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I. SUMMARY 

Republic Geothermal, Inc., and its subcontractors have planned and 
executed elght expertmental stimulation treatments under the U.S .  Department 
o f  Energy-funded Geothermal Reservoir Well Stimulatlon Program. The program, 
begun in February 1979, has concentrated on extending petroleum Industry 
stimulation technology f o r  use by the geothermal Industry. This report 
describes the eight field experiments and the associated theoretical and 
laboratory work performed to develop the stimulation technology. 

Two stlmulatlon experiments were performed at Raft River, Idaho, In late 
1979. This I s  a naturally fractured, hard rock reservoir with a relatively 
low geothermal resource temperature (290OF). A planar hydraullc fracture job 
was performed In Well RRGP-5 and a dendritlc, or reverse flow, technique was 
utilized In Well RRGP-4. 

In mld-1980, two stlmulatlon experlments were performed at East Mesa, 
Caltfornla. The stlmulatlon o f  Well 58-30 provided the first geothermal well 
fracturing experience in a moderate temperature (350°F) reservoir with 
matrix-type rock propertles. The two treatments consisted of a hydraulic 
fracture o f  a deep, low-permeablllty zone and a dendrltlc fracture treatment 
o f  a shallow, hlgh-permeability mud/cement-damaged zone in the same well. 

In January 1981, an acld etching stimulation treatment was performed In 
the Ottobonl State 22 well located In The Geysers geothermal area of 
Californla. The resource I s  a 460°F naturally fractured dry steam reservoir. 
The treatment Involved the Injection o f  a 10% HF-5% HC1 acld solutlon behind a 
slug o f  high vlscoslty crosslinked gel fluid. This technlque was intended to 
take advantage of the fluid mobillty differences to etch discrete flow 
channels In the fracture faces. 

A 7,600 bbl hydraullc fracture treatment was also performed In early 1981 
In the Baca 23 well o f  the Redondo Creek area of New Mexico. The stimulation 
interval was In the upper part o f  the Bandeller Tuff, a 450°F Interval in 



which the  w e l l  had no t  encountered p roduc t i ve  n a t u r a l  f r a c t u r e s .  This 
treatment u t i l i z e d  a l a r g e  c o o l i n g  water prepad, a h igh  v i s c o s i t y  f r a c  f l u i d ,  
and temperature r e s i s t a n t  proppants, 1.e.. s i n t e r e d  baux i te  and resin-coated 

sand. 

The seventh f i e l d  experiment was conducted i n  Baca 20 on October 5, 1981, 
agaln u t i l l z i n g  a l a r g e  c o o l i n g  water prepad fo l l owed  by a h i g h  v i s c o s i t y  f r a c  
f l u l d  c a r r y i n g  o n l y  s i n t e r e d  baux i te  as the proppant. 

f r a c t u r e  j o b  was performed i n  a deep i n t e r v a l  w i t h  a temperature o f  about 
520°F, which gave Baca 20 the d i s t i n c t i o n  o f  being the h o t t e s t  w e l l  t o  be 

f r a c t u r e  s t imu la ted  w i t h  the use of proppants i n  the Uni ted States t o  date. A 

fol low-up HC1 a c i d  j o b  was done t o  remove ca lc ium carbonate p a r t i c l e s  

Introduced as a f l u i d  l oss  a d d i t i v e  I n  the  f r a c t u r i n g  treatment. 

The l a r g e  h y d r a u l i c  

The l a s t  f i e l d  experiment, t he  Beowawe F i e l d  chemical s t i r nu la t i on  

treatment, was designed f o r  the Rossi 21-19 w e l l  as a two-stage a c i d  Job t o  

remove near-wel lbore r e s t r i c t e d  pe rmeab i l i t y .  HC1 a c i d  s o l u t i o n  was pumped I n  

the  f l r s t  stage and fo l lowed by the second stage c o n s i s t i n g  o f  a HC1-HF a c i d  
so lu t l on .  The treatment was conf ined t o  the s l o t t e d  l i n e r  I n t e r v a l  below 

4,369 feet  w i t h  an average r e s e r v o i r  temperature o f  about 400°F. The a c i d  

s o l u t i o n s  were Intended t o  increase the  pe rmeab i l i t y  i n  e x i s t i n g  r e s e r v o i r  
f low channels by r e a c t i n g  w i t h  secondary m i n e r a l i z a t i o n ,  d i spe rs ing  d r i l l i n g  

mud residue, and/or e t ch ing  the  f r a c t u r e  faces. 

A d iscuss ion  o f  t he  p re -s t imu la t i on  and pos t - s t imu la t i on  data and t h e i r  

eva lua t i on  i s  provided f o r  each experiment I n  t h i s  r e p o r t .  Overa l l  r e s u l t s  

have shown t h a t  s t l m u l a t i o n  i s  v i a b l e  where adequate r e s e r v o i r s  a r e  penetrated 

by w e l l s  encountering format ion damage or l o c a l l y  t i g h t  format ion zones. 

Seven of  the e i g h t  s t i m u l a t i o n  experiments were a t  l e a s t  t e c h n l c a l l y  

successful i n  s t i m u l a t i n g  the we l l s .  The two f r a c t u r e  treatments i n  East Hesa 

58-30 more than doubled the  producing r a t e  o f  the p rev ious l y  marginal  

producer. 

a l l  successful  i n  o b t a i n i n g  s i g n i f i c a n t  product ion from p rev ious l y  

nonproductive i n t e r v a l s .  However, these treatments f a i l e d  t o  e s t a b l i s h  

The two f r a c t u r e  treatments a t  Raf t  River and the two a t  Baca were 
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commercial production due to deficiencies in either fluid temperature or 
reservoir transmlssivlty. The Beowawe chemical stimulation treatment appears 
to have significantly Improved the well's injectivity, but production data 
were not obtalned because of well mechanical problems. The acid etching 
treatment in the well at The Geysers did not have any material effect on 
produclng rate. 
improvements In treatment deslgn and treatment interval selection which offer 
substantial encouragement for future stimulation work. 

Evaluations of the field experlments to date have suggested 

The Individual activities of the Program subcontractors, Haurer 
Engineering Inc., Vetter Research, Petroleum Training and Technical Services, 
and Terra Tek, Inc., are also sumnarized herein. The Phase I theoretical and 
laboratory studies were performed to provide the basic stimulation technology 
needed to design and evaluate geothermal well stimulation treatments. The 
Phase I1 site-specific laboratory and design work required for each field 
experiment was performed as needed by Haurer Engineering, Vetter Research, and 
Terra Tek. 

Phase I and Phase I1 activities produced a number o f  important technical 
Innovations and accomplishments. These were principally i n  the areas of data 
and software for stirnulation design and new methods for well data acquisition 
and laboratory analyses. 

11. INTRODUCTION 

The U.S. Department of Energy (DOE)-sponsored Geothermal Reservoir Well 
Stimulation Program (GRWSP) was initiated in February 1979 to pursue industry 
interest in geothermal well stlmulation work by extending the petroleum 
industry's stimulation technology for use in geothermal wells. The 
stimulation of geothermal wells has presented some new and challenging 
problems. The behavior of stimulation fluids, fracture proppants, and 
downhole equipment at elevated temperatures must be carefully evaluated before 
a treatment can be properly designed and executed. In order to avoid possible 
damage to the producing formations, high temperature chemical compatibility 
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between the r e s e r v o l r  rocks and f l u i d s  and the s t i m u l a t i o n  ma te r la l s  must be 
v e r l f l e d .  Perhaps most s i g n l f i c a n t  of a l l ,  i n  geothermal we l l s  the 
s t l m u l a t l o n  t reatment must b r i n g  about very l a r g e  f l u i d  p roduc t ion  ra tes .  

This requlrement f o r  h lgh  f l o w  ra tes  represents a s l g n l f l c a n t  depar ture from 
convent lonal  petroleum w e l l  s t l m u l a t i o n  and demands the c r e a t i o n  o f  very h lgh  

near-wel lbore pe rmeab l l l t y  and/or f rac tu res  w l t h  very h igh  f l o w  c o n d u c t l v i t l e s  

over l ong  i n t e r v a l s .  These fac to rs ,  combined w l t h  h igh  n a t u r a l  format lon 

pe rmeab l l l t l es  r e l a t l v e  t o  most o i l  and gas rese rvo i r s ,  normal ly  d i c t a t e  
r e l a t i v e l y  l a r g e  volume, h igh  r a t e  t reatments.  

The p r l n c l p a l  a lm o f  the GRWSP has been t o  Improve geothermal development 

economics by developing s t l m u l a t i o n  as a v iab le ,  less  expensive a l t e r n a t l v e  t o  

the  normal p r a c t l c e  o f  r e d r l l l l n g  or  r e p l a c i n g  d e f i c i e n t  we l l s .  Candidate 

we l l s  f o r  the GRWSP f l e l d  experlments f e l l  I n t o  one or more o f  the th ree  
fo l l ow lng  categor les:  (1) Wells t h a t  f a i l e d  t o  I n t e r s e c t  major p roduc t lve  
n a t u r a l  f rac tu res  i n  the rese rvo i r ;  ( 2 )  we l l s  t h a t  su f fe red  man-made damage 

du r lng  d r i l l i n g ,  completion, or  workover operat ions,  I n c l u d i n g  mud or  cement 

Invaslon; and ( 3 )  we l l s  I n  mat r lx - type  rese rvo i r s  t h a t  can b e n e f l t  from the 

establ lshment o f  h igh  conduc t i v i t y ,  l i n e a r  f l ow  channels t o  Improve f l ow  
capac l ty  from surrounding l o c a l l z e d  reg ions o f  low pe rmeab i l i t y  format lon.  

The f i r s t  o f  the  above s i t u a t i o n s  i s  probably the most common and f i v e  of 

the  e i g h t  GRWSP f l e l d  experiments were performed I n  candidates o f  t h i s  type. 

