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INTRODUCTION 

The r e s e a r c h  e f f o r t  of t h e  Stanford Geothermal Program i s  focused on 

geothermal r e s e r v o i r  engineer ing .  The major o b j e c t i v e  of t h e  protiram i s  

t o  develop techniques  f o r  a s se s s ing  geothermal r e s e r v o i r s  through b e t t e r  

i n t e r p r e t a t i o n  of phys i ca l  models, mathematical a n a l y s i s ,  and fie1.d exper i-  

ments t o  o b t d n  a c t u a l  wellhead and r e s e r v o i r  d a t a .  E f f i c i e n t  u t : - l i za t ion  

of geothermal. resources  r e q u i r e s  an  understanding of r e s e r v o i r  p r o d u c t i v i t y  

and longevi t j r  and methods t o  extend t h e  r e sou rces  through producti.on stim'u- 

l a t i o n  and increased  f l u i d  and energy e x t r a c t i o n .  

To accomplish t h i s  o b j e c t i v e ,  a ba lance  is maintained between labora-  

t o r y  s t u d i e s  and f i e l d  a p p l i c a t i o n s .  

d e s c r i p t i o n  of observed r e s e r v o i r  behavior .  

c a l i b r a t e  the: mathematical models from an  understanding of t h e  phys i ca l  and 

chemical mechanisms occurr ing  i n  t h e  r e s e r v o i r .  Another goa l  i s  t o  develop 

new methods f'or observing r e s e r v o i r  behavior  and t o  tes t  them i n  t h e  f i e l d .  

One goa l  i s  t o  develop t h e  mathematical 

Phys ica l  models are used t o  

I n  t h i s  r e p o r t ,  i n d i v i d u a l  p r o j e c t s  are grouped under f o u r  main areas 

of s tudy:  

(1) Energy Ex t r ac t ion  

( 2 )  Bench-Scale Flow Experiments 

(3)  Radon Tracer Techniques 

( 4 )  Well T e s t  Analysis  

The s e c t i o n  on energy e x t r a c t i o n  experiments concerns t h e  e f l ' i c iency  

wi th  which t l e  in- place  h e a t  and f l u i d s  can be produced i n  t h e  most economi- 

c a l  manner. Energy e x t r a c t i o n  cons ide ra t ions  are becoming of increased  
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PREFACE 

This  p i tb l ica t ion  i s  t h e  second annual progress  r e p o r t  under t h e  De- 

partment of Energy c o n t r a c t  DOE-LBL-167-3500 wi th  t h e  Lawrence Berkeley 

Laboratory.  It covers  t h e  per iod  from J u l y  1, 1978, through Sep-ember 30, 

1979. 

The Stimford Geothermal Program, i n i t i a t e d  by a g r a n t  from :he Nat iona l  

Science Fourtdation i n  1972, has  had an  un in t e r rup ted  h i s t o r y  i n  bu i ld ing  a 

s t r o n g  resezrrch program t o  assist i n  t h e  n a t i o n a l  e f f o r t  t o  s t i m u l a t e  t h e  

development of a commercial geothermal i ndus t ry .  

program has  been t h e  development of geothermal r e s e r v o i r  enginee.:ing tech-  

niques.  

l a r g e  numbei. of s t u d e n t s  who are now employed i n  t h e  geothermal . industry.  

The c e n t r a l  th:rust of t h e  

A t i i gn i f i can t  ad junc t  t o  t h i s  goa l  has  been t h e  t r a i n i n g  of a 

An important  o b j e c t i v e  of t h e  Stanford Geothermal Program i!; t o  main- 

t a i n  a balarlce between l abo ra to ry  s t u d i e s  of t h e  geothermal resource  ( t o  

understand t.nd maximize t h e  e x t r a c t i o n  of geothermal energy) and f i e l d  ex- 

periments  (i.0 t r a n s f e r  t h e  r e s u l t s  of t h e s e  s t u d i e s  as r a p i d l y  a!; p o s s i b l e  

t o  t h e  u s e r  s e c t o r s  of t h e  i n d u s t r y ) .  

I n  devt!loping t h e  Stanford Geothermal Program t o  c o n t r i b u t e  p r a c t i -  

cal  methods and d a t a  f o r  geothermal r e s e r v o i r  engineering and r e s e r v o i r  

assessment,  i n d i v i d u a l  p r o j e c t s  were grouped i n t o  four  main areas; of s tudy:  

(1) energy cixtract ion,  ( 2 )  bench- scale flow experiments , (3)  r e s e r v o i r  

tracer techxdques, and ( 4 )  w e l l  test  a n a l y s i s .  This  annual r e p o r t  desc r ibes  

t h e  r e s u l t s  ob ta ined  i n  t h e s e  f o u r  areas of geothermal r e s e r v o i r  assessment 

and t h e  ac t : . v i t i e s  f o r  t r a n s f e r r i n g  t h e s e  r e s u l t s  t o  t h e  geotherrlal  community. 

i v  
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importance t 3  t h e  geothermal i n d u s t r y  i n  dec i s ions  on f l u i d  recharge  and 

p o t e n t i a l  conmerc ia l iza t ion  liquid- dominated hydrothermal resources .  

r e sea rch  on the  l a r g e  Geothermal Reservoir  Model which eva lua t e s  ex t r ac-  

t i o n  by p rod ic t ion  mode w i l l  be  of g r e a t  va lue  i n  t hese  cons ide ra t ions .  

