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The Geothermal Reservoir  Well S t imula t ion  Symposium is  
now h i s t o r y .  T h e  i n t e r n a t i o n a l  g a t h e r i n g  h e l d  on February 
7 ,  1980, brought  t o g e t h e r  e x p e r t s  from a l l  over  t h e  world t o  
d i scuss  t h e i r  views on t h e  s u b j e c t  o f  geothormal r e s e r v o i r  
we l l  s t i m u l a t i o n .  

On beha l f  o f  t h e  conference  a t t e n d e e s ,  we would l i k e  t o  
thank a11 t h o s e  who p a r t i c i p a t e d ,  o rgan ized ,  an3  o f f e r e d  
t h e i r  services, both i n  t h e  developmental  s t a d c  and i n  
f i n a l i z i n g  t h i s  e f f o r t .  

The a u t h o r s  a r e  t o  be commended f o r  t h e i r  p resenta-  
t i o n s ,  and t h e  a t t e n d e e s  f o r  t h e i r  p a r t i c i p a t i o n  i n  t h e  d i s -  
c u s s i o n s .  F i n a l l y ,  w d  wish t o  thank t h e  United S t a t e s  
Dcpartrnent o f  Energy; t h e  p r ime  c o n t r a c t o r  - Republic Geoth- 
e rmal ,  Inc . ;  and t h e  s u b c w i t r a c t o r s  - Haurer Engineer ing,  
I n c .  ; Petroleum Tra in ing  and Technical  S e r v i c e s ;  V e t t e r  
Research; and HAPCO, Inc!. f D r  h 2 1 p i n g  t o  make t h i s  p o s s i b l e .  
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GEOTHERMAL WELL STIMULATION PROGRAM - - OPENING REMARKS 

R. J. Hanold 

Los Alamos S c i e n t i f i c  Laboratory 

Los Alamos, rlew Mexico 

For over t h i r t y  years, w e l l  s t imu la t i on  techniques o f  one form o r  

another have been employed t o  enhance product ion from marginal o r  sub- 
marginal o i l  and gas wells. The formal  i n t roduc t i on  o f  w e l l  s t imu la t i on  as 

a pseudo-science can probably best be t i e d  t o  the i n t roduc t i on  o f  hydraul ic  

f r a c t u r i n g  as an e f f e c t i v e  method f o r  prov id ing b e t t e r  communication between 

t h e  producing rese rvo i r  hor izon and the we1 1 bore. P r i o r  t o  t h i s ,  

independent operators were sometimes known t o  drop s t i c k s  o f  dynamite i n t o  

unproduct ive we1 1s i n i t i a t i n g  the era o f  "homegrown" s t imu la t i on  techniques. 

What they lacked i n  sophis t icat ion,  they sometimes made up f o r  i n  increased 
product ion as these attempts were apparently more than casual l y  successful. 

Technical developments dur ing the l a s t  decade on the app l i ca t i on  of 

w e l l  s t imu la t i on  methods t o  o i l  and gas we l ls  have been p a r t i c u l a r l y  s ign i -  
f i can t .  During t h i s  same t ime in te rva l ,  the  number o f  ava i lab le  geotherrnal 

w e l l s  t h a t  could bene f i t  from e f f e c t i v e  s t imu la t i on  treatments has become 

U 

q u i t e  large. I n  response to. t h i s  s i t ua t i on ,  the Department o f  Energy/ 
D i v i s i o n  of Geothermal Energy (DOE/DGE) e lected t o  fund an extensive program 
i n  geothermal we l l  s t imu la t i on  technology. The basis f o r  the program was 

the  hardware, experience, nd technology developed from the s t imu la t i on  o f  
hydrocarbon we l l s .  The ob jec t ive  was c lea r  - - extend t h i s  hardware and 

technology t o  the very spec i f i c  requirements associated w i t h  the s t imu la t i on  
o f  geot hernial we1 1 s 

The s t imu la t i on  o f  geothernial we1 1s presents some new and chal lenging 

problems i n  add i t i on  t o  the es c u r r e n t l y  being faced i n  o i l  and gas wel l  

s t i m u l a t i o n  treatments, Formation temperatures w i l l  be i n  the 150-300C 
range and the  behavior o f  f r a c  f l u i d s  and proppants a t  these temperatues i n  

a h o s t i l e  b r i n e  environment w i l l  have t o  be c a r e f u l l y  evaluated before 
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performance expectat ions can be determined. I n  order t o  avoid poss ib le  
damage t o  the  producing hor izon o f  the forniation, t he  high-temperature 

chemical c o m p a t i b i l i t y  between the i n  s i t u  mater ia ls  and the  f rac  f l u i d s ,  

f l u i d  addi t ives,  and proppants rnust be ve r i f i ed .  I n  t r y i n g  t o  assess the  

p r o b a b i l i t y  f o r  a successful s t imu la t i on  treatment, the response o f  forma- 

t i o n  rocks w i t h  e n t i r e l y  d i f f e r e n t  physical c h a r a c t e r i s t i c s  must be pred ic t -  

ed. Perhaps most s i g n i f i c a n t  o f  a l l ,  i n  geothermal we l l s  the  requi red tech- 
niques must be capable o f  b r ing ing  about the production o f  very l a rge  

amounts o f  f l u i d .  This necessity f o r  h igh f l ow  ra tes  represents a s i g n i f i -  

cant departure f r b m  conventional o i l  f i e l d  s t imu la t i on  and demands the  

c r e a t i o n  o f  f rac tu res  w i t h  very h igh  f l ow  conduc t i v i t y  o r  very l a rge  
f r a c t u r e  sur face areas i n  the  case o f  mat r ix  permeabi l i ty  dominated 

foririations. 
My involvenient i n  the  fo rmula t ion  o f  t h i s  program began w i t h  v i s i t s  t o  

a l a r g e  number o f  i n d u s t r i a l  organizat ions w i t h  a firm commitment o r  vested 
i n t e r e s t  i n  the  development o f  geothermal energy. The technica l  discussions 

du r ing  these v i s i t s  centered on the question - - - i n  what areas could the  

i n j e c t i o n  o f  Federal d o l l a r s  be most product ive i n  developing commercial 

geothermal we1 1 s t imu la t i on  techniques app l icab le  t o  the  growing number o f  

unproductive o r  marginal geothermal we1 1s. Many o f  the  people at tending 

t h i s  f i r s t  symposium on Geothermal !dell S t imu la t i on  are people I contacted 

du r ing  those format ive stages of t h i s  program. The end r e s u l t  o f  t h i s  e f f o r t  

was a document c a l l e d  a Request f o r  Proposal (RFP) i n  which the  DOE s o l i c i t -  
ed proposal s f o r  formulating, managing, and implementing an extensive geo- 

thermal we l l  s t imu la t i on  program designed t o  assess, develop, and f i e l d  t e s t  
methods f o r  increas ing and prolonging the  p r o d u c t i v i t y  o f  geothermal we1 1s. 

Th is  document was published by the  Los Alamos Area O f f i c e  o f  the  DOE and was 

inai led t o  prospect ive i n d u s t r i a l  par t i c ipants .  Add i t iona l  p u b l i c i t y  f o r  t he  
program was sought by adve r t i s i ng  i n  such prominent journa ls  as The O i l  and 

Gas Journal. 

A f t e r  pub1 i c a t i o n  the  Request f o r  Proposal, a pre-proposal con- 

ference was he ld  i n  Denv t o  answer questions e la ted  t o  the  proposed pro- 
gram, DOE'S u l t i m a t e  i n ten t i ons  i n  t h i s  area, the  desired magnitude and 

scope of t h e  program. By the requi red deadline date, f i v e  s i g n i f i c a n t  

proposals were received from i n d u s t r i a l  organizations. It i s  i n t e r e s t i n g  t o  
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note t h a t  each proposal represented a consortium o f  organizations, apparent- 
l y  i n  response t o  the la rge  magnitude and scope o f  the desired prograin. 
While a la rge  segment of the geothermal comriiunity was enjoying the scenic 
wonders of H i l o  a t  the  Geothermal Resources Council annual meeting, another 
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sinal 1 group was t o l e r a t i n g  the de l igh ts  o f  downtown Washington i n  August 
w h i l e  these proposals were being thought fu l l y  reviewed. This process was 

concluded w i t h  the announcement t h a t  the proposal subwitted by Republic Geo- 
thermal had been selected as the winner. 

The organizat ional  s t r u c t u r e  under Republic Ceothennal w i l l  be present- 
ed i n  d e t a i l  by Don Campbell. I would l i k e  t o  po in t  out t h a t  t h i s  program 
i s  under the technical  cognizance o f  C l i f f  McFarland w i t h i n  the D i v i s i o n  o f  

Geothermal Energy a t  DOE. My capaci ty w i t h i n  t h i s  program i s  t o  serve as a 

techn ica l  advisor t o  the DOE. 

Numerous geothermal we l ls  have been d r i l l e d  on the more obvious thernial 

anomalies w i t h  respectable success ra t ios ,  Dry holes o r  marginal pro- 

ducers, however, do occur i n  the development o f  every f i e l d .  While sorile o f  
these unproductive we l ls  are on o r  outside the boundaries o f  the establ ished 
reservo i r ,  others m e  w i t h i n  the reservo i r  boundaries but  have j u s t  not 

in te rsec ted  a good p o r t i o n  of the producing horizon. These are the we l ls  

v 

Y 

t h a t  become prime candidates for  s t i m u l a t i o n  treatments. The goal o f  t h i s  

program i s  t o  i d e n t i f y  s p e c i f i c  geothermal we1 1s o f  marginal o r  subrnarginal 
value and t o  develop and t e s t  the necessary hardware and techniques t o  

perform successful s t i m u l a t i o n  treatments on these we1 Is. The u l t i m a t e  goal 
o f  the program i s  t o  ensure t h a t  these products and techniques become 

a v a i l a b l e  i n  the commercial marketplace f o r  use by a l l  we l l  owners and 

The Statement o f  Work contained i n  the RFP s e t  out very s p e c i f i c  

emphasis areas t h a t  were t o  be fol lowed throughout the conduct o f  t h i s  

0 operators. 

program, The geothermal we1 1 s t i m u l a t i o n  program i s  l i m i t e d  t o  hydrothemial 

convect ive systems w i t h  a strong emphasis on hot water dominated reservo i rs  

i n  the 150-300C range. The RFP was worded i n  such a way t h a t  nothing has 

been absolute ly  excluded but strong a t t e n t i o n  i s  d i rec ted  toward the use o f  

hydraul i c  f r a c t u r i n g  and/or chemical treatments n hot water we l ls  i n  

developed reservo i rs .  High d r i l l i n g  costs associated w i t h  d r i l l i n g  i n  hot, 

%, fractured,  and unpredic tab le geothermal formations provides the major 

V 

Y 
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‘cj economic i ncen t i ve  f o r  t h i s  program. The cost  o f  d r i l l i n g  and completing a 

geothermal we l l  can f requent ly  be h igher  by a f a c t o r  o f  2 o r  3 over the 
cos t  o f  a conventional o i l  o r  gas we l l  t o  the  same depth. 

S t imu la t i on  treatments w i l l  be conducted i n  formations which produce 
ho t  water as a r e s u l t  o f  both mat r ix  pern ieabi l i ty  and from natura l  e x i s t i n g  
f r a c t u r e  systems. The fo l l ow ing  ta rge ts  o f  oppor tun i ty  are o f  p a r t i c u l a r  
i n t e r e s t  t o  t h i s  program: 

U 

V 
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Wells t h a t  requ i re  add i t iona l  drainage area because o f  

i n s u f f i c i e n t  formation permeabil i ty. 

Wells t h a t  d i d  not i n te rsec t  major f r a c t u r e  systems t h a t  are 

presur.ied t o  e x i s t  nearby. 
Wells t h a t  suffered man made damage during d r i l l i n g  o r  coli lpletion 

operations inc lud ing  mud o r  cement invasion. 

Wells t h a t  requ i re  per iod ic  remedial treatment as a r e s u l t  of 
f l u i d  production re1 ated damage. 

A1 though numerous c r i t e r i a  have been establ  i shed f o r  the se lect  i o n  o f  candi- 

da te  wells, perhaps the most s i g n i f i c a n t  i s  d e f i n i t e  proof o f  a good produc- 

i n g  reservo i r .  Th is  data w i l l  normally be obtained from o f f s e t  we l l  
production. 

I would l i k e  everyone i n  the  geothermal community t o  be aware o f  t he  
ex is tence o f  t h i s  program and the  f a c t  t h a t  we are c o n t i n u a l l y  reviewing 
w e l l  data as pa r t  o f  the se lec t i on  process i n  p i ck ing  our next candidate 
w e l l s  f o r  s t imu la t i on  treatments. I n v i t a t i o n s  t o  the  s t imu la t i on  team t o  

0 

I r ev iew data f o r  a po ten t i a l  candidate we l l  are always i n  order. 
Y 
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GEOTHERMAL R E S E R V O I R  WELL STIMULATION P R O G R A Y  OVERVIEW 
A N D  STATUS REPORT 

D. A .  Campbell 
Republic Geothermal, Inn, .  

INTRODUCTION 

The p r i n c i p a l  purpose of  t h i s  d i s c u s s i o n  is  t o  review 
w t h e  s t a t u s  o f  t h e  Geothermal Reservoir  Well S t imula t ion  Pro- 

gram (GRYSP) c o n t r a c t  e f f o r t ,  i nc lud ing  t h e  accomplishments 
o f  t h e  f i r s t  ten months. F i r s t ,  however, i3 b r i e f  ove rv ieu  
of t h e  program is  i n  o rde r  a s  an  i n t r o d u c t i o n .  

W 

U 

Thc progrclrn is  d iv ided  i n t o  two phases .  Phase 1 i s  
b a s i c a l l y  t h e  engineer ing  and l a b o r a t o r y  s t u d i e s ,  and Phase 
1 1  mostly cove r s  t h e  f i e l d  experiments .  Phase 1 has  
rece ived  ,nost o f  t h e  p r o j e c t ' s  a t t e n t i o n  d u r i n g  t h e  f i r s t  10 
months, b u t  t h e  f u t u r e  emphasis w i l l  be on t h e  f i e l d  a c t i v i -  
t i e s .  The m a i n  Phase 1 t a s k s  a r e  suminarized onr-Table 1 .  
Assessment o f  t h e  s t a t e - o f - t h e - a r t  is  t h e  o b j e c t i v e ,  i . c . ,  
t o  review t h e  o i l  and gas  i n d u s t r y  s t i m u l a t i o n  technology 
a n d  s e e  how i t  may be appl ied  t o  geothermal wells,  t o  d e t e r -  
mine what a d d i t i o n a l  technology is needed, and t o  conduct 
l a b o r a t o r y  and engineer ing  work t o  both e v a l u a t e  and f i l l  
t h e  n e e d s  f o r  a d d i t i o n a l  technology. 

u As shonn on Table 2 ,  t h e  f i r s t  Phase  1 1  t a s k  is t o  log- 
i c a l l y  s e l e c t  and propose geothermal r e s e r v o i r s  and s p e c i f i c  
wel l  c a n d i d a t e s  f o r  s t i m u l a t i o n  experiments .  The j o b s  a r e  
t o  be planned,  conducted,  and  then eva lua ted .  The f i r s t  
f i e l d  experiment was o r i g i n a l l y  intended t o  be a conven- 
t i o n a l  hydrau l i c  f r a c t u r e  t r ea tmen t  i n  9 r e l a t i v e l y  low tem- 

cyc, p e r a t u r e  geothermal r e s e r v o i r .  T h u s ,  t e chn iques  on t h e  :nar- 
g i n s  of' b h e  upper temperature  limit of what is  c u r r e n t l y  
being done i n  o i l  and gas i n d u s t r y  could be used. Inc reas -  
i n g  the tempera ture  and complexi ty  3f  s u c c e s s i v e  experiments  
was in t ended ,  a long w i t h  t h e  i n c l u s i o n  'of a v a r i e t y  o f  
l i t h o l o g i e s .  The scope of  work was no t  intended t o  i n c l u d e  

Id e x p l o s i v e s ,  and  t h e  emphasis was t o  be on hot  water r e s e r -  
- '  v o i r s ,  not vapor dominated r e s e r v o i r s .  The l a s t  t a s k  o f  

t h i s  phase w i l l  be t o  d i s semina te  t h e  r e su l t s  of t h e  work 
w i t h  p r o j e c t  r e p o q t s  and symposiutns. A second symposium 
cover ing  t h e  p r o j e c t  w i l l  be h e l d  n e x t  year  t o  summarize t h e  
r e s u l t s  of work performed u n d e r  t h e  f i r s t  c o n t r a c t .  

An o r g a n i z a t i o n  c h a r t  f o r  t h e  c o n t r a c t  i s  shown on Fig- 
ure 1. C l i f f  McFarland, from Washington's Department o f  

. Energy/Division of  Geothertnal EnerJy ( D O E / D C E ) ,  is t h e  Pro- 
gram Manager. Bob Hanold from t h e  Los Alamos S c i e n t i f i c  

w 

Y '  



Laboratory ( L A S L )  i s  t h e  t e c h n i c a l  advisor  f o r  t h e  D O E ,  and  
Don Canipbell i s  t h e  P r o j e c t  Manager f o r  t h e  prime cont rac-  
t o r ,  Rt.public Geothermal, Inc .  ( R G ' I ) .  Charles  Morris o f  
Republic i s  i n  charge of Phask 1 a c t i v i t i e s ,  and i n  t h a t  
c a p a c i t y  s o o r d i n a t e s  t h e  work of  two o f  t h e  major subcon- 
t r a c t o r s .  Robert V e r i t y ,  a l s o  of Rtpubl ic ,  has  a l i k e  posi- 
t i o n  f o r  Phase 11 .  Ot to  Ve t t e r  of  Ve t t e r  Research is t h e  
subcon t rac to r  who d e a l s  !nos t 1 y w i t h  t h e  high 
p res su re / t empera tu re ,  chemical a s p e c t s  o f  t h e  program, along 
w i t h  t r a c e r  s t u d i e s .  Henry Crichlow, o f  Petroleum Tra in ing  
and Technical  Se rv ices  ( P T T S ) ,  i s  r e s p o n s i b l e  f o r  t h e  
mathematical  modelina e f f o r t s .  Richard S i n c l a i r  o f  Maurer 
Engineer ing,  a l s o  a subcon t rac to r ,  i s  r e s p o n s i b l e  f o r  some 
o f  t h e  b a s i c  m a t e r i a l  p r o p e r t i e s  l a b o r a t o r y  t e s t i n g  and t n e  
recorninendation of  f r a c  f l u i d s  an3 proppants f o r  d e a l i n 3  w i t h  
t h e  high temperature  cnvironment of  geothermal wel l s .  
Maurer 's  main f u n c t i o n s  a r e ,  however, t h e  hydrau l i c  f r a c t u r e  
mechanics and design f o r  each experiment.  Dan S l a z l e  of  
MAPCr3 is  r e s p o n s i b l e  f o r  sone of t h e  a c t u a l  f i e l d  work. 
Robert Nicholson, a l though n o t  s h o u n  on t h e  o rgan iza t ion  
c h a r t ,  i s  a c o n s u l t a n t  w i t h  Terra  S z r v i c e s  and as  such p r i -  
inar i ly  a s s i s t s  Republic i n  f i e l d  work a s soc ia t ed  w i t h  t h e  
experiments .  He was very ins t rumenta l  i n  formulat ing t h ?  
o v e r a l l  program i n i t i a l l y ,  and  w i l l  con t inue  t o  be involved 
i n  a number o f  w a y s .  

i 
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The r e s e r v o i r  s e l e c t i o n  process  t a s k ,  technology 
t r a n s f e r  t a s k ,  and sone of the r e p o r t s  t h a t  w i l l  bc dva i l -  
a b l e  from the  program a r e  d iscusscd  below i n  somz d e t a i l ,  
along w i t h  f u t u r e  experiments and t h e  program schedule .  The 
l a b o r a t o r y  and computer work b y  t h c  subcon t rac to r s  and t h e  
two f i e l d  experiments sompleted t o  d a t e  a r e  d iscussed  i n  
d e t a i l  i n  o t h e r  Symposium r e p o r t s .  

RESERVOIR SELECTION TASK 

T h e  r e s e r v o i r  s e l e c t i o n  t a s k  was one of t h e  f i r s t  
e f f o r t s  o f  t h e  c o n t r a c t .  The t a s k  i s  riearly complete,  and 
was begun by  s o l i c i t i n 3  expres s ions  of  i n t e re s t  i n  p a r t i c i -  
pa t ion  from a l l  geothzrmal o p e r a t o r s  and developers  known t o  
t h e  gene ra l  c o n t r a c t o r .  Those who responded p o s i t i v e l y  a r e  
l i s t e d  on Table 3 .  One of  t h e  p r e r e q u i s i t e s  f o r  p a r t i c i p a -  
t i o n  was t h a t  t h e  owner/operator be w i l l i n g  t o  r e l e a s e  d a t a  

t h e  publ ic  domain and a l s o  b e  w i l l i n g  t o  c o s t  s h a r e  i n  
sense t h e  owner a c c e p t s  t h e  r i s k  t o  w e l l s  and f a c i l i -  

i e s .  The p r o j e c t  cannot a s s m e  l i a b i l i t y  f o r  damage even 
hough s t i m u l a t i o n  j o b s  a r e  high r ' i s k  o p e r a t i o n s  i n  g e n e r a l .  

'The  deve lope r s  were  n o t  required t o  put up out-of-pocket 
money. However, a s  t h e  program is extended beyond t h i s  
f i r s t  c o n t r a c t ,  a t r u e  c o s t  shar ing  mode of o p e r a t i o n  i s  
probable .  

Some of  t h e  r e s e r v o i r s  proposed a s  p o s s i b l e  s t i m u l a t i o n  
c a n d i d a t e s  a r e  shown i n  F igure  2. Raosevelt  Hot Spr ings  i n  
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Utah h a s  a r e s e r v o i r  temperature o f  aboui 533 degrees  F and 
produces mainly from a f r ac tu red  g r a n i d i o r i t e .  The Geysers 
is t h e  only vapor-dominated r e s e r v o i r  on t h e  l i s t ,  a t  about 
450-479 degrees  F ,  producing from f r a c t u r e d  inetatnorphics 
(graywacke, p r i m a r i l y ) .  Deser t  Peak i n  Nevada is ‘around 400 
degrees  F ,  and produces from v o l c a n i c s ,  most ly  f r a c t u r e d .  
Chandler i n  Arizond i s  about 350 degrees  F, and is a low 
poros i ty-per ineabi l i ty  volcanic  r e s e r v o i r .  Raft  River ,  a t  
around 290 degrees  F ,  produces from a f r ac tu red  q u a r t z  mon- 
z o n i t e .  East  ?lesa is  shown t o  be around 350 degrees  F .  I t  
has  a inatrix per inazbi l i ty  dnd po ros i ty  t h a t  i s  good i n  gen- 
e r a l ,  b u t  s u f f e r s  l o c a l  des rdda t ions .  Westniorland is  simi- 
l a r  t o  East  ?.lesa, b u t  i s  about 45’3 degrees  F.  Brauley is 
near 593 degrees  F and i s  a f r ac tu red  ~ ~ e d i s e d i r n e n t  o f  sand- 
s t o n e  and s i l t s t o n e  w i t h  some matr ix  po ros i ty  and permeabil- 
i t y .  Baca is t h e  h o t t e s t  o f  a l l  a t  about 530 degrees  F ,  and 
produces p r i n c i p a l l y  froin f r ac tu red  volcanic  t u f f .  T h u s ,  a 
v a r i e t y  o f  l i t h o l o g i e s  and a w i d e  ranze of  t e n p e r a t u r e s  a r e  
a v a i l a b l e  f o r  poss ib l e  s t i m u l a t i o n  experiments .  

Table 4 l i s t s  the m H i n  r e s e r v o i r  s e l e c t i o n  c r i t e r i a  
t h a t  were uscil. The cand ida te s  gore q u a n t i f i e d  on a s c a l e  
o f  1 t o  10, cons ider ing  such p a r m e t e r s  a s  tempera ture ,  
amount o f  d a t a  a v a i l a b l e ,  d i f f e r e n t  l i t h o l o g y ,  c t c .  The 
volunteered cand ida te s  were then ranked. Table 5 shows t h e  
rank o r d e r .  East  Mesa was a t  t h e  t o p  w i t h  t h e  h ighes t  t o t a l  
s co re ;  Westmorland (Sa l ton  Sea a r e a )  was nex t ;  then  Bacd, 
Brawley, Raft  River ,  T h e  Geysers,  Roosevel t ,  Deser t  Pzak, 
and Chandler. T h e  program sequ2nce w i l l  not n e c e s s a r i l y  
proceed i n  t h e  rank o r d e r  shown. A r e s e r v o i r  o f  500 degrees  
F could probably not  be s t imula ted  today e f f e c t i v e l y  w i t h  
convent iona l  m a t e r i a l s  and hardware; s o  t h e  lower tempera- 
t u r e  wel ls  w i l l  be considerad f i r s t  w h i l e  Phase 1 
progres ses .  Furthermore,  the o rde r  is s u b j e c t  t o  c o n t i n u a l  
review a s  t h e  f i e l d  experiments proceed and a d d i t i o n a l  can- 
d i d a t e s  o f  oppor tun i ty  a r e  s u b m i t t e d  f o r  c o n s i d e r a t i o n .  I n  

h e  c u r r e n t  c o n t r a c t ,  t h e r e  i s  enough money t o  do only  s i x  
x p e r i m e n t s  a t  four  d i f f e r e n t  s i t e s ,  b u t  a n  extens ion  i s  
robab le .  

RAFT RIVER EXPERIMENTS 

The f i r s t  two experiments  were performed a t  Raft  River ,  
Idaho and a r e  summarized on Table 6 .  Raft  River RRGP-4 was 
t h e  i n i t i a l  s t i m u l a t i o n  cand ida te  and a Kiel d e n d r i t i c  t y p e  
f r a c  was used,  employing convent iona l  o i l  and gas  technol-  
ogy. T h i s  is a 290-300 degree r e s e r v o i r ,  The j o b  was about 
8,000 b b l s  and c o s t  about $450,093, i n c l u d i n g  3 s u b s t a n t i a l  
amount o f  p repa ra to ry  wel l  work. The second experiment was 
i n  Raft  River-RRGP-5 and was a convent iona l  p lanar  f r a c .  I t  
was aga in  about 8,000 b b l s ,  b u t  used a much higher  concen- 
t r a t i o n  o f  sand--about 430,000 l b s .  I t  c o s t  about $500,000. 
These two j o b s  c o n s t i t u t e  a l a r g e  p a r t  o f  t h e  e f f o r t  o f  t h e  
f i rs t  t en  months. The f i r s t  j o b  was done e a r l i e r  than 



Y 

cv 

Y 

v 

U 

0 

Y 

cr, 

v 

V 

k, 

w 

o r i g i n a l l y  p l a n n e d  a t  t h e  DOE'S r e q u e s t .  A s e c o n d  s t imula-  
t i o n  t r e a t m e n t  w a s n ' t  e v e n  i n  t h e  f i r s t  y e a r  p l a n  of t h e  
o r i g i n a l  p r o g r a m ,  T h e i r  a c c e l e r a t i o n  h a s  i n t e r f e r e d  some- 
what  w i t h  c o m p l e t i o n  of some o f  t h e  P h a s e  1 t a s k s  o r i g i n a l l y  
p l a n n e d  d u r i n g  t h i s  p z r i o d .  The  d e t a i l s  o f  t h e  two e x p e r i -  
ments a r e  d i s c u s s e d  i n  o t h e r  Syrnposiu:n r e p o r t s .  

TEC H N9L OCY T R A I4 S F E R 

One o f  t h e  m a j o r  t a s k s  i n  P h a s e  1 was t h 2  c o m p i l a t i o n  
o f  t h 3  T e c h n o l o g y  T r a n s f e r  r e p o r t s .  Th? d a t a  s o u r c e s  were 
e x t e n s i v e  l i t e r a t u r e  reviews,  t h e  p e r s o n a l  e x p e r i e n c e  of 
t h o s e  i n v o l v e d  i n  t h e  c o n t r a c t ,  and i n t e r v i e w s  w i t h  most o f  
t h e  se rv ice  c o m p a n i e s ,  o p e r a t o r s ,  and r e sea rche r s  h a v i n g  
e x p e r t i s e  i n  t h e  a r ea .  The p r i n c i p a l  a s p e c t s  c o v e r e d  a r e  
summarized on  Tab le  7 .  B a s i c a l l y ,  t h e  r e p o r t s  c o n s t i t u t e  a 
c o m p r e h e n s i v e  s t a t e - o f - t h e - a r t  summary w i t h  r z s p e e t  t o  
h y d r a u l i c  f r a c t u r i n g  and c h c r n i c a l  s t i m u l a t i o n  a t  t h i s  s t a g e .  
They  also p r o v i d e  a number o f  s t i m u l a t i o n  c a s e  h i s t o r i e s  i n  
o i l  and  gas reservoi rs  h a v i n g  r e l a t i v e l y  h i g h  t e m p e r a t u r e s .  
A se lec ted  b i b l i o g r a p h y  o f  s e v e r a l  h u n d r e d  p e r t i n e n t  p a p e r s  
on t h e  s u b j e c t  is  i n c l u d e d .  I t  s h o u l d  b e  n o t e d  t h a t  t h e r e  
a r e  a number of  u n s o l v e d  problems i n  t h e  well s t i m u l a t i o n  
a r e a ,  e v e n  for  o i l  and g a s  r e s e r v o i r s .  F a i l u r e s  a r e  common, 
and  l i t t l e  d a t a  on h i g h  t e m p e r a t u r e  a p p l i c a t i o n s  e x i s t s .  
E x t e n d i n g  t h i s  t e c h n o l o g y  t o  t h e  g e o t h e r m a l  e n v i r o n m e n t  
p o s e s  il s e r i o u s  c h a l l e n g e .  Not; a l l  a t t c i n p t s  will be suc- 
c e s s f u l .  T h e r e  a re  a v a r i e t y  o f  r e a s o n s  f o r  f a i l u r e s ,  b u t  
i n  many cases Lhey a r e n ' t  w e l l  u n d e r s t o o d  b e c a u s e  o f  i n a d e -  
q u a t e  e v a l u a t i o n  t e c h n i q u e s .  

GRdSP REPORTS 

T a b l e  3 l ists  t h e  r e p o r t s  t h a t  a r e  p l a n n e d  d u r i n g  t h 2  
n e x t  y e a r  o f  the p r o j e c t .  The Reservoir Selection T a s k ,  a t  
l e a s t  fo r  the i n i t i a l  s u b m i t t a l s ,  is complete,  an3 t h e  
r e p o r t  is  a v a i l a b l e  now. T h e  T e c h n o l o g y  T r a n s f e r  r e p o r t s  
w i l l  be a v a i l a b l e  by  t h e  end of  F e b r u a r y .  There a r e  two 
v o l u m e s  a v a i l a b l e  on all the  f r a c  f l u i d  p r o p e r t i e s  a t  
e l e v a t e d  t e m p e r a t u r e s  t h a t  h a v e  b e e n  m e a s u r e d  t h u s  f a r .  

r o p p a n t s  and t h e i r  observed  p r o p e r t i e s  a t  h i g h  t e i f l p e r a t u r e s  
i l l  soon be a v a i l a b l e  i n  r e p o r t  foriri a l s o .  S u r f d c e  Equip-  

men t  and Downhole Equ ipmen t  and Hardware  reviews w i l l  be 
r e a d y  a b o u t  A p r i l ,  R e c e n t  S t i i n u l a t i o n  and T e c h n o l o g y  
D e v e l o p m e n t  A n a l y s e s ,  b o t h  p h y s i c a l  and c h e m i c a l ,  a r e  b a s i -  
c a l l y  r e c o m m e n d a t i o n s  o f  what  n e e d s  t e d o n e  f o r  geother- 
mal a p p l i c a t i o n s .  

I t  is hoped t h a t  enough  p h y s i c a l  and c h e n i c a l  d a t a  w i l l  
be a v a i l a b l e  b y  t h e  rniddle of the su.nmer t o  p r o c e e d  w i t h  
sone of  t h e  h i g h e r  t e m p e r a t u r e  j o b s  a n t i c i p a t e d .  T h e  Numer- 
i c a l  F r a c t u r e  P r e d i c t i o n  Model i s  a v a i l a b l e  now; t h e  Nuineri- 
c a l  F r a c t u r e  R e s p o n s e  Reservoir Model s h o u l d  be  r e a d y  i n  
March ,  and  t h e  f i n a l  r e p o r t s  on e a c h  f i e l d  e x p e r i m e n t  w i l l  
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come o u t  a s  t h e  p rogram p r o g r e s s e s .  T h e  f i r s t  r e p o r t  o n  
b o t h  of t3e  R a f t  R i v e r  e x p e r i m e n t s  w i l l  b e  o u t  i n  e a r l y  
N a r c h .  The  " F i r s t - Y e a r  P r o g r e s s  R e p o r t t t  will be o u t  b y  t h e  
e n d  of  F e b r u a r y ,  and t h e  f i n a l  p r o j e c t  r e p o r t  w i l l  be  com- 
p l e t e d  i n  March o f  1981 .  ( I n t e r e s t e d  p a r t i e s  a r s  i n v i t e d  t o  
r e q u e s t  c o p i e s  o f  these  r e p o r t s . )  

FUTURE EXPERIMENTS 

T a b l e  9 su inrnar izes  t h e  e x p e r i m e n t s  p l a n n e d  for  t h e  
f u t u r e .  T h i s  is  t h e  c u r r e n t  p l a n  for  t h e  f o u r  f u t u r e  f i e l d  
e x p e r i m e n t s ,  but, is s u b j e c t  t o  c h a n g e .  T h e  f i r s t  o n e  shown 
w i l l  g e t  two e x p e r i m e n t s  o u t  o f  t h e  way. One i s  a m u l t i -  
s t a g e  f r a c  d e e p  i n  t h e  reservoi r  in lors p e r m e a b i l i t y  s a n d -  
s t o n e s  and s h a l e s ,  j u s t  t o  e n h a n c e  n a t u r a l  p r o d u c t i v i t y .  
T h e  o t h e r  is a s h a l l o w e r  z o n e  f r a c  i n  s a n d s t o n e s  t h a t  h a v e  
good t h e o r e t i c a l  p r o d u c t i v i t y  b a s e d  on l o g  a n a l y s e s ,  b u t  
have  b e e n  damaged b y  d r i l l i n g  f l u i d .  T h i s  e x p e r i m e n t  w i l l  
p r o b a b l y  b e  p e r f o r m e d  a t  East  Mesa i d i th  t e m p e r a t u r e s  n e a r  
350 degrees  F Assuming m a t e r i a l s  a r e  a v a i l a b l e  fo r  530 
d e g r e e s  F. j o b s  b y  l a t e  summer, an a d v a n c e d  t y p e  of  s t i m u l a -  
t i o n  t r e a t m e n t - - p e r h a p s  a n  a c i d  f rac--wil l  be a t t e m p t e d .  
T h i s  p r o b a b l y  w i l l  b e  a t  Baca, a l t h o u g h  t h a t  would b e  t h a  
most d i f f i c u l t  i n  terins of  t e m p e r a t u r e .  If Baca is pre- 
c l u d e d  b e c a u s e  of w e a t h e r ,  t h e n  B r a w l e y  o r  Roosevelt Hot 
S p r i n g s  o r  The G e y s e r s  w i l l  be t h e  n e x t  choice .  T!ie l a s t  
e x p e r i m e n t  p l a n n e d  u n d e r  t h i s  c o n t r a c t  is a m u l t i - s t a g e  
h y d r a u l i c  f r a c t u r e  t r e a t m e n t  w i t h  s c d l e  i n h i b i t o r  t a i l e d  i n  
a f t e r  t h e  f r a c t u r e  f l u i d s .  The  i d e a  is t o  h a v e  t h e  s c a l e  
i n h i b i t o r  a b s o r b  on t h e  f o r m a t i o n  rock and t h e n  d e - a b s o r b  a s  
t h e  well i s  p r o d u c e d .  T h i s  woald b e  a c y c l i c  p r o c e s s  d o n e  
r e p e t i t i v e l y  i n  order  t o  c o n t i n u e  t o  p r o d u c e  t h e  wel l .  
T h e r e  a r e  a number o f  wel l s  t h a t  have  d o w n h o l c  a c a l i n z  p rob-  
lems and a l so  r e q u i r e  s t i m u l a t i o n  t o  increase p r o d u c t i v i t y .  
L i k e l y  candidates a r e  p e r h a p s  Westtnorland or B r a w l e y .  

SCHEDULE 

F i g u r e  3 s h o w s  t h e  s c h e d u l e  p l a n n e d  a t  t h i s  time. Tne 
r e p o r t s  p r e v i o u s l y  r e f e r r e d  t o  a r e  i n d i c a t e d  on the  s c h e d u l e  
by t h e  sma l l  t r i a n g l e s .  The T e c h n o l o g y  Review Task is  shown 
t o  be f i n i s h s d  i n  A p r i l ,  and  t h e  S t i m u l a t i o n  M a t e r i a l s  
E v a l u a t i o n  w i l l  be f i n i s h e d  b y  t h e  f a l l ,  w i t h  most of  t h e  
work  i n  p l a c e  b y  e a r l y  summer. The N u m e r i c a l  S i m u l a t i o n  
work is  e s s e n t i a l l y  60.7~ as f a r  as  f o r m u l a t i n g  t h e  models,  
w i t h  t h e  long t a i l - e n d  shown on t h e  s c h e d u l e  b e i n g  f o r  
a n a l y s i s  work o n  t h e  v a r i o u s  e x p e r i m e n t s .  P l a n n i n g  for  each  
f i e l d  e x p e r i m e n t  is  shown t o  be followed by DOE a p p r o v a l  
i n d i c a t e d  b y  t h e  s m a l l  s q u a r e s .  The s c h e d u l e  fo r  f i e l d  
e x p e r i m e n t s  s p a n s  a p e r i o d  from t h e  e x p e r i m e n t  a t  t h e  b e g i n -  
n i n g  of t h e  l i n e  t o  a s :nzl l  d iamond i n d i c a t i n g  t h e  p o i n t  a t  
w h i c h  e v a l u a t i o n  r e p o r t s  w i l l  be i s s u e d .  The p r o j e c t  

' management  r e p o r t i n g  w i l l  c o n t i n u e  t h r o u g h o u t  t h e  c o n t r a c t .  
The  p r o j e c t  i s  c u r r e n t l y  a t  t h e  p o i n t  a t  w h i c h  t h e r e  i s  a 
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symposium and t h e  F i r s t - Y e a r  Review r e p o r t  i s  s u b a i t t e d .  
T e r m i n a t i o n  o f  t h e  c o n t r a c t  i s  s c h e d u l e d  f o r  March o f  1981, 
a t  wh ich  t i m a  a n o t h c r  synposiurn x i11  be h e l d  a n d ,  h o p e f u l l y ,  
s u c c e s s f u l  expl:riments i n  403-5930 d e g r e e s  F e n v i r o n m e n t s  c a n  
be r e p o r t e d  a t  t h a t  t ime. 
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H i g h  T e n p e r a t u r e  P r o p p a n t s  
and F l u i d s  f o r  

G e o t h e r m a l  Well S t i m u l a t i o n  

u 
- 1 . ABSTRACT : 

A l l  a v a i l a b l e  d a t a  on  p r o p p a n t s  and  f l u i d s  were exam- 
i n e d  t o  d e t e r m i n e  d e f i c i e n t  a r e a s  i n  technology a s  r z q u i r e d  

rw by 300 t o  500 d e g r e e s  F .  (150 degrees  t o  265 degrees  C.) 
g e o t h e r m a l  wells. Whi le  f l u i d  p r o p e r t i e s  h a v e  b e e n  examined  
well i n t o  t h e  450 degree F. r a n g e ,  p r o p p a n t s  h a v e  n o t  been 
t e s t e d  a t  e leva ted  t e m p e r a t u r e s  e x c e p t  i n  a few i n s t a n c e s .  
T h i s  p a p e r  p r e s e n t s  t h e  l a t e s t  p r o p p a n t  t e s t  d a t a  a t  geoth-  
ermal t e m p e r a t u r e s .  I t  a l s o  shows some p h y s i c a l  p r o p e r t i e s  

w of p o s s i b l e  f l u i d  s y s t e m s  and d i s c u s s e s  v a r i o u s  t e c h n i q u e s  
t h a t  c a n  b'e w o r t h w t i i l e  i n  g e o t h e r m a l  wel ls .  
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2.  INTRODUCTION 
1 

The  Seothermal Well S t i m u l a t i o n  Management P rogram 
b e g a n  e a r l y  i n  1979. I t s  i n t e n t  was t o  g a t h e r  a v a i l a b l e  
d a t a  from t h e  service c o m p a n i e s ,  o i l  c o m p a n i e s  and research 
c e n t e r s  o n  wha t  were t h e  b e s t  t e c h n i q u e s ,  m a t e r i a l s ,  and  
i d e a s  i n  t h e  o i l  a n 5  g a s  i n d u s t r y  t o  s t i m u l a t e  p r o d u c i n g  
wells. D u r i n a  A p r i l  of 1973, a l l  s e rv i ce  c o m p a n i e s  were 
v i s i t e d  and i n t e r v i e w e d  t o  t h a t  t h e y  could  be b r i e f e d  o n  o u r  
program and on s p e c i a l  p roblems o f  h i g h e r  temperature  wells.  

The major o b j e c t i v e  is t o  p r o d u c e  w o r k a b l e ,  e c o n o m i c  
t e c h n i q u e s  of s t i m u l a t i o n  fo r  h o t  water  g e o t h e r m a l  wells. 
G e o t h e r m a l  e n e r g y  h a s  a g r e a t  p o t e n t i a l  f o r  tomorrow's 
e n e r g y  s u p p l y ;  h o w e v e r ,  many h i g h l y  p r o d u c t i v e  g e o t h e r m a l  
h o t  water wel ls  t e n d  t o  damage themselves  b y  v i r t u e  of t h e i r  
h i g h  p r o d u c t i v i t y .  The  h o t  water  c a n  c a r r y  d i s s o l v e d  s o l i d s  
w h i c h  a r e  e a s i l y  p r e c i p i t a t e d  o r  p l a t e d  o u t  b y  a s l i g h t  
c h a n g e  i n  t e m p e r a t u r e  o r  p r e s s u r e .  The water a l s o  c o n t a i n s  
caroon a i o x i u e  w n i c n  can I L ~ S ~  wnen brit: pr-ausur e IS I t w u u c u .  
B o t h  c a r b o n  d i o x i d e  and w a t e r  c a n  c h a n g e  p h a s e s  i n  these 
wells.  If a n y  p h a s e  c h a n g e  or p r e c i p i t a t i o n  occurs i n  t h e  
f o r m a t i o n ,  t h e n  damage i s  p o s s i b l e .  W i t h  h i g h  drawdown 
r a t e s ,  i t  is  l i k e l y  t h a t  o n e  of these  m e c h a n i s m s  c a n  be 
t r i g g e r e d  When t h e  f o r m a t i o n  becomes damaged ,  t h e  p r o d u c -  
i n g  z o n e  is e v e n t u a l l y  p l u g g e d  and becomes n o n - p r o d u c i n g .  
The  damage z o n e  may b e  o n l y  a few f e e t  a r o u n d  t h e  wel lbore 
or i t  may e x t e n d  up  t o  100 f e e t  away from t h e  wellbore.  So, 
o n e  o b j e c t i v e  i s  m e r e l y  t o  remove n e a r  wellbore damage t o  
res tore  e a r l i e r  p r o d u c t i o n .  An e f f ec t ive  way t o  do  t h i s  i s  
t o  h y d r a u l i c a l l y  f r a c t u r e  t h e  damaged z o n e .  A v e r t i c a l  
' f r a c t u r e  c a n  e a s i l y  b r e a k  t h r o u g h  t h e  wellbore s k i n  and  dan- 
aged a rea .  W i t h  l a r g e r  f r a c t u r e  jobs i t  is p o s s i b l e  t o  
c h a n g e  t h e  flow p a t t e r n  t o  a more l i n e a r  o n e  ( v e r s u s  r a d i a l  
flow i n  a n o n - f r a c t u r e d  wel l ) .  If  t h e  pressure g r a d i e n t  is 
decreased b y  t h e  f r a c t u r e ,  t h e n  t h e  t e n d e n c y  f o r  t h e  wel l  t o  
r e d a m a g e  i t s e l f  is a l s o  d e c r e a s e d .  An i n c r e a s e  i n  s t i m u -  
l a t e d  p r o d u c t i o n  o v e r  i n i t i a l  p r o d u c t i o n  is n o t  a l w a y s  
r e q u i r e d  a l t h o u g h  sometimes t h a t  is  t h e  o b j e c t  o f  t h e  t r e a t -  
men t  f o r  r e se rvo i r  s t i m u l a t i o n  where t i g h t  z o n e s  c a n  be 
i n t e r c o n n e c t e d  t o  more permeable or  h o t t e r  z o n e s .  

I n  o u r  e x p e r i e n c e  t o  d a t e ,  we f i n d  t h a t  p r e s e n t  geoth- 
ermal wells p r e s e n t  a h o s t i l e  t e m p e r a t u r e  e n v i r o n m e n t  up t o  
well a b o v e  500 degrees F. (265 degrees C.1 b u t  o n l y  a 
semi-hos t i le  stress e n v i r o n m e n t  w i t h  f r a c t u r e  g r a d i e n t s  u p  
t o  0.8 and  c l o s u r e  stresses well below 6000 p s i .  With these  
c o n d i t i o n s  i n  mind l e t  u s  look  a t  t h e  p r o p p a n t s ,  f l u i d s  and  
t e c h n i q u e s  t h a t  we h a v e  a v a i l a b l e  t o  s t i i nu la t e  t h e  h o t  water 
geot  herinal wells 

C 



- 3 .  PROPPANTS U 

Sand 

While s a n d  is  g e n e r a l l y  u s e d  a s  a p r o p p a n t  t o d a y  and i t  
h a s  b e e n  t h e  most w i d e l y  u s e d  i n  t h e  p a s t ,  i t  may n o t  b e  

0 s t r o n g  enough  t o  w i t h s t a n d  t h e  h o t  water i n  geothermal  we l l s  
a t  e l e v a t e d  t e m p e r a t u r e s .  On ly  r e s i n  c o a t e d  s a n d  ( 1 1 ,  s i n -  
t e r ed  b a u x i t e  (21, and r e s i n  c o z t e d  b a u x i t e  were found  t o  be 
t e m p e r a t u r e  i n s e n s i t i v e .  

Sand is  d e f i n i t e l y  a f f e c t e d  by t e m p e r a t u r e ,  p a r t i c u -  
Y l a r l y  when t e s t e d  i n  h o t  w a t e r  a t  v a r i o u s  c l o s u r e  s t resses .  

F i g .  1 shows  t h e  e f f e c t  of  t e m p e r a t u r e  on common f r a c  s a n d  
(20/40 mesh) .  T h e s e  r e s u l t s  a r e  s h o r t  term r e s u l t s  and o n l y  
s u g g e s g  t h e  s e v e r i t y  of  l o n g  term f i e l d  r e su l t s .  T h c r e  a r e  
O t t a w a ,  Rrady  and Colorado s a n d s  p r e s e n t e d  i n  their  o r d e r  of 
s t r e n g t h  froin h i g h  s t r e n g t h  t o  low s t r e n g t h ,  r e s p e c t i v e l y .  
F i d .  2 shows how these  t h r e e  s a n d s  r e t a i n  t h e i r  p a r m e a b i l i t y  
u n d e r  v a r y i n g  c losure s t r e s s .  A l i m i t e d  s u p p l y  of  O t t a w a  
h a s  c a u s e d  w i d e s p r e a d  u s e  of B r a d y  and C o l o r a d o  s a n d s .  

There a re  severa l  rnechanisms t h a t  c a n  d e s t r o y  s a n d  
g r a i n s  i n  t h e  f r a c t u r e .  F i r s t ,  t h e  s a n d  is b r i t t l e  and  

w p o i n t - t o - p o i n t  l o a d i n g  o c c u r s  d i i c h  c a u s e s  b r i t t l e  f a i l u r e .  
S e c o n d ,  sand  is f u l l  o f  microf rac tures  and f a u l t s  w h i c h  
weaken t h e  s a n d ,  F i n a l l y ,  w h m  s a n d  is s t r e s s e d  i n  a corro- 
s ive  medium l i k e  h o t  w a t e r ,  s t ress  c o r r o s i o n  c r a c k i n g  ( 3 )  
a p p e a r s  t o  d e s t r o y  t h e  s a n d  a t  low c l o s u r e  s t resses .  High 
t e m p e r a t u r e s  and h i g h  s t r e s ses  c o m b i n e  t o  b r i n g  o u t  t h e  

v worst i n  s a n d  and e m p h a s i z g  t h e  i n a d e q u a c i e s  o f  s a n d  a s  a 
p r o p p a n t  u n d e r  h i g h  t e m p e r a t u r e  c o n d i t i o n s .  

Resin C o a t e d  Sand ( S u p e r  S a n d )  and Resin Coated Baux- 
i t e  ( S u p e r  B a u x i t e )  

v T h e  s t r o n g e s t  p r o p p a n t  t e s t ed  t o  d a t e  i s  t h e  R e s i n  
coated b a u x i t e  (4). It' shows no t e m p e r a t u r e  s e n s i t i v i t y  o r  
p e r m e a b i l i t y  d e c r e a s e  u n d e r  l o a d .  * A l s o ,  t h e  r e s i n  c o a t e d  
s a n d  is n o t  t e m p e r a t u r e  o r  l o a d  s e n s i t i v e  but, does h a v e  a 
s l i g h t l y  l e s s  p e r m e a b i l i t y  a t  a n y  c l o s u r e  s t ress  d u e  t o  a 
s l i g h t l y  d i f f e r e n t  d i s t r i b u t i o n  of  p a r t i c l e  s i z e s .  F i g .  3 
shows t h e  p e r m e a b i l i t y  o f  S u p e r  B a u x i t e  and S u p e r  Sand 11 
u n d e r  v a r y i n g  c l o s u r e  s t ress  t o  10 ,000  p s i  a t  350 degrees  F. 
No t e m p e r a t u r e  d i f f e r e n c e s  o r  s e n s i t i v i t i e s  were found  so 
t es t s  a t  a l l  t e m p e r a t u r e s  g a v e  a b o u t  t h e  saine r e s u l t s  shown 
i n  F i g .  3 w i t h i n  e x p e r i m e n t a l  s c a t t e r .  

u 

Y S i n t e r e d  B a u x i t e  

S h o r t l y  a f t e r  t h e  r e s in  coated s a n d  was p a t e n t e d  ( 9 )  
s i n t e r e d  b a u x i t e  ( 2 )  came i n t o  b e i n g .  A l t h o u g h  s l i g h t l y  
c r u s h a b l e ,  t h e  s in t e red  B a u x i t e  i s  much s t r o n g e r  t h a n  s a n d  
and e f f e c t i v e l y  i n e r t  i n  h o t  b r i n e s .  F i g .  3 a l s o  shows  how 

$d 

f 
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B a u x i t e  p e r m e a b i l i t y  b e h a v e s  u n d e r  i n c r e a s i n g  c l o s u r e  
stress. I t  exceeds r e s i n  coated s a n d  a t  lower c l o s u r e  
s tress b u t  d r o p s  below r e s i n  c o a t e d  s a n d  a t  10,000 p s i .  I t  
does n o t  a p p e a r  to  be  t e a p e r a t u r e  s e n s i t i v e  b u t  t h e  d a t a  
s c a t t e r  a p p e a r s  t o  b e  g r e a t e r  t h a n  t h e  r e s i n  c o a t e d  mater i -  
a l s  b e c a u s e  o f  v a r i a t i o n s  i n  p a c k i n g  d e n s i t y  and d u e  t o  
s l i g h t  c r u s h i n g  of s O m e  p a r t i c l e s .  

