t / h  of separated steam). Before f lashing, the  geothermal f l u i d  contains 
about 12,000 ppm TDS. 
1978. 

The f i r s t  deep we l l  was completed i n  1977 t o  a depth o f  

I n j e c t i o n  t e s t i n g  has been ca r r i ed  out s ince February 

Using t r a c e r  water (1311), underground l i q u i d  movements have been deter- 
mined t o  be a t  ra tes as la rge  as those o f  Kakkonda and Hatchobaru i n  Japan. 
Therefore, the  po ten t i a l  f o r  thermal breakthrough appears h igh i n  the  Tongonan 
f i e l d .  
separator pressure (deposi t ion occurs a t  lower pressures). Increas ing the  
i n j e c t i o n  flow r a t e  appears t o  be bene f i c ia l  i n  reducing Si02 deposit ion; a 
s i m i l a r  experience was noted a t  Broadlands i n  New Zealand. I n j e c t i o n  o f  waste 
f l u i d  a t  Tongonan appears t o  be a v iab le  a l t e r n a t i v e  f o r  disposal based on t h e  
experience t o  date. The i n j e c t i o n  r a t e  i s  expected t o  be -1150 t / h  o f  16OOC 
water. 

I n j e c t i v i t y  does not seem t o  be a problem as the  i n j e c t i o n  i s  done a t  

(a) See Horne (1982). 
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hd 8.8 SUMMARY OF INJECTION EXPERIENCE 

8.8.1 Br ine Treatment- Approaches 

Loss o f  i n j e c t i o n  capab i l i t y  due t o  Si02 deposi t ion has been successful ly 
avoided i n  New Zealand, Japan, E l  Salvador, and the  Phi l ipp ines i n  those cases 
where the  i n j e c t i o n  i s  under separator pressure and the  temperature o f  t he  
i n jec ted  f l u i d  i s  above-150°C. 
has resu l ted  i n  i n j e c t i o n  losses a t  several s i tes.  I n j e c t i n g  a t  h igh rates i n t o  
a hot formation seems benef ic ia l .  
mechanically (chemical1y)' less troublesome, although the  p r e d i c t a b i l i t y  o f  b r i ne  
flow i s  poor. 
resu l ted  from one o f  three approaches: hot i n j e c t i o n  above the  Si02 sa tura t ion  
temperature; i n j e c t i o n  i n t o  a f rac tu red  locat ion;  o r  processing the b r ine  t o  
remove sca l ing  condi t ions and par t icu la tes.  The binary cyc le  p lan ts  i n j e c t  
above the  Si02 sa tura t ion  temperature, which w i l l  vary w i th  the resource but  
might be -150OF. The Ra f t  R iver  p lan t  used a f ractured r e s e r v o i r L f o r  i n jec -  
t ion .  The Union O i l  Salton Sea p lan t  proceises the brine, s t a r t i n g  a t  the  steam 
production step, p r i o r  t o  disposal in jec t ion .  

8.8.2 Reservoir Impl icat ions 

A t  some s i tes,  i n j e c t i o n  a b i l i t y  has increased w i th  in jec t ion ,  e i t h e r  as a 
r e s u l t  o f  opening f ractures by thermal cont ract ion o r  by pressure i,nf 
t he  f ractures.  I n j e c t i o n  of cooler water i n t o  two-phase reservo i rs  h 
instances, reduced the reservo i r  pressure. This l a t t e r  e f fec t  should be avoided 
i n  the  design of a i n j e c t i o n  scheme if the economics can t o l e r a t e  hot i n jec t i on .  

Lowering the temperature t o  less than -1OOOC 

I n j e c t i o n  i n t o  a f rac tu red  reservo i r  i s  a l so  

I n  the United States, the successful b r i ne  treatments have 

cer studies have shown t h a t  under f l u i d  movement can be substan- 
l t e r e d  by i n j e c t i o n '  o f  spent brines. nproducing f i e l d s  tend t o  have 

slower ra tes o f  i n j e c t i o n  returns. I f  t h i s  ca t ion  i s  further substantiated, 
p red ic t i ng  thermal breakthrough from preprod on tes ts  could prove t o  be q u i t e  
d i f f i c b l t .  Chemical an hort-1 i ved  rad ioact ive ers have a l l  been SUC- , 

cessfu l ly  used i n  f r a c t  d geothermal reser he very rap id  yeturn rates 
exh ib i ted  by f rac tu red  formations t o  date ha 
chemical--f luorescein dye, ha l ide  i o n  (KI, KBr)--and shor t - l i ved  rad ioac t ive  
t racers.  Maximum t r a c e r  re tu rn  v e l o c i t i e s  observed i n  various geothermal. f i e l d s  
are c i t e d  i n  Table 8.10. As expected, there appears t o  be a co r re la t i on  between 
t race r  re tu rn  rates and the  p o s s i b i l i t y  for  thermal breakthrough under 
in ject ion/producing condi t ions (i .e., fast  re tu rn  rates co r re la te  w i t h  h igh 
breakthrough po ten t i a l  ) . 
cuitous. There i s  a tendency fo r  i n jec ted  f l u i d  t o  move i n  a downward d i rec-  
t ion,  although t h i s  tendency can be overcome by vigorous production c lose t o  a 
i n j e c t i o n  we l l  . 