F e a s i b i l i t y  Sxperiments on thermal  f r a c t u r i n g  by hydrothermal s t r e s s i n g  

are a l s o  undxway. The development of a model u s e f u l  f o r  a s se s s ing  t h e  

h e a t  e x t r a c t i o n  p o t e n t i a l  of hydrothermal r e sou rces  is  progress ing  satis- 

f a c t o r i l y .  Tie s e c t i o n  on energy e x t r a c t i o n  a l s o  con ta ins  a d i scuss ion  of 

a new lumped-parameter model f o r  two-phase flow. 

The 

The secs ion  on bench- scale f low experiments covers  t h e  r e s u l t s  of 

t h r e e  models used t o  examine t h e  p r o p e r t i e s  of f low through porous media 

a t  e l eva t ed  :emperatures and p re s su res .  

e f f e c t  of t a l p e r a t u r e  level on a b s o l u t e  permeabi l i ty ,  a second moiel  con- 

t a i n i n g  a 1a:ge core  holder  equipped wi th  a capac i tance  probe f o r  d e t e r-  

mining water and steam s a t u r a t i o n  i n  a porous medium i s  used t o  m2asure 

steam-water .:elative permeabi l i ty ,  and a t h i r d  model is  designed to de t e r-  

mine t h e  rneclkanisms of vapor p re s su re  lowering i n  porous media. 

One model is used t o  s tudy  t h e  

The sec3:ion on radon tracer techniques d e s c r i b e s  a c c e l e r a t e d  e f f o r t s  

t o  f i e l d  tes?: several geothermal r e s e r v o i r s  by both t r a n s i e n t  and t r a n s e c t  

test  procedu:-es. Radon flow t r a n s i e n t s  were completed i n  vapor-dominated 

r e s e r v o i r s  ai: The Geysers,  C a l i f o r n i a ,  and Serrazzano,  I t a l y ,  and i n  l i q u i d-  

dominated r e : ; e rvo i r s  a t  Pohoiki ,  H a w a i i ,  and Cerro P r i e t o ,  Mexico. I n i t i a l  

s t u d i e s  were i n i t i a t e d  a t  Mammoth Lakes, C a l i f o r n i a ,  Raf t  River, Cdaho, 

Wairakei, NeTr Zealand, and Los Azufres,  Mexico. Analysis  of t h e  first 

radon evaluar.ion of r e s e r v o i r  performance w a s  completed i n  t h e  Phiise I 

t e s t  of t h e  IASL Hot Dry Rock Program. 

us ing  t h e  un:.que c a p a b i l i t y  of r a d i o t r a c e r s  f o r  da t ing  measurements is being 

The p o t e n t i a l  of t r a n s e c t  a n a l y s i s  
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evalua ted  t o  s tudy  t h e  d i r e c t i o n a l  flow of geo f lu ids  i n  t h e  r e s e r v o i r .  The 

bench-scale experiment t o  d e f i n e  t h e  source term as a func t ion  of r e s e r v o i r  

parameters  h a s  been i n i t i a t e d .  To s a t i s f y  t h e  need f o r  m u l t i t r a c e r  evalua-  

t i o n  of geothermal r e s e r v o i r s ,  new e f f o r t s  i n  comparing ammonia and boron 

concen t r a t ions  were a l s o  i n i t i a t e d .  

The s e c t i o n  on w e l l  test  a n a l y s i s  desc r ibes  s e v e r a l  new developments: 

a n a l y s i s  of s a r t h- t i d e  e f f e c t s ,  p r e s su re  t r a n s i e n t  a n a l y s i s  of mu l t i l aye red  

systems, i n t e r f e r e n c e  t e s t i n g  wi th  s t o r a g e  and s k i n  e f f e c t s ,  de te rmina t ion  

of steam-wat?r relative permeabi l i ty  from wellhead d a t a ,  w e l l  tes t  a n a l y s i s  

f o r  w e l l s  pr3duced a t  cons t an t  p re s su re ,  t h e  p a r a l l e l e p i p e d  model, s l u g  

tes t  DST a n a l y s i s ,  and p re s su re  t r a n s i e n t  behavior  i n  n a t u r a l l y  f r a c t u r e d  

r e s e r v o i r s .  

The res2arch  conducted over  t h e  p a s t  year  has  produced several impor- 

t a n t  r e s u l t s  and has  opened new f r o n t i e r s  f o r  f u t u r e  s tudy.  

s e c t i o n  of t i i s  r e p o r t ,  conclusions are o f f e r e d  along wi th  recommendations 

f o r  areas of f u t u r e  r e sea rch  l ead ing  t o  f u r t h e r  u t i l i z a t i o n  i n  t h e  develop- 

ment of new ,:eothermal resources .  