G l a s s  Beads 

Dur ing  t h e  1 9 5 0 ' s ,  g l a s s  b e a d s  became p o p u l a r ,  and  
besides  l o o k i n g  g o o d ,  t h e  t e s t s  i n  a i r  a t  room t e m p e r a t u r e  
showed them t o  be v e r y  s t r o n g .  However, f i e l d  d a t a  i n d i -  
ca t ed  t h a t  a well t r e a t e d  w i t h  t hese  e x p e n s i v e  b e a d s  w3s 
l i k e l y  t o  p e r f o r m  about  t h e  saint a s  w i t h  t h e  p r o p p a n t ,  s a n d .  
D u r i n s  t h e  1 9 7 0 t s ,  tes ts  c o n d u c t e d  i n  warm b r i n e  showed t h a t  
g l a s s  b e a d s  f a i l e d  c a t a s t r o p h i c a l l y .  T h e  m a i n  r e a s o n s  f o r  
f a i l u r e  werz s i m i l a r  t o  sand: b r i t t l e  m a t e r i a l  ( p o i n t - t o -  
p o i n t  l o a d i n g )  and stress c o r r o s i o n  c r a c k i n g .  B e c a u s e  of 
t h e  u n i f o r m i t y  o f  p a r t i c l e  s i z e  and s h a p e ,  g l a s s  b e a d s  usu-  
a l l y  f a i l  a l l  a t  o n c e .  F i g .  4 shows t h e  extreme l o s s  of  
p e r m e a b i l i t y  u n d e r  l o a d  and t h e  adverse t e m p e r a t u r e  e f f e c t s  
w h i c h  makes g l a s s  beads  u n u s a b l e  i n  a n y  g e o t h e r m a l  e n v i r o n -  

- 4 ,  FLUIDS 

Many f l u i d s  andJ " l u i d  s y s t e m s  have  been tes ted  fo r  t h e  
g e o t h e r m a l  wells.  Wate r  s o l u b l e  p o l y m e r s  a r e  t h e  ma in  
v i s c o s i f i e r s  f o r  a p p l i c a t i o n  i n  g e o t h e r m a l  we l l s .  Above 259 I 

degrees F. ( 1 2 0  d e g r e e s  C.) almost a l l  po1y:ner systems show 
d e c l i n e  i n  v i s c o s i t y  a s  shown for  h y d r o x y p r o p y l  guar  i n  F i g .  
5. There are many t e c h n i q u e s  t h a t  c a n  be  u s e d  t o  d e l a y  t h i s  
d e c l i n e  or  d e g r a d a t i o n  i n  p r o p e r t i e s .  One s u c h  t e c h n i q u e  is 
t h e  a d d i t i o n  of  5% of m e t h a n o l  t o  t h e  poly!ner water' s o l u -  
t i o n s ,  T h i s  h a s  a s t a b i l i z i n g  e f f e c t  o n  t h e  f l u i d .  O t h e r  
p r o p r i e t a r y  p r o d u c t s  a r e  a v a i l a b l e  w h i c h  a r e  a d d e d  a s  h i g h  
t e m p e r a t u r e  s t a b i l i z e r s  . 

P o l y m e r  d e g r a d a t i o n  i s  a l s o  s p e e d e d  by  d i s s o l v e d  o x y g e n  
i n  h o t  water.  T h i s  e f f e c t  is  m i n i m i z e d  b y  a d d i n g  an  o x y g e n  
s c a v e n g e r  t o  t h e  w a t e r .  The t y p e  and amount  o f  p o l y m e r  I 
d e t e r m i n e s  t h e  s p e e d .  and extent  of  d e g r a d a t i o n .  

P r e v i o u s l y ,  p o l y m e r s  u s e d  i n  f r a c t u r i n g  were of t h e s e  
b a s i c  t y p e s :  p o l y s a c c h a r i d e s ,  m o d i f i e d  c e l l u l o s c s  and 
p o l y a c r y l a m i d e s .  R e p r e s e n t a t i v e  generic  names  for  these  a r e  
guar  gum, hydroxyethyl  c e l l u l o s e ,  and  n o n i o n i c  p o l y a c r y l a m -  
i d e .  T h e s e  p a r t i c u l a r  po ly!ners  were c h o s e n  b e c a u s e  of t h e i r  
a b i l i t y  t o  v i s c o s i f y  water ,  f r i c t i o n  r e d u c t i o n  e f f e c t s ,  

An i d e a l  f r a c  f l u i d  ( 6 )  would h a v e  t h e  p r o p e r t i e s  of 
h i g h  v i s c o s i t y  f o r  s a n d  c a r r y i n g ,  low pumping f r i c t i o n ,  w i d e  

~ c o s t ,  ease of h a n d l i n g  and t o l e r a n c e  t o  b r i n e .  



chemical c o m p a t i b i l i t y ,  and low c o s t .  I n  t h e  c a s e  of g e o t h -  
ermal h o t  w a t e r  wel l s ,  a n  i d e a l  f r a c  f l u i d  would r e t a i n  i t s  
a e s i r a b l e  p r o p e r t i e s  a t  t h e  h i g h  t e m p e r a t u r e  u n t i l  it h a s  
d o n e  i ts  j o b  of  p l a c i n g  t h e  y r o p p a n t  i n  t h e  f r a c t u r e .  

T y p i c a l  h i g h  t e m p e r a t u r e  f l u i d s  a r e  shown i n  F i g s .  6 
t h r o u g h  9 .  Each f l u i d ' s  v i s c o s i t y  is p l o t t e d  versus tem- 
p e r a t u r e  t o  show how t h e  h i g h  t e m p e r a t u r e  d e g r a d e s  t h e  
f l u i d s .  Each s e t  o f  d a t a  has b e e n  tes ted  b y  d i f f e r e n t  com- 
p a n i e s  u s i n g  d i f f e r e n t  c o n d i t i o n s  and s h o u l d  n o t  b e  compared  
d i r e c t l y  

5.  STIMULATION TECHNIQUES 

A s t i m u l a t i o n  t e c h n i q u e  r e q u i r e s  4 d i f f e r e n t  t e c h n o l o -  
g i e s  t o  i n t e r a c t  t o  p r o v i d e  t h e  c o m p l e t e d  r e s u l t .  T h e s e  
a r e :  

* F l u i d s  

* P r o p p a n t s  

* E q u i p m e n t  

* E n g i n e e r e d  T e c h n i q u e  
* 

While  t h e r e  a r e  many good f l u i d  systems and p r o p p a n t s ,  
o n l y  j u d i c i o u s  C o m b i n a t i o n s  and 8 well t h o u g h t  o u t  s c h e d u l e  
w h i c h  uses a l l  o f  t h e s e  m a t e r i a l s  and a v a i l a b l e  e q u i p m e n t  t o  
bes t  a d v a n t a g e  i s  a n  opt imum s t i m u l a t i o n  t e c h n i q u e .  

Many t y p e s  of h y d r a u l i c  f r a c t u r i n g  h a v e  b e e n  p r o p o s e d  
and  c o n s i d e r e d  f o r  g e o t h e r m a l  wel l  s t i m u l a t i o n .  I n  Table I 
some of t hese  t e c h n i q u e s  a r e  shown and d i s c u s s e d  a s  t o  
a d v a n t a g e s  and d i s a d v a n t a g e s .  I n  g e n e r a l ,  t h e  c a t e g o r i e s  of  
h y d r a u l i c  f r a c t u r e  can b e  considered " P l a n a r  F r a c t u r i n S * '  or  
" D e n d r i t i c  F r a c t u r i n g . "  

P 1  m a r  F r  a c t u r  i n g  

A l l  c o n v e n t i o n a l  f r a c t u r i n g  ( 7 )  is a n  a t t e m p t  t o  make a 
p l a n a r ,  v e r t i c a l  f r a c t u r e  i n  t h e  p r o d u c i n g  f o r m a t i o n .  T h i s  
o c c u r s  when t h e  p r e s s u r e  and f l u i d  flow i s  s u f f i c i e n t  t o  
b reak  t h e  f o r m a t i o n  i n  i t s  p l a n e  of w e a k n e s s .  After t h e  
p l a n a r  f r a c t u r e  is c r e a t e d ,  a p r o p p a n t  is c a r r i e d  i n t o  t h e  
f r a c t u r e  t o  k e e p  it o p e n  and c o n d u c t i v e  fo r  s u b s e q u e n t  p ro -  
d u c t  ion * 

In g e o t h e r m a l  wells,  l a r g e  t u b u l a r  goods a r e  a v a i l a b l e  
and  t h e  p r o d u c i n g  f o r m a t i o n s  a r e  a t  r e a s o n a b l y  s h a l l o w  
d e p t h s  so t h a t  h i g h  f low r a t e s  c a n  be used t o  c r e a t e  t h e  
p l a n a r  f r a c t u r e s .  Along w i t h  e f f i c i e n t  f r a c t u r e  c r e a t i o n ,  
c o n v e c t i v e  c o o l i n g  can  be a c h i e v e d  t o  k e e p  t h e  w o r k i n g  f l u i d  
much cooler  t h a n  t h e  a m b i e n t  f o r m a t i o n  t e m p e r a t u r e .  I n  t h e  
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cd 
s p a c e  of 4 h o u r s  cooldown b y  c o n v e c t i o n  c a n  reach s e v e r a l  
h u n d r e d  fee t  from t h e  w e l l b o r c  w i t h  v o l u m e s  u p  t o  25,000 
b b l s  o f  f l u i d  i n j e c t e d .  R e h e a t i n g  of t h e  f r a c t u r e  a rea  is 
m a i n l y  b y  c o n d u c t i o n  so t h e  time fo r  c o m p l e t e  r e h e a t i n g  is 
m e a s u r e d  i n  d a y s .  F l u i d  s y s t e m s  t h a t  c o m p l i m e n t  t h e  h i g h  
flow r a t e  f racs  w i l l  be  c h o s e n  fo r  e a c h  p a r t i c u l a r  a p p l i c a -  
t i o n .  Each f o r m a t i o n ' s  p e r m e a b i l i t y ,  p o r o s i t y  and t e m p e r a -  
t u r e  a l s o  a f f e c t s  t h e  s e l e c t i o n  o f  t h e  f l u i d  s y s t e m ' s  p h y s i -  
c a l  p r o p e r t i e s  s u c h  a s  i t s  v i s c o s i t y .  The  complex  c h e m i s t r y  
c a u s e d  b y  t h e  h i g h  t e m p e r a t u r e  w a t e r  w i l l  r e q u i r e  c o m p l e t e  
c h e m i c a l  c o m p a t a b i l i t y  t e s t i n g .  

D e n d r i t i c  F r a c t u r i n g  

Branched  f r a c t u r e s  c a n  be c a u s e d  b y  s e v e r a l  t e c h n i q u e s .  
The ma in  p r o p o n e n t  of d e i l d r i t i c  f r a c t u r i n g  h a s  b e e n  Xiel 
( 3 ) .  An est imate  of over 750 Kiel  F r a c s  h a v e  b e e n  r u n  t o  
d a t e .  D e n d r i t i c  f r a c t u r e s  a r e  c a u s e d  by p u l s i n g  t h 3  forina- 
t i o n  s l o w l y  w h i c h  c a u s e s  f o r m a t i o n  s p a l l i n g  and d i v e r s i o n  o f  
t h e  f r a c t u r e  w i n g s  b y  d o w n h o l e  s t r e s s  m o d i f i c a t i o n .  Methods 
t o  p r e d i c t  t h e  e x t e n t  and d i r e c t i o n  o f  t h e  f r a c t u r e s  a r e  
s t i l l  b e i n g  worked upon;  however,  t h e  b e s t  results h a v e  Seen 
r e p o r t e d  i n  n a t u r a l l y  f r ac tu red  f o r m a t i o n s  where m a j o r  and 
m i n o r  f r a c t u r e  s y s t e m s  a l r e a d y  e x i s t  b u t  may n o t  h a v e  flow 
c a p a b i i t y .  U s u a l l y  5 or  more s t a g e s  o f  f l u i d s  a r e  u s e d  w i t h  
each s t a g e  u t i l i z i n g  a low v i s c o s i t y  f l u i d ,  s a n d  s l u g s ,  and  
s e v e r a l  flow b a c k  p e r i o d s .  High  f low r a t e s  and  h i g h  f r i c -  
t i o n  r e d u c t i o n  a r e  used  t o  a d v a n t a g e  on t h e s e  t r e a t m ? n t s .  

O t h e r  t y p e s  o f  d e n d r i t i c  f r a c t u r i n g  have b e e n  employed  
by LASL and o t h e r  s e rv i ce  c o m p a n i e s  where  a p u l s e d  f r a c  
t e c h n i q u e  i s  used. A l s o ,  low or h i g h  d e n s i t y  p a r t i c l e s  h a v e  
b e e n  used t o  l i m i t  f r a c t u r e  g r o w t h  i n  o n e  or  more d i r e c t i o n  
a n d  cause t h e  f r a c t u r e  t o  grow i n  a p r e f e r e n t i a l  d i r e c t i o n .  

6, - 
An engineered c o m b i n a t i o n  of a f l u i d  s y s t e m ,  i! h i g h l y  

c o n d u c t i v e  p r o p p a n t ,  and  r e l i a b l e  e q u i p n e n t  i s  r e q u i r e d  t o  
e f f e c t i v e l y  s t i m u l a t e  h o t  water g e o t h e r m a l  we l l s .  Gen- 
e r a l l y ,  h i g h  flow r a t e s  and  h e a t  b l o c k a g e  w i l l  be u s e d  t o  
a d v a n t a g e  w i t h  e i t h e r  c o n v e n t i o n a l / p l a n a r  f r a c t u r i n g  or w i t h  
a d e n d r i t i c  f r a c t u r i n g  t e c h n i q u e .  

Many o f  t o d a y ' s  f l u i d  s y s t e l n s  h a v e  b e e n  t e s t ed  t o  a b o v e  
0 d e g r e e s  F.  Some f l u i d s  have  s u r v i v e d  q u i t e  well .  

Curren t  test on p r o p p a n t s  have shown t e m p e r a t u r e  s e n s i t i v i -  
t i e s  i n  s a n d  and g l a s s  b 'eads ;  h o w e v e r ,  t h e r e  a r e . r e s i n  
coated m a t e r i a l s  and s i n t e r e d  b a u x i t e  w h i c h  a r e  n o t  t e inpe ra -  
t u r e  s e n s i t i v e .  Much more work is  r e q u i r e d  i n  t h e  s p e c i f i c  
a p p l i c a t i o n  of f l u i d  s y s t e m s  and p r o p p a n t s  t o  t h e  a c t u a l  
g e o t h e r m a l  wel l s  s i n c e  t h e  t e m p e r a t u r e ,  water c h e m i s t r y  a n d  
formation p r o p e r t i e s  v a r y  g r e a t l y .  
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F t g . 1  T e m p e r a t u r e  E f f e c t s  on 2 0 / 4 0  Brady Texas Sand 
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F i g ,  2 Loss o f  Permeability wi th  Increasing Closure Stress 
and Temperature for Three Frac Sands. 
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Fig .  3 Permeability versus Closure Stress Temperature Insensit ive 
P roppan tt . 
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Permeabi 1 I t y  o f  Glass Beads Versus Closure 
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F i g *  POLYMER A V I S C O S I T Y  VERSUS 

TEMPERATURE WITH AND WITHOUT METHANOL 
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F I G U R E  7 V I S C O S I T Y  vs. TEMPERATURE FOR POLYMER B 
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FIGURE 8 V I S C O S I T Y  vs. TEMPERATURE FOR POLYMER C 
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A riurnerical solution is developed for the deposition of a propping agent inside a hydraulic 
fractitre. Such parameters as fluid leak-of into the formation, increase in sand concentration 
caused by leak-08: non-Newtonian fiacturing fluids, hindered settling velotity, and an 
up-io-cluru geometry ure tuken into consideration. Three examples investigate the proppant 
deposition for bw-, medium-, and high-viscosity fracturing fluids. 

u Published by permission of 
v SPE of AIME 

W 
Numerical Solution of Sand Transport in 
Hydraulic Fracturing 
A. A. Dancshy, SIT-AIME. HdlihurtoiiServices 

Introduction 
Most hvdraul ic fracturing treatments are performed with 
a SIUKY coinpscd of a fracturing fluid mixed with a 
propping agent. The propping agent usually consists of 
sand particles varying in size from 4 to 60 mesh. High- 
strength glass heads of the same sizes also are used 
occasionally. The dominant use of sand as a propping 
agent hiis resulted in frequent substitution of the term 
"sand" for propping agent. The two terms will be used 
intcrchmgeably in this paper. 

The reason for using a propping agent is simple. At the 
end of a fracturing treatment, the hydraulic fracture has to 
he kept open so that thc reservoir fluid can flow through 
it. A propping agent serves this purpose and has to meet 
certain requircments. A proppant must be introduced in 
sufficient amount.., and individual particles should be 
strong enough so that they will not he crushed by the 
action of the in-silu stresses. Funhermore. the sand bed 
should he conductive enough to transmit the reservoir 
fluid flowing into it. 

Although particle transport is well established in chem- 
ical engineering, most research has been conducted on 
flow through cylindrical pipes. The available research for 
pilniclc transport kmugh parallel plates is scarce. One of 
the f i s t  investigations of proppant transport. in hydraulic 
fmctures was conducted by Kern et uf., I who considered 
M huildup for vertical fractures. After several studies 
of proppant movement in horizontal fractures?' bed 
buildup in vertical fractures was treated by Babcock 
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et In their comprehensive study, these authors con- 
ducted a theoretical and experimental investigation of 
the proppant movement and deposition between two 
parallel plates with limited vertical extent. Schols and 
VisseP investigated the mechanics of bed buildup and 
related it to particle size. Van Domselaar and Visser' 
considered proppant concenbation in a fracture created 
by a viscous gel in which there is no particle settlement. 

An attempt is made to consider proppant settlement in 
hydraulic fractures with conditions similar to those en- 
countered in the field. Allowing for a change in either the 
proppant type or concentration during treatment, this 
study includes ( I )  the influence of fluid leak-off on frac- 
ture geometry and the concentration of the proppant in it. 
and (2) consideration of pseudoplastic as well as New- 
tonian fluids. The results were obtained by numerical 
computations camed out with a computer. 

Proppant Deposition in Hydraulic Fractures 
The detemiination of a proppant schedule usually in- 
volves the fracture geometry. 

SupposeL denotes the length. @,,the wellbore width, 
and h the height of an induced vertical hydraulic fracture. 
Assuming that q, the fluid injection rate, stays constant 
during treatment, that the treatment fluid does not 
change, and that h is constant, then the variations of L and 
w,,, with treatment time, r,  can be expressed as* 

.......................... L = A I  Pi, (1) 

w , ~ , ~  = AP rm2,  .......................... (2) 
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where A, ,  A,, m l ,  and m, are constants whose values 
depend on the treatment parameters. ( A ,  is usually a 
number in tens, while A,. m1, and m2 are in tenths.) The 
rime ( f )  is related to the injected volume (V) and rate (4) 
by 

v = qr. . . . . . . . . . . . . . . . . . . . . . . . . * . . . . (3) 
Generally, the first fluid pumped inside the frxture does 
not contain any propping agent. This fluid is called 
“pad” and its volume is called “pad volume.” The pad 
volume serves several purposes in fracturing. Two of 
these purposes are particularly important in sand trans- 
port, When the first proppant particles enter the fracture, 
the fracture width must he wider than the particle diame- 
ter. To avoid any particle bridging, a frxture width must 
be at least two or three times larger than the particle 
diameter. This gives a lower limit for the pad volume 
whose value can be computcd f n m  Fqs. 2 and 3 PS I h 2 ,  
giving 

vp > q ( 9Ymax) “mZ * . . e . . . . . . .  * . . . . . ... (4) 
A2 

where V,, denotes the pad volume and CY normally has 
a value of 2 or 3. The pad volume sometimes serves 
another purpose, too. As the proppant moves along the 
fracture length, it$ concentration continually increases 
because of fluid loss into the formation. If the fracturing 
fluid is viscous enough, the proppant may approach the 
fracture tip and still be suspended in the fluid. In such 
instances, the proppant becomes immobile inside the 
fracture because either (1) fluid loss is so high that the 
slurry is essentially a packed sand column, or (2) the local 
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Fig. 1-Free-sand settling vebcq vs sand diameter for three 
diff erent viscosnies of fluid. 
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fracture width is so small that the sand is trapped in the 
fracture and thc fluid moves through. leaving the sand 
behind. Both instances result in unusually hipli. undesir- 
able treatment prcssurcs. This prohlcni is ovcrcoine by 
increasing the pad volume, which keeps the proppant 
away from the fracture tip. 

A propping agent usually is intrtnluccd i n  wal l  con- 
centration and site. As treatriicnt progresses, the sand 
concentration increases and also may consist of coarser 
particles. The proppant motion inside the fracture oc- 
curs horizontally. causcd by fluid flow. and vertically 
(downward), causcd by gravity. The horizontdl velocity 
of the proppant is observed experimentally t o  equal the 
average fluid velocity; that is, thc sand nioves in the 
same column of tluid. The vertical sand velocity (usually 
refemed to as “settling velocity”) is governtd by fluid 
properties as well as pnrticlc si7.e and specific griivity 
(Appendix A). 

As the prc~ppant/t’riic.turin~-fluicl slurry niovcs in ~hc .  
fracture, sand concentration inLrcases because of fluid 
loss into the formation. Incrciacul siind conrcntriition 
hinders sand settlement and. thercforc. iillows thc sand 
to move farther into the fracture bcfore k ing  deposited 
at the fracture bottom. The nlathenuticiil expression for 
hindered settling velocity is presented in Arpendix B. 
The increase in sand concentraton caused by leak-oft‘ 
is uniform along the ftacture length. Initially. because 
of small leak-off rates at the wellbore. the sand: 
concentration change is slow. As the sand moves closer 
to the fracture tip. the rate of concentration buildup in- 
creases. Near the fracture tip, the sand concentraton 
builds up rapidly and soon reaches critical values because 
of high leak-off rates. 

Fig. 1 shows the free-morion settling velocities of 
various industrial proppants in fcicluring fluids of differ- 
cnt viscosities. For ease of conipiwison. the fracturing 
fluids are assumed to he Newtonian. There is a greal 
difference among the settling velocities of  the commnnly 
uscd industrial propping agents. For Cxiiiilple. in a f r w  
wring fluid with 100-cp viscosity. 8- 12 nicsh sand has ;I 
settling velocity of about 0.145 fdsec. This size sand 
takes about 1 1 3  minutes t o  drop from the top t o  thr  
hottom of a 100-ft fracture. In the same fluid, 40-60 mesh 
sand has a settling velocity of about 0.004 fdsec. This 
size of sand takes about 417 minutes to drop IO ft. In 
other words, the 8- I:! mesh sand settles approxinratcly 36 
times faster than the 40-60 mesh sand. Ifa 1OO.ft fracture 
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Fig. 2-Ratio of hindered vs free settling velocities for various 
sand concentrations. 
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velocity. As fluid velocity increases with continued bed 
deposition. the velocity value becomes large enough to 
move the sand without depositing it. This velocity cor- 
responds to a bed height designated the “equilibrium bed 
height,” hPq. The mathematics are presented in Appen- 
dix C. Once the bed height reaches Sa. its growth tends 
to create a rectangular sand bed (Fig. 3c). The sand bed 
grows in this manner until angle e (Fig. 3c) reaches the 
angle of repose (approximately 30”). Then the bed again 
begins to grow in length so that angle 8 remains essen- 
tially constant. 

Several points should be noted here. First, because 
most fracturing treatments usually begin with a finer sand 
and change to a coarser size during treatment, the sand 
bed seldom has a simple shape. Second, a viscosity low 
enough to deposit the sand in a bed is assumed. There are 
many cases where the frxturing-fluid viscosity is so high 
that i t  carries the sand in perfect transport. Therefore, the 
discussion of sand transport will be different. Third, the 
treatrnent time in some fracturing procedures may not be 
long enough to allow the bed deposition to experience all 
the stages. In such cases, three factors should be consid- 
ered: ( I )  the deposited bed at the end of pumping, (2) the 
suspended sand at the end of pumping, and (3) the bed 
shape if all the sand is deposited into a bed, assuming that 
the fracture stays open long enough to allow the sand to 
be deposited after treatment. 

Numerical Solution of Sand Transport 
The numerical solution of sand transport uses a fracture 
gcometry discussed in‘an earlier paper.” The fracture is 
divided into small elements. Treatment time also is di- 
vided into small increments. As the sand travels inside 
the fracture. sand condition is computed for each element 
length. This includes the calculation of the fluid volunie 
loss, the resulting increase in sand concentration. the 
actual sand scttlement velocity, the volunie of deposited 
sand, thc height of the deposited bed (based on the actual 
fncturc width at that clement), and the height of the sand 
in suspension. Integrating these parameters along the 
fracture length yields the sand-transport profiles at that 
timc increment. As the time is increased continuously in 
the computation (until the treatment time is reached). the 
sand-transport profiles for various times during the 
treatment arc obtained. 

Final solution of the numerical computations gives the 
following sand-transport profiles: 

I .  Sand bed deposited at the end of pumping. A 
profile shows the position of the top of the sand bed 
deposited during fluid injection and along the fracture 
length. 

2 .  Sand in suspension at the end of pumping. Some 
of the sand pumped inside the fracture does not have 
enough time to settle into a bed. The position of the top of 
this sand and its concentration along the fracture length 
are variables computed in the solution. 

3. Bed shape after total sand deposition. Another 
profile shows the position of the top of the bed formed 
along the fracture length if all the pumped sand was 
deposited in a bed. 

This information is sufficient for a complete analysis 
of the sand deposition. Sand-transport Profiles I and 3 
give obvious results. Profile 2 shows the bed shape 
and the suspended sand concentration if the fracture 
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is propped with 4060mesh sand and the treatment time is 
2 hours ( 120 minutes), thc maximuin sand settleiiient will 
be about 29 ft. (The actual settlement will be smaller 
because of hindered settling that results from an increase 
in sand concentration.) Thus. the 100-cp fluid carries the 
40-60 iiiesh sand to near perfect transport. However, if 
8- 12 mesh sand is used. most of the sand will settle at the 
bottom of the fracture. While a 100-cp viscosity fluid 
might be transporting the 40-60 mesh sand perfectly, this 
fluid cannot do so for 8- 12 mesh sand. 

Fig. 2 shows the effect of sand concentration on the 
settling velocity. It is a plot of the ratio of hindered 
settling velocity (actual settling velocity) vs the free- 
motion velocity for various sand concentrations. An in- 

, crease in sand concentration greatly affects the settling 
velocity. For example, a 3-lblgal concentratd sand set- 
tles at a rate of less than one-half that of the same sand in 
free eiotioii. 

An iniportunt point should be noted. From thc discus- 
sion, oiic m y  conclude that it is always bctter to usc finer 
sand to increase the propped area of the fracture. This is 
not always true. Coarser sands are more conductive and 
can transmit more fluid to the wellbore. Because the 
propping agent creates a conductive fracture, proppant 
selection should be based on optimizing well 
productivity. 

Assume that all the propping agent used lor a fractur- 
ing treatnient is the same size. As this sand travels along 
the fracture length, a part of the sand settles to the fracture 
bottom and forms a bed. In time, this bed enlarges 
(Fig. 3n), The growth of the bed continues along the 
Ikcture Iciigtli and hcight until the first sand particle 
introduced at the top of the fracture reaches the fracture 
hwoni. Only then doe\ the sand bed increase in height 
(Fig. 31)). 

As the sand bed grows higher. it reduces the fracturc 
;IrL‘iJ open t o  Iluid flow. This results inan increase in fluid 

_. 
PosirioN A L O N G  F R A C T U R E  LENGTH- 

Fig. 3-Growth of the sand bed for uniformly sired particles. 
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closes on the sand immediately. If the fracture stays open 
.long enough for all sand to settle, Profile 3 results. For 
any time between these two situations, the bed shape is 
determined from the information already provided in 
Profile 2. From the concentration and the location of the 
sand in suspension, new profiles can be computed for 
various times with the equations given in Appendixes A 
and B. Significant aspects of the numerical results are 
demonstrated best through example solutions for various 
treatment conditions. 

Low-Vi~OSity FI uids 
The important features of sand transport in low-viscosity 
fluids are the rapid settling velocity of the proppant 
and the ease of building a bed to equilibrium height. 
Fig. 4 depicts a typical example. The treatment condi- 
tions are listed on the right side of the figure. The 
hydraulic fracture is represented by thc rectanglc. The 
base of this rectangle denotes position along fracture 
length, with base length indicating the final fricture 
length created. The height of the rectangle denotes the 
fracture height. 

In this example, the sand bed near the wellbore has 
reached equilibrium height. This bed has a steplike 
shape that results because the 20-40 mesh sand has a 
slower settling velocity than the 10-20 mesh sand and, 
therefore, has traveled farther in the fracture before 
reaching bottom. 

The transport profile has only one curve, which is the 
bed height after total sand deposition. This occurs be- 
cause at the end of fluid pumping, the sand in suspension 
constitutes a small percentage of total sand and settles 
rapidly. Therefore, this sand can be ignored without loss. 
The carrying distance of the sand is about 2.8 X IO2 ft, 

44 l 
and the sand covers about 40 percent of the created 
fracture area. 

Fig. 4 contains B graphical representation of fracture 
geometry changes with time, expressed by Eqs. I and 2. 
Because in most industrial treatments the sizeof afractur- 
ing operation usually is defined by volume rather than 
time, Eqs. 1 and 2 are modified to show L and o as 
functions of volume. This axis is used to read the varia- 
tions of fracture length and maximum fracture width with 
volume. For any given injected volume, one can identity 
the point corresponding to that volume on the axis and 
can read the maximum fracture width from the divisions 
above the axis. (For example, for an injected tolume of 
2.1 X IO' gal, the maximuni fnctwe width is slightly 
larger than 0.15 in.) To determine the corresponding 
fracture length, draw a line norind ro the axis at the point 
under consideration. The intersection of this normal line 
with friicturc length yields the length (2.N x IO' ft for the 
cxamplc). 

A graph (Fig. 4) is a comp,ict but complete way of 
demonstriting the results of it fracture gamctry iIltd 
sand-transport computations. 

Another fracture design is given in Fig. 5 to show the 
significance of the graphical display method. The amount 
of injected sand is small in this design, which results in a 
poor bed. This conclusion call be drawn rapidly by sim- 
ply looking at Fig. 5. Note that the cxainples in Figs.4 
and 5 indicate the sand traveled about the same distance 
in the fracture. 

The transport profiles consist of three curves in Fig. 5 .  
The top curve, marked A, denotes the sand in suspension 
at the end of punrping. The bottom curvc, nuked  x. 
denotes the deposited bed at the cnd of pumping. The 
curve marked * shows the bed shape if all thc sand in 
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suspension was deposited on top of the existing bed. The 
sand in suspension has two pruts. One part is near the 
fracture tipand is mainly 20-40mesh Sand. Theother part 
near the wellbore is 10-29 mesh sand. The concentra- 
tions of these sands are given at the top of the rectangle. 
The numbers on the axis give the sand concentrations. 
The location of the tick inark corresponds to position 
along the fracture length indicated at the bottom of the 
rectangle. The 20-40 mesh sand in suspension is shown to 
have a concentration of 3. I Ib/gal at about 230 ft in the 
fracture, while the 10-20 mesh sand concentration is 2.2 
lb/gdl at a b u t  40 ft in the fracture. Although the concen- 
tration of hoth sand types increases, the 20-40 mesh sand 
lias a hiphcr increasc bccause this sand remains in the 
fracture longer. 

Fig. 5 also shows the differences in the settling veloc- 
itics of various sand s i l e .  After traveling about 80 ft  
in the fracture, the 10-20 mesh sand reaches the fracture 
hottom. ' h e  20-40 mesh sand travels about 275 ft in the 
fracture arid is still in suspension. This explains the ir- 
rcpular sliapc ofthe deposited bed. 

Med ium-Viscosi ty Fluids 
Fluid viscosities ranging to about 200 cp fall in this 
category. The important characteristic of proppant trans- 
port for such fluids is the irregularity of resulting sand 
bcds. While medium-viscosity fluids can carry finer 
pi1rticlcs for Iiirgc disraticcs. coilrscr sizes settle to 
the botrorn much faster, yielding beds such as those in 
Fig. 6. la this example. the fracturing fluid is assumed to 
he Newtonian with 50-cp viscosity. The 20-40 mesh sand 
pumped at the beginning of sand injection is still in 
suspension inside the fracture, and its concentration has 
increllsed l'nm 1.0 to 3.1 lb/gal and from 2.0 to 3.7 

L'IAIIPLE SDLlCION 
FRACTURING Fl.Ul0 VISCOSITY 10 fps OIL 

Iblgal, respectively. The 10-20 mesh sand pumped at 2.0 
Ib/gdl has settled completely in the fricture near the 
wellbore. The 10-20 mesh sand pumped at 3.0 lblgal has 
settled partially. The shape of the deposited bed near the 
wellbore shows the smallercarrying distance of the 10-20 
mesh sand at 2.0 lblgal (compared with 3.0 Iblgal). This 
shape is caused by the sand's higher hindered settling 
velocity (lower concentration). 

The curve indicating bed shape after total sand deposi- 
tion is irregular in shape and consists of two higher beds 
joined by a narrow one in the middle. If such bed shapes 
are undesirable for a specific treatment, the problem can 
be overcome easily by selecting one size of proppant. 

Fig. 6 clearly demonstrates the effect of sand size and 
concentration on the bed deposition. Such cases usually 
are encountered with medium-viscosity fluids. 

High-Viscosity Fluids 
This range coveIs viscosities that arc sufficient to carry 
the sand in perfect transport. An example of such a fluid 
is shown in Fig. 7. The deposition profiles have two 
curves - sand in suspension and bed height at the end of 
pumping. As Fig. 7 indicates, the deposited sand at the 
end of pumping constitutes a minor part of the injected 
sand. Nearly all the injected sand is in suspension and has 
an almost rcctangular shape. The minor irregularity in the 
shape is caused by variations in settling velocities result- 
ing from particle diameter and differences in proppant 
concentration. Fig. 7 also shows the changes in sand 
concentration resulting from leak-off. For example, the 
initial sand pumped at 1 .O lblgal is occupying the tip of 
the friicture and has a concentration of 2.0 lblgal. 

One of the difficulties normally encountered in the 
design of hydraulic fractures with high-viscosity fluids is 
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Flg. 5-Example solution for a low-viscosity fluM with insufficient sand. 
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computation of the pad volume. An optimum pad volume 
is usually large enough so that the sand docs not reach 
high concentrition at the fracture tip, yet is small enough 
to let the sand approach the lracture tip at acceptable 
concentrations. This problem can be overcome by using 
the numerical method presented in this paper. If the 

46 

assumed pad volume does not satisfy tlic required condi- 
tions, the computcr can he pr,)grammcd to firid thc opti- 
mum value by a trial-and-error method, and carry out 
the calculations with the computcd pid volumc. Tire 
example in Fig. 7 shows such itn optimization. This 
fracture is covered almost totally with sand. 
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Fig. 6-Example solution for a medium-viscosity fluid. 

FLUID 8 FOWAT1ON DATA 

0 10.0 SPY 
n. 0.31 

~8 o.oetoo LB.SEC"ISO.FT 

vp 0 .00~88  CU.FTIS0.R 

_.. -- - 

T 76.1s Y l N  
E 3.70.10e PSI 

CyF 0.00418 Fl/Wldt* 

0 10.0 PER CENT 
K 1 t . 0  MILL IDARCY 
BHTP 4tOO.O PSI 
RW 2YOO.O PSI 

El 0.00100 n/YId'* 

- SAND I N  WSPENSION-END OF WYPIffi - - . BED HEIOHT- END OF W P l f f i  

SAND C0NC.v */GAL 
d 

0 
c 

V 
0 .o 

8 .o 

4.0 

a .o 
PROPPANT DATA 

VOAL OLL 

1.00 4ouo. 20-40 
1.00 0000. 10-20 
1.00 8000. 10-20 

TOTAL SAW LOO. SACKS 

mc. vaw TYPE 

14000. PAD 

x .o 

1 .o B 
P W 

t, 
1 .o ?. .o a .o *4.0 I .o 

POSITION ALONG FRACTURE LENGTH * l o  

MAX WOTHe IN. 
0.1 0 A 0 .a 0.4 

I , , , , I , , , ,  I ,  I I * ' I  I I I 1  I t * 
0 .I 1 .o 11.1 OI.0 2'3 3.0 
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Fig. 7-Example solution for a high-viscosity fluid. 
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Summary 
1. A numerical method is developed for the solution 

of sand transport in hydraulic fractures. This solution 
includes such factors as fluid leak-off, the resulting in- 
crease in  the sand coricentntion, and the subsequent 
decrease in the sand settling velocity. 

2. The numerical nietliod can be used to compute the 
sand transport with varying sand concenvations and 
types, siinilar to actual field practice. 

3. Tlle numerical method allows the computation of 
;in optiiiium pad voluriic for trncturing trcatmcnts con- 
ducted with high-viscositv fluids. 

4. This paper recommends the use of sand-transport 
profiles when considering particle [ransport in hydraulic 
fracturing. 

Nomeircl a t u re 
A I, A ,  -. collstnnt~ 
C,. = fluid loss coefficicnt 

ti = particle diameter 
C = Young's mcxlulus 

fi.,l = volume fraction of slurry occupied by the 
tluid 

F = drag coefficient 
g = gravity accelerdtbn 
h = fmcture height 

Itvq = equilibrium bed height 
k = forination perineahility 

A' = absolute fluid consistency 
= fluid consistciicy tbr flow between two 

infinite parallel plates 
I .  -- fricturc length 

n = fluid tlow behavior index 
Nlc, = Rcynold's nuinher 

q = fluid injection rate 
rll = hydraulic radius 

t = fracturing trt-atnient time 
f,.,li = tlic exposure tiine to fluid of pointx, air = rrJ 

I ,  = tinicnt which fracture tiphas reached pointxi 
= treatment time after n time increments 

in,, in, = constants 

I,, = spurt timc 
I' = particle settling velocity 

i*,, = hindered settling velocity 

V = volunic injected inside the fracture 

= cquilibriuni velocity 

(I',,.),.,, = t'riction velocity 

VI , ,  = volume of fracture in the ith element at I,, 
V/,li = volume of fluid lost in the ith element at 1, 
VJ, = fluid volume irijected during nth time 

increment 
V,, = pad volume 

Vxj, = spurt volume 
.vi = position of a point in the fracture 

YIli = distance the lenk-off fluid has penetrated the 
formation at .vi at I,, 

a = constant 
At,, = duration of a treatment time increment 
Ahs = change in the height of the suspended sand 

cilused by settling 
f3 = angle of repose of a sand bed 
4 = forination pormity 

px,l = sand density 

I38 

47 I 
\)f = Iluicl density 

pxr = slurry density 
u~,,,,, = fluid lost or leak-off between I ,  and I,, 

wnl;,, = fracture width at the wellbore 
wi = fmcture width atxi 
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APPENDIX A 

The rate of proppant bcd deposition in hydraulic frdctures 
depends on the settling velocity of the proppant inside the 
fracture. For a sphcrical particle in a power-law model 
fluid, the drag cocfficient F is given by Stoke's law as 

Settling Velocity 

F = 4  p N d - p f  R'' ................. (A-I) 
3 p, 1.2 

The drag coefficient is rclated to the Reynold's number. 
Nlm by 

24 
F 

NH,. = - -. . . . . . . . . . . . . . . . . .  .......... (A-2) 

The Reynold's number is given by 
f --It @I 

K(3)ri-t 
Nit,,= p ,  .. ................... (A-3) 

where n and K are the flow behavior index and the 
absolute consistency of the power-law model. Eqs. A-l 
through A-3 can be combined to yield the particle settling 
velocity: 

............ (A-4) 

For hydraulic fracturing use, the fluid consistency for 
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flow between two infinite parallel plates, K,,, is preferred 
to K. These factors are related by 

K = K n ( $ s y  . . . . . . . . . . . . . . . , . . (A-5) 

Also, using engineering units of feet per second for v, 
inches for d, pound-seconds" per square foot for K,, 
pounds per cubic foot for pmf and pf, and substituting 
g = 32.2 Ibf-ftlsec2, Eq. A-4 becomes 

APPENDIX B 
Hindered Settling Velocity 
The settling velocity, Y ,  given by Eq. A-6. is for the free 
motion of a single particle. In hydraulic fracturing, the 
mixture of the fluid and the propping agent is usually a 
slurry. To compute the particle settling velocity in a 
slurry, one has to correct the free-motion velocity to 
account for two factors. First, the viscosity considered 
for particle settlement should be the viscosity of the 
s l u r r ~ . ~  Second, the fluid density should be replaced by 
the slurry density. Both these corrections can be calcu- 
lated by using the volume fraction of the s l~ r ry . f~ ,~ .  
occupied by the fluid. The necessary calculations have 
been developed for spherical partic1es.l" The corrected 
hindered settling velocity. vh, can be derived from 

V ~ = V  --.+-----. f v  r ........ ...... (B-I) IO'." ( I  -fy",) 

APPENDIX C 

Equilibrium bed height, It,,,,, is the niaxiniuni height a 
sand bed can have in a given hydraulic fracture. Babcock 
et indicate 

Equilibrium Bed Height 

. . . . . , . . . . . , . . . . * . . . . . . (C-I) 
1nEq.C-I wisgiveiiininches,h,,infeet,andclinharrels 
per minute. To calculate h,,, from Eq. C- I ,  one needs to 
know vw. This is found by the following 

Let (vu),,,, denote the friction velocity of the particle at 
equilibrium bed height. This is related to other sand- 
transport parameters by 

v,,, = 1 .:. 12q - 
w hw 

(turbulent flow). . (C-3) 

v/(vu.),,,,= 0.54 pr . . . . . (C-4) f i r "  
All parameters in Eq. C-4 are known except (vw)w andrIf. 
The value of rH is given by 

wh L 20. . . , . . . , . . . . . (C-5) 
2 ( w + h )  

Thus, (v&,, can be derived from Eq. C-4. Since Eq. C-4 

4rlf = 4 
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is basically for Newtonian iluids. to usc it for non- 
Newtonian fluids, I(. should be replaced by an apparent 
viscosity based on the shear stress around the paiticle. 
With (v,& known, one can calculate v,.,, fmm Eqs. (2-2 
or C-3, based on whether the fluid is in laminar or 
turbulent flow. With ver known, h, can be computed 
from Eq. C- 1. 

APPENDIX D 
Consider a hydraulic fracture with length L, maxinium 
width omax, and height I t .  Suppose the fracture is di- 
vided into small elements, with xI denoting the distance 
between each nodal point and the wellbore. and o, denot- 
ing the fracture width atxi (Fig. 8). 

As the fricturc propagates ;iway from thc horchole. it 
reachesq at time t l .  From Eq. 1 we derive 

xi = A I timt , 
or 

11 = (xJA I)'/'"I. . . . . . . . . . . . . . . . . . . . . (D- 1 )  

The treatment time can be tlivicted into sin:dl incre- 
ments, At,, so that at any time r=r l l .  

r,  =I: At,,. 
At each time, t,,, the voluiiie of each increment of 

I V f n r = -  (wi+, + w,) I - ~ i ) h .  . . . (D-2) 
2 

fracture length, VnIl.  is computed from 

r = r ,  
At time t=t,l, the pointxI has been exposed t o  fluid for 

where 
If.,, j = 1" - 1,. 

The Ieilk-off volume. V,ri .  ;it I= f ,  in element i is given 

l ' tni=(-v,t I  - - V I )  krfd -~.f(t,.ll,,+~,)Jh. . . . (D-3) 
The leak-off function. At), is usually determined ex- 

perillientally and has a shape similar to the curve in Fig. 

by 

I 

'1 '2 '3 'i-1 'i 'it1 'i+2 

Fig. 8-Division of the fracture into small elemonts. 

Fig. 9-Fluid leak-off curve. 
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i l  leaked f l u i d  
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Fracture 

X .  
xO 

I I I 

I I ! 1 Fracture 
'r xP 

Flg. 10-Schematics of fluid leak-off in the fracture. 

9. The mathematical form offif) is - 

As the fluid leaks into the formation, it travels away from 
the borehole wall. The distance, y,,,. that leak-off fluid 
travels in the formation at r-r,, andx=x, is 

During each Arf, the volume of fluid, V,,, injected into the 
fricture is 

where q is the injection rite. The volume is divided into 
two wtnponcnls -- one cwcupies the fracture and the 
other is lost as leak-off. Referring to Fig. 10, the volume. 
lost from I!,, as leak-off between r,,, and r, is given by 

Y n ,  = J ( t c . n t M .  

V,, = q  Ar,, 

l*tlftH = ~4[(.r,,-x,.) + ~.rl-x,~)Gf(~FofI+t~)-f (rFf,lo) 
+A~,.,ff,,tc)-~f(r,.lfl,~]~. . . . . a . . . . (D-4) 

where I+,,~,, denotes the volume lost from V, during Arf,,. 
From mass balance, 

m i 

V,, = 2: Q,~,,, + X Vfi,,,. . . , . . . . . . . . . (D-5) 
n 0 

Eq. D5 allows several sets of computations. 
I .  The location of each fluid increment in the fracture 

can be calculated. This is done by successively increasing 
i from an initial value 6f 0 until Eq. D-5 is satisfied. 
Starting with the last increment of inkcted fluid, one tries 
to determine the location of the leading front of each fluid 
increment. Successive use of Eq. D-5 for preceding fluid 
increments allows the determination of each fluid 
increment's location in the fracture. 

2. The percent of each fluid increment left in the 
fricture can be found. I f  V,, consists of both solid and 

h I 
Fluid  with no sand 

Slurry  

Proppant bed 
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+ A t  

+ A t  

i x i + l  

Fig. 11-Schematic of sand settlement in the fracture. 

liquid components (slurry), then Eq. D-5 allows calcula- 
tion of the increase in the solid concentration as a result of 
liquid leak-off. 

Considcr un clement of fracture at time r, containing a 
slurry and a sand bed (Fig. 1 I ) .  At r + At, the top of the 
slurry column moves down, while the sand bed rises 
because of particle settlement. The height Ah is found 
from . 

The fluid volume that has lost it.. sand is ( ~ i + ~  + w,) 
(x,+~ - x,)AhYL, which is deposited above the bed during 
Ar. One can compute the increase in bed height, as well 
as the location of the slurry in the fracture during the 
treatment. Although the fluid does not remain stationary 
in the fncture during Ai, the movement basically replen- 

. 

Ah, = L'h Ar. . . , . . , . . . . . . . . . . . . . . . . . (D-6) 

ishes the element. AS long as Ar is selected so that during 
this period the element contains the same kind of slurry, 
the fluid inside can be assumed stationary for bed height 
computations. 

The position of sand in suspension in thc fracture is 
determined best by considcring the volume element, V,. 
If Ar,, is selected so that V ,  contains the same concentra- 
tion and type of sand, then Eq. D-5 yields the location of 
V,, in the fracture. Eq. D-6 then is used to compute how 
much the sand settles at various xi. The bed-height/ 
total-deposition profile is found by settling all of the 
sand in suspension above the existing bed at the end of 
the treatment . 

The nunierical solution is performed by dividing the 
fracture into small elements. The treatment time also is 
divided into sinall increments so that each increment 
contains the same slurry. 

At a given time r=t,,, the location and sand concentra- 
tions of each of the previous fluid increments in the 
fracture are calculated using the equations presented in 
this appendix. Repeating these computations for succes- 
sive time increments allows the study of sand placement 
with time. JPT 
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ABSTRACT 

I n  t h i s  s t u d y  a d e s i g n  t o o l  i s  d iscussed  whereby  t h e  
v a r i o u s  c o n p o n e n t s  t h a t  e n t e r  t h e  d e s i g n  p r o c e s s  o f  a 
h y d r a u l i c  f r a c t u r i n g  j o b  a r e  combined  t o  p r o v i d e  a r e a l i s t i c  
a p p r a i s a l  of a s t i m u l a t i o n  j o b  i n  t h e  f i e l d .  An i n t e r a c t i v e  
c o m p u t e r  model is  u s e d  t o  s o l v e  t h e  p r o b l e m  n Q m e r i c a l l y  t o  
o b t a i n  t h e  e f f e c t s  of  v a r i o u s  p a r z m e t e r s  on t h e  o v e r a l l  
b e h a v i o r  of  t h e  system. 
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A d e s i g n  model  o f f e r s  t h e  e n g i n e e r  a q u a n t i t a t i v e  t o o l  
fo r  e v a l u a t i n g  h i s  a l t e r n a t i v e s  b y  c o n s i d e r a b l y  w i d e n i n g  h i s  
scope i n  t h e  e v a l u a t i o n  of complex problems. I n  a d d i t i o n ,  
t h e  f o r m u l a t i o n  of a d e s i g n  model p r e s e n t s  a c l e a r e r  p i c t u r e  
o f  t h e  process t o  t h e  e n g i n e e r  and t h i s  sometimes r e v e a l s  
t h e  i n t e r r e l a t i o n s h i p s  be tween  v a r i a b l e s  which  were n o t  
i m m e d i a t e l y  a p p a r e n t ,  T h e  c o n c e p t  o f  t h e  d e s i g n  model embo- 
d i e s  t h e  f o r n u l a t i o n  of a s o l u t i o n  t e c h n i q u e  t o  t h e  problem, 
which is  f a s t ,  e f f i c i e n t ,  e c o n o m i c  and u n d e r s t a n d a b l e  b y  t h e  
e n g i n z e r  and r e p r o d u c e s  a d e q l l a t e l y  t h e  p h y s i c a l  b e h a v i o r  o f  
t h e  process. T h i s  inodel c o u l d  t h e n  b e  used t o  p r e d i c t .  

The i n t e r a c t i v e  f r a c t u r e  d e s i g n  i n v o l v e s  t h e  d e v e l o p -  
m e n t  of  and  s y n t h e s i s  o f  chree b a s i c  e l e m e n t s :  

( 1 )  F r a c t u r e  G e n e r a t i o n  Model - T h i s  model would  c a l -  
c u l a t e  t h z  f r a c t u r e  parameters based on t h e  d e s i g n  
i n p u t .  T h i s  model was d e v e l o p 2 d  by  Maure r  E n g i n e e r i n g .  

. ( 2 )  Heat T r a n s f e r  Model - T h i s  model a l l o w s  t h e  de te r -  
m i n a t i o n  of  t e m p e r a t u r e  d e p e n d e n t  v i s c o s i t y  data  w i t h i n  
t h e  f r a c t u r e  b y  i n c l u d i n g  c o n d u c t i o n  and c o n v e c t i o n  
h e a t  l o s s .  

( 3 )  Wellbore H y d r a u l i c s  Model - T h i s  a l l o x s  t h e  compu- 
t a t i o n  of t e m p e r a t u r e  p r o f i l e s  w i t h i n  t h e  wellbore f o r  
v a r i o u s  geometries and flow r a t e s .  

D E S I G N  METHODOLOGY 

F r a c t u r e  d e s i g n  m o d e l l i n g  i s  based on  a m o d u l a r  
approach .  Each e l e m e n t  o f  t h e  t o t a l  s y s t e m  i s  c o n s i d e r e d  
i n d e p e n d e n t l y  and c o n n e c t e d  t o  t h e  o t h e r s  b y  t h e  i n f o r m a t i o n  
flow stream shown i n ' F i g .  1.  Once t h e  i n f o r m a t i o n  flow has  
b e e n  d e t e r a i n e d  t h e  t t n a t u r a l  order"  of t h e  s y s t e m  is e a s y  t o  
e s t a b l i s h .  I n  o t h e r  words,  wha t  t h e  " c a u s e  and e f fec t"  
r e l a t i o n s  a r e  and how ttie e q u a t i o n s  which g o v e r n  t h e  s y s t e m  
a r e  c o u p l e d .  

A p r i m a r y  o b j e c t i v e  of t h i s  model i s  t o  a l low t h e  
e n g i n e e r  t o  d e s i g n  a s t i m u l a t i o n  t r e a t m e n t  t h a t  would  
i n c l u d e  t h e  e f f e c t s  of  t e m p e r a t u r e  c h a n g e s  w i t h i n  t h e  f rac-  
t u r e  i t s e l f  and  i n c o r p o r a t e  t h e s e  c h a n g e s  i n t o  t h e  d e s i g n  of 
t h e  s t i m u l a t i o n  j o b .  
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THE FRACTURE E N V I R O N N E N T  

The  c l a s s i c a l  r e p r e s e n t a t i o n  o f  t h e  f r a c t u r e  geometry 
i s  shown i n  F i g .  2. The important f e a t u r e s  a r e :  

( 1 )  The f r a c t u r e  i s  symmetric t o  the  wellbore and 
ex tends  along t h e  x - a x i s  t o  a d i s t a n c e  L.  

( 2 )  Leakoff occurs  i n  t h e  y-axis i n  a d i r e c t i o n  normal 
t o  the  f r a c t u r e  f ace .  

( 3 )  T h i s  l eakof f  f l u i d  is  flowing counter  t o  t h e  hea t  
f l u x  and provides  a s u b s t a n t i a l  cool ing  e f f e c t  re fe r red  
t o  a s  hea t  blockage. 

(4) The temperature  d i s t r i b u t i o n  i n  t h e  f r a c t u r e  T ( x )  
v a r i e s  according t o  t h e  assuined l eakof f  r a t e  and f rac-  
t u re  parameters .  

( 5 )  The temperature  i n  t h e  f r a c t u r e  T ( x )  always 
approaches t h e  undis turbed r e s e r v o i r  temperature  a t  a 
l a r g e  enough d i s t a n c e .  

(6) The temperature  p r o f i l e  i n  t h e  forination rock T ( y )  
v a r i e s  w i t h  d i s t a n c e  from t h e  f r a c t u r e  f a c e  and always 
approaches u n d i s t u r b e d  r e s e r v o i r  temperature  a t  l a r g e  

A t  d i f f e r e n t  t imes  t h e  f r a c t u r e  l e n g t h  i n c r e a s e s  and 
a l l  temperature  d i s t r i b u t i o n s  w i l l  t h e n  vary and a s  a 
r e s u l t ,  t h e  consequent change i n  v i s c o s i t y - d i s t a n c e  r e l a -  
t i o n s h i p  w i l l  cause v a r i a t i o n s  i n  t h e  f r a c t u r e  geometry .  

' y '  . 