Even I n  w e l l  developed, p roduc t ive  f l e l d s ,  new we l l s  o f t e n  f a l l  t o  encounter 

s u f f i c i e n t l y  p r c l u c t i v e  f rac tu res .  

b e t t e r  f rac tu res  I s  common Indus t r y  p r a c t l c e  I n  such cases. The GRWSP tes ted  

both a c l d  s t l m u l a t l o n  and hyd rau l i c  f r a c t u r l n g  as  methods o f  c r e a t i n g  h lgh  

c o n d u c t l v l t y  f rac tu res  t o  connect w i t h  major p roduc t lve  n a t u r a l  f rac tu res  I n  

the rese rvo l r .  

f r ac tu res  w l t h  r a d i l  o f  the order o f  hundreds of fee t  were be l ieved necessary 

t o  reach major p roduc t lve  f rac tu res  I n  the format lon.  

R e d r l l l l n g  i n  an at tempt t o  encounter 

Hydraul ic  f r a c t u r i n g  w i t h  proppants was favored where l a rge  

Formation damage by invas ion  o f  d r i l l i n g  mud, cement, e tc . ,  i s  r e l a t i v e l y  
common I n  both f rac tu red  and mat r lx - type  rese rvo i r s .  Because the damage I s  
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normal ly  conf lned t o  the near-wellbore area, f r a c t u r l n g  or  chemical 
s t l m u l a t l o n  can be appl ied.  However, s e l e c t i o n  o f  the treatment method 

depends on s l t e - s p e c l f l c  cons ldera t lons .  Two o f  the GRWSP f l e l d  experiments 

were done I n  formatlon-damaged we l l s .  

One experlment was done t o  s t l m u l a t e  a low pe rmeab l l l t y  reg ion  o f  a 

mat r lx - type  r e s e r v o l r .  Th ls  category, be ing  l ess  common, rece ived less  

a t t e n t i o n ,  bu t  o f f e r s  oppor tun l t l es  f o r  s l g n l f l c a n t  economlc b e n e f i t  by 
enhanclng the  p r o d u c t l v l t y  o f  marg ina l  o r  subcommercial we l l s .  

Some major concerns t o  whlch the  GRWSP addressed I t s e l f ,  a r e  as fo l l ows :  

A. Hydrau l l c  F r a c t u r l n g  

1. 

2. 

3.  

4 .  

5 .  

Hydrau l i c  f rac tu res  may p a r a l l e l  the  predominant n a t u r a l  f r a c t u r e s  I n  
the fo rmat lon  and f a l l  t o  e f f e c t i v e l y  connect w i t h  them. 

Rapid thermal degradat lon o f  polymer f r a c  f l u l d s  cou ld  prevent the 

e f f e c t l v e  growth and propplng of hyd rau l l c  f rac tu res .  

Conventional downhole mechanical equipment may be inadequate for 

f r a c t u r i n g  In h igh  temperature we l l s .  

Ava i l ab le  proppants may degrade I n  h igh  temperature, chemlcal ly  

r e a c t l v e  envlronments. 

The p o s s i b i l i t y  o f  excessive f l u i d  l eak -o f f ,  e s p e c i a l l y  I n  n a t u r a l l y  

f r a c t u r e d  formatlons, cou ld  r e s u l t  I n  an e a r l y  te rm ina t ion  o f  

hyd rau l i c  f r a c t u r e  growth. 

B .  Acld S t lmu la t l on  

1. Ac ld r e a c t i o n  ra tes  w i th  fo rmat ion  rna ter la ls  a t  h igh  temperatures 

were no t  w e l l  known. 
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2. Data on the  s o l u b i l i t y  o f  format ion rocks I n  ac ids and the r e s u l t i n g  
products o f  r e a c t i o n  were needed f o r  treatment design. 

3.  Could f r a c t u r e  a c l d l z i n g  t reatments p rov ide  adequate f r a c t u r e  

c o n d u c t l v l t y  for successful  s t imu la t l on?  

The Phase I and I1 a c t i v i t i e s  descr ibed below have prov ided s a t i s f a c t o r y  

answers t o  most o f  these concerns. 

111. PHASE I 

Phase I was the necessary predecessor t o  the planned Phase I1 f i e l d  

experiments. 

computer sof tware development a c t i v i t i e s  accompllshed the fo l l ow ing :  

These labo ra to ry  i nves t i ga t i ons ,  l i t e r a t u r e  s tud ies,  and 

A. Technoloqy Transfer  

Conventional 011 and gas s t l m u l a t i o n  technology was reviewed f o r  

a p p l l c a b i l l t y  t o  geothermal cond i t ions .  

work on s t i rnu la t i on  treatment design, eva lua t ion  techniques, s t i m u l a t i o n  

ma te r la l s  performance, and mechanical equipment were reviewed and app l i cab le  

p o r t i o n s  were documented i n  GRWSP repo r t s .  

L l t e r a t u r e  and cu r ren t  unpublished 

\ 

6.  Numerical node l i ng  

Four e x i s t i n g  computer codes were mod i f ied  and upgraded t o  prov ide f i e l d  

Three o f  the codes Involved were experiment design and ana lys is  c a p a b i l i t y .  

a v a i l a b l e  from other DOE p ro jec ts .  

C .  Laboratory Work 

A l a rge  body o f  data on h igh  temperature behavior of s t l m u l a t i o n  ma te r ia l s  

Proppants, 

was gathered and documented f o r  the program. 

va luable data base f o r  any h igh  temperature w e l l  s t i m u l a t i o n  work. 
These r e s u l t s  c o n s t i t u t e  a 
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f r a c  f l u l d s ,  and f r a c  f l u l d  a d d i t l v e s  were tes ted  a t  temperatures t o  500°F t o  
e s t a b l l s h  t h e l r  performance l l m l t a t l o n s  l n  the geothermal r e s e r v o i r  

envlronment. 

A l a r g e  amount o f  data on performance o f  f r a c t u r e  proppants i s  a v a i l a b l e  

I n  the  l l t e r a t u r e ,  but  on l y  f o r  r e l a t i v e l y  low temperatures. For the GRWSP, 

data were obta ined us ing  a s p e c l a l l y  const ructed proppant t e s t e r  t o  evaluate 
proppants a t  e levated temperatures up t o  500°F. The t e s t s  l d e n t i f i e d  several  
proppants whlch a re  s u i t a b l e  f o r  geothermal w e l l  f r a c t u r i n g .  

Polymer-based f r a c  F lu lds  were tes ted  t o  charac ter lze  by chemical methods 
This study t h e l r  degradat lon behavlor as a f u n c t i o n  o f  temperature and time. 

requ i red  development o f  new a n a l y t l c a l  procedures. Resul ts helped t o  gulde 

s e l e c t l o n  o f  f r a c  f l u l d s  f o r  f i e l d  experlments and the same analyses were 
l a t e r  app l l ed  t o  res ldua l  f r a c  f l u i d s  produced from the f i e l d  experiment wells 
f o r  I n t e r p r e t a t i o n  o f  experlment r e s u l t s .  

S o l u b i l l t l e s  and r e a c t l o n  products o f  common format lon ma te r ia l s  and 

d r l l l l n g  mud c lays  I n  ace t l c ,  formtc, hydroch lo r ic ,  and h y d r o f l u o r i c  ac ids 
were s tud ied  a t  e levated temperatures o f  347°F and 437°F. 

temperature a c l d  reac t lons  a re  scarce and d i f f i c u l t  t o  obta in ,  bu t  a re  

Important t o  good treatment design. 

Such data on h igh  

Hydrothermal s t a b i l l t y  o f  severa l  c o m r c l a l l y  a v a i l a b l e  scale l n h i b l t o r s  

( f o r  ca lc lum carbonate) was a l s o  s tud ied  I n  the labora tory .  
l n h l b l t l o n  was centered on ma ln ta ln lng  p r o d u c t l v l t y  I n  we l l s  subject  t o  

downhole sca le  deposl t lon.  Thls work showed t h a t  500°F thermal s t a b i l i t y  o f  
comnerclal a c l d t c  l n h l b l t o r s  I s  Improved by n e u t r a l l r l n g  the I n h i b i t o r .  

I n t e r e s t  i n  sca le 

0. Reservolr Se lec t i on  

C r t t e r l a  were es tab l l shed f o r  s e l e c t l n g  f i e l d s  and w e l l s  as s t l m u l a t l o n  

Wells I n  thoroughly s tud ied  proven candidates f o r  GRWSP f i e l d  experlments. 

rese rvo l r s  were favored because: (1 )  Reservolr  data a re  essen t ia l  t o  
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stlmulatlon deslgn and are tlme consumlng and expenslve to obtain; and (2) In 
order for stlmulatlon to be viable, a productive reservolr must exlst. 

In selectlng candidate reservolrs and wells, the program was Influenced by 
many contrlbutlng factors. In addltlon to the obvious technical 
conslderatlons, the program evaluated cost-sharlng arrangements provlded by 
the well owner and the potentlal Impact that effective stimulation could have 
on the future commercial development of the field. This latter conslderatlon 
played a strong role In the selectlon of  the Raft Rlver and Baca Project areas 
for performlng four hydraullc fracturing experlments. Raft Rlver was selected 
at the request of DOE Headquarters to support brine productlon actlvltles 
requlred for the 5 MU geothermal power plant. Although Baca was of tremendous 
technical Importance to the program because of Its very high reservoir 
temperature, the fact that I t  was part o f  a DOE/Unlon/PNM Demonstration Plant 
P r o j e c t  c o n s l d e r a b l y  enhanced I t s  p r l o r l t y  s t a t u s .  The importance o f  The 

Geysers as the world's largest commercial electrlc generating geothermal 
fleld, along wlth the cost-sharlng beneflts offered by Union Geothermal Inc., 
was also Instrumental In Its selectlon for a well stlmulatlon treatment. 
Whlle each of these sltes proved to be an excellent cholce from a technlcal 
standpolnt, I t  did result In S I X  of the elght fleld stlmulatlon treatments 
belng performed In fracture dominated reservolrs. Only the two treatments at 
East Mesa addressed the very slgnlflcant problems assoclated wlth matrix-type 
producing formations, Including well skln'damage resultlng from drllllng and 
completlon operations. 