t h i s  success w i t h  

In jec ted  water tends t o  fo l low fau l ts ,  but the  flow route can be very c i r -  

u 
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TABLE 8.10. Maximum Tracer Return Ve loc i t ies  i n  Non-U.S. Geothermal F ie lds(a)  

F i e l d  Velocity, m/h 
Hatchobaru (Japan) 78 .O 

Tongonan (Phi l ipp ines)  57 .O 

Ahuachapan (€1 Salvador) 8.0 

Wai rakei  (New Zeal and) 22 .o 

Onuma (Japan) 4 .O 

Otake (Japan) 0.3 
Broadlands (New Zealand) 1.2 

(a) Horne (1982b). 

The t o t a l  amount o f  t r a c e r  recovery i s  an important i n d i c a t o r  o f  t h e  pos- 
s i b i l i t i e s  o f  i n j e c t i o n  a f f e c t i n g  the enthalpy o f  the  production f l u i d .  A c lose 
c o r r e l a t i o n  has been observed i n  Japan between la rge  t r a c e r  re turns and subse- 
quent degradation i n  we l l  performance a t t r i b u t a b l e  t o  i n j e c t i o n .  

Frequently, using t r a c e r  tests ,  i t  has been determined t h a t  10% t o  30% of 
t h e  i n j e c t e d  water i s  produced again w i t h i n  a month o r  so; the  remaining 70% t o  
90% disappears . 
wel l  recognized. 
thermal power production are not clear-cut, p a r t i c u l a r l y  i f  1) t h e  reservo i r  i s  
fractured, 2) environmental r i s k s  are low, o r  3) near-term economic re tu rn  i s  a 
dominant concern. From t h e  r e s u l t s  o f  the  i n j e c t i o n  experience t o  date, i t  
appears obvious t h a t  the  advantages and disadvantages o f  i n j e c t i o n  are q u i t e  
s i t e  specif ic. It i s  c l e a r  t h a t  the  f l u i d  must be phys ica l l y  and thermodynami- 
c a l l y  compatible w i t h  the receiv ing formation o r  it must be made compatible 
through a br ine  treatment technique. 

The environmental advantages o f  i n j e c t i o n  o f  waste geothermal f l u i d  are 
The technica l  and economic advantages o f  i n j e c t i o n  f o r  geo- 
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APPENDIX 

EXERCISE IWSUSPENDED SOLIDS DETERMINATION AND PRESERVATION 

PURPOSE: To compare methods f o r  determining suspended p a r t i c l e s  i n  geo- 

As p a r t  o f  a l a r g e r  e f f o r t  t o  determine geothermal f l u i d  sam- 

thermal brines. 

SUMMARY: 
p l i n g  protocol, a one-time exploratory comparison o f  p a r t i c u l a t e  measuring 
techniques was performed on a c a l c i t e  sca l ing b r i n e  under pref lash and f l ash ing  
(sca l ing)  conditions. 
s tab le  b r i n e  which would be t h e  most appl icable t o  post-treatment i n j e c t i o n  
q u a l i t y  brine. The resu l t s  of t h i s  one-time e f f o r t  do not permit a d i s t i n c t i o n  
between t h e  s u i t a b i l i t y  o f  d i f f e r e n t  measuring techniques except t h a t  i n  
f l a s h i n g / c a l c i t e  sca l ing condit ions a technique t h a t  i s  s p e c i f i c  t o  pa r t i cu -  
la tes,  such as weight gain on a f i l t e r ,  i s  super ior  t o  instrumental techniques 
which record bubbles as pa r t i c l es .  
1 a te r  p a r t i c u l a t e  analysis has not been demonstrated. 

Laboratory (PNL) a t  t h e  East Mesa DOE Geothermal Component Test F a c i l i t y  t o  
compare methods of suspended s o l i d  determinations i n  a geothermal brine. Well 
6-2 was artesian-f lowed through a sampling t e s t  loop. T r i p l i c a t e  samples were 
co l lected from two locat ions:  
Por t  S-56, which i s  downstream of the second o r i f i c e  (produces a two-phase 
steam/l i q u i d  f low).  
determined under i d e n t i c a l  condi t ions so t h a t  va r ia t i ons  i n  t h e  determined 
amounts r e f l e c t e d  only the  accuracy o r  prec is ion o f  each method and not  sam- 
p l i n g  o r  w e l l  var ia t ions.  
cooled and depressurized b r i n e  using s ing le  and m u l t i p l e  f i l t e r s ,  f i l t ’ r a t i o n  a t  
i n - l i n e  condit ions, l i g h t - s c a t t e r i n g  method us ing a l ase r  p a r t i c l e  counter, and 

Shannon e t  al.  (1980). 