MODELLING OF D E S I G N  ELEMENTS 

- 1 .  Wellbore Temperature Model: 

The  f r a c t u r e  f l u i d  e n t e r s  t h e  forination a t  a tempera- 
t u r e  d i f f e r e n t  from t h e  s u r f a c e  i n j e c t i o n  temperature .  
Because of t h i s  temperature  change, t h e  f l u i d  v i s c o s i t y  i s  
not t h e  same as t h a t  measured a t  t h e  s u r f a c e .  The proper 
f r a c t u r e  des ign  c a l l s  f o r  a r e a l i s t i c  de te rmina t ion  of  t h e  
f r a c t u r e  f l u i d  v i s c o s i t y .  The s o l u t i o n  technique proposed 
by  Jua rez  ( 1 )  has been used t o  c a l c u l a t e  t h e  temperature  
p r o f i l e  w i t h i n  t h e  flowing stream and t o  allo.rl t h e  determi- 
na t ion  of sand-face v i s c o s i t y  o f  t h e  f r a c t u r e  f l u i d .  The 
equat ion  system f o r  so lv ing  t h e  temperature  model is  incor -  
porated i n t o  t h e  o v e r a l l  f r a c t u r e  model. ' c d  

The  gove rn ing  equa t ions  a re :  

Y 
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where 

Thz work repor ted  b y  Roaero-Juarez ( 1 )  is designed f o r  
a s p e c i f i c  a p p l i c a t i o n  t o  a well w i t h  7 5/3-inch cas ing  and 
4 1/2-inch tubing and a pumping time of one hour. 

I n  o rde r  t o  g e n e r a l i z e  t h i s  model t o  any p o s s i b l e  s y s -  
tem t h e  fol lowing changes were incorporated i n t o  t h e  des ign:  

( 1 )  The o r i g i n a l  uns impl i f ied  equat ions  were used. 

( 2 )  A m u l t i p l e  l i n e a r  r eg res s ion  a n a l y s i s  on t h e  Ramey 
t ime func t ion  (2) was made t o  r e l a t e  t h . i s  t r a n s i e n t  
t ime func t ion  t o  pumping time and cas ing  OD. The d a t a  
g i v e n  i n  Fig.  3 r e fe rence  3 was f i t t e d  t o  a r eg res s ion  
curve.  A t y p i c a l  forin of  t h e  d a t a  i s  shown i n  F i g .  3 ,  
and the  r eg res s ion  a n a l y s i s  is shown i n  App5ndix  A .  

The temperature  p r o f i l e  can be determined i n  any well 

The v i s c o s i t y  o f  t h e  i n j e c t e d  f l u i d  a t  t h e  formation 

geometry a t  any t ime.  

f a c e  i s  then determined. 

2.  F r a c t u r e  Generat ion Model: 

The f r a c t u r e  gene ra t ion  model u t i l i z e s  t h e  Geertsrna and 
d e  K l e r k  approach. T h i s  model r e q u i r e s  the  fol lowing i n p u % :  

, 

( 1 )  I n j e c t i o n  r a t e  

1 V i s c o s i t y  

( 3 )  F r a c t u r e  he igh t  

(4) Rock shear  inodulus 

(5 )  S p u r t  l o s s  

O u t p u t  c o n s i s t s  o f  t h e  fol lowing:  





56 

0 

Y 

0 

v 

W 

W 

w 
( 1 )  F r a c t u r e  w i d t h  

(2) F r a c t u r e  l e n g t h  

( 3 )  F r a c t u r e  volume 

(4) E f f i c i e n c y  

a l l  a s  f u n c t i o n s  of  time. 

T h e  b a s i c  e q u a t i o n s  f o r  t h e  w i d t h  and l e n g t h  of  t h e  
f r a c t u r e  are:  

ww = 2.lJS 

a n d  (3)  

F o r  a c o m p l e t e  d e r i v a t i o n  and d e f i n i t i o n  of s y m b o l s  t h e  
reader is referenced to t h e  o r i g i n a l  p a p e r  by  Geertsma and 
d e  K l e r k  ( 3 ) .  

- 3 .  F r a c t u r e  F l u i d  T e m p e r a t u r e  D e t e r m i n a t i o n  Model: 

There  a re  two p u b l i s h e d  t e c h n i q u e s  w h i c h  a l low t h e  
e n g i n e e r  t o  d e t e r m i n e  t h e  t e m p e r a t u r e  in t h e  f r a c t u r e .  
T h e s e  a r e  p u b l i s h e d  by  S i n c l a i r  (4) and b y  ' r l h i t s i t t  and 
Dysar t  (5). 

The d e t a i l s  of each  t e c h n i q u e  a r e  shown l a t e r ,  b u f  t h e  
m a j o r  d i f f e r e n c e s  a r e  based on t h e  way i n  which the l eakof f  
r a t e  is hand led  i n  each case.  F i g .  4 shows t h e  l e a k o f f  r a t e  
r e p r e s e n t a t i o n s  for  e a c h  t e c h n i q u e .  

- 4 .  S i n c l a i r  T e m p e r a t u r e  Model: 

e q u a t i o n s .  
The  h e a t  t r a n s f e r  model is based  on  t h e  S i n c l a i r  (4) 



+ erfc 6 + E  - a-1) 

Y where 

Mf A' %=q 

iD 6 = -  In 
2a iD - 2a5,  

= istPstCfF 
iD 4Hkl 

L 

= o  1 
lYl L 5 
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@ - 5. W h i t s i t t - D y s a r t  Model: 

The  W h i t s i t t - D y s a r t  ( 5 )  temperature p r o f i l e  model has  
b e e n  d e r i v e d  u s i n g  a c o m b i n a t i o n  of a mass e n e r g y  b a l a n c e  i n  
t h e  f r a c t u r e  z o n e  and a n  e n e r g y  b a l a n c e  i n  t h e  f o r m a t i o n  
z o n e .  

W i t h i n  t h e  f o r m a t i o n  t h e r e  i s  c o n d u c t i v e  and c o n v e c t i v e  
h e a t  loss away from t h e  f r a c t u r e  face.  The c o n d u c t i v e  h e a t  
l o s s  is d e r i v e d  from t h e  h e a t  f l u x  i n  t h e  rock m a t r i x  w h i l e  
t h e  c o n v e c t i v e  h e a t  l o s s  i s  p r o d u c e d  by t h e  flow o f  l e a k o f f  
f l u i d  i n t o  t h e  rock m a t r i x .  

F o r  t h e  t y p i c a l  f r a c t u r e  o p e r a t i o n ,  o n l y  t h e  t e m p e r a -  
u r e  g r a d i e n t  and t h e  assoc ia ted  h e a t  f l u x  a t  t h e  f r a c t u r e  
ace i s  n e e d e d .  

f r a c t u r e  

1 
0 

An e n e r g y  ba lance  on  t h e  f l u i d  f l o w i n g  i n  t h e  
p r o d u c e s  t h e  f o l l o w i n g  g o v e r n i n g  e q u a t i o n :  

E (Ti - T) Jl(rl) 
dT 2h 
dx 2 w p  - (x/L) ICf 

2 
$(r l )  = e -' - J;; rl erfc(rl) 

'tXCf 
17' 

. hL2(1 - 4 )  
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RESULTS 

The  model  was u t i l i z e d  t o  i n t e r a c t i v e l y  d e s i g n  severa l  s t i m u l a t i o n  t r e a t m e n t s .  The  s a m p l e  d a t a  and resu l t s  a r e  
shown i n  F i g .  5 t h r o u g h  Fig. 10. T h e  d a t a  p r e s e n t e d  is  
f u l l y  a n n o t a t e d  and s e l f - e x p l a n a t o r y .  

CON*CLUSIONS 

A s i m p l e  e f f e c t i v e  t o o l  fo r  d e s i g n i n g  s t i m u l a t i o n  
t r e a t m e n t s  i n  g e o t h e r m a l  we l l s  h a s  b e e n  d e v e l o p e d .  The  
d e s i g n  p r o c e d u r e  f a c i l i t a t e s  a b r o a d e r  a n a l y s i s  b y  t h e  
e n g i n e e r / a n a l y s t  i n  d e t e r m i n i n g  t h e  optimum d e s i g n  f a c t o r s  
w i t h i n  a g i v e n  s e t  o f  d e s i g n  c r i t e r i a .  T h e  t o o l  i s  useable  
a t  t h e  f i e l d  l eve l  by  o p e r a t i o n s  p e r s o n n e l .  
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t c c e CI. c 8 c e 

. 

Data 

00010 NO (DO YOU WANT TO ECHO THE INPUT? 1 
00020 YES 

00040 YES (DO YOU WANT TO USE S I N C L A I R  MOPEL?) 
00050 NO (110 YOU WANT TO CALL WELTC-LM ?)  

(110 YOU WANT TO SEE THE TEMPERATURE PLOT?) 
00030 YES (Do YOU WANT TO SEE THE VISCOSITY PLOT?) 

00060 I N I T I A L  T I M E  (SEC.) 
00070 010 
00080 MAX T I M E  (SECI) 
00090 2700.0 
00100 TIME INCREMENT < S E C * )  
00110 300.0 
00120 I N J E C T I O N  RATE (BPH) 
00130 151 
00140 VISCOSITY ( C P ) .  
00150 200. 
00160 RHO 
00170 6214 
00180 ROCK SHEAR HODULUS (PSI )  
00190 2600000* 
00200 FRACTURING F L U I D  COEFF, ( F T / H I N t t ( 1 / 2 )  1 
00210 01002 
00220 SF'URT LOSS (FT3 /FT2=FT)  
00230 010 
00240 FRACTURE HEIGHT, FT.  
00250 1001 
00260 SPEC, HEAT OF FRACTURE FLUIOI BTU/LE F 
00270 l e  
00280 UOLeHEAT CAP, (FLUIDS) rHTU PER CUIFT. F 
00290 62.4 
oosoo UOL~HEAT cwmoctar B ' ru  PEN CU,FT. F 
00310 51.6 

00330 0*000417 
00320 THERMAL CONDUCTIVITY P H f U / F T  SEC F 

Table 1 
I 



e t c c 

c 
00340  POROSITYi DECIMAL 

00360 I N I T I A L  TEMPERATURE 
00350 0.22 

00370 EjOtO 
00380 RESERVOIR TEMP, 
00390 300 
0 0 4 0 0  DEFTH 
00910 5000r 
00420 PERMEABILITY 
00430 0.1 
0 0 4 4 0  PRESSURE 
00450 2500. 
00460 LEAKOFF COEF. # ZERO 
00470  OeO 
00480 LEAKOFF COEFt 01 
00490  O t l  
OOSOO DENSITY OF ROCKPLB PER CUtFTt  
00510 
00520 
00530 
00540 
00550 
00560 
00570 
00580 
00590 
00600 
00610 
00620 
00630 
006-10 
00650 
00660 
00670 
00680 
OOOYO 
00760 
00710 
00720 
00730 

165*0 
TUEfING I D  ( INCHES 1 
4 .0  
TUBING OD (INCHES) 
4 . 5  
CASING I D  ( I N C H E S )  
7 675 
GEOTHERMAL GRADIENT (DEG F/FT ) 

TIME FUNCTION 
0.01 

O t 7  
FORMATION SURFACE TEMP, (DEG F )  
70 t 
FLUID SURFACE TEMF't (DEG F )  
70 t 

LOW TEMYt VALUE ( KlEG F 1 
loo* 
150 r 

H I G H  'TE:MPt VAL.Ul: (UEG F ) 
300 
'JlSCOSI 1 Y AT H I G H  TEHF't ( C . F  > 
lot  

VISCOSITY AT LOW w w .  (CP) 

Table 1 (contd) 

c 



w 

Y 

****It KURVE # 1 t W $ X  

IN GERTSM: MU = 2OOtOO Initial Output from 
Fracture Generation ,/ Model 

wIDrt4 LENGTH VOLUME EFF t T I f l E  

0.129 98t2  210.4 5010 5t0 

DARCY VELOCITY IS Ot03 F T  PER UAY 
0 

FRACTURE LENGTH IS 98t21 FT 

Qd 

TEMPERATURE 
R A T I O  

0 t 0000 
0 t 1562 
0,3106 
0 t 4569 
0,5891 
017031 
0 t 7961 
0 t 8677 
0.9194 
0 t 9543 
0.9760 
Ot988S 

e, 0 t 9950 
019981 
0 t 9993 
0 t 9998 
0 t 9999 
1 4 0000 

0 

DISTANCE 
R A T I O  

0.0 
0 t o”J0 
ot1000 
OIl500 
0 t 2000 
0 t 2500 
0*3000 % Initial Temperature Ratio 
0 t 3500 
0 4 4000 
0 t 4500 
0 t 5000 
0 t 5500 
0 t 6000 
0 t 6506 
0 t 7000 
0 7500 

’ Ot8000 
0 t 8500 

Data  from SINCLAIR 
b!od e 1 

v 1 .oooa - ----- o*oboo 
1 t 0000 0 9500 
1 t 0000 1 t 0000 

Y 

U Intermediate Calculations 

Table 2 
Y 

. . .  
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(1, 
v 

Y DISTANCE 

0.0 
4t91 
9.82 
14t73 
19t64 
24t55 
29 t 46 
34 t 37 
39t28 
44t19 
49t10 
54 t 01 
58 t 92 
63 t 84 
68 e 75 
73 t 66 
78 t 57 
83 t 48 
88 t 39 
93 t 30 
98t21 

TEMPERATURE 

80 t 00 
114t37 
148t34 
180.52 
209 + 60 
234 t 68 
255t 13 
270 t 90 

289 t 94 
294 t 73 
297 t 47 
25'8 t 90 
299 t 57 
299 e 85 
299 t 96 
299 t 99 
300 t 00 
300 e 00 
300 00 
300 t 00 

282; 27 

VISCOSITY 

196t65 
123t47 * 

77 t 96 
90 t 42 
34t01 
24 t 22 
18t36 
14t83 Temperature 
12*71 viscosity 
11t46 within the 
lot74 Fracture 
lot35 
10115 
10106 
10102 
10.01 
lot00 
lot00 
10.00 
lot00 
10 t 00 

Updated Viscosity 
IN GERTSM: MU 18t38 

T I H E  EFF t WIDTH LENGTH UOLUHE 

0 t 077 > -,New Fracture 
114t9 146.7 34t9 5.0 Parameters 

w 
Table 3 



c e e c t 

............................................................................... * * * * 
x HYDRAULIC FRACTURE DESIGN PROGRAfl * * * 
t USING * * * * TEMPERATURE DEPENDENT FRACTURE F L U I D  PROPERTIES * * a 
****~*****f**t*t************************************************************~~ * 
t * * * * * * * * * 
x * 
5 

TIHE WIDTH 
(IN) ( M I NS 1 

0.0 0.0 
10.0 0,146 
20.0 0.176 
30.0 ' 0,197 
40.0 0.213 
50.0 0 226 
60.n 0 237 

' FRACTURE 

LENGTH 
( F T )  

0.0 
299 6 
4 4 3  . 4 
4.16 4 4 
653.1 
739 1 
'317+4 

cc 

PARAMETERS 

VOLUME 
CUeFT 

o*o 
727 3 
1301.2 
1824.1 
231% 1 
2x33 . 1 
3233 . 5 

* 

EFF 6 

x 

0.0 
43.2 
38.7 
36.1 
34 .4 
33.1 
32.0 

AUG F L U I D  TENP 
DEE . F 

300 0 
"57 8 
259 6 
260.5 
261 e 0  
261.4 
261 +7 

* * 
t * * 
t * 
1 
:*, 
;1: * * 
t 

Table 4 

! 
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Input 
75 

03460 
03470 
03480 
03490 
03500 
03510 
03520 
03530 
03540 
03550 
03560 
03570 
03580 
03590 
03600 
03610 
03620 
03630 
03640 
03650 
03660 
03670 
03680 
03690 
03700 
03710 
03720 
03730 
03740 
03730 
03760 
03770 
03780 
03790 
03800 
03810 
03820 
03830 
03840 
03850 
03860 
03870 
03880 
O 3 8 Y O  
03900 
03910 

SUBROUTINE INPUT 
UIMENSION FLTYPE(5) 
COMMON/COS/ J C ( ~ O I ~ ~ ) ~ E C K U A L ( ~ ~ ) ~ J F ( ~ O )  
COMMON/ClO/ W O R K ~ ~ ~ Y ~ ~ H I R I N J ~ C I F M I F ~ K I T I M ~ I ~ H I I L E " I T ~ ~ ~ V W ~ T ~ € !  
COMMON/C~O/INIOUTIXYDX 
COMMON/CLAIR/Q I M1J I FHr OICB v SP 
C O M M O N / C ~ ~ / F L T Y Y E I D E Y T H ~ ~ E ~ M I ~ ~ S S I W I ~ ~ T H  
C O M M O N / U J ~ O / C Z E R O I C ~ ~ C Z , R H ~ I ~ ~ ~ F  
C O M M O N / C A U G l / T I N I T ~ T M A X I t f N C R  
COMMON/COCTlO/ DENROK r RHOFCF 
COMMON/ROCTll/DTIuDTE~~CIr~CEIGElSFTlTES~~~S 
COMMON/TERCON/A~BvTLOW~Tt4IGHtVLOWIVWIGH 
C~MMON/INTTAB/NR~TEMINT(lO)rUISINT(lO) 

INTEGER OUTrFLTYPE 
REAL LENOTH I MIJ 
READ(INv20) (JF(K)rKclrNW) 
READ(INr32) FLTYPE 
READ( IN1201 (JC(I( I 1 1 tK=l r NW) 
R E ( S D ( I N r 4 )  TINIT 
ECC(UAL(1) = TINIT 
READ(INv20) (JC(K12)1K=lrNW) .' 
READ(lNr4) TMAX 
ECKUAL(2) = TMAX ' 

READ(INr20) (JC(Kv3)rKclrNW) 
REAfr(INs4) TINCR 
ECKVAL(3) = TINCR 
READ(INI~O) (JC(Kr4)rKslrNW) 
READ(INr4) Q 
ECKUAL(4) = C1 
RINJ = Q 
READ(XN120) (JC(KrS)rK=lrNW) 
READ(INr4) MU 
ECKVAL(5)  = MU 
R E A t t ( 1 N 1 2 0 )  (JC(Kv6)rKalrNW) 
ti'EAD(INr4) RHO 
ECKUAL(6) = RHO 
READ(INI~O) (3C(Kr7)rK~lrNW) 
READ(IMr4) Q 
ECKUAL(7) = 6 
fiEAD(XNr20) (JC(Kv8)rK~lrhfW) 
READ(INr4) CE( 

READ(INr20) (JC(Kv9)rWlrNW) 

DATA NW/l0/ 

.. 

EcKuAua) = CB 

READ(INv4) SP . 
ECKVAL(9) = SP 

03920 R E A D ~ I N I ~ O )  (JC(Kr1O)rKSlrNW) 
03930 20 FORMAT( 18A4 ) 
03940 25 FORMAT( 2x1 18A4 1 
03950 READ(INv4) H 

, &-/ 03960 ECKVAL(l0) = H 

I ! . .  

Program Listing 
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04480 
04490 
04500 
04510 
04520 
04530 
04540 
04550 
04560 
04570 
04580 
04590 
04600 
04610 
04620 
04630 
04640 
04650 
04660 
04670 
04680 
04690 
09700 
04710 
04720 
04730 
04740 
04750 
04760 
04770 
04780 
04790 
04800 
04810 
04820 
04830 
04t340 

READ(INv4) DTE 
ECKUAL(26) = DTE 
HEAD(INv20) (JC(Kv27)vK=lvNW) 
READ(INv4) DCI 
EXKUAL(27) = DCI 0 

READ(INv20) (JC(Kv28)vKclrNW) 
READ(INv4) DCE 
ECKUAL(28) = DCE 
READ(INv20) (JC(Kv29)vK~lrt4W) 
READ(INv4) QE 
ECKUAL(29) = GE 
READ(INv20) (JC(Kv30)vK=lvNW) 
READfINv4) TES 
ECKVAL(30) = TES 
READ t IN v20 1 (JC (K v31) vKm1 i N U )  
READ(INr4) TFS 
ECKUAL(31) = TFS 

0 

IF (NReOTeO)  GO TO 51 
READ(INv20) (JC(#r32)rK~ltNW). 
READ(INv4)' TLOW 
ECKUAL(32) = TLQW 
READ(INvZ0) (JC(Kv33)vKclvNW) 
READ(INv4) ULOW 
ECKUAL(33) = ULOW 
READ(INv20) (JC(Kv34)v#~lvNW) 
READ ( IN v 4 1 THIGH 
ECKVAL(34) = THIQH 
READ(INv20) (JC(Kv3S)vK~lvNW) 
READ(INv4) UHIGH 
ECKVAL(35) = VHIQH 

32 FORMAT( 544 ) 

51 READ(INv20) (JC(Kv32)rKalvNW) 

40 READ(INv39) TEMINT(JR)rUISINT(JR) 
39 FORMAT(2FlOe3) 
41 CONTINUE 

RETURN 

GO TO 41 

DO 40 JR=lvNR 

04850 
04860 

77 
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312630 C 
12640 
12650 

w 12660 
12670 
12680 
12690 
12700 
12710 

Y 12720 
12730 
12740 
12750 
12760 
12770 

9 12780 
12790 C 
12800 c 
12010 
12820 C 
12830 

0 12840 
12890 c 
12860 
12870 C 
12u90 
1 2 8 Y O  c 
*12900 
12910 C 
12920 
12930 C 
12940 
12950 
12960 
12970 
12980 
12990 
13000 
13010 
13020 
13030 
J. 3040 
13050 
13060 

v 13070 
13080 
l30YO 
13100 
13110 
13120, 

pr, 13130 
13140 
13150 
13160 C 
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THIS IS THE MAIN ROUTINE 
COMMON/ClO/ W O R K ( ~ ~ ~ ) ~ H ~ R I N J , ~ C ~ ~ M ~ ~ I ~ ~ T I ~ E ~ ~ ~ ~ I ~ L E N G T H V T I ~ J ~ W ~ T ~ ~ ~ ~  
COMMON/C20/IN v OUT v X v DX 
COMMON/C40/FLTYPEvDEPTHvPERMvF'RESSvWIDTH 
COMMON/CSO/ SAUAUT(1O)v NUMPTS(9)vNPASS 
COMMON/C6O/KURUE 
COMMUN/CLAIR/QvMUIFtiv Gv C E v  SF' 
COMMON/CAUQl/TINITvTMAXvTIblCR 
COMMON/CMG/MODELS 

COMMON/TERCON/AvBvTLOWvTHIGHvULOWvUtiIGti 
COMMON/BXOCT/ BXLEN 
COMMON/NEWINT/KALINT 
COMMON/INTTAH/NRvTEMINT~lO~~UISI~T~lO~ 
DATA MAXROW/lO/vIOUT/3/ 
INTEGER OUT v YES/ ' Y  '/ 
TINIT INITIAL TIMEPTMAXPMAX TIMEvTINCR=TIME INCRMT6 
TIME UNITS ARE READ IN SUBROUTINE INPUT, UNITS: SECONDSe 
REAL LENGTHvMU 

READ(INv4) JIN 

C O M M O N / F R A C U / W S ~ l O ~ ~ X L S ~ l O ~ ~ ~ V O L S ~ l O ~ ~ E F F ~ ~ l O ~ ~ T I M ~ l O ~  

DO YQlJ WANT TO ECHO THE INPUT? 

F O ~ M A T ~  AI 
DO YOU WANT TO FEE THE TEMPERATURE PLO'l? 

DO YOlJ WANT TO SEE THE VISCOSITY PLOT? 

DO YOU WANT TO USE SINCLASR MODEL? 

DO YOU WANT TO CALL WELTEM 7 

DO YOU WANT TO READ IN VISCOSITY TABLE? 
READ(INv6) KALINTvNFi 

READ(INv4) JF'LUTT 

READ(INv4) JF'LOTV 

READ( INv4) MODELS 

READ(INt4) KALLW 

FORMAT(Alr4XvI2) 
IF (KALINT*LE*MAXROW) GO TO 17 
WRITE(6vl6) KALINTvMAXROW 
FORMAT(IPJXP'*** INPUT. ERROR. VALUE GIVEN FOR NUMBER OF ROWS'r 

? ' IN VISCOSITY TABLE'F/v~XV'IS TOO LARGE, IT WAS READ AS ' V  

7 far' MAXIMUM ALLOWARLE IS '~I~v'+'v/v 
? BXv'PLEASE CORRECT AND RESUBMIT, JOE{ TERMINATED*') 
STOP 

CALL. INFUT 

WKITE(6rlQ) 

17 CONTINUE 

IF 4 (TMAX/TINCR)eLE*9r) GO TO 19 

18 FORMAT(///V~X~'#*~~* INPUT ERROR* MAX TIME STEPS IS NINE* ' I  
? /rllXv'YOU MUST ADJUST INPUT VALUES 'MAX TIME' AND ' v  
? "TIME INCREMENT' SUCH THAT:'v/vllXv'MAX TIME DIVIDED BY'r 
? ' TIME INCREMENT IS LESS THAN OR EQUAL TO 9. 'I 
? /rllXv'JOB TERMINATED* ' 1  

19 CONTINUE 
IF (NReQTeO) GO TO 30 

R = ULOW / (lO.t#(AtTLOW)) 
A = (ALOG1O(VLOW)-ALOGlO~VH~GH) ) / (TLOW-Tt i IGH~ 

A AND E ARE i w a  r N  SUBROUTINE TERP, 



79 I 

13170 30 IF (JIN*EQeYES) CALL ECHO 
13180 T = TINIT 

(LsJ.3190 TMAXPL P TMAX + l e  
@ 13200 IF (KALLWeEQaYES) CALL WELTEM(TIN3rMU) 

13210 5 T = T + TINCR 
I3220 IF (TeGTeTMAXPL) 00 TO 40 
13230 C T IS TIME IN SECONDS* 
13240 CALL GERTSM(TtT1NJ) 
13250 GO TO 5 

13270 55 FORMAT(//?' MAX TIME REACHED IN M A I N *  ' r / / )  
13280 WRITE(IOUTr502) 
132YO 502 FORMAT (S ( / 1 ) 
13300 WRITE(IOUTrSO3) 
13310 503 FORMAT(lXr78('#')) 
l3320 WRITE(IOUTv504) 
13330 504 FORMAT(lXr'%'r76Xr't') 
13340 WRITE(IOUTr504) 
13350 WRITE(IOUTrSO5) 
1.3360 505 FORMAT(lXr't'r2OXr'HYDRAULIC FRACTURE DESIGN PROGRAM'rT79r't') 
1.3370 WRITE(IOUTr504) 

@ 13380 WRITE(IOUTr506) 
1.3390 506 F O R M A T ( 1 X r ' * ' r 3 6 X r ' U S f " ' r T 7 9 v 8 * ' )  
13400 WRITE(IOUTr504) 
13410 WRITE(IOUTr507) 
13420 507 FORMAT(lXr'X'rl2Xr'TEMPERATURE DEPENDENT FRACTURE FLUID'r 
13430 7 ' PROPERTIES'rT7Yr't') 
13430 WRITE(IOUTr504) 
1.3450 WRITE(IOUTr503) 
1 3460 WRITE(IOUTr504) 
13470 WRITE(IOUTr500) 
13480 508 FORMAT(lXt'*'r25Xr'FRACTURE FARAMETERS0rT79r0%') 
13490 WRITE(IOUTrSO4) 
13500 KM1 KURVE - 1 
13510 DO 20 LrlVKMl 
13520 20 SAVAVT(KURUE-Lt1) = SAVAWT(KURVE-L) 
13530 SAVAUT(1) = TRES 
13540 WRITE(IOUTr21) 

Y, 13260 40 WRITE(6r55) 

0 13SEiO 21 F O R M A T ( I X ~ ' * ' ~ S X I ' T I M E ' ~ ~ X I ' W I D T H ' ~ ~ X ~ ' L E N G T H ' ~ ~ X ~ ' U O L U M E ' ~  
3 3560 7 SXI'EFF~'V~XI'AVG~FLUID TEMFe'rT79r't'r 
13570 ? /rlXr't0r4Xr'(MINS)'~6X~'(IN)'~7X~'(FT)'~~X~'CU~FT'~6X~'~'~ 
13580 1 ~ ~ X P ' D E Q ~ F ' V T ~ ~ V ' * ~ )  
13590 WRITE(IOUTr504) 
13600 WRITE(IOUTr22) (TIM(MM)rWS(MM)rXLS(MM)rVQLS(HM),EFFS(MM)vSAVAVT(~M 

y 13610 ? )rMM=lrKURVE? 
13620 22 F O R M A T ~ l X ~ ' X ' ~ F l O ~ l ~ F l O ~ 3 ~ 2 X ~ F l O ~ l ~ 2 X ~ F l O ~ l ~ F 9 e l ~ 4 X ~ F l O ~ l ~ T 7 9 ~ ' * ' ~  
13630 WRITE(IOUTr504) . 13640 WHITE ( IOUT ~503) 
13650 WRITE(IOUTrSO9) 
13660 509 FORMAT( l o ( / )  ) 

y 13670 BXLEN = XLS(KURVE) 
IF (JYLOTT*EQrYES) CALL PLOTT(NUMPTS) 
IF (JPLOTUIEQ~YES) CALL PLOTU(NUMPTS) 
IF (JPLOTT~EQ*YES~OR~JFLOTU~EQ~YES) CALL PLOT(Oe,O*r999) 

4::;: 
13700 
13710 STOP 
13720 END * 
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14520 
14530 
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14550 
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14570 
14580 
14590 
14600 
14610 
14620 
14630 
14640 
14650 
14660 
14670 
14680 
14690 
14700 
14710 
14720 
14730 
14740 
14750 
14710 
14770 
i 47UO 
14790 
14800 
14850 

14l330 
14840 
14850 
14860 
14870 
14880 
14890 
1 4 Y O O  
14910 
14920 
J, 4930 
14940 
14950 
14960 
14770 
14980 
149YO 
1 SO00 
15010 
15020 
l"j030 
15040 
15050 
15060 

i 4820 

Sinclr 

SUBROUTINE SINCLR(l?rTRESvTlNJrWvH 
DIMENCiION TEMF(21)rHAT10(21) 

80 

TrKKrLrUISCrRHlCVrEFFPER) 

COMMON/PLAY/DIST~2O2~9~~l~EAL~2O~r9~rOfSCOS~2O2~9~ 
COMMON/CSO/SAUAVT(lO)rNUMFT8(9)rNPnSS 
COMMON/COCTlO/RHOlClrRHOFCF 
COMMON/C60/KURUE 
COMMON/NEWINT/KALINT 
REAL LMAXiLMAXlrLrKrKKvH 
DATA EFF/O 5/ 
INTEGER YEG//Y'/ 
RHOlCl = RHlCU 
EFF = EFFPER / loot 
IF (KURUEaLEe9) GO TO 8 
WRITE(cSi7) 

7 FORMAT(//VSXP'X** ERROR, ARRAY SIJBSCRIPT TOO LARGE, SEE KUHUE ' Y  

? 'IN SIJBRQUTINE SINCLR, ' v / v ~ X V  'JOB TERMINATEDI ' 1  
STOP 

T = T / 6 0 ,  
K = KK t 360Oe 
a = 0 160**24* 
XI = 1 I  

DXN P 0101 
I F  (EFFtEQIl,) 00 TO 20 

XNUM XI * DXN 
F = EXF(-XNUM)t2**EFF*XNUMal* 
IF ( F t G T e O e O )  GO TO 30. 
XI = XI + l *  
GO TO 10 

20 XNUM = o * o  
30 CONTINUE 

11 FORMAT(/ / )  

8 CONTINUE 

10 CONTINUE 

WRITE(6rll) 

UF = 2**WIXNUM/T 
WRITE(brl4) UF 

WRITE(6rl6) L 

RHOFCF = 43,  
ALPHA 1 RWOFCF*UF$H/(2rtK~24*~ 
TAU = KtT/(HZHSRHOlCl) 
M = RHOTCFtW/(24,*RHOlC1EH) 
aa = Q 
TEMP(1) 0eO 
DO 100 IWlr21 
X I = I - l  
*RATIO(I) = tOS#XI 
X = Ll(rRATIO(1) 
DIST(1rKURUE) = X 
GAM = X/H 

14 FORMAT(~XP'DARCY VELOCITY I S ' V F ~ ~ ~ V ~ X I ' F T  PER UAY'VI) 

16 FORMAT(2Xv'FRACTURE LENQTH XS'~F~O*ZI~XI'FT'P//) 

C4 = Q Q * R H O F C F ~ S t 6 1 / ( 4 t ~ H t K t 2 4 * )  
DEL = (1,/(2ttALPHA))$ALO~(a/(a-Z,tALPHAtGAM)) 
RAD = SQRT(TAU-DELtM) 
CRLS = DEL/2*/RAD 
CRRS = ALPHAXRAD 
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15070 
15080 
15090 
15100 
IS110 
15120 
15130 
15140 
15150 
15160 
13170 
is100 
15190 
15200 
1!3210 
1.5220 
15230 
15240 
15250 
15260 
15270 
15280 
15290 
15300 
15310 
1'5320 
15330 
15340 
15330 
is360 
15370 
153130 
15390 
15400 
15410 
is4420 
15430 
is440 
15450 
15460 
15470 
15480 
15490 
15500 
15510 
15520 
15530 
15940 

* 15550 
15560 
15570 
15580 w 15590 
15600 
15610 

r) 

93 
94 

95 
96 

100 

105 
1 Ob 

210 

21 

22 
200 

205 
206 

23 

KN = KURUE 
WRITE(6rS566) (DIST(MBIIKN)~TREAL(MBIKN)IIVISCOS(MBIIKN)~ 

? MB=lr21) 
5566 FORMAT( 3X113FlSe2) 

Q = QQ/(60r*24r)' 
RETURN 
END 

81 

A R G l  = CRLS+CRRS 
ARG2 CRLS-CRRS 
IF (AROl*GT*lrOEOl) GO TO 93 
XX1 = ERFC(ARG1) 
GO TO 94 
XXI = o *  
CONTINUE 
IF (AR02rQT*loOEOl) 00 TO 95 
XX:! = ERFC(ARG2) 
GO TO 96 
xx2 = o*  
CONTINUE 
IF (XXlrLTeOelE-10) XXl = O*iE-lO 
IF (XX2rLTaOelE-IO) X X 2  OolE-10 
ZCRl = (Q-2r*ALF"AtGAM) 
ZCR2 = Q / ZCRl 
ZCRJ = ZCFt2 # XXl 
CRTPI = (ZCR3 + XX2) / 2r 
TEMP(1) = l r  - CRTPI 
TOT Or0 

. 

.. CONTINUE 

DO 210 Jzlr21 
TREAL(JrKURUE) TINJ t TEMP(J) * (TRES-TINJ) 
CALL INTERP(TREAL(JrKURVE)rVIS) 
GO TO 106 
CALL TERF(TfiEAL(JrKURUE)rUIS) 
CONTINUE 
VISCOS(JIIKUKUE) r: VIS 
TOT = TOT t TREAL(JIIKURUE) 

SAVAUT (I<URVE ) = AUGT 

IF (KALINTrNErYES) GO TO 105 

AVGT = TOT / 2le 

WRITE(6r21) 
FORMRT~~X~'TEMPERATU~E'~~X~'~IST~NCE'~/~~X~'~~ATIO'II~X~'RATIO'~/~ 
DO 200 J=lr21 
WRITE(bv22) TEMF'(J)rRATIO(J) 
F O R M A T ( ~ X ~ F ~ ~ ~ ~ I I F ~ ~ ~ ~ )  
CONTINUE 
IF (KALINTINErYES) 00 TO 205 
CALL INTERP ( AVOT II VISC 1 
GO TO 206 
CALL TERP(AVGTrU1SC) 
CONT INllE 
WRITE(br23) 
FORMAT(///r' DISTANCE TEMPERATURE UISCOSITY'r/) 
T T # 60r . 
NUMPTS(KURUE) = 21 
NPASS = KURVE 
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~ 0 0 0 1 0  
00020 c 
00030 C 
00040 
00050 
00060 
00070 
00080 
00090 
00100 
00110 
00120 
00130 
00140 
00150 
00 1 bo 
00170 
00180 
00190 
00200 
00210 
0 0 2 20 
00230 
00240 
00250 
00260 
00270 
00280 
00290 
00300 
00310 
00320 
00330 
00340 
00350 
00360 
0 0 3 70 
00380 
00390 
00400 
00410 
00420 C 
00430 C 
00440 C 
00450 C 
00460 C 
00470 C 
00480 C 
00490 C 

82 I 
Dysart  

SUBROUTINE DYSART(T1MErLENGTHrWIDTHrEFFrUAUG) 
INCOMING: TIMErLENOTHrWIDTHlEFF PASSED OUT: UAUG 
UAUG IS VISCOSITY CORRESPONDING TO AVGt TEMYo 

COMMON/ClO/WORK (2r 9) rH I RINJrC P FMr FK r OLDTIM ,PHI I OLDLEN I TEMPUr W I TRES 
COMMON/C20/INrOUTvXrDX 
COMMON/C3O/YPRIME(l) 
C O M M O N / C ~ O / F L T Y P E ~ D E P T ~ ~ F E R M ~ ~ ~ E ~ S V O L D W I K ~  
COMMON/C50/ SAVAVT(1O)r NUMPTSI9)rNPASB 
COMMON/C60/KURUE 
COMMON/PLAY/ X P ~ 2 0 2 r 9 ~ r Y P ~ 2 0 2 r 9 ~ r U I ~ C O ~ ~ 2 O ~ r 9 ~  
COMMON/NEWINT/KALINT 
DIMEN8IOt.I TEMP(l)rCAR(24)rFLTYPE(S) 
DATA POS/Ot lE~20/~MAX/ZOO/rKPL/ l /  
INTEGER OUTrONE/i/rTW0/2/rFLTYF'ErYES/'Y'/ 
REAL LENGTH 
EXTERN AI, C D T D X 
KEG = KUHUE 
OLDTIM = TIME 
QLDLEN = LENGTH 
OLDWID = WIDTH 
NEQT = 1 
MSFLAG = 0 
WRITE(6r39) KPL 

KPL = tiPL t 1 
IF tKEGaLEt9) GO TO 42 
WRITE (OUT I 46) 

39 FORMAT(/rSXr'CALL TO DYSART #'r12 ) 

46 FORMAT(/V~XV'~** VALUE OF NE0 IN SUBtDYSART EXCEEDS ' V  

7 'AF<RAY SIZE 9 1  JOB TERMINATED* ' 1  
STOP 

42 CONTINUE 
x = oto 
KOUNT = 1 
XP( l rKEG)  = 0.0  
YP(1rKEG) TEMPV 
IF (KALINTtNEtYES) ti0 TO 37 
CALL INTERF'(TEMFUrU) 
GO TO 38 

37 CALL TERP(TEHPUrU) 
38 CUNTINIJE 

UXSCOS(1rKEO) V 
WRITE(6r41) EFFrTIME 

WRITE(br43) LENOTHvWIDTH* 

WRITE(3v44) TIME 

WRITE(6r42) 
W = RINJ  t 5,833333 * EFF / 1OOt 
W RINJ 5,833333 t O t 5  

41 FORMAT(/~~XF' EFF= ' v E ~ ~ + ~ v ~ X V ' T I M E  = '~E1406r' SECONDSt ' )  

43 FORMRT(2Xp' LENOTti~'r€14t6~' FT*'v~XI'WXDTH ~'rE14*6r' 1bJe'1/) 

44 FORMAT('TfME='tElSr7) 



00510 TEMP(1) = TEMPV 
00520 KNIT = 0 
00530 90 CONTINUE 
00540 KNIT = KNIT t 1 

00560 XEND = X t DX 

00580 ONE = 1 

00600 .ZTEMP '1 TEMP(1) 
00610 XOL = X / LENGTH 
00620 c WRITE(OUTv45) XvXOLvTEMP(l)rYPRfME(l) 
00630 C 45 F O R M A T ( ~ X I F ~ , ~ I ~ X I ~ E ~ S ~ ~ )  
00640 C WRITE(3r48) XITEMP(1) 
006SO C 48 FORMAT(FSelrE15t7) 
00660 C WRITE(OUTr49) XvTEMP(1) 
00670 C 49 F O R M A T ( ~ X I F S ~ ~ ~ ~ X I E I ~ * ~  ) 
00680 C*e,eerPLOT OPTIONS AND SELECT NEW TIME HERE, 
00690 IF (KOUNTeLEeMAX) GO TO 58 
00700 IF( MSFLAOtEQtl) GO TO 55 

00?20 57 FORMAT(/t' MAX ARRAY SIZE ' ~ 1 3 ~ '  REACHED IN SUBeDYGARTe 'I 
00730 7 ' NO MORE POINTS SAUED~'I/V' .PROGRAM CONTINUESe'v/) 

00550 IF (KNITeGTe200) 00 TO 79 

00570 IF (ARS(LENGTH-XEND)eLEIPOS) GO TO 5 0 .  

00590 CALL DVERK(NEQTvCDTDXIXITEMPlXENDlOtOlraNElCARvTWOIW0RKIKE~) 

00710 WRITE(OUTv57) MAX 

00740 MSFLAG = 1 
00750 GO TO 56 
00760 55 CONTINUE 
00770 58 KOlJNT = KOUNT t 1 
00700 56 CONTINUE 
00790 XP(KOUNTIKEQ) = X 
00800 YP(KOUNTIKEG) = ZTEMP 
00810 IF (KALINTeNEeYES) 00 TO 59 
00820 'CALL INTERP(2TEMPvU) 
00830 GO TO 60 
00840 59 CALL TERP(2TEMPvV) 
00050 60 CONTINUE 
00860 UISCOS(KQUNTIKEG) 0 

001380 50 WRXTE(OUTIS~) 

005'00 KOlJNT = KOUNT - 1 
00910 XKOUNT = KOUNT 
00920 TOTT O e O  
00930 DO 153 K=lrKOUNT 
00940 153 TOTT = TOTT t YP(KvKE0) 
005'50 AUGTMF = TOTT / XKOUNT 

005'70 CALL INTERP(AUGTMPvVAW3) 
00900 GO TO 62 
00990 61 CALL TERP(AUGTMPTUAVO) 
01000 62 CONTINUE 

00870 IF (XeLTeLENGTH) GO TO 40 

00890 52 FORMAT(/r' XEX CONVERGENCE IN DUERKe ' 1 )  

00960 IF (KALINTrNEeYES) GO TO 61 

83 - 1  
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0 10 10- SAUAVT(KURUES1) = AUGTMP 
01020 c WRITE(6r76) AUOTflPrVAUO 
01030 C 76 F0RMAT(/r3Xr0TRACE AVOeTEMP='rE14e6r4Xr0~ U I S C O S = ' V E ~ ~ ~ ~ ~ / )  
01040 
01050 
01060 
01070 
01080 
0 1090 
01100 
01110 
01120 

WRfTE(6r75) 
75 FORMAT(5Xr0LENOTH'r7Xr0TEMP0r~Xr'UISCOSITY0r/~ 

WRITE(OUTr72) (XP(KUrKEO)rYP(KUrKEO)rUI~COS(KUrKEG)~ 
? KU=lrKOUNTr20) 

72 F O R M A T ( ~ X , F ~ ~ ~ ~ S X ~ F ~ ~ ~ ~ S X I F ~ ~ ~ )  
KONTEU = K O U N T / ~ Q ~ Z O  
IF(K0NTEUeNEeKOUNT) WRITE(OUTr72) XP(KOUNTrKEO)rYP(KOUNTrKEG)r 

1 UISCOS(KOUNTrKE0) 
WRITE(OUTr73) 

01130 73 FORMAT(/) 
01140 C SAVE KOUNT ( #  OF POINTS) FER EACH CURVEr FOR USE BY PLOT ROUTINES 
01150 NUMPTS(KEO1 = KOUNT 
01160 NPASS = KEO 
01170 C 42 FORMAT(/rTlOr'X'~T2~t'X/L'r736~0T~MP'rTSlr'~l/~X0) 
01180 C 42 FORHAT(/rT6r'X'rTl6r0TEMP' ) e 

01190 C ENDFILE 3 
01200 c REWIND 3 
01210 
01220 
01230 
01240 
01250 
01260 

RETURN 
79 WRITE(6rBO) 
80 FORMAT(///~SXP'*** UNABLE TO CONVERGE IN 200 ITERATIONSe'r 

7 / r9X~'J08 TERMINATED IN SUBROUTINE IrYSARTe ' )  
STOP 
END 



Cdtdx 

01270 SUBROUTINE CIlTDX(NEaTrXrTEHPrYFR1ME) 
01200 CONMON/ClO/ WORK(2r9 ) rHrRINJrCrFMIFKIT IMEIPHXlLENOTHrTEMP~rWrT~~S 
01290 COMMON/C20/INrOUTrXXrDX 
01300 COMMON/C3O/YDUF(l) 
01310 C O M M O N / V J l O / C Z E R O r C l ~ C 2 r R ~ O r H K ~  
01320 KPIMENSION TENP(NEl2T)rYPRIME(l) 
01330 INTEGER OUT 
01340 REAL LENOTH 
01350 DATA PI/3t14159/~POS/001E-20/rSQRTFI/ lo772453/ 
01360 CtoetooCALCULATE NU (ZU) . 
01370 'ISPR = FM t FK 

01390 WRITE(OUTr33) 
01400 33 FORMAT(/ '  $ctS ERROR* DIVIDE CHECK CALCt  ZNt ' )  
01410 STOP 
01420 12 FR = SQRT( TIME/DPR 1 
01430 C WL f= CZERO 1: X k X + C l  k X + C 2  
01440 C COMPUTE LEAKOFF RATE IN LEVFTtt2-SEC 

01460 C C 1  I S  LEAKOFF VELOCITY I N  FT/DAY 
01470 WL = CZERO t X/LENGTH t (Cl-CZERO) 
01480 WL WL J RHO / 144000 
01490 ItPL = H t (LENGTH1LENGTH) t ( IoO-FHI) 
01500 c TO CONVERT TO LWFTtFT-SEC 
01510 WL D: WL t RHO / 140000 
01520 I F  (ABS(DPL)oGEoPOS) GO TO 18 
01530 WRITE(OUTr44) 
01540 44 FORMAT(/r' %%t ERROR0 DIVIDE CHECK CAL..Co DFLo ' 1  
01550 STOP 
01560 18 P1.N = W 1( X * C 
01570 ZN = FLN / DFL Ik FR 

01590 EN = ZN t ZN 

+ 01380 I F  (ARS(DPR)eOEoPOS) 00 TO 12 

01450 C CZEHO I S  THE LEAKOFF VELOCITY AT THE BASE OF FRACTURE. 

01.580 CootoooCALCULATE P S I  (PS I )  

01600 PSI = EXP(-EN) - S~RTPI t ZN ~t ERFCUN) 
01610 Cto*ot*CALCULATE DT/DX (DTDX) 

01630 I F  (ABS(DPR3)oOEoFOS) 00 TO 28 

0 1690 55 FURMAT(/' ttt  ERROR0 DIVIDE CHECK CALCo DPR3o ' )  

01620 DPR3 = P I  * TIME 

01640 WRITE(OUTrS5) 

01660 STOP 
01670 , 28 FR = SQRT(DPR / DPR3) 

. 01680 TST = X / LENQTH 
01690 ST = TST # TST 
01700 ST = ST -1oOE-06 
01710 D 3  = W F ( le-ST)  F C 
01720 I F  (A€IS(D3)rGEoPOS) GO TO 24 

01740 66 FORMAT(/' t#* ERROR0 DIVIDE CHECK CALCe n30' 1 

01760 24 DTDX a ( ' L o t t i )  / D3 t FR t ( TRES - TEMP(1) ) 1( P S I  

01730 WRITE(OUTr66) 

01750 STOP 

0 1770 YPRIHE(1) = DTDX 
01780 YDUF(1) = DTDX 
01790 C 

01810 RETURN 

WRITE(OUTr l l l1)  D ~ ~ S T ~ W ~ T E N P ( ~ ) ~ F S I I D T ~ X  
01800 C 1 1 l l  FORMAT(' INTERNED O O D ~ ~ S T I W ~ T E M P Y F S I I D T ~ X O O ' ~ ~ E ~ ~ ~ ~ )  

1 

01820 E m  

I 
85 



13730 
13740 
13750 
13760 
13770 
13780 
13790 
13800 
13810 
13820 
13830 
13840 
13850 
13060 
13870 
13880 
13890 
13YOO 
13910 
13920 
13930 
13940 
13950 
13960 
13970 
13980 
13YYO 
14000 
14010 
14020 
14030 
14340 
14050 
14060 
14070 
14080 

! 
86 

Echo 

SUBROUTINE ECHO 
DIMENSION FLTYF'E(5) 
COMMON/COS/ JC(iOr36)rECMUAL(36)rJF(lO) 
COMMON/CIO/ WORK~2r9~rHrRINJrCrFMIFK~TIMElPHI~LENGTHrTEM~rWrT~~~! 
COMMON/C20/INrOUTrXrDX 
C O M M O N / C L A I R / Q I M U I F H ~ G ~ C ~ ~ S ~  
C O M M O N / C 4 0 / F L T Y F E r D E P T H I P E ~ ~ r ~ R E ~ ~ r W I [ t T t i  
C O M M O N / U J l O / C Z E R O ~ C l ~ C ~ r R H O r H K F  
COMMQN/CAUGl/TINITrTMAXrTINCR 
COMMON/TERCON/ArBrTLOWrT~IG~rVLOW~UtiIGH 
COMMON/INTTAH/NR~TEMfNT(iO)~UISI~T~lO~ 
DATA NW/10/ 
INTEGER OUTr FLTYFE 
REAL LENGlti I MU 
WRITE(OUTr6) 

WHITE(OUTr7) (Jf:(L) rLmlrNWY 
WRITE(OUTr7) FLTYPE 
NT - 35 
IF (NRoOToO)  NT = 31 
DO 10 KZlrNT 
WHITE(OUTr7) (JC(LrK)rLclrNW) 

WRITE(OUTr8) ECKVAL(I\') 

6 FORMAT(//rSXr'INPUT VALUES ARE: ' r / )  

7 FORMAT( 2x1 18R4 ) 

8 FORMAT(2XrFl5o5) 
10 CONTINUE 

IF (NRtLEtO) GO TO 16 
WRfTE(OUTr7) (JC(Lr32)rLzlrNW) 
DO 15 Kr-lrNR 

15 WRITE(OUTv14) TEMINT(K)rUISINT(K) 
14 FORMAT(2Xr2FlOt3) 
16 CONTINUE 

WRITE(OUTr12) 
12 FORMAT(//) 

RETURN 
END 
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Weltem 

15760 
15770 
15780 
15790 
15800 
15810 
15820 
15830 
15840 
15890 
15860 
15870 
15880 C 
15890 
15900 
15910 
15920 
15930 
15940 
15950 
15960 
15970 
15980 
15990 
16000 
16010 
16020 
16060 
16070 
16080 
16090 
16100 
16110 
16120 
16130 
16140 
16141 
16142 
16150 
16160 
16170 
16180 
16190 
16200 
16210 
16220 
16230 

SUBROUTINE WELTEM(TrXMU) 
DIMENSION LFTYYE(5) 
COMMON/ClO/ WQRK(2r9)rHrffINJrCtFM1FKrTIM~rFHIrLENOTHrTEflPrWX~TRES 
COMMON/UJlO/CZEROrCIrC2rRHOrHKF 
COMMON/CAUOl/TfNITrTMAXrTXNCR 
COMMON/ROCT~I/DTI~DTE~DCIVDCE~GE~SFT~TES~TFS 
%OMMON/INTTAB/NR~TEMINT(~O)VUISINT(~O) 
COMMON/C40/LFTYPErDEFTHr~~RMrfRESSrWIDTH 
DELTZ 500. 
GAMMA I= RHO / 62.4 
WRITE(6r5) 

5 FORMAT(/t8Xt'WELTEM CALCULATIONS'P//~SX~'DEF'TH'~~XI'TEMPERATURE'/ 
NR > 0 IF VISCOSITY TABLE IS TO BE READ IN, 
IF (NR.LE.0) GO TO 10 
FMU = VISINT(1) 
GO TO 15 

10 CALL TERf(TFSrFMU) 
15 PUN = C t FMU / t4KF 

H H ~ ~ l O ~ 2 9 ~ t i K F t ~ R I N J t O A M M A t 3 9 4 0 r ) s S 0 ~ 8 ~ / ~ ~ ~ T I ~ ~ l ~ 8 ~ ~ ~ F ~ U ~ ~ O ~ 8 ~ ~ ~  

U ~ l ~ / ( l ~ / H H t ~ D C E t D T E ~ D C I - D T I ~ / l 4 4 O O ~ t ~ ~ C I ~ ~ T E ~ / 2 2 6 ~ ~ ~  
THOURS 1 TMAX / 3600. 
F = 1.18333 t Oa2119tTHOURS - Oe09693 t DCE 
W = RINJ X 350. * 1440. 
RTI = flTI/2. 
FKDAY = FK X 86400, 
A = (WXCk(FKDAY+RTI*UtF))/(2.*3.14159tRTfYFK~~Y*U) 
2 = 0.0 
WRSTE(6r25) ZrTES 

? PUN*tt014 

20 2 = 2 t DELTZ 
I F  (ZrGEeDEPTt i )  GO TO 13 
T GE t Z t TES - GE * * A  t (TFStGEfA-TES) * EXP(-Z/A) 
WR1T€(6~25) ZrT 

25 F O R M A T ( ~ X I F ~ , O I ~ X I E ~ ~ ~ ~ )  

13 XF ( (Z-DEFTH)oLTeloO) 00 TO 31 
GO TO 20 - 

T I= GE 1 DEPTH t TES - OE rlr A t (TFSfGEtA-TES) * EXY(-DEPTH/A) 
WRITE(6 r 25) DEPTH IT 

31 IF (NR.GT.0) GO TO 37 
CALL TERF ( 'F I XMU) 
GCI TO 39 

37 CALL INTERP(TvXMU) 
39 CONTINUE 

WRITE(6r26) 
26 FORMAT(//) 