GRWSP reports documentlng the Phase I work are listed In Table 1. 
Publlshed papers by the program partlclpants are listed in Table 2. 
and subcontractors Haurer Englneerlng, Petroleum Tralnlng and Technlcal 

Republic 

Servlces (PITS), Terra Tek, Inc., and Vetter Research were responsible for the 
Phase I Investlgations and documentatlon. Maurer Englneerlng and Vetter 
Research performed literature studies and laboratory lnvestlgatlons on 
stlmulatlon methods, deslgn, and materials, wlth Haurer Englneerlng 
concentrating on mechanlcal aspects and Vetter Research on the chemistry. 
rrTS was responslble for documentatlon of technology transfer, for convertlng 
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and modlfylng the necessary computer codes, and for the Program's 1980 
symposlum on geothermal stlmulatlon. Terra Tek, Inc. performed site-specific 
laboratory experlments In support of the stlmulatlon treatment design efforts 
beglnnlng In 1981. Republic coordinated the subcontractor studies and 
performed the reservolr selection task. 

IV. PHASE I1 

Phase XI of the program consisted of eight fleld experlments with 
assoclated slte-speclflc laboratory studies. Responslblllttes for the various 
Phase I1 tasks are outllned In Table 3. In general, the experlments 
progressed from reservolrs of lower to hlgher temperature. 

A .  Raft River 

The flrst two stlmulatlon experlments were performed at Raft River, Idaho 
In late 1979. This Is a naturally fractured, hard rock reservolr with a 
relatlvely low geothermal resource temperature (290°F) .  A conventional planar 
hydraullc fracture treatment was performed in Well RRGP-5 and a dendritlc, or 
reverse flow, technlque was utlllzed In Well RRGP-4. The fracturlng process 
used In RRGP-4 I s  covered by U . S .  Patent No. 3,933,205. This technique, 
deslgned to create a branched fracture pattern, was used In RRGP-4 to enhance 
the chances o f  intersectlng major  natural fractures paralleling the nearby 

Narrows fault. Analysis of the treatment pressure history indicated that 
dendrltlc fracturlng was probably not achleved. Post-treatment evaluatton 
uslng the the USGS borehole televiewer and pressure bulldup data indlcated 
that a fracture 195 feet high at the wellbore and 335 feet In length was 
created. The well productlvity was Increased flve-fold, but the producing 
rate achieved was still subcomnercial. RRGP-5, situated near the intersection 
of two major faults, was stimulated with a conventlonal hydraulic fracture 
treatment i n  a 216-foot openhole Interval near the bottom of the well. The 
treatment was designed to obtaln comnercial production rates from a higher 
temperature portlon of the well. Complications in the well mechanjcal 
condition, stemming from the orlglnal drilling, interfered w i t h  the treatment 
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and caused the  h y d r a u l i c a l l y  created f r a c t u r e  t o  channel upwards I n t o  a cooler 
I n t e r v a l .  Although a h igh  w e l l  f l o w  r a t e  was achleved a f t e r  s t i m u l a t l o n ,  t he  

produced f l u i d  temperature was subcomnercial. 

8. East Mesa 

I n  mid-1980, two cost-shared s t l m u l a t l o n  experiments were performed a t  
East Mesa, C a l l f o r n i a .  S t imu la t l on  of  Well Eas t  Mesa 58-30 p rov ide  the F l r s t  
geothermal w e l l  f r a c t u r i n g  experience I n  a moderate-temperature (350°F) 
r e s e r v o i r  w i t h  mat r ix - type  rock p r o p e r t i e s .  The two experiments cons is ted  o f  
a hyd rau l i c  f r a c t u r e  treatment o f  a deep, low pe rmeab i l i t y  zone and a 

d e n d r l t i c  f r a c t u r e  treatment o f  a shal low, h igh  pe rmeab l l l t y  mud/cement 
damaged zone i n  the  same w e l l .  

econornlcally successful  and together more than doubled the  producing r a t e  o f  
t he  p rev ious l y  marginal  producer. 

Both treatments were t e c h n i c a l l y  and 

C. The Geysers 

I n  January 1981, an a c i d  e tch lng  s t l m u l a t i o n  treatment was performed i n  

Union's Ottoboni S ta te  22 w e l l  located I n  The Geysers geothermal f i e l d  o f  

C a l l f o r n l a .  This experiment was a l s o  cost-shared w i t h  the operator .  The 

treatment i nvo l ved  the  l n j e c t l o n  o f  20,000 ga l l ons  o f  10% HF-5% H C l  a c l d  
behind a 20,000 g a l l o n  s lug  o f  h igh  v i s c o s i t y  c ross l l nked  ge l  polymer f l u i d .  
This technlque was intended t o  take advantage o f  the f l u l d  m o b i l i t y  
d i f f e rences  t o  e tch  d i s c r e t e  f l o w  channels, or  f i nge rs ,  i n  the f r a c t u r e  

faces. 

treatment combined w i t h  post- t reatment temperature and R/A t r a c e r  logs 
i n d l c a t e d  t h a t  the a c i d  probably was d i s s i p a t e d  i n  n a t u r a l  m lc ro f rac tu res  over 

a r e l a t i v e l y  long (650- foot )  openhole i n t e r v a l  instead o f  c r e a t i n g  a s ing le ,  

l a r g e  f r a c t u r e  as planned. 

r e s u l t e d  i n  r e l a t i v e l y  shal low pene t ra t i on  o f  the format ion and the treatment 

had no e f f e c t  on the p r o d u c t i v i t y  o f  the w e l l .  

The r e l a t i v e l y  low I n j e c t i o n  pressures experienced d u r i n g  the  

This broad v e r t l c a l  d i s t r i b u t l o n  o f  the a c l d  
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Also In 1981, hydraullc fracture treatments were performed on two wells 
located In Unlon's Baca project area in north-central New Mexico. Both 
experlments were cost-shared with Union. The treatment in Baca 23 was 
conducted In March utlllzlng a coollng water prepad followed by a hlgh 
vlscoslty frac fluid carrying a mlxture o f  slntered bauxlte and resln-coated 
sand as the proppant. A nonproductlve, 231-foot interval in the upper portlon 
of the Baca reservolr was Isolated for the treatment. An experimental hlgh 
temperature Otls packer, using EPDH elastomer elements developed by another 
DOE program, was used successfully t n  thls job. The same packer was used 
agaln In the post-stlmulatlon evaluatlon testlng. For thls, a drillstem test 
method was devlsed by Republlc to acquire downhole transient pressure data 
under the Baca reservolr condltlons of hlgh temperature and subhydrostatic 
pressure. Post-stimulatlon surveys and productlon tests indicated a fracture 
had been successfully created and propped; however, the production rates 
decllned to noncommercial levels because o f  several factors, lncludlng the 
relatively low temperature of the Interval selected, apparent low permeability 
In the formation surroundlng the fracture, and reduced relative permeabllity 
caused by two-phase flow effects in the formation. 

Durlng the fracture treatment, Los Alamos National Laboratory (LANL) 
performed a fracture mapplng experlment using Baca 6 as an observation well. 
A trlaxial geophone system was placed In the well and, using techniques 
developed for the Hot Dry Rock Project, mlcroselsmlc actlvlty caused by the 
fracture job was mapped. The 14 dtscrete selsmlc events Indlcated northeast 
trendlng actlvlty In a zone roughly 2,300 feet long, 650 feet wide, and 1,300 
feet hlgh. Calculations o f  the theoretical fracture length were made assuming 
a 300-foot high fracture. The results suggest a fracture wing of 430 to 580 
feet In length may have been created, dependlng on the assumptlons utlllzed 
for the frac fluid, fluid efflclency, and fracture width. 

The second Baca experlment was conducted In Baca 20 i n  October 1981, again 
utlllzlng a coollng water prepad followed by a high vlscoslty frac fluid 
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c a r r y l n g  o n l y  s tn te red  baux i te  as the proppant. 
c o n d u c t l v l t y  and Improve on the Baca 23 r e s u l t s ,  a l a r g e r  s l z e  proppant was 

used and a deeper, h o t t e r  I n t e r v a l  was selected. A 240-foot I n t e r v a l  from 
4,880 f e e t  t o  5,120 f e e t  was i s o l a t e d  f o r  the job.  The temperature I n  t h l s  
I n t e r v a l  ( 5 2 O O F )  gave Baca 20 the d l s t l n c t l o n  o f  belng the h o t t e s t  w e l l  t o  be 

f r a c t u r e  s t lmu la ted  w l t h  the use of proppants i n  the Unlted States t o  date. 

The O t l s  h lgh  temperature packer and spec la l  d r l l l s t e m  t e s t  method were used 
agaln success fu l l y  I n  Baca 20. 

destgned by Republlc t o  house Amerada-type pressure Instruments downhole 

du r lng  the f r a c t u r e  treatment and the  data acqulred enhanced the  

i n t e r p r e t a t i o n  o f  t he  job.  

I n  order t o  maxlmlze f r a c t u r e  

I n  a d d l t l o n ,  a specla l  Instrument c a r r l e r  was 

Pos t - s t lmu la t l on  t e s t s  and analyses I n d l c a t e d  a h l g h l y  conduct lve f r a c t u r e  

was c rea ted  with a l eng th  o f  over 340 feet .  LANL was successful  agaln I n  
measuring m i c r o s e i s m i c  a c t i v i t y  caused by the f r a c t u r e  j o b .  However, the 
p r o d u c t l v l t y  o f  t he  w e l l  was poor, probably because o f  the low pe rmeab l l l t y  
format lon surroundlng the h i g h l y  conduct ive propped f r a c t u r e .  

calctum carbonate Introduced as a f l u l d - l o s s  a d d l t l v e  du r lng  the f r a c t u r e  
treatment was suspected I n  t h i s  job and others t o  r e s u l t  I n  some format lon 

plugglng. However, a fo l low-up a c i d  treatment I n  Baca 20 designed t o  remove 
t h l s  m a t e r l a l  d l d  no t  Improve the w e l l ’ s  p r o d u c t l v l t y .  Although the r e s u l t s  
were d lsappolnt lng,  t h l s  fo l low-up a c i d  c lean out was successful  I n  d l s p e l l l n g  
l ong  standing concerns about the s e l e c t i o n  and a p p l l c a t l o n  o f  s o l l d  f l u l d - l o s s  

a d d l t l v e s .  

