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Preface 

T h i s  tes t imony i s  submi t ted  a t  t he  reques t  o f  t he  S t a t e  Geothermal Task 

Force f o r  p r e s e n t a t i o n  a t  t h e  A p r i l  29, 1977, hea r ing  i n  San Diego, C a l i f o r n i a .  

The s u b j e c t  m a t t e r  enc losed i s  an overv iew o f  t he  s t a t u s  o f  t he  Geothermal 

Development Program a t  t h e  Lawrence L ivermore  Labora to ry  and sponsored by 

t h e  U. S. Energy Research and Development A d m i n i s t r a t i o n .  Consequently, t h e  

tes t imony  i s  n e c e s s a r i l y  l i m i t e d  t o  our  a rea  o f  e x p e r t i s e ,  and r e l a t e s  

s p e c i f i c a l l y  t o  s e c t i o n  I . C .  o f  t he  t o p i c a l  g u i d e l i n e s  issued by t h e  Task force  

as an enc losu re  (OPR:SJB:4-6-77) t o  the  l e t t e r  o f  i n v i t a t i o n .  

i s  t i t l e d  S ta tus  o f  Geothermal Development and Technology: Conversion 

Tec hnol  ogy . 

Th is  s e c t i o n  
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I .  Background 

A t  t he  Lawrence L ivermor  Labora to ry  (LLL),  i n t e r e s t  i n  geotherma energy 

s t a r t e d  i n  the  e a r l y  1960 ’s  as p a r t  o f  t h e  Plowshare Program and because o f  

assoc ia ted  work i n  t h e  E a r t h  Sciences. I n  1972, LLL e s t a b l i s h e d  programs t o  

develop new non-nuc lear  energy techno log ies  i n  response t o  u rgen t  n a t i o n a l  

needs t o  develop a l t e r n a t e  energy supp l i es  t o  ach ieve  energy independence 

i n  t h e  1980’s.  

began i n  the  l a t t e r  h a l f  o f  CY1973 f o r  development of  Advanced Techno log ies  

w i t h  s p e c i f i c  a p p l i c a t i o n  t o  t h e  h igh- tempera ture ,  h i g h  s a l i n i t y  (HT/HS) 

resource  i n  the  Imper ia l  V a l l e y  o f  C a l i f o r n i a .  The program i s  c u r r e n t l y  

supported by the  U. S .  Energy Research and Development A d m i n i s t r a t i o n  (ERDA). 

As p a r t  o f  t h i s  e f f o r t ,  t h e  LLL Geothermal Development Program 

Th is  program c o n s i s t s  g e n e r a l l y  o f  development o f  advanced convers ion  systems, 

w i t h  s t rong  emphasis on a system approach t o  f i n d  s o l u t i o n s  o f  t h e  problems o f  

sca le  fo rma t ion ,  c o r r o s i o n / e r o s i o n  o f  m a t e r i a l s ,  spent  b r i n e  d i sposa l  and s o l i d s  

hand l ing ,  and development o f  r e l i a b l e ,  e f f i c i e n t  energy convers ion  systems w i t h  

emphasis on development o f  t h e  T o t a l  Flow concept .  

Much o f  t h i s  work has genera l  a p p l i c a b i l i t y  t o  o t h e r  resource  u t i l i z a t i o n  

concepts and p o s s i b l y  t o  o t h e r  resource  areas. Consequent ly,  i n  l a t e  CY1975, 

LLL es tab l i shed  - by ERDA reques t  - an I n d u s t r i a l  Suppor t  Program t o  p r o v i d e  

t e c h n i c a l  ass i s tance  t o  j o i n t  ERDAl industry p r o j e c t s  t o  u t i l i z e  t h e  HT/HS 

resources  i n  the  I m p e r i a l  Va l l ey ,  C a l i f o r n i a .  The LLL program i s  now i n  

t r a n s i t i o n  f rom emphasis on a p p l i e d  research  t o  one o f  development o f  and 

invo lvement  w i t h  f i e l d  programs. 

11. P r o j e c t  Ra t iona le  

A key element i n  t h e  r a p i d  commerc ia l i za t i on  o f  geothermal energy i s  t h e  

e a r l y  development o f  t h e  hydrothermal resources .  They a r e  abundant, t h e i r  

e x p l o i t a t i o n  rep resen ts  t h e  n e x t  t echno log ica l  step, and systems developed f o r  

hydro thermal  u t i l i z a t i o n  w i l l  l i k e l y  f i n d  a p p l i c a t i o n  t o  o t h e r  p o t e n t i a l l y  l a r g e r  

resources  such as t h e  geopressured and ho t ,  d r y  rock  forms. 
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O f  p a r t i c u l a r  s i g n i f i c a n c e  a r e  t h e  i d e n t i f i e d  hydrothermal resources  i n  

the  S a l t o n  Trough geo log ic  p rov ince .  

known geothermal resources  areas  (KGRA) i n  t h e  U. S .  t e r r i t o r y  a lone  (F igu re  1). 
The e n t i r e  r e g i o n  i s ,  perhaps, t he  bes t  known and c h a r a c t e r i z e d  water-dominated 

hydro thermal  resource  i n  t h e  Nor th  American Con t inen t .  Among t h e  s i x  U. S .  

KGRA's, t h e  S a l t o n  Sea Geothermal F i e l d  (SSGF) i n  t h e  Sa l ton  Sea KGRA (SSKGRA) 

i s  t h e  b e s t  known - 23 w e l l s  have been d r i l l e d  and produced, geophys ica l  da ta  

have been gathered, and cons ide rab le  p r i v a t e  funds have a l ready  been inves ted  

i n  terms o f  c a p i t a l  f o r  w e l l s  and cos ts  o f  l e a s e  ho ld ings .  Hence, i n  terms of  

s e t t i n g  p r i o r i t i e s  f o r  a c c e l e r a t i n g  development o f  geothermal energy, t he  Sa l ton  

Trough resources  appear t o  be pr ime cand ida tes  w i t h  t h e  SSGF l e a d i n g  as p o t e n t i a l l y  

t h e  l a r g e s t  recove rab le  energy source .  

I n  t h i s  r e g i o n  the re  a r e  s i x  i d e n t i f i e d  

Accord ing  t o  t h e  U.S. Geo log ica l  Survey, C i r c u l a r  726, pub l i shed  i n  1975, 

t h e  SSKGRA i s  t h e  h i g h e s t  temperature,  t h i r d  l a r g e s t ,  and capab le  o f  p roduc ing  

83,600 MWe-yrs o f  e l e c t r i c  energy.  Th is  i s  10% o f  t he  t o t a l  o f  t h e  l a r g e  h igh  

tempera ture  hydro thermal  resources  i n  t h e  U.S. However, t h e  two l a r g e s t  (Long 

V a l l e y  and Cos0 Hot Sp r ings )  a r e  u n d r i l l e d ,  and es t ima tes  o f  t h e i r  energy 

p r o d u c t i v i t y  a re ,  by comparison, more specu la t i ve .  
f rom t h e  l i s t  o f  cand ida tes  f o r  e a r l y  development, then the  SSKGRA c o u l d  p rov ide  

up t o  17. o f  t h e  recove rab le  energy f rom the  t o t a l  U. S. hydro thermal  resources .  

F u r t h e r ,  i t  i s  es t ima ted  t h a t  ove r  h a l f  o f  t he  recoverab le  energy f rom t h e  S a l t o n  

Trough r e s i d e s  i n  t h e  SSKGRA. 

I f  these two a re  dropped 

I t  shou ld  be recogn ized  t h a t  these es t imates ,  l i k e  a l l  es t imates ,  a r e  

s p e c u l a t i v e  a t  t h i s  t i m e .  

as r e p r e s e n t a t i v e  o f  t h e  resource  p o t e n t i a l .  

such as presence o f  d i s s o l v e d  s o l i d s ,  a v a i l a b l e  condensing tempera tures ,  system 

convers ion  e f f i c i e n c i e s ,  and cos ts  which w i l l  i n f l u e n c e  t h e  u l t i m a t e  energy 

p roduc t i on .  I n  summary, t he  reasons f o r  i n t e r e s t  i n  the  SSKGRA a r e :  

However, t h e  o r d e r  o f  magnitude i s  g e n e r a l l y  accepted 

There a r e  many s i t e  s p e c i f i c  f a c t o r s  

0 Resource i s  bes t  known, and l o c a t e d  c lose  t o  ma jor  West Coast l oad  

cen te rs .  

Has the  p o t e n t i a l  f o r  p roduc ing  83,600 MWe-yrs o f  e l e c t r i c  energy. 

0 Highest  tempera ture  (300C)  resource ;  hence, p o t e n t i a l l y  l owes t  

energy c o s t s .  
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0 R&D and new techno log ies  a re  needed f o r  u t i l i z a t i o n , d u e  t o  presence 

o f  h i g h  con ten t  o f  d i s s o l v e d  s o l i d s ,  as much as 30% by we igh t  i n  

some areas. 