I n  t h e  f i n a l  

The Appmdices t o  t h e  r e p o r t  desc r ibe  some of t h e  Stanford Giothermal 

Program a c t i i i t i e s  t h a t  r e s u l t  i n  i n t e r a c t i o n s  wi th  t h e  geothermal community. 

These occur in t h e  form of SGP Technical  Reports ,  p r e s e n t a t i o n s  a t  t e c h n i c a l  

meet ings,  p u ' l l i c a t i o n s  i n  t h e  open l i t e r a t u r e ,  and t h e  series of J u a r t e r l y  

Seminars and t h e  Annual Workshop on Geothermal Reservoir  Engineering.  



1. ENERGY EXTRACTION 

Althougl many convent ional  o i l  and gas  r e s e r v o i r  engineering p r a c t i c e s  

are employec i n  geothermal r e s e r v o i r s ,  t h e  e s s e n t i a l  commodity t o  be ex- 

t r a c t e d  fron. geothermal r e s e r v o i r s  i s  n o t  only t h e  f l u i d  contained t h e r e i n ,  

but  a l s o  the vast q u a n t i t i e s  of thermal energy s t o r e d  i n  t h e  formation 

rock.  The zssumption t h a t  geothermal r e s e r v o i r s  are an e s s e n t i a l l y  i n f i -  

n i t e l y  r e n e t a b l e  energy r e source  is  gene ra l ly  no t  t r u e  because r ep l en i sh -  

m e n t o f t h e m a 1  energy i n  a r e s e r v o i r  from t h e  surrounding rock bj* conduc- 

t i o n  h e a t  t r a n s f e r  a lone  is  too  slow. However, i n  some cases, some energy 

i n f l u x  may t e  a s s o c i a t e d  wi th  mass flow from surrounding r eg ions .  

The goal of t h e  geothermal r e s e r v o i r  engineer  should be t o  develop 

product ion s t r a t e g i e s  which extract t h e  maximum amount of energy from t h e  

r e s e r v o i r .  

v o i r s  and groundwater a q u i f e r s  are important ,  bu t  understanding t h e  hea t  

t r a n s f e r  by which t h e  energy e x t r a c t i o n  i s  achieved is  equa l ly  e s s e n t i a l  

f o r  e f f i c i e n t  and economical u se  of geothermal resources .  

Thus f l u i d  product ion methods app l i ed  i n  o i l  and gas  reser- 

Heat t r a n s f e r  and enhancement of thermal  energy e x t r a c t i o n  from f r a c-  

tu red  geothermal r e s e r v o i r s  have been s tud ied  as p a r t  of t h e  S tacford  

Geothermal Program s i n c e  i t s  incep t ion .  

r e p o r t s  on experiments us ing  the  Large Reservoir  Model and t h e  new exper i-  

mental  appara tus  f o r  t h e  s tudy  of thermal  stress f r a c t u r i n g .  A lumped- 

parameter model f o r  s imula t ing  two-phase f l o w  i s  descr ibed  i n  the last  

p a r t  of t h i s  s e c t i o n .  

This  s e c t i o n  con ta ins  p r o j e c t  

-4 - 
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(a )  g - g e  Reservoir  Model, by R. I r e g u i ,  Engineer 's  Degree, A. Huns- 

bed t ,  Research Assoc ia te ,  Prof .  P. Kruger, and Prof .  A. L. London. 

Since more than  70% of t h e  energy a v a i l a b l e  i n  a geothermal reser- 

v o i r  r e s ides  i n  t h e  reservoir rock,  t h e  development of techniques 

t o  enhance t h e  f r a c t i o n  of energy e x t r a c t e d  from t h e  rock i t s e l f  i s  impera- 

t ive  f o r  e f f i c i e n t  e x p l o i t a t i o n  of a geothermal resource .  

energy extr: .ction from a geothermal resource  i s  l i m i t e d  by slow conduct ive 

hea t  t r a n s f e r  from t h e  l a r g e  r e s e r v o i r  rocks t o  t h e  convect ing f h i d  and 

by t h e  r e s i s t a n c e  t o  t h e  flow of f l u i d  through t h e  formation. 

e x t r a c t i o n  is l i m i t e d  by t h e  f i n i t e  s t o r e d  h e a t  capac i ty  of t h e  : reservoir .  

The r 'tte of 

T o t a l  energy 

The SGP Large Reservoir  Model, shown i n  t h e  hea t ing  and product ion 

modes i n  Fig,s. l . l a  and b,  r e s p e c t i v e l y ,  has  been used t o  s tudy  :?undamental 

nonisothermz.1 product ion methods and h e a t  t r a n s f e r  from t h e  rocks  t o  t h e  

produced f l L i d .  Three b a s i c  types  of producing nonisothermal processes  

have been pcrformed: in- place b o i l i n g ,  cold water i n j e c t i o n  (cold water 

sweep), and t h e  steam d r i v e  process .  The t h i r d  process  was  shown t o  be 

i n e f f e c t i v e  i n  earl ier  work, and has  no t  been considered f u r t h e r  t h i s  year .  