F l n e l y  ground 

E .  Beowawe 

The Beowawe, Nevada f f e l d  experlment, the e lgh th  o f  the GRWSP, was 
performed I n  Chevron’s Ross1 21-19 w e l l  I n  August 1983. The experlment was 

cost-shared w l t h  Chevron Resources Company. The Beowawe r e s e r v o i r  l s  a 

f rac tu red  vo lcanlc  sequence w l t h  temperatures o f  360-420°F. The Ross1 21-19 

w e l l  was noncomerc la l  even though I t  d i d  I n t e r s e c t  a hlgh-temperature f l u l d  

zone. Chevron’s r e s e r v o i r  t e s t  r e s u l t s  showed t h a t  I t  was l f m l t e d  by 
near-wellbore, r e s t r i c t e d  pe rmeab l l l t y .  The s t i m u l a t i o n  experlment was a 
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60,000-gallon, two-stage a c l d  treatment deslgned t o  enhance p r o d u c t l v l t y  o f  
the n a t u r a l  f r a c t u r e s  and t o  remove d r i l l l n g  mud res ldue and secondary 

m ine ra l i za t i on .  

The treatment was conf ined t o  the  s l o t t e d  l i n e r  I n t e r v a l  below 

4,369 fee t .  A p re -s t imu la t i on  I n j e c t i o n  p r o f i l e  survey Ind l ca ted  t h a t  about 

80 percent  o f  t he  I n j e c t e d  f l u i d  was e n t e r l n g  the  fo rmat lon  below a 
r e s t r t c t l o n  I n  the  l l n e r  a t  5,480 fee t .  

f l n d  the  exact l n j e c t l o n  I n t e r v a l .  The f l r s t  treatment stage cons is ted  o f  

500 b b l  of a 14.5 percent HC1 a c l d  s o l u t i o n  d isp laced by 2,446 b b l  o f  water. 
The second stage cons is ted  o f  982 b b l  o f  a 12 percent  HC1-3 percent  HF a c l d  

s o l u t l o n  d lsp laced by 3,019 b b l  o f  water. Laboratory  t e s t s  on d r i l l  c u t t i n g s  

from Ross1 21-19 had l n d l c a t e d  average fo rmat ion  s o l u b i l i t i e s  o f  14 percent I n  
H C l  and 53 percent  I n  HC1-HF. The hyd roch lo r i c  a c l d  stage d l d  no t  by I t s e l f  
produce any measurable s t l m u l a t l o n  e f f e c t ,  bu t  was necessary t o  prevent  

format lon o f  I n s o l u b l e  ca lc ium f l u o r i d e  p r e c l p l t a t e  I n  the fo rmat ion  du r lng  

the  second stage. I n j e c t l v l t y  t e s t s  performed du r lng  the experlment l n d l c a t e d  
a 2.2-fold Increase I n  the  w e l l ' s  I n j e c t l v l t y  Index r e s u l t i n g  from the second 

stage treatment. 
was no t  accompllshed because o f  a mechanical problem w i t h  the w e l l .  

Thls r e s t r l c t t o n  prevented l ogg ing  t o  

A planned produc t ton  t e s t  t o  fu r the r  evaluate the r e s u l t s  

Sandla Nat lona l  Labora tor ies  and LANL both  p a r t i c l p a t e d  i n  the Beowawe 

exper lment by t e s t i n g  f r a c t u r e  mapping methods and p r o v l d l n g  data on the 

d i r e c t l o n  o f  f l u l d  movement I n  the  r e s e r v o l r  du r ing  the treatment. Sandla 
app l l ed  I t s  sur face e l e c t r i c a l  p o t e n t l a l  system (SEPS)  t o  map the  movement of 
the  treatment f l u l d s  I n  the r e s e r v o i r .  The SEPS was shown t o  be h l g h l y  

s e n s l t i v e  t o  the  chemical treatment and was a l s o  responsive t o  f l u l d - f i l l e d  

f r a c t u r e s  I n  the  r e s e r v o i r  be fore  any a c l d  I n j e c t i o n .  Major a c l d  f l o w  paths 
were observed a long the Malpals f a u l t  l l n e  (60"/225") and a long a 15"/195" 
path. LANL was ab le  t o  de tec t  and map mlcroselsmlc events du r ing  f l u l d  
I n j e c t i o n  operat lons us lng  the t r t a x l a l  geophone Instrument I n  the neighbor lng 

w e l l  Glnn 7-13. Selsmlc a c t l v l t y  occurred a long the d i r e c t i o n  o f  the  Malpals 

f a u l t  and a long an east-west t rend.  

the treatment was c a r r l e d  out  a t  pressures below f r a c t u r t n g  pressure. 

Thls  was e s p e c i a l l y  s l g n l f l c a n t  i n  t h a t  
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Data on the eight field experiments are summarized in Table 4 and the 
results are summarized in Table 5. The field experiments have been documented 
in GRWSP reports listed in Table 1. Published technical papers by the program 
participants are listed in Table 2. 

V .  SUBCONTRACTORS 

The subcontractors involved in the program have changed during the course 
of the work as the emphasis of the program shifted from the Phase I 
theoretical and laboratory studies to the Phase I1 field experiments. 
Originally, Haurer Engineering Inc., Vetter Research, and Petroleum Training 
and Technical Servlces comprised the subcontractor team. With the 
modification of the contract in July 1981, Terra Tek, Inc. was added as a 
subcontractor for the laboratory flow test work required to support the design 
of field experiments. The following sections detail the specific activities 
of the subcontractors. It should be noted that all of the subcontractors were 
Involved In varying degrees in the field experiments, as well as their 
Individual tasks, and that these efforts represent a considerable part of the 
GRWSP accomplishments to date. 

A. Haurer Engineering Inc. 

1. Field Experiments 

Haurer Engineering was directly involved In the planning, 
supervision, executlon, and evaluation of all the field experiments. Its 
primary functions were to design and help supervise the hydraulic 
fracturing treatments, and also provide an ongoing link with the service 
companies and stimulation materials suppliers participating in the field 
experiments. These tasks were a significant part of the overall program 
and allowed the utilization of the most advanced stimulation technology 
available. 
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2. Laboratory Studles 

Haurer Englneerlng was also responsible for several tasks of the 
Phase I portfon o f  the program to develop new technology for geothermal 
well stlmulatlon. Laboratory studies were performed on proppants, frac 
flulds, and addltlves to evaluate the llmlts on each material's potentlal 
for use In a geothermal environment. 

Avallable data In the llterature on proppants glve only propertles 
and strengths under trlaxlal stress at low temperatures. Data were 
obtalned uslng a proppant tester constructed for this program, to evaluate 
proppant materlals at elevated temperatures up to 500°F. 

and long-term test results showed that most proppants are temperature 
sensltlve. Sand was found to degrade severely-If subjected to both 
closure stress and temperature above 300°F. These results were reported 
In "Geothermal Fracture Stlmulatlon Technology - Fracturing Proppants and 
Thelr Propertles," Volume I, July 1980, "Geothermal Fracture Stlmulatlon 
Technology - Hlgh-Temperature Proppant Testlng," Volume 11, J u l y  1980, and 
"Geothermal Fracture Stlmulatlon Technology - Proppant Analysls at 
Geothermal Condltlons,18 Volume IV, January 1981. 

Both short-term 

Physlcal strength and crush measurements were carrled out on many 
potentlal geothermal proppant materlals. Proppant materlals wlth 
desirable propertles at elevated temperature include: aluminum oxide, 
garnet, resln-coated materlals (sand, bauxlte, etc.), and slntered 
bauxlte. Whlle there are llmlts to the use of these proppants, they are 
generally resistant to the crushlng loads and geothermal waters at 
geothermal temperatures. 

Fluld-loss additives (e.g., slllca flour, sand, calcium carbonate, 
etc.) were evaluated at hlgh-temperature under static test conditions. 
These materlals work by brldglng and plugging the exposed formation to 
enhance frac fluid efflclency and fracture growth. No slgnlficant 
differences In results were found In these tests for the dlfferent 
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materials; however, calcium carbonate was easily dissolved in low pH 
fluids, and therefore was a preferred choice In several of the field 
experlments to avoid possible permeability damage to the propped fracture. 

Fracturing fluids were compared and evaluated with several different 
polymer degradation in Baroid test cells laboratory tests which Include: 

at hlgh-temperature, apparent viscosity measurements in hlgh-temperature 
FANN viscometers, and proppant carrying capacity In a high-temperature 
falling ball viscometer. 
Fracture Stimulation Technology - Geothermal Fracture Fluids," Volume 111, 
January 1981. 
around 300°F. This degradation continues at higher temperatures with 
tlme, even If stabilizers or other hlgh-temperature additives are 
Included. The physical properties of these fluids, especially the 

crosslinked polymer systems, are quite complex since they depend on 
temperature, tlme, shear rate, shear history, and concentration. In the 
higher temperature environment, frac fluid stability problems can be 

These results are reported in "Geothermal 

Degradation of even the best polymer solutions starts 

overcome by utilizing special treatment procedures (e.g., high 
rates, pre-coollng the formation, etc.). 

8. Vetter Research 

Under the terms of the GRWSP contract, the services supplied b! 

inject 1 on 

Vetter 
Research ( V R )  as a subcontractor fell cnder two general categories. The areas 
were field experjrnents and laboratory studies. 

1. Field Experiments 

In five of the stimulation experlrnents, Vetter Research personnel 
were directly involved in the treatment design and at the field site with 
quality control and sampling of Injected and produced fluids. For all the 
jobs, Vetter Research supplied the quantitative chemlcal analyses needed 
by the program. 
materials, both radioactive and chemical, which were used In the 

In particular, the analytical work applied to tracer 
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stlmulation experlments to help In the post-stimulation diagnostics. As 
part o f  the tracer studles, laboratory techniques were developed which 
allowed the polymer material in the fracture fluld to be used as an 
effectlve tracer. In addition, other chemical tracers, such as alcohol 
and Tlnopal CBS-X', were shown to be useful In monitorlng fluld 
behavtor in the geothermal environment. 