Th is  l a t t e r  p o i n t  i s  e s p e c i a l l y  impor tan t  s ince  i t  p rov ides  one o f  t h e  

main reasons f o r  LLL invo lvement .  

under p r i v a t e  lease,  b u t  one o f  t h e  major  b a r r i e r s  p r e v e n t i n g  r a p i d  development 

i s  t h e  se r ious  t e c h n i c a l  d i f f i c u l t i e s  

o f  t o t a l  d i sso l ved  s o l i d s  (TOS). 

t h e  TDS a r e  shown i n  F i g u r e  2. Sca le  fo rma t ion  and c o n t r o l ,  c o r r o s i o n ,  s o l i d s  

hand1 i n g  and c o n t r o l ,  e f f i c i e n t  r e l i a b l e  convers ion  methods, and spen t  b r i n e  

d i sposa l  a r e  a l l  problems compounded by the  presence of  h i g h  tempera ture  and 

h i g h  TDS and t h e  r e s u l t a n t  c o n s t r a i n t s  on cho ices  o f  conve rs ion  systems f o r  

u t i l i z a t i o n  o f  t h i s  impor tan t  resource .  

Probab ly  over  90% O f  t h i s  r e g i o n  i s  a l r e a d y  

posed by the  presence o f  l a r g e  q u a n t i t i e s  

An example of t he  amounts and c o m p l e x i t y  of  

Ob jec t i ves  

The LLL Geothermal Energy Program i s  d i r e c t e d  s p e c i f i c a l l y  toward  s o l u t i o n  
o f  these problems un ique t o  the  SSKGRA. Hence, the  bas i c  o b j e c t i v e  o f  t h e  program 
i s  t o  c a r r y  o u t  t he  research  and development necessary t o  produce t h e  needed 

advanced techno log ies ,  and t o  reduce the  t e c h n i c a l  r i s k s  s u f f i c i e n t l y  t o  encourage 

and a c c e l e r a t e  commercial development. Hence, the  program i s  s t r u c t u r e d  t o  

i n c l u d e  s t rong  i n d u s t r i a l  invo lvement  th rough techno logy  t r a n s f e r  and j o i n t  

ven tures  i n  t ime  t o  s t i m u l a t e  commerc ia l i za t i on  i n  the  1980 's .  

t h e  program c o n s i s t s  o f  two bas i c  a c t i v i t i e s  (F igu re  3 ) .  
To accompl ish  t h i s ,  

1 .  Technology Development 

Th is  c o n s i s t s  of an i n t e r d i s c i p l i n a r y  approach t o  develop e f f i c i e n t ,  

re1  i a b l e ,  b r i n e  t o l e r a n t  convers ion  systems un ique ly  des igned f o r  

u t i l i z a t i o n  of  t h e  h i g h  temperature b r i n e s  o f  t he  SSKGRA where t h e  

TDS may be as h i g h  as 30% by we igh t .  

of  t h e  To ta l  Flow convers ion  system coup led  w i t h  s o l u t i o n  o f  t h e  problems 

o f  s c a l e  fo rmat ion ,  co r ros ion /e ros ion ,  and b r i n e  management. 

The emphasis i s  on development 
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2. I n d u s t r i a l  Support  

The purpose i s  t o  p r o v i d e  t e c h n i c a l  ass i s tance  t o  j o i n t  ERDAl industry 

geothermal u t i l i z a t i o n  programs t o  deve lop  the  SSKGRA. 

a p p l y i n g  the  e x p e r t i s e  and r e s u l t s  i n  the  techno logy  development a c t i v i t y  

t o  p r o v i d e  t e c h n i c a l  suppor t ,  as needed, t o  h e l p  so l ve  o p e r a t i o n a l  

problems, and t o  c a r r y  o u t  complementary a p p l l e d  research  t o  broaden 

o p p o r t u n i t i e s  f o r  s o l u t i o n  o f  p o t e n t i a l  problems. 

c o n s i s t s  of  work ing  w i t h  t h e  San Diego Gas and E l e c t r i c  Co./ERDA f l a s h /  

b i n a r y  p r o j e c t .  

Emphasis i s  on 

C u r r e n t  invo lvement  

A summary o f  some o f  t h e  a c t i v i t i e s  a r e  shown i n  F igu re  4. 

. ' 111. Program S ta tus  

A. Technology Development 

The t h r e e  bas i c  convers ion  methods a r e  shown s c h e m a t i c a l l y  i n  F igu re  5. 

The T o t a l  Flow System (TFS), i n  p r i n c i p l e ,  c o n s i s t s  o f  expanding the  t o t a l  

we l lhead br ine-s team m i x t u r e  d i r e c t l y  th rough a n i x e d  phase expander t o  sub- 

atmospher ic condensing c o n d i t i o n s  f o r  maximum energy e x t r a c t i o n  t o  d r i v e  an 
e l e c t r i c  genera tor .  Based on fundamental thermodynamic p r i n c i p l e s ,  a d i r e c t  

expansion from we l lhead t o  s i n k  c o n d i t i o n  has the  p o t e n t i a l  f o r  convers ion  O f  

t he  g r e a t e s t  f r a c t i o n  o f  t h e  a v a i l a b l e  energy.  

number o f  stages o f  separa t i ons  used i n  the  Flashed Steam System, t h e r e  w i l l  

a lways be some u s e f u l  energy d iscarded w i t h  t h e  separa ted  l i q u i d  i n  the  l a s t  

f l a s h  s tage.  The f o u r t h  method c o n s i s t s  o f  combinat ions o f  t he  f i r s t  t h ree  bas i c  

meihods. 

a s i n g l e  example i s  n o t  shown. One example i s ' t h e  f l a s h / b i n a r y  system c u r r e n t l y  

under t e s t  by the  j o i n t  ERDA/San Diego Gas and E l e c t r i c  Company p r o j e c t .  
example w i l l  be d iscussed l a t e r .  

For  example, rega rd less  o f  t he  

Hence, the  te rm h y b r i d  system. S ince  severa l  combina t ions  a re  p o s s i b l e  

Another 

A l though the  T o t a l  Flow concept i s  s imple,  and i s  t h e  most d i r e c t  means 

o f  geothermal energy convers ion ,  i t  w i l l  r e q u i r e  development o f  e f f i c i e n t ,  

r e l i a b l e  machines f o r  two-phase expansion o f  t he  we l lhead f l u i d .  

developed, however, i t  has t h e  p o t e n t i a l  f o r  t he  h i g h e s t  e l e c t r i c a l  energy 

o u t p u t  p e r  u n i t  mass of  we l lhead f l u i d .  Th i s  w i l l  r e s u l t  i n  a cor respond ing  

r e d u c t i o n  i n  number o f  w e l l s  and, hence, i n i t i a l  c a p i t a l  c o s t s .  I n  a d d i t i o n ,  

because o f  i n h e r e n t  des ign  s i m p l i c i t y ,  t h e r e  a re  i nc reased  o p p o r t u n i t i t e s  f o r  

s o l u t i o n  o f  t h e  se r ious  s c a l i n g  and chemis t r y  problems assoc ia ted  w i t h  h igh  

I f  s u c c e s s f u l l y  

TDS b r ines ,  and perhaps more i m p o r t a n t l y ,  r e d u c t i o n  i n  c a p i t a l  c o s t s  of  

convers ion  systems. 