RETURN 
END 



88 

116SO 
11660 
11670 
11680 
11690 
11700 
11710 
11720 
11730 
11740 
.I1750 
11760 
11770 C 
11780 
117YO 
1 is00 
lis10 
11820 
11830 
11840 
11850 
11860 
11870 
11880 
11890 
11900 
11910 
11920 
11930 
11940 
11950 
11960 
11970 
11980 
11 990 
12000 
12010 
12020 
12030 
12040 
12050 
12060 
12070 
12080 
12090 
12100 
12110 
12120 
12130 
12140 
12150 

Gertsm 

SUBROUTINE GERTSM(TrT1NJ) 
COMMON/ClO/WORK~2r9~~HvRINJtCOLDtfMIFKIOL~TIMrPHIrLENGTHvTEM~U 

COMMON/C20/INrOUTrXvDX 
COMMON/C40/FLTYPEr~EPTHrPERMrPRESSrWIDTH 
COMMON/CLAIR/QrMUrFHv~rCvS~ 
COMMON/C60/KURUE 
COMMON/CMQ/MODELS 
C O M M O N / F R R ~ U / W S ~ l O ~ ~ X L S ~ l O ~ v U O L S ~ l O ~ v E F F S ~ l O ~ r T I ~ ~ l O ~  
INTEGER YES/'Y'/ 
REAL LENOTtir MU 
REAL MTrMU 

7 OLDWrTRES 

NO EXIT FROM HERE UNTIL SUCCESSIVE XL'S CONVERGE, 
TIME = T/60, 
PI 3.14159 
SAUXL = -1, 
TROOT = SQRT(T1ME) 
WRITE(6rl) KURUE 

1 FORMAT(//rSXr't%%X* CURVE t 'rflr' **kk*'r//) 
2 ZAP1 = FH t (CbC) 

Z A F 2  = ,00561 lk Q / ZAP1 
Z W 3  = ZAP2 * ZAP2 1 ZAP2 
W R f T E ( 6 r 3 )  MU 

3 FORHAT(/rSXv'IN QERTSMt MU ~'rF8.2 v / )  
DKML = 8,724 5 ZAP3 k (145, * MU / ( G t 6 O , *  TIME)) 
DKU = 1 
DKUP = DKU 
KIT = 0 

KIT = KIT t 1 
IF (KITILTISOO) GO TO 52 
WRITE(3r53) KURUE 

33 FORMAT(/rSXr'%-',Il). 
GO TO 100 

SO CONTINUE 

52 CoN-rINuE 
IF (SPINEIO~O) GO TO 34 
A = Of 
GO TQ 5 

34 DKS = C * TROOT / SP 
A = P I  t 8 .  % BKU / DKS 

ARG = 8 r *  SQRT(P1) lk DKU / A 
IF ( A R G , L T * 2 * )  GO T O  10 
NUN = 1 
EAE = 1 
DO 40 W l r 8  
NUM = ( 2  % N - 1) * NUM 
EAE = EAE 4- (-1) X t  N * NUM/(2*(ARQWWG))t#(N 

EAE = EAE/ARG/SQRT(FI) 

5 CONTINUE 

40 CONTINUE 

DKL = ( l . - ( A / l 6 r / D K U ) t ( l * - E A E ) ) / 2 r / P I  
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12160 GO TO 11 
12170 10 CONTINUE 
12180 ARB2 = ARO * ARO 
12190 CX = ERFC(AR0) 
12200 DKL (lt-(A/16t/DKU) t (l*-EXF(ARQ2)tCX))/2t/~I 
12210 11 CONTINUE 
12220 DKU =(lt/DKML/DKL/DKL) rot* t25 
12230 DDKU = DKU - DKUP 
12240 DDKU = ABS(DDKU) 
12250 IF(DDKUtLTtt0001) GO TO 100 
12260 DKUP = DKU 
12270 GO TO 50 
12280 100 CONTINUE 
12290 W = 12 t tCtTROOT/DKU 
12300 XL St61 1 Q r(C TROOT 1 LTKL/C/FH 
12310 UOL = 2, lr( W t XL t FH / 12, 
12320 EFF = UOt. 8 1OOt / (Q15t611TXME) 

12340 21 F O R M A T ( / / ~ S X I ' W I D T H ' ~ ~ X I ' L E N G T ~ ~ ' ~ ~ X ~ ' U ~ L U ~ E ' ~ ~ X ~ ' E F F , ' ~  
12330 WRITE(6r21) 

12350 7 7Xi'TIME' r / )  
12360 WRITE(6r22) WIXLIVOL~EFF~TIME 
12370 22 FORMAT( F l 0 t 3 ~ 2 F l O ~ l ~ F 9 t l ~ F l l ~ l ' ~  
12380 UERQ 3 ABS(XL-SAVXL1 / XL 
12390 SAVXL = XL 
12400 IF (UERGtLTtO*Ol) GO TO 300 
12410 IF (HODELStNEeYES) GO TO 24 
12420 ALTRES = TRES 
12430 C TINJi RETURNED FROM WELTEMV IS INPUT TO SINCLRt 
12440 CALL S I N C L R ( R I N J I A L T R E S V T I N J ~ W V H ~ T I M E ~ F K V X L ~ M U ~ ~ ~ ~ E F F )  
12450 GO TO 2 
12460 24 CONTINUE 
12470 CALL DYSART(TrXLrWrEFFrMU) 
12980 GO TO 2 
12490 300 CONTINUE 
12500 WHITE(6r38) 
12510 38 FORMAT(//~SXI'CONVERGENCE REACHED IN SUBROUTINE GERTSMI ' P I / )  
12520 c NOW INCREMENT F'OINTER TO NEXT CURVE, (SECOND DIMENSION OF 
12530 C ARRAYS XPrYPiVISCOS IN SUBROUTINE FRACt 
12540 KURVE = KURVE t 1 
12550 KU = KURVE 
12560 WS(KU) = W 
12570 XLS(KU) = XL 
12580 UOLS(KU) = WOL 
12590 EFFS(KU) = EFF 
12600 TIMtKU) = TIME 
12610 RETURN 
12620 END 
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10760 SUBROUTINE PLOTU( NUMFTS) 
10770 DIMENSION XA(202)rUA(202)tLUMA(9)rNUMPT~(~)r~IF(9)rDIFU(9) 
10780 COMMON/FLAY/ XD~202r9~rYD~202r9~ruIsc~s~~o2r9~ 
10790 COMMON/C2O/INrOUTrXXDUMlDXDUM 
10800 INTEGER OUT 
10810 COMMON/CSO/ SAUAUT(10)r NDUMMY(9)rNPASS 
10820 DATA M A X / 2 0 0/rLUMA/O~lr2~5~6~10~14~36~37/~FLOTHT/6t~/~PLOTW~/9~~ 
10830 SMALL tlEflO 
10840 DIG = elE-10 
10850 SMLV I= 61ESlO 
10860 EIGV t1E-10 
10870 DO 5 KrlrNPASS 
10880 NCR = NUMPTS(K) 
10890 NCRLIM = NCR 

10910 DO 8 L=lrNCRLIM 
10920 XPL = Xfi(Lrt0 
10930 YPL = UISCQS(LIK) 
10940 IF (XF1,tLTtSMALL) SMALL XFL 
10950 IF (XFLeGTeEIG 1 PIG 6 XPL 
10960 IF (YPLtLT*SMLU) SM1.U YFL 
10970 IF (YPLtGTtBIGU) EIGU YFL 

10900 IF (NCRLIMtGTt200) NCRLIH = 200 

10Y80 8 CONTINUE 
10Y90 ftIF(K) = BIQ - SMALL 
11000 5 DIFU(K) ta EIGU - SMLV 
11010 BIGISIF tlE-10 
11020 XUSE = 0 
11030 DO 9 K-1rNPASS 
11040 IF (DIF(K)tLE*BIGDIF) GO TO 9 
11050 PIGDIF = DIF(K) 
11060 IUSE = K 
11070 9 CONTINUE 

11090 IUSEV = 0 
11100 DO 14 K=lrNFASS 

11120 DIGDV =: D I F V ( I 0  
11130 IUSEV K 
11140 14 CONTINUE 
11150 C IUSE 8 IUSEU INDICATE WHICH CURVES HAVE LARGEST MAX 8 MIN VALUES 

11170 WRITE(OUTrl2) 

11080 BIGDU e l € - 1 0  

11110 IF (DIFU(K)tLE*EIGDV) GO TO 14 

11160 IF (SUSEtGTtO,ANDtIUSEUtQl*O) GO TO 11 

11180 12 FUHMAT(//V~XY’*** ERROR IN SUBtFLOTVe VALUE OF IUSE IS ‘I 
11190 ? ‘INUALIDt JOB TERMINATED* ’) 
11200 STOP 
11210 11 CONTINUE 
11220 LPTS = NUHPTS(1USE) 
11230 I F  (LFTS*GTt200) LPTS E 200 
11240 DO 10 WlrLPTS w 112SO VA(K) = UISCOS(KIIUSE) 
11260 10 X A ( K )  = XD(Kr1USE) 



W 

gs 

0 '  

13 

11270 
112uo 
11290 
11300 
11310 
11 320 
11330 
1 1 3 4 0  
11350 
11360 
11370 C 
11380 
1 1 3 Y O  
1 1 4 0 0  
1 1 4 1 0  
11420 
1 1 4 3 0  
1 1 4 4 0  
1 1 4 5 0  
11460 
1 1 4 7 0  
1 1 4 8 0  
11490 
11500 
11510 
11520 
11530 
11540 
11550 
11560 
11570 
11580 
11590 
11600 
11610 
11620 
11630 
1 1 6 4 0  

CALL, PL-OT(O* 9 0 ,  r-3) 
CALL P L O T ( l l r S t O e r 2 )  
C A L L  PLQT(11,5 tE*Sp2)  
C A L L  P L O T ( 0 * , 8 r 5 ~ 2 )  
C A L L  PLOT(O*rO,r2) 
CALL F L O T ( l , ~ l r r - 3 )  
CALL SCALE(XAvPLOTWDrLPTSr1) 
C A L L  SCALE(UArPLOTHTrLPTSr1) 
BEQINX - XA(LPTS4-1) 
DELTX - XA(LP7S-I-2) 
BEGINU = VA(LPTS-I-1) 

DELTV = UA(LPTSt2)  
BEOINU = UA(LFTSt1)  .. ( D I F U ( I U S E V ) t * l )  

CALL AXIS(O, rO*r '  ' r - l rPLOTWD~O,rEEQINXlnElTX 1 
C A L L  SYMPOL(3,r-0,7Sr0*17Sr°FRACTURE DISTANCE FEET'r 

C A L L  A X I S ( O , V O * ~ '  ',lrFLOTHT~90~rBEGINU~DELTU ) 
C A L L  S Y M B O L ( - ~ 5 ~ 2 ~ 5 r O ~ 1 7 5 r ' V f S C Q S I T Y  - CP, ' r90er17)  
C A L L  SYMBOL(l,3r7,0?0.175r 

? Oer24 )  

? 'FLUID VISCOSITY US DIGTANCE I N  FRACTURE0r0,0~39) 
20 CONTINUE 

It0 30 KEGslrNPASS 
KPTS = NUMPTS(KEG) 

DO 25 K s l r K P T S  
XA(K) = Xn(Krl(EG) 

25 UA(K) = VISCOB(KrKEQ) 
XA(KPTSi-1) = EEGINX 
XA(t(FTS4-2) = DELTX 
UA(KPTSt1) = EEGINU 
VA(KYTSt2) = DELTU 

RETlJRN 

I F  (KPTS.QT,200) KPTS a 200 

30 C A L L  L I N E ( X A ~ U A ~ K ~ T S ~ l r l O ~ L U ~ A ( # E O ) )  

77 WRITE(6?84) KNTrMAX 
8 4  FORMAT(/r' *#** ERROR, K N T u 0 r I 3 r 0  IS OREATER THAN MAX, ('~13~')' 

7 ' PROGRAM TERMINATEDrO) 
STOP 
END 
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10710 SUBROUTINE TERP(TEMPvV1S) 
10720 COMMON/TERCON/AvEvTLOWIVHIGHIVLOWlVWfOH 
10730 VIS = B * lOe*%(AtTEHP) 
10740 RETURN 
10750 END 62 

I 
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INTEGER NrINDrNWrK 
INTEGER IER 
DOUBLE PRECISION XrY(N)rXENDrTOLtC(l)rW(NWr9)rTEMP 
REA1 XrY(N)rXENDrTQLrC(l)rW(NWr9)rTEMP / 

DOUELE PRECISION ZEROrONE~TWOrTHHEErFOURrFIVErSEUENrTEN1HA~Fr~~ 
R E A L  Z E R O ~ O N E I T W O I T H R E E ~ F O U R I F I V E ~ S E V E ~ ~ T E ~ ~ H ~ ~ F ~ ~  

DOUELE PRECISION RK(39) rREFSrRTOL 
R E A L  RK(39)rREFSrRTOL 

1 C 4 D l S 1 C 2 D 3 r C 5 D 6 r C l D 6 r C l I ~ l S r C 2 D 9 6  

DATA Z E R O / O ~ O D O / ~ O N E / l ~ O D O / ~ T W O / 1 T H R E E / 3 ~ O ~ I O ~  
DATA ZERO/O~O/~ONE/l~O/~fWO/2tO/~THREE/3~0/ 
D A T A  FOUR/4~0DO/~FIUE/SrODO/,SEUE~/7~O~O/ 
D A T A  * FOUR/4*0/r~IUE/S*O/rSEVEN/7.0/  
DATA TEN/ lO~ODO/~WALF/O~SDQ/rP9 /0~9DO/  
D A T A  TEN/lO*O/rHALF/O*S/rP9/0.9/Ot~/ 
D A T A  C4D15/*2666666666666667DO/ 
D A T A  C4DlS/*2666667/ 
D A T A  C2D3/,6666666666666667DO/ 
D A T A  C2D3/*6666667/ 
KIATA CSD6/,8333333333333333D6/ 

CSD6/*8333333/ 
ClD6/,1666666666666667DO/ 

D A T A  ClD6/*1666667/ 
DATA ClDlS/ *6666666666666667&1/ 
I M T A  ClDlS/~6666667E-l/ 
LIATA C2D96/120~4272910821709DO/ 
D A T A  C2D96/120*4273/ 
DATA RfiFS/Z3410000000000000/ 
D A T A  REPS/Z3ClOOOOO/ 
D A T A  RTOL/ZOD10000000000000/ 
D A T A  RTOL/Z05100000/ 

DATA 
DATA 

DATA - RK( 1)/*1666666666666667D+OOI 
D A T A  R K ( , 1 > / * 1 6 6 6 6 6 7 E + O O /  

RK( 2)/~5333333333333333D-01/ 
RK( 2)/*5333333E-01/ 

D A T A  
DATA 
D A T A  RK( 3)/e2133333333333333DtOO/ 
DATA RK( 3)/,2133333Et00/ 
U A T A  f?K( 41/*8333333333333333DfOO/ 
D A T A  RK( 4)/,8333333EtOO/ 
DATA RK( 5)/*26~6666666666667DtOl/ 
DATA RK( 5)/*2666667Et01/ 
D A T A  RK( 6)/~2S00000000000000D+Oi/ 
fMTA fsK 4, 6 ) /  2500000EtOl/ 
DATA RK( 7)/~2578125000000000DtOl/ 
I l A T R  RK( 7)/t257812SEt01/ 
I I A T A  RK(  8)/,9166666666666667DtOl/ 
DATA RK( O)/e9166667E+Ol/ 
DATA RK( 9)/~6640625000000000DfOl/ 
D A T A  RK( 9)/*6640625€+01/ 
D A T A  RK(lO)/~80S4166666666667DtOO/ 
D A T A  RK(lO)/r8854167EtOO/ . 
D A T A  HK(11)/~2400000000000000~t01/ 
D A T A  RK(ll)lt2400000EtOl/ 
UATA RK(12)/~8000000000000000D+01/ 
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LJ 
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v 
bd 
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Cl 

Cl 

c1 

c1 

c1 

c1 

Cl 

c1 

c1 

c1 

Cl 

c1 

c1 

Cl 

c1 

Cl 

c 1 
c1 

c1 

Cl 

Cl 

Cl 

c1 

Cl 

C l  

c1 

CJ 

C 

D A T A  
.DATA 
D A T A  
D A T A  
D A T 6  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
IJATA 
D A T A  
fiRTA 
D A T A  
IU?TA 
D A T A  
D A T A  
D A T A  
DATA 
D R T A  
D A T A  
D A T A  
I I A T A  
D A T A  
D A T A  
KMTA 
D A T A  
U A T A  
D A T A  
D A T A  
D A T A  
DATA 
DATA 
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
D A T A  
OATR 
D A T A  
D A T A  
IIfiTA 
D A T A  
D A T A  
D A T A  
D A T A  
DATA 
D A T A  



95 

C u C 
U 

C 

C 
C 

U 

w 

u 

@ 

ys 

Y 

w 

W 

od 

w 

C 
C 
C 

C 
C 
C 

BEQIN INITIALIZATIONv PARAMETER 
CHECKINOF INTERRUPT RE-ENTRIES 

IER = 0 

IF 

GO 

5 IF 
IF 

DO 

- 
ABORT IF IND OUT OF RANOE 1 TO 6 

CASES - INITIAL ENTRYF NORHAL (INU*LT,l.bR,rND,GT*6) 00 TO 290 

RE-ENTRYv INTERRUPT RE-ENTRIES 
TO (5~5r40r14S126Sv26J)r IND 

CASE 1 m INITIAL ENTRY (IND ,EO, 1 
OR 2)  ABORT IF N,GT*NW OR TOLeLE, 

(N,OTtNW~ORtTOL,LEoZERO) GO TO 285 
(INDeEQ.2) GO TO 15 

INITIAL ENTRY WITHOUT OPTIONS (IND 
*EQI 1) SET C(1) TO C(9) EQUAL TO 
0 

10 Wlr9 
C ( t i )  = ZERO 

10 CONTINUE 
GO TO 30 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 

1s CONTINUE 
C 

SUMMARY OF THE COMPONENTS OF THE 
COMMUNICATIONS VECTOR 
PRESCRIBED AT THE OPTION 

OF THE USER 

ERROR CONTROL INDICATOR 
FLOOR VALUE 
HMtN SPECIFICATION 
HSTART SPECIFICATION 
SCALE SPECIFICATION 
HMAX SPECIFICATION 
MAX NO OF FCN EVALS 
INTERRUPT NO 1 
INTERRUPT NO 2 

DETERMINED BY THE PROGRAM 

C(10) RREE(REL ROUNDOFF ERROR BND 
C(11) DWARF (VERY SMALL MACH NO) 
C(12) WEIGHTED NORM Y 
C(13) HMIN 
C(14) HMAQ 
C(15) SCALE 
C(16) HMAX 
C(17) XTRIAL 
C ( 1 8 )  HTRIAL 
C(19) EST 
C ( 2 0 )  FREUIOUS XEND 
C(21) FLAG FOR XEND 
C(22) NO OF SUCCESSFUL STEPS 
C(23) NO OF SUCCESSIUE FAILURES 
C(24) NO OF FCN EUALS 
IF C(1) 4 OR 5~ C(31)~C(32)~,,* 
C(Nt30) ARE FLOOR VALUES 

INITIAL ENTRY WITH OPTIONS (IND ,Ea* 
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Y 
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C 2 )  MAKE C ( 1 )  TO C ( 9 )  NON-NEQATIVE 

c1 C ( K )  = DARS(C(K)) 
* D O  20 K r l r 9  

C(K) = ABS(C(K)) 
20 CONTINUE 

C MAKE FLOOR VALUES NON-NEOATIUE IF 
C THEY ARE TO BE USED 
C 

*IF (C(l).NE,FOUR.AND.C(l)oN~.FIVE) GO TO 30 

Cl 

25 
30 

C 
C 

C 
C 

35 

C 
C 
4- 

DO 25 K=lvE( 
C ( K t 3 0 )  = DAES(C(Kt30) 1 
C(Ict30) = ABS(C(Kt30)) 

CONTINUE 
CONTINUE 

C ( 1 O )  = REPS 
C(l1) = RTOL 

C ( 2 0 )  = x 
DO 35 K~21r24 

CONTINUE 
GO TO 45 

C(K) = ZERO 

INITIALIZE RREBv DWARFr PREU XENDv 
FLAGr COUNTS 

SET PREVIOUS XEND INITIALLY TO 
INITIAL VALUE OF X 

CASE 2 NORHAL RE-ENTRY (fND rEQ. 
3) ADORT IF XEND REACHED? AND 

b EITHER X CHANGED OR XEND NOT 
40 IF (C(~~).NE,ZERO.ANDI(X~NE.C(~~).OR.XEND.E~~C(~O))) GO TO 285 

C 
C 

C 
C 
C 
C 
C 

u C 

C 
C 

%IJ C ( 2 1 )  = ZERO 

4 5  CONTINUE 

w C 
C 
C 
C 
C 
C 

w '  50 CONTINUE 
C 
C 
C 
C 

w C 
c 

RE-INITIALIZE FLAB 

CASE 3 - RE-ENTRY FOLLOWING AN 
INTERRUPT (IND .Ea. 4 TO 6 )  
TRANSFER CONTROL TO THE 
APPROPRIATE RE-ENTRY POINT. THIS 
t4AS ALREADY BEEN HANDLED BY THE 
COMPUTED GO TOO 

LOOP THROUQH THE FOLLOWINQ 4 STAGES 
ONCE FOR EACH TRIAL STEP UNTIL TH 
OCCURRENCE OF ONE OF THE FOLLOWIk 
( A )  THE NORMAL RETURN (WITH IND 
eEQ* 3) ON REACHINO XEND Iff STAGE 
4 (B) AN ERROR RETURN (WITH SND 
.LT. 0 )  IN STAGE 1 OR STAGE 4 (C )  
AN INTERRUPT RETURN (WITH IND rEQ 
4r 5 OR 6 ) r  IF REaUESTEDv IN 8TAG 
1 OR STAGE 4 

* 
STAGE 1 - PREPARE - DO CALCULATIONS 

PARAMETER CHECKINQi AND END UP 
WITH SUITABLE VALUES OF HIlAOv 
XTRIAL AND HTRIAL IN PREPARATION 
FOR TAKINQ AN INTEGRATION STEP. 

OF HMIN, HMAXI ETCer AND SOME 
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ERROR RETURN (WITH INW-1) IF NO 
OF FCN EVALS TOO OREAT 

C 
Li C 

w C 
IF (C(~)~EQ~ZEROOOR,C(~~),LT~C(~)) GO TO 55 
INK1 ta -1 
GO TO 9005 

55 CONTINUE 
C CALCULATE SLOPE (ADDING 1 TO NO OF 

U C FCN EVALS) IF IND ONE* 6 
IF (INDoEQo6) GO TO 60 
CALL FCN (NrXrYrW(lr1)) 
C ( 2 4 )  = C(24)tONE 

60 CONTINUE 
C 
C VALUE PRESCRIBED 

CALCULATE HMIN - USE DEFAULT UNLESS v 
C(13) = C(3) 
IF (C(3)eNEeZERO) GO TO 120 

C 
C FIRST CALCULATE WEIGHTED NORM Y - 
C C(12) - AS SPECIFIED BY THE ERROK 
C CONTfiOl INDICATOR C(1) 

CALCULATE DEFAULT VALUE OF HHIN 

TEMP = ZERO 
IF (C(1)rNEeONE) 00 TO 70 

C AUSOLUTE ERROR CONTROL - WEIGHTS AR 
C 1 

DO 63 ' W l p N  
c1 TEMP = DMAXl(TEHFrDAEB(Y(K))) 

TEMP = AMAXl(TEMPrAeS(Y(K))) 
65 CONTII4UE 

C(12) 5: TEMP 
GO TO 115 

1u 70 IF (C(1)oNEoTWO) GO TO 75 
C RELATIVE ERROR CONTROL - WEIOHTS AR 
C l/DAHS(Y(K)) SO WEIGHTED NORM V I 
C 1 

C ( 1 2 )  = ONE 
GO TO 115 

cr 75 IF (C(1)eNEeTHREE) GO TO 85 
C WEIGHTS ARE l/MAX(C(Z)rABS(Y(K))) 

DO 80 P l v N  
Cl TEMP E DMAXl(TEMPpDABS(Y(K))/C(Z)) 

TEMP = AMAXl(TEMP1ABS(Y(K))/C(2)) 
80 CONTINUE 

99 c1 C(l2) = DMINl(TEMPr0NE) 
C(l2) = AMINl(TEMPv0NE) 
GO TO 115 

OS IF (C(1)oNEIFOUR) GO TO 9s 
C ' WEIGHTS ARE l/MAX(C(Kt30)rABS(Y(K)) 

DO 90 W l r N  
UJ C l  TEMP = DMAXl(TEMPpDABS(Y(K))/C(K+30)) 

TEMP A M A X l ( f E H P r A B S ( Y ( K ) ) / C ( ~ ~ 3 0 ) )  
* 90 CONTINUE b) 
Cl C(12) DMINl(TEMPr0NE) 

C(12) AMINl(TEMPr0NE) 
GO TO 115 

95 1F' (C(l)tNE+FXVE) 00 TO 105 Y 
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C WEIGtiTS ARE 1/C(Kt30) 

c1 TEMP = DMAXt(TEMPrDAPS(Y(K))/C(~t30)) 
Iro 100 ECrlrN 

TEMP = AMAXl(TEMPiABS(Y(K))/C(Kt30)) 
100 CONTINUE 

C(l2) = TEMP 
GO TO 115 

10s CONTINUE 
C *DEFAULT CASE - WEIGHTS ARE 
C l/MAX(lrABS(Y(K))) 

Cl TEMP = DMAXl(TE~PiDAES(Y(K))) 
DO 110 KslrN 

TEMP p AMAXl(TEMPiAES(Y(K))) 
110 CONTINUE 

Cl C(l2) DMINl(TEMPi0NE) 
C(12) = AMINl(TEMPv0NE) 

115 CONTINUE 
Cl C(13) = T E N b D M A X l ~ C ~ l l ~ i C ~ l O ~ E D H A X I ~ C ~ l Z ~ / T O L i D A ~ S ~ X ~ ~ ~  

C(13) 3 T E N ~ A M A X 1 ~ C ~ l l ~ r C ~ l O 3 t A M A X l ~ C ~ 1 2 ~ / T O L i A B S ~ X ~ ~ ~  
120 CONTINUE 

C 
C 

C 
C 
C 
C 
c1 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

CALCULATE SCALE - USE DEFAULT UNLESE 
VALUE PRESCRIBED 

C(15) = C ( 5 )  
IF (C(S)rEa*ZERO) C(15)  ONE 

CALCULATE HHAX - CONSIDER 4 CASES 
CASE 1 - BOTH HMAX AND SCALE 
PRESCRIBED 

IF (C (~ )~NEIZEROIANDOC(S)~NE,ZERO)  C(16) DMINl(C(6)iTWO/C(S)) 
IF (C(6)*NEtZEROtANDoC(S)rNE,ZERO~ C(16) C AMINl(C(6)iTWO/C(S)) 

CASE 2 - HMAX PRESCRIBEDi BUT SCALE 
. NOT 

I F  ( C ( ~ ) ~ N E I Z E R O ~ A N D ~ C ~ ~ ) . E Q , Z E R O )  C(16 )  = C ( 6 )  

CASE 3 - HMAX NOT YRESCRIEEDi BUT 
. SCALE IS 

IF (C(~)*EQIZEROOANDIC(~)~NE~ZERO) C(16) TWO/C(S) 

CASE 4 - NEITHER HMAX NOR SCALE IS 
PROVIDED 

IF ( C ( ~ ) ~ E Q ~ Z E R O ~ A N D O C ~ ~ . S ) ~ E ~ ~ Z E R O )  C(l6) TWO 

ERROR RETURN (WITH I N D = - 2 )  IF HHIN 
rOTo HMAX 

IF (C(l3)*LE*C(l6)) 00 TO 12s 
IND = -2 
GO TO 9005 

125 CONTINUE 
‘ c  CALCULATE PRELIHINARY HHAO - 
C CONSIDER 3 CASES 

C CASE 1 - INITIAL ENTRY - USE IF (IND~OTIZ) GO TO 130 
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c PRESCRIBED VALUE OF HSTARTi IF 
C CINYt ELSE DEFAULT 

Ld "C(14) = C(4) 
IF (C(4)eEQaZERO) C(14) C(16)tTOL*tClD6 V 

GO TO 140 
130 IF (C(23)aOTaONE) GO TO 135 

C CASE 2 - AFTER A SUCCESSFUL STEPt 1 
C 
C 
C AVOID POSSIBLE OVERFLOWa THEN 
C AVOID REDUCTION BY MORE THAN HALF 

AT HOST ONE FAILUREi USE MIN(2r 
*9S(TOL/EST)t*(1/6))lHMAOl BUT 

TEMP = TWOZC(14) 
IF (TOLaLT,CZD06IC(l9)) TEHP P P ~ ( T O L / C ( 1 9 ) ) S R C l D 6 t C ( 1 4 )  

e1 C(14) = DMAXl(TEMPtHALFIC(14)) 
C(l4) = AMAXl(TEHFrHALFICtl4)) 
GU TO 140 w 

135 CONTINUE 
C CASE 3 - AFTER TWO OR MORE 
C SUCCESSIVE FAILURES 

C(14) = HALFIC(14) 
140 CONTINUE 

C CHECK AGAINST HHAX 
Cl C(14) = DMfNl(C(l4)rC(16)) 

C(14) = AflfNl(C(14)vC(16)) 

c1 C ( 1 4 )  a DMAXl(C(14)rC(I3)) 
C ( 14) c AMAXl (C( 14 1 rC( 13) ) 

C 
C REUUES'TED 

0 

. c  CHECK AGAINST HMIN 

INTERRUPT NO I (WITH IND=4) IF 0 

I F  (C(8)*EQrZERO) GO TO 145, 
I N D  = 4 
GO TO 9005 

RESUME HERE ON RE-ENTRY WITH I N D  C 
C 

C CALCULCITE HMAOi XTRICSL - DEPENDING 
C 'ON PRELIMINARY HHAGi XEND 
C 

rEQ. 4 
4ld 

145 CONTINUE 

Y Cl IF (C(14)eGEaDAES(XEND-X)) 00 TO 150 
IF (C(14) ,GEaABS(XENh-X) 1 GO TO 150 

C 
C 
C j XEND 

. c  
DO NOT STEP MORE THAN HALF WAY TO 

Y Cl C ( l 4 )  D M I N l ( C ( I 4 ) r H A L F I D A B S ( X E N D - X ) )  
C(l4) AMINl(C( l4)rHALFtABS(XEND-X))  

C(17) XtSIGN(C(14)iXEND-X) 
GO TO 155 

Cl C(17) XtDSIGN(C(14)iX€ND-X) 

150 CONTINUE 
ICI' C HIT XEND EXACTLY 

c1 C ( 14 j = DABS ( XEND-X) 
C(14) = AHS(XEND-X) 
C(17) = XEND 

W 

Y 

155 CONTINUE 
C CALCULATE HTRIAL 
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c VECTOR (FER UNIT STEP) FOR THE 

C 
C THE WEIGHTED MAX NORM OF W(tr2) 4 
C SPECIFIED BY THE ERROR CONTROL 
C INDICATOR C(l)* FINALLY* MODIFY 
C THIS RESULT TO PRODUCE ESTr THE 
C ERROR ESTIMATE (PER UNIT STEP) F(: 
C THE EXTRAPOLATED APPROXIMATION 
C YTRIAL, 
C 
C CALCULATE THE UNWEIGHTED ABSOLUTE 
C ERROR ESTIHATE VECTOR, 

UNEXTRAPOLATED APPROXIMATION AND 
STORE IT IN W(*rZ)o THEN CALCULAl c .  

110 200 K=lrN 
W(Kv2) 5: W(K, l ) tRK(33) tW(K*3 )sRK(34) rW(K*4 ) tRK(35) tW(K*S)  

1 t R K ( 3 6 ) t W ( K * 6 ) t R K ( 3 7 ) - W ( K 1 7 ) * ~ K ( 3 8 ) - W ( K r 8 ) * R ~ ( 3 ~ )  
200 CONTXNUE 

c CALCULATE THE WEIGHTED MAX NORM OF 
C W ( * v 2 )  AS SPECIFIED BY THE ERROR 
C CONTROL INDICATOR CC 1) 

TEMP = ZERO 
IF (C(1)eNEoONE) GO TO 210 

C ABSOLUTE ERROR CONTROL 

c1 TEMP sa DMAXl(TEMP*DABS(W(Kr2))) 
DO 205 KzltN 

TEMP = ~MAXl(TEMP*AES(W(ti*2))) 
205 CONTINUE 

GO TO 260 
210 IF (C(1)rNEtTWO) GO TO 220 

C RELATIVE ERROR CONTROL 

IF (Y(K)*EQoZERO) GO TO 280 
Cl TEMP = DMAXl(TEMP,DAPS(W(K*2)/Y(Kj)) 

TEMP AMAX~(TEMFIAES(W(KI~)/Y(K))) 

DO 215 K=lrN 

215 CONTINUE 
GO TO 260 

220 IF (C(1)oNEeTHREE) GO TO 230 
C WEIGHTS ARE l/MAX(C(2)rABS(Y(K))) 

c1 TEMP 5; DMAX~(TEMPIDABS(W(KI~))/DMAXI(C(~)~DA~S(Y(K)))) 
110 225 W l r N  

TEMP = AMAXl(TEMF,ABS(W(Kr2))/AMAX1(~(2)rABS(Y(K)))) 
225 CONTlNUE 

GO TO 260 
230 IF (C(l)*NEoFOUR) 00 TO 240 

C WEIGHTS ARE l/MAX(C(Kt30)rABS(Y(K)) 
DO 235 K=lrN 

c1 TEMP D M A X ~ ( T E M F , D A R S ( W ( K I ~ ) ) / D ~ A X ~ ( C ( K ~ ~ O ) * D A R ~ ( Y ( K ) ) ) )  
TEMP = AMAX~(TEMPIABS(W(K*~))/AMAX~(C(K~~O)*A~S(Y(K)))) 

235 CONTINUE 
240 IF (C(1)oNEoFIVE) 00 TO 250 a 

C WEIGHTS ARE l/C(Kt30) 

c1 TEMP = DMAXl(TEHP,DABS(W(K*2)/C(Kt30))) 

GO TO 260 

DO 245 K=l,N 

TEMP cz A M A X ~ ( T E N P I A B S ( W ( K I ~ ) / C ( K + ~ ~ ) ) )  
245 CONTINUE 
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GO TO 260 
250 CONTINUE I 

C 
C 

v 

w 

0 

0 

lis 

Y 

Y 

Y 

b*, 

Y 

DEFAULT CASE - WEIGHTS ARE 
l /HAX(lvABS(Y(K)))  

DO 255 CC=lrN 
c1 TEMP 6 D M A X l ( T E M P I D A B S ( W ( K v Z ) ) / D M A X l ( O ~ E i ~ ~ ~ S ( Y ( K ) ) ) )  

TENP = AMAXl(TEMFvAES(W(KvZ))/AMAXI(ONEIABS(V(K)))) 
255 CONTINUE 
260 CONTINUE 

C CALCULATE EST - (THE WEIGHTED HAX 
C 
C 
C 

NORH OF W(*v2))*HMAGtSCALE - EST 
IS INTENDED TO BE A MEASURE OF TI- 
ERROR FER UNIT STEP I N  YTRIAL 

C ( 1 9 )  = TEMPZC(l4)tC( lS) 

IND = 5 

C STAGE 4 MAKE DECISIONS* SET I N D = 5  
C I F  STEP ACCEPTABLEi ELSE SET IND= 

I F  (C(19)aGTaTOL) IND = 6 
e 
C 

INTERRUPT NO 2 IF REQUESTED 

RESUME HERE ON RE-ENTRY WITH IND 
I F  (C(9)aNEoZERQ) GO Tb 90Q5 I 

C *EQo 5 OR 6 

C 

C STEP ACCEPTED ( IND oEQe S ) i  SO 
C 
C 
C STEFliv AND SET THE NO OF 
C SUCCESSIVE FAILURES TO ZERO 

265 CONTIElUE 

I F  (IND*EQr6) GO TO 275 

UPDATE XI Y FROM XTRIALv YTRIALv 
ADD 1 TO THE NO OF SUCCESSFUL 

X = C ( 1 7 )  
DO 270 CC=lvN 

C ( 2 2 )  = C(22)tONE 

Y ( # )  = W(Kv9) 
270 CONTINUE 

C ( 2 3 )  - ZERO 
C 
C 

RETURN(W1TH I N W 3 r  XEND SAVED# FLAG 
SET) I F  X ,EQe XEND 

I F  (XeNEoXEND) 00 TO SO ' 

IND = 3 
C ( 2 0 )  = XEND 
C(21) = ONE 
GO TO 9005 

275 CONTINUE 
C 
C 
C FAILURES 

C 
C OLEO HMIN 

STEP NOT ACCEPTED (IND ~ E Q I  6 ) ~  SO 
ADD 1 TO THE NO OF SUCCESSIVE 

C ( 2 3 )  = C(23)+ONE 
ERROR RETURN (WITH INW-3)  CF HMAG 

IF (C( l4 ) .GT*C( l3 ) )  00 TO SO 
IND = -3 
GO TO 9005 

C 
C 
C 

END STAGE 4 

END LOOP 
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Y 280 CONTINUE 
C 
C 

RELATIVE ERROR OPTION SELECTED AND 
Y ( K )  IS ZERO 

IER * 132 
00 TO 9000 

285 CONTINUE 
C x OR X E ~ D  WAS NOT CHANGED FROM 
C FREVIOUS CALL 

IER - 131 
GO TO 9000 . 

C 
290 CONTINUE 

C IND OUT OF RANOE 
IER cf 130 
GO TO 3000 

295 CONTINUE 
C NoOToNW OR TOLtLEoO 

IER - 129 
C BEOIN ABORT ACTION 

9000 CONTINUE 
CALL UERTST (IERv6HDVERK 1 

9005 CONTINUE 
RETURN 
END 

U 

U 
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W 

Y 

W 

02810 
02820 
02830 
02840 
02850 
02860 
02870 
02880 
02890 
02900 
02910 
02920 
02930 
02940 
02950 
02960 
02970 
02980 
02990 
03000 
03010 
03020 
03030 
03040 
03050 
03060 
03070 
03080 
03090 
03100 t 
03110 
03120 
03130 
03140 
03150 
03160 
03170 
03180 
03190 
03200 
03210 
03220 
03230 
03240 
03230 
03260 
03270 
03280 
03290 
03300 
03310 

SUBROUTINE BXDATA 
DIMENSION FLTYPE(S)rLUMA(9) 
INTEGER FLTYPE 
COMMON/ClO/WORK~2r9~~H~RINJ~C~FM~FK~TIMErPHIr%LENrTEMPrWrT~~~ 
COMMON/C40/FLTYPErDEPTHrF'ERMrFRESSrWIDTH 
COMMON/CSO/ G A U A V T ( l O ) r N D U M M Y ( 9 ) r ~ P A ~ S  
COMMON/CAUGl/TINITrTMAX~TINCR 
COMMON/BXOCT/ BXLEN 
DATA LUMA/Orlr2r5r6rlOr14r36r37/ 
TIMEM = TIME / 600 
THOURN = TINCR / 3600e 
TIMLEG = TINIT / 3600, 
THOURM = TMAX / 3600t 
CALL PL0T(lOtSr-lt~-3) 
CALL PLOT (2 t 5r0 t 01 2)  
CALL PLOT (2 t 5 r 8  t 5 I 2) 
CALL PLOT(Ot0~8*5r2) 
CALL S Y M B O L ( O ~ ~ ~ ~ O O ~ O ~ ~ ~ W ' F R ~ X T U R E  llATA'rOo~l3) 
CALL SYMPOL(Ot2t7*6~Oolr'FLUID TYPE:'rOt,ll) 
CALL SYMBOL(l~35~7r6~*1rFLTYPE~O~~20) 
CALL SYMBOL(t2r7*2r*lr8RATE:'rOtr5) 
CALL NUMBER(lt25r702~olrRINJ~Oot2) 
CALL SYMBOL(2tr7t2~tlr'BFM0~Ot~3) 
CALL GYMEDL(t2,6,8rolr0MAX TfME:'r0t~9) 
CALL N U M B E R ~ 1 ~ 2 5 ~ 6 o 8 ~ o l ~ f H O U R ~ ~ O o ~ 2 ~  
CALL 8YMB0L(2~~608~ol~'HRo 'rOt~4) 
CALL SYMBOL(o2r6t4r,l~'FRACt WIDTH:'tOtrl2) 
CALL NUMEER(ltSr6t4,*lrWIDTHrO*r2) 
CALL SYMBOL(2*r6t4rolr'fNt'~Oo~~) 
CALL S Y M B O L ~ o 2 ~ 6 ~ 0 ~ r l ~ ' F R A C o L E ~ G T H ~ ' ~ O o ~ l 2 ~  
CALL N U M B E R ( ~ ~ ~ ~ ~ . O I * ~ ~ P X L E N ~ O * ~ O )  
CALL S Y M B O L ( Z t 1 r 6 ~ 0 ~ 0 l r ' F T , ' r 0 1 1 3 )  
CALL S Y M B O L ( O ~ V S , ~ Y ~ ~ V ' I N J ~  TEMPo:'~Otrll) 
CALL NUMBER~l.Sr5.6.rtlrTEMPIO.rl) 
CALL SYMBOL(2t0~5068~01~75~00~-1) 
CALL S Y M B O L ( 2 ~ ~ ~ S o 6 ~ ~ 1 ~ ' F ' ~ O ~ ~ l )  
CALL S Y M E O l ~ ( t 2 ~ S ~ l ~ o l S ~ ' R E S E R V Q I R  PATA'rOerl4) 
CALL SYMEOL(t2,4,7r,lr'DEPTH:'~Oo~6) 
CALL N U M P E R ( l t 2 5 ~ 4 o 7 ~ o l ~ D E P T H I O I I 1 )  
CALL SYMBOL(2tr4t7r*lr'FTt'rOtr3) 
CALL S Y M E ~ O L ~ ~ 2 ~ 4 o 3 S ~ o l ~ ' t 1 E X G H T ~ ' ~ O o ~ ~ ~  
CALL N U M B E R ( l ~ 2 5 ~ 4 ~ 3 5 ~ 0 1 ~ t ~ ~ O o ~ l )  
CALL SYMBQL(2o~4~3S~ol~'FTo'~Ot~3) 
CALL S Y M B O L ( O ~ ~ ~ ~ O L ~ ~ ~ ' P R E S S U R E ~ ' ~ O O ~ ? )  
CALL N U M B E R ( l t 2 S r 4 t O ~ ~ i r F R E S S I O I I 1 )  
CALL SYMROL(2,r4~0,~lr'PSI'rO,rf)  
CALL SYMBOL(t2~3o65~ol~'TEMP~'~O~~S) 
CAL-1. NUMBER(1 t2%3*6Sr olrTRES10o 11) 
CALL SYMRQL(2tr3o73rolr75~~0~~1) 
CALL SYMBOL(2tl~3~65~0l~'F'~Oo~l) 
CALL S Y M B O L ( t 2 t 3 t 3 r ~ l r ' P E R M t ' r O t r S )  
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03320 
03330 
03340 
03350 
03360 
03370 
03380 
03390 
03400 
03410 
03420 
03430 
03440 
03450 

CALL NUMBER(lo25r3o3rolrPERMrOor3) 

CALL S Y M B O L ~ O ~ ~ ~ ~ ~ ~ ~ O ~ ~ ~ ~ L E G E N D ' ~ O , ~ ~ )  
YPS 3 2 0 5  

CALL S Y M B O L ~ o ~ ~ Y F S t r O S ~ o l ~ L U M A ( K ~ ~ O o ~ ~ 1 ~  

CALL S Y M B O L ~ 2 0 ~ 3 0 3 r o l , 8 M D ' r 0 , r 2 ~  

DO 18 KnlrNPkSS 

CALL S Y M B O L ( O ~ ~ ~ Y P S ~ ~ ~ ~ ~ T I ~ E ~  0rO~r6) 
TIMLEQ = TIMLEQ t THOURN 
CALL NUMBER(1oSrYPS~olrTIMLEOIOIIZ) 
CALL S Y M B O L ~ ~ ~ ~ ~ Y P S ~ I ~ ~ ' H ~ S ~ ~ O O ~ ~ )  

CALL PL0T(-10tS~lr~-3) 
RETURN 
END 

18 YPS = YPS r24 
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Piott 

1'06 

w 
01930 
01940 
01950 
01960 
01970 
01900 ' 01990 
02000 
02010 c 
02020 c 
02030 C 

y 02040 
02050 
02060 
02070 
02080 
02090 

w 02100 
02110 
02120 
02130 
02140 
02150 

0 02160 
02170 
02180 
02190 
02200 
02210 

0 02220 
02230 c 
02240 
02250 
02260 
02270 

W 02280 
02290 
02300 
02310 
02320 
02330 C 

Y 02340 
02350 
02360 
02370 
02300 
02390 
02400 

b, 02410 
02420 C 
02430 

W 

SUBROUTINE PLOTT( NUMFTS) 
INTEGER OUT 
DIMENSION X A ( 2 0 2 ) r Y A ( 2 0 2 ) r L U M A ~ Y ) ~ N L ~ M ~ T S ( 9 ) r D I F ( 9 )  
COMMON/PLAYI XD~202r9~IYD~202r9~rvIscos~2o~r9~ 
COMMON/ClO/WORK~2r9~r"JICIFMIFKtTIME~~HI~LEN~THrTEHP~W~T~ES 
COMMON/CSO/ SAVAUT(lO)rNDUMMY(9)rNPASS 
COMMON/C20/INrOUTrX~UMr~~XDUM~ 
DATA M A X / 2 0 0 / ~ L U M A / 0 ~ 1 1 2 ~ 5 r 6 r i 0 1 1 4 r 3 6 ~ 3 7 / ~ P L O T H T / 6 ~ ~ / ~ P L O T W D / 9 ~ ~ /  
FLOTHT 8 PLOTWD ARE PLOT FRAME HEIGHT 8 WIDTtSe 

FIRSTrFIND OUT WHICH OF THE NYASS CURVES TO USE TO CALL AXIS4 
(I*E*vONE FOR WHICH MAX X VALUE MINUS MIN X VALUE TS GREATEST) 
SMALL = elEtlO 
BIG = eXE-IO 
110 5 t\'=lTNPASS 
NCR = NUMPTS(K) 
NCRLIM = NCR 
IF (NCRLIMeGT.200) NCRLIM P 200 
DO 0 L=lrNCRLIM 
XPL = X D ( L r l 0  
IF (XPL*LT+S~~ALL) SMALL = XPL 
IF (XPL~GTIHIG 1 BIG 1 XPL 

8 CONTINUE 

5 CONTINUE 
EIIOflIF = e 1E-10 
IIJSE = 0 
DO 9 K=lrNPAGS 
IF (DIF(K)eLE*BXGDIF) GO TO 9 . 
IUSE (= K 

9 CONTINUE 

DIF(K) = BIG .. SMALL 

IUSE INDICATES WHICH CURVE TO USE IN CALLINQ AXIS* 
IF (1USEeGT.O) GO TO 11 
WRITE(OUTrl2) 

12 FORMAT(//t2Xrftdt ERROR' IN SUBIYLOTT. VALUE OF IUSE IS ' 9  

? ' INVALID* JOB TERMINATED* ' 1  
STOP 

11 CONTINUE 
LYTS = NUMFTS(1USE) 

DO 10 KZlrLFTS 
Y A ( K )  YD(Kr1USE) 

10 XA(K) = Xn(KrIUSE) 

IF (LFTS*GT*200) LFTS=200 

CALL PLOT(-ler-l*rJ) 
CALL PLC1T(lO*S~-le~2) 
CALL. PLOT ( 10 . 597 *SI 2) 
CALL PLQT(-l.r7*5~2) 
CALL F ' L O T ( - l r r - l o r 2 )  
CALL, PLOT ( 1 e 9 1 e I 3 1 
CALL SCALE(XArPLOTWDrLPTSr1) 
CALL SCALE 4 YA r PLOTHT r LF'TS I 1 1 
REGINX = XA(LPTEi4-1) 
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02440 
02450 
02460 
02470 
02480 
02490 
02500 
02510 
02520 
02530 
02540 
02550 
02560 
02570 
02580 

0 02590 
02600 
02610 
02620 
02630 
02640 

0 02650 
02660 
02670 
02680 
02690 
02700 

0 02710 
02720 
02730 
02740 
02750 
02760 

0 02770 
02780 
02790 
02800 

w 

Y 

W 
* w 

DELTX = XA(CPTSf2)  
C BEGINY = YA(LPTSt1) 
C DELTY E YA(LPTSi.2) 

DELTY = INDELT 
BEGINY L: TEMP 

INDELT (TRESf20e-TEMP) / PLOTHT 

CALL AXIS(O~IO*V' 'p-lrPLOTWD~O*,BEGINXIDELTX) 
CALL S Y M D O L ( ~ ~ ~ - O * ~ ~ P O ~ ~ ~ S I ' F R A C T U R E  DISTANCE - FEET'r 

CALL A X I S ( O ~ ~ O * V '  ' r l r P L O T H T ~ ~ 0 , r ~ E G I N Y ~ D E L T Y )  
CALL SYMBOL(~~S~2rSrO~l75r"EMPERATURE F ' ~ 9 0 * ~ 1 5 )  
CALL S V M B O L ( - r 6 9 r 4 ~ 8 ~ , 2 r 7 5 r O I O I - i )  
CALL SYMBOL(le3~7e0~Oe175~'FLUID TEMPERATURE US DfSTANCE I N  FRACTU 

7 01124) 

?RE'~0*0~41) 
CALL BXDATA 

DO 30 KEGrlrNPASS 
KPTS = NUMPTS(KEG) 
I F  (KPTSeOTe200) KPTS = 200 
DO 25 KZlrKPTS 
XA(K) = XD(KrKEO) 

25 YA(K)  YD(KrKEO) 
XA(KPTS4-1) = EEOINX 
XA(KPTSt2) = DELTX 
YA(KPTSt1) = EEQINY 
YA(KPTS4-2) = DELTY 
NUMSYM = KPTS / 20 
CALL LINE(XArYAIKPTSrlrNUMSYM1LUMd(KEO)) 

20 CONTINUE 

30 CONTINUE 
CALL PLOf(Oet0er-3)  
CALL FLOT(lSer-l*r-3) 
RETURN 

, 

77 WRITE(br84) KNTrMAX 
84 FORMAT(/r' Elk** ERROR* KNTc'pI3r '  I S  OREATER THAN MAX* ('~13~')'v 

/ 
? ' PROGRAM TERMINATEDO') 

STOP 
END ) 
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01830 
01840 

y3 01850 
01860 
01870 
01880 
01890 
01900 

0 01910 
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Block Data 

BLOCK DATA 
INTEGER OUT 
REAL LENOTH 
COMMON/ClO/ W O R K ( ~ ~ ~ ) ~ H ~ R I N J I C I F ~ ~ ~ F ~ ~ T I M E , P H I ~ L E N O T H ~ T E ~ ~ ~ W ~ T ~ E ~  
COMMON/C20/INrOUTrXrStX 
COMMON/PLAY/ X P ~ ~ O ~ ~ ~ ) V Y P ( ~ O ~ ~ ~ ) ~ V I S C O S ( ~ O ~ V ~ )  
COMMON/C60/KURVE 
DATA XP/181810e/~YF/l818tOs/rVfSCOS/1818%Oe/ 
DATA I N / 8 / r D X / S e O / ~ X / O e O / ~ O U T / 6 / ~ K U ~ V E / l /  

01920 END 
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RAFT R I V E R  STIiWL4TION TREATMENT RESULTS 

b y  C .  W .  iJIorris 

ABSTRACT 

T h e  G e o t h e r m a l  Reservoir Well S t i m u l a t i o n  P rogram 
(CRWSP) g r o u p  p l a n n e d  and e x e c u t e d  two f i e l d  e x p e r i m e n t s  a t  
t h e  Ra f t  River K G R A  d u r i n g  1979. ‘ d e l l  RRGP-4 was s t i m u l a t e d  
u s i n g  ii d e n d r i t i c  o r  t lKiel t l  h y d r a u l i c  f r a c t u r e  t e c h n i q u e ,  
and  Well RACP-5 was s t i m i l l a t e d  u s i n g  a c o n v e n t i o n a l  n a s s i v e  
h y d r a s l l i c  f rac ture  t e c h n i q u e .  T h i s  p r e s e n t a t i o n  s u m m a r i z e s  
t h e  a n a l y s D s  and r e s u l t s  of  t h e s e  s t i m u l a t i o n  t r e a t m e n t s .  

B o t h  s t i m u l a t i o n  r x p c r i m e n t s  zit Raf t  R i v e r  were t e c h n i -  
c a l l y  success fu l ;  h o w e v e r ,  t h e  p o s t -  s t i m u l a t i o n  p r o d u c t i v i t y  
o f  t h e  wel l s  was d i s a p p o i n t i n g .  The p r o d u c t i v i t y  i n d i c e s  
(PI) of  Wells RRGP-4 and RRCP-5 x a r e  found t o  bz 0.6 g p m / p s i  
and  2.0 g p m l p s i ,  r e s p e c t i v e l y .  