The r e s u l t s  from each method o f  suspended s o l i d  determination are compared 
i n  Table A. l  f o r  Ports S-3 and S-56. Using a s ing le  f i l t e r  (0.45-pm pore diam- 
eter ) ,  t h e  t o t a l  suspended so l i ds  were determined t o  be 0.26 mg/l a t  Port  S-3 
(single-phase flow) and 0.77 mg/l a t  Port  S-56 (two-phase flow). From these 
data, i t  appears t h a t  t he  quant i ty  of suspended s o l i d s  increases a f t e r  t he  
b r i n e  f 1 ashes; CaC03 scale was formi ng. 
i n  a f i l t e r  chain f o r  comparison and t o  determine t h e  s i ze  d i s t r i b u t i o n  o f  
these solids, More t o t a l  suspended so l i ds  were measured a t  the two-phase 

1.83 mg/l (two-phase) versus 1.15 mg/l (single-phase). The f a c t  t h a t  

No comparison was made on postf lash, comparatively 

The a b i l i t y  t o  preserve b r i n e  samples f o r  

During August 1979, a f i e l d  study was performed by P a c i f i c  Northwest 

Port S-3, which taps single-phase brine, and 

For each port ,  the suspended s o l i d  measurements were 

e fo l lowing methods were compared: f i l t r a t i o n  o f  

measurements. The d e t a i l s  dy can be found i n  

Suspended sol  i d s  were a1 so co l  l ec ted  

Q) regime: 

A .1 



\ 

TABLE A.1. Comparison o f  Methods f o r  Suspended S o l i d  Determinations 
f o r  One- and Two-Phase Br ine 

Suspended 
Solids i n  
One-Phase Suspended Sol ids i n  

F i  1 t e r  Br ine Two-Phase Br ine 
Size, mm (Port  S-3) (Port  S-56) 

\ 
Method 

F i l t e r  weight gain 
S i  ngl e f i 1 t e r  0.45 0.26 mg/l 0.77 mg/l 

F i  1 t e r  chain 0.22 1.15 mg/l 1.83 mg/l 
Laser p a r t i c l e  counter 1.0 and up 0.77 mg/l 32.9 mg/l 
Tu rb id i t y  0.23 FTU 0.57 FTU 

t h e  f i l t e r - c h a i n  technique gives a higher value o f  suspended so l i ds  than t h e  
s i n g l e - f i l t e r  method can be p a r t i a l l y  a t t r i b u t e d  t o  ac tua l l y  c o l l e c t i n g  more 
s o l i d s  us ing a smal ler  pore s i ze  (0.22-pm) f i l t e r .  
i n  c o l l e c t i o n  capacity may mean t h a t  a f i l t e r  chain i s  a more e f f e c t i v e  way o f  
c o l  1 ect  i ng suspended so l  i d s  . 

Otherwise, t he  d i f f e rence  

The quan t i t y  o f  suspended so l i ds  o f  varying diameter was determined using 
a Prototon P a r t i c l e  Counter@ Model ILI 1000 plus the  P a r t i c l e  P r o f i l e  Attach- 
ment. Samples were co l l ec ted  i n  8-02 c lea r  glass b o t t l e s  t h a t  were previously 
r insed w i t h  f i l t e r e d  (0.45-pm) d i s t i l l e d  water. 
depressurized through the  sampling system used f o r  t he  f i l t e r e d  samples. 

Three samples o f  raw b r ine  were co l lected a t  Ports S-3 and S-56 f o r  
suspended s o l i d s  determination. Three addi t ional  b r i n e  samples from Port  S-3 
were a c i d i f i e d  w i t h  f i v e  drops o f  concentrated HC1 t o  determine i f  a c i d i f i c a -  
t i o n  preserved t h e  samples. A t  Port  S-3, the suspended so l i ds  t o t a l s  f o r  the 
three b o t t l e s  were 233, 179, and 398 part ic les/ml.  The sca t te r  i n  the  values 
ind icates t h a t  t h ree  250-ml b o t t l e s  o f  b r i ne  do not cons t i t u te  a s t a t i s t i c a l l y  
representative sample. 
were higher i n  t o t a l  suspended so l i ds  (485, 458, and 612 part ic les/ml) .  Appar- 
ent ly,  a c i d i f i c a t i o n  of t h i s  p a r t i c u l a r  b r i ne  does not preserve the sample f o r  
suspended so l  i d  measurements. 