Recognized a t  t he  s t a r t  as a h i g h  r i s k  a c t i v i t y ,  b u t  w i t h  t h i s  p o t e n t i a l l y  

h i g h  payof f ,  f ou r  problem areas  can be i d e n t i f i e d :  (F igu re  6 )  

t h e  chemis t r y  o f  t h e  b r i n e  w i t h  rega rd  t o  s c a l e  and s o l i d s  

f o r m a t i o n  and d i sposa l  o f  coo led  f l u i d  

0 t h e  m a t e r i a l s  r e q u i r e d  f o r  success fu l  performance o f  t he  convers ion  

system i n  t h e  b r i n e  environment 

0 t h e  energy convers ion  system 

0 e s t a b l i s h  economic f e a s i b i l i t y  and t r a n s f e r  o f  t echno logy  t o  i n d u s t r y  

t o  a c c e l e r a t e  commerc ia l i za t i on  

The LLL Geothermal Program i s  an i n t e r d i s c i p l i n a r y  e f f o r t  c o n s i s t i n g  of  

convers ion  eng ineer ing ,  b r i n e  chemis t r y  and m a t e r i a l s ,  and e a r t h  sc iences  t o  

p rov ide  an i n t e g r a t e d  approach t o  r e s o l v e  these t e c h n i c a l  i ssues .  The bas i c  
program s t r a t e g y  i s  shown i n  F i g u r e  7 .  Thus f a r ,  development and t e s t i n g  of 
conve rs ion  dev i ces  has been pu rpose ly  l i m i t e d  t o  l a b o r a t o r y  work w h i l e  sca le  

c o n t r o l  and m a t e r i a l s  work has been p r i m a r i l y  c a r r i e d  o u t  i n  t h e  f i e l d  us ing  

r e a l  b r i nes .  

a 2 MW p r o t o t y p e  b r i n e  t o l e r a n t  machine f o r  f i e l d  t e s t i n g .  

s t rong  i n d u s t r i a l  invo lvement  as a s t a r t  toward e a r l y  techno logy  t r a n s f e r .  

t e s t s  a r e  success fu l ,  t he  n e x t  s tep  would be the  f i e l d i n g  o f  a p i l o t  s i zed  p l a n t  

(p robab ly  about  10  MWe). A t  t h i s  p o i n t ,  LLL involvement would d e c l i n e  t o  a r o l e  

o f  i n d u s t r i a l  suppor t  and f i n a l l y  phase o u t  as commerc ia l i za t i on  proceeds. 

f o l l o w i n g  desc r ibes  the  work done t o  da te  i n  the  two separa te  a reas  o f  b r i n e  

chemis t ry  and m a t e r i a l s  and convers ion  eng ineer ing .  

A s  shown, t h e  p l a n  i s  t o  j o i n  these two a c t i v i t i e s  t o  produce 

Note  t h a t  we p l a n  

If 

The 
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1. B r ine  Chemistry and M a t e r i a l s  Developments 

With t h e  excep t ion  o f  conve rs ion  eng ineer ing  a c t i v i t i e s ,  t h e  m a j o r i t y  

o f  t h e  work i s  per fo rmed i n  the  f i e l d  us ing  r e a l  b r i n e s  f o r  t e s t  and 

e v a l u a t i o n  o f  s c a l e  c o n t r o l  methods, m a t e r i a l s  f o r  conve rs ion  systems, and 

s o l i d s  and spent  b r i n e  d i sposa l  techn iques .  Consequent ly,  t he  r e s u l t s  o f  

t h i s  f i e l d  t e s t  program w i l l  f i n d  broad a p p l i c a t i o n  t o  a l l  cand ida te  systems 

f o r  u t i l i z a t i o n  o f  t he  HTIHS b r ines .  For  t h i s  reason, the  c u r r e n t  r e s u l t s  

a r e  p a r t i c u l a r l y  s i g n i f i c a n t .  

F i g u r e  8 shows a sample o f  t h e  t ype  o f  s c a l i n g  t h a t  occurs  when the  

HT/HS b r i n e s  exper ience a tempera ture  drop t y p i c a l  o f  t h a t  which would occur  

i n  a convers ion  dev i ce .  The sca le  c o n s i s t s  l a r g e l y  o f  s i l i c a  i n te rspe rsed  

w i t h  concen t ra t i ons  o f  heavy meta l  s u l f i d e s .  There a re  severa l  approaches 

t o  s o l v i n g  t h i s  problem: p e r i o d i c  c lean ing ,  boundary l a y e r  t rea tmen t ,  and 

chemical  m o d i f i c a t i o n  o f  t he  b r i n e .  The approach we have se lec ted  t o  pursue 

i s  b r i n e  m o d i f i c a t i o n  by a c i d i f i c a t i o n .  Since i t  i s  known t h a t  a c i d i f i c a t i o n  

i n h i b i t s  s i l i c a  p r e c i p i t a t i o n  and a l s o  he lps  i n h i b i t  f o rma t ion  o f  t he  s u l f i d e s ,  
a d d i t i o n  o f  a c i d  t o  the  b r i n e  p r i o r  t o  the  tempera ture  drop  th r0ugh.a  
convers ion  system shou ld  p reven t  sca le  depos i t i on .  The impor tan t  unknowns 

a r e  the  e f f e c t s  o f  o t h e r  elements,  temperature,  and the  amount and type of  

a c i d  needed. 

we a r e  o p e r a t i n g  a t e s t  s t a t i o n  (F igu re  9 ) ,  designed t o  t e s t  and eva lua te  

a c i d i f i c a t i o n  o f  t h e  b r i n e  o u t p u t  f rom the  w e l l  Magmamax #1 l o c a t e d  a t  t he  

San Diego Gas and E l e c t r i c  Company Geothermal Loop Exper imenta l  F a c i l i t y  

near  N i l and ,  C a l i f o r n i a .  The LLL t e s t  s t a t i o n  i s  used t o  t e s t  b r i n e  

m o d i f i c a t i o n  methods and eva lua te  m a t e r i a l s  r e s i s t a n c e  t o  e r o s i o n  and 

c o r r o s i o n .  

I n  o r d e r  t o  i n v e s t i g a t e  the  f e a s i b i l i t y  o f  t h i s  approach, 

Dur ing  t h e  l a s t  yea r  we have es tab l i shed  t h a t  s c a l e  d e p o s i t i o n  can be 

Dropping the  pH f rom 5 . 6  a t  t h e  we l lhead t o  e l i m i n a t e d  by a c i d i f i c a t i o n .  

4.5 and below by a d d i t i o n  o f  between 100-200 ppm o f  h y d r o c h l o r i c  a c i d  

comp le te l y  e l i m i n a t e s  s c a l i n g  i n  nozz les  expanding b r i n e  f rom about 200°C 

t o  a tmospher ic  c o n d i t i o n s .  

nozz les  (made f rom T e f l o n )  sub jec ted  t o  unmodi f ied  and m o d i f i e d  b r i n e .  The 

c o n t r o l  nozz le  as shown, sca led  r a p i d l y  a t  a r a t e  o f  about .03 mm/hr w h i l e  

t h e  o t h e r  t e s t  nozz le  sub jec ted  t o  a c i d i f i e d  b r i n e  remained sca le  f r e e .  

F igu re  10 shows one example o f  sec t ioned 

Othe r  t e s t  nozz les  o f  t i t a n i u m  a l l o y  (Ti-6A-4V) a l s o  remained c l e a n  w i t h  

no s igns  o f  c o r r o s i o n  o r  e r o s i o n  ove r  t h e  t e s t  pe r iod .  A p r e l i m i n a r y  c o s t  

a n a l y s i s  shows t h a t  a c i d i f i c a t i o n  by HC1 cos ts  about 1 -2  m i l s  p e r  100 l b s .  

o f  b r i n e .  

t he  p r o d u c t i o n  o f  e l e c t r i c  energy. These exper iments a r e  v e r y  encourag ing  

and i n d i c a t e  t h a t  b r i n e  m o d i f i c a t i o n  f o r  s c a l e  c o n t r o l  i s  t e c h n i c a l l y  f e a s i b l e  

and appears a l s o  t o  be economica l l y  f e a s i b l e .  

Th i s  would be r o u g h l y  e q u i v a l e n t  t o  1-2 mi ls/KW-hr added c o s t  t o  

It i s  a l s o  wor th  n o t i n g  t h a t  a c i d i f i c a t i o n  prevented  s c a l i n g  i n  the  t u b i n g  

l e a d i n g  up t o  t h e  nozz les .  F i g u r e  11 shows sec t ioned t u b i n g  sub jec ted  t o  

m o d i f i e d  and unmodi f ied  b r i n e .  The tube c a r r y i n g  m o d i f i e d  b r i n e  remained 

sca le  f r e e .  We are  p lann ing  a d d i t i o n a l  exper iments t o  e v a l u a t e  the  e f f e c t i v e -  

ness o f  a c i d i f i c a t i o n  f o r  keeping b r i n e  heat  exchanger tubes  f rom s c a l i n g ,  

and hence, as a means f o r  broadening t h e  a p p l i c a b i l i t y  o f  t h e  B ina ry  Cyc le  

concept f o r  u t i l i z a t i o n  o f  those tiT/HS b r i n e  r e s e r v o i r s  wh ich  may c o n t a i n  

l a r g e  amounts o f  non-condensable gases. 

a c i d i f i c a t i o n  e f f e c t i v e n e s s  on a smal l  s c a l e  doub le  f l a s h  system. 

I n  a d d i t i o n  we w i l l  a l s o  eva lua te  

Another b e n e f i c i a l  r e s u l t  o f  a c i d i f i c a t i o n  i s  shown i n  F i g u r e  12. 
Exper imenta l  evidence now e x i s t s  t h a t  a c i d i f i c a t i o n  de lays  t h e  fo rma t ion  

o f  and s t a b i l i z e s  the  c o l l o i d a l  suspension o f  s i l i c a  i n  t h e  coo led  b r i n e .  