I n  t h e  in- place b o i l i n g  experiments,  water heated under p re s su re  w a s  

produced as steam by lowering t h e  r e s e r v o i r  p re s su re  u n t i l  b o i l i n g  was 

i n i t i a t e d .  I n  prev ious  experiments,  t h e  model was loaded wi th  l a r g e  

impermeable rocks  of v a r i o u s  sizes and shapes. I n  t h e  most r e c e n t  exper i-  

ments, 80-1C10 mesh sand w a s  loaded i n t o  t h e  void spaces between t h e  l a r g e  

impermeable rocks  t o  reduce p o r o s i t y  and permeabi l i ty  t o  more representa-  

t ive  va lues .  The p o r o s i t y  of t h e  system was determined t o  be 21X, and t h e  

permeabi l i t j .  w a s  on t h e  o rde r  of 20 t o  40 d a r c i e s .  

i n s e r t e d  a t  v a r i o u s  p o i n t s  i n s i d e  t h e  vessel t o  measure temperattires i n  

Thermocouples were 
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t h e  f l u i d  and i n  s e l e c t e d  rocks.  

r e s e r v o i r  p re s su re  dec l ined ,  t h e  water i n  t h e  system cooled,  c r e a t i n g  a 

temperature d i f f e r e n c e  between rock and f l u i d  which w a s  t h e  d r i v i n g  f o r c e  

f o r  the hea: t r a n s f e r  process .  

A s  t h e  water bo i l ed  i n  p l a c e  and t h e  

I n  sand,'rock experiments 4-1 and 4-2, t h e  l i q u i d  water f l a shzd  t o  

d ry  steam tliroughout t h e  vessel be fo re  t h e  end of t h e  experiment,  and t h e  

steam leav ing  a t  t h e  end w a s  superheated.  

w a s  l i m i t e d  by t h e  amount of f l u i d  a v a i l a b l e  t o  be produced. 

o v e r a l l  ene::gy e x t r a c t i o n  e f f i c i e n c y  from t h i s  system was n o t  no t i ceab ly  

d i f f e r e n t  f::om t h a t  achieved wi th  earlier systems having p o r o s i t i e s  

ranging frori 35% t o  4 4 % ,  and e s s e n t i a l l y  i n f i n i t e  permeabi l i ty .  

out  phenomenon i s  i l l u s t r a t e d  i n  Fig. 1 .2,  which shows t h e  temperature 

d i s t r i b u t i o n  i n  t h e  model a t  s e l e c t e d  t i m e s .  The d a t a  show t h a t  s a t u r a t e d  

f l u i d  c o n d i 3 o n s  (pressure- temperature equi l ibr ium of f l u i d )  e x i s t  f o r  

times less i:han about  2.25 hours.  A t  a time of 2.5 hours ,  howevx,  a 

s l i g h t  supeirheating is  noted nea r  t h e  v e s s e l  f l anges .  

v o i r  w a s  superheated a t  t h e  end of t h e  experiment ( a t  3.5 hour s ) .  The 

l a r g e  tempe-:ature v a r i a t i o n s  l a t e  i n  t h e  product ion t i m e  are be l ieved  t o  

be caused by t h e  uneven h e a t  t r a n s f e r  from t h e  s teel  v e s s e l  w a l l .  

Thus t h e  t o t a l  energy e x t r a c t e d  

Hodever, 

The dry-  

The e n t i r ?  reser- 

Experimc5nt 4-3 was of t h e  cold water sweep type. I n  t h i s  ex ler iment ,  

room temperiiture water w a s  i n j e c t e d  i n t o  t h e  bottom of t h e  v e s s e l  contain-  

i n g t h e  prehea tedrock/sand  and water. Hot water w a s  produced a t  t h e  top 

wi th  equal  p o d u c t i o n  and i n j e c t i o n  rates. Water temperatures  were mea- 

sured a t  seireral l o c a t i o n s  i n  t h e  model as a func t ion  o f  t i m e .  14easured 

and computed water temperatures  a t  va r ious  e l e v a t i o n s  i n  t he  r e s l x v o i r  are 

shown i n  Fil;. 1 .3 .  

t h e  a n a l y t i c a l  s o l u t i o n  developed f o r  t h e  sweep process  by I r e g u i  e t  a l .  

(1978). 

The computed water temperatures  were calcu1a:ed us ing  
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The coinparison i n  Fig.  1.3 shows t h a t  t h e  water temperature- time 

curves comiuted us ing  t h e  experimental  va lue  of number of h e a t  t r a n s f e r  

u n i t s  (N = 44 .5 )  are s t e e p e r  than  t h e  experimental  curves a t  311 ele- 

va t ions .  

ments,  as r epor t ed  by I r e g u i  e t  a l .  (1978), and by Hunsbedt e t  a l .  (1979). 