‘dell RRGP-4 p r o d u c t i v i t y  was g r e a t l y  i n c r e a s e d  over  i t s  
w p r e - s t i m u l a t i o n  c o n d i t i o n ,  b u t  t h e  a r t i f i c i a l l y  c r e a t e d  

f r a c t u r e  a n d / o r  t h e  n a t u r a l  f r a c t u r e  s y s t e m  d i d  not p r o v i d e  
a h i g h  t r a n s m i s s i v i t y  z o n n w t i o n  w i t h  t h e  source of t h e  
g e o t h e r m a l  f l u i d .  T h e  a r t e s i a n  flow r a t e  was 60 gpm. The  
a r t i f i c i a l l y  c r e a t e d  f r a c t u r e  i n  ‘dell RRCP-5 a p p a r e n t l y  con- 
nected w i t h  e x i s t i n g  n a t u r a l  f r a c t u r e s  v e r y  n e a r  t h e  

@ w e l l b o r e .  T h i s  c o n n e c t i o n  d i d  not, s i g n i f i c a n t l y  a f f e c t  t h e  
a l r e a d y  h i g h  t r a n s m i s s i v i t y  o f  these  f r a c t u r e d  zanes ( a r t e -  
s i a n  p r o d u c t i o n  r a t e  a b o u t  200 gpm). The low t e m p e r a t u r c  o f  
the produced f l u i d s  from RRGP-5 sugges t s  t h a t  t h e s e  frat- 
tures  e x t e n d  u p n a r d  t o  cooler  zofies of  t h e  r e s e r v o i r .  

w Pressure t r a n s i e n t  d a t a  i n d i c a t e  a n  a r ea  of r e d u c e d  
t r a n s n i s s i v i t y  o r  l i m i t e d  e n t r y  nea r  t h e s e  wel l s  and a n  area 
of  h i g h  t r a n s m i s s i v i t y  ( g r e a t e r  t h a n  530,000 m d - f t / c p )  
l b c a t e d  a t  some d i s t a n c e  wh ich  a c t s  as  a c o n s t a n t  p r e s s u r e  

s u s p e c t e d  of  b e i n g  t h e  major source o f ,  t h e  g e o t h e r m a l  
Y f l u i d s .  F u r t h e r  l o n g - t e r i n  t e s t i n g  is  n e e d e d  t o  confirm t h i s  

f a c t .  

, b o u n d a r y .  The m a j o r  f a u l t  l i n e s  n e a r  t h e s e  wells a r e  

Y 
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I N T R 3 D U C T I O N  

The purpose of t h i s  p re sen ta t ion  is  t o  summarize t h e  
r e s u l t s  o f  t h e  Raft River s t ih iu la t ion  experiinents. Discus- 
s ion  of  t h e  gene ra l  well  s e l e c t i o n  process ,  mechanical 
p repa ra t ion  of t he  wells,  and t h e  s p e c i f i c  f r a c t u r e  s t imula-  
t i o n  procedures a t  Raft  River werzf presented e a r l i e r  and 
t h e r e f o r e ,  w i l l  not be repeated here .  

The ope ra to r  of t h e  Raft  River geothermal f i e l d ,  E G S S ,  
coiiipleted and t e s t e d  the  %ells RRGP-q and RRCP-5 a s  p a r t  o f  
t h e  normal f i e l d  development program. Figure 1 shows t h e  
Raf t  River K G R A  and t h e  well  l o c a t i o n s .  The pre-s t imula t ion  
wel l  c o n d i t i o n s  a r e  d iscussed  here in  and compared w i t h  t h e  
pos t - s t imu la t ion  t e s t  resu l t s .  I t  should be remembered, 
however, t h a t  a l a r g e  por t ion  of t he  o r i g i n a l  open-hole com- 
p l e t i o n  i n t e r v a l  was cased o f f  ("Planning and Execution of  
Raft  River S t imula t ion  Treatments," I?. V .  Ve r i ty )  p r i o r  to  
t h e  f r a c t u r e  t r ea tmen t s  and t h e  d i r e c t  comparison may not  
n e c e s s a r i l y  be an accu ra t e  r e p r e s e n t a t i o n .  

P R E - S T I fl U L A T I  0 N 'd ELL C 0 N D I T  I 0 N S 

A l l  t h e  Raft River production we l l s  a r e  conpleted 
w i t h i n  t h e  n a t u r a l l y  f r a c t u r e d  zone from about 3,403 f e e t  t o  
6 , 5 4 3  f e e t .  The formation producing i n t e r v a l s  a r e  comprised 
p r imar i ly  of s i l t s t o n e ,  sands tone ,  metamorphosed q u a r t z ,  
q u a r t z  s c h i s t ,  e l b a  q u a r t z i t e ,  and qua r t z  monzonite. Pre- 
s t i m u l a t i o n  borehole te lev iewer  surveys ,  d i scussed  p r e v i -  
ous ly  ( t rApplicat ion o f  Acoustic Televiewer t o  t h e  Character-  
i z a t i o n  of  Hydraulic F r a c t u r e s  i n  Geothermal Wel l s tn l  S c o t t  
K e y s ) ,  i nd ica t ed  t h a t  both Wells RRGP-9 and RRGP-5 have 
n a t u r a l  f r a c t u r e s  i n t e r s e c t i n g  the i r  wcl lbores;  however, 
R R G P - 4  showed much less f r a i t u r i n g  i n  t h e  e n t i r e  well  
(open-hole i n t e r v a l  3 ,526 f e e t  t o  5,115 f e e t )  as compared t o  
o t h e r  Raft  River wel l s .  Well RRGP-5 had nurnerous h o r i z o n t a l  
and v e r t i c a l  f r a c t u r e s  throughout t h e  open-hole s e c t i o n  from 
3,408 f e e t  t o  4 ,925  f e e t .  

After  l e g  B o f  Well RRSP-4 was deepened t o  15,115 f e e t ,  
an at tempt  was made b y  E G G  t o  flow t e s t  the  wel l .  T h e  well  
was found t o  be non-commercial and would not s u s t a i n  an 
a r t e s i a n  flow r a t e  g r e a t e r  than approximately 10 gpm. The 
maximum bottom-hole temperature  was measured b y  borehole  
geophysical  l o g s  a t  254 degrees  F. 

Well RRGP-5 ( l e g  B) p r o d u c t i v i t y  was t e s t e d  by EG&G 
s e v e r a l  times a f t e r  completion. The w e l l  was a r t e s i a n  flow 
t e s t e d  f o r  72 hours  a t  a r a t e  of 143 gpm i n  November 1978. 
Short-term flow pe r iods  (approximately 1 hour) p r i o r  t o  t h i s  
t e s t  obtained r a t e s  i n  excess  o f  230 gpm; however, t h e  well- 
head pressure was d e c l i n i n g  v e r y  r a p i d l y  and t h e  well could 
not  s u s t a i n  t h i s  r a t e .  No downhole t r a n s i e n t  p re s su re  d a t a  
were obtained during these  t e s t s  w i t h  which t o  c a l c u l a t e  a 
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p r o d u c t i v i t y  i n d e x .  A maxinum bot tom-hole  t e i n p c r a t u r e  of 
2 7 4  d e g r e e s  F was m e a s u r e d  i n  t h e  we l l .  As d i s c u s s e d  p r e v i -  
o u s l y  ( p a p e r  by  R .  V .  V e r i t y ) ,  l e g  B i s  b e l i e v e d  t o  h a v e  
p e n e t r a t e d  a z o n e  e x t e n s i v e l y  damaged b y  c e m e n t  d u r i n g  t h e  
w o r k o v e r  of  l e g  A .  S u f f i c i e n t  volumt.  of c e m e n t  had b e e n  
i n j e c t e d  i n t o  l e g  A t o  f i l l  t h e  wellbore a n d  t h e  n e a r - w e l l  
n a t u r a l  f r a c t u r e s .  Some c o n f u s i o n  r e ! n a i n s  a s  t o  t h e  a c t u a l  
p r o d u c t i v e  p o t e n t i a l  of  RRGP-5 a f t e r  i t  was c o m p l e t e d .  F l o w  
t e s t  r e s u l t s  v a r y  from o v e r  1 , 0 0 3  gpm t o  1 4 0  gpm. I t  s h o u l d  
be s t a t e d  t h a t  s e v e r a l  v e r y  short-term p r o d u c t i o n  tests were 
a t t e m p t e d  d u r i n g  t h e  d r i l l i n s  o p e r a t i o n s  and  s h o r t l y  
t h e r e a f t e r .  T h e s z  t e s t s  were n o t  f u l l y  d o c u m e n t e d  and  n o  
d o w n h o l e  t r a n s i e n t  pressure d a t a  were o b t a i n e d .  I t  seems 
c l ea r  t h a t  fo r  a number  o f  r e a s o n s ,  m o s t l y  r e l a t e d  t o  t h e  
d r i l l i n g  o p e r a t i o n s  o r  t h e  t e s t  p r o c e d u r e s ,  t h e  well d a t a  
m i g h t  i n d i c i i t e  these r a t e s  were o b s e r v e d  f o r  s h o r t  p e r i o d s  
o f  time. However ,  p r e s s u r e  d a t a  o b t a i n e d  d u r i n g  l a t e r  tes ts  
i n d i c a t e  t h a t  t h e  bottom-hole p r e s s u r e  m u s t  have b e e n  
d e c r e a s i n g  r a p i d l y  d u r i n g  t h e s e  e a r l y  flow t e s t s  and  t h a t  
t h e  well would  n o t  h a v e  c o n t i n u e d  t o  s u s t a i n  a n y w h e r e  n e a r  
t h e  h i g h  f low r a t e s  o r i g i n a l l y  a s c r i b e d  t o  t h i s  well. None 
o f  the c u r r e n t  R a f t  R i v e r  wel ls  a r e  c a p a b l e  of v e r y  h i g h  
a r t e s i a n  f low r a t e s .  T h e  most l i k e l y  !naxiriiun f l b w  r a t e  of 
Well RRGP-5 p r i o r  t o  t h e  s t i m u l a t i o n  t r e a t m e n t  was a b o u t  
140-200  gpm. 

b, 
w 

W 

lr3 

As d e s c r i b e d  a b o v e ,  t h e s e  wel l s  o r i g i n a l l y  had l o n g  
o p e n - h o l e  i n t e r v a l s .  A ? - i n c h  c a s i n g  l i n e r  was c e m e n t e d  i n  
t h e  ho le  s u c h  t h a t  a 200-foot o p e n - h o l e  i n t e r v a l  was iso-  
l a t e d  for  s t i m u l a t i o n  t r e a t m e n t .  W i t h  t h e  l i n e r  i n  p l a c e ,  
b o t h  wel ls  were e s s e n t i a l l y  n o n - p r o d u c t i v e  a s  t h e  f o r m a t i o n  
n a t u r a l  f r a c t u r e s  f e e d i n s  t h e  we l lbo re  were. cased-off .  
T h e r e f o r e ,  n o  p r o d u c t i o n  t e s t s  were p e r f o r m e d  u n d e r  t h e s e  
c o n d i t i o n s  prior t o  t h e  f r a c t u r e  e x p e r i i n e n t s .  

u 

POST-STIMULATION PRODUCTION TEST INSTRUMENTATION 
w 

3 

B o t h  Wells RRGP-4 and RRGP-5 were p r o d u c t i o n  t e s t e d  
. f o l l o w i n g  t h e  f r a c t u r e  s t i m v l a t i o n  t r e a t i n e n t s .  ECSG 

a s s i s t e d  i n  t h i s  t e s t  p rogra rn  and  p r o v i d e d  t h e  su r f ace  
e q u i p m e n t  r e q u i r e d  t o  m o n i t o r  the flow c o n d i t i o n s .  The g e n -  
e r a l  p r o c e d u r e  was t o  c o n s t r u c t  a f low l i n e  from t h e  well- 
h e a d  t o  t h e  n e a r b y  ! i o l d i n g  p o n d .  T h e  flow l i n e  was i n s t r u -  
mented w i t h  a n  o r i f i c e  p l a t e  a n d  a d i f f e r e n t i a l  p r e s s u r e  
gauge t o  m o n i t o r  t h e  s i n g l e  p h a s e  f l u i d  flow r a t e .  T h e  flow 
l i n e  was a l s o  i n s t r u m e n t e d  t o  measyre w e l l h e a d  p r e s s u r e  a n d  
t e m p e r a t u r e ,  a n d  p o r t s  were p r o v i d e d  f o r  f l u i d  s a m p l i n g  
c a p a b i l i t y .  I n  some cases  t h e  w e l l h e a d  p r e s s u r e  was meas- 
u r e d  with a c o n v e n t i o n a l  Bourdon  guage a n d ,  i n  o t h e r s ,  w i t h  
a d i g i q u a r t z  p r e s s u r e  t r a n s d u c e r .  T h e  d e e p  g e o t h e r m a l  wells 
a n d  t h e  s h a l l o w  water  wells i n  t h e  Raf t  R i v e r  a r ea  were mon- 
i t o r e d  c o n t i n u o u s l y  b y  EGhG f o r  p o s s i b l e  i n t e r f e r e n c e  p r e s -  
s u r e  d a t a .  

Y 
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Downhole p r e s s u r e  ( a n d  t e m p e r a t u r e )  i n s t r u m e n t a t i o n  was 
u t i l i z e d  d u r i n g  t h e  f l o N  tes ts  t o  o b t a i n  t h e  t r a n s i e n t  p r e s -  
sure  drawdown and b u i l d u p  r e s p o n s e .  I n  :nost i n s t a n c s s ,  t h e  
d o w n h o l e  p r e s s u r e  e q u i p m e n t  was a q u a r t z  c r y s t a l  p r e s s u r e  
g a u g e  p r o v i d e d  b y  e i t h e r  EG&G 3r Lawrence  B e r k e l e y  Labora- 
t o r y  (LBL). However ,  s e v e r a l  i n s t r u m e n t  f a i l u r e s  occurred 
d u r i n g  t hese  t e s t s .  I n  t h e  c a s e  of t h e  S e p t e m b e r  1 9 7 3  flow 
t e s t  of  Well R R G P - 4 ,  a c o n v e n t i o n a l  A a e r a d a  t y p e  d o w n h o l e  
p r e s s u r e  g a u g e  w 3 s  used t o  o b t a i n  t h e  p r e s s u r e  b u i l d u p  d a t a .  
Downhole t e m p e r a t u r e  neasureinents Mere o b t a i n e d  t o  a i d  i n  
t h e  a n a l y s i s  o f  t h e  pressure  d a t a ,  wh ich  c a n  be s i g n i f i -  
c a n t l y  a f f e c t e d  b y  a c h a n g e  i n  t h e  f l u i d  t e n p e r a t u r e ,  and  t o  
d o c u m e n t  t h e  f l o w i n g  t e m p e r a t u r e  of  t h e  we l l .  

F l u i d  s a m p l e s  wq-e t a k e n  p e r i o d i c a l l y  d u r i n g  a l l  p o s t -  
s t i m u l a t i o n  flow t e s t s .  T h e s e  s a . n p l e s  were a n a l y z e d  fo r  
f r a c t u r e  f l u i d  and t r a c e r  t n a t e r i a l  r e t u r n s  b y  Vetter 
R e s e a r c h .  Also, ths  U.S.  G e o l o g i c a l  S u r v e y  r a n  b o r e h o l e  

0 t e l e v i e w e r  s u r v e y s  i n  ,12ch of  t h e  wel l s  t o  d e t e r m i n e  t h e  
e x t e n t  o f  t h e  newly  c rea ted  v e r t i c a l  f r a c t u r e  a t  t h e  
wellbore.  

TEST RESULTS AND ANALYSIS 

0 T h e  p r e s s u r e  t e s t i n g  df t h e  Wells RRGP-4 a n d  RRGP-5 
u n d e r  t h e  CRWSP w i l l  b e  d i s c u s s e d  i n  c h r o n o l o g i c a l  o rde r .  
The  p r e s s u r e  d a t a  were a n a l y z e d  u s i n g  c o n v e n t i o n a l  p r e s s u r e  
a n a l y s i s  t e c h n i q u e s ,  t y p e  curve ( l o g - l o g )  m a t c h i n g  t e c h -  
n i q u e s ,  and  n i l t n e r i c a l  s i m u l a t i o n  m e t h o d s .  

1 .  RRCP-4 0, - -- 

W 

W e l l  RRGP-4 was s t i m u l a t e d  w i t h  a d e n d r i t i c  h y d r a u l i c  
f r a c t u r e  t r e a t m e n t  i n  A u g u s t  1973 .  A 2 0 - h o u r  flow t e s t  was 
r u n  o n  Augus t  25-26, 1979.  The flow r a t e  d e c l i n e d  froin an  
i n i t i a l  250 gpin t o  a b o u t  6.3 gpm; hoWzver, a t  t h a t  p o i n t  
t w o - p h a s e  flow b e g a n  t o  o c c u r  a t  t h e  o r i f i c e  meter u s e d  t o  
m e a s u r e  t h e  f low r a t e .  T h e  t e s t  was t e r n i n a t e d  and p l a n s  
were made t o  re- tes t  t h e  w e l l  f o r  a l o n g e r  pe r iod  w i t h  
i m p r o v e d  flow c o n t r o l  e q u i p m e n t .  A b o r e h o l e  t e l e v i e w e r  sur- 

. v e y  c o n f i r m e d  t h e  e x i s t e n c e  of a 203 foot v e r t i c a l  f r a c t u r e  
c rea ted  b y  t h e  s t i m u l a t i o n  t rea tment .  T h e  f r a c t u r e  was 
o r i e n t e d  i n  a n  e a s t - n e s t  d i r e c t i o n  w h i c h  would p a r a l l e l  t h e  
Narrows F a u l t .  

W 

W 

Y 

The  S e p t e m b e r  1973 p r o d u c t i o n  t e s t  of  Well RRGP-4 was  
s i m i l a r  t o  t h e  f i r s t  t e s t  i n  flow r a t e s  and t h e  r a p i d  
d o w n h o l e  p r e s s u r e  r e s p o n s e .  F i g u r e  2 g i v e s  t h e  p r o d u c t i o n  
d a t a  an3 F i g u r e s  3 t h r o u g h  5 show t h e  p r e s s u r e  d a t a  p l o t s .  
The  d o w n h o l e  i n s t r u m e n t a t i o n  f a i l e d  about  8 h o u r s  i n t o  t h e  
drawdown p h a s e .  The t e s t  c o n t i n u e d  u n t i l  S e p t e m b e r  1 2 ,  
19’73, a t  which  p o i n t  Amerada t y p e  d o w n h o l e  p r e s s u r e  and tem- 
p e r a t u r e  i n s t r u m e n t s  were u t i l i z e d  t o  o b t a i n  t h e  r e s e r v o i r  
b u i l d u p  d a t a  g i v e n  i n  F i g u r e  3 .  The well  was flowed a t  a 
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r a t e  of about  63 gprn f o r  1 5 0  h o u r s  be fo re  s h u t - i n .  T h e  
f r a c t u r e  flow e f f e c t s  a r e  i n d i c a t e d  t o  l a s t  about 6 h o u r s  b y  
t h e  e a r l y - t i m e  p r e s s u r e  versus s q u a r e  r o o t  o f  time p l o t  i n  
F i g u r e  6 .  The  b o t t o t n - h o l e  p r e s s u r e  a p p a r e n t l y  r e a c h z d  t h e  
i n i t i a l  r e s e r v o i r  p r e s s u r e  a f t e r  a p p r o x i m a t e l y  1 5  h o u r s  of  
b u i l d u p  time. The d a t a  show a v e r y  f l a t  p r e s s u r e  c u r v e  from 
15 h o u r s  t o  4 7  hoars .  T h e  s i g n i f i c a n c e  of t h i s  is  d i s c u s s e d  
l a t e r .  The c o n v e n t i o n a l  f r a c t u r e  t y p e  c u r v e  a n a l y s i s  ( log-  
l o g  p l o t )  y i e l d s  a f r a c t u r e  l e n g t h  o f  a p p r o x i m a t e l y  335 f e e t  
and  a p e r m e a b i l i t y - t h i c k n e s s  ( k h )  of 800 m d - f t .  The H o r n e r  
p l o t  i n d i c a t e d  t h e  p r e s e n c e  o f  two s t r a i g h t  l i n e  s e g m e n t s ,  
one e a r l y - t i m e  ( less  t h a n  15 h o u r s )  and o n e  l a t e - t ime  
( g r e a t e r  t h a n  15  h o u r s )  s e g m e n t .  These two d a t a  s e g m e n t s  
g i v e  kh v a l u e s  o f  1070 rnd-ft  and '35,000 m d - f t ,  r e s p e c t i v e l y ,  
and  s u g g e s t  t h e  p o s s i b i l i t y  o f  more t h a n  o n e  p e r n e a b l e  z o n e  
n e a r  t h e  wellbore.  Also a n e g a t i v e  s k i n  f a c t o r  (-5.0) i n d i -  
c a t e s  a s t i m u l a t e d  z o n e  c lose  t o  t h e  we l lbo re .  T h i s  is 
f u r t h e r  c o n f i r m e d  by  t h z  fact; t h a t  t h e  b u i l d u p  c u r v e  
a p p r o a c h - ? s  t h e  H o r n e r  s t r a i g h t  l i n e  f rom a b o v e .  T a b l e  I 
suinnarizes t h e  c a l c u l a t i o n s  o f  reservoi r  p r o p e r t i e s  d e r i v e d  
from t h i s  t e s t .  Wellbore t e m p e r a t u r e  c h a n g e s  were smal l  
d u r i n g  t h e  r e s e r v o i r  b u i l d u p  p e r i o d  and d i d  n o t  s i g n i f i -  
c a n t l y  a f f e c t  t he  p r e s s u r e  d a t a .  

The  naximum b o t t o m - h o l e  t e m p e r a t u r e  recorded d u r i n g  t h e  
S e p t e m b e r  1979  f low tes 'c  was 270 degrees F. T h i s  t e m p e r a -  
t u r e  i s  s i g n i f i c a n t l y  h i g h e r  t h a n  p a s t  m e a s u r e m e n t s  h a v e  
shown ,  i . e . ,  a b o u t  241) d e g r e e s  'I: before s t i m u l a t i o n .  T h i s  
f a c t  s u g g e s t s  t h a t  t h e  n e w  a r t i f i c i a l  f r a c t u r e  is p r o d u c i n g  
f l u i d  from a d e e p  r e se rvo i r  z o n e  n o t  o p e n  i n  t h e  o r i g i n a l  
h o l e .  

- 2. - RRCP-5 

Well R R G P - 5  was s t i m u l a t e d  o n  November 1 2 ,  1979 .  T h e  
p o s t - s t i m u l a t i o n  p r o d u c t i o n  t e s t  was performed d u r i n g  
November 25-26, 1979 a f t e r  t h e  well  had b e e n  p r o d u c e d  
s e v e r a l  t imes t o  c l e a n  o u t  s a n d .  F i g u r e  7 i l l u s t r a t e s  t h e  
p r o d u c t i o n  d a t a  o b t a i n e d  d u r i n g  t h ?  6 h o u r  flow p e r i o d .  'The 
w e l l h e a d  and downho le  p r e s s u r c  and t e m p e r a t u r e  c o n d i t i o n s  
s t a b i l i z e d  v e r y  r a p i d l y  ( a b o u t  2 m i n u t e s ) .  An a v e r a g e  flow 
r a t e  of a b o u t  209 gpm was m a i n t a i n e d  w i t h  a wellhead p r e s -  
s u r e  of a b o u t  30 p s i a .  The  p r e s s u r e  drawdown of 103 p s i  was 
e x t r e m e l y  r a p i d  ( l e s s  t h a n  1 m i n u t e )  and no  e a r l y - t i m e  d a t a  
were o b t a i n e d .  A p l o t  o f  t h e  p r e s s u r e  b u i l d u p  d a t a  v e r s u s  I 

s q u a r e '  roo t  o f  t ime, shown i n  F i g u r e  3 ,  i n d i c a t e s  t h e  frac- 
t u r e  flow e f f e c t  n e a r  t h e  ye l lbo re  pers i s t s  f o r  o n l y  a b o u t  
38 s e c o n d s .  T h i s  s h o r t  l i n e a r  f low p e r i o d  and t h e  r e s u l t i n g  
c a l c u l a t e d  f r a c t u r e  length v a l u e  i s  so s m a l l  t h a t  no s i n g l e  
, f r a c t u r e  flow e x i s t s .  T h e  H o r n e r  p l o t  and t y p e  c u r v e  p l o t  
o f  t h e  p r e s s u r e  d a t a ,  i n  F i g u r e s  9 and  10, show only a s h o r t  
t r a n s i t i o n  p h a s e  between t h e  f r a c t u r e  d o m i n a t e d  p e r i o d  and 
t h e  l a t e - t ime  c o n s t a n t  p r e s s u r e  p e r i o d .  The  r e s u l t s  i n d i -  
c a t e  a h i g h e r  t r a n s m i s s i v i t y  t h a n  was f o u n d  i n  RRCP-4.  

Y 
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E s t i m a t e s  of t h e  l a t e - t i m e  f o r m a t i o n  kh a r e  l a r g e ,  i . e . ,  
g r e a t e r  t h a n  100,000 m d - f t .  

T h u s ,  t h e  h y d r a u l i c  f r a c t u r e  s t i m u l a t i o n  t r e a t m s n t  may 
h a v e  r e o p e n e d  e x i s t i n g  n a t u r a l  f r a c t u r e s  n e a r  t h e  x e l l b o r e  
a n d l o r  i n t e r s e c t e d  l e g  A which d i s s i p a t e d  t h e  i n j e c t e d  f r a c  
f l u i d  and e n e r g y .  The  borehole  televiewer s u r v e y  d i d  i n d i -  
c a t e  a n e w l y  c r ea t ed  v e r t i c a l  f r a c t u r e  a t  t h e  wellbore of 
a b o u t  140 f e e t  i n  l e n g t h  and o r i e n t e d  i n  a n o r t h e a s t -  

. s o u t h w e s t  d i r e c t i o n  wh ich  i s  p a r a l l e l  t o  t h e  Br idge  F a u l t .  
These r e o p e n e d  n a t u r a l  f r a c t u r e s  d i d  n o t  s i g n i f i c a n t l y  
a f f e c t  t h e  a l r e a d y  h i g h  p e r m e a b i l i t y  o f  t h i s  f r a c t u r e d  z o n e .  
The H o r n e r  a n a l y s i s  i n d i c a t e d  a v e r y  l a r g e  p o s i t i v e  s k i n  
f a c t o r ;  however, t h i s  s k i n  f a c t o r  is n o t  d u e  t o  a n y  forma-  
t i o n  d a n a g e  b u t  t o  t h e  l i m i t e d  e n t r y  n a t u r e  o f  t h e  comple-  
t i o n .  A l i m i t e d  e n t r y ,  t h e o r e t i c a l  s k i n  e f f e c t  c a l c u l a t i o n  

y i e l d s  a s k i n  f a c t o r  of  t h e  sane order  o f  m a g n i t u d e .  

The maximum f l o w i n g  b o t t o m - h o l e  t e m p e r a t u r e  was meas- 
u r e d  a t  264 degrees  F a t  t h e  shoe o f  t h e  ' ? - inch  l i n P r .  F i g -  
u r e  11 i l l u s t r a t e s  t h r e e  s e p a r a t e  t e m p e r a t u r e  s u r v e y s  !nade 
i n  Well RHCP-5. 

I n  March 1930, 'dell  RRGP-5 g a s  f low t e s t e d  a g a i n  u s i n g  
a d o w n h o l e  s u b m e r s i b l e  pump. T h e  maximum r a t e  o b t a i n e d  d u r -  
i n g  t h i s  t e s t  was 553 gpm. The  p r o d u c t i v i t y  i n d e x  o b t a i n e d  
from t h e  a r t e s i a n  flow t e s t  (2  g p m / p s i )  is i n  close a g r e e -  
men t  w i t h  t h e  v a l u e s  o b s e r v e d  d u r i n g  t h i s  pumped flow t e s t .  
T a b l e  2 s u m m a r i z e s  t h e  r e s e r v o i r  p r o p e r t y  c a l c u l a t i o n s  
d e r i v e d  from t h e s e  tests.  

P r e s s u r e  I n t e r f e r e n c e  - Data 

The d e e p  e x p l o r a t i o n  wells and sha l low water we l l s  i n  
t h e  a r e a  were m o n i t o r e d  f o r  wel lhead  p r e s s u r e  c h a n g e s  d u r i n g  
b o t h  s t i m u l a t i o n  t r e a t m e n t s  and s u b s e q u e n t  p r o d u c t i o n  tests.  
No i n t e r f e r e n c e  was i n d i c a t e d  d u r i n g  t h e  RRGP-4 f r a c t u r e  j o b  
o r  i t s  two p r o d u c t i o n  tes ts ;  h o w e v e r ,  t h e  RRGP-5 f r a c t u r e  
t r e a t m e n t  a p p a r e n t l y  d i d  c a u s e  a p r e s s u r e  s p i k e  a t  RRGE-1 
d u r i n g  t h e - i n j e c t i o n  of t h e  f r a c  , n a t e r i a l s .  The  f i r s t  flow 
t e s t s  of RRGP-5 d i d  not cause a n y  p r e s s u r e  c h a n g e s  a t  t h e  
o b s e r v a t i o n  wel ls  

R e s e r v o i r  Model 

Bo th  Wells RRGP-4 a n d  RRGP-5 show r e m a r k a b l y  s i m i l a r  
p r e s s u r e  r e s p o n s e  f o l l o w i n g  t h e  f r ac tu re  t r e a t m e n t s .  ' d e l l  

. RRCP-4 i s  a p p a r e n t l y  i n  a l e s s  f r a c t u r e d ,  t i g h t e r  a rea  of 
t h e  reservoir compared t o  a l l  t h e  o t h e r  p r o d u c t i o n  wells. 
The  t r a n s i e n t  p r e s s u r e  d a t a  i n d i c a t e  t h r e e  d i s t i n c t  f low 
r e s p o n s e  pe r iods :  
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(1  ) f r a c t u r e  flow ( 2 ) e a r l y - t i m e  low e f f e c t i v e  kh f low 
( n e a r  wel lbore) ;  and  ( 3 ) l a t e - t i m e  h i g h  e f f e c t i v e  kh 
flow (some d i s t a n c e  f rom we l lbo re ) .  

T h e  l a t e - t i m e  p r e s s u r e  resul ts  s u g g e s t  t h e  p r e s e n c e  of 
a c o n s t a n t  p r e s s u r e  b o u n d a r y .  I t  is  p o s s i b l e  t o  s a t i s f y  t h e  
observed p r e s s u r e  r e s u l t s  o f  b o t h  w e l l s  w i t h  two t y p e s  o f  
r e s e r v o i r in od e 1 s : uls, 

1 .  A f r a c t u r e d  r e se rvo i r  w i t h  low t r a n s i n i s s i v i t y  n e a r  
t h e  wellbore and a cons tan t  p r e s s u r e  b o u n d a r y  ( o r  v e r y  h i g h  
t r a n s m i s s i v i t y  a r ea  some r e l a t i v e l y  s h o r t  d i s t a n c e  from t h e  

0 wellbore)  or  

2 .  A reservoir w i t h  h i g h  e f f e c t i v e  t r a n s m i s s i v i t y  b u t  
w i t h  a l a r g e  s k i n  a t  t h e  wellbore.  

w 

T h e  s e c o n d  model docs  n o t  c o n f o r m  t o  t h e  known reser- 
v o i r  p h y s i c a l  c h a r a c t e r i s t i c s  a n d ,  t h e r e f o r e  was n o t  con-  
s i d e r e d  a v a l i d  model. N u m e r i c a l  s i m u l a t i o n s  were p e r f o r m e d  
u s i n g  t h e  f r ac tu red  r e s e r v o i r  model t o  c o n f i r m  t h e  f i r s t  
h y p o t h e s i s .  I t  was p o s s i b l e  t o  r e p r o d u c e  t h e  p r e s s u r e  t r a n -  
s i e n t  d a t a  for  b o t h  RRGP-4 a n d  RRCP-5 w i t h  e s s e n t i a l l y  t h e  
same model (RRGP-4 was  g i v e n  a lower n e a r - w e l l b o r e  t r a n s m i s -  
s i v i t y ) . ’  The  s i n g l e  l a y c r  model c o n s i s t e d  o f  a v e r t i c a l  ,‘ 

f r a c t u r e  t h r o u g h  t h e  Insellbore, a r e l a t i v e l y  low t r a n s m i s -  
s i v i t y  n e a r  the wel lbore ,  and a c o n s t a n t  p r e s s u r e  b o u n d a r y  
l o c a t e d  a l o n g  o n e  s h o r t  s i d e  of a two-to-one r e c t a n g u l a r  
d r a i n a g e  a r ea .  F i g u r e  1 2  i l l u s t r a t e s  t h ?  model g e o m e t r y .  
O b v i o u s l y ,  t h e  n u m e r i c a l  s i m u l a t i o n  a p p r o a c h  does n o t  y i e l d  
a u n i q u e  s o l u t i o n  t o  t h e  t r a n s i e n t  r e s e r v o i r  p r e s s u r e  
response, b u t  i t  does p r o v i d e  a c o n f i r t n a t i o n  o f  t h e  conven-  
t i o n a l  and t y p e  curve p r e s s u r e  s n a l y s i s  r e su l t s .  T a b l e s  3 
a n d  4 summarize t h e  p r e -  and  p o s t - s t i m u l a t i o n  we l l  c h a r a c -  
terist ics.  

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  well d i s t a n c e  from 
t h e  known or  s u s p e c t e d  f a u l t s  i n  t h e  Raf t  River a rea  a r e  
c l o s e  t o  t h e  d i s t a n c e  i n d i c a t e d  i n  t h e  r e s e r v o i r  model c a l -  
c u l a t i o n s  f o r  t h e  c o n s t a n t  p r e s s u r e  b o u n d a r y .  The  r e s u l t s  
d i s c u s s e d  h e r e i n  s u g g e s t  t h a t  t h e  n a t u r a l l y  f r a c t u r e d  rock 
f o r m a t i o n ,  a t  some d i s t a n c e  from a f a u l t ,  i s  n o t  s u f f i -  
c i e n t l y  p e r m e a b l e  t o  s u p p o r t  a h i g h  p r o d u c t i v i t y  we l l .  
Also,  h y d r a u l i c  f r a c t u r e  s t i m u l a t i o n  d o e s  n o t  a p p e a r  t o  be 
a n  e c o n o m i c  a l t e r n a t i v e  t o  r e c o m p l e t i o n  of  a well s i n c e  t h e  
r i s k  of  n o t  c o m m u n i c a t i n g  e f f e c t i v e l y  w i t h  t h e  h i g h  
t r a n s m i s s i v i t y  zones is g r e a t .  

Y 
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h.i 
V C h e m i c a l  A s p e c t s  - of F i e l d  E x p e r i m e n t s  

1 .  RRGP-4 - -- 
I n  a d d i t i o n  t o  tkie c o n v e n t i o n a l  c h e i n i c a l  a n a l y s e s ,  

s e v e r a l  a n a l y t i c a l  n e t h o d s  were d e v e l o p e d  and a p p l i e d  b y  
Vet ter  R e s e a r c h  t o  t h e  c h a r a c t e r i z a t i o n  o f  t h e  p r o d u c e d  
f l u i d s  from p o s t - s t i m u l a t i o n  flow t e s t s  a t  RRCP-4. T h e s e  
m e t h o d s  i n c l u d e d  t o t a l  o r g a n i c  c a r b o n  and c a r b o n a t e  
a n a l y s i s .  U e l l b o r e  and n e a r - w a l l b o r e  c o o l i n g  was i n d i c a t e d  
b y  t h z  l a c k  o’f p o l y m e r  d e g r a d a t i o n  i n  s a m p l e s  c o l l e c t e d  d u r -  
i n g  t h e  c l e a n - u p  flow p e r i o d  c o n d u c t e d  soon a f t e r  t h e  f r a c -  
t u re  t r e a t m e n t  had b e e n  c o i n p l e t e d .  S i g n i f i c a n t  p o l y m e r  
d e g r a d a t i o n  was o b s z r v e d  d u r i n g  t h e  two p r o d u c t i o n  t e s t s ,  
b u t  t h e  p r o d u c t s  o f  d e g r a d a t i o n  a p p e a r  t o  b e  water s o l u b l e  
and  were o b s e r v e d  i n  t h e  p r o d u c e d  f l u i d .  O f  t h e  f r a c  p o l y -  
mer i n j e c t e d ,  o n l y  45 p e r c e n t  c a n  b e  a c c o u n t e d  fo r  w i t h  cer- 
t a i n t y  ( s e e  F i g u r e  1 3 ) .  Some o f  t h e  f r a c  m a t e r i a l  a s  well 
a s  w a t e r  s o l u b l e  d e g r a d a t i o n  p r o d u c t s  were s t i l l  b e i n g  p ro -  
d u c e d  b a c k  when t h e  f low tes ts  were t e r m i n a t e d .  

0 

0 

0 
2. RRGP-5 - -- 

S i m i l a r  a n a l y t i c a l  m e t h o d s  ‘rlhre u t i l i z e d  t o  c h a r a c t e r -  
i z e  t h e  f l u i d s  p r o d u c e d  from p o s t - s t i n i u l a t i o n  flow a t  RRGP- 
5. I n  a d d i t i o n ,  a c h e m i c a l  t r a c e r  ( a a m o n i u a  n i t r a t e ) ,  wh ich  
was c o - i n j e c t e d  w i t h  t h e  frat f l u i d ,  was a n a l y z e d  f o r  d u r i n g  
t h e  flow tests. Based upon a l l  t h e  c h e m i c a l  work ,  i t  
a p p e a r s  t h a t  a m a j o r  p o r t i o n  af t h e  f r a c  f l u i d  e n t e r e d  a 
c o l d  zone of l i m i t e d  p r o d u c t i v i t y ,  T h i s  c o n c l u s i o n  i s  b a s e d  
on two f a c t s :  ( 1 )  t h e r e  was l i t t l e  t h e r m a l  d e g r a d a t i o n  of 
t h e  p o l y m e r  a f t e r  a one-month  p e r i o d  i n  t h e  r e s e r v o i r ;  a n d  
( 2 )  less t h a n  50 p e r c e n t  o f  e i t h e r  p o l y n e r  o r  t r a c e r  was 
p r o d u c e d  b a c k  e v e n  a f t e r  a c u m u l a t i v e  vo lume  of 2.5 times 
the i n j e c t e d  v o l u m e  had b e e n  p r o d u c e d  from t h e  wel l .  The 
a n a l y t i c a l  r esu l t s  a r e  i l l u s t r a t e d  i s  F i g u r e s  14 a n d  1 5 .  

0 

0 

Isr 

W 

W 

co I4 c L u s ION 

Well RRCP-4 Mas s u c c e s s f u l l y  s t i m u l a t e d  u s i n g  t h e .  den -  
d r i t i c  f r a c t u r e  t r e a t m e n t  m e t h o d .  The p r o d u c t i v i t y  i n d e x  
was i n c r e a s e d  from e s s e n t i a l l y  zero t o  0.6 g p m / p s i  and t h 3  
p r o d u c e d  f l u i d  t e i n p e r a t u r e  i n c r e a s e d  a p p r o x i m a t e l y  20 
d e g r e e s  F. 

Well RRCP-5 was s u c c e s s f u l l y  s t i m u l a t e d  u s i n g  a conven- 
t i o n a l  m a s s i v e  h y d r a u l i c  f r a c t u r e  t r e a t m e n t  t e c h n i q u e ;  how- 
e v e r ,  t h e  a r t i f i c i a l l y  c r e a t e d  f r a c t u r e  p r o b a b l y  i n t e r s e c t e d  
e x i s t i n g  n a t u r a l  f r ac tu re s  n e a r  t h s  w c l l b o r e  a n d / o r  i n t e r -  
s e c t e d  l e g  A. No s i g n i f i c a n t  i nc rease  i n  p r o d u c t i v i t y  was 
a c h i e v e d .  The  p o s t - s t i m u l a t i o n  P I  w a s  2.0 g p m l p s i .  

W i t h  t h e  e x c e p t i o n  of low m a t e r i a l  r e t u r n  i n  b o t h  f i e l d  
e x p e r i m e n t s ,  t h e r e  were no s t r i k i n g  s i m i l a r i t i e s  b e t w e e n  t h e  
c h e m i c a l  b e h a v i o r  o f  t h e  p o s t - s t i n u l a t i o n  f l u i d s  p r o d u c e d  a t  

e 

Y 
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RRGP-4 and RRGP-5. T h e  f r a c  f l u i d  i n j e c t e d  a t  HRGP-4 
e n t e r e d  a h o t t e r  zone t h a n  a t  RRSP-5. While t h e  t e m p e r a t u r e  
a t  t!ie t o p  o f  t h e  p r o d u c i n g  i ' n t e r v a l  i n  RRGP-4 i s  s l i g h t l y  
warmer t h a n  i n  RRGP-5 ( i . e . ,  270 degrees  F. v s .  264 degrees 
F.  r e s p e c t i v e l y ) ,  t h i s  t e n p e r a t u r c  d i f f e r e n c e  is  n o t  l a r g e  
e n o u g h  t o  a c c o u n t  fo r  the  e x c e n s i v e  d i f f e r e n c e s  i n  poly!ner  
d e g r a d a t i o n  t h a t  were observed.  

W 
U 

Y 
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R EF E RE N C ES 

1 K i e l ,  O t h a r ,  Kie l  F r a c t u r i n g  Process,  
U.S. P a t e n t  No. 3,933,205 

2 U n p u b l i s h e d  d a t a  r e p o r t s  on t h e  R a f t  River P r o j e c t ,  
p r e p a r e d  by  EC.%C, 1979. 
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TA’3LE 1 

RAFT R I V E R  R8GP-q 

TEST 2 - SEPTEYBER 6-14 ,  197’3 

Flow Rate = 53 &pin 

Produc t ion  Tin12 = 150 h r s  

Maxiinurn Bottom-!4ole Temperature = 273 degrees  F. 

BUILDUP DATA 

A .  FRACTURE TYPE C U f i V E  RNALYSIS: 

L = 335 f t  

K H  = SO0 m d - f t  

B. HORNER PLOT AN4LYSIS: 

Kti  = 1,0‘/0 md-ft ( E a r l y  T i m e )  

K H  = 35,000 md-ft ( L a t e  Tirut?) ( 1  1 

s = 6.0 

( 1 )  S o n s t a n t  Pressure Boundary E f f e c t  
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bi 
W 

TdSLS 2 

RAFT R I V E R  RRSP -4 

u 

v 

TEST 1 - NSVEASEEI 25-25, 1373 

Flow R q L c  = 290 gp11 

Pro;lucr;ion T i lne  = 5 :Irs 

Xaximurn Bottoin-F13le T e : i i p e r a t u r e  - 2G4 d e g r e e s  F. 

w 

A .  H O R N Z R  PLqT ANALYSIS:(l) 

K H  > lOr3,009 mJ-ft ( L a t e  T ine )  ( 2 )  
Y 

TEST 2 - EG&G: USIHS DOXr:JF13LS RED4 PUHP ( X a r c h  1 9 9 3 )  

Flow R a t e  z 659 g p a  

P r o d u c t i o n  T i m e  = 61.3 nrs 

P r o d u c t i v i t y  I n d e x  = 2.05 gprn/psi 

Haxitliuin T e , u p e r a t u r e  = 257 di.3recs F. (Wellhead) 
Y 

W 

( 1  No t r a n s i t i o n  or  s t e a d y - s t a t e  d a t a  b e f o r e  constant 
pressure b o u n d a r y  e f f e c t s  

( 2 )  Constant p r e s s u r e  b o u n d a r y  e f f e c t  
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TAEILE 3 

RAFT R I V E R  R R G P  -4 

, 

V 
I 

PRE-STIHULATION $ELL C O N D I T I O ? ? :  

Open-hole I n t e r v a l  3526 f t  - 5115 f t  

Maximam 3otto:n-hole Temperature = 254 degrees  F.  
from geophysical  logs 

Flow R d L t  = J e l l  Woald Not S u s t a i n  Flow 

Natural  F r a c t u r e s  i n  Wellbore 

POST-STIMUL4TION WELL C O N D I T I O N :  

Open-hole I n t e r v a l  4705 f t  - 49’33 f t  

V e r t i c a l  F r a c t u r e  i n  Wellbore (230  f t  h e i g h t )  

Flow Rate = 60 gp:n ( a r t e s i a n )  

Maximum Bottom-hole Temperature = 270 degrees  F. 
a t  3200 f t ’  

F r a c t u r e  E f f e c t s  S h w  L = 335 f t  

Near Wellbore E f f e c t i v e  KH = 890-1,003 md-f t  

Con st a n t  Pres sur t? Bo und a r  y 
w i t h  Yigh E f f e c t i v e  K t l  > 133,000 md-ft 

Communicates w i t h  n a t u r a l  f r a c t u r e s  o r  m a t r i x  per- 
m e a b i l i t y  i n  a r e a .  Did not communicate e f f ec -  
t i v e l y  w i t h  :najor source o f  r e s e r v o i r  f l u i d s  
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TABLE 4 W 
Y 

RAFT RIVER RRSP-5 

* 
P R E -S T I :4 U L A TI 0 N iJ E LL C ON 13 I T I i) N : 

Open-hole I n t e r v a l  3403  f t  - 4923 f t  

Maximwn Botton-hole Temperature = 2-74 degrees F. 

Flow Hate = 1 4 3  gpm ( a r t e s i a n )  

Near 'del lbore Cement Dari;a&e 

Natural  F r a c t u r e s  i n  Wellbore 

Y 

W 

POST-STIMULATION 'AELL SONDITION: y3 

Open-hole In te rga l .  453'7 f t  - US03 f t  

Maxirnum Bottom-hole Tenpcrature  = 264 dsg rees  F .  
a t  4,G03 ft 

Flow Rate = 203 gpm ( a r t e s i a n )  
0 

ea 

Y 

W 

Near Xcl lbore Effective K H  > l i ) O , O O 3  m d - f t  with 
Limited E n t r y  

Coastant  Pressure  3ouiidary with 

V e r t i c a l  F r a c t u r e  in Yellbore ( 1 0 3  f t  height;) 

Communicates w i t h  n a t u r a l  f r a c t u r e s  o r  m a t r i x  pe r -  
m e a b i l i t y  i n  a r e a .  Did  not communicate e f f e c -  
t i v e l y  w i t h  inzjor sOtlrce of r e s c r v o i r  f l u i d s  

Appears t o  have  l i m i t e d  p rcs su re  communication 

High E f f e c t i v e  K i i  > 103,009 nil-ft 

w i t h  RRGE-1 
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RRGP 5 
TEMPERATURE SURVEYS 
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FIGURE 12 

RESERVOIR SIMULATION *A 
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FRACTURE 
IN WELL BORE 
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FIGURE 13 

TOTAL ORGANIC CARBON- AND CARBOHYDRATE 

CONCENTRATION OF RRGP-4 PRODUCED FLUID 
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FIGURE 14- 

AMMONIUM AND NITRATE TRACER 

CONCENTRATION IN RRGP-5 PRODUCED FLUID 
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TOTAL ORGANIC CARBON AND CARBOHYDRATE 

CONCENTRATION OF RRGP--5 PRODUCED FLUID 
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PLANNING AND E X E C U T I O N  OF RAFT R I V E R  
STIMULATION TREATMENTS 

Robert V .  Ve r i ty  
Re u b l i c  Geotherinal, I n z .  9*"E t* S q f * " 4 f l  c p  

- 1 .  --- RRGP-4 Well C h a r a c t e r i s t i c s  - and Treatment Ob jec t ive  

Raft  R i v e r  Ne11 RRGP-4 was t h e  f i r s t  s t i m u l a t i o n  zandi- 
d a t e  under t h e  Geothermal Reservoir Well S t imula t ion  Program 
(GRWSP). P r i o r  t o  t h e  s t i m u l a t i o n  t r e a t m e n t ,  t h e  well  pro- 
duced a t  a s t a b i l i z e d  a r t e s i a n  flow r a t e  of  on ly  about 10 
gpm, compared t o  r a t e s  o f  more than 293 gpm f o r  t h e  be t t e r  
producing wells i n  t h e  f i e l d .  An a c o u s t i c  borehole  
t e l ev iewer  log  ( 1 )  r u n  prev ious ly  b y  t h e  U.S. Geological  
Survey ind ica t ed  t h e  well  had l e s s  n a t u r a l  f r a c t u r i n g  i n  t h e  
wel lbore  than  o t h e r  we l l s  i n  t h e  f i e l d .  S ince  t h e  o t h e r  
w e l l s  had encountered a b e t t e r  developed and nore product ive  
f r a c t u r e  system, i t  was not  unreasonable t o  b e l i e v e  t h a t  
major product ive  f r a c t u r e s  could e x i s t  near  R R G P - 4 .  There- 
f o r e ,  i t  was considered l i k e l y  t h a t  a f r a c t u r e  s t i m u l a t i o n  
t r ea tmen t  i n  t h e  wel l  could c r e a t e  f r a c t u r e s  which would 
i n t e r c e p t  major n a t u r a l  f r a c t u r e s  and t h e r e f o r e  make t h e  
wel l  comparable i n  p r o d u c t i v i t y  t o  t he  b e t t e r  producing 
w e l l s  i n  t h e  f i e l d .  

A producing temperature  of 270 degrees  F. o r  higher  was 
r equ i r ed  f o r  e f f i c i e n t  use i n  t h e  power p l a n t .  S ince  only 
t h e  lower po r t ion  of  t h e  well  had s u f f i c i e n t  temperature  t o  
meet t h e  minimum ternperaturc? requirement ,  a "-inch l i n e r  wds 
i n s t a l l e d  and cemented which excluded a l l  o f  t h e  u p p e r  por- 
t i o n  of  t h e  o r i g i n a l  open-hole i n t e r v a l  (F igu re  1 ) .  O n l y  
t h e  i n t e r v a l  from 4705 '  t o  4930' was l e f t  open f o r  t h e  f r ac -  
t u re  t r ea tmen t .  T h e  200-f t .  i n t e r v a l  was s e l e c t e d  as a 
l e n g t h  which could be e f f e c t i v e l y  f r a c t u r a  t r e a t e d .  

- 2. 
Maurer Engineering and R G I  eva lua ted  s e v e r a l  d i f f e r e n t  

f r a c t u r i n g  processes  f o r  use i n  RRGP-U. T h e  K ie l  (dondr i -  
t i c )  F rac tu r ing  Process  ( 2 )  was s e l e c t e d  p r i m a r i l y  because 
i t  appeared t o  o f f e r  t he  b e s t  oppor tun i ty  o f  i n t e r s e c t i n g  
t h e  major n a t u r a l  f r a c t u r e s  i n  t h e  a r e a .  Our  concern w i t h  a ' 

convent iona l  p lanar  f r a c t u r i n g  t rea tment  was t h a t  t h e  
c rea t ed  f r a c t u r e  would on ly  p a r a l l e l  major n a t u r a l  f r a c t u r e s  
i n  t h e  a r ea .  