The b r i n e  was cooled and 

It i s  i n t e r e s t i n g  t o  note t h a t  the a c i d i f i e d  samples 

The concentrat ion of so l i ds  i n  raw samples (Port  S-3) increased dur ing t h e  
95 h a f t e r  'sampling and then decreased a t  140 h. The decrease may have 
occurred because the  s o l i d s  obtained su f f i c i en t  mass t o  s e t t l e  out. S im i la r  
trends were observed a t  Port S-56. Suspended so l i ds  reached t h e i r  maximum 

@Registered trademark o f  Spectrex Corporation, Redwood City, Ca l i f o rn ia .  
(Lid 
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l eve l  a t  24.0 h and then decreased. This v a r i a t i o n  i n  suspended so l  
t ime proves t h a t  suspended s o l i d  measurements should be made as soon 
sampling as possible. 

ds w i t h  
a f t e r  

A t  Port  S-56, t h e  amounts of suspended s o l i d s  f o r  the  three samples d i d  
not vary as much; counts were 744, 937, and 893 par t ic les/ml ,  respect ively.  
Comparing t h e  average f o r  the  three a t  Port S-56 (858) t o  t h e  average f o r  t h e  
three raw samples a t  Port S-3 (270), it appears t h a t  again more suspended 
s o l i d s  are measured i n  t h e  br ine  a f t e r  f lashing. 

To compare t h e  l a s e r  data w i t h  t h e  f i l t e r  data, the  l a s e r  data were con- 
verted from par t ic les/ml  t o  mg/l. It was assumed t h a t  the  p a r t i c l e s  are per- 
f e c t  spheres and t h a t  the  densi ty o f  these p a r t i c l e s  i s  3 g/cm3 (a mixture of 
s i l i c a  and su l f ides) .  

As can be seen i n  Table A.1, t h e  t o t a l  weight of suspended s o l i d s  deter-  
mined using the data obtained from the  l a s e r  p a r t i c l e  counter i s  i n  good agree- 
ment w i t h  t h e  f i l t e r  weight gain method fo r  Port  s-3, but it i s  h igh f o r  
Port S-56. The l a s e r  data may have been higher because 1) bubbles were s t i l l  
f o r m i n g ' i n  t h e  b r i n e  u r i n g  counting; 2) t h e  p a r t i c l e  densi ty was a c t u a l l y  
lower than t h e  3 g/cm used f o r  the  calculat ions;  o r  3) the  p a r t i c l e  shapes 
were more var ied from the  idea! sphere volume used i n  the  ca lcu lat ions.  It i s  
c l e a r  t h a t  wh i le  the  l a s e r  p a r t i c l e  counter gives useful  data, more work i s  
needed t o  c a l i b r a t e  t h e  mass analyses. 

1 

T u r b i d i t y  o f  t h e  br ine  i n  formation t u r b i d i t y  u n i t s  (FTU) was a lso  deter- 
mined simultaneously w i t h  the  other sampling methods a t  Ports s-3 and s-56. 
T u r b i d i t y  measurements can be performed r e l a t i v e l y  qu ick ly  and eas i ly ;  s ince 
most labora tor ies  have a spectrophotometer, the  cost i s  minimal. A t  t h e  East 
Mesa sampling f i e l d  tes t ,  a Bausch and Lomb Minispec 20@ was used f o r  t h e  
determinations. The smallest values were obtained a t  Port S-3 (Table A.1). 

I n  summary, s i n g l e  an l t i p l e  f i l t e r  f i l t r a t i o n ,  the  l a s e r  p a r t i c l e  
counter, and the  t u r b i d i t y  measurements each measured t h e  lowest quant i t y  o f  
suspended s o l i d s  a t  t h e  single-phase sampling Por t  S-3 and t h e  highest quant i t y  
a t  the  two-phase Port  S-56. Thus, each method appears t o  be s a t i s f a c t o r y  f o r  
monitor ing r e l a t i v e  changes i n  suspended s o l i d  concewtration. 
harder t o  say which method i s  the most accurafx 'in measuring absolute quant i -  
t ies ,  but t h e  two-phase b r i n e  appears t o  be harder t o  measure using l i g h t -  
sca t te r ing  techniques. Several p o t e n t i a l  sampling er ro rs  were addressed w i t h  
t h e  fo l lowing conclusions: a c i d i f i c a t i o n  t o  preserve suspended so l  i d  samples 
may produce erroneous values, and the concentrat ion o f  suspended so l ids  can 
vary a f t e r  c o l l e c t i o n  and may vary w i t h  a t  l e a s t  some preservat ion attempts. 

It i s  much 

@Registered trademark o f  Bausch and Lomb, Ana ly t i ca l  Systems, Rochester, 
New York . 
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