A parametr1.c s tudy  was performed t o  determine what va lue  of N would 

more c1osel.y match t h e  da t a .  

i n  good agreement wi th  experiments,  as ind ica t ed  i n  Fig.  1 . 3 .  

t u  

':his t r end  w a s  a l s o  noted t o  a lesser degree i n  ear1i.r exper i-  

t u  

A va lue  of NtU = 5 gave r e s u l t s  which were 

The comparison shows t h a t  e i t h e r  t h e  model r e s u l t s  are  i n  e r r o r  o r  

t h a t  t h e  measured temperature d a t a  (measured along t h e  model c e n t e r l i n e )  

are not  r e F r e s e n t a t i v e  of t h e  r e s e r v o i r  as a whole. I n d i c a t i o n s  are t h a t  

t h e r e  are s i g n i f i c a n t  c ros s- sec t iona l  temperature v a r i a t i o n s  i n  t h e  reser- 

v o i r  caused mainly by hea t ing  from t h e  vessel w a l l  andbynon-uniform flow 

i n  t h e  rock mat r ix .  This  i s  i n c o n s i s t e n t  wi th  t h e  one-dimensior:al 

a n a l y s i s  method used i n  t h e  computation. There may a l s o  be e r r o r s  i n  t h e  

model r e s u l t s ,  p a r t i c u l a r l y  i n  t h e  way t h e  thermal capac i ty  of t h e  v e s s e l  

i s  lumped wi th  t h e  rock. These ques t ions  w i l l  be  explored f u r t f e r  dur ing  

f u t u r e  e f f o r t s .  

Sweep energy e x t r a c t i o n  experiments are planned i n  which r e s e r v o i r  

cond i t i ons  ;Jill r e s u l t  i n  lower N va lues .  The rock s i z e s  and the t u  

i n j ec t ion /p roduc t ion  rates w i l l  be  increased .  

t o  v e r i f y  t h e  t h e o r e t i c a l  model of I r e g u i  e t  a l .  under cond i t i ons  wherein 

These experiments are  needed 

t h e  r e s e r v o i r  i s  considered t o  be h e a t  t r a n s f e r  l i m i t e d  (N less than  l o ) .  t u  

The experim2nts conducted t o  d a t e  have been f o r  cond i t i ons  wherein t h e  

r e s e r v o i r  i; no t  h e a t  t r a n s f e r  l i m i t e d  (N g r e a t e r  than  30). A more 

thorough pa,:king of t h e  sand i n  t h e  void space w i l l  a l s o  be a t t e n p t e d  t o  

t u  
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a s s u r e  a mor: uniform flow d i s t r i b u t i o n  i n  t h e  rock mat r ix  and avoid 

channel ing 5 f f ec t s "  suspected i n  t h e  c u r r e n t  rock/sand system. 11 

The p o s s i b i l i t y  of extending t h e  t h e o r e t i c a l  model t o  inc lude  t h e  un- 

even h e a t  t r a n s f e r  from t h e  walls w i l l  a l s o  be considered.  Computation 

of t h e  averaze rock temperature w i l l  be  included i n  t h e  t h e o r e t i c a l  model. 

The Large Reservoir  Model is  c u r r e n t l y  being prepared f o r  the next  

experiments planned f o r  t h e  f a l l  q u a r t e r .  

A.  Hunsbedt was on leave i n  England, t h e  model w a s  used by Rogers Engi- 

neer ing  Company t o  conduct experiments on a downhole wel lbore  gecthermal 

h e a t  exchanger. 

During p a r t  of t h i s  y e a r ,  whi le  

The r e s u l t s  of t h e s e  experiments w i l l  be  r epo r t ed  sep- 

a r a t e l y .  

(b) - Thermal F rac tu r ing  Experiments, by R. Rana, Engineer 's  Degree 

Candidate i r  Mechanical Engineering, and Prof .  D. Nelson. 

Ana ly t i ca l  s t u d i e s  suggest  t h a t  t h e  thermal  stresses produced by water 

c i r c u l a t i n g  i n  a geothermal r e s e r v o i r  are l i k e l y  t o  i n i t i a t e  and propagate  

c racks  i n  t1.e rock. Such thermal ly  induced cracks  w i l l  augment t h e  power 

e x t r a c t e d  fitom a r e s e r v o i r  i f  they  cause a s i g n i f i c a n t  i n c r e a s e  ::n e f f ec-  

t i v e  h e a t  t r a n s f e r  and flow areas. Thus i t  i s  important  t o :  (a )  determine 

t h e  conditicins under which such cracking  w i l l  occur and t o  de tennine  

whether t h e s e  cond i t i ons  are compatible w i th  t h e  expected ope ra t ing  con- 

d i t i o n s  of I - e s e r v o i r s ,  and (b) i n v e s t i g a t e  t h e  e x t e n t  t o  which e i e r g y  ex- 

t r a c t i o n  can be enhanced by cracking.  

I n  orde:: t o  perform a pre l iminary  small-scale s tudy  of i t e m  ( a ) ,  a n  ex- 

per imenta l  i ipparatus w a s  designed and assembled dur ing  t h e  r e p o r t i n g  per iod .  

The main caiponent  i s  an  a i r  b a t h  i n  which g r a n i t e  blocks are heated t o  uni-  

form temperatures  c h a r a c t e r i s t i c  of geothermal r e s e r v o i r s .  

thermal strI?sses, t h e  "exposed" rock f a c e  shown i n  Fig.  1-4 i s  sprayed wi th  

To i i d u c e  



-12- 

\ 

*Remov&le when rock is being quenched. 