The b o t t l e  on the  l e f t  i s  a sample o f  coo led  unmodi f ied  b r i n e  showing a 

c loudy  suspension o f  p a r t i c u l a t e  s o l i d s .  

a c i d i f i e d  b r i n e .  The c l a r i t y  o f  t h e  f l u i d  i n d i c a t e s  t h a t  a c i d i f i c a t i o n  has 

de layed the  p r o d u c t i o n  o f  suspended s o l i d s .  The i m p o r t a n t  i m p l i c a t i o n  i s  t h a t  

a c i d i f i c a t i o n  has t h e  p o t e n t i a l  f o r  p reven t ing  p lugg ing  o f  r e i n j e c t i o n  w e l l s  

by no rma l l y  o c c u r r i n g  suspended s o l i d s  over  long- te rm o p e r a t i o n  o f  a power 

p l a n t .  

The o t h e r  sample i s  o f  coo led  

Concur ren t  f i e l d  t e s t s  o f  t u r b i n e  b lade m a t e r i a l s  sub jec ted  t o  h i g h  

v e l o c i t y  a c i d i f i e d  b r i n e  streams e x i t i n g  f rom the  t e s t  nozz les  i n d i c a t e  

t h a t  t i t a n i u m  a l l o y s ,  p a r t i c u l a r l y  Ti-6A1-4V, a re  c o r r o s i o n / e r o s i o n  

r e s i s t a n t .  F igu res  13 and 14 shows, r e s p e c t i v e l y ,  a sca led  model t u r b i n e  

b lade  s u b j e c t  t o  unmodi f ied  b r i n e ,  and a sca le  f r e e  b lade s u b j e c t  t o  

m o d i f i e d  b r i n e .  

A l though t h e  t e s t  d u r a t i o n s  were g e n e r a l l y  l e s s  than 100-hours,  t h e  r e s u l t s  

a r e  encouraging s ince  they  i n d i c a t e  t h a t  t h e  t i t a n i u m  a l l o y s  a r e  promis ing  

c o r r o s i o n / e r o s i o n  r e s i s t a n t  m a t e r i a l s  f o r  To ta l  Flow t u r b i n e  a p p l i c a t i o n s .  

The l a t t e r  a l s o  e x h i b i t e d  no s igns  o f  c o r r o s i o n  o r  e ros ion .  
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Cor ros ion  r a t e  t e s t s  have been run  on i r o n  based a l l o y s  f o r  genera 

power p l a n t  use. 

chromium and molybdenum can reduce the  c o r r o s i o n  r a t e  s i g n i f i c a n t l y .  

The r e l a t i v e  c o s t  index  shows t h a t  t he  c o s t s  o f  raw m a t e r i a l s  would, 

however, i nc rease  as expected. 

The r e s u l t s  (F igu re  15)  i n d i c a t e  t h a t  a l l o y i n g  w i t h  

An a l t e r n a t i v e  approach being i n v e s t i g a t e d  i s  t h e  use o f  p r e s c a l i n g  

a smal l  amount p r i o r  t o  a c i d i f i c a t i o n .  E s s e n t i a l l y ,  t h i s  amounts t o  

pu rpose ly  a l l o w i n g  a t h i n  l a y e r  o f  sca le  f o r  form on p l a n t  p i p i n g  and 

b r i n e  hand l i ng  equipment t o  a c t  as a p r o t e c t i v e  coa t ing .  

some p r e l i m i n a r y  measurements on c o r r o s i o n  r a t e  on i r o n  specimens be fo re  

and a f t e r  a c i d i f i c a t i o n .  

F i g u r e  16  shows 

As shown, t h e  c o r r o s i o n  r a t e  can be reduced by p r e s c a l i n g .  Yet another  

a l t e r n a t e  approach i s  t he  use o f  l i n e r s  i n  the  b r i n e  hand l i ng  p i p i n g .  

F u r t h e r  work needs t o  be done t o  more p r e c i s e l y  eva lua te  these approaches, 

b u t  a l l  t he  work done t o  da te  i n d i c a t e s  t h a t  l ong - te rm u t i l i z a t i o n  o f  t he  

HT/HS b r i n e s  may be poss ib le .  Scale c o n t r o l  by a c i d i f i c a t i o n  i s  t e c h n i c a l l y  

f e a s i b l e  and appears t o  be economica l l y  f e a s i b l e  as w e l l ,  we have i d e n t i f i e d  

p romis ing  c o r r o s i o n / e r o s i o n  r e s i s t a n t  m a t e r i a l s  f o r  t u r b i n e  a p p l i c a t i o n s ,  

and t h e r e  appears t o  be p romis ing  approaches t o  reduc ing  c o r r o s i o n  t o  

accep tab le  l i m i t s  i n  t h e  balance o f  a p l a n t .  

a p o s s i b l e  means o f  reduc ing  suspended s o l i d s  p roduc t i on  i n  t h e  coo led  b r i n e  

and the reby  a means t o  i n s u r i n g  t h e  v i a b i l i t y  o f  long- te rm r e i n j e c t i o n .  

conc lus ions  a r e  based on t h e  l i m i t e d  f i e l d  t e s t s  completed t o  date,  and may 

change as more da ta  i s  gathered. 

i n  more d e t a i l ,  a c i d i f i c a t i o n  and m a t e r i a l s  response under a w ide r  range o f  

c o n d i t i o n s  t o  f u r t h e r  v e r i f y  these i n i t i a l  r e s u l t s  o r  t o  d e f i n e  l i m i t s  o f  

appl  i c a b i  1 i t y .  

I n  a d d i t i o n ,  a c i d i f i c a t i o n  i s  

These 

A d d i t i o n a l  f i e l d  t e s t s  a r e  planned t o  exp lo re ,  

2.  T o t a l  Flow Expander Development 

Tne p o t e n t i a l  performance o f  a To ta l  Flow process i s  shown i n  F igu re  17. 

I t shou ld  be emphasized he re  t h a t  t h i s  comparison i s  based o n l y  on thermo- 

dynamic cons ide ra t i ons ,  and the  assumptions used f o r  t he  r e s p e c t i v e  eng ine  

e f f i c i e n c i e s  o f  t h e  systems shown. To g a i n  the  f u l l  performance advantage 

shown, T o t a l  Flow expanders shou ld  have eng ine  e f f i c i e n c i e s  o f  7 0 1  - a 
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performance as y e t  un rea l i zed .  

t he  T o t a l  Flow concept remains promis ing  because o f  i t s  s i m p l i c i t y ,  and 

hence p o t e n t i a l l y  lower  c a p i t a l  cos ts .  

F i g u r e  17 i l l u s t r a t e s  comparison o f  processes, n o t  machines. It i s  

n o t  y e t  known i f  the  same T o t a l  Flow expander can work a t  70% e f f i c i e n c y  

ove r  the  work ing  f l u i d  tempera tu re len tha lpy  range shown. I t  may be t h a t  

d i f f e r e n t  expanders w i l l  be needed a t  t he  l ower  tempera ture  range than  t h a t  

a t  t he  h i g h e r  range. 

expanders ove r  a l l  work ing  f l u i d  c o n d i t i o n s  needs t o  be completed b e f o r e  

t h i s  bas i c  ques t i on  can be answered. 

Even i f  t h i s  70% goa l  cannot  be reached, 

I t  shou ld  a l s o  be no ted  t h a t  

A t  t h i s  time, more research  and t e s t i n g  o f  cand ida te  

I n  o rde r  t o  g a i n  t h e  f u l l  advantages f o r  t he  T o t a l  Flow process, i t  i s  

a l s o  necessary t o  e x t r a c t  t he  maximum a v a i l a b l e  energy f rom t h e  we l lhead 

p roduc t  by expansion t o  as l ow  a backpressure as p o s s i b l e .  It can be 

shown t h a t  40% o f  t h e  u s e f u l  work i s  ob ta ined by  expansion below a tmospher ic  

p ressu re  t o  a t y p i c a l  s i n k  c o n d i t i o n  o f  49°C (3 .5 "  Hg).  Volume expansion 

r a t i o s  o f  t he  f l u i d  range f rom about 300 ( f o r  300°C f l u i d s )  t o  about  70 

( f o r  t h e  177°C f l u i d s ) .  Consequently, t he  T o t a l  Flow expander must be 

capab le  o f  complete expansion t o  recover  the  a v a i l a b l e  energy,  and must a l s o  
be a b l e  t o  accommodate l a r g e  volume f l o w  r a t e s  as w e l l .  

these phys i ca l  and thermodynamic requirements,  cand ida te  expanders must be 

a b l e  t o  w i ths tand  the  presence o f  s i g n i f i c a n t  q u a n t i t i e s  o f  d i s s o l v e d  s o l i d s  
P r e c i p i t a t i o n  o f  these s o l i d s  d u r i n g  expansion can cause r a p i d  f o r m a t i o n  

o f  sca le ,  and the  c o r r o s i v e  and e ros i ve  a c t i o n s  o f  t h e  b r i n e s  w i l l  be major  

problems. These w i l l  l i k e l y  r e q u i r e  des ign  s i m p l i c i t y ,  p a r t i c u l a r l y  w i t h  

r e s p e c t  t o  m i n i m i z i n g  t h e  number o f  moving p a r t s  and c o n t a c t i n g  su r faces ,  
ease o f  maintenance, and long- te rm r e l i a b i l i t y .  A s i n g l e  s tage expander 

i s  most d e s i r a b l e ,  b u t  s t a g i n g  may be workable i n  some cases. F i g u r e  18 

l i s t s  t h e  bas i c  c lasses  o f  expanders which we have cons ide red  f o r  use i n  

t h e  T o t a l  Flow process. 