2. Laboratory Studles 

The laboratory efforts on the chemical aspects of the GRWSP conslsted 
of three parts: fracturing fluld evaluation, acld work, and scale 
inhibitor tests. The object o f  the fracturlng fluld evaluation was to 
characterlze by chemical methods, the temperature/tlme degradation 
behavlor o f  polymer-based flulds that may be used In stlmulatlng 
geothermal wells. The organic polymers tested were hydroxypropyl guar, 
hydroxyethylcellulose, carboxymethylcellulose, and xanthan gum. Also, two 
comnerclally avallable crosslinked hydroxypropyl guar systems were 
investigated. 

The report tltled "Fracturing Fluld Evaluation (Laboratory Work)," 
GRWSP, January 1982 presents the development of analytical techniques for 
characterlzlng the polymers and the results of static and dynamic 
hlgh-temperature aging o f  the polymers In varlous salt water 
environments. The flulds were tested at 302, 392 and 482°F. Also covered 
are the lmpllcatlons o f  these results based on the tlme/temperature 
degradatlon of the polymers and the relative ease of flushing the degraded 
polymer from a sandpack. 

The report llAcldlficatlon of Geothermal Wells - Laboratory 
Experlments," GRWSP, January 1982, contains the results of the acid 
studles and scale lnhlbltor tests. In particular, th'ls report describes 
the laboratory testlng of the reactions of acetic, formic, hydrochlorlc, 
and hydrofluoric acids wlth calcium carbonate, kaolln, seplolite, and two 
formation rocks at temperatures of 347 and 437°F. 
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A t e s t  procedure was developed which provided in fo rma t ion  regarding 
the r e l a t i v e  r e a c t i v i t i e s  of se lected minerals or format ion ma te r ia l s  w i t h  
th ree  o f  the four  acids Inves t i ga ted .  Tests w i t h  hyd roch lo r i c  a c i d  were 
complicated by reac t i ons  o f  the a c i d  w i t h  the t e s t  vessel m a t e r i a l s  and, 

therefore,  o n l y  l i m i t e d  work could be done w i t h  t h i s  a c i d  a t  the des i red 
temperatures. I n  s p i t e  o f  these d i f f i c u l t l e s ,  I n fo rma t ion  regard ing  the 

amount of so lub le  ma te r ta l  i n  the var ious ac ids was obtained. From t h i s  

Informat ion,  an approximate value f o r  the percent d i s s o l u t i o n  o f  the 
minera ls  under the  d i f f e r e n t  r e a c t i o n  condl t i o n s  was ca l cu la ted .  

Add i t l ona l  I n fo rma t ion  regard ing  the format ion o f  s o l i d  secondary r e a c t i o n  
products upon c o o l i n g  o f  the reacted a c i d  was a l s o  obtained. 

i m p l i c a t i o n s  o f  the minera l  r e a c t i v i t i e s  w i t h  the d i f f e r e n t  ac ids and the 
format ion o f  secondary s o l i d s  on geothermal a c i d l z i n g  operat ions were 
discussed. 

The 

The r e p o r t  on the  a c i d i f i c a t i o n  a l s o  contained data on the 

hydrothermal s t a b i l i t y  o f  several  commercial ly a v a i l a b l e  scale i n h i b i t o r s  

( f o r  ca lc ium carbonate). Their  e f f i c i e n c y  I n  I n h i b i t i n g  the format ion o f  

ca lc ium carbonate scale before and a f t e r  aging a t  500°F was measured. 
s i g n l f l c a n t  conc lus ion  reached, as a r e s u l t  o f  t h j s  l abo ra to ry  work, was 
t h a t  a l l  commercial ly a v a i l a b l e  scale i n h i b i t o r s  a r e  thermal ly  unstable 

(as a func t i on  o f  t ime)  a t  500°F i n  t h e i r  a c i d i c  forms. I f  the i n h i b i t o r  

i s  a c i d i c ,  then i t  should be n e u t r a l i z e d  f o r  b e t t e r  thermal s t a b i l i t y .  

The 

C. Petroleum T r a i n i n q  and Technical  Services 

Under the I n i t i a l  two-year GRWSP con t rac t ,  PTTS was assigned s p e c i f i c  

tasks and r e s p o n s i b i l i t i e s  summarized below. I n  add i t i on ,  PTTS ass i s ted  i n  
the p lann ing  and eva lua t i on  o f  the f i r s t  four  f i e l d  experiments I n  the GRWSP 

Phase I1 e f f o r t .  PTTS was p r i m a r i l y  Invo lved I n  three tasks: 

1. Technology Transfer - The o b j e c t i v e  o f  t h i s  task was t o  assess the 

s t i m u l a t i o n  technology developed f o r  the o i l  and gas i n d u s t r y  and t o  

evaluate i t  as t o  a p p l i c a b i l i t y  t o  the geothermal i ndus t r y .  A 

18 



d e t a l l e d  ana lys is  was made I n  the f o l l o w l n g  areas: (a )  s t l m u l a t i o n  
process var iab les,  ( b )  f r a c  f l u i d  In te rac t i ons ,  ( c )  f r a c t u r i n g  

problems, (d )  temperature e f f e c t s  I n  f r a c t u r e  design, ( e )  f r a c t u r e  

evaluat lon,  and ( f )  s t l m u l a t l o n  case h l s t o r i e s .  

An i n t e g r a l  p a r t  o f  the  ana lys i s  invo lved a breakdown o f  each 

s t l m u l a t i o n  repo r t  t o  quan t l f y  the e f f i c i e n c y  o f  var ious t reatments 
and deslgn c r l t e r l a  i n  a more o b j e c t i v e  fash ion  t o  p rov ide  an ordered 
rank ing  according t o  p r o d u c t i v i t y  Increase. The r e s u l t s  o f  t h i s  

phase a re  summarized I n  a f i n a l  r e p o r t  "Technology Transfer . "  Volume 

I and 11, May 1980. 

2. Numerlcal Modeling - PTTS was invo lved i n  the development and/or 

mod l f l ca t i on  o f  the f o l l o w i n g  f i v e  computer codes f o r  use by the 

GRWSP : 

a. 

b. 

C. 

d. 

e. 

I n t e r a c t l v e  Frac ture  Design Program: Thls hyd rau l i c  f r a c t u r e  

deslgn program was developed by comblnlng the  f u n c t i o n a l  

elements: WELTEM - a we l lbore  temperature model and GERTSM - 
a f r a c t u r e  parameter and f r a c t u r e  f l u i d  temperature model. 

WELTEM: This code i s  a we l lbore  f l u i d  temperature model. 

GEOTEHP: This code simulates heat f l ow  i n  and around the 

we1 1 bore. 

DIFFUS: Thls program I s  a comprehensive r e s e r v o i r  model 

capable o f  three-dimensional f l ow  s imu la t ion  w i t h l n  a 

f rac tu red  system. 

SHAFT78: This r e s e r v o i r  s lmu la t i on  code could no t  be made 

opera t iona l  and work was terminated on i t s  converslon. 
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3. Symposium on Geothermal S t imu la t i on  - PTTS ass i s ted  Republic i n  the 
o rgan iza t i on  and d e l i v e r y  of a symposium on Geothermal Reservoir Well 
St i rnu lat ion t o  f a c i l i t a t e  the  interchange o f  I n fo rma t ion  on 

geothermal w e l l  s t l m u l a t l o n  technology. This symposium took p lace i n  

San Francisco on February 7, 1980 and the Proceedings o f  the 
conference were publ ished as a GRWSP repo r t .  

D. Terra Tek, Inc.  

As p a r t  o f  t he  GRWSP con t rac t  m o d i f t c a t l o n  of 1981, Terra Tek, Inc.  was 

added as a subcontractor and assigned the task o f  performing labo ra to ry  f l o w  
t e s t s  t o  prov ide design and eva lua t i on  data f o r  the s t i m u l a t l o n  experiments. 

Terra Tek has ass i s ted  i n  the work associated with Experiment Nos. 7 and 8. 

Because o f  the extremely h o s t i l e  r e s e r v o i r  cond i t i ons  a t  Baca 20, a 
l abo ra to ry  t e s t  was performed t o  evaluate the e f fec t i veness  o f  the f r a c  f l u i d  

under i n - s i t u  condi t ions.  This t e s t  u t i l i z e d  the a c t u a l  Baca format ion 
m a t e r i a l  (Bandel ler  T u f f ) ,  the f rac f l u i d  ( c ross l i nked  HP guar polymer), and 

the 16/20 s i n t e r e d  baux i te  proppant i n  a syn the t i c  Baca b r i n e  t o  determine the 

poss ib le  damage t o  the proppant pack caused by the thermal degradatlon o f  the 

polymer. 
f l o w  o f  the f r a c  f l u i d  through a v e r t i c a l l y  f r a c t u r e d  core under the simulated 
I n - s i t u  cond i t i ons  o f  the Baca r e s e r v o i r .  the extent  o f  c o n d u c t i v i t y  
impairment was q u a n t i t a t i v e l y  obtained. The t e s t  r e s u l t s  i n d i c a t e d  t h a t  the 

f r a c  f l u i d  would no t  cause c o n d u c t i v i t y  damage because o f  polymer res idue o r  
proppant embedment; therefore,  the hyd rau l i c  f r a c t u r e  treatment o f  Baca 20 was 

performed as designed. 

By measuring f l u i d  c o n d u c t i v i t y  p r i o r  t o  and Immediately a f t e r  the 

I n  add i t i on ,  Terra Tek performed labo ra to ry  t e s t s  deslgned t o  prov ide 

general i n fo rma t ion  on geothermal r e s e r v o i r  a c i d i z i n g  programs. The t e s t i n g  

work inc luded labo ra to ry  t e s t s  t o  determine the ef fect iveness o f  a c i d  

treatments i n  r e s t o r i n g  the pe rmeab i l i t y  o f  format ion m a t e r i a l s  I n f i l t r a t e d  

w i t h  hydrothermal ly a l t e r e d  d r i l l i n g  muds. 
performed t o  determine the degree o f  hydrothermal a l t e r a t i o n  and the e f f e c t s  

Furthermore, autoclave t e s t s  were 
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o f  a c l d  d l g e s t l o n  on d r l l l l n g  muds and d r l l l  c u t t l n g s  from two geothermal 
rese rvo l r s .  The r e s u l t s  a re  prov ided I n  the r e p o r t  "F lna l  Report - A 

Laboratory  Study o f  Acld S t imu la t i on  o f  D r l l l l n g  Mud-Damaged Geothermal 

Reservoir Mater ia ls , "  May 1983. 