FIG. 1-4: SCIIEMATIC DIAGRAM OF THE APPARATUS FOR THE THERMAL FRAC'CURING 
EX1 'ERIMENT 
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water from r i u l t i p l e  je ts .  (The f a c e  i s  i n s u l a t e d  p r i o r  t o  t h e  t e s t  t o  

minimize in : . t i a l  temperature d i f f e r e n c e s . )  

s igned t o  a:.low t h e  s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t  t o  be c o n t r o l l e d .  

Also,  t h e  cool ing  water temperature level can be  c o n t r o l l e d .  Sur face  hea t  

t r a n s f e r  c o e f f i c i e n t s  and water- to- rock temperature d i f f e r e n c e s  eepresent- 

a t i v e  of r e s e r v o i r  cond i t i ons  are planned f o r  t h e  experiments.  

The spray  system has  been de- 

The rock specimens are instrumented wi th  thermocouples so t h # i t  t h e  

t ime-temperature h i s t o r y  can be  monitored. Resu l t s  are compared wi th  an 

a n a l y t i c  sol .ut ion f o r  t h e  t r a n s i e n t  hea t  t r a n s f e r  and thermal stress be- 

havior  of t h e  rock specimens. Condit ions under which thermal stress 

cracking  occurs  and t h e  correspondence t o  r e s e r v o i r  ope ra t ing  cond i t i ons  

are being inves t iga t ed .  

I n i t i a l  quenching experiments were performed on a 5 i n .  rock cube. Holes 

were d r i l l e c .  i n t o  t h e  specimen from t h e  s i d e ,  and thermocouples inser ted  

wi th  h igh  temperature cement. 

p e r a t u r e  of 400OF. 

1.5 shows a t y p i c a l  measured temperature- time h i s t o r y  a t  va r ious  thermo- 

couple l o c a t i o n s  i n  t h e  rock f o r  a s u r f a c e  h e a t  t r a n s f e r  coef f icLent  of 

approximate1.y 300 B tu / (h r - f t  -OF). No cracking  w a s  observed on t h e  quenched 

su r f ace .  Hclwever, subsequent experiments w i th  t h e  same rock  specimen (under 

t h e  same cor .di t i9ns)  revea led  sudden l a r g e  f l u c t u a t i o n s  i n  tempeiyature a t  

t h e  thermoccluple l o c a t i o n  n e a r e s t  t h e  quenched f ace ,  i n d i c a t i n g  r:he poss i-  

b i l i t y  of thermal stress f r a c t u r i n g  o r i g i n a t i n g  from t h e  thermocouple ho le .  

It w a s  deteimined a f t e r  t h e  t e s t  t h a t  t h e  thermocouple a t  t h a t  l o c a t i o n  w a s  

ope ra t ing  properly.  The p o s s i b l e  cracking of t h e  thermocouple cement and/or  

rock i t s e l f  is  c u r r e n t l y  being examined. 

i ng  and mearnring i n t e r n a l  c racking ,  f u r t h e r  experiments are underway wi th  

The rock was heated s lowly t o  a uniform tem- 

The f r o n t  face of t h e  rock w a s  then  quenched. F igure  

2 

Because of t h e  d i f f icu : . ty  d e t e c t-  
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1 / 4  i n .  t h i c k  specimens (o the r  dimensions remain 5" x 5")  t o  f a c i l i t a t e  

d e t e c t i o n .  These experiments are intended t o  determine thermal stress 

c r i t e r i a  f o r  c r ack  formation and c rack  growth (from p r e e x i s t i n g  f laws ,  i f  

necessary) .  I f  

t h e  r e s u l t s  of t hese  pre l iminary  tests appear promising, a l a rge r- sca l e  

experiment u t i l i z i n g  t h e  Stanford Geothermal Program r e s e r v o i r  model w i l l  

be  designed. This  experiment would i n v e s t i g a t e  enhancement of energy ex- 

t r a c t i o n  by thermal f r a c t u r i n g .  

They are scheduled f o r  completion by t h e  end of 1979. 

(c )  - Lumped-Parameter Two-Phase Flow Model, by L. Cas t an ie r ,  V i s i t i n g  

Post-Doctoral Scholar .  

Whiting snd Ramey (1969) proposed a lumped-parameter model which con- 

s ide red  t h e  r e s e r v o i r  t o  be a "blackbox,"characterized by i t s  volume, 

p o r o s i t y ,  p r? s su re ,  temperature,  and f l u i d  con ten t s ,  which cons iders  t h e  

product ion h i s t o r i e s  of mass and energy. The r e s u l t s  given by t h e  model 

were i n  good agreement w i th  t h e  e a r l y  product ion h i s t o r y  of t h e  Wairakai 

r e s e r v o i r  i n  New Zealand. Brigham and Morrow (1974) proposed two lumped- 

parameter models which allowed f o r  homogeneous o r  s e p a r a t e  d i s t r i b u t i o n s  

of t h e  two f l u i d  phases ( l i q u i d  and vapor) i n  t h e  r e s e r v o i r .  However, 

on ly  t h e  case of d ry  steam product ion was considered.  These models were 

used t o  demonstrate t h e  in f luence  of p o r o s i t y  on r e s e r v o i r  behavior .  