I n  a d d i t i o n  t o  

Based on o u r  p resen t  unders tand ing  of a l l  requ i rements  t o  u t i l i z e  the  

HT/HS b r ines ,  and p a r t i c u l a r l y  t he  need f o r  i n h e r e n t l y  s imp le ,  compact 

machines, pu re  impu lse  dev i ces  have s i g n i f i c a n t  advantages. Because o f  

geomet r ic  cons ide ra t i ons  the  a x i a l  f l o w  machine c u r r e n t l y  appears as  a 
p romis ing  c o n f i g u r a t i o n  f o r  t h e  T o t a l  Flow a p p l i c a t i o n .  F i g u r e  19  i s  a 

s i m p l i f i e d  v iew o f  an a x i a l  f l o w  impulse t u r b i n e ,  and a l s o  i l l u s t r a t e s  
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t he  bas i c  elements o f  o t h e r  impu lse  machines. Expansion o f  t h e  two-phase 

we l lhead p roduc t  t h rough  a converg ing -d i ve rg ing  nozz le  conver t s  the  b r i n e  

thermal  energy a t  h i g h  we l lhead pressures  a t  2 t o  k i n e t i c  energy i n  the  

fo rm o f  a h i g h  v e l o c i t y  f l u i d  stream a t  t he  backpressure 3 ' .  

v e l o c i t y  c o e f f i c i e n t ,  n ,  i s  t h e  r a t i o  o f  a c t u a l  v e l o c i t y  o u t p u t  t o  the  i d e a l  

v e l o c i t y  f rom an i s e n t r o p i c  expansion f rom 2 - 3 .  The wheel e f f i c i e n c y ,  e,, 

i s  a measure o f  t h e  a b i l i t y  o f  t he  wheel t o  c o n v e r t  t h e  f l u i d  k i n e t i c  energy 

t o  s h a f t  work. I t  i s  a complex f u n c t i o n  o f  b l a d i n g  geometry, tu rbu lence,  

f l u i d  f r i c t i o n ,  en t rance and e x i t  losses ,  f ann ing  l osses ,  e t c .  The t u r b i n e  

the  nozz le  e f f i c i e n c y ,  o r  i t s  a b i l i t y  t o  c o n v e r t  thermal energy i n t o  k i n e t i c  

energy.  The wheel e f f i c i e n c y ,  e,, rep resen ts  t h e  a b i l i t y  o f  t h e  t u r b i n e  r o t o r  

t o  e f f i c i e n t l y  t r a n s f e r  t h e  momentum o f  t he  h i g h  v e l o c i t y  f l u i d  stream e x i t i n g  

from t h e  nozz le  t o  produce s h a f t  work.  When viewed i n  t h i s  manner, i t  i s  

c l e a r  t h a t  t h e  bas i c  problem o f  des ign ing  an e f f i c i e n t  To ta l  Flow impulse 
t u r b i n e  i s  two fo ld :  development o f  e f f i c i e n t  nozz les  f o r  expansion o f  two 

phase f l u i d s ,  and development o f  e f f i c i e n t  b l a d i n g  f o r  momentum t r a n s f e r .  

Cons iderab le  work has a l ready  been completed i n  the  l a b o r a t o r y  t o  develop 

and t e s t  nozz les  and t o  t e s t  b lade  c o n f i g u r a t i o n s .  We have ach ieved the  

necessary nozz le  e f f i c i e n c i e s  and t h e  nex t  s t e p  i s  t o  deve lop  a techn ique 

f o r  water  d r o p l e t  r e d u c t i o n  f rom t h e  p resen t  range o f  about 6 m ic rons  t o  

l e s s  than  2 mic rons .  

th rough t h e  b lades .  

The nozz le  

eng ine  e f f i c i e n c y ,  et, then w i l l  be n 2 ew, as no ted .  The f a c t o r  n2 represents  

T h i s  i s  necessary f o r  e f f i c i e n t  t r a n s f e r  o f  momentum 

We have r e c e n t l y  completed l a b o r a t o r y  t e s t s  o f  a Tota'l Flow impu lse  
t u r b i n e  system. A s i n g l e  stage, a x i a l  f low, impulse t u r b i n e  (F igu re  20) 

has been des igned and t e s t e d  a t  reduced ou tpu t ,  s ince  o n l y  a s i n g l e  nozz le  

was used - about  5% admission. A s i n g l e  nozz le  was used f o r  t h e  machine 

because o f  l i m i t e d  f l o w r a t e  c a p a b i l i t i e s  o f  t h e  t e s t  f a c i l i t y .  

I n  o r d e r  t o  s i m p l i f y  cons t ruc t i on ,  sho r ten  development t ime, and t o  min imize  

cos ts ,  t he  r o t o r  was designed w i t h  i n t e g r a l  b lades  and was f a b r i c a t e d  from 

a 7075-T6 aluminum f o r g i n g .  Aluminum was chosen f o r  i t s  h i g h  s t r e n g t h - t o -  

we igh t  r a t i o  and m a c h i n a b i l i t y .  An e l e c t r o l e s s  n i c k e l  p l a t i n g  was a p p l i e d  
t o  t h e  b lade su r faces  f o r  water  d r o p l e t  e r o s i o n  p r o t e c t i o n .  

r o t o r  i s  n o t  i n tended  f o r  b r i n e  exposure.  

l i f e  o n l y  f o r  t he  l a b o r a t o r y  t e s t i n g  program. 

The p l a t e d  

It was designed t o  have s u f f i c i e n t  

The o p e r a t i n g  c o n d i t i o n s  used f o r  t he  performance t e s t i n g  were s e l e c t e d  

t o  be r e p r e s e n t a t i v e  o f  t h e  thermodynamic c o n d i t i o n s  o f  w e l l  o u t p u t s  f rom 

t h e  r e s e r v o i r s  of  t h e  SSKGRA ( F i g u r e  21) .  

was t o  p r o v i d e  o p e r a t i n g  performance da ta  t o  v e r i f y  a n a l y t i c a l  methods f o r  

des ign  o f  a f u l l  admiss ion  machine and f o r  p r e d i c t i n g  t h e  e f f e c t s  o f  d r o p l e t  

s i z e  on performance. , F i g u r e  22 shows t h e  comparison o f  t h e  t e s t  da ta  w i t h  

t h e  p r e d i c t i o n  f o r  s i n g l e  nozz le  performance. 

ob ta ined,  and t h e  a n a l y t i c a l  model can now be used t o  e s t i m a t e  t h e  performance 

o f  a fu l l - acbn iss ion  machine. 

between 38% t o  48%. 

o r i g i n a l  research  goal  o f  70% eng ine  e f f i c i e n c y  remains c r e d i b l e ,  and i s  
ach ievab le  i f  water  d r o p l e t  s i z e s  can be reduced t o  l e s s  than  1 m ic ron .  

power o u t p u t  w i t h  a s i n g l e  nozz le  was e q u i v a l e n t  t o  33 KW, t he  f u l l  admiss ion  

machine would produce about  1400 KW; and based on t h i s  t e s t  da ta ,  an 

advanced des ign  would produce about  2300 KW. 