V I .  TECHNICAL INNOVATIONS AND ACCOMPLISHMENTS OF THE GRWSP 

I n  a d d i t i o n  t o  the major conc lus lons of  the  GRWSP (discussed i n  the  

f o l l o w i n g  sec t lon) ,  there  were a number of  o ther  techn ica l  Innovat lons and 
accomplishments by Republlc and the  Program subcontractors  which a r e  worthy o f  

note. These a r e  l l s t e d  below w l t h  appropr la te  references. The GRWSP repo r t s  
a r e  l l s t e d ,  by number, I n  Table 1 and techn lca l  papers a r e  l l s t e d  I n  Table 2. 

1. Created a comprehensive data base on performance o f  s t l m u l a t t o n  

ma te r ia l s  .a t  h lgh  temperatures. 

GRWSP Reports; 14 (Volumes 1-IV), 20 

Technlcal Papers: 3, 5, 6, 13 

2. Devised a new method of  ana lys l s  fo r  c h a r a c t e r l z a t l o n  by chemical 

methods o f  the temperature/tlme degradation o f  polymer-based f l u i d s .  

GRWSP Reports: 20 
Technlcal Papers: 1, 3, 5 

3. Developed so f tuare  f o r  hlgh-temperature f r a c t u r e  treatment deslgn. 

GRWSP Reports: 7, 8, 27 
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4. Devlsed a novel geothermal well drillstem test method to acqulre 
downhole pressure data for Interpretations of fracture length, 
fracture conductlvlty, and formatlon productlvlty. 

GRWSP Reports: 17 and 27 
Technlcal Papers: 8, 10, 14 

5. Devlsed a novel method of measuring downhole pressure during a 
fracture treatment. 

GRWSP Reports: 27 
Technlcal Papers: 7 

6. Provlded an opportunlty for testlng hlgh-temperature packer 
elastomers, fracture mapplng technlques and logglng tools developed 
by other DOE-funded programs. 

GRWSP Reports: 17 and 27 
Technlcal Papers: 5, 8, 10, 14 

7 .  Encouraged contlnued development by private industry o f  treating 
fluids, packers, and logglng tools for hlgh-temperature wells. 

Thls was a contlnulng effort wlthln the Program, but was not 
reported, per se, In any of the references. The following specific 
examples are Illustrative o f  such development efforts. 

At the Inltlatlon of the program the well stimulation team 
visited Halllburton, Dowell, B. J .  Hughes, and Western to inform 
the stimulation service companles of the needs and objectives o f  

the stlmulatlon program. 
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Propr ie ta ry  f l u i d s  and ma te r la l s  were tes ted  by the w e l l  
s t l m u l a t l o n  subcontractors  t o  determine t h e i r  performance under 

geothermal cond l t lons .  P r o p r i e t a r y  agreements were signed and, 

a l though the data cou ld  no t  be published, m a t e r i a l s  t h a t  

performed s a t i s f a c t o r i l y  cou ld  be recommended f o r  commerclal use. 

The Western Company in t roduced a new hlgh-temperature f r a c t u r l n g  

f l u i d  w l th  g rea ter  s t a b i l i t y  and v i s c o s i t y  under severe 
geothermal cond l t lons .  Th ls  f l u i d  was success fu l l y  used t o  
p lace  the s i n t e r e d  baux l te  proppants I n  Baca Well 20. The 

Western Company made a t e l e v l s l o n  commerclal and an Indus t r y  

j o u r n a l  advertlsement based on t h i s  f r a c t u r i n g  treatment. I t  
was the h lghes t  temperature f r a c t u r i n g  treatment us ing  proppants 

ever performed I n  the  Un i ted  States and p o s s i b l y  I n  the wor ld .  

O T I S  Englneerlng manufactured a hlgh-temperature cas lng packer 

maklng use o f  the L'Garde-developed Y-267 EPDM e lastomer lc  

seal .  Thls new packer deslgn performed f l a w l e s s l y  i n  repeated 
app l l ca t l ons  I n  the extreme envlronment o f  the  Baca w e l l s .  

A newly developed Baker Product lon Services high-temperature 

pressure l ogg lng  t o o l  was used t o  l o g  the Ross1 w e l l  du r lng  the 

Beowawe f l e l d  experlment. Thls opera t lon  cou ld  no t  have been 
performed w l t h  convent ional  e l e c t r o n l c  pressure logg lng  t o o l s .  

8. Gained subs tan t l a l  i n d u s t r y  support f o r  f l e l d  experlments through 

cos t  sharlng. 

GRWSP Reports: 15, 16, 17, 27, 28 

V I I .  CONCLUSIONS AND FUTURE D I R E C T I O N  

The two f r a c t u r e  treatments I n  R a f t  Rlver  and the two I n  Baca were 

successful I n  ob ta ln lng  s i g n i f i c a n t  p roduc t lon  from p rev ious l y  nonproductive 
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i n t e r v a l s .  H igh l y  conduct lve propped f rac tu res  were created; however, the 

four treatments f a t  l e d  t o  e s t a b l i s h  commercial p roduc t ion  due t o  de f l c lenc les  

i n  w e l l  f l u i d  temperature or  r e s e r v o l r  t r a n s m l s s l v l t y  o r  both. 

The two s t l m u l a t l o n  treatments i n  a mat r lx - type  format lon a t  East Mesa 

58-30 more than doubled produc t ion  from the  w e l l  and c o n s t i t u t e d  an economic 

and techn ica l  success. 
t i g h t  sandstone formatlon. The upper zone treatment success fu l l y  s t imu la ted  

mud and cement-damaged, h lgh-permeab l l l t y  sands around the wel lbore.  

The lower zone treatment s t imu la ted  produc t lon  from a 

The a c i d  e tch lng  treatment o f  the Ottobonl S ta te  22 w e l l  I n  The Geysers 

f a i l e d  t o  Increase product lon.  I t  I s  be l i eved  l i k e l y  t h a t  the  treatment 
f l u i d s  were d i ss ipa ted  I n t o  fo rmat ion  m ic ro f rac tu res  and, therefore,  f a i l e d  t o  
pene t ra te  deep enough I n t o  the fo rmat ion  t o  enhance communication w i t h  major 

n a t u r a l  f rac tu res .  

The Beowawe a c i d l z l n g  experiment produced a 2.2-fold increase I n  

i n j e c t i v l t y  I n  a w e l l  which apparent ly  penetrated a l o c a l  reg lon  o f  low 
pe rmeab l l l t y  and which may a l s o  have su f fe red  format ion damage du r ing  d r i l l i n g .  

Wlth few exceptions, commerclal ly a v a l l a b l e  f l u l d s ,  proppants, and 

equlpment performed s a t l s f a c t o r l l y  i n  the  e l g h t  s t l rnu la t lon  experlments. I n  
many cases, spec ia l  technlques such as p recoo l i ng  the we l lbore  and format lon 

were employed t o  accommodate l l m l t a t t o n s  o f  a v a l l a b l e  ma te r la l s  and 
equlpment. Overa l l  i t  was shown t h a t  bo th  hyd rau l i c  f r a c t u r i n g  and a c l d l z l n g  
can, I f  p roper l y  appl led,  be e f f e c t i v e  remedies f o r  near-wellbore format lon 
damage and f o r  enhancing p r o d u c t i v i t y  o f  a w e l l  pene t ra t l ng  a l o c a l  reg lon  of 
low r e s e r v o l r  permeab l l l t y .  However, i n  th ree  o f  the four  hyd rau l l c  f r a c t u r e  

treatments a t  Ra f t  River  and Baca, extensive, h i g h l y  conduct lve f rac tu res  were 

created and propped which f a i l e d  t o  e s t a b l l s h  commerclal p r o d u c t l v l t y  f rom 
marginal resources. 

The dec i s ion  t o  con f ine  f r a c t u r e  treatments t o  r e l a t l v e l y  shor t ,  

nonproductive I n t e r v a l s  of the  we l lbore  a t  Baca and Ra f t  River was based on 
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the premises t h a t :  ( 1 )  petroleum I n d u s t r y  f r a c t u r e  design technology i s  

app l l cab le  t o  c r e a t l n g  new f r a c t u r e s  I n  un f rac tured  rock; and ( 2 )  the  f r a c t u r e  

he lgh t  a t  the  we l lbore  face must be l l m l t e d  by zone I s o l a t i o n  I n  order t o  
achleve the  des l red  f r a c t u r e  w id th  (ape r tu re )  and h o r i z o n t a l  f r a c t u r e  

extenslon. 
deslgn technology, bu t  necess l ta ted  recomplet lon o f  the Baca and Ra f t  Rlver  
w e l l s  t o  exclude about 90 percent  of the  o r l g i n a l  open I n t e r v a l .  Because 

r e l i a b l e  methods do no t  e x l s t  t o  tempora r i l y  I s o l a t e  I n t e r v a l s  f o r  hyd rau l l c  
f r a c t u r l n g  I n  the  open wel lbore,  v i r t u a l l y  100 percent o f  the  w e l l s '  

p re -s t lmu la t l on  produc t lon  was s a c r l f l c e d .  For the sake o f  experlmentatlon, 

these l l m l t e d  I n t e r v a l  treatments reduced the  r l s k  o f  a complete j o b  f a i l u r e  
and s l m p l l f l e d  l n t e r p r e t a t l o n  of  t he  r e s u l t s .  However, I n  terms of the l e v e l  

o f  p r o d u c t l v l t y  achleved, the Ra f t  Rlver  and Baca experlments were handicapped 

by the  exc lus lon  o f  p rev lous l y  p roduc t l ve  I n t e r v a l s .  