' The Kiel f r a c  t rea tment  w3s designed f o r  f i v e  s t a g e s  of  
1,975 bbl  per s t a g e .  Each s t a g e  included two pumping 
p e r i o d s ,  each o f  which was followed by  a b r i e f  flow-back 
per iod .  The pumping and flow-Sack sequence f o r  a t y p i c a l  
s t a g e  i s  shorn i n  Table 1.  T h e  a l t e r n a t i n g  pump-in and 
flow-back p e r i o d s  a r e  designed t o  s t r e s s  and res t ress  t h e  
rock ,  r ea r r ang ing  t h e  s t r e s s e s  t o  achieve a change i n  

Treatment S e l e c t i o n  - and Design 

. 
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f r ac tu re  d i r e c t i o n .  Therefore ,  on t h e  . s e c o n d  and s u c c e e d i n g  
s t a g e s  of  a Kiel  d e n d r i t i c  f r a c t u r i n g  p r o g r a m ,  i t  c a n  be 
e x p e c t e d  t h a t  b r a n c h e d  o r  d e n d r i t i c  f r a c t u r i n g  w i l l  o c c u r .  
F i g u r e  2 i s  a n  i d e a l i z e d  d i a g r a m  of a d e n d r i t i c  f r a c t u r i n g  
p a t t e r n .  Each  s t a g e ,  a s  shown i n  Tab le  1 ,  i n c l u d e d  th ree  
s l u g s  o f  100 mesh s a n d  fo r  f l u i d  l o s s  c o n t r o l  fo l loved  b y  
f o u r  s l u g s  of  20/40 p r o p p a n t  s a n d .  Each  s t a g e  was d e s i g n e d  

u t o  a c h i e v e  a f r a c t u r e  200 f t  h i g h  b y  a b o u t  1 ,500 f t .  l o n g  
a s s u m i n g  a f l u i d  e f f i c i e n c y  o f  30%. The  f r a c  f l u i d  was a 
low v i s c o s i t y  g e l  c o n t a i n i n g  10 p o u n d s  of  h y d r o x y p r o p y l  g u a r  
p l u s  two p o u n d s  of  XC p o l y m e r  p e r  t h o u s a n d  g a l l o n s  o f  water.  
As d i s c u s s e d  belox t h e  t r e a t m e n t  was t e r m i n a t e d  a f t e r  4 
s t a g e s .  A t o t a l  o f  7 ,900  b b l s  o f  f r a c  f l u i d  was i n j e c t e d  
w i t h  108,400 l b s  o f  s a n d  a t  a n  a v e r a g e  r a t e  of  59 b b l s / m i n .  

k., 
v 

0 

- 3 .  T r e a t m e n t  H i s t o r y  

Y 

v 

F i g u r e  3 i s  a p r e s s u r e - r a t e  h i s t o r y  o f  t h e  t r e a t m e n t .  
There a r e  t h r e e  m a j o r  i tems of  i n t e r e s t  t o  n o t i c e  i n  t h e  
f i g u r e .  The  e r r a t i c  behav io r  i n  t h e  f i r s t  two s t a g e s  is  a 
r e s u l t  of  some u n s c h e d u l e d  s h u t d o w n s  c a u s e d  b y  m i n o r  e q u i p -  
m e n t  problems and l e a k s .  One a d v a n t a g e  of t h e  K i e l  p r o c e s s  
is  t h a t  s u c h  s h u t d o w n s  d o  n o t  n o r m a l l y  h a v e  an a d v e r s e  
e f f e c t  o n  t h e  t r e a t m e n t  r e s u l t s .  S u c h  a shut -down i n  t h e  
a d v a n c e d  s t a g e s  of  a c o n v e n t i o n a l  f r a c t u r i n g  t r e a t m e n t  would 
l i k e l y  r e s u l t  i n  a s a n d - o u t  and f a i l u r e  o f  t h e  j o b .  S t a g e s  
3 a n d  4 p r o c e e d e d  w i t h  no  d i f f i c u l t y .  A s  shown i n  t h e  f i g -  
u r e ,  t h e r e  is  l i t t l e  c h a r a c t e r  t o  t h e  p r e s s u r e  c u r v e  i n  t h e  
l a s t  two s t a g e s  e x c e p t  f o r  a n i n o r  d e c l i n e  i n  p r e s s u r e  i n  
t h e  f i n a l  s t a g e .  I t  i s  a l s o  i m p o r t a n t  t o  n o t i c e  t h e  t r e n d  
of  i n s t a n t a n e o u s  s h u t - i n  p r e s s u r e s  ( I S I P ' s )  f o l l o w i n g  e a c h  
pumping p e r i o d .  After t h e  f i r s t  s t a g e ,  t h e r e  is  v e r y  l i t t l e  
c h a n g e  i n  t h e  I S I P ,  and  t h a t  i s  a n  i n d i c a t i o n  t h a t  d e n d r i t i c  
f r a c t u r i n g  was n o t  a c t u a l l y  o c c u r r i n g .  I n  a n o r m a l  d e n d r i -  
t i c  f r a c t u r i n g  job, c h a n g e s  i n  t h e  rock s t r e s s e s  which 
r e s u l t  i n  d e n d r i t i c  f r a c t u r i n g  would a l s o  be e v i d e n c z d  b y  d 
c h a n g e  i n  t h e  I S I P  from s t a g e  t o  s t a g e .  S i n c e  t he re  were 
no  a p p a r e n t  resul ts  o t h e r  t h a n  t h e  p r o b a b l e  e x t e n s i o n  of t h e  
n a t u r a l  f r a c t u r e s ,  t h e  Job was t e r m i n a t e d  a f t e r  f o u r  s t ages .  

- 4 .  M e c h a n i c a l  A r r a n g e m e n t  

The f r a c  j o b  was pumped t h r o u g h  a 4-1/211 f r a c  s t r i n g  
w i t h  a p a c k e r  se t  i n  t h e  7 "  l i n e r .  The  f r a c  s t r i n g  was u s e d  
b e c a u s e  of p r e s s u r e  l i m i t a t i o n s  on t h e  c a s i n g  and l i n e r  l a p s  
a b o v e  t h e  l i n e r .  F i g u r e  4 i s  3 s c h e m a t i c  d i a g r a m  of t h e  
s u r f a c e  f r a c t u r i n g  e q u i p m e n t  l a y o u t .  R-J Hughes  p r o v i d e d  
a l l  s u r f a c e  f r a c t u r i n g  e q u i p m e n t  and t r e a t m e n t  m a t e r i a l s .  
T h e  s e l e c t i o n  of B-J Hughes  was b a s e d  on c o m p e t i t i v e  b i d s  
and  e q u i p m e n t  a v a i l a b i l i t y .  B e c a u s e  of t h e  l a r g e  vo lume  of 
t h e  t r e a t m e n t ,  t h e  f r a b  f l u i d  was m i x e d  and pumped i n  a con-  
t i n u o u s  p r o c e s s .  A new 24,000 b b l  l i n e d  pond wds  f i l l e d  

. w i t h  geothermal  f l u i d  from RRGP-5 p r i o r  t o  t h e  j o b .  A Model 
607 45 b b l / m i n  b l e n d e r  pumped water from t h e  p o n d ,  added t h e  
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two po1y:ners and a s m a l l  amount  o f  h y d r o c h l o r i c  a c i d  t o  
lower t h e  pH o f  t h e  w a t e r  s l i g h t l y  and e n h a n c e  t h e  j e l l i n g  
of  t h e  p o l y i n e r s .  The f l u i d  t h e n  was pumped i n t o  t h e  f o u r  
5 0 0 - b a r r e l  f r a c  t a n k s  wh ich  p r o v i d e d  s u r g e  c a p a c i t y  and  
r e s i d e n c e  t ime fo r  g e l a t i o n  t o  occur .  A Nodel  6 1 1  120  
b b l l m i n  b l e n d e r  pumped f r a c  f l u i d  frorn t h e  t a n k s ,  a d d e d  
p r o p p a n t  s a n d ,  and  f e d  t h e  f r a c  u n i t s .  Sand  was d e l i v e r e d  
t o  t h e  b l e n d e r  by dump t r u c k s .  The f r a c  u n i t s  pumped 
t h r o u g h  two 3" f r a c  l i n e s  t o  t h e  wel l .  A b r a n c h  l i n e  from 
one of t h e s e  f r a c  l i n e s  t o  t h e  p i t  p r o v i d e d  a means  of  back-  
f lowing  t h e  well b e t w e e n  pumping s t a g e s .  A pump t r u c k  was 
c o n n e c t e d  t o  t h e  well  a n n u l u s  t o  h o l d  p r e s s u r e  on t h e  
a n n u l u s  i n  a n t i c i p a t i o n  of f r a c t u r i n g  p r e s s u r e s  h i g h e r  t h a n  
t h e  c a p a b i l i t y  o f  t h e  f r a c  s t r i n g  and p a c k e r .  However ,  
f r a c t u r i n g  p r e s s u r e s  were lower t h a n  a n t i c i p a t e d ,  and  t h i s  
t r u c k  was no t  a c t u a l l y  n e e d e d .  T h e r e  were f o u r  Model 133 
semi-trailer f r a c  u n i t s  and four  Mod21 139 t r u c k - m o u n t e d  
f r a c  u n i t s  on l o c a t i o n  f o r  a t o t a l  of  8 , 0 0 0  h y d r a u l i c  h o r -  
s e p o w e r ,  Because t h e  f r a c t u r i n g  p r e s s u r e s  were lower t h a n  
a n t i c i p a t e d ,  o n l y  4 ,000 h p  was a c t u a l l y  u s e d .  B-J Hughes  
a l s o  p r o v i d e d  a m o b i l e  l a b o r a t o r y  f o r  f i n a l  c h e c k s  o f  w a t e r  
c h e m i s t r y  and g e l a t i o n .  A l t h o u g h  t h e  poly!n?rs had b e e n  
p r e t e s t e d  i n  R a f t  River w a t e r ,  a f i n a l  c h e c k  on t h e  l o c a t i o n  
was  d o n e .  

- 5.  --- RRGP-5 Ne11 C h a r a c t e r i s t i c s  - and T r e a t m e n t  O b j e c t i v e  

RRGP-5 was c h o s e n  f o r  t h e  s 3 c o n d  s t i m u l a t i o n  t r e a t m e n t  
u n d e r  t h e  GRWSP. T h i s  v e l 1  was a l r e a d y  c a p a b l e  of' p r o d u c i n g  
600 gal/riiin or  more w i t h  a pump, w h i c h  is  c o n s i d e r e d  a n  a d e -  
q u a t e  r a t e  for  a Raf t  R i v e r  well. However, t h e  p r o d u c i n g  
t e m p e r a t u r e  of 255 d e g r e e s  F was lower t h a n  d e s i r e d  f o r  t h e  
R a f t  River power p l a n t .  The  USGS b o r e h o l e  televiewer l o g  of 
t h i s  well  shomd e x t e n s i v e  . n a t u r a l  f r a c t u r i n g  i n  t h e  
wellbore.  T h e  p r o d u c i n g  i n t e r v a l  was i n  a c o o l e r ,  more 
s h a l l o w  i n t e r v a l  o f  t h e  well .  The  d e e p e r ,  h o t t e r  p o r t i o n  of  
t h e  well ,  w h i c h  was our s t i m u l a t i o n  t a r g e t ,  a l s o  had  exten- 
s i v e  f r a c t u r i n g ,  b u t  t h e  f r a c t u r e s  a p p e a r e d  t o  be v e r y  
t i g h t .  I t  was a l s o  n o t e d  t h a t  t h e  f r a c t u r e s  r a n  i n  many 
d i f f e r e n t  d i r e c t i o n s  i n  t h i s  lower p o r t i o n  of t h e  h o l e .  
Because of t h i s  o b s e r v a t i o n  and b e c a u s e  RRGP-5 is  n e a r  t h e  
i n t e r s e c t i o n  o f  two major f a u l t s ,  i . e , ,  t h e  Nar rows  and 
B r i d g e  F a u l t s ,  i t  a p p e a r e d  l i k e l y  t h a t  a s i n g l e  p l a n a r  f rac-  
t u r e  i n  t h e  d e e p e r  p o r t i o n  o f  t h e  well would i n t e r c e p t  major 
n a t u r a l  f r a c t u r e s ,  The  o b j e c t i v e  o f  t h e  t r e a t m e n t  was t o  
a c h i e v e  a p r o d u c i n g  r a t e  a t  l e a s t  c o m p a r a b l e  t o  t h e  e x i s t i n g  
r a t e ,  b u t  from a d e e p e r ,  h o t t e r  i n t e r v a l .  

6 .  T r e a t m e n t  D e s i g n  

Naurer E n g i n e e r i n g  d e s i g n e d  a c o n v e n t i o n a l  p l a n a r  f rac-  
bi t u re  t rea tment  t o  a c h i e v e  a 200  f t  h i g h  b y  1,001) f t  l o n g  

f r a c t u r e  w i t h  a 14% f l u i d  e f f i c i e n c y .  The  t r e a t m e n t  was 
d e s i g n e d  fo r  a t o t a l  o f  7 ,250 b b l  a s  shown i n  t h e  pumping 

- 
W 
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s c h e d u l e  ( T a b l e  2 ) .  A t o t a l  o f  7 ,600  b b l  o f  f r a c  f l u i d  was 
a c t u a l l y  pumped b e c a u s e  t h e  j o b  was r e s t a r t e d  a f t e r  some 
e a r l y  u n s c h e d u l e d  s h u t d o w n s .  T ~ z  f r a c  f l u i d  was a r e l a -  
t i v e l y  low v i s c o s i t y  g e l  c o n t a i n i n g  30 l b  of  h y d r o x y p r o p y l  
g u a r  p e r  t h o u s a n d  g a l l o n s  o f  w a t e r .  E i g h t y - f o u r  t h o u s a n d  
p o u n d s  of  100  mesh  s a n d  was u s e d  fo r  f l u i d  l o s s  c o n t r o l  and  

' 3 4 7 , 0 0 0  l b  of  p r o p p a n t  i n c l u d e d  42 ,003  l b  of 20/40 S u p e r s a n d  
( a  r e s i n - c o a t e d  s a n d )  w h i c h  was t a i l e d  i n  a t  t h e  end  o f  t h e  
j o b .  I t  was i n t e n d e d  t h a t  t h e  S u p e r s a n d  would bond toge the r  
i n  t h e  f r a c t u r e  n e a r  t h e  wellbore and p r e v e n t  t h e  o the r  

' p r o p p a n t  s a n d  from b e i n g  p r o d u c e d  i n t o  t h e  wel lbore  a f t e r  
t h e  f r a c  job.. The r e l a t i v e l y  low v i s c o s i t y  f r a c  f l u i d  was 
d e s i g n e d  s p e c i f i c a l l y  t o  a l low-  s e t t l i n g  of the sand w i t h i n  
t h e  f r a c t u r e  a t  a c o n t r o l l e d  r a t e .  As t h e  s a n d  s e t t l e s , $  i t  
i s  b e l i e v e d  t o  s e t t l e  i n  b a n k s ,  a s  shown i n  F i g u r e  5 ,  which 
props the lower p o r t i o n  o f  t h e  f r a c t u r e  a t  n e a r l y  t h e  f u l l  
d y n a m i c  w i d t h ,  l e a v i n g  t h e  u p p e r  p o r t i o n  of t h e  f r a c t u r e  
o p e n .  The flow c a p a c i t y  o f  t h i s  o p e n  p o r t i o n  o f  t h e  f rac-  
t u r e  is  many t imes t h a t  o f  a s a n d - f i l l e d  f r a c t u r e .  

6 .  T r e a t m e n t  H i s t o r y  

F i g u r e  6 i s  3 p r e s s u r e - r a t e  h i s t o r y  o f  t h e  t r e a t m e n t .  
D u r i n g  t h e  f i r s t  700 b b l  of  t h e  t r ea tmen t ,  t h e r e  were 
s e v e r a l  u n s c h e d u l e d  s h u t d o w n s  f o r  l e a k s  and i t  was obse rved  
t h a t  t h e  ISIP  a t  t h a t  time was 503 p s i .  As the j o b  p r o -  
g r e s s e d ,  t h e r e  were s u b s t a n t i a l  p r e s s u r e  b r e a k s  b e t w e e n  t h e  
800 and 1 , 5 0 0  b b l  p o i n t s ,  and a t  t h e  t ime  abou t  2 , 8 0 0  b b l  
were pumped. As t h e  . j o b  p r o g r e s s e d  p a s t  t h e  5 ,000 b b l  
p o i n t ,  t h e  p r e s s u r e  b e g a n  t o  i n c r e a s e  s t e a d i l y .  T h i s  i s  
p r o b a b l y  a r e s u l t  o f  leak-of f  i n t o  a d j o i n i n g  f r a c t u r e s  and  a 
n a r r o w i n g  of t h e  f r a c t u r e  wh ich  r z s u l t e d  i n  a h i g h e r  f r i c -  
t i o n  l o s s  t he re .  A t  t h e  end  of  t h e  j o b ,  t h e  r a t e  was g r a d u -  
a l l y  r e d u c e d  i n  a n  a t t e m p t  t o  s a n d  o u t  t h e  well  and l eave  a 
f u l l y  p r o p p e d  f r a c t u r e  a t  t h e  wel lbore.  As t h e  r a t e  was 
r e d u c e d  and f i n a l l y  pumping was s t o p p e d ,  i t  was n o t e d  t h a t  
t h e  IS IP  was n e a r  zero.  T h i s  c h a n g e  i n  ISIP  from 500 p s i  
n e a r  t h e  b e g i n n i n g  t h e  j o b  t o  n e a r  z e r o  a t  t h e  end  i n d i c a t e d  
t h a t  c o m m u n i c a t i o n  w i t h  major f r a c t u r e s  had been a c h i e v e d .  

- 8.  M e c h a n i c a l  A r r a n g e m e n t s  

F i g u r e  7 is  a d iagram of t h e  well  w i t h  t h e  f r a c  s t r i n g  
i n  p l a c e .  As i n  t h e  case of RRGP-4, a 7 "  l i n e r  was 
i n s t a l l e d  t o  e x c l u d e  a l l  b u t  t h e  lower p o r t i o n  of  t h e  o r i g i -  
n a l  c o m p l e t i o n  i n t e r v a l .  The i n t e r v a l  below t h e  l i n e r ,  from 
4 , 5 8 7 '  t o  4,803' ,  was o p e n  a t  t h e  time of t h e  f r a c t u r e  
t r e a t m e n t .  A 4-1/2- inc 'n  f r a c  s t r i n g  w i t h  a p a c k e r  i n  t h e  7 "  
l i n e r  was a l s o  used for  t h i s  j o b ,  T h e  s u r f a c e  e q u i p m e n t  
l a y o u t  f o r  t h i s  j o b  was v e r y  s i m i l a r  t o  t h a t  f o r  RRGP-4. 
B-J Hughes  p r o v i d e d  a l l  s u r f a c e  f r a c t u r i n g  e q u i p m e n t  and  a l l  
t r e a t m e n t  m a t e r i a l s  e x c e p t  f o r  t h e  r e s i n - c o a t e d  p r o p p a n t  
s a n d .  The s e l e c t i o n  o f  8-J Hughes  was based on c o m p e t i t i v e  
b i d .  B e c a u s e  of t h e  l a r g e  vo lume  o f  t h e  t r e a t m e n t ,  t h e  f r a c  
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f l u i d  was mixed  and pumped i n  a c o n t i n u o u s  p r o c e s s .  A Y o d e l  
605 120 b b l / m i n  b l e n d e r  l o c a t e d  a t  t h e  p i t  added  p o l y m e r ,  a 
saa l l  q u a n t i t y  of  a c i d ,  and arnmonium n i t r a t e  a s  a c h e n i c a l  
t r a c e r .  The  f l u i d  was t h e n  pumped t h r o u g h  a 1O1I s tee l  l i n e  
t o  f o u r  500 b b l  f r a c  t a n k s  wh ich  p r o v i d e d  g e l a t i o n  time for  
t h e  p o l y m e r s .  A Hode l  611 120 b b l / m i n  b l e n d e r  f e d  b y  a Sand 
King  d r e w  f r a c  f l u i d  from t h e  t a n k s  and  pumped t o  t h e  f r a c  
u n i t s .  The  Sand King  is a f o u r - c o m p a r t m e n t  f i e l d  s t o r a g e  
u n i t  w h i c h  s to re s  up  t o  475,000 l b  of  p r o p p a n t  s a n d .  I t  
i n c o r p o r a t e s ) a  c o n v e y o r  b e l t  d e l i v e r y  s y s t e m  t o  t h e  b l e n d e r .  
T h e s e  u n i t s  a r e  e s p e c i a l l y  u s e f u l  where  ' l a rge  volumes of 
s a n d  and h i g h  d e l i v e r y  r a t e s  a r e  r e q u i r e d .  A t o t a l  of 6,000 
h y d r a u l i c  h o r s e p o w e r  was on  l o c a t i o n ,  c o n s i s t i n g  of s e v e n  
Model  139 t r u c k - m o u n t e d  f r a c  u n i t s  and o n e  Model 133 semi- 
t r a i l e r  f r ac  u n i t .  F r a c  f l u i d  was pumped t h r o u g h  two 3 "  
l i n e s  t o  t h e  wel l .  
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F o l l o w i n g  t h e  f r a c  j o b ,  t h e  well p r o d u c e d  s u b s t a n t i a l  
q u a n t i t i e s  of  p r o p p a n t  s a n d ,  a common o c c u r r e n c e  f o l l o w i n g  a 
massive f r a c  j o b .  A p p r o x i m a t e l y  t e n  d a y s  o f  f lowing  and 
c i r c u l a t i n g  were n e c e s s a r y  b e f o r e  s a n d  p r o d u c t i o n  d i m i n i s h e d  
t o  a s u f f i c i e n t l y  low c o n c e n t r a t i o n  t o  r e i n s t a l l  t h e  elec- 
t r i c  s u b m e r s i b l e  pump. 

0 

J o b  Cos ts  - 9, - 
The t o t a l  c o s t  of  r i g  work  and f r a c t u r i n g  i n  RRCP-4 was 

$340,000. Of t h i s  amount  $64,009 was f o r  f r a c t u r i n g  s e r v i c e  
and  m a t e r i a l s .  The  r e m a i n d e r  was s p e n t  fo r  r e c o m p l e t i o n  of 
t h e  wel l  as d e s c r i b e d  a b o v e .  The  t o t a l  c o s t  o f  r i g  work and  
f r a c t u r i n g  of RRGP-5 xas $4GQ,OOO. O f  t h i s  t o t a l ,  $132,003 
was fo r  f r a c t u r i n g  se rv ice  and m a t e r i a l s .  T h e  r e m a i n d e r  was 
s p e n t  on p u l l i n g  and r e r u n n i n g  t h e  pump and  p e r m a n e n t  
p a c k e r ,  and  r e c o m p l e t i n g  t h e  well  w i t h  7'' l i n e r .  Costs 
i n c u r r e d  by EG&G I d a h o ,  I n a . ,  for t e s t i n g  the well and pro- 
v i d i n g  s u p p o r t  to t h a  F i g  o p e r a t i o n  a r e  n o t  i n c l u d e d  i n  t h e  
a b o v e  cos t  f i g u r e s .  
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Figure 1 

SCHEMATIC OF RAFT RIVER RRGP-4 
WITH 7"LlNER IN PLACE 
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U 
Y Figure 2 

SCHEMATIC OF A DENDRITIC FRACTURE (AFTER KIEL) 
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Figure 4 

EQUIPMENT LAYOUT FOR RRGP-4 FRAC TREATMENT 

3" FLOWBACK LINE TO PIT 

- 
WATER SUPPLY i 

24,000 bbl LINED PIT, 

8FRAC UNITS 

n 

3'". P. FRAC LINES 
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Figure 5 

SCHEMATlC SIDEVIEW OF PLANNER FRACTURE 
SHOWING SAND SETTLING IN LAYERS 

Y 

FRACTURE LENGTH 

EQUlLlBRlUM SAND BANK IS FORMED WHEN PROPPANT SETTLES THRU FLUID 
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Figure 7 

SCHEMATIC OF RAFT RIVER WELL RRGP.5 
WITH LINER AND FRAC STRING IN PLACE 
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TABLE 1 

U 
V 

Event 
NO. - 

Pumping Schedule For One Stage  
Of K i e l  F rac ,  RRGP-4 

F lu id  Volume (bbl )  Sand 
Incr .  Cum. l b l  g a l  S i z e  F lu id  

1 200 200 10 l b  H.P. guar 
+ 2 l b  XC polymer 
p e r  1,000 g a l  

Y 2 25 225 4 80/100 IQ 

Q1 

3 200 425 

4 25 450 4 80/lOO 
.a 

.* 
0 5 200 650 

25 67 5 4 80/100 QI 

6 

7 ,200 875 
IQ 

8 25 900 2 20/40 *a 

I 

9 200 1,100 
11 25 1,125 4 20 / 40 10 

11 200 1,325 

25 1,350 4 20140 I 

12 

13  
Y 

1 4  

QQ 

200 1,550 

25 1,575 4 20/40 I* 

15  200 1,775 

16 

17 200 1,975 

18 

Shut down and f low back 
W 

Shut down and flow back; 
ready f o r  next  s tage .  

r)J 

U 
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TABLE 2 

w 
Y 

v 

uii 

s 

T i m e  
( m i d  

0- 10 

10-50 

50-80 

80-140 

140-145 

RRGP-5 F rac tu re  Treatment 
Pumping Schedule 

F lu id  Volume (bb l )  Sand 
I n c r  Cum. l b l g a l  S i z e  Comments 

500 ' 500 

2 000 2,500 

1 500 4 000 

3 000 7,000 

250 7 , 250 

Pad 
S t a b i l i z e  rate and 
measure ISIP dur ing  
pad. 

100 

20/40 

20140 

20140 
Supersand Slow rate i f  p o s s i b l e  

a t  t h e  end. Disp lace  
Supersand t o  below 

. l i n e r  and s top .  
Measure ISIP. 
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RAFT R I V E R :  M E C H 9 N I C A L  D E S I G N  A N D  ,3PERRATIONS 

b y  Robert W .  Nicholson 
Terra  S e r v i c e s ,  Inc .  

Robert Ernslie: Now, I wo2ld l i k e  t o  in t roduce  four  ;en- 
tlemen who h,Ave been working on t h e  Reft  River p r o j e c t .  The 
f i r s t  speaker  i s  Robert Nicholson, who w i l l  t s l k  on t h e  
mechanical p repa ra t ion  of  t h e  d e l l s  f o r  t h e  p r o j e c t .  

Robert Nicholson: Thank you very :nuch. Most of  t h e  
i n f o m a t i o n  we hove heard today h a s  b w n  concerned about t h e  
engineer ing  a c t i v i t i e s  t h a t  go on when you d o ,  o r  p l an ,  a 
f r a c t u r i n g  job.  B u t  one of  t h e  r e a l  problems i n  geothermal 
wel l  s t i m u l a t i o n ,  i s  how t o  a c t u a l l y  :nechanically accomplish 
t h e  s t i m u l a t i o n  job .  I n  geothermal w e l l s ,  we have some very 
d i f f i c u l t  mechanical problems: No. 1 i s  t h e  wel lbores  a r e  
very l a r g e ;  No. 2 i s  producing zones a r e  v e r y  long; and No. 
3 is t h e  producing r a t e s  a r e  very high.  I s o l a t i o n  of a n y  
zone f o r  any t y p 2  of  s t i m u l a t i o n  method i s  a b s o l u t e l y  neces- 
s a r y  bu t  is  very d i f f i c u l t  t o  accomplish. 

F i r s t  s l i d e ,  p l ease .  I would l i k e  t o  t e l l  you some of  
t h e  problems we f ace  wh2n cons ider ing  f r a c t u r e  s t i m u l a t i o n ,  
or  any chemical s t i m u l a t i o n ,  i n  seothermal  we l l s .  I n  geoth- 
ermal wells,  t h e  primary problem i s  t h e y  produce a t  very  
high r a t e s  (30,003 t o  60 ,000  B E D ) ,  These r a t e s  a r e  neces- 
s a r y  f o r  economic o p e r a t i o n ,  Such r s t e s  r e q u i r e  l a r g e  diam- 
e t e r  cas ing  i n  t h e  w e l l s  because of small  drawdown p res su res  
you can normally induce because of low r e s e r v o i r  pressure. 
Also, t h e  n e c e s s i t y  f o r  high r a t e s  r e q u i r e s  t h 2  long comple- 
t i o n  i n t e r v a l s  of  geothermal we l l s .  S l i d e  2 ,  p l ease .  

Most o f  t h e  geothermal w s l l s  a r e  completed i n  some 
manner s i m i l a r  t o  those  we a r e  looking a t  here .  T h e  s u r f a c e  
p i p e  is 13 3/B-inches o r  16yinches a t  t he  top .  The 3 5/3- 
i n c h ,  10 3/4-inch, o r  1 1  3IY-inch a r e  some o f  t h e  s i z e s  o f  

’ i n t e r m e d i a t e  cas ing  s e t  c l a m  t o  t h e  t o p  o f  t h e  producing 
i n t e r v a l .  The bottom of this s t r i n g  is  u s u a l l y  a t  bepchs o f  
2500 f e e t  t o  10,3(33 f e e t .  The v e r y  long (2000 f e e t  t o t  3030 
f e e t )  openhole completion i n t e r v a l  i s  d i f f i c u l t  t o  s t i m u -  
l a t e .  We a r e  looking a t  an even worse s i t u a t i o n  i n  which we 
have s lo t te ’d  ‘ l i n e r s  i n  t h e  we l l s  over t hese  very long com- 
p l e t i o n  i n t e r v a l s .  T n e n ,  h o p e f u l l y ,  i n  some of the .wel ls  we 
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d o  h a v e  some j e t  p e r f o r a t e d ,  c e m e n t e d  c a s i n g  c o m p l e t i o n s .  
A l t h o u g h ,  t h i s  c o m p l e t i o n  c a n  a l s o  b e  a p r o b l e m  b e c a u s e  t h e  
c e m e n t  j o b s  a r e  u s u a l l y  n o t  v e r y  good. I f  t h e  we l l s  h a v e  
been  p r o d u c i n g ,  o r  h a v e  b e e n  i n  ex i s t ence  for  a n y  l e n g t h  o f  
t ime,  cement d e t e r i o r a t i o n  d u e  t o  t h e  h i g h  t e m p e r a t u r e  i s  a 
s e r i o u s  p r o b l e m  w h i c h  d e v e l o p s .  Z o n a l  i s o l a t i o n  is s t i l l  a 
p r o b l e m  where  we h a v e  t h i s  c e m e n t e d ,  j e t  p e r f o r a t e d  l i n e r  
c o n i p l e t  i o n .  

Me h a v e  c o m p l e t i o n s  d t h  l i n e r s  and l o n g  c a s i n g  s t r i n g s  
or  j u s t  t h e  s i n g l e  c a s i n g  a l l  t h e  s a y  down t h r o u g h  t h r  com- 
p l e t i o n  i n t e r v a l  w i t h  some s l o t s  down a t  t h e  bot tom of  t h e  
c a s i n g .  T h i s  t y p e  of  c o m p l e t i o n ,  s l o t t e d  c a s i n g ,  h a s  become 
t h e  ru l e  i n  a r e a s  w!iere severe s c a l e  problems occur b e c a u s e  
o f  p r e s s u r e  c h a n g e s  b e t w e e n  t h e  two s i z e s  o f  p i p e  a+, a l i n e r  
t o p .  T h i s  p r o b l e m  is  a c c e n t u a t e d  a t  h i g h  flow r a t e s .  I n  
R a f t  R i v e r ,  t h a  wel l s  a r e  p r i m a r i l y  c o m p l e t e d  now i n  t h i s  
f a s h i o n  ( o p e n  h o l e ) .  T h a t  i s ,  c a s i n g  set  t o  t h e  t o p  o f  t h e  
c o m p l e t i o n  i n t e r v a l  w i t h  o p e n  h o l e  t h r o u g h  t h e  p r o d u c i n g  
zone.  We h a v e  a v e r y  d i f f i c u l t  p roble in  of  how t o  i s o l a t e  a 
s i n g l e  z o n e  i n  a n y  o f  t h e s e  wells. Thus, we h a v e  t h i s  p rob-  
lem of  how t o  p l a c e  t h e  f r a c t u r e  s t i m u l a t i o n  f l u i d  o r  chemi- 
c a l  s t i m u l a t i o n  f l u i d  i n  t h e  d e s i r e d  z o n e .  O u r  n o r m a l  
m e t h o d s  we a r e  f a l n i l i a r  w i t h  f o r  zone i s o l a t i o n  from t h e  o i l  
i n d u s t r y  d o  n o t  work .  We m u s t  come up w i t h  some n e t h o d s  
t h a t  c a n  b e  used  i n  g e o t h e r m a l  w e l l s  t o  make s t i m u l a t i o n  
a c t i v i t y  e c o n o m i c a l .  

F o r  o p e n - h o l e  c o m p l e t i o n s ,  we h a v e  i s o l a t i o n  t e c h n i q c l P s  
a v a i l a b l e  u s i n g  p a c k e r s  of  c o m b i n a t i o n  l i n e r s  and s a n d  
p l u g s .  I n  c o x p l e t i o n s  where we h a v e  c e m e n t e d  c a s i n g ,  w ?  c a n  
u s e  p a c k e r s  a l s o ,  b u t  d i f f e r e n t  t y p e s  o f  p a c k e r s  t h s n  f o r  
o p e n h o l e .  We c a n  a l s o ,  s e l e c t i v e l y  p e r f o r a t e  or  p l u s  o f f  
z o n e s ,  p u t  c e m e n t  p l u g s ,  o r  s a n d  p l u g s .  Tnere a r e  a nutnber 
o f  t h i n d s  yau  can d o  i f  you h a v e  a j e t  perforated, c e m e n t e d  
c a s i n s  i n  t h e  wel i .  'de f a c e  a r e a l  bad p r o b l e m  w i t h  s l o t t e d  
l i n e r s .  You j u s t  r e a l l y  c a n n o t  a c c o m p l i s h  i s o l a t i o n  i n  a n y  
t y p e  of s l o t t e d  l i n e r .  S e v e r a l  a t t e m p t s  b y  a number of peo- 
p l e  h a v e  b e e n  n a d e  a t  m n e  i s o l a t i o n  i n  s l o t t e d  l i n e r s  u s i n g  
cement p l u g s  o r  c h e m i c a l  p l u g s ,  A t  t imes,  t h e s e  a r e  semi- 
successfu l ,  b u t  g e n e r a l l y  n o t ,  

A p r o b l e m  you a l s o  e n c o u n t e r  i n  g e o t h e r m a l  wel l s  is 
h a v i n g  s u c h  l o n g  s l o t t e d  l i n e r  i n t e r v a l s  wh ich  h a v e '  b e e n  
p r o d u c e d ,  i n j e c t e d  i n t o  or  t r e a t e d ,  e t c .  You c a n n o t  p u l l  
t h o s e  s l o t t e d  l i n e r s  b a c k  o u t  o f  t h e  w e l l .  T h i s  i s  u s u a l l y  
b e c a u s e  of f o r m a t i o n  f a l l i n g  aroi lnd t h e  c a s i n g  w h i c h  p a c k s  
a r o u n d  t h o s e  l i n e r s .  I f  you r u n  a n o t h e r  s t r i n g  of p i p e  
i n s i d e  t h e  s l o t t e d  l i n e r  you h a v e  t o  g e t  a c e m e n t  j o b .  
There  is  n o  p o s s i b i l i t y  o f  g e t t i n g  a n y  good cement j o b  

i 

b e h i n d  t h e  s l o t t e d  l i n e r  t o  e f f e c t i v e l y  i s o l a t e  t h e  e n t i r e  
i n t e r v a l .  S l i d e  3 ,  p l e a s e .  

Here a re  some s l i d e s  t o  show t h o s z  p e o p l e  who a re  n o t  

Y 
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i n fo r :ned  a b o u t  t h e  mechanical p r o b l e m s  t h a t  e x i s t  o r  how you 
go a b o u t  a c c o m p l i s h i n s  m n e  i s o l a t i o n .  S l i d e  4 ,  p l e a s e .  I n  
geothermal w e l l s ,  i f  you h a v e  a goo3 c e m e n t e d  c a s i n g  i n  t h e  
w e l l ,  you c a n  u s e  p e r m a n e n t  p a c k e r s ,  o r  d r i l l a b l e  p a c k e r s .  
These have  n o t  b e e n  t o o  bad i n  a number o f  c a s e s  b t t cause  t h e  
c l ea rance  b e t w e e n  t h e  p a c k e r  e l e m e n t s  and t h e  c a s i n g  wel ls  
i s  s m a l l .  Even t h o u g h  t h e  e las tomers  c a n n o t  w i t h s t a n d  v e r y  
h i g h  t e m p e r a t u r e ,  t h i s  c l e a r a n c e  i s  v e r y  s m a l l  and you c a n  
o f t e n  g e t  a p r e t t y  good s e a l .  A number o f  f a i l u r e s  do 
o c c u r .  O f  c o u r s e ,  y o u  c a n n o t  t h e n  i n j e c t  t h e  s t i m u l a t i o n  
f l u i d  i n  t h e  d e s i r e d  zone. S l i d e  5 ,  p l ease .  

Then o p e n - h o l e  p a c k e r s  h a v e  b e e n  t r i e d  and used.  They 
h a v e  b e e n  t r i e d  a t  t h e  h o t  d r y  rock p r o j e c t  a number o f  
times. However, t h e  f o l l o w i n g  p r o b l e m  is  v e r y  corninon. What 
h a p p e n s  is f l u i d s  b y p a s s  t h r o u g h ,  o r  a r o u n d  t h e  p a c k e r  
t h r o u g h  t h e  n a t u r a l  f r a c t u r e  s y s t e i n  a r o u n d  t h c  wel lbore .  I n  
wel lbores  where  you h a v e  a l o t  o f  p r o d u c t i o n ,  i n j e c t i o n  tem- 
p e r a t u r e  c y c l i n g ,  thc? wellbore i s  v e r y  t o r n  up .  T h i s  hap- 
p e n s  t o  be  t he  c a s e  i n  R a f t  R i v e r .  S l i d e  5 ,  p l e a s e .  

T h u s ,  o n e  of  t h ?  t h i n g s  you  c a n  d o  i f  you h a v e  a l o n g  
o p e n - h o l e  i n t e r v a l  is  Lo r u n  a l i n e r  t h r o u g h  p a r t  o f  t h e  
i n t e r v a l  and s a n d p l u g  b a c k  a loNer z o n e .  T h i s  e f f e c t i v e l y  
i s o l a t e s  t h e  i n t e r v a l  you want  t o  t r e a t .  The b i g  proble in  
w i t h  t h i s ,  o f  course ,  i s  you a r e  then l i m i t e d  t o  o n l y  o n e  
z o n e .  You c a n n o t  t r e a t  t h i s  z o n c  down below. You c a n  wash  
t h e  p l u g  o u t  o f  t h e  w e l l ,  b u t  t h e n  yoil c a n n o t  i s o l a t e  t h ?  
p r e v i o u s l y  t r e a t e d  zone above. Of  course ,  i f  you h a v e  t h i s  
c e m e n t  j o b ,  y o u F o u l d  p o s s i b l y  now d o  some s t i i n u l a t i o n  up 
above i n  tile ce:nenteJ l i n e r  you now h a v e  i n s t ; . , l l e d  i n  t h o  
well. Next s l i d e ,  p l e a s e .  

T h i s  is j u s t  a p i c t u r e  o f  t h e  R a f t  River a r e a .  Some of  
you may or may n o t  be f a n i l i a r  w i t h  it. I t h i n k  C h a r l e s  
Norr i s  w i l l  p r o b a b l y  ! lave soine o t h e r  p i c t g r e s  o f  t h e  s i t e .  
Here i s  t h e  g e o t h e r m a l  p l a n t  t h a t  i s  b e i n g  i n s t a l l e d  and 
t h i s  is w h e r e  we were w o r k i n g ,  over h e r e  on Well #5. T h e s e  
a r e  t h e  o t h e r  we l l s ;  t h e  a r e a  is  f a i r l y  l a r g e ;  i t  I s  i n  a 
n i c e  b a s i n ,  b u t  i n  t h e  w i n t e r t i m e  i t  i s  p r e t t y  co ld  up  
t h z r e .  T h a t  i s  a n o t h e r  o p e r a t i o n a l  p r o b l e m  which  i n f l u e n c e d  
t h e  t i m i n g  of t h e  j o b .  As you c a n  see ,  this is  a d e s o l a t e  
l o o k i n g  a r e a  and t h e r e  a r e  n o t  many f a c i l i t i e s  a r o u n d .  I t  
i s  v e r y  e x p e n s i v e  t o  g e t  e q u i p m e n t  i n  and o u t  o f  t he re ;  a n d  
t h a t  r u n s  t h e  j o b  c o s t  up  s u b s t a n t i a l l y .  S l i d e  7 ,  p l e a s e .  

The  Raf t  R i v e r  f i e l d  i s  e s s e n t i a l l y  l a i d  o u t  a r o u n d  t h e  
power p l a n t .  The  two m a j o r  f s u l t  s y s t e m s  a r o u n d  w h i c h  t h e  
o r i g i n a l  d r i l l i n g  was d o n e  is  t h i s  b r i d g e  f a u l t  a r e a  and 
t h i s  riarrows f a u l t  a r e a .  This was t h e  111 wel l ,  t h e  
d i s c o v e r y  wel l  i n  t h e  f i e l d ,  which  is  a l s o  t h e  b e s t  p roduc -  
i n g  well  i n  t he  f i e l d .  W211, Dr. Morris w i l l  g e t  i n t o  why 
we selected t h e  wel l s  1 4  and  $5 t o  s t i m u l a t e .  A m a j o r  rea- 
s o n  we se lec ted  Well #5  was i t s  l o c a t i o n  a t  e s s e n t i a l l y  t h e  
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b o u n d a r y  of t hese  two f a u l t  s y s t e m s ,  t h e  b r i d g e  and t h e  n a r -  
rows f a u l t .  

We a l s o  se lec ted  Well i i4.  Some of t h e  r e a s o n s  we d i d  I 

s e l e c t  well 114 was t h a t  i t  was a v e r y  poor p r o d u c e r .  A l s o ,  
we d i d  n o t  wan t  t o  damage  o n e  of t h e  good p r o d u c i n g  wells 
b e c a u s e  of m e c h a n i c a l  f a i l u r e .  R igh t  now t h e  f i e l d  p r o d u c -  
t i o n  r a t e  is  j u s t  s u f f i c i e n t  t o  feed t h e  power p l a n t  and do  
t h e  o the r  e x p e r i m e n t s .  T h u s ,  b e c a u s e  well  8 4  was a poor 
wel l ,  t h e  p r o j e c t  would  n o t  be i n  j e o p a r d y  b e c a u s e  of a 
m e c h a n i c a l  f a i l u r e .  I f  we were v e r y  s u c c e s s f u l  there ,  t h e n  
we would  h a v e  s i g n i f i c a n t l y  c o n t r i b u t e d  t o  t h e  t o t a l  pro- 
j e c t .  Well f 5  was a l s o  n o t  a v e r y  good we l l ,  b u t  we wen t  
i n t o  well  #4 f i r s t .  S l i d e  3 ,  p l e a s e .  

Our o p e r a t i o n a l  problems i n  d e s i g n i n g  t h e  j o b  were p r i -  
m a r i l y  d o w n h o l e ,  and  we had t h e  problem of z o n e  i s o l a t i o n  
w h i c h  we d i s c u s s e d  a l r e a d y .  A n o t h e r  b i g  problem e s p e c i a l l y  
i n  a g r i c u l t u r a l  a r e a s ,  w h i c h  is n o t  l i m i t e d  t o  t h e  R a f t  
R i v e r  p r o j e c t ,  b u t  common t o  almost a l l  the g e o t h e r m a l  
a r e a s ,  i s  how do  you c o n t a i n  t hese  geo the rma l  f l u i d s ,  o r  
s a l t w a t e r  f l u i d s  a t  t h e  su r face .  We t r i e d  w o r k i n g  w i t h  t h e  
well f l o w i n g .  However, t h e n  we had some a d d i t i o n a l  problems 
s u c h  a s  how t o  g e t  t h e  t o o l s  down i n t o  t h e  g r o u n d ,  and how 
t o  c o n f i n e  t h e  c e m e n t  p l a c e m e n t  j o b .  T h e  p r i m a r y  sur face  
problem, o f  c o u r s e ,  i s  t h e  d i s p o s a l  o f  t h e  f l u i d s .  

I t a l k e d  about  t h e  p r o b l e m  of c o n t a i n m e n t  o f  geothermal  
f l u i d s ;  I a l s o  want  t o  i m p l y  t h e  problem of c o n t a i n m e n t  o f  
f r a c t u r i n g  f l u i d .  T h e  s h a l l o w e r  g r o u n d w a t e r  z o n e s  appeared  
t o  be i n  c o n t a c t  w i t h  some of t h e  d e e p e r  f r a c t u r e  z o n e s  and  
s o  we knew i f  we c o u l d  n o t  i s o l a t e  t h e  i n t e r v a l s ,  a t  l e a s t  
a t  t h e  wel lbore,  we would r u n  a v e r y  h i g h  r i s k  o f  a c t u a l l y  a 
f r a c t u r e  p e n e t r a t i n g  from t h e  g e o t h e r m a l  z o n e s  i n t o  t h e  sur- 
f a c q  water z o n e s .  So t h i s  was a r e a l  c o n c e r n  of  o u r s  d u r i n g  
t h e  p l a n n i n g  of e a c h  p r o j e c t  and a n a l y z i n g  pressure 
r e s p o n s e s  i n  some of  t h e  o f f s e t  w e l l s - b o t h  s h a l l o w  s u r f a c e  
w e l l s  and  deeper w e l l s ,  a l s o ,  

Some of  t h e  s u r f a c e  problems i n c l u d e d  s a f e t y  o r  w o r k i n g  
w i t h  t h e  well f l o w i n g  u n d e r  g e o t h e r m a l  c o n d i t i o n s ,  P e o p l e  
who h a v e  n o t  worked w i t h  g e o t h e r m a l  wel l s  w i l l  f i n d  o u t  
t he re  is o n e  bad t h i n g  a b o u t  them. They  d o  n o t  b u r n ,  i , e . ,  
ca t ch  on f i r e ,  which  i s  good, b u t  t h e y  a r e  v e r y  h o t .  When 
w o r k i n g  w i t h  t h e  well  f l o w i n g  a t  a p r e t t y  h i g h  r a t e ,  i t  
becomes t r i c k y  a t  times. We were a l s o  c o n c e r n e d  a b o u t  
s a f e t y  b e c a u s e  we were p l a n n i n g  some r a d i o a c t i v e  work. Next 
s l i d e ,  p l e a s e .  

Here is  a t y p i c a l  s c e n e  a r o u n d  t h e  work s i t e  when we 
were c l e a n i n g  o u t  s a n d  a f t e r  t h e  f r a c  j o b .  We were w o r k i n g  
w i t h  t h e  well u n d e r  p r e s s u r e .  You c a n  see it is k i n d  of 
warm a r o u n d  t h e  well and you h a v e  t o  p a y  a t t e n t i o n  t o  what 
y o u  a re  d o i n g ,  o therwise someone  c a n  be b u r n e d .  Nex t  s l i d e ,  
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p l e a s e .  

T h i s  is t h e  Gran t  r o t a t i n g  head  wh ich  was on  t h e  well 
a t  a l l  t imes t o  h e l p  p r e v e n t  b o i l i n g  or  s p l a s h i n g  h o t  water 
o n  t h e  r i g  f l o o r .  And a s  you c a n  s e e ,  i t  is  v e r y  h o t  o n  t h e  
f l o o r .  However,  t h e  weather was g e t t i n g  v e r y  co ld  o u t  here 
t o w a r d s  t h e  end of  t h e  j o b  on  85 w h i c h  a c t u a l l y  c o n c l u d e d  
sometime i n  November. S l i d e  7 ( r e p e a t )  p l e a s e .  

Here a r e  t h e  wells and t h e  f a u l t  s y s t e m .  Wells %4, { IT,  
# l ,  and  C2 a r e  on t h e  n o r t h w e s t  s i d e  of t h e  f i e l d  up  here. 
The i n j e c t i o n  wells and well # 3  a r e  r e a l l y  i n  a c o m p l e t e l y  
d i f f e r e n t  e n v i r o n m e n t .  I w i l l  l e t  t h e  g e o l o g i s t  e x p l a i n  
a b o u t  t h a t ;  I d o  n o t  want  t o  d o  i n t o  t h o s e  d e t a i l s  m y s e l f .  
N e x t  s l i d e .  (See Dr. C h a r l e s  Morris' t a l k ) .  

Here a r e  some of t h e  t h i n g s  we were c o n c e r n e d  a b o u t .  
These a re  t h e  d a t a  EG&G had  r u n  i n  t h e  f i e l d  and there  
a p p e a r s  t o  be some connect ion between t h e  s h a l l o w e r  wells 
and  t h e  deeper wells.  As you can see ,  t h e r e  a r e  c o n c u r r e n t  
p r e s s u r e  r e s p o n s e s  i n  c e r t a i n  wel ls  i n d i c a t i n g  s u b t e r r a n e a n  
c o n n e c t i o n .  S l i d e  9 ,  p l e a s e .  

Here is a schematic o f  Raf t  River S 4  wel l .  They had  
some problems d r i l l i n g  t h e  wel l .  They l o s t  some p i p e  here 
a f t e r  t h e  s u r f a c e  p i p e  was c e m e n t e d .  T h a t  s ec t ion  of ho le  
was s i d e t r a c k e d  and  t h e y  e v e n t u a l l y  d r i l l e d  down t o  t h i s  
p o i n t  here;  I d o  n o t  h a v e  t h e  d e p t h  w r i t t e n  down here ,  b u t  
it is  a r o u n d  3500 f e e t .  They  t h e n  d r i l l e d  o n e  l e g ,  t h e  A 
l e g ,  which  went  o f f  i n  t h i s  d i r e c t i o n .  The  problem w i t h  t h e  
A l e g  was it d i d  n o t  h a v e  a n y  p r o d u c t i o n .  T h u s ,  t h e y  d i d  
what we commonly c a l l  i n  t h e  o i l  and g a s  i n d u s t r y ,  a low 
hole  s i d e t r a c k .  T h e  h o l e  went  o f f  i n  a n o t h e r  d i r e c t i o n  
which  was c a l l e d  Leg B. They  d i d  g e t  some p r o d u c t i o n  i n  
t h i s  l e g  where t h e y  had  a l m o s t  n o n e  i n  t h e  f i r s t  l e g .  S l i d e  
10, p l e a s e ,  

Here i s  a p l a n  v i e w  of  t h e  well f rom t h e  d i r e c t i o n a l  
s u r v e y .  Now, t h e s e  two l e g s  g a v e  u s  a bad problem. We were 
c o n c e r n e d  a b o u t  f r a c t u r i n g  i n t o  Leg A w h i l e  we were w o r k i n g  
i n  Leg B ,  w h i c h  was t h e  s e c o n d  leg. We wan ted  t o  p l u g  Leg 
A ;  h o w e v e r ,  we knew we c o u l d  no t  e a s i l y  enter Leg A .  We 
t r i e d  t o  e n t e r  Leg A ,  b u t  we c o u l d  no t  b e c a u s e  we d i d  n o t  
h a v e  t h e  r i g h t  t y p e  of t o o l s .  A c q u i s i t i o n  of  p r o p e r  t o o l s  

U i s  a v e r y  d i f f i c u l t  j o b  e s p e c i a l l y  i f  n o  p r e - p l a n n i n g  t o  
s e l e c t i v e l y  r e - e n t e r  c e r t a i n  l e g s  i s  made d u r i n g  d r i l l i n g .  
T h i s  was n o t  d o n e  a t  t h e  time t h e y  made t h e  s i d e t r a c k ,  t h e y  
n e v e r  c o n s i d e r e d  h a v i n g  t o  re-enter Leg A o r  s t i m u l a t e  t h e  
well .  So, a t  t h i s  p a r t i c u l a r  time we were c o n c e r n e d  t h a t  i f  
we d i d  f r a c t u r e ,  we migh t  f r a c t u r e  o v e r  t h i s  o the r  l e g  which 

Y was probably s t i l l  o p e n .  If t h e  leg were s t i l l  open, we 
were c o n c e r n e d  about  t h e  p r e s s u r e  t r a v e l i n g  up  t h i s  l e g  and 
c r e a t i n g  a s h a l l o w  f r a c t u r e  a,nd c r e a t i n g  a c o n n e c t i o n  i n t o  
t h e  s h a l l o w  g r o u n d w a t e r  s y s t e m .  S l i d e  1 1 ,  p l e a s e .  
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We t r i e d  t o  c e m e n t  o f f  Leg A .  We c o u l d  no t  r e - e n t e r  t o  
c e m e n t  here. What we d i d  d o ,  was t o  r u n  a 7 - i n c h  l i n e r  i n t o  
t h e  wel l  and c e m e n t  t h e  b o t t o m  of it. We l e f t  t h e  l i n e r  
uncemen ted  a t  t h e  t o p .  We t h e n  came i n  and s q u e e z e d  a con- 
s i d e r a b l e  amount o f  c e m e n t  on t h e  t o p  of t h a t  l i n e r .  We 
were h o p i n g  t o  g e t  some cement down i n t o  t h i s  l e g  here.  We 
may o r  may n o t  h a v e  d o n e  t h a t .  We d i d  g e t  a good f r a c t u r e  
ac ross  t h i s  i n t e r v a l  w h i c h  we d i d  i s o l a t e .  We had a 200- 
f o o t  i n t e r v a l  i s o l a t e d  between t h e  s a n d  f i l l  and t h e  7 - i n c h  
l i n e r .  Scot t  Keys w i l l  show you some o f  t h e  r e s u l t s  o f  h i s  
l o g g i n g  of t h a t  i n t e r v a l  before  and a f t e r  we d i d  t h e  f r a c  
j o b .  We j u s t  u s e d  a n o r m a l  Baker R e t r i e v - a - M a t i c  P a c k e r  
here  a t  t h e  t o p  of  t h e  l i n e r .  We u s e d  a 4 1 / 2 - i n c h  f r a c  
s t r i n g  which was f i n e  f o r  t h e  i n j e c t i o n  r a t e s  we were 
i n t e r e s t e d  i n .  