Resu l t s  from t h e  Castanier experiments (1978, 79a) d id  no t  match any 

of t h e  e x i s t i n g  models. Hence a new mathematical model w a s  developed. 

Equat ions desc r ib ing  l o c a l  r e s e r v o i r  behavior were i n t e g r a t e d  over  t h e  

t o t a l  r e s e r v o i r  volume, assuming a success ion  of thermodynamic equi l ibr ium 

states. 

r e s u l t s .  

Excellent agreement was found between t h e  model and experimental  

F igures  1-6 and 1-7 d e p i c t  comparisons between t h e  experimental  
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d a t a  and the  models by Brigham and Morrow and Whiting and Ramey. 

1-8 shows comparisons of d a t a  from s e v e r a l  experiments wi th  t h e  new 

lumped-parameter model. 

i n  Castanier  (1979b). 

Figure  

The d e t a i l s  of t h e  mathematical  model are given 

Future  work w i l l  involve  t e s t i n g  t h e  model wi th  d a t a  from experiments 

us ing  t h e  Large Reservoir  Xodel. 
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2 .  BENCH-SCALE FLOW MODELS 

In  an ea r l i e r  s e c t i o n  of t h i s  r e p o r t ,  experiments on energy e x t r a c t i o n  

are d e t a i l e d ;  l a t e r  we d i s c u s s  s t u d i e s  on w e l l  t e s t  a n a l y s i s ,  which i s  con- 

cerned wi th  r e s e r v o i r  f l u i d  product ion.  The r e s u l t s  of t hese  s t u d i e s  can 

be b e t t e r  i n t e r p r e t e d  through t h e  b a s i c  understanding gained by use  of 

bench-scale flow models. 

on t h e s e  bench- scale models. 

This  s e c t i o n  d i s c u s s e s  t h e  experimental  e f f o r t  

Resul t s  i nd ica t ed  i n  t h e  r e p o r t  on e f f e c t s  of temperature l e v e l  on 

a b s o l u t e  permeabi l i ty  sugges t  t h a t  c e r t a i n  p r o p e r t i e s  are unique t o  water 

and t h e  p a r t i c u l a r  flow medium. Other r e p o r t s  i n  t h i s  s e c t i o n  d e a l  wi th  

steam-water re la t ive  permeabi l i ty  measurements and t h e  mechanisms of water 

vapor p re s su re  lowering i n  a porous medium. 

suggest  areas f o r  f u r t h e r  r e sea rch ,  which are ind ica t ed  i n  each of t h e  ptog- 

ress r e p o r t s .  I n  t h e  l a s t  r e p o r t  i n  t h i s  s e c t i o n ,  an a d d i t i o n a l  model is 

proposed f o r  t h e  observa t ion  of vapor bubble formation i n  a porous medium. 

Resu l t s  from t h e s e  experiments 

(a )  Absolute Permeabi l i ty ,  by C. Ehlig-Economides, Ph.D. Petroleum 

Engineer,  A.  Danesh, V i s i t i n g  Professor  from Abadan I n s t i t u t e  of Tech- 

nology, I r a n ,  B. Gobran, M.S. Petroleum Engineer,  and P ro f .  H.  J .  Ramey, 

Jr . 
Severa l  experimental  s t u d i e s  have demonstrated temperature level  e f-  

f e c t s  on abso lu t e  permeabi l i ty  (Greenberg e t  a l . ,  1968; Cas&, 1 9 7 6 ) .  I n  

t h i s  cont inuing  s tudy  by t h e  Stanford Geothermal Program, experiments have 

been designed t o  v e r i f y  t h e  temperature l e v e l  e f f e c t s  and t o  d e f i n e  t h e  

mechanisms involved.  

-20- 
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h s tudy  by Danesh e t  a l .  (1978) was concentrated on i s o l a t i n g  c e r t a i n  

phys i ca l  parameters i n  t h e  hope of determining t h e  in f luence  of t h e s e  

parameters cm t h e  abso lu t e  permeabi l i ty  v a r i a t i o n s  wi th  temperature.  

schematic diagram of t h e  experimental  appara tus  i s  shown i n  F ig .  2-1. 

co re  ma te r ids  used i n  t h i s  s tudy  were O t t a w a  sand (80-100 mesh) and s t a i n-  

less s t e e l  (80-100 and 100-120 mesh). Addi t iona l  experiments are planned 

us ing  80-100 mesh amorphous q u a r t z ,  l imes tone ,  and c a l c i t e .  By prepar ing  

each unconsc l ida ted  sample i n  t h e  same way, i n d i v i d u a l  e f f e c t s  of t h e  d i f -  

f e r e n t  m a t e r i a l s  may su r f ace .  The f l u i d s  used were f i l t e r e d ,  deionized 

water and Chevron White O i l  No. 3.  