Th ls  approach was conserva t lve  I n  t h a t  I t  u t l l l z e d  proven f r a c t u r e  

A t  l e a s t  two so lu t l ons  appear poss ib le .  One I s  t o  per form a ser ies  o f  

s h o r t - I n t e r v a l  treatments I n  each w e l l ,  thereby c r e a t i n g  a l ong  s t imu la ted  

I n t e r v a l .  However, t h i s  approach I s  I n h e r e n t l y  expensive and, as mentioned 

prev lous ly ,  a s u l t a b l e  method o f  zone I s o l a t l o n  f o r  most w e l l  designs does no t  

e x l s t .  A second and more promls lng approach I s  t o  focus on s t i m u l a t i n g  

e x l s t l n g  p roduc t l ve  f rac tu res .  

w e l l  t e s t l n g  a c t l v l t l e s  I n d i c a t e  t h a t  f r a c t u r e s  can widen and Increase I n  f l o w  

capac i ty  under f l u i d  I n j e c t i o n  cond l t lons .  Thls has l e d  t o  a new concept o f  

wldenlng and propplng n a t u r a l  f r a c t u r e s  near the  we l lbore  t o  enhance t h e i r  
f l u i d  c o n d u c t l v l t y .  

Observations du r ing  the f i e l d  experiments and 

Thls  proposed new approach takes advantage o f  the phenomenon o f  " f r a c t u r e  

compliance1' whlch has been observed I n  f l e l d  experlrnents and which has been 
s tud ied  and described on a l abo ra to ry  sca le  I n  the techntca l  l i t e r a t u r e .  

Natura l  f r a c t u r e s  a re  known t o  d i l a t e  du r ing  f l u l d  I n j e c t i o n  and t o  c o n s t r l c t  

du r lng  produc t ion  w i t h  a corresponding l oss  I n  p r o d u c t l v l t y .  For a 

s u f f l c l e n t l y  e l a s t i c ,  or compltant, f r a c t u r e  system, I t  I s  t h e o r e t i c a l l y  

poss ib le  t o  prop f rac tu res  I n  the  d l l a t e d  s ta te ,  thus r e t a l n l n g  a h igher  f l u i d  
c o n d u c t l v l t y  under product ion cond l t l ons .  Successful s t i m u l a t l o n  o f  t h i s  type 
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could Increase geothermal w e l l  p r o d u c t i v i t y  by severa l - fo ld .  R e l a t i v e  t o  
other technology development work sponsored by DOE, such s t i m u l a t i o n  o f f e r s  

one of t he  greatest  p o t e n t i a l  o p p o r t u n i t l e s  f o r  enhancing the economics of 

geothermal power product ion.  

S t imu la t i on  f i e l d  experiments a r e  expensive and r i s k  prone, bu t  o f f e r  h igh  

p o t e n t i a l  f o r  s i g n i f i c a n t  economic impact on the  geothermal i ndus t r y .  F i e l d  

experiments a re  c l e a r l y  necessary t o  develop technology o f  use t o  the 
Indust ry .  The geothermal I n d u s t r y  r e t a i n s  a s t rong  I n t e r e s t  I n  w e l l  

s t i r nu la t i on  and the r e l a t e d  development of t o o l s  and techniques f o r  w e l l  and 

r e s e r v o i r  data a c q u i s i t i o n .  
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TABLE 1 

GRWSP REPORTS 

1. 

2. 

3.  

4. 

5 .  

6. 

7. 

8. 

9. 

Par t  I - Contract Proposal - Geothermal Reservoir Well S t imu la t i on  
Program Management - EW-78--32-0114 

Par t  I 1  - Technical Proposal 

Par t  I11 - Cost Proposal 

Management Plan f o r  Geothermal Reservoir Well S t imu la t i on  Program 
Management, March 22, 1979 

Proposal f o r  Producing Well Hydraul ic  Fracture S t imu la t i on  - Raf t  
River F i e l d ,  GRWSP, June 1979 

Geothermal Reservoir Well S t i m u l a t i o n  P r o j e c t  - Reservoir Se lec t i on  
Task, November 1979 

Geothermal Reservoir Well S t imu la t i on  Pro-gram - Fi rs t -Year  Progress 
Report, February 1980 

Proposal f o r  Producing Well Hydraul ic  Fracture S t imu la t i on  Treatments - East Mesa F ie ld ,  GRWSP, A p r i l  1980 

M o d i f i c a t i o n  and Implementation o f  the H.E.T.C. Slmpac Program, 
May 1980 

I n t e r a c t i v e  Fracture Design Model, May 1980 

Volume I - Geothermal Reservoir Well S t imu la t i on  Program - Technology 
Transfer,  May 1980 

Volume I1  - Geotherma'l Reservoir Well St i rnu lat ion Program - 
Technology Transfer, May 1980 

Volume I11 - Geothermal Reservoir Well S t imu la t i on  Program - 
Technology Transfer,  May 1980 

Volume I V  - Geothermal Reservoir Well S t imu la t i on  Program - 
Technology Transfer,  May 1980 

10. Proposal f o r  Producing Well Hydraul ic  Fracture St i rnu lat ion Treatment 

11. Raf t  River Well St i rnu lat ion Experiments, GRWSP, August 1980 

- Baca Pro jec t  Area, GRWSP, November 1980 
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Table 1 

12. 

13. 

14. 

15.  

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

(cont inued ) 

Proceedings o f  the  Geothermal Reservolr Well  S t imu la t i on  Symposlum, 
February 7, 1980 

Proposal f o r  Producing Well  Chemical S t lmu la t l on  Treatment - The 
Geysers, GRWSP, December 1980 

Volume I 
Proppants and Thei r  Proper t ies,  Ju l y  1980 

Volume I 1  - Geothermal Frac ture  S t lmu la t l on  Technology - Hlgh 
Temperature Proppant Test ing,  Ju l y  1980 

Volume I11 - Geothermal Frac ture  S t lmu la t i on  Technology - Geothermal 
Frac ture  F lu lds ,  January 1980 

Volume I V  - Geothermal Frac ture  S t lmu la t i on  Technology - Proppant 
Analys is  a t  Geothermal Condi t ions,  January 1981 

Chemlcal S t lmu la t l on  Treatment - The Geysers - Ottobonl  S ta te  22, 
Geothermal Reservolr Well  S t lmu la t l on  Program, February 1981 

Hydrau l l c  Frac ture  S t lmu la t l on  Treatments a t  East Mesa 58-30, 
Geothermal Reservoir Well  S t lmu la t l on  Program, February 1981 

Hydraul lc  Frac ture  S t lmu la t l on  Treatment o f  Well Baca 23, GRWSP, 
June 1981 

Technlcal  Proposal - Geothermal Reservoir Well S t imu la t l on  Program 
Extenslon, June 1981 

Cost Proposal - Geothermal Reservoir Well  S t lmu la t l on  Program 
Extension, June 1981 

Proposal f o r  Producing Well  Hydraul lc  Frac ture  S t imu la t i on  Treatment 
- Baca Pro jec t  Area - Experiment No. 7, GRWSP, August 1981. 

F rac tu r ing  F l u i d  Evaluat ion (Laboratory Work), GRWSP, January 1982 

A c l d l f i c a t l o n  o f  Geothermal Wells - Laboratory Experlments, GRWSP, 
January 1982 

A Review o f  Surface Equlpment Requirements f o r  Geothermal Well 
S t lmu la t lon ,  February 1982 

Geothermal Reservolr Well  S t lmu la t l on  Program - Program Status 
Report, Hay 1982 

Requirements f o r  Downhole Equlpment Used f o r  Geothermal Well 
S t lmu la t lon ,  GRWSP, August 1982 
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25. Proposal f o r  Producing Well Chemical S t imu la t l on  Treatment - Beowawe 
Geothermal F l e l d  - Experlment No. 8, GRWSP, May 1983 

26. F i n a l  Report - A Laboratory Study of  Acid S t lmu la t l on  of D r i l l i n g  
Mud-Damaged Geothermal Reservoir  Ma te r ia l s ,  May 1983 

27. Hydtau l l c  Fracture S t lmu la t i on  Treatment of Well  Baca 20, GRWSP, 
Ju l y  1983 

28. Chemlcal S t lmu la t l on  Treatment of the Ross1 21-19 Well  - Beowawe 
Geothermal F le ld ,  GRWSP, January 1984 

29. GRWSP F l n a l  Program Summary Report, January 1984 

Note: Copies o f  the publ ished GRWSP repo r t s  may be obtained from: 

U.S. Department of Energy 
Technical  I n fo rma t lon  Center 

P.O. Box 62 
Oak Ridge, Tenn. 37830 
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PUBLISHED TECHNICAL PAPERS ON GRWSP EXPERIMENTS 

7 .  Caenn, R., Tyssee, D. A., and Vet ter ,  0. J.: "Degradation o f  Polymer Used 
I n  Geothermal Fractur ing,"  Geothermal Resources Council, Transactions, 
Vol. 4, September 1980. 

2. Campbell, D. A., Morris, C. W., and Ver i t y ,  R. V.: "Geothermal Well 
St i rnulat ion Experiments and Evaluation," paper SPE 10316 presented a t  SPE 
56th Annual Technical Conference and Exh ib i t i on ,  San Antonio, October 
5-7, 1981. 

3. Campbell, D. A., S i n c l a i r ,  A. R., Hanold, R. J., and Vetter,  0. J.: 
"A  Review o f  the Geothermal Reservoir Well S t imu la t i on  Program," presented 
a t  the I n t e r n a t i o n a l  Conference on Geothermal D r i l l i n g  and Completion 
Technology, Albuquerque, January 21-23, 1981. 

4. Hanold, R. J.: "Geothermal Well S t imu la t i on  Treatments," presented a t  the 
Nat lonal  Conference on Renewable Energy Technologies, Honolulu, 
December 7, 1980. 

5. Hanold, R. J., and Morr is,  C. W.: "Induced Fractures - Well S t imu la t i on  
Through Fractur ing,"  Fractures i n  Geothermal Reservoirs - A Workshop, 
Honolulu, August 27, 1982. 

6. Hanold, R. J., Campbell, 0. A., and S I n c l a i r ,  A. R.: "The DOE Geothermal 
Well St i rnu lat ion Program," Proceedings of the Second DOE-ENEL Workshop for 
Companles I n  Geothermal Energy, Berkeley, October 1980. 

7. Morr is,  C. W., and Bunyak, M. J.: 'Fracture St i rnulat ion Experiments a t  the 
Baca Pro jec t  Area," Proceedings Seventh Workshop Geothermal Reservoir 
Engineering, Stanford, December 1981. 