The bas i c  purpose o f  t h e  t e s t  

E x c e l l e n t  agreement was 

As shown, the  e x i s t i n g  des ign  performance l i e s  

Most s i g n i f i c a n t ,  however, i s  t h e  c o n c l u s i o n  t h a t  t h e  

The 

A u s e f u l  manner o f  v iewing  system e f f e c t i v e n e s s  i s  t o  express  the  

performance i n  terms o f  t h e  resource  u t i l i z a t i o n  r a t e  (wa te r  r a t e ) .  
i s  t h e  number o f  pounds of  we l lhead f l u i d  t o  produce a k i l o w a t t  hour  o f  

e l e c t r i c  energy, ( i . e . ,  lb/KW-hr). F igu re  23 l i s t s  t h e  perfonnance p o t e n t i a l  

o f  t h e  T o t a l  Flow process as tes ted ,  and compared w i t h  the  c a l c u l a t e d  

performance f o r  t h e  Flashed Steam System opera t i ng  ove r  the  same s e t  o f  

i n l e t  and e x i t  thermodynamic c o n d i t i o n s .  

on a g ross  o u t p u t  bas i s  - i.e., exc lus i ve  o f  p l a n t  p a r a s i t i c  l oads .  As 

shown, the  T o t a l  Flow impulse t u r b i n e  i s  a l ready  thermodynamica l l y  c o m p e t i t i v e  

w i t h  a s i n g l e  f l a s h  system, b u t  an advanced des ign  has the  p o t e n t i a l  f o r  

s i g n i f i c a n t  improvements. There a r e  two impor tan t  i m p l i c a t i o n s .  F i r s t ,  

a decrease i n  water  r a t e  a l l o w s  a cor respond ing  decrease i n  number o f  wells, 
which  i n  tu rn ,  decreases the  c a p i t a l  i nves tmen t fo r  w e l l  cos ts .  

s i m p l e r  T o t a l  Flow system o f f e r s  t h e  a d d i t i o n a l  p o t e n t i a l  f o r  reduced c o s t s  

o f  t h e  convers ion  equipment. 

Th i s  

Note t h a t  a l l  systems a re  compared 

Second, the  

3 .  H y b r i d  Systems 

I t  i s  recogn ized,  however, t h a t  because o f  t he  wide v a r i a t i o n  o f  

r e s e r v o i r  and s i t e  s p e c i f i c  c o n d i t i o n s ,  i t  i s  u n l i k e l y  t h a t  any one concept  

o r  system w i l l  f i n d  genera l  a p p l i c a t i o n .  Ins tead,  t h e  f u t u r e  w i l l  p robab ly  
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:ee seve ra l  d i f f e r e n t  conve rs ion  systems, each t a i l o r e d  t o  t h e  s p e c i f i c  

: i t e  c o n d i t i o n s .  

f l a s h e d  steam, b i n a r y  cyc le ,  and To ta l  Flow w i l l  a l s o  be needed. 

‘ p e c i f i c a l l y ,  we a re  i n v e s t i g a t i n g  t h e  use o f  T o t a l  Flow expanders i n  

Lombina t ion  w i t h  t h e  doub le  f l a s h  system (F igu re  24)  t o  produce a g r e a t e r  

n e t  power o u t p u t .  Some p r e l i m i n a r y  c a l c u l a t i o n s ,  and some i n i t i a l  component 

t e s t s ,  i n d i c a t e  t h a t  i t  may be p o s s i b l e  t o  i nc rease  t h e  gross  power ou tpu t  

by about  15%. Th is  work i s  o n l y  i n  the  i n i t i a l  stages; b u t  by t h i s  t ime  

nex t  year ,  i f  suppor t  i s  con t inued,  we shou ld  have s u f f i c i e n t  da ta  t o  draw 

more d e f i n i t i v e  conc lus ions .  

Consequent ly,  combina t ion  o f  t h e  bas i c  concepts o f  

IV. Comnerc ia l i za t i on  and Technology T rans fe r  P lans  

As no ted  e a r l i e r ,  t h e  HT/HS r e s e r v o i r s  o f  t he  S a l t o n  Sea Geothermal F i e l d ,  

a re  ii l a r g e  energy resource, b u t  n o t  y e t  commerc ia l l y  u s e f u l  because o f  t he  

t e c h n i c a l  problems l a r g e l y  assoc ia ted  w i t h  the  chemis t r y  o f  t he  b r i n e .  The LLL 

program i s  s p e c i f i c a l l y  d i r e c t e d  toward  s o l u t i o n  o f  these problems by c a r r y i n g  

o u t  t he  necessary a p p l i e d  research ,  and t o  deve lop  and f i e l d  t e s t  sma l l - sca le  
p r o t o t y p e  advanced convers ion  systems. The bas i c  purpose i s  t o  prove t e c h n i c a l  

f e a s i b i l i t y  by g a t h e r i n g  s u f f i c i e n t  suppor t i ng  da ta  t o  encourage i n d u s t r i a l  

p a r t i c i p a t i o n  as a s t a r t  toward commerc ia l i za t i on  o f  t h e  concepts .  Th is  

i n v o l v e s  seve ra l  e lements.  

The f i r s t  i s  t r a n s f e r  o f  i n f o r m a t i o n  as i t  i s  developed th rough p u b l i c a t i o n s ,  

p a r t i c i p a t i o n  i n  t e c h n i c a l  conferences, h o s t i n g  i n d u s t r i a l  v i s i t o r s  t o  LLL t o  

see ou r  work, and th rough LLL hos ted  program rev iews.  We p u b l i s h ,  Tor wide 
d i c L r i b u t i o n ,  about 30 p u b l i c a t i o n s  pe r  year .  

re leased  d u r i n g  FY77 t o  i l l u s t r a t e  the  b read th  and t ype  o f  i n f o r m a t i o n  f l ow .  

Note t h e  i n c l u s i o n  of  papers recen’zly accepted f o r  p r e s e n t a t i o n  a.i t he  upcor t i rq  

meet ing o f  t h e  Geothermal Resources Counc i l .  I n  a d d i t i o n ,  we hos t ,  on the  average, 

about two i n d u s t r i a l  v i s i t o r s  p e r  week f o r  i n f o r m a l  b r i e f i n g s  and s i t e  v i s i t s .  
Recent ly ,  we h e l d  o u r  f i r s t  l a r g e  program rev iew on December 14, 15, 16, 1976, 

du r ing  wh ich  about  80 r e p r e s e n t a t i v e s  o f  i n d u s t r y  a t tended  t o  hear  d e t a i l e d  

t e c h n i c a l  b r i e f i n g s  on the  program s t a t u s  and r e s u l t s .  

p a r t i c i p a t i o n  i n  the  program were encouraged. 

A t tached i s  a l i s t  o f  p u b l i c a t i o n s  

T h e i r  comments and 

The second i s  d i r e c t e d  p a r t i c i p a t i o n  o f  i n d u s t r y  th rough  subcon t rac ts  t o  

h e l p  w i t h  t h e  program by c a r r y i n g  o u t  t e c h n i c a l  and economic s t u d i e s ,  des ign  and 

f a b r i c a t i o n  o f  components f o r  t e s t ,  and i n v o l v m e n t  i n  ou r  f i e l d  t e s t  a c t i v i t i e s .  

Dur ing  FY76, we spent approx imate ly  174 o f  o u r  budget i n  o u t s i d e  procurements 

o f  t h i s  type .  

t h a t  i n d u s t r i a l  s u p p l i e r s  become d i r e c t l y  aware o f  some o f  t h e  advanced concepts 

under development. 

Th i s  a c t i v i t y  i s  a fo rm o f  techno logy  t r a n s f e r  i n  the  sense 

Th is  a c t i v i t y  w i l l  con t i nue  th roughout  t h e  program. 

The t h i r d  w i l l  be t h e  invo lvement  o f  i n d u s t r i a l  p a r t n e r s  t o  t a k e  on t he  

des ign ,  f a b r i c a t i o n ,  and f i e l d  t e s t i n g  o f  t he  sma l l - sca le  p r o t o t y p e  advanced 

systems. 

manufac turers  and eng ineer ing  f i r m s  t o  l a y  o u t  p lans  f o r  des ign  and development 

o f  a 2 MW b r i n e  t o l e r a n t  systme f o r  f i e l d  t e s t i n g .  Depending on t h e  r e s u l t s  o f  

ou r  FY77 t e s t s ,  t h i s  f i r s t  s tep  toward  t r a n s f e r r i n g  t h e  techno logy  t o  i n d u s t r y  

w i l l  beg in  i n  FY78. I n d u s t r i a l  development schedules i n d i c a t e  t h a t  a complete 

2 MW systenl m igh t  be f i e l d e d  by FY80. 

We a r e  c u r r e n t l y  s t a r t i n g  p r e l i m i n a r y  d i scuss ions  w i t h  t u r b i n e  

The f o u r t h ,  and most impor tan t ,  e lement i s  t h e  f i n a l  s t e p  toward  

commerc ia l i za t i on .  If f i e l d  t e s t s  o f  t he  2 MW p r o t o t y p e  a r e  success fu l ,  t he  

o p t i o n  o f  p roceed ing  with a 10  MW s i z e  p i l o t  p l a n t  i s  opened. Th is ,  o f  course, 

shou ld  be p r i m a r i l y  an i n d u s t r i a l  a c i t i v i t y  w i t h  the  LLL r o l e  d im in i shed  t o  one 

o f  t e c h n i c a l  suppor t  and ass i s tance .  Successful  p i l o t  p l a n t  o p e r a t i o n  shou ld  

t h e n  l e a d  t o  f u l l  commerc ia l i za t i on  by  t h e  i n d u s t r i a l  s e c t o r .  