Bob V e r i t y  w i l l  t a l k  a b o u t  t h e  r a t e s  i n  a l i t t l e  w h i l e .  
One of t h e  p r o b l e m s  we d i d  h a v e  which  was n s t  a n t i c i p a t e d  
o c c u r r e d  when we d r o p p e d  o u r  b a l l  t o  p r e s s u r e  test t h i s  tub- 
i n g  s t r i n g .  We p r e s s u r e d  i t  up t o  5930 p s i  and h e l d  t h e  
p r e s s u r e  t h e r e  a b o u t  a m i n u t e ,  and a l l  o f  a s u d d e n  we l o s t  
a l l  o f  t h e  p r e s s u r e .  We were c o n c e r n e d  a b o u t  whether  we 
p a r t e d  t h e  f r a c  s t r i n g  or n o t .  We made checks o f  two or  
t h ree  t h i n g s ,  and  d e c i d e d  t h e  f r a c  s t r i n g  l o o k e d  p r e t t y  
g o o d ,  so we d r o p p e d  a n o t h e r  b a l l .  We p r e s s u r e d  i t  up  a g a i n  
i n  s t a g e s ,  and  t h e  s t r i n g  h e l d  good a t  2500 p s i ,  3000 p s i ,  
4000 p s i ;  w e  g o t  u p  t o  5330 p s i  a g a i n  and t h e  p r e s s u r e  
i m m e d i a t e l y  w e n t  t o  zero a g a i n .  We made some checks and t h e  
s t r i n g  s t i l l  l o o k e d  good .  What was h a p p e n i n g  was t h e  d r o p  
b a l l s  B a k e r  s u p p l i e d .  t o  u s e  i n  t h i s  t u b i n g  t e s t e r  were j u s t  
pumping r i g h t  t h r o u g h .  O f  c o u r s e ,  Bake r  swears t h e i r  b a l l s  
had been used  u n d e r  a l l  t y p e s  o f  cond i t ions  and  t h e y  a l w a y s  
h e l d  and t h a t  would n e v e r  o c c u r  u n d e r  a n y  t y p e  of c i r -  
c u m s t a n c e s ,  b u t  u n d e r  t h o s e  t e m p e r a t u r e  e n v i r o n m e n t s ,  tliose 
t y p e s  of t h i n g s  would occur.  So, m e c h a n i c a l l y  we d i d  t h e  
j o b  w i t h  r e a l l y  no p r o b l e m s  a t  a l l .  S l i d e  1 2 ,  p l e a s e .  

T h i s  shows Well 115. These o t h e r  s l i d e s  show well #5 
before we worked on t h e  wel l .  We a l s o  p u t  t h e  '7-inch l i n e r  
i n  t h e  well s i n c e  we were successful  before  i n  well  # 4 .  We 
p l u g g e d  back a g a g i n  w i t h  t h e  s a n d p l u g  on t h e  bottom. ( S l i d e  ~ 

1 3 ) .  T h i s  e f f e c t i v e l y  i s o l a t e d  t h e  i n t e r v a l .  We a g a i n  
a l s o ,  a p p a r e n t l y  g o t  i n t e r v a l  i s o l a t i o n  s i n c e  we d i d  h a v e  
f r a c t u r i n g  i n  a l l  t h e  open  i n t e r v a l ,  a t  l e a s t  a t  t h e  
wel lbore i n t e r f a c e .  T h i s  is t h e  wellbore face  h e r e .  N O M ,  
as you can see ,  wha t  we d i d  was a v e r y  c o s t l y  o p e r a t i o n .  
T h a t  i s ,  r u n  a l i n e r ,  cement and t h e n  p l u g  t h e  well back and  
do a l l  t h a t  p re -work .  As 3 matter  of  f a c t ,  well p r e p a r a t i o n  
was about h a l f  t h e  cost  of t h e  job .  

We looked a t  t h e  p o s s i b i l i t i e s  o f  t r y i n g  t o  do  open-  
h o l e  p a c k e r s .  B u t  when we l o o k e d  a t  t h e  economics, i f  you 
h a v e  a s i n g l e  f a i l u r e ,  t h e  c o s t  i s  h i g h e r  t h a n  g o i n g  t h i s  
way. If we h a v e  a s i n g l e  p a c k e r  f a i l u r e ,  we s t a r t  c o u n t i n g  
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u p  t h e  s t a n d b y  t ime for  t h e  f r a c  t r u c k s  and p o s s i b i l i t y  of  
s a n d i n g  up  y o u r  d r i l l  s t r i n g  and a l l  t h e  o t h e r  t h i n g s  t h a t  
c a n  go wrong down t h e r e  when you a r e  d o i n g  a j o b  l i k e  t h i s ,  
t h e  o p e n - h o l e  p a c k e r s  d i d  n o t  look  good a t  a l l .  So, 
r e t r i e v a b l e  o p e n - h o l e  p a c k e r s  you r u n  on a d r i l l  s t r i n g  was 
u s e d  i n s i d e  cemented l i n e r .  What is  a v a i l a b l e  from t h e  o i l  
and  gas  i n d u s t r y  i s  r e a l l y  c o m p l e t e l y  i n a d e q u a t e  f o r  what  we 
n e e d  t o  d o  i n  g e o t h e r m a l  work. 
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So, i n  c o n c l u s i o n ,  we were m e c h a n i c a l l y  s u c c e s s f u l  a t  
R a f t  R i v e r .  I t h i n k  we c a n  m e c h a n i c a l l y  be s u c c e s s f u l  i n  
o t h e r  a r e a s .  A l t h o u g h  i n  geothermal  w o r k ,  t h e  c o s t  is  v e r y  
h i g h .  We n e e d  t o  h a v e  some b e t t e r  d o w n h o l e  t o o l s .  F o r  s u r -  
f ace  tools, we d o  n o t  f e e l  l i k e  we h a v e  d i f f i c u l t  p r o b l e m s  
t o  o v e r c o m e .  There h a s  b e e n  some d e v e l o p m e n t  i n  some of t h e  
e las tomers  and some o f  t h e  o t h e r  t o o l s  f o r  geothermal  work. 
These  were d e v e l o p e d  t h r o u g h  some o f  t h e  DOE-funded work.  
However ,  b e c a u s e  of  t h e  l i m i t c d  s a l e s  vo lume  a v a i l a b l e ,  t h e  
service i n d u s t r y  r e a l l y  h a s  n o t  jumped on t h e  bandwagon and 
d e v e l o p e d  t h e  commercial t o o l s  we r e a l l y  n e e d .  

T h a t  is  a l l  I h a v e  t o  s a y  -- a n y  q u e s t i o n s ?  

Q: Are t h e  o t h e r  s p e a k e r s  g o i n g  t o  t e l l  us t h e  
i m p r o v e m e n t  t o  t h e  well and t h a t  s o r t  of  t h i n g ?  

A: R i g h t ,  I was j u s t  t a l k i n g  a b o u t  t h e  m e c h a n i c a l  
a s p e c t s  of  what  we d i d .  C h a r l e s  Morris w i l l  t a l k  a b o u t  t h e  
r e s e r v o i r  work we d i d  before  and a f t e r ;  a n d  Bob V e r i t y  w i l l  
t e l l  you a b o u t  t h e  f r a c t u r i n g  d e s i g n ,  t h e  f l u i d s  and t h e  
p r o p p a n t s ;  a n d  S c o t t  Keys  w i l l  t e l l  you a b o u t  some of t h e  
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GEOTHERMAL WELLS 

PRODUCE A T  HIGH RATES 

NECESSARY FOR ECONOMIC OPERATION 

LARGE DIAMETER CASING 
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SLIDE NO, 2 

TYPES OF GEOTHERMAL WELL COMPLETIONS 

Open 
Cemented Cemented 

Slotted Perforated Perforated Slotted 
Liner Casing Liner Casing 
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SLIDE NO, 3 I 

METHODS FOR DOWNHOLE ZONAL ISOLATION 

OPENHOLE 
PACKERS 
COMBINATION LINER AND SAND PLUG 

CAS1 NG 
PACKERS 
SELECTIVE PERFORATION AND BRIDGE PLUGS 

SLOTTED LINERS 
GENERALLY CANNOT BE ACCOMPLISHED EXCEPT 
WITH CHEMICAL OR CEMENT PLUGS 
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SLIDE No, 5 

CONCEPT OF 
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OPEN HOLE ELfWOMERIC PACKER 

--- Fluid Bypass 
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SUSPECTED MAJOR FAULT PLANES WITH RESPECT TO WELL LOCATIONS 
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- OPERATIONAL CONSIDERATIONS 

FOR STIMULATION IN RAFT RIVER 

DOWNHOLE 

ZONAL ISOLATION OF 'OPENHOLE COMPLETIONS 

CONTAINMENT OF 'KILL' FLUIDS ~ 

WORKING WITH THE WELL FLOWING 

SURFACE. 

DISPOSAL OF CONTAMINATED FLUIDS 

SAFETY WHILE WORKING WITH THE WELL FLOWING 

RA TRACER SAFETY 
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SCHEMATIC OF RAFT RIVER RRGP 4A 

13-3/8" CASING 

9-5/8" CASING 
HUNG (1512' TO 3457' 

KICK-OFF 3555' 
KICK-OFF 3526 

TD 5420 ft  
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SLIDE No, 10 CI 

RAFT RIVER WELL RRGP-4 
DIRECTIONAL DRfLLlNG SURVEY SUMMARY 

r LEG A 
4 9 1 3 7  

50 0 50  100 150 200 
FEET 

NOTE: HOLE ASSUMED VERTICAL FROM SURFACE TO 1036 M (3400 FT.) 



SLIDE FiO, u. 
SCHEMATIC OF RAFT RIVER RRGP-4 

WITH WORKSTRING AND RETRIEVABLE PACKER 

PACKED-OFF IN THE 7" CASING 

13-3/8" K-55 
ST&C 54.5 PPF - 

9-518" CASING 
4-1/2" 11.6 PPF K-55 BT8C 36 PPF 
ST&C FRAC STRING 

BAKER RETRIEVAMA 
BAKER TUBING 

200' INTERVAL ISOLATED 

SAND FILL 
5 1  10' u- 5420' 
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SCHEMATIC OF RAFT RIVER WELL RRGP-5 

20 in. 

PERFORATED 

CA 

AT 

13-318" CASING 
K-55 STC 54.5 PPF 
PC- 1 130 PBm2730 

1284' - 1500' 

9-5/8" CASING 
K-55 BTC 36 PPF 
PC-2020 PB-3520 

- 3408' Y -KICK-OFF (3450') 

TD (4925,ft) 
N 43  W 
5'DEV. 

3.25'DEV. 
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SLICE N0,u 
bi SCHEMATIC OF RAFT ROVER RRGP-5 
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PACKED-OFF IN THE 7" CASING 

4 '  

SHOE OF 13-318" 1500' - -4  

4-1/2" 11.6 ppf 
ST&C FRAC STRING- 

-3274' 

TUBING TEST S U B 4  

7" 23 ppf N-80 L T B C j  

9-5/8" 36 ci . i i  K-55 BTC 

HOE OF 9-5/8" 3408'. 

KER RETRlEVAMAflC PACKER 

586'SHOE OF 7" 

-3/3 8-3/4" OPEN HOLE 

PBTD 4806 (FOR FRAC JOB) 
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TH'C, APPLICATION 9F THE Z C O U S T I C  TELEVIENER TO THE 

CHARkCTERIZATI3N OF HYDRAULIC FR4CTURES 'IN GSOTMERY9L !JELLS 

U. S c o t t  Keys 
U a i t e J  S t a t e s  Geolog ica l  Survey 
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THE APPLICATION OF THE ACOUSTIC T E L E V I W E R  TO THE 
C H A R A C T E R I Z A T I O N  3F 9 Y D R A U L I C  F R A C T U R E 5  IT1 CSOTHERMAL WELLS 

w. S c o t t  Keys 

ABSTRACT 

Two w e l l s  i n  t h e  Baft  River geothermal r e s e r v o i r ,  
Idaho,  were h y d r a u l i c a l l y  f r ac tu red  i n  an a t t e m p t  t o  
inc rease  p r o d u c t i v i t y .  The U . S .  Geological Survey made geo- 
phys ica l  l o g s  o f  t hese  we l l s  both be fo re  and a f t e r  f r a c t u r -  
i n g .  A h i g h  temperature  vers ion  of  t h e  a c o u s t i c  t e l e v i e q e r  
was t h e  most u se fu l  t o o l  f o r  ob ta in ing  d a t a  on t h e  l o c a t i o n ,  
o r i e n t a t i o n ,  and c h a r a c t e r  of the  f r a c t u r e s  produced. 

In R R - 4  (Raft R i v e r  well 41, a hydrau l i c  f r a c t u r e  was 
logged with the  t e l ev iewer  from a depth  of  4,682.5 t o  
4,873.9 f e e t ,  a t o t a l  o f  191.4 f e e t .  T h i s  f r a c t u r e  was 
l a r g e l y  due t o  t h e  propping and p o s s i b l e  extending of a pre-  
v i o u s l y  logged f r a c t u r e  which is thought t o  have been 
a c c i d e n t a l l y  induced d u r i n g  d r i l l i n s  o r  t e s t i n g .  The f r ac -  
t u r e  i s  e s s e n t i a l l y  v e r t i c a l ,  s t r i k e s  an average of  14. 72 
degrees  E., and has an average apparent  maximum w i d t h  o f  0.4 
inch.  The f r a c t u r e  i s  complex, branching,  o r  e n  echelon,  
and i n  one p lace  curves  t o  p a r a l l e l  a n a t u r a l  f r a c t u r e .  

I n  RR-5 ( R a f t  River well  5 ) ,  a new hydrau l i c  f r a c t u r e  
was logged from a depth o f  4 ,562  f e e t  t o  approximately 4,705 
f e e t ,  a v e r t i c a l  ex ten t  o f  approximately 1 4 3  f e e t .  There is 
no evidence t h a t  c h i s  f r a c t u r e  fo l lows  a p re -ex i s t ing  break 
except  f o r  i n t e r v a l s  where t h e  o r i e n t a t i o n  is a f f e c t e d  by 
n a t u r a l  f r a c t u r e s .  T h e  hydrau l i c  f r a c t u r e  is nea r ly  ve r t i -  
c a l ,  s t r i k e s  an average o f  N.  29 degrees  E . ,  and has an 
average apparent  maximura w i d t h  o f  0 .6  inch.  T h e  c h a r a c t e r  
o f  t h i s  f r a c t u r e  is appa ren t ly  a f f e c t e d  by a change i n  
l i t h o l o g y .  
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The in f luence  of  n a t u r a l  f r a c t u r e s  and l i t h o l o g y  on 
these  two h y d r a u l i c a l l y  induced f r a c t u r e s  s u g g e s t s  t h a t  pro- 
pagat ion away from a well  may be s i g n i f i c a n t l y  a f f e c t e d  by 
these two parameters.  Considerat ion should be given t o  s u c h  
e f fec ts  i n  f u t u r e  f r a c t u r i n g .  Recommendations a r e  p r e s e n t e d  
t o  improve t h e  logging program f o r  f u t u r e  hydraul ic  well  
s t i m u l a t i o n  e f f o r t s .  
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I N T R O D U C T I O N  
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The U.S.  G e o l o g i c a l  S u r v e y  h a s  a r e sea rch  p r o g r a n  on  
b o r e h o l e  g e o p h y s i c s  a s  a p p l i e d  t o  g e o h y d r o l o g y .  One of t h e  
ma in  t h r u s t s  o f  t h i s  p r o g r a m  fo r  t h e  p a s t  9 yea r s  h a s  b e e n  
t h e  d e v e l o p m e n t  o f  l o g g i n g  e q t l i p m e n t ,  and  l o g  i n t e r p r e t a t i o n  
t e c h n i q g e s  f o r  g e o t h e r m a l  wel l s .  The S u r v e y  h a s  b e e n  
i n v o l v e d  i n  s t u d i e s  o f  t h e  h y d r o l o g y ,  g e o l o g y ,  and geophy-  
s i c s  of t h e  Ra f t  River g e o t h e r m a l  r e s e r v o i r  s i n c e  t h e  f i r s t  
s h a l l o w  t e s t  h o l e s  were d r i l l e d  i n  1974.  E x p e r i m e n t a l  GOO- 
p h y s i c a l  wel l  l o g g i n g  h a s  b e e n  c a r r i e d  out, b y  t h e  S u r v e y  i n  
many of  t h e  t e s t  h o l e s  and wells ( K e y s ,  1 9 7 9 1 ,  and t h e  log-  
g i n g  d e s c r i b e d  i n  t h i s  r e p o r t  is a c o n t i n u a t i o n  of t h a t  
e f f o r t .  I t  is a l s o  a l o g i c a l  e x t e n s i o n  of  s t a t e  o f  s t ress  
s t u d i e s  where  h y d r a u l i c  f r a c t u r i n g  was c a r r i e d  o u t  b y  t h e  
S u r v e y  ( W o l f f  and  o t h e r ,  1974;  a n d  Keys  and o t h e r s ,  1 9 7 9 ) .  
The l o g s  u s e d  i n  t h i s  s t u d y  were made b y  h i g h - t e m p e r a t u r e  
l o g g i n g  e q u i p m e n t  d e v e l o p e d  a s  p a r t  o f  t h 2  r e s e a r c h  p r o g r a m  
on b o r e h o l e  g e o p h y s i c s .  F o u r  of these p r o b e s  h a v e  b e e n  
t e s t e d  and o p e r a t e d  i n  wel l s  a t  t e m p e r a t u r e s  o f  250 d e g r e e s  
t o  250 d e g e r e z s  C . ,  and o t h e r s  a t  t e m p e r a t u r e s  of  200 
d e g r e e s  C .  

The  h y d r a u l i c  f r a c t u r i n g  of R R - 4  and  RR-5 ( R a f t  R i v e r  
wel l s  4 a n d  5) was c a r r i e d  o u t  b y  R e p u b l i c  G e o t h e r m a l ,  I n c . ,  
u n d e r  c o n t r a c t  t o  D.O.E. ( T h e  D e p a r t m e n t  o f  E n e r g y ) .  T h e  
wells were s e l e c t e d  for  s t i m u l a t i o n  b e c a u s e  of t h e i r  i n a d e -  
q u a t e  y i e l d .  Deve lopmen t  o f  t h e  Ra f t  R i v e r  g e o t h e r m a l  f i e l d  
is i m p l e m e n t e d  b y  EG&G,  I d a h o ,  I n c . ,  u n d e r  t h e  s u p e r v i s i o n  
o f  t h e  I d a h o  N a t i o n a l  E n g i n e e r i n g  L a b o r a t o r y  o f  D.O.E. ( F i g .  
1 ) .  
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The p u r p o s e  of this r e p o r t  i s  t o  d e s c r i b e  t h e  u s e  of 
g e o p h y s i c a l  l o g s  t o  o b t a i n  pre  and p o s t  h y d r a u l i c  f r a c t u r e  
d a t a  i n  g e o t h e r m a l  wel l s .  The  a c o u s t i c  televiewer is  t h e  
most u s e f u l  d e v i c e  foy o b t a i n i n g  t h e s e  d a t a  and i i np rovemen t s  
were made t o  b o t h  e q u i p m e n t  and i n t e r p r e t a t i v e  t e c h n i q u e s  i n  
o r d e r  t o  b e t t e r  c h a r a c t e r i z e  t h e  f r a c t u r e s .  

Two p a p e r s  p r e s e n t e d  a t  t h e  G e o t h e r m a l  R e s e r v o i r  S t i m u -  
l a t i o n  Symposium p r o v i d e  b a c k g r o u n d  i n f o r m a t i o n  e s s e n t i a l  t o  
t h i s  r e p o r t .  R .  V .  V e r i t y  o f  R e p u b l i c  G e o t h e r m a l  d e s c r i b e d  
t h e  p l a n n i n g  and e x e c u t i o n  of h y d r a u l i c  s t i m u l a t i o n  i n  R R - 4  
and  R R - 5  ( 1 9 3 0 ) .  C. W .  Morris o f  R e p u b l i c  G e o t h e r m a l  p ro -  
v i d e d  an  e v a l u a t i o n  of  t h e  resu l t s  o f  t r e a t m e n t  . ( 1 9 8 0 > .  

- 1 .  F r a c t u r e  C h a r a c t e r i z a t i o n  Using Acoustic Televiewer Logs 

The  acous t i c  televiewer was i n v e n t e d  and p a t e n t e d  b y  
Mobi l  O i l  Co. (Zemanek and  o t h e r s ,  1 9 6 9 ) .  A 1 . 3  m e g a h e r t z  
t r a n s d u c e r  is  r o t a t e d  a t  t h r e e  r e v o l u t i o n s  p e r  s e c o n d .  The  
s w e e p  on an o s c i l l o s c o p e  i s  t r i g g e r e d  on m a g n e t i c  n o r t h  and 
t h e  a m p l i t u d e  of t h e  s i g n a l  r e f l e c t e d  from t h e  w a l l  of t h e  
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borehole  is  used t o  i n t e n s i t y  modulate t h e  t r a c e .  /The 
r e s u l t i n g  log  shows f r a c t u r e s  a s  dark t r a c e s  o f  low r e f l e c -  
t i v i t y ,  whose o r i e n t a t i o n  can be c a l c u l a t e d .  The U.S. Geo- 
l o g i c a l  S u r v e y  and Simplec Manufacturing, Inc . ,  have 
cooperated t o  develop t h e  f i r s t  h i g h  temperature  vers ion  o f  
t h i s  u s e f u l  probe. I t  has been used a t  borehole  tempera- 
t u r e s  o f  261 degrees  C .  A s y s t e m  f o r  recording t h e  
televiewer s i g n a l  on magnetic tape  was p u t  i n t o  use f o r  t h e  
f i r s t  t ime on RR-5. Playback of  t hese  d a t a  provided t h e  
oppor tun i ty  t o  improve t h e  q u a l i t y  o f  t h e  te lev iewer  l o g s  
(Fig.2)  . 

I t  would appear t h a t  t h e  w i d t h  of  a hydrau l i c  f r a c t u r e  
may be measured d i r e c t l y  from an a c o u s t i c  te lev iewer  l o g ,  
b u t  r e l a t i v e  w i d t h  may only  be inferred w i t h  s i g n i f i c a n t  
q u a l i f i c a t i o n s .  Therefore ,  t h e  maximum apparent  w i d t h s  
l i s t e d  i n  t a b l e s  1 and 2 should be used w i t h  c a u t i o n .  The 
televiewer log  only d e t e c t s  changes i n  a c o u s t i c  r e f l e c t i v i t y  
a t  t h e  f ace  of  t h e  borehole .  If t h e  edge o r  angle  of i n t e r -  
s e c t i o n  of  f r a c t u r e  and borehole wall  i s  broken out  t h i s  
s u r f a c e  w i l l  not  r e f l e c t  high frequency energy back t o  t h e  
t r a n s d u c e r ,  and t h e  apparent  w i d t h  of  t h e  f r a c t u r e  w i l l  
i nc rease .  T h e  most a c c u r a t e  measurement o f  f r a c t u r e  w i d t h  
can therefore  be  made where t h e  angle  of i n t e r s e c t i o n  w i t h  
t h e  borehole  is approximately 90 degrees .  

T h i s  on ly  occur s  w h e r e  a v e r t i c a l  f r a c t u r e  passes  
through t h e  c e n t e r  o f  t h e  borehole .  As t h e  f r a c t u r e  
approaches a t a n g e n t i a l  r e l a t i o n s k i p  w i t h  t h e  borehole  t h e  
a n g l e s  o f  i n t e r s e c t i o n  become more obtuse and a c u t e ,  and t h e  
l i k e l i h o o d  o f  t h e  acu te  edge b r e a k i n g  o f f  is  increased ( F i g .  
3 )  . Furthermore,  t h e r e  is a n  apparent  geometric w i d e n i n g  
a n d  t h e  o b t u s e  a n g l e  does n o t  p r o v i d e  a s h a r p  c o n t a c t  on  the 
log. Figure  3 shows an i n t e r v a l  of  RR-5 from 4,635 t o  4 , 6 4 0  
f ee t  t h a t  c l e a r l y  demonstrates  t h i s  problem. The drawings 
i n  f i g u r e  3 shows how t h i s  po r t ion  of  t h e  f r a c t u r e  might 
look i n  v e r t i c a l  v i e w .  Therefore ,  f o r  t h e  reasons  descr ibed  
above, t h e  f r a c t u r e s  a r e  l i k e l y  t o  be narrower t h a n  measure- 
ments made from a c o u s t i c  t e l ev iewer  l o g s .  T h e  w i d t h  meas- 
urements l i s t e d  i n  t a b l e s  1 and 2 were made w i t h  an o p t i c a l  
micrometer and co r rec t ed  f o r  s c a l e .  

The output  from an a c o u s t i c  te lev iewer  probe can a l s o  
be u s e d  t o  record a c o u s t i c  c a l i p e r  l o g s .  The t r a n s i t  time 
o f  t h e  a c o u s t i c  p u l s e  is  recorded ra ther  than amplitude of 
r e f l e c t e d  s i g n a l .  T h i s  approach should provide an extremely 
high r e s o l u t i o n  log  of ho le  diameter .  Furthermore,  t h e  s i g -  
n a l  can be sampled i n  four  d i r e c t i o n s ,  NESW, t o  produce four  
o r i e n t e d  c a l i p e r  logs .  Recordng t h e  probe output  on mag- 
n e t i c  t ape  permits a c o u s t i c  c a l i p e r  l o g s  t o  be p l o t t e d  a f t e r  
r e t u r n i n g  t o  t h e  o f f i c e .  Examples o f  these l o g s  a r e  shown 
i n  t h e  s e c t i o n  on RR-5. 

A l l  o r i e n t a t i o n s  a r e  w i t h  r e s p e c t  t o  magnetic no r th  and 



w 
w a l l  d e p t h s  a r e  m e a s u r e d  a l o n g  t h e  i n c l i n e d  borehole  from 

g r o u n d  leve l .  Correc t ions  o f  s t r i k e  and d i p  f o r  t r u e  n o r t h ,  
ho le  i n c l i n a t i o n ,  and  m a g n e t i c  d e c l i n a t i o n  r e m a i n  t o  be d o n e  
i n  t h e  c o m p u t e r  f o r  t h e  h u n d r e d s  o f  n a t u r a l  f r a c t u r e s  logged 
w i t h  t h e  t e l e v i e w e r  a t  R a f t  River. These c o r r e c t i o n s  w i l l  
t h e n  y i e l d  t h e  t rue  v e r t i c a l  and h o r i z o n t a l  p o s i t i o n s ,  and 
o r i e n t a t i o n s  so t h a t  a t h r e e  d i m e n s i o n a l  f r a c t u r e  model of  
t h e  r e s e r v o i r  c a n  be c o n s t r u c t e d .  

U 

- 2. S e l e c t i o n  of I n t e r v a l s  -- t o  be F r a c t u r e d  

Once .it is  broken t h e  f r a c t u r e  w i l l  c o n t i n u e  t o  

@ Data from U.S. G e o l o g i c a l  S u r v e y  l o g s  were made a v a i l -  
a b l e  t o  D.O.E. and EG&G f o r  t h e  s e l e c t i o n  o f  i n t e r v a l s  t o  be 
f r a c t u r e d  i n  RR-4 a n d  R R - 5 .  G e o p h y s i c a l  well  l o g s  were 
u t i l i z e d  t o  a degree i n  t h e  s e l ec t ion  of t h e  d e p t h  i n t e r v a l s  
t o  be i s o l a t e d  f o r  p r e s s u r i z a t i o n .  Gamma, n e u t r o n ,  and 
r e s i s t i v i t y  l o g s  d i s t i n g u i s h  P r e c a m b r i a n  s c h i s t  and  q u a r t -  

0 z i t e  from o v e r l y i n g  T e r t i a r y  s e d i m e n t s  and u n d e r l y i n g  P r e -  
Cambr ian  q u a r t z  m o n z o n i t e  (Keys ,  1 9 7 9 ) .  The d e p t h  i n t e r v a l s  
t o  be f r a c t u r e d  were se l ec t ed  i n  t h e  m e t a m o r p h i c  rock 
s e q u e n c e  a b o v e  t h e  q u a r t z  m o n z o n i t e  f o r  severa l  r e a s o n s .  
S t e e p  n a t u r a l  f r a c t u r e s  t h a t  p r o d u c e  s i g n i f i c a n t  q u a n t i t i e s  
of h o t  water o c c u r  w i t h i n  t h i s  i n t e r v a l  i n  o t h e r  wel ls .  

A c o u s t i c  t e l e v i e w e r  l o g s  i n d i c a t e  t h a t  fewer o p e n  f rac-  
t u r e s  a r e  p r e s e n t  i n  t h e  q u a r t z  m o n z o n i t e .  P r o d u c t i o n  water 

' of  h i g h e s t  p o s s i b l e  t e m p e r a t u r e  was d e s i r e d ,  which  s u g g e s t e d  
d e e p ,  r a t h e r  t h a n  s h a l l o w ,  f r a c t u r i n g .  Logs i n d i c a t e d  t h e  
p r e s e n c e  of o p e n  f r a c t u r e s  w i t h i n  t h e  i n t e r v a l s  se lec ted ;  

0 h o w e v e r ,  t h e  low s p e c i f i c  y i e l d s  s u g g e s t e d  t h a t  these frac- 
tures were e i t h e r  n o t  i n t e r c o n n e c t e d  or  t h e y  !?ad somehow 
been p l u g g e d .  I t  was d e f i n i t e l y  i m p o r t a n t ,  however, t o  s e t  
t h e  l i n e r  below t h e  l a r g e  o p e n  f r a c t u r e  r e c o g n i z e d  on  t h e  
t e l e v i e w e r  log  a t  a d e p t h  of  4 ,540  t o  4,550 f e e t  i n  R R - 5 .  
N u c l e a r  and  r e s i s t i v i t y  l o g s  i n d i c a t e d  t h e  presence of b o t h  
q u a r t z i t e  and s c h i s t  i n  t h e  i n t e r v a l s  t o  be  f r a c t u r e d .  T h i s  
p r o v i d e d  t h e  o p p o r t u n i t y  t o  s t u d y  t h e  b e h a v i o r  of h y d r a u l i c  
f r a c t u r e s  i n  b o t h  rock t y p e s .  

W i t h  t h e  a d v e n t  of t h e  acous t i c  t e l e v i e w e r  it became 
p o s s i b l e  t o  d e t e c t  h y d r a u l i c  f r a c t u r e s  a c c i d e n t a l l y  i n d u c e d  

Y b y  o v e r p r e s s u r e  d u r i n g  d r i l l i n g  (Zemanek and  o t h e r s ,  1 9 6 9 ) .  
I t  h a s  a l s o  b e e n  s h o w  t h a t  f r a c t u r i n g  is p o s s i b l e  a t  well- 
bore-face pressures c o n s i d e r a b l y  l e s s  t h a n  t h e  o v e r b u r d e n  
p r e s s u r e  which can be assumed t o  be 1.0 l b / i n * * 2 / f t  of d e p t h  
(Wolff a n d  o t h e r s ,  1 9 7 5 ) .  Some m e a s u r e m e n t s  o f  l e a s t  p r i n -  
c i p a l  stress were a p p r o x i m a t e l y  o n e - h a l f  t h e  assumed over- 
b u r d e n  p r e s s u r e .  A column of water w i l l  p r o d u c e  approx i -  
m a t e l y  0.5 l b / i n * * 2 / f t  o f  d e p t h  so a co lumn of  h e a v y  d r i l -  
l i n g  mud, c e m e n t ,  o r  pumping or  i n j e c t i o n  p r e s s u r e s  may be 
s u f f i c i e n t  t o  b reak  t h e  rock.  
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p r o p a g a t e  a t  somewhat lower p r e s s u r e s .  T e l e v i e w e r  l o g s  
i n d i c a t e  t h a t  a c c i d e n t a l l y  i n d u c e d  h y d r a u l i c  f r a c t u r e s  may 
be more common i n  o i l  we l l s  t h a n  p r e v i o u s l y  s u p p o s e d  
(Zemanek and  o t h e r s ,  1 9 7 0 ) .  D r i l l i n g  i n d u c e d  h y d r a u l i c  
f r a c t u r e s  h a v e  t h e  same charac te r  on televiewer l o g s  a s  
those  p r o d u c e d  b y  i n t e n t i o n a l  o v e r p r e s s u r e .  The most d i a g -  
n o s t i c  c h a r a c t e r i s t i c s  of  h y d r a u l i c  f r a c t u r e s  a r e :  v e r t i c a l  
or  fo l low well bore f o r  many f e e t ,  i r r e g u l a r  o r  b r a n c h i n g  
t r a c e  and v a r i a b l e  w i d t h .  

I n f o r m a t i o n  from a c o u s t i c  televiewer l o g s  s u g g e s t e d  
t h a t  a n  a c c i d e n t a l l y  i n d u c e d  h y d r a u l i c  f r a c t u r e  m i g h t  
a l r e a d y  be  p r e s e n t  i n  t h e  i n t e r v a l  se lec ted  i n  R R - 4 .  P o s s i -  
b l y  ihese  d a t a  s h o u l d  h a v e  r e c e i v e d  more  c o n s i d e r a t i o n  i n  
t h e  s e l ec t ion  of an i n t e r v a l  t o  b e  f r a c t u r e d .  A n e w l y  
i n d u c e d  h y d r a u l i c  f r a c t u r e  i n  a d i f f e r e n t  i n t e r v a l  would 
p r o b a b l y  h a v e  had t h e  same o r i e n t a t i o n ,  however .  I t  would 
be i n t e r e s t i n g  t o  e x a m i n e  records  of  o p e r a t i o n s  i n  R R - 4  t o  
d e t e r m i n e  how t h i s  f r a c t u r e  m i g h t  h a v e  been p r o d u c e d .  

1. Raf t  R i v e r  Well 4 

I n  wr i t ten  c o m m u n i c a t i o n s  t o  t h e  D e p a r t m e n t  o f  E n e r g y ,  
d a t e d  J u n e  1 ,  1 9 7 9 ,  t h e  a u t h o r  noted t h e  presence of complex  
v e r t i c a l  f r a c t u r e s  t h a t  appeared  t o  be h y d r a u l i c a l l y  i n d u c e d  
i n  RR-4. These f r a c t u r e s  appear o n  t h e  U.S. Geological  Sur -  
v e y  t e l e v i e w e r  log  made i n  March 1979.  It  i s  n o t  known a t  
w h a t  s t a g e  d u r i n g  d r i l l i n g ,  reaming,  and t e s t i n g  t h a t  o v e r -  
p r e s s u r e  may h a v e  o c c u r r e d ,  b u t  s i m i l a r  f r a c t u r e s  t h a t  
a p p e a r  t o  be h y d r a u l i c a l l y  i n d u c e d  h a v e  been s e e n  on 
t e l e v i e w e r  l o g s  of o t h e r  g e o t h e r m a l  wel l s  a t  Ra f t  R i v e r ,  
I d a h o ,  and Roosevelt Hot S p r i n g s ,  Utah ( K e y s ,  1 9 7 9 ) .  

The a c o u s t i c  c a l i p e r  l o g  i n d i c a t e s  t h a t  t h e  RR-4 w e l l  
bore is n o t  r o u n d  i n  much of  t h e  i n t e r v a l  i s o l a t e d  fo r  
h y d r a u l i c  f r a c t u r i n g .  Combined w i t h  t h e  d e v i a t e d  ho le ,  t h i s  
a c c o u n t s  fo r  t h e  poor q u a l i t y  o f  t h e  t e l e v i e w e r  l o g ,  b e c a u s e  
t h e  probe m u s t  b e  aentered  fo r  best r e s u l t s .  This p r o b l e m  
i s  p a r t i c u l a r l y  severe from t h e  bottom of t h e  l i n e r  t o  a 
d e p t h  of  4 , 7 4 3 . 5  f e e t ,  and  a c c o u n t s  fo r  some of t h e  d i f f i -  
c u l t y  i n  l o c a t i n g  t h e  f r a c t u r e  on  both  s i d e s  of  t h e  hole .  

A c o u s t i c  t e l e v i e w e r ,  a c o u s t i c  c a l i p e r ,  and  m e c h a n i c a l  
c a l i p e r  loss of  RR-4 made p r i o r  t o  h y d r a u l i c  f r a c t u r i n g  sub- 
s t a n t i a t e  t h e  p r e s e n c e  of t h c  v e r t i c a l  f r a c t u r e s  t o  t h e  west 
( F i g .  41, and  i n d i c a t e  t h a t  these  f r a c t u r e s  h a v e  a d e p t h  o f  
s e v e r a l  i n c h e s .  A l t h o u g h  i t  i s  p o s s i b l e  t h a t  these p r e -  
e x i s t i n g  f r a c t u r e s  a r e  n a t u r a l  i n  o r i g i n ,  t h e  i r r e g u l a r i t y  
of b r a n c h i n g  and r e l a t i v e l y  c o n s i s t e n t  s t r i k e  o v e r  s u c h  a 
g r e a t  d e p t h  i n t e r v a l  s u g g e s t  t h e y  a r e  h y d r a u l i c a l l y  i n d u c e d  . 

The p r e - e x i s t i n g  h y d r a u l i c  f r a c t u r e  s y s t e m  c a n  be 
t r aced  from t h e  bottom of t h e  l i n e r  a t  4 , 6 8 2 . 5  t o  4 , 8 7 3 . 9  

-- 
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f e e t .  The  e a r l i e r  f r a c t u r e  is  o n l y  v i s i b l e  on t h e  March 
t e l e v i e w e r  l o g s  i n  t h e  west q u a d r a n t  o f  t h e  h o l e ,  b u t  t h i s  
may be d u e  t o  b e t t e r  acous t i c  r e f l e c t i o n  i n  t h a t  d i r e c t i o n .  
The  p o s t f r a c t u r i n g  l o g s  made i n  Augus t  i n h i c a t e  w i d e n i n g  or  
p r o p p i n g  of t h e  f r a c t u r e  t o  t h e  west, and a d e t e c t a b l e  f rac-  
t u r e  i n  most i n t e r v a l s  t o  t h e  e a s t .  F r a c t u r e s  a r e  propped 
o p e n  by t h e  i n j e c t i o n  of l a r g e  q o a n t i t i e s  o f  sand  a f t e r  t h e  
rock i s  b r o k e n  h y d r a u l i c a l l y .  The p r o p p e d  f r a c t u r e  fol lows 
branches o r  e n  e c h e l o n  t r a c e s  o f  t h e  p r e v i o u s  f r a c t u r e ,  p a r -  
t i c u l a r l y  wel l  d e m o n s t r a t e d  i n  t h e  i n t e r v a l  4,769 t o  4,780 
f ee t  ( F i g .  5). The h y d r a u l i c a l l y  w i d e n e d  and propped f rac-  
t u r e  is d e t e c t a b l e  on t h e  A u g u s t  1979 a c o u s t i c  t e l e v i e w e r  
l o g  from t h e  bottom of t h e  l i n e r  a t  4,652.5 f e e t  t o  t h e  t o p  
of  s a n d  f i l l  u p  i n  t h e  h o l e  a t  4,873.9 f ee t .  The p r e s e n c e  
of  v e r t i c a l  f r a c t u r e s  t o  a d e p t h  of  a p p r o x i m a t e l y  4,980 feet  
o n  t h e  March t e l e v i e w e r  log  s u g g e s t s  t h a t  t h e  widened f rac-  
t u r e  may e x t e n d  t o  a t  l e a s t  t h e  s a n d  l e v e l  t h a t  e x i s t e d  
p r i o r  t o  p r e s s u r i z a t i o n .  T h u s ,  t h e  f r a c t u r e  t h a t  was 
e x p a n d e d  and p r o b a b l y  e x t e n d e d  d u r i n g  i n t e n t i o n a l  h y d r a u l i c  
f r a c t u r i n g ,  i s  s e m i c o n t i n u o u s  f o r  a t  l e a s t  191.4 f ee t  a l o n g  
t h e  a x i s  of t h e  well .  The  well d e v i a t e s  10.5 degrees from 
t h e  v e r t i c a l  i n  t h e  d i r e c t i o n  N. 80 d e g r e e s  E. (Miller and  
P r e s t w i c h ,  1979). 

The h y d r a u l i c  f r a c t u r e  l o g g e d  i n  March a p p e a r s  t o  
e x t e n d  a b o v e  t h e  bottom of t h e  l i n e r  t o  a d e p t h  o f  a p p r o x i -  
m a t e l y  4,664 f e e t .  T h i s  is j u s t  below a major open f r a c t u r e  
i n  t h e  s c h i s t  which  h a s  a low a n g l e  d i p  t o  t h e  s o u t h e a s t .  
T h u s ,  i t  a p p e a r s  t h a t  t h e  most s i g n i f i c a n t  p a r t  o f  t h e  
h y d r a u l i c a l l y - i n d u c e d  f r a c t u r e  may h a v e  b e e n  l i m i t e d  i n  
upward e x t e n t  b y  a n a t u r a l  f r a c t u r e .  Tab le  1 i s  a cornpila- 
t i o n  of d a t a  and d e s c r i p t i o n s  of  t h e  p ropped  h y d r a u l i c  f rac-  
ture i n  RR-4. 

The a v e r a g e  s t r i k e  of t h e  n e a r l y  v e r t i c a l  h y d r a u l i c  
f r a c t u r e  is N. 72 degrees  E. w h i c h  h a s  b e e n  corrected t o  
t r u e  n o r t h  and is shown a s  a l i n e  t h r o u g h  RR-4 i n  F i g u r e  1. 
Most of t h e  n a t u r a l  f r a c t u r e s  i n  wel l  RR-4 d i p  from 12 
d e g r e e s  t o  50 d e g r e e s  t o  t h e  s o u t h w e s t  and s t r i k e  a v e r a g e s  
N. 45 d e g r e e s  i?. A t  l e a s t  one f r a c t u r e  i n  t h e  p r e s s u r i z e d  
z o n e  i s  t h o u g h t  t o  be n a t u r a l ;  a t  4,820 t o  r1,822 f e e t  a 
f r a c t u r e  d i p s  75 d e g r e e s  t o  t h e  n o r t h  and s t r i k e s  N. 60 
degrees E. ( F i g .  6). 

I t  is p o s s i b l e  t h a t  same of t h e  o ther  p r e d e x i s t i n g  
v e r t i c a l  f r a c t u r e s  i n  t h e  pressur ized  i n t e r v a l  a r e  n a t u r a l ,  
b u t  t h a t  seems u n l i k e l y  b e c a u s e  t h e y  fo l low t h e  well fo r  
such a g r e a t  d i s t a n c e ,  h a v e  t h e  i r r e g u l a r  c h a r a c t e r  of  
h y d r a u l i c  f r a c t u r e s ,  and  a r e  s u b p a r a l l e l  and s i m i l a r  t o  t h e  
i n t e n t i o n a l l y  p r o d u c e d  h y d r a u l i c  f r a c t u r e  i n  well RR-5. 
F u r t h e r m o r e ,  t h e r e  a r e  v e r t i c a l  f r a c t u r e s  i n  well RR-2 below 
5,000 f e e t  t h a t  s t r i k e  n o r t h e a s t ,  and h a v e  a n  a p p e a r a n c e  
s i m i l a r  t o  unpropped  h y d r o f r a c t u r e s .  
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I n  a r e a s  and  a t  d e p t h s  where t h e  l e a s t  p r i n c i p a l  stress 
is  l e s s  t h a n  o v e r b u r d e n  stress,  h y d r a u l i c a l l y  i n d u c e d  frac- 
t u r e s  c a n  be e x p e c t e d  t o  be v e r t i c a l .  I n  a r e a s  o f  low t o p o -  
g r a p h i c  r e l i e f  and  a t  s u f f i c i e n t  d e p t h ,  t h e  maximum compres -  
s i v e  s t ress  i s  v e r t i c a l  and t h e  l e a s t  and i n t e r m e d i a t e  
s tresses a r e  i n  t h e  h o r i z o n t a l  p l a n e ,  The  d e p t h  i n t e r v a l s  
o f  t h e  we l l s  i n t e n t i o n a l l y  f r a c t u r e d  a t  R a f t  River a r e  10.5 
d e g r e e s  and  5 degrees from v e r t i c a l  and t h i s  f a c t ,  a l o n g  
w i t h  i n t e r r u p t i o n  o f  f r a c t u r e  p r o p a g a t i o n  b y  n a t u r a l  f r ac -  
tu res  and  l i t h o l o g y  c h a n g e s ,  may e n c o u r a g e  t h e  p r o d u c t i o n  of 
complex  r a t h e r  t h a n  s i m p l e  p l a n a r  f r a c t u r e s .  
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w Most h y d r a u l i c  f r a c t u r e s  l o g g e d  by t h e  U.S. G e o l o g i c a l  
S u r v e y  t e n d  t o  b r a n c h ,  c u r v e ,  and  s p l i t ,  r a t h e r  t h a n  p ro -  
p a g a t e  a s  s i m p l e  p l a n a r  f e a t u r e s  g e o l o g i s t s  a r e  u s e d  t o  see- 
i n g  i n  o u t c r o p  o r  i n  core .  A c t u a l l y ,  t h e s e  complex charac- 
t e r i s t i c s  a r e  t y p i c a l  o f  some h y d r a u l i c  f r a c t u r e s ,  p r o d u c e d  
b y  p r e s s u r i z i n g  d r i l l  h o l e s ,  t h a t  h a v e  b e e n  e x p o s e d  b y  tnin- 
i n g  a t  t h e  Nevada Test S i t e  ( N o r t h r u p  and o t h e r s ,  1 9 7 8 ) .  

T h e  u n i q u e  o p p o r t u n i t y  t o  e x a m i n e  t h e s e  f r a c t u r e s  h a s  
p r o v e n  h e l p f u l  i n  t h e  i n t e r p r e t a t i o n  of televiewer logs .  
F i g u r e  7 i s  a p h o t o g r a p h  of  a n e a t - c e m e n t - f i l l e d  h y d r a u l i c  
f r a c t u r e  e x h i b i t i n g  some of t h e  c u r v i n g  and b r a n c h i n g  
c h a r a c t e r i s t i c s  of  t h e  f r a c t u r e s  i n d u c e d  a t  R a f t  R i v e r .  The  
w i d t h  of t h i s  v e r t i c a l  f r a c t u r e  a v e r a g e s  0.1 i n c h  i n  t h e  
s a m p l e  o f  t u f f  i l l u s t r a t e d ,  t h e  same order  of m a g n i t u d e  of 
t h e  h y d r a u l i c  f r a c t u r e s  i n  R R - 4  and  R R - 5 .  

Y 

4 .  Ra f t  R i v e r  Well 5 - - -- a3 
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A new f r a c t u r e  was  i n t e n t i o n s l l y  p r o d u c e d  b y  p r e s s u r i -  
z a t i o n  and p r o p p i n g  w i t h  s a n d  i n  RR-5. A 200-foot stirnula- 
t i o n  i n t e r v a l  was i s o l a t e d  b y  a p a c k e r  s e t  i n  a c e m e n t e d  
l i n e r  and  s a n d - f i l l e d  h o l e .  T h e  f r a c t u r e  is  c l e a r l y  d e f i n e d  
o n  t e l e v i e w e r  l o g s  from t h e  bottom of t h e  l i n e r  a t  4 , 5 5 2  
f ee t  t o  a m a j o r  n a t u r a l  f r a c t u r e  s y s t e m  a t  a d e p t h  of 
a p p r o x i m a t e l y  4 , 6 9 0  f e e t  ( F i g .  8). A r e l a t i v e l y  t i g h t  
e x t e n s i o n  of t h e  h y d r a u l i c  f r a c t u r e  i s  p o o r l y  d e f i n e d  below 
t h e  n a t u r a l  f r a c t u r e s  t o  a d e p t h  of a p p r o x i m a t e l y  4 , 7 0 5  
f e e t ,  which  g i v e s  a v e r t i c a l  l e n g t h  o f  1 4 3  f ee t .  The 
h y d r a u l i c  f r a c t u r e  is a p p r o x i m a t e l y  p a r a l l e l  t o  l e g  B o f  
R R - 5  w h i c h  is d e v i a t e d  5 d e g r e e s  t o  5 1 / 4  degrees  from v e r t -  
i c a l  i n  a d i r e c t i o n  N .  56 d e g r e e s  t o  59 d e g r e e s  S. (Miller 
and  P r e s t w i c h ,  1979).  Therefore ,  i t  i s  n e a r l y  v e r t i c a l .  
The  a v e r a g e  s t r i k e  i s  N. 29 d e g r e e s  E . ,  b u t  t h e  f r a c t u r e  
c u r v e s  c o n s i d e r a b l y .  

Y F i g u r e  9 i s  a t r a c i n g  of t h e  f r a c t u r e s  d e s c r i b e d  from a 
t a p e d  t e l e v i e w e r  l o g ,  p l a y e d  back a t  a c o m p r e s s e d  s c a l e .  
The  sca le  r a t i o  t e n d s  t o  e x a g g e r a t e  c u r v a t u r e ,  b a t  i t  does 
show t h e  c o m p l e x i t y  o f  t h e  h y d r a u l i c  f r a c t u r e .  The a p p a r e n t  
maximum f r a c t u r e  w i d t h  from t h e  acous t i c  t e l e v i e w e r  log  

u 

0, 



3 
184 

w 
J 

Y 

W 

w 

a v e r a g e d  3 . 6  i n a h .  The a b s o l u t e  v a l u e  o f  t h e  w i d t h  is  n o t  
so  m e a n i n g f u l  a s  t h e  r e l a t i v e  w i d t h s  as  a f u n c t i o n  o f  d e p t h  
( T a b l e  2 ) .  F u r t h e r m o r e ,  i t  i s  l i k e l y  t h a t  t h e  f r a c t u r e  i n  
RR-5 i s  wider  t h a n  t h e  f r a c t u r e  i n  RR-4. 

If t h e  l i t h o l o g y  i s  s imla r ,  wh ich  a p p e a r s  l i k e l y ,  t h e n  
t h e  d i f fe rence  i n  w i d t h  may b e  r e l a t e d  t o  f r a c t u r i n g  o r  
p r o p p i n g  p r o c e d u r e s .  Test d a t a  show t h a t  more t h a n  f o u r  
times a s  much sand was u s e d  i n  p ropp ing  RR-5 t h a n  was u s e d  
i n  RR-4, which  a p p a r e n t l y  produced a w i d e r  f r a c t u r e .  F u r t h -  
e r n o r e ,  pumping tes ts  a r e  n o t  c o m p l e t e ,  b u t  i t  a p p e a r s  t h a t  
p r o d u c t i o n  n a y  b e  g r e a t e r  from RR-5. 

F i g u r e  10 shows an a c o u s t i c  c a l i p e r  l o g  o f  t h e  d e p t h  
i n t e r v a l  of  RR-5 from 4 , 5 5 5  t o  4 , 5 9 0  f e e t  compared w i t h  an 
a c o u s t i c  televiewer l o g .  T h e  c a l i p e r  was c a l i b r a t e d  a s  
shown w i t h  a 2 - inch  change  i n  well d i a m e t e r  e q u a l  t o  a 1- 
i n c h  change  on  t h e  r a d i u s  from t h e  t r a n s d u c e r .  Note the I 

c o r r e s p o n d e n c e  between t h e  o r i e n t e d  c a l i p e r  t r a c e s  and t h e  
t e l e v i e w e r  l o g  a t  t h e  same az imuth .  T h e  c a l i p e r  t r a c e s  
would s u g g e s t  f r a c t u r e  d e p t h s  g r e a t e r  t h a n  one  i n c h ;  how- 
e v e r ,  t h i s  may be m i s l e a d i n g  because of t h e  unknown a c o u s t i c  
r e f l e c t i v i t y  o f  t h e  epoxy sand  used f o r  p r o p p i n g .  

I 

I 

%d F i g u r e  11 shows a n o t h e r  t y p e  of a c o u s t i c  c a l i p e r  
p r e s e n t a t i o n  for t h e  d e p t h  i n t e r v a l  4 , 6 6 5  t o  4 , 6 7 0  f e e t .  
The X a x i s  s t i l l  represents  a s i n g l e - t r a n s d u c e r  sweep around 
t h e  ho le ,  b u t  t h e  Y a x i s  represents  c h a n g e s  i n  h o l e  d i a m e t e r  
o r  t r a n s i t  time. The e c c e n t r i c i t y  o f  t h e  probe o r  well c a n  
be s e e n  a l o n g  w i t h  t h e  two f r a c t u r e  t r a c e s .  T h i s  c a l i p e r  
p r e s e n t a t i o n  s u g g e s t s  t h a t  f r ac tu re  w i d t h s  measured from t h e  
t e l e v i e w e r  l o g  may be  t o o  g r e a t .  

The h y d r a u l i c  f r a c t u r e  i n  RR-5 d o e s  n o t  a lways  p a s s  
t h r o u g h  t h e  center o f  t h e  well  b o r e .  F u r t h e r ,  i t  h a s  a v e r y  
i r r e g u l a r  t r a c e  w h i c h  i n d i c a t e s  a v a r y i n g  s t r i k e .  From a 

0 d e p t h  of  4 , 5 6 3  t o  4,570 feet;the h y d r a u l i c  f r a c t u r e  is  
n e a r l y  p a r a l l e l  to a p r e - e x i s t i n g  v e r t i c a l  f r a c t u r e  which is  
p r o b a b l y  n a t u r a l .  T h e r e  is  no s t r o n g  evidence of a pre-  
e x i s t i n g  h y d r a u l i c  f r a c t u r e  i n  RR-5 a s  was found i n  RR-4. 