8. Morr is,  C. W., and Hanold, R. J.: 'Fracture S t imu la t i on  Experiments," 
F i n a l  Report o f  the Department o f  Energy Review Team for the Baca 
Geothermal Demonstration Power P lan t  Pro ject ,  Berkeley, C a l i f o r n i a ,  
March 1982. 

9. Morr is,  C. W., and S i n c l a l r ,  A. R.: "Evaluat ion o f  Bottomhole Treatment 
Pressure f o r  Geothermal Well Hydraul ic Fracture Stimulation,18 paper 
SPE 11157 presented a t  SPE 57th Annual Technical Conference and 
Exh ib i t i on ,  New Orleans, September 26-29, 1983. 

10. Morris, C. W., Ve r i t y ,  R. V., and R i t z ,  C. L.: "Fracture St i rnulat ion 
Experiment I n  Baca 20," Geothermal Resources Council, Transactions, 
Vol. 6, October 1982. 
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11. Morr ls,  C. W., Ver l t y ,  R. V., and S l n c l a l r ,  A. R.: "Raft  River Well 
S t lmu la t lon  Experiments," Geothermal Resources Councl l ,  Transactlons, 
Vol. 4, September 1980. 

12. Nicholson, R. W., Hanold, R. J., Vetter,  0. J., and Ver l ty ,  R. V.: 
"Technology f o r  Geothermal Well St lmulat lon,"  Geothermal Resources 
Councll, Transactlons. Vol. 3, September 1979. 

13. S l n c l a l r ,  A. R., P l t t a r d ,  F. J., and Hanold, R. J . :  "Geothermal Well 
St lmulat lon,"  Geothermal Resources Councl l ,  Transactlons, Vol. 4, 
September 1980. 

14. Ver l ty ,  R. V.: "Geothermal Well S t lmu la t l on  - Program Summary and the 
Beowawe F l e l d  Experlrnent," Proceedings o f  the Geothermal Program 
Review 11, CONF-8310177, U.S. Department o f  Energy, Washlngton, D.C., 
October 11-13, 1983. 

15. Ve r l t y ,  R. V., and Morr is,  C. W.: 'Fracture St lmu la t lon  o f  Union's Baca 
Well 23,' Geothermal Resources Councl l ,  Transact-Ions, Vol. 5, October 1981. 
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TABLE 3 

PHASE I1 TASKS 

Republic Geothermal, Inc.  (prime c o n t r a c t o r )  

Overa l l  program management 
S o l i c i t a t i o n  of geothermal operators and s e l e c t i o n  o f  experiment candidates 
F i e l d  experiment p lann ing  and design 
F i e l d  experlment execut ion 
F i e l d  experiment r e p o r t i n g  

Maurer Engineer ing (subcontractor)  

S t imu la t i on  treatment design 
Job-speci f lc  l abo ra to ry  t e s t i n g  o f  proposed s t i m u l a t i o n  m a t e r i a l s  
F i e l d  superv is ion  o f  s t i r nu la t i on  se rv i ce  companies 
Cont inuing l i t e r a t u r e  review and l i a i s o n  wi th  se rv i ce  companies t o  ma in ta in  

Report ing on s t i rnu la t i on  treatment execut ion 
awareness o f  new developments 

Petroleum T r a i n i n g  and Technical Services (subcontractor)  

Numerical modeling f o r  design o f  f i e l d  experiments 
Seminar I n  February 1980 f o r  technology t r a n s f e r  

Vet ter  Research (subcontractor)  

Job-speci f ic  l abo ra to ry  t e s t i n g  o f  proposed s t i m u l a t i o n  m a t e r i a l s  
Planning, execution, and i n t e r p r e t a t i o n  o f  chemical and R/A t race r  s tud ies 
Chemical ana lys i s  o f  f l u i d s  i n j e c t e d  and produced du r ing  f i e l d  experiment 

s t i r nu la t i on  and product ion t e s t i n g .  

Terra Tek (subcontractor,  beginning i n  1981) 

Laboratory t e s t i n g  f o r  a c i d  s t i m u l a t i o n  o f  mud-damaged formations 
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TABLE 4 

SUMMARY OF GRWSP FIELD EXPERIMENT! 

Treatment 
Reservoi r  I n t e r v  a 1 

Loca t ion  Temperature S t imu la t i on  Height  
F l u i d  
-.I 

Experiment and Well (OF) Reservoir  Formation Treatment Type (ft) Proppari t -. - - - . . 

1 R a f t  River,  I n  290 Fractured metamorphic D e n d r i t i c  h y d r a u l i c  195 7900 b b l  Sand 50,400 l h  l O ~ - m t ~ c t i  
58,000 1 t) 20/40-me\h RRGP-4 and i n t r u s i v e  rocks f r a c t u r e  10 l b  HP Guar/1000 ga l  

7 l h  XC Polymer/1000 q a l  

7 R a f t  River,  I D  790 Fractured metamorphic Larqe h y d r a u l i c  216 7600 bb 1 Sand 84,000 l b  100-mesh 
RRGP-5 and i n t r u s i v e  rocks f r a c t u r e  30 l b  HP Guar/1000 q a l  3q~7.nnn i b  7n/4n-m~st1 

3 East Mesa, C A  350 D e l t a i c  sandstone I iydraul  i c  f r a c t u r e  247 7800 bb 1 Sand 44,500 l b  100-mPcti 
58-30 and shalP 5equence 60 l b  HP Guar 59.70n ~h 70/40-mrst1 

( c ross l i nked  qel) / ,  
1000 g a l  60,000 l h  70/40-nie<ti 

Resin-Toated Tand 

4 East Mesa, CA 
58-30 

5 Raca, NM 
R-73 

320 

450 

6 The Geysers, CA 460 
05-72 

7 Raca, NM 
R-20 

7 A  Raca, F!M 
R-70 

520 

570 

l l e l t a i c  sandstone and D e n d r i t i c  h y d r a u l i c  304 10,300 bb 1 Sand 44,nnn l h  100-ine:ti 
shale sequence f r a c t u r e  10 l b  HP Guar/1000 ga l  

Fractured Randel i e r  Large h y d r a u l i c  
T u f f  f r a c t u r e  

2 l b  XC Polymer/lOOO g a l  

231 3600 b b l  water prepad Sand 42,000 I b  100-mesh 
Resin-Coated Sand 4000 b b l  

60 l b  HP Guar 81 ,500 l b  24/40-mrsh 
(Cross l inked g e l ) /  Raitxi t e  
1000 ga l  98,500 l h  70/4~-mest i  

Fractured Franciscan Acid e t c h i n g  
graywacke and qreenstone 

Fractured Fandel i e r  
T u f f  

Fractured Bandel i e r  
T u f f  

I000 476 h h l  prepad Nor1 e 
15 l b  HP Guar/1000 qa l  

476 b b l  pad 
GO l b  IW Guar 
(Cross l inked g e l ) /  
1000 s a l  

445 b b l  displacement 
15 l h  HP Guar/l000 q a l  

476 hhl 54 t I C l - l O X  \IF 

Larqe t iydraul  i c  740 3000 h b l  watcr prepad 
f rac t t t re  5600 b b l s  

60 l b  HP Guar 
(Cross1 inked qe l )  / 
1000 q a l  

Ac id trc.atnient t o  240 1045 h b l  11.9% llCl 
rl i 5 so 1 vp c a 1 c i um 
carhnnate f l u i d -  
l o < $  a d d i t i v e  

R a i i x  i t e 
110,70!1 I h  16/70-mesli 
119.7ll0 l h  l?/ZO-mesh 
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TABLE 5 

SUMMARY OF GRWSP EXPERIMENT RESULTS 

We1 1 

RRGP-4 

RRGP-5 

EM 58-30 

Baca 23 

w 
c' 

os-22 

Pre -S t imu la t i on  
Wellhead 

- 
Rate 

F i e l d  J l b / h r )  -- 
R a f t  River  4,700 

R a f t  R ive r  90,000+ 

East Mesa 90,000 

Baca 0 

Geysers 46,000 

Baca 56,100 

V Rossi 21-19 Beowawe 319,200 
t g  5 ( i n j e c t i o n )  

, a  
1 %  
, 3  
- 8  

1 2  

* Rates are n o t  d i r e c t l y  comparable 

8 ** AP = ( i n j e c t i o n  pressure a t  5,000 
I 

Pressure 
(psig) 

0 

17 

50 

0 

127 

116 

555.1** 

I n t e r v a l  
0 

1,589 

1,517 

1,383 

7,643 

3,760 

3,307 

1,111t 

Post -St imulat ion 
We1 1 head 

Rate 
( l b / h r )  

28,300 

94,300 

180,000 

73,000 

44,100 

50,000 

31 7,100 
( i n j e c t i o n )  

Pressure I n t e r v a l  
I p s i g )  ( f t )  

17 

17 

30 

37 

130 

25 

195 

216 

1,383 

23 1 

3,760 

240 

247.3** 1,111+ 

because wel lhead pressures are n o t  equal. 

f e e t )  - ( s t a t i c  r e s e r v o i r  pressure a t  5,000 f e e t )  

Product ion Rate 
Increase 

-- l b / h r  - Percentage 

23,600 500 tlydt'aulic f r a c t u r e s  i n  shor t ,  
nonproduct ive i n t e r v a  I s  

0 0 

90 ,ooo* 1 oo* t l yd ra i i l i c  f r a c t u r e  of 247' 
low pe rmeab i l i t y  inI.erva1 
Hydraul ic  f r a c t u r e  o f  304' 
damaged i n t e r v a l  

73,000 - Hydraul ic  f r a c t u r e  i n  a sho r t ,  
nonproduct ive i n t e r v a l  

0 0 Acid f r a c  o f  I ,UOO' i n t e r v a l  

* * I l yd rau l i c  f r a c t u r e  i n  a sho r t ,  
nonproduct ive i n t e r v a  1 

- 123*** Ac id stimmilation o f  long 
i n t e r v a l  i n  f r a c l u t - 4  for i t lat ion 

i i  *** Percentage increase i n  i n j e c t i v i t y .  
1 4  
1 9  
. m  
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