Summary 

A summary o f  t h e  ma jo r  program r e s u l t s  a r e  l i s t e d  below: 

e Designed and opera ted  a Geothermal Tes t  F a c i l i t y  a t  LLL t o  s imu la te  t h e  

thermodynamic c o n d i t i o n s  o f  any hydrothermal w e l l  o u t p u t .  Th i s  f a c i l i t y  

i s  used t o  t e s t  expander components, develop methods f o r  measurement and 

c h a r a c t e r i z i n g  two-phase f l ow ,  and i s  a v a i l a b l e  f o r  t e s t i n g  o f  T o t a l  

Flow expanders w i t h  o u t p u t s  up t o  about 100 KW. 
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Publ ica t ions  Released in  FY76T and FY77 

1 

Developed and tes ted  a s i n g l e  s tage Total Flow impulse turbine system 
w i t h  subatmospheric condensing condi t ions.  The r e s u l t s  ind ica te  t h a t  
the  e x i s t i n g  design i s  capable of working a t  38-48% engine e f f ic iency .  
Analysis of  the performance a l s o  ind ica tes  t h a t  the or ig ina l  research 
goal of 70% engine e f f ic iency  remains c red ib le  a n d  may be achievable. 

In our opinion, t h i s  moves the Total Flow concept from a fa r -out  t o  a 
n e a r - t e n  technology. 

Designed and operated a Geothermal Field Test S ta t ion  f o r  brine chemistry 

and mater ia l s  s tud ies  under f i e l d  condi t ions a t  Magmamax No. 1 .  

Established technical and the poten t ia l  economic f e a s i b i l i t y  of sca le  
control  by a c i d i f i c a t i o n  of the HT/HS.brines. 

Establ ished t h a t  br ine a c i d i f i c a t i o n  can s t a b i l i z e  the co l lo ida l  
suspension of s o l i d s  i n  cooled br ine ,  preventing p a r t i c u l a t e  prec ip i ta t ion .  
This has important implicat ions regarding long-term v i a b i l i t y  of re in jec t ion  
without plugging the formation. 

Ident i f ied  and f i e l d  t e s t e d  promising corrosion/erosion r e s i s t a n t  a l l o y s  
f o r  use i n  conversion systems, and s p e c i f i c a l l y  t h a t  titanium a l l o y s  a r e  
promising corrosion/erosion r e s i s t a n t  turbine blade mater ia l s .  

Established and developed techniques f o r  br ine sampling, br ine 
charac te r iza t ion ,  sca le  surve i l lance ,  and f i e l d  tests of mater ia l s .  

Developed ana ly t ica l  techniques f o r  advanced two-phase turb ine  design,  

two-phase flow, br ine chemistry modeling, and multi-well reservoi r  
modeling f o r  product ionl inject ion reservoi r  manaqement. 

These r e s u l t s  a r e  encouraging, and lead to  the conclusion t h a t  the Total 
Flow process  will emerge as  a r e a l i t y  i n  some form f o r  u t i l i z a t i o n  of water 
dominated resources .  Figure 25 i s  one possible  conceptual configurat ion based 
on the  impulse turbine a s  the  conversion element. 
t h i s  method, as o r i g i n a l l y  conceived, i s  moving from the conceptual s tage toward 
r e a l i t y .  

The above r e s u l t s  ind ica te  t h a t  

1 .  

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

" Inves t iga t ion  of Heat Exchanger flow Arrangement on Performance and 
Cost i n  a Geothermal Binary Cycle", W. H .  Giedt ,  June 1976. (Presented  
a t  the  Eleventh In te rsoc ie ty  Energy Conversion Engineering Conf., S t a t e  
Line, Nevada, Sept .  12-17, 1976. 

"Helical-Rotor Expander Applicat ions f o r  Geothermal Energy Conversion", 
P .  :A. House, UCRL-52043, April 1976. 

"Calculat ion of Two-Phase Dispersed Droplet-In-Vapor Flows Including 
Normal Shock Waves", W .  Comfort, T .  Alger ,  W. Giedt ,  C .  Crowe, UCRL-78426, 
Ju ly  1976. 
1976. 

"Performance Test of a Bladeless  Turbine f o r  Geothermal Appl ica t ions" .  
R .  S te ide l  and H .  \ l e i ss ,  UCID-17068, March 1976. 

"Modular 5-MW Geothermal Power P lan t  Design Cons idera t ions  and Guide1 i n e s " ,  
Rogers Engineering Company, UCRL-13635, May 1976. 

"The L L L  Geothermal I n d u s t r i a l  Support Program i n  Chemistry and Mater ia l s  
f o r  FY76T and FY77", R .  Quong, UCIO-17209, J u l y  1976. 

"Comments o f  the  Use of 316L S t a i n l e s s  S tee l  Cladding a t  the  Geothermal 
Niland Test  F a c i l i t y " ,  A.  Goldberg, UCIO-17113, Apri l  1976. 

"Geothermal Material Studies" .  A .  Goldberg, UCID-17261-76-1, March 1976. 

"Geothermal Material Studies" ,  A .  Goldberg,-UCID-17261-76-2, June 1976. 

"Geothermal Material Studies", A .  Goldberg, UCID-17261-76-3, Sept .  1976. 

"The Economics of Geothermal Heat a s  an A l t e r n a t e  Fuel" ,  0. Towse, 
UCRL-77031, Revision 1 ,  June 1976. 

"Prel iminary I n t e r p r e t a t i o n  of  R e s i s t i v i t y  and Seismic Refrac t ion  Data from 
t h e  Sal ton Sea Geothermal F ie ld" ,  P .  W .  Kasameyer. UCRL-52115, Sept .  1976. 

"Thermal Depletion of a Geothermal Reservoir  w i t h  Both Frac ture  and Pore 
and Pore Permeabi l i ty" ,  P.  W .  Kasameyer and R .  C .  Schroeder ,  UCRL-77323, 
August 1976. 

"Reservoir Engineering Report f o r  the  Magma/SDG&E Geothermal Experimental 
S i t e  Near the  Sal ton Sea, C a l i f o r n i a " ,  R .  C.  Schroeder ,  UCRL-52094, 
J u l y  1976. 

"Scaling C h a r a c t e r i s t i c s  i n  the Geothenal  LOOP Experimental F a c i l i t y  a t  
Niland, Cal i forn ia" ,  R .  Quong, UCRL-52162, November 1976. 

"Prel iminary I n t e r p r e t a t i o n  of R e s i s t i v i t y  and Seismic Refrac t ion  Data from 
t h e  Sal ton Sea Geothermal F ie ld" ,  P .  W .  Kasameyer, UCRL-52115, Sept .  1976. 

Also presented a t  t h e  Winter Annual Meeting o f  ASME, Dec. 5-10, 

Submitted f o r  publ ica t ion  in  Journal  of Geophysical Research 
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Q Q 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

"On Soo's Equations f o r  the One-Dimensional Motion of S ingle  Component 
Two-Phsse Flows", C .  T .  Crowe, UCRL-79053, January 1977. Submitted f o r  
publ icat ion i n  Journal  of Multiphase Flow. 

"Flow Charac te r iza t ion  f o r  Horizontal Two-Phase Flow", C .  A .  Calder .  
UCRL-52186, October 1976. 

"Conservation Equations f o r  Vapor-Droplet Flows Including Boundary- 
Droplet E f f e c t s " ,  C .  T. Crowe, UCRL-52184, December 1976. 

"Interim Report on Performance Tes ts  of a Total Flow Impulse Turbine f o r  
Geothermal Appl ica t ions" ,  W. J .  Comfort, UCID-17411, March 1977. 

"Status  Report on t h e  LLL Geothermal Program Resul t s" ,  A .  L .  A u s t i n ,  
A .  W .  Lundberg, L .  B .  Owen, G. E .  T a r d i f f .  To be publ ished,  Apri l  1977 

"An E l e c t r i c a l  R e s i s t i v i t y  Survey of t h e  Sal ton Sea Geothermal F ie ld  
Imperial Val ley,  C a l i f o r n i a " ,  Geonomics, Inc.  UCRL-13690, May 1976. 

"Chemical Geothermometry: Accuracy of Subsurface Temperature Estimates 
f o r  the Sa l ton  Sea Geothermal F ie ld" ,  L .  B .  Owen and 5. D. Palmer, 
UCRL-78289, June 1976. 

"Application of Thermal Depletion Model t o  Geothermal Reservoirs  w i t h  
Fracture  and Pore Permeabi l i ty" ,  P .  W .  Kasameyer and R .  C .  Schroeder, 
UCRL-79108, January 1977. 

"Pe t ro logic  C h a r a c t e r i s t i c s  of a Por t ion  on the  Sal ton Sea Geothermal F ie ld" ,  
John D. Tewhey. 