0 
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There i s  a s i g n i f i c a n t  change  i n  t h e  a p p a r e n t  c h a r a c t e r  
of  t h e  f r a c t u r e  anJ  d i r e c t i o n  o f  s t r i k e  a t  a d e p t h  of  
4 ,652 .6  f e e t  ( F i g .  12). T h i s  may b e  p r i m a r i l y  d u e  t o  a 
change  i n  l i t h o l o g y . 0  Al though t h e  i n t e r v a l  f r a c t u r e d  h a s  
been d e s c r i b e d  on  t h e  b a s i s  of c u t t i n g s  a s  a l l  q u a r t z i t e  
w i t h  minor  amounts  o f  f e l d s p a r  and muscovite, g e o p h y s i c a l  
l o g s  s u g g e s t  more s i g n i f i c a n t  c h a n g e s  i n  l i t h o l o g y .  The 
n a t u r a l  gamma l o g  i n d i c a t e s  t h a t  t h e  q u a r t z i t e  may c o n t a i n  
l a y e r s  of s c h i s t ,  p o s s i b l y  b i o t i t e .  A change  i n  l i t h o l o g y  
is i n d i c a t e d  by  s e v e r a l  l o g s  a t  a p p r o x i m a t e l y  4 ,650  f e e t ,  
which i s  c lose  t o  t h e  d e p t h  where h o l e  d i a m e t e r  and c h a r a c -  
t e r  of t h e  p o s t f r a c t u r i n g  televiewer l o g  changes .  A 
d e c r e a s e  i n  r a d i o a c t i v i t y  'below t h i s  d e p t h  s u g g e s t s  an 
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i n c r e a s e  i n  t h e  pe rcen tage  of q u a r t z i t e .  If t h i s  i n t e r p r e -  
t a t i o n  i s  co r rec t ,  t h e n  t h e  h y d r a u l i c  f r a c t u r e  a s  s e e n  i n  
F i g u r e  12, is  be t t e r  d e v e l o p e d  i n  q u a r t z i t e  t h a n  i n  s c h i s t .  

If m e a s u r e m e n t s  of h o l e  d e v i a t i o n  a r e  cor rec t ,  t h e n  a 
n o r t h e a s t - s t r i k i n g ,  v e r t i c a l ,  h y d r a u l i c  f r a c t u r e  s h o u l d  have  
i n t e r s e c t e d  l e g  A o f  R R - 5  i n  t h e  v i c i n i t y  o f  a p r o d u c t i o n  
zone which  was r epor t ed  t o  h a v e  y i e l d e d  1,003 g a l l m i n  
(Mil ler  and  P r e s t w i c h ,  1979) . U n f o r t u n a t e l y ,  t h i s  f r a c t u r e  
was a p p a r e n t l y  cemen ted  u p  so t h e  h y d r a u l i c  f r a c t u r e  may 
h a v e  i n t e r s e c t e d  cemen t  r a t h e r  t h a n  a p r o d u c i n g  z o n e .  
Cement may h a v e  a l s o  l i m i t e d  t h e  l a t e r a l  p r o p a g a t i o n  of t h e  
f r ac tu re .  The h y d r a u l i c  f r a c t u r e  was a l s o  p r o b a b l y  l i m i t e d  
i n  v e r t i c a l  p r o p a g a t i o n  b e t w e e n  n a t u r a l  f r a c t u r e s  a t  4,535 
t o  4 , 5 4 3  f e e t  and 4,630 f e e t .  T h e s e  m a j o r  n a t u r a l  f r a c t u r e s  
a r e  e s s e n t i a l l y  p a r a l l e l  w i t h  a d i p  o f  8 3  degrees  w i t h  
r e spec t  t o  t h e  h o l e  and a s t r i k e  of N. 20 degrees  W. t o  N. 
40 d e g r e e s  E. The shallower of  these two f r a c t u r e s  a p p e a r e d  
o n  gamma-gamma, a c o u s t i c  v e l o c i t y ,  n e u t r o n ,  c a l i p e r ,  and  
a c o u s t i c  t e l e v i e w e r  l o g s  a s  a m a j o r  open f r a c t u r e  z o n e  w h i c h  
s h o u l d  h a v e  p r o d u c e d  s i g n i f i c a n t  amoun t s  of  water .  Produc-  
t i o n  was m i n i m a l ,  and  may h a v e  been d r a s t i c a l l y  r e d u c e d  b y  
c e m e n t  i n v a s i o n .  

The  average s t r i k e  of  t h e  h y d r a u l i c  f r a c t u r e  i n  RR-5 
corrected t o  t r u e  n o r t h  is  shown b y  a l i n e  t h r o u g h  t h e  well 
on F i g u r e  1. The a v e r a g e  s t r i k e  of N. 29  degrees E. a p p e a r s  
t o  be  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h e  N. 72 d e g r e e s  E. 
a v e r a g e  s t r i k e  i n  RR-4. T h e  a v e r a g i n g  t e c h n i q u e  fo r  s u c h  a 
complex  s u r f a c e  may p r o d u c e  a n  e r r o r ;  h o w e v e r ,  i t  is  impor- 
t a n t  t o  n o t e  t h a t  t h e  h y d r a u l i c  f r a c t u r e s  a r e  s u b p a r a l l e l s  
t o  major f a u l t s  p o s t u l a t e d  i n  t h e  a rea  (Wil l iams  and o t h e r s ,  
1976) .  RR-5 is  c l o s e r  t o  t h e  B r i d g e  f a u l t  which t r e n d s  
s l i g h t l y  e a s t  of  n o r t h ,  and  RR-4 is c l o s e r  t o  t h e  Narrows 
s t r u c t u r e  w h i c h  t r e n d s  e a s t - n o r t h e a s t .  I n  many a r e a s ,  
h y d r a u l i c  f r a c t u r e s  h a v e  been found  t o  p a r a l l e l  m a j o r  s t r u c -  
t u r e s  (Wolff and  o t h e r s ,  1 9 7 4 ) .  If t h i s  i s  t h e  c a s e  a t  Raft  
R i v e r ,  t h e n  h y d r a u l i c  f r a c t u r e s  may p a r a l l e l  r a t h e r  t h a n  
i n t e r s e c t  major s t r u c t u r e s  t h a t  a r e  p r o b a b l y  c o n d u i t s  f o r  
t h e  movement o f  h o t  w a t e r .  

- 5, Recommenda t ions  

As a r e s u l t  o f  t h i s  s t u d y ,  a number o f  s u g g e s t i o n s  c a n  
be made t o  i m p r o v e  t h e  cos t  b e n e f i t  r a t i o  f o r  u t i l i z i n g  
borehole  g e o p h y s i c s  i n  h y d r a u l i c  f r a c t u r i n g  programs. Well 

, l o g g i n g  c a n  be more b e n e f i c i a l  t o  p l a n n i n g  a h y d r o f r a c t u r e  
a n d  u n d e r s t a n d i n g  t h e  resu l t s .  

Better results from l o g g i n g  and f r a c t u r i n g  i n  g e n e r a l  
migh t  be o b t a i n e d  i f  t h e  i n t e r v a l  of t h e  well  se lected was 
n e a r  v e r t i c a l  r a t h e r  t h a n  d e v i a t e d .  The t e l e v i e w e r  c a n  be  
be t t e r  c e n t e r e d  i n  a v e r t i c a l  ho le ,  b u t  e v e n  more i m p o r t a n t ,  
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t h e  h o l e  is  more l i k e l y  t o  b e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  
of  l e a s t  p r i n c i p a l  s tress.  T h i s  n a y  t e n d  t o  produce a f rac-  
t u r e  w i t h  a more u n i f o r m  t r a c e  t h a t  does  n o t  c h a n g e  d i rec-  
t i o n  away from t h e  wel l .  Under  t hese  c o n d i t i o n s  m e a s u r e -  
m e n t s  o f  f r a c t u r e  o r i e n t a t i o n  i n  t h e  well  a r e  more l i k e l y  t o  
be r e l a t e d  t o  a v e r a g e  o r i e n t a t i o n .  The p r e f r a c t u r e  l o g s  
s h o u l d  b e  c o n s i d e r e d  c a r e f u l l y  from t h e  s t a n d p o i n t  o f  ex is t -  
i n g  f r a c t u r e s  o r  l i t h o l o g i c  c o n t a c t s  t h a t  may a f f e c t  t h e  
e x t e n t  and d i r e c t i o n  of  p r o p a g a t i o n  of a h y d r a u l i c  f r a c t u r e .  
F u r t h e r ,  f a v o r e d  d i r e c t i o n s  o f  n a t u r a l  f r a c t u r e s  may b e  fo l -  
lowed b y  i n d u c e d  f r a c t u r e s ;  t h a t  i s ,  t h e  s t ress  f i e l d  may, 
h a v e  t h e  same o r i e n t a t i o n  a t  t h e  t ime of h y d r a u l i c  f r a c t u r -  
i n g  a s  it d i d  when n a t u r a l  f r a c t u r e s  were p r o d u c e d .  T h e s e  
f a c t o r s  may t e n d  t o  i n f l u e n c e  f r a c t u r e  p r o p a g a t i o n  p a r a l l e l  
t o  a p r o d u c i n g  s t r u c t u r e  r a t h e r  t h a n  t o w a r d s  i t .  

I 

After t h e  d e p t h  i n t e r v a l  t o  be f r a c t u r e d  h a s  b e e n  
se lec ted ,  b u t  before  p r e s s u r i z i n g ,  a complete s u i t e  of 
p o r o s i t y  s e n s i n g  l o g s  s h o u l d  be r u n  on a h i g h  r e s o l u t i o n  
s ca l e .  These c a n  t h e n  be compared t o  t h e  same k i n d  D f  post-  
f r a c t u r e  l o g s  i n  a n  a t t e m p t  t o  d e t e c t  c h a n g e s  i n  p o r o s i t y .  
R e s i s t i v i t y  d e v i c e s ,  s u c h  as micro g u a r d  and d i p m e t e r ,  m i g h t  
be p a r t i c u l a r l y  u s e f u l  . Before and a f t e r  a c o u s t i c  waveform 
l o g s  would i m p r o v e  t h e  u n d e r s t a n d i n g  of t h e  r e s p o n s e  of 
these l o g s  t o  v e r t i c a l  f r a c t u r e s .  A p r e f r a c t u r e  r e r u n  w i t h  
t h e  televiewer s h o u l d  b e  made w i t h  maximum a t t e n t i o n  t o  log 
r e s o l u t i o n .  

, 

'r3 

P o s t f r a c t u r e  l o g g i n g  would be  g r e a t l y  e n h a n c e d  by  
a s s u r i n g  t h a t  t h e  well i s  c l e a n  and f r ee  of  s a n d  t o  t h e  bot-  
tom. S u c c e s s i v e  d e p t h  m e a s u r e m e n t s  may b e  n e c e s s a r y  t o  
d e t e r m i n e  t h a t  n o  p r o p p i n g  a g e n t  o r  o the r  m a t e r i a l  is e n t e r -  
i n g  t o  fill t h e  w e l l .  Under  t h e s e  conditions, i t  should b e  
p o s s i b l e  t o  d e t e r m i n e  t h e  lower l i m i t  of  c r ack  p r o p a g a t i o n .  
I t  would be e x t r e m e l y  u s e f u l  i f  t h e  well c o u l d  be made 
a v a i l a b l e  for  t e m p e r a t u r e  and flowmeter logs d u r i n g  pos t -  
f r a c t u r e  t e s t i n g .  I t  i s  v e r y  i m p o r t a n t  t o  d e t e r m i n e  which  
p a r t  o f  a f r a c t u r e  is p r o d u c i n g  and p o s s i b l y  why. An 
a t t e m p t  s h o u l d  b e  made t o  d e t e r m i n e  i f  t h e  a p p a r e n t  f r a c t u r e  
w i d t h  o n  a t e lev iewer  log  is  r e l a t e d  t o  p r o d u c t i v i t y  a s  o u r  
p r e l i m i n a r y  d a t a  s u g g e s t .  

w I t  h a s  b e e n  r epor t ed  t h a t  R R - 5  i s  c o n t i n u i n g  t o  p r o d u c e  
p r o p p i n g  saqd ,  If t h e  pump is  p u l l e d  t o  c l e a n  o u t  t h e  h o l e  
t h e n  a t h i r d  t e l e v i e w e r  log  s h o u l d  b e  r u n  i n  order  t o  deter-  
m i n e  i f  i n t e r v a l s  o f  s a n d  loss c a n  be detec ted  and what 
e f f e c t  t h i s  h s s  o n  a p p a r e n t  f r a c t u r e  w i d t h .  

W 
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Figure 2 -- Comparison of f i e l d  log and tape playback log 
@ of hydraulic fracture i n  RR-5. 
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Figure 4 -- Preexisting and propped hydraulic 
in RR-4. 
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Figure 5 -0 Complex preexisting and propped hydraulic 
fracture in  RR-4. 

Y 

w 



P6 I: 

i 



1 195 
W 

w 
Y 

Y 

Figure 7 -- Cement-filled hydraulic fracture in  tuff 
from Nevada T e s t  S i t e .  
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Figure 8 -- Natural fracture system in RR-5 which 
terminates open interval of hydraulic 
fracture. 
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Figure 9 -- Drawing of hydraulic fracture in RR-5 
traced from televiewer log. 
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Figure 10 -- Acoustic caliper and acoustic televiewer logs, RR-5. 
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Figure 11 -- Oscilloscope display of acoustic caliper traces 
compared with televiewer log of same depth interval 
in RR-5. 
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Raft River Well 4 

Hydraulic Fracture 
DEPTH STRIKE APPARENT MAXIMUbf CHARACTER OF THE VERTICAL HYDRAULIC FRACTURE 
(feet) (Mag. N) WIDTH (inches) 

<uncorrected for 
hole deviation) 

4682.5-4688 -------- unknown Poorly defined from bottom of liner at 4682.5 ft 

4688-4703 N70 to 75E unknown Fracture better defined. Parallel to preexisting 

4703-4715 N60E to N80E .7 to 1.1 Still better defined, curving, off-canter, best 

4715-4743.5 N65E to N75W unknown Poorly defined but present. Irregulaq well badly 

4743.5-4750 N50E to E-W .3 to 1.1 Better defined. Well rounder. Curving preexisting 

to 4688 ft. 

hydraulic fracture to the west. 

defined to the east. 

out of round. Follows preexisting fracture. 

fracture to west widened. 
Well defined, best to west. Preexisting fracture 
widened. 

spots. Follows older fracture. 

poorly defined or not present. 

U 

4750-4 769 N65 to 70E . 3  to 1.4 
Av. .7 

4769-4800 N80E .1 Branching or en echelon, complex, broken out in 

N70E .1 to . 3  Well defined, broken out in spots. Older fracture 4800-4820 

48 20-48 2 2 Natural Fracture 
Dips 75"N 
N6 OE 

4822-4831 
4831-4846 . 

N65E 
N65E to E-W 

------- Hydraulic fracture curves out of well approx. 1 ft 
above and parallel to natural fracture, returns 
below. 

.1 Complex, relatively tight and poorly defined. 

. 3  to 1.4 Preexisting vertical fracture widened by propping 
agent . 

4846-4861.5 N80E to E-W .1 to .7 May follow indistinct preexisting fracture, wider 
to west. 

4861.5-4873.9 N70 to 80E .1 to .7 Preexisting en echelon vertical fractures widened. 
Continues to level of sand fill-up in bottom of 
well. 

p\) 
0 
P 
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Q Table 2 c 

Raft River Well 4 
Hydraulic Fracture 

DEPTH STRIKE APPARENT MAX1MiJ-M CHARACTER OF THE VERTICAL HYDRAULIC FRACTURE 
(feet) (Mag- N) WIDTH (inches) 

(uncorrected for 
hole deviation) 

4566 N13E 1.4 Not through center of hole. 
4571.5 N45E 

4575-4578 unknown 
.7  Change in strike between natural fractures. 
.6 Fracture splits - en echelon. 

4582 N13E 1.4 Not through center of hole. 
4586-4589 N42E to E-W 1.4 to 2.1 Fracture curves, well defined and apparently wider. 
4592 / N58E .3 Well defined but narrow. 
4593.5-4600 ----_----- --------- Poorly defined, irregular and branching. 
4606 N15E .6 to 1.4 Apparently wider to south. 
4615.5 N7E --------- Poorly defined and irregular. 
4623 N-S .3+ Apparently wider and more irregular to south. 
4626-4632 ---------- 
4633-4645 N5W to NlOE --------- Considerably off-center, giving false impression 

4652.6 ---------- --------- Apparent change in fracture character and direction 

--------- Complex and splits. 

of widening,strike changes. 

due to change in hole diameter and lithology. 
4655 N25E .3 More broken out to southwest, nearly centered, well 

defined, irregular. 
4662-4665 N67E to N50E .3 to .7 Nearly centered, very well defined, curved. 
4666.5-4669 ---------- --------- Branching, poorly defined due to natural fracture 
4669-4684.5 . N50E to NlOE .l to . 3  Well defined, irregular, broken out. 
4684.5-4687 

4694-4705 ? 

N-S 

N35E ? 

Indistinct, curves t o  parallel natural fracture 
set 
Very poorly defined, tight, curving due to natural 
fracture. 
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W T H E R M A L  STABILITY 3F FRAC FLUIDS IN AQUEO!JS SYSTEMS 
W 

BY 

D .  A .  TYSSEE AND 0. J .  VETTER 
VETTER RESEARCH 

- 1 .  INTRODUCTION 

Many f a c t o r s  h a v e  t o  5-3 t a k e n  i n t o  c o n s i d e r a t i o n  i n  
d e s i g n i n g  a s t i m u l a t i o n  i n v o l v i n g  t h e  use of  f r a c  p o l y m e r s  - 
p a r t i c u l a r l y  when t h z  h i g h  t e m p e r a t u r e  o f  a geoth$r! i ia l  
r e se rvo i r  a r e  t a k e n  i n t o  c o n s i d e r a t i o n .  Whi le  p r o d u c t i v i t y  
e n h a n c e m e n t  i s  t h e  d e s i r e d  e n d  r e s u l t ,  o t h z r  f a c t o r s  s u c h  a s  
e c o n o m i c s  , m a t e r  i a 1  a v a i l  ab il i t  y , p o t  en t i a 1  forinat i o n  dam- 
a g e ,  e t c .  h a v e  an  i n f l u e n c e  on  t h e  d e c i s i o n  r e g a r d i n g  t h e  
t y p e  of  f r a c  poly!n5r t o  be u s e d .  Tht? m a j o r i t y  o f  t h e  p a p e r s  
g i v e n  d u r i n g  t h e  symposiuw h a v e  b e e n  c o n c e r n e d  w i t h  t h e  phy- 
s i c a l  and e n g i n e e r i n g  a s p e c t s  o f  f r a c t u r e  s t i m u l a t i o n .  T h i s  
p a p e r  f o c u s e s  o n  t h a t  p r o p e r t y  t h a t  d i r e c t l y  d e t e r m i n e s  t h e  
p h y s i c a l  b e h a v i o r  o f  a f r a c  po1y:nzr - n a m e l y ,  t h e  i n h e r e n t  
c h e m i s t r y  o f  t h e  p o l y m e r .  

Two g e n e r d l  t y p e s  of  p o l y m e r  c l a s s e s  a r e  n o r m a l l y  
e n c o u n t e r e d  i n  t h e  f i e l d .  The f i r s t  c l a s s  of  p o l y m e r s  a r e  
known as s y n t h e t i c  p o l y r n e r s  ( F i g u r e  1 ) .  They t e n d  t o  be 
made up  of  v e r y  s i m p l e  : n o l e c u l e s  ( a c r y l a n i d e s ,  p o l a c r y l a t e s ,  
e tc . )  and g i v e  r e l a t i v e l y  s h o r t - c h a i n e d  molecules w i t h  
rnolccular w e i g h t s  o n  t h e  order  of 100,000 or  so. These syn- 
t h e t i c  p o l y m e r s  (man-made po1y:ners)  g e n e r a l l y  a r e  s t r u c t u r -  
a l l y  rnuch less cotriplex t h a n  the b i o p o l y m e r s .  A t y p i c a l  
e x a m p l e  of t h e s e  p o l y m e r s  is shoxn i n  F i g u r e  2. T h i s  b i o p o -  
l y m e r  ( X a n t h a n  gum) i s  t y p i c a l  of  b i o p o l y m e r s  u s e d  i n  t h e  
f i e l d .  X a n t h a n  gun, w i t h  i t s  s u g a r  b a c k  b o n e ,  h a s  a a o l e c u -  
l a r  w e i g h t  o f  s e v e r a l  m i l l i o n .  

Much of  t h e  p r e l i r n i n a r y  l a b o r a t o r y  work h a s  been d o n e  
on x a n t h a n  gum which  was o n e  o f  t h e  f r a c  po1y:ners u s e d  i n  
t h e  R a f t  R i v e r  f i e l d  e x p e r i m e n t s .  Because of t h e  g e n e r a l  
s i m i l a r i t y  i n  s t r u c t u r e  among t h e  b i o p o l y m e r s ,  t h e  c h e m i c a l  
t e c h n o l o g y  d e v e l o p e d  f o r  x a n t h a n  gum s h o d l d  also be a p p l i c a -  
b l e  t o  o t h e r  f r a c  p o l y m e r s .  

When d e a l i n g  w i t h  a f r a c t u r e ,  one is r e a l l y  d e a l i n s  
w i t h  a c l o s e d  s y s t e m  u n d e r  d y n a m i c  c o n d i t i o n s .  T h a t  is, t h e  
f r a c  p o l y m e r  i n t r o d u c e d  is  e v e n t u a l l y  p r o d u c e d  b a c k  and  a l l  
of  t h e  c h e m i s t r y  t h a t  h a s  t a k e n  p l a c e  i n  t h e  r e s e r v o i r  
s h o u l d  be o b s e r v a b l e .  T h u s ,  i f  one has c o m p l e t e  c o n t r o l  of  
t h e  m a t e r i a l s ,  t h e  t o t a l  atnount o f  o r g a n i c  m a t e r i a l s  t h a t  
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goes i n  - e i t h e r  i n  t h e  l a b o r a t o r y  u n d e r  s i m u l a t e d  c o n d i -  
t i o n s  o r  i n  t h e  f i e l d > u n d e r  a c t u a l  c o n d i t i o n s  - s h o u l d  b e  
a c c o u n t e d  f o r  when t h e  r e t u r n  f l u i d s  a r e  a n a l y z e d .  T h e  car-  
b o h y d r a t e  c o n c e n t r a t i o n  i s  an  i n d i c a t i o n  o f  t h e  t o t a l  amount  
of  c a r b o h y d r a t e  p r e s e n t  i n  t h e  s o l u t i o n .  As m e n t i o n e d  
above, t h e  b i o p o l y m e r s  a r e  d e r i v e d  from c a r b o h y d r a t e s  ( i . e . ,  
s u g a r s ) .  S i m p l e  b r e a k i n g  of t h e  c h a i n  s t i l l  l e a v e s  c a r b o h y -  
d r a t e  m o l e c u l e s .  I n  t h e  case of g r o s s  d e g r a d a c i o n  ( f o r  
e x a m p l e ,  p y r o l y s i s ) ,  t h e  c a r b o h y d r a t e  c o n t e n t  i s  l o s t .  
T h u s ,  t h e  c a r b o h y d r a t e  c o n c e n t r a t i o n  i n  t h e  f l u i d  i s  a t  
l e a s t  a n  i n d i c a t i o n  o f  t h e  i n t e g r i t y  o f  t h e  p o l y a e r .  
F i n a l l y ,  i n  t h e  l a b o r d t o r y  some p r e l i m i n a r y  work  h a s  b e e n  
d o n e  u s i n g  h i g h  p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y  (HPLC) a s  a 
means  o f  a t t e m p t i n g  t o  u n r a v e l  t h e  d e t a i l s  o f  po lymer  d e g r a -  
d a t i o n .  

The f i n a l  s e c t i o n  of  t he  p a p e r  d e s c r i b e s  t h e  resu l t s  of  
r e t u r n  f l u i d  a n a l y s e s  from t h e  R a f t  River f i e l d  exper-  
i m i e n t s .  S p e c i a l  e m p h a s i s  is  p l a c e d  on what  i n f o r m a t i o n  can  
be o b t a i n e d  by  c h e m i c a l l y  a n a l y z i n g  t h e  f l u i d s .  

2. - LABORATORY STUDIES 

S e v e r a l  a r eas  h a v e  b e e n  i n v e s t i g a t e d  i n  o rde r  to i d e n -  
t i f y  t e c h n i q u e s  t h a t  c o u l d  be u s e f u l l y  a p p l i e d  t o  t h e  
a n a l y s i s  o f  f r ac  p o l y m e r  s o l u t i o n s .  B,?cause t h e  p o l y n e r s  
t e n d  t o  be u s e d  a t  h i g h  d i l u t i o n  i n  b r i n e  s o l u t i o n s ,  e f f o r t s  
h a v e  b e e n  d i r e c t e d  t o  t e c h n i q u e s  t h a t  a r e  a p p l i c a b l e  t o  
these  k i n d s  o f  s o l u t i o n s .  O f  t h e  n u m e r o u s  m e t h o d s  con- 
s i d e r e d ,  t h ree  were se l ec t ed  fo r  i n t e n s i v e  s t u d y .  These 
t h r e e  methods  were d i r e c t e d  towards c h a r a c t e r i z a t i o n  o f  t h e  
s o l  u t i o n  s b y  : 

1 T o t a l  o r g a n i c  c a r b o n  c o n t e n t  ( T O C )  

2 T o t a l  c a r b o h y d r a t e  c o n t e n t  

3 H i g h  p r e s s u r e  l i q u i d  C h r o m a t o g r a p h y  

b r i e f l y  r e f e r r ed  t o  e a r l i e r .  
The r a t i o n a l e  f o r  s e l e c t i n g  t h e s a  m e t h o d s  h a v e  b e e n  

One of t h e  b i g g e s t  p r o b l e m s  e n c o u n t e r e d  i n  u n r a v e l i n g  
t h e  c h e m i s t r y  o f  t h e s e  complex  molecules is  g e n e r a l  a n a l y t i -  
c a l  m e t h o d o l o g y .  I n  o the r  words,  how does o n e  q u a n t i t a -  
t i v e l y  and  q u a l i t a t i v e l y  c h a r a c t e r i z e  complex  o r g a n i c  con- 
p o u n d s  i n  a n  a q u e o u s  s o l u t i o n  a t  a v e r y  h i g h  d i l u t i o n ?  Typ- 
i c a l l y ,  t h e  p o l y m e r s  go  i n  a t  3 h a l f  a p e r c e n t  o r  l e s s  i n  
c o n c e n t r a t i o n  and t h e y  a r e  p r o d u c e d  back  a t  c o n c e n t r a t i o n s  
o n  t h e  order  of  0.025%. A d d i t i o n a l  p r o b l e m s  a r e  i n t r o d u c e d  
b y  t h e  h i g h  TDS c o n t e n t  o f  t h e  g e o t h e r m a l  f l u i d .  
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A g r e a t  d e a l  o f  pre l iminary  information can be obtained 
by  measuring t h e  i n j e c t e d  and produced f l u i d  f o r  s i m p l y  t h e  
t-nt-nl n r a n n i c  c a r b o n  ( T O C )  content of  t h e  f l u i d .  I n  t h i s  ----- -- - - - - - - - - - - - . - - - . - - - - - - - - - - - . . - - - - - . - 

way, a good i n d i c a t i o n  of m a t e r i a l  balance ( i . e . ,  o rganic  
m a t e r i a l  in jec ted  and produced) can be obta ined .  T h i s  meas- 
urement can be done on a r o u t i n e  b a s i s  u s i n g  present  day 
a n a l y t i c a l  ins t rumenta t ion .  T h i s  TOC va lue ,  w h i l e  mqnitor- 
ing m a t e r i a l  ba lance ,  provides  l i t t l e  u se fu l  information a s  
t o  t h e  f a t e  of  t h e  polymer. For example, i f  t h e  polymer 
degrades t o  water s o l u b l e  non-polymeric products ,  t h e  TOC 
va lue  remains unchanged. These changes,  however, can be 
de t ec t ed  b y  monitoring t h e  f l u i d  f o r  t o t a l  carbohydra tes  - a 
va lue  t h a t  is a d i r e c t  measure o f  t h e  amount o f  polymer d i s -  
solved i n  s o l u t i o n .  Information provided by t h i s  a n a l y t i c a l  
procedure is i l l u s t r a t e d  i n  Figure 3 where t h e  carbohydrate  
concen t r a t ion  of a xanthan gum s o l u t i o n  conta in ing  va r ious  
calcium ion concen t r a t ions  i s  shown a s  a func t ion  of t ime 
when being heated a t  150 degrees  C .  Note t h e  s t a b i l i z i n g  
. e f f ec t  of  t h e  calcium a t  concen t r a t ions  u p  t o  and inc luding  
800 ppm Ca. Above t h i s  concen t r a t ion ,  calcium a c c e l e r a t e s  
t h e  degrada t ion  of  t h e  polymer. 

The degrada t ion  of  t h e  polyner is accompanied by a drop 
i n  t h e  TOC con ten t  o f  t h e  s o l u t i o n  a n d ,  a f t e r  an extended 
pe r iod ,  b y  t h e  formation o f  p a r t i c u l a t e  mat te r  suspended i n  
t h e  aqueous phase. A t y p i c a l  micrograph of t hese  p a r t i c l e s  
i s  shown i n  Figure 4 .  Whether o r  not  t h i s  p a r t i c l e  mat te r  
has  an adverse e f f e c t  on t h e  p r o d u c t i v i t y  a f t e r  t h e  s t imula-  
t i o n  m u s t  be  determined by  l a b o r a t o r y  Flow t e s t s  and a c t u a l  

As d i s c u s s e d  above, t h e  TOC con ten t  and t o t a l  carbohy- 
d r a t e  con ten t  of t h e  f l u i d s  a r e  an i n d i c a t i o n  of g r o s s  chem- 
i c a l  p r o p e r t i e s  o f  t h e  po1y:ner u n d e r  r e a c t i o n  cond i t ions .  
While t h i s  information is  o f  v a l u e ,  i t  i s  d e s i r a b l e  t o  
develop methods t h a t  a l low more d e t a i l e d  information t o  be 
obta ined .  One of  t h e  most promising’methods is  t h a t  o f  high 
p res su re  l i q u i d  chromatography (HPLC) .  T h i s  technique can 
be u s e d  t o  i d e n t i f y  r e l a t i v e l y  complex organic  s t r u c t u r e s  i n  
a d i l u t e  aqueous s o l u t i o n .  For example, Figure 5 shows t h e  
HPLC o f  xanthan gum heated f o r  v a r i o u s  pe r iods  o f  t ime i n  
deionized water.  The response along t h e  o r d i n a t e  is  an 
i n d i c a t i o n  of  t h e  amount o f  m a t e r i a l  e l u t i n g  a t  a given 
r e t e n t i o n  time. I n  g e n e r a l ,  under t h e  c o n d i t i o n s  o f  t h i s  
a n a l y s i s ,  t h e  r e t e n t i o n  time can be r e l a t e d  t o  t h e  molecular 
w e i g h t  o f  t h e  component being e l u t e d .  

As a r u l e  of thumb, lower molecular weight fragments 
:elute a t  longer  r e t e n t i o n  t imes .  T h i s  is  shown i n  Figure 5 

where t h e  formation o f  lower molecular weight fragments is 
3 i nd ica t ed  b y  t h e  i nc reas ing  amounts o f  m a t e r i a l s  e l u t i n g  a t  

longer  re tent ion times. P r e s e n t l y ,  work i s  being directed 
towards chemical ly  c h a r a c t e r i z i n g  t h e s e  fragments i n  o rde r  
t o  e l u c i d a t e  t h e  pathway b y  which  t h e  polymer degrades.  

. f i e l d  d a t a .  
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'. FIELD STUDIES 

Heavy c m p h a s i s  h a s  b e e n  p l a c e d  i n  t h e  l a b o r a t o r y  o n  
d e v e l o p i n g  a body  o f  knowledge  and t e c h n i q u e s  t h a t  w i l l  
u l t i m a t e l y  b e  t r a n s f e r r e d  t o  t h e  f i e l d .  k l t h o u g h  a s  d i s -  
c u s s e d  e a r l i e r ,  t h e  l a b o r a t o r y  r e s u l t s  a r e  s o n e w h a t  p r e l i m -  
i n a r y ,  s u f f i c i e n t  work h a s  b e e n  d o n e  t o  i n d i c a t e  t h a t  v a l u -  
a b l e  f i e l d  i n f o r m a t i o n  c a n  b e  o b t a i n e d .  The  f i e l d  e x p e r i -  
m e n t  a t  Ra f t  R i v e r  4 i s  a case  i n  p o i n t .  The c h e n i c a l  work 
d o n e  on  t h e  f l u i d s  from t h i s  f i e l d  e x p e r i m e n t  was c o n c e n -  
t r a t e d  i n  two a r e a s :  

1 M a t e r i a l  b a l a n c e  a s  d e t e r m i n e d  by  TOC. 

2 P o l y m e r  d e g r a d a t i o n  a s  d e t e r m i n e d  by  c o m p a r i n g  t h e  TOC 
t o  t h e  t o t a l  c a r b o h y d r a t e .  

The  c h e m i c a l  d a t a  f rom t h e  f l u i d s  p r o d u c e d  d u r i n g  t h e  
Raft  R i v e r  4 f i e l d  e x p e r i m e n t  a r e  shown i n  F i g u r e  5 .  The 
i n j e c t i o n  was c o m p l e t e d  on Atlgust 2 0 ,  1979 and  i m m e d i a t e l y  
p r o d u c e d  d u r i n g  t h e  p e r i o d  Augus t  20-21.  Note t h e  h i g h  
r a t i o  of  t o t a l  c a r b o h y d r a t e  t o  o r g a n i c  c a r b o n  j u r i n g  t h i s  
f i rs t  flow p e r i o d .  T h i s  is  i n d i c a t i v e  of l i t t l e  t h z r m a l  
d e g r a d a t i o n .  T h e  well was n e x t  p r o d u c e d  on Augus t  25 ,  1 9 7 9 ,  
a f t e r  h a v i n g  b e e n  s h u t - i n  f o r  a f o u r - d a y  p e r i o d .  T h e  f i n a l  
f low t e s t  t o o k  p l a c e  between S e p t e m b e r  G and S e p t e m b e r  1 1 .  
D u r i n g  tne t imes  b e t w e e n  t h e  l a s t  two f low p e r i o d s  t h e r e  h a s  
b e e n  s u b s t a n t i a l  t h e r m a l  d e g r a d a t i o n  of  t h e  po1y:nzr. T h i s  
i s  i n d i c a t e d  by  t h e  d e c r e a s i n g  r a t i o  o f  t o t a l  c a r b o h y d r a t e  
t o  t o t a l  o r g a n i c  c a r b o n  a s  t h e  well i s  p r o d u c e d .  

T h e  l a b o r a t o r y  d a t a  c a n  be f u r t h e r  used to q u a n t i f y  
m a t e r i a l  r e t u r n s .  A c c o r d i n g  t o  t h e  f i e l d  r e c o r d s ,  4,032 
l b s .  o f  p o l y m e r  were i n j e c t e d  on A u g u s t  2 0 ,  1979 .  By 

, i n t e g r a t i n g  t h e  d a t a  i t  can be  shown t h a t  222  of t h e  
i n j e c t e d  p o l y n e r  is p r o d u c e d  b a c k  d u r i n g  t h e  f i r s t  f low t e s t  
w i t h  no s u b s t a n t i a l  d e g r a d a t i o n .  By c o n t r a s t ,  t h e  f l u i d  
p r o d u c e d  d u r i n g  t h e  s e c o n d .  and t h i r d  t e s t  c o n t a i n s  a p p r e c i -  
a b l e  a m o u n t s  o f  d e g r a d e d  po1y:ner a s  t h e  i n j e c t e d  f l u i d  
becomes  e x p o s e d  t o  t h e  h i g h e r  t e m p e r a t u r e  of t h e  f o r m a t i o n  
f o r  l o n g e r  p e r i o d s  o f  time. O f  t h e  t o t a l  f r a c  p o l y m e r  
i n j e c t e d  ( i . e , ,  4 ,032  l b s . )  1 , 2 0 6  l b s .  a r e  p r o d u c e d  b a c k  
w i t h  l i t t l e  d e g r a d a t i o n .  An a d d i t i o n a l  5 1 3  l b s .  o f  t h e  
p o l y m e r  were c o n v e r t e d  t o  s o l u b l e  o r g a n i c  m a t e r i a l s  wh ich  
were p r o d u c e d  i n  t h e  r e t u r n  f l u i d s  p r i m a r i l y  d u r i n g  t h e  
s e c o n d  and t h i r d  flow t e s t ,  A p p r o x i m a t e l y  55% or  2 , 2 1 3  l b s .  
o f  t h e  f r ac  p o l y m e r  a r e  no t  a c c o u n t e d  f o r .  A t  p r e s e n t ,  t h e  
f a t e  of t h i s  m a t e r i a l  i s  unknown. 
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- 4 .  S U M M A R Y  AND CONCLUSIONS 

T h e  work d e s c r i b e d  a b o v e  i s  a d m i t t e d l y  l e s s  t h a n  a 
d e f i n i t i v e  s t u d y  o f  t h e  c h e l n i c a l  b e h a v i o r  o f  f r a c  p o l y m e r s  
u n d e r  b o t h  l a b o r a t o r y  and  f i e l d  c o n d i t i o n s .  H o x e v e r ,  s u f f i -  
c i e n t  work  h a s  been d o n e  t o  i n d i c a t e  t h a t  u s e f u l  i n f o r m a t i o n  
r e l e v a n t  t o  f i e l d  e x p e r i m e n t s  c a n  be o b t a i n e d .  Mater ia l  
b a l a n c e s  and  t h e r m a l  d e g r a d a t i o n  of t h e  p o l y m e r  i n  t h e  for-  
n a t i o n  a r e  n o t a b l e  e x a m p l e s .  While HPLC i s  a p o t e n t i a l l y  
u s e f u l  t e c h n i q u e ,  t h e  p r e s e n c e  of s a l t s  i n  t h e  f l u i d s  h a s  
c a u s e d  p r o b l e n s  i n  d e v e l o p i n g  t h e  m e t h o d  t o  t h e  p o i n t  w h e r e  
it is d i r e c t l y  a p p l i c a b l e  t o  f i e l d  s a m p l e s .  Y o r k  t o  r e s o l v e  
t h e s e  p r o b l e m s  i s  u n d e r w a y  a n d  w i t h  c o n t i n u e d  e f f o r t ,  a 
m e t h o d  t o  u n r a v e l  t h e  c o m p l e x  c h e m i s t r y  o f  t h e  p o l y i n e r s  
u n d e r  a c t u a l  f i e l d  c o n d i t i o n s  w i l l  b e  d e v e l o p e d .  
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MICROGRAPH OF PARTICULATE FORMED 
UPON THERMAL DEGRADATION OF XANTIIAN GUM 
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R. 3. Hanold 
Los A1 amos S c i e n t i f i c  Laboratory 

Los Alamos, New Mexico 

The wel l  s t imulat ion treatment described i n  t h i s  paper does not cane 
under the domain o f  Republic Geothermal's Geothermal We1 1 St imulat ion P r o -  

Emphasis i n  the Republic 
program i s  on liquid-dominated hydrothermal reservo i r  st imulat ion by 
hydraul i c  f rac tu r ing  and/or chemical treatments while t h i s  experiment in- 
volves the use o f  an explosive i n  a vapor-dominated reservoir.  This experi- 
ment or ig inated as a resu l t  o f  an unsol ic i ted cost-sharing proposal from a 

1 gram and i s  being conducted as a separate ent i ty .  

number of  cooperating indus t r ja l  organizations . The pr inc ipa l  organizations 
involved are Rocket Research Company, Physics Internat ional ,  Union O i l  
Company - Geothermal Div is ion,  and the Los Alamos Sc ien t i f i c  Laboratory. 
Rocket Research Company, under separate funding, had develcqed a class of  
special ized explosives w i th  high-temperature s t a b i l i t y  character is t ics  tha t  
made them sui tab le f o r  use i n  geothermal wel l  conditions. They are provid- 
i ng  the explosive f o r  the s t imulat ion treatment along w i th  most o f  the 
character izat ion data on the explosive performance a t  the ant ic ipated wel l  
temperature. Phys i c s  In ternat ional  i s  responsible f o r  desi gni ng , tes t ing  , 
and fabr ica t ing  an explosive detonator system which i s  hardened t o  survive 
the  wel l  environment and w i l l  provide r e l i a b l e  i n i t i a t i o n  of  the explosive 
charge. They are also providing assistance i n  some o f  the high-temperature 
explosive Characterization tes ts  and w i l l  support the f i e l d  tes t  a t  the wel l  
s i te .  Union O i l  Company - Geothermal D iv i s ion  w i l l  provide one o f  t h e i r  
we l ls  a t  the Geysers and w i l l  be responsible f o r  the we l l -s i te  services 
associated w i th  preparing the we1 1 and conducting the s t imulat ion treatment. 
The Los Alamos S c i e n t i f i c  Laboratory, act ing i n  the capacity o f  a technical 
advisor t o  the Department o f  Energy (DOE), i s  funding the subcontracts w i th  
Rocket Research Company and Physics In ternat ional  w i th  DOE pass-through 
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funds provided s p e c i f i c a l l y  f o r  t h i s  purpose. This experiment i s  scheduled 
t o  take place during the l a s t  quarter o f  1980. 

The r e l a t i v e l y  inaccessible r o l l i n g  countryside a t  the Geysers i n t ro -  
duces some special considerations i n t o  the se lect ion and preparation o f  well  
d r i l l i n g  s i tes.  The preparation o f  d r i l l i n g  pads i s  expensive and it has 
become t yp i ca l  f o r  Union t o  prepare a pad and then t o  d r i l l  anywhere from 2 
t o  4 d i r e c t i o n a l  wel ls  from tha t  basic developed area. This technique re- 
duces some o f  the associated preparation costs and also reduces the environ- 
mental damage on the surface. With m u l t i p l e  wel ls d r i l l e d  from a common 
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s i t e ,  a s i t u a t i o n  analagous t o  t h a t  depicted i n  Fig. 1 can arise. 
With reference t o  Fig. 1, the s o l i d  c i r c l e s  denote the surface l oca t i on  

o f  the wel ls  whi le  the heavy bars represent the l oca t i on  of  the bottom o f  
the wells. D r i l l i n g  i n  the b r i t t l e  and fractured formations o f  the Geysers 
i s  very d i f f i c u l t  and d i rec t i ona l  control  o f  the wells cannot always be 
maintained. O f  the seven wel ls depicted, note t h a t  f i v e  o f  the wel ls have 
unstimulated steam production rates i n  excess o f  200,000 l b / h r  w i th  wel l  2 
exceeding 300,000 lb/hr.  The only obviously poor well  o f  the group i s  well  
5 wi th  a steam production r a t e  o f  65,000 lb/hr.  Well 5, d r i l l e d  as par t  o f  
a c l u s t e r  with wel ls 3 and 4, stands out as an anomoly i n  t h i s  productive 
p o r t i o n  o f  the Geysers f i e l d .  I t s  proximity t o  wel ls 3 and 4 i s  the 
i n t e r e s t i n g  feature because 3 and 4 both have very high p roduc t i v i t y  with 4 
being one o f  the most productive i n  t h i s  sect ion o f  the f i e l d .  With the 
production from wel l  5 being only approximately 254: o f  ‘ t h a t  obtained from 
the  two adjacent we1 Is,  i t  represents an excel l e n t  s t imulat ion candidate 
based on the c r i t e r i a  o f  establ ished reservo i r  de l i ve rab i l  i t y  from o f f s e t  
we11 data. 

A possible scenario f o r  explaining the low p roduc t i v i t y  o f  well  5 i s  
r e l a t e d  t o  the d i r e c t i o n a l i t y  o f  the wel l  i n  r e l a t i o n  t o  the major f rac tu re  
systems i n  the area. Knowledge o f  the f i e l d  indicates tha t  it can be 
characterized as consis t ing o f  a number o f  large major f rac tu re  systems 
which are interspersed among a large number o f  smaller o r  secondary f rac tu re  
systems. With reference t o  Fig. 2, the s o l i d  wellbore curving t o  the l e f t  
could represent w e l l  5. The well  has missed the major f ractures but has 
in tersected a number of the smaller f ractures r e s u l t i n g  i n  l i m i t e d  steam 
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production. This i s  consistent wi th  the logs f o r  well  5 which i nd i ca te  
steam inf lows from the 3,000 ft. horizon c lear  on down t o  the 8,000 ft. 
horizon. The cumulative e f f e c t  of these steam inflows i s  not enough, how- 
ever, t o  b r i ng  the wel l  up t o  the leve l  of a good commercial producer. I f  
we l l  5 had kicked-of f  i n  the other d i rect ion,  as depicted by the dashed 
wellbore i n  Fig. 2, it might have traversed some o f  the major f ractures and 
become'as productive as the surrounding wel ls  shown i n  Fig. 1. The task a t  
hand i s  obviously t o  f i n d  a technique f o r  establ ishing communication be- 
tween well  5 and the major f ractures which are presumed t o  e x i s t  close-by. 

The steam-dominated reservo i r  a t  the Geysers has a number o f  features 
which make i t  p a r t i c u l a r l y  adaptable f o r  an explosive s t imulat ion treatment. 
These advantages, l i s t e d  i n  Table I, are t y p i c a l l y  not present i n  l i q u i d -  
dominated geothermal reservoirs. Basica l ly  we have a f i e l d  s i t e  h i c h  i s  
very close t o  the l oca t i on  o f  major quaternary and t e r t i a r y  volcanism. The 
Franciscan graywacke cha rac te r i s t i c  o f  the production horizons i s  a hard and 
b r i t t l e  rock w i th  favorable propert ies f o r  explosive f ractur ing.  Based on 
ava i l ab le  geophysical information and the d r i l l i n g  and production h i s t o r y  o f  
t he  f i e l d ,  the proximity o f  a complex natural f rac tu re  system i s  well es- 
tabl ished. Perhaps the most convincing piece o f  data i n  t h i s  regard i s  the 
f a c t  t h a t  9 out o f  10 we l l s  d r i l l e d  i n  t h i s  l oca t i on  are good commercial 
producers without the need f o r  any form of stimul.ation. This data provides 
the  basis f o r  the assumption t h a t  t h i s  area o f  the f i e l d  contains numerous 
c l o s e l y  spaced productive f rac tu re  systems. From an explosive f rac tu r ing  
standpoint the presence o f  the steam-f i l led f ractures (vo id volume) i n  the 
rese rvo i r  i s  exceedingly important. The effect iveness o f  explosives i n  
breaking rock i n  the v i c i n i t y  o f  f r e e  surfaces has been well  documented f o r  
a long time. The nearby f ractures provide the desirable f ree surfaces f o r  
t h e  explosive stress waves t o  act against whi le the associated void volume 
provides the physical space f o r  re loca t i on  o f  the broken rock masses. This 
s i t u a t i o n  should minimize the tendency o f  the explosive dr iven stress waves 
t o  damage the near-we1 lbore region through p l a s t i c  deformation and crushing 
wh i l e  maximizing the probabil i t y  f o r  producing interconnecting f rac tu re  
paths between the wellbore and the natural  f rac tu re  systems. The fac t  t ha t  

we l l s  a t  the Geysers have a t h i c k  producing i n te rva l  permits the use o f  a 
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stimulation treatment over a substantial length of the wellbore. By extend- 
ing the treatment length, the probability t h a t  a nearby major fracture 
system can be intersected i s  considerably .enhanced. 

For all of the above reasons, the Geysers presents itself as a unique 
opportunity for  a field test using an explosive stimulation treatment. This 
situation is further enhanced by the fact t h a t  wells a t  the Geysers are not 
readily amenable t o  stimulation by other more typical methods. Hydraulic 
fracturing i n  the conventional sense is  essentially impossible because even 
the relatively small fractures t h a t  allow some steam inflows into the well 
will allow large amounts of water t o  percolate away making i t  very diffi- 
cult t o  pressurize the wellbore over a significant length t o  the formation 
break-down pressure. Problems associated with setting packers i n  the high- 
temperature open-hole formations are a1 so significant. 

Under a previous contract from the Department of Energy, Rocket 
Research Company was investigating the development of explosive formulations 
which have some very unusual properties including excel lent high-temperature 
stability. T h i s  research was directed toward the use of these explosives i n  
geothermal well stimulation treatments b u t  the contract did not contain any 
provisions for a field test treatment using the new explosives. The present 
cost-shared j o i n t  venture came i n t o  existence with’ the purpose of selecting 
the most appropriate explosive formulation for a well test a t  the Geysers, 
conducting the necessary explosive safety and performance verification 
tes ts ,  and finally designing and fielding a full-scale explosive stimulation 
treatment in a well specifically selected for this purpose. 

The explosive developed and characterized by Rocket Research Company is 
called HITEX I 1  and some of i t s  noteworthy properties are listed i n  Table 
11. The f i r s t  property, and perhaps the most unusual, i s  the fact t h a t  this 
explosive i s  nondetonable as a sol id material . I am not aware of any other 
explosive which has this property. The explosive is fabricated by melting 
the ingredients in a mold and then cooling i t  t o  room temperature. A t  room 
temperature HITEX I1 exists as a solid homogeneous material which, when 
boosted by any conventional form of explosive booster, will not detonate. 
This feature lends a certain credibility and safety to  the use of HITEX XI 
on a rig floor t h a t  has not previously existed i n  the use of other 
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conventional explosives. The rules t o  be complied w i t h  i n  the transporta- 
tion and storage of the material are also greatly simplified. HITEX I1 i s  
completely melted a t  375°F which is sufficiently below the 500°F temperature 
of the wells a t  the Geysers t o  insure t h a t  the explosive will be melted and 
activated for the treatment after exposure t o  formation temperature for a 
number of hours. This means t h a t  HITEX I1 melts and becomes a detonable 
explosive during i t s  emplacement in the well b u t  you are not handling a 
detonable explosive on the surface. The explosive will eventually 
deactivate with time a t  temperature b u t  i t s  performance has been tested and 
verified after a 24 hour exposure t o  conditions analogous t o  those in a well 
a t  the Geysers. Based on these test  results we confidently feel t h a t  i t  can 
withstand 24 hours a t  500°F and the experimental plan calls for i t  being i n  
the well considerably less time t h a n  t h a t  before i t  i s  detonated. I f  for 
some reason the HITEX I1 cannot be detonated and i s  lef t  i n  the wellbore, i t  
will deactivate i tself  w i t h  time through the loss of some of the more 
volatile ingredients. HITEX I1 . i s  also water soluble and because its 

* components are nitrates they are essentially very much fer t i l  izer-1 ike and 
do  not pose any severe-environmental contamination if they are lef t  i n  the 
well t o  deactivate. 

The present experimental plan calls for a stimulation interval of 750 
f t  using approximately 12,500 lbs. of explosive. The explosive will be con- 
tained i n  aluminum drillpipe made up with teflon coated leak-tight joints. 
To simplify the loading operat ion,  the HITEX I1 has been cast into 35 l b  

g r a i n s  which s l ip  into the 6 inch I.D.'aluminiurn drillpipe which forms the 
explosive canister. Each length of aluminum drillpipe i s  loaded w i t h  explo- 
sive grains on the surface, made-up with rather conventional couplings t o  
the next length of drillpipe, and the operations repeated until the entire 
canister i s  f i l led with solid HITEX I1 and inserted into the wellbore. When 
al l  the explosive has been loaded, the entire canister is  lowered into the 
wellbore on drillpipe t o  the stimulation interval depth which will be 
selected on the basis of avgilable geophysical information from Union Oil. 
I t  i s  important t o  note t h a t  the explosive canister i s  implaced without the 
detonator package for safety Considerations. After final emplacement of the 
canister, the Physics International developed detonator package i s  lowered 
on a wireline t h r o u g h  the drillpipe and i n t o  the explosive canister. This 



220 1 W 

Y 

Y 

U technique minimizes the number of surface operations t h a t  have t o  be per- 
formed when there i s  both a live explosive and a detonator package mated in 
the wellbore. The detontor package i s  designed t o  float on the surface of 
the liquid explosive t o  provide positive initiation. After releasing the 
detonator package, the wireline and drillpipe are removed from the hole and 
the explosive i s  detonated by preset clock timers. 

This i s  a very ambitious field experiment using concepts and products 
t h a t  have not previously been tested downhole. The potential payoff, how- 
ever, for developing an explosive stimulation technique applicable t o  wells 
a t  the Geysers could become very significant. Additional technical details 
on this treatment will be available after the field test i s  completed. 

cli 

Y 

w r  

( *  
i 



221 J W 

W 
U 

w 

0 

, 

W 

Y 

u 

POWER PLANT 

1 

PRIMARY RESERVOIR 
PLAN VIEW ACTURESYSTEM 

WELL STEAM FLOW 
RATE (LBIHR) 

1 160,000 
4 a40,ooo 6 . 
a 996,000 

6UWACE LOCATION OF 
4 476,000 
6 66,000 WELL 
6 *g6,000 1 BOTTOM LOCATION OF 
7 410,000 WILL 

. 
LocaaXonb i n  n W o n  to 
phimarry and decondcvry 

PoAAibte AceMa)Lia doh b0ct.t 5 

Fa, 1 ,  P h  v iew 06  a section 06  t h e  

Lo&n and pnaductivLtg 06 
,w& 3 ,  4 and 5 ,  

G e y b W  6ieed. Note the 

F i g .  2. 

&Uc/tuhe Aljh2Wl.b. 

Table 1. 

THE GEYSERS 
ADVANTAGES FOR A HIGH-TEMPERATURE 
EXPLOSIVE STIMULATION TREATMENT: 

Table TI. 

0 HARD-BRITTLE ROCK HlTEX II GEOTHERMAL EXPLOSIVE 

0 PROXIMITY OF NATURAL FRACTURES 

e NONDRONABLE AS A WUD 
0 PRESENCE OF VOID VOLUME 

@ MELTS AT loOeC (37651 

0 THICK PRODUCING INTERVAL DEACTIVATES WITH TIME AT TEMPERATURE 

a WATER8OWBI.E 
0 NO OTHER AVAILABLE STIMULATION TECHNIQUE 
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