"Calculat ion of  Brine Proper t ies" ,  G .  L .  Dittman, UCID-17406, February 1977. 

"Geology and P o t e n t i a l  Uses of  t h e  Geopressure Resources o f  t h e  Gulf Coast", 
J .  H. Howard, e t  a l .  UCID-17163, June 1976. 

"A Study of Core Chips from the  S t a t e  of  Cal i forn ia  Well No. 1 i n  t h e  Sal ton 
Sea Geothermal F i e l d  Using  Petrographic ,  X-Ray D i f f r a c t i o n ,  and Scanning 
Electron Microscopy Techniques". L .  Dengler, A .  P i w i n s k i i ,  UCID-17184, 
A u g u s t  1976. 

To be publ ished,  March 1977. 

The following papers were submitted t o  the Geothermal Resources Council Meeting 
to  be held May 9-11, 1977, San Diego, Cal i forn ia .  

29. "An Overview of the Geothermal Program a t  the Lawrence Livermore Laboratory", 
A .  L .  A u s t i n ,  April 1977. 

L .  B .  Owen, G .  E .  T a r d i f f ,  April 1977. 
30. "Field Evaluation o f  Scale Control Methods: Acid i f ica t ion" ,  J .  2. Grens, 

31. " L L L  Geothermal Field Laboratory", F .  Locke, J .  Grens, April 1977. 

32. "Proper t ies  of S i l iceous  Scale  From the  Sal ton Sea Geothermal Field" ,  L .  B .  Owen, 
April 1977. 

33. "Scale and Sol ids  Deposition i n  the SDG&E/U.S. E R D A  Geothermal Loop 
Experimental F a c i l i t y  a t  Niland, Cal i forn ia" ,  R .  Quong, H .  K. Bishop, 
J .  H.  Hi l l .  April 1977. 

34. 

35. 

"Calculat ion of Brine Propert ies" ,  G .  L .  Dittman, April 1977. 

"Chemical Modeling of Geothermal Systesm", D .  D. Jackson, Aoril 1077 
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FIGURE 2 

T Y P I C A L  B R I N E  COMPOSITIONS FOR THE SALTON SEA GEOTHERMAL F I E L D  
-__-__- _ _ _  . ___ 

c 

CONCENTRATION (PPF?) 
IID #1 S I N C L A I R  #4 

( H I L L  8 MORRIS, 1975 
__-___.__. 

ANALY S I S (WHITE, 1968) 

NA 5C , 400 58,650 
K 17,500 13,345 

CA 28,000 26,308 
CL 155,000 154,700 

SI 187 
FE 2,290 
EN 1,400 
ZN 540 

PB 102 
cu 8 
AG 1 - 4  
AL 4 
BA 235 
SR 400 
L I  215 
RB 135 
MG 54 
OTHERS 

I,B,BR,ETc, 1 ~600 

TOTAL S O L I D S :  258,973 

“3 4 09 

H2S 16 

RESERVOIR TEMP, 340°C 

>150 ( A S  HC03) co2 
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234 
1,339 
1,127 
510 

265,630 

_ _  
>13 

290 C 

MAGF1PI”lAX #1 
( H I L L ,  2976) 

37,800 
7,740 
18,000 
108,900 

182 
230 
621 
325 

70 
0,9 

_ _  

<1 
136 
349 
127 
58 
72 

3GO-600 
1-2 WT% 
10-30 

260°C 
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THE LLL GEOTHERMAL PROGRAM CONSISTS OF: E 

1. Development of advanced technologies for hydro- 
thermal systems : 

0 Hybrid systems 
Total flow concept 

I I .  Industrial support program: 

industry projects 
0 Technical support to specific joint ERDA/ 

8 Applied research on potential problem areas 
e Hybrid systems 

F I G .  3 

INDUSTRIAL SUPPORT PROGRAM E 

Involvement with and technical assistance to joint 
ERDAlSDGE project near Niland 
Working in field and lab to help with: 

Brine characterization 
Effluent handling 
Plant operational surveillance for scale control 

Data handling 
Reservoir production and reinjection strategies 

and materials evaluation 

8 Opportunities to directly apply results of R&D 
produced on base program 

F I G .  4 



METHODS FOR ELECTRIC POWER GENERATION FROM GEOTHERMAL 
HOT WATER DEPOSITS 

The Flashed Steam System 

Steam 

The Binary Cycle System 

Vapor cycle Vapor 

Heat 

The Total Flow System 

Mixed 
.phase 

Hybrid Systems 

FIG. 5 

N KEY ISSUES 

0 Control of scaling 
Q Development of suitable energy conversion methods 

for: 
- Increased efficiencies 
- Utilization of HT/HS brines 
- Application to other resources 

- Erosion/corrosion resistant turbine 
- Low cost plant components 

Brine disposal strategy - injection 

I 
Tu 0 
I Materials development for: 

Commercial applications 
- Economic feasibility 
- Transfer of technology 

FIG.  6 
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G CLASSES OF EXPANDERS FOR TOTAL FLOW APPLICATIONS 

1. Impulse/reaction machines 

Axial flow - CurtidRateau steam turbine 
Radial inflow - Francis turbine and multiple disc drag turbine 
Radial outflow - rotating nozzle (pure reaction). Hero's turbine 

multiple disc turbine - bladeless impulse or reaction drag turbine. 
2. Positive displacement machines 

Helical screw expander 
Rotating oscillating vane machine 

Tangential flow - Pelton wheel, Re-entry turbine 
Axial flow - DeLaval, Curtis turbine 

3. Impulse machines 

F i g .  18 





F i g .  21 Test condi t ions 
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2 30 
Y 

20 

10 

Fluid s t a t e  a t  nozzle entrance 

Po = 2.53 !!Pa (367 p s i a )  

Xo = q u a l i t y  = 14% 

To = 224OC (434' F) 

ho = 1.2 HJ/kg (526 BTU/lbm) 

m = 0.59 kg/s (1 .31  Ibm/s) 

- 

- 

- 

- 

- 

Exhaust pressure and temperature 

Pe = 0.0137 MPa ( 2  p s i a )  

T, = 126OF 

he = 421.8 B t u / l b m  
xe = 32% 

Power I n p u t  
6(ho - he)  = 144 kWt 

1 1 
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RESEARCH GOAL 

Advanced design 
f u l l  admission 
D 5 1 p ,  CT = 0.94 

<--> 

1 

-J 

ACHIEVABLE TODAY /#- -  

Full admission- f' i 
droplets  impact L---- 
CT = 0.94 
blades, 0 2 2.2 p 

o Single nozzle t e s t  
r e s u l t s  and simula- 
t ion bounds 
D -> 2.3 um 
CT = .83 

V i s  = 697.7 m f s  

O L  I I I I I 
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Blade speed r a t i o  - U / V i s  

FIG. 22 Total Flow Impulse Turbine Test Results and 
Performance Evaluation 
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FIGURE 23 

ESTIMATED PERFORRANCE COMPARISOIS FOR GROSS E L E C T R I C A L  OUTPUT 

Ir SEP 2 
RORT 

I. TOTAL FLOW IMPULSE TURBINE SYSTEM 

o E X I S T I N G  DESIGN - F U L L  ADMISSION 
( 3 8 % - 4 8 %  ENGINE E F F I C I E N C Y )  

a ADVANCED DESIGN - F U L L  ADMISSION 
(70% ENGINE E F F I C I E N C Y )  

I I ,  FLASHED STEAFl SYSTEM 
P 

WATER RATE 

L B I  Kid- H R 

86-68 

47 

o S I N G L E  FLASH (75% ENGINE E F F I C I E N C Y )  70 

m DOUBLE FLASH (75% ENGINE E F F I C I E N C Y  BOTH STAGES) 56 

e 
2) 

S P E C I F I C  OUTPUT 

WATT- H R1 LB 

12-25 

21 

1 4  

1 8  

NOTES : 

1, 
2 ,  
3 ,  

- 
CALCULATIONS BASED ON THERMODYNAMIC PROPERTIES OF PURE WATER, 
FOR PRESENCE OF DISSOLVED S O L I D S :  REDUCE ENERGY OUTPUT BY 0.85% FOR EVERY 1% TDS,  
CALCULATIONS BASED ON TEST CONDITIONS: I N L E T  367 PSIA,  14% QUALITY, E X I T  2 PSIA, (126°F) 

THE REACTION TURBINE EXPANDS LIQUID FROM THE HIGH 
PRESSURE SEPARATOR AND EXHAUSTS INTO THE LOW PRESSURE 
SEPARATOR u 

POWER 

, = JT, , , = 
,Condenser 

Advanced flashed 
steam system 

(1 20" F) 
T2 

Wellheads (2 0 steam) 

Injection 

FIGURE 24 
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