A 

The 

For each run ,  t h e  l i n e  p re s su re  w a s  200 ps ig  and t h e  conf in ing  pres-  

s u r e  was maintained a t  1200 ps ig .  

temperature,  a t  about  250°F, and then  aga in  a t  room temperature.  

p e r a t u r e  cyc l e  was repea ted  several times t o  see t h e  e f f e c t s  of h y s t e r e s i s .  

The permeabi l i ty  w a s  measured a t  room 

The t em-  

Resu l t s  f o r  water flowing through 0.ttawa sand are shown i n  F ig .  2-2. 

Unlike t h e  r e s u l t s  r epo r t ed  by Aruna (19761, t h e  permeabi l i ty  r educ t ion  

wi th  increased  temperature d i d  not  appear t o  be r e v e r s i b l e ,  sugges t ing  

t h a t  some permanent thermal a l t e r a t i o n  of t h e  sample was occurr ing .  How- 

ever ,  upon cool ing ,  t h e  permeabi l i ty  c o n s i s t e n t l y  r e tu rned  t o  a va lue  

approximately 15% above t h e  va lue  recorded a t  t h e  previous e l eva t ed  tempera- 

t u r e .  

S i m i l a r  r e s u l t s  f o r  water flowing through s t a i n l e s s  s teel  were ob- 

served.  Again, t h e  permeabi l i ty  decreased wi th  each succes s ive  hea t ing  

cyc le ,  bu t  t h e  change observed a f t e r  cool ing  t o  room temperature was 

about 15%. The r e s u l t s  f o r  80-100 and 100-120 mesh s t a i n l e s s  s t ee l  are 

shown i n  Fig.  2-3. 
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F i n a l l y ,  o i l  w a s  flowed through an 80-100 mesh s t a i n l e s s  s tee l  core .  

These r e s u l t s  are ind ica t ed  i n  F ig .  2- 4. 

changes were f a r  less pronounced than those  observed f o r  water, and appear 

t o  be w i t h i n  t h e  range of experimental  e r r o r .  

I n  t h i s  case, t h e  permeabi l i ty  

Resul t s  i nd ica t ed  t h a t  t h e  a b s o l u t e  permeabi l i ty  of porous media may 

depend s i g n i E i c a n t l y  on t h e  flowing l i q u i d .  

da ted  sample:; of s i l i c a  and s t a i n l e s s  s t ee l  were shown t o  decrease  wi th  an 

i n c r e a s e  i n  Lemperature f o r  water flow. There w a s  no e f f e c t  w i th  t h e  

temperature Level f o r  o i l  flow. 

The p e r m e a b i l i t i e s  of unconsoli-  

The phenomenon may be a r e s u l t  of t h e  in te rmolecular  f o r c e  f i e l d  w i t h i n  

t h e  boundary l a y e r  of water ad j acen t  t o  t h e  s o l i d ,  which i s  d i f f e r e n t  from 

t h a t  of t h e  bulk water. The dependence of t h e  phys i ca l  p r o p e r t i e s  of t h i s  

l a y e r ,  e .g . ,  v i s c o s i t y ,  wi th  temperature i s  d i f f e r e n t  from thoseo f  t h e  

bulk l i q u i d .  Hence t h e  e f f e c t  of t h e  temperature level on t h e  mob i l i t y  of 

water through porous media cannot be adequately expla ined  by t h e  change 

wi th  temperature of t h e  bulk  water v i s c o s i t y  a lone .  

V e r i f i c a t i o n  of t h e  preceding conclusions r e q u i r e s  f u r t h e r  s tudy.  

B. Gobran i s  cont inuing  t h e  r e sea rch  on t h i s  p r o j e c t .  

(b) - Steam-Water Relative Permeabi l i ty ,  by J. Counsi l ,  Ph.D. Petroleum 

Engineer,  and Prof .  H. J .  Ramey, Jr. 

Steam and l i q u i d  r e l a t i v e  p e r m e a b i l i t i e s ,  expressed as a func t ion  of 

l i q u i d  s a t u r a t i o n ,  a re  requi red  i n  numerical models used t o  c a l c u l a t e  mass 

and energy recovery from two-phase geothermal r e s e r v o i r s .  Cur ren t ly ,  modi- 

f i e d  Corey-type equat ions  are used because adequate techniques f o r  d e t e r-  

mining proper  steam-water r e l a t i v e  pe rmeab i l i t i e s  are s t i l l  under development. 
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For convenience, r e l a t i v e  p e r m e a b i l i t i e s  are o f t e n  expressed as equat ions .  

The purpose of t h i s  work w a s  t o  determine steam-water r e l a t i v e  permea- 

b i l i t i e s  exper imenta l ly .  The bench- scale model shown schemat ica l ly  i n  

Fig. 2-5 w a s  used f o r  t h e  experiments.  

Two types of flow experiments were performed: i n t e r n a l  d r i v e  steam- 

water flow and e x t e r n a l  d r i v e  nitrogen-water flow. It w a s  determined from 

these  experiments t h a t  gas  r e l a t i v e  permeabi l i ty  va lues  a t  h igh  water 

s a t u r a t i o n s  f o r  b o i l i n g  nonisothermal flow are lower than gas  r e l a t i v e  

p e r m e a b i l i t i e s  f o r  t h e  e x t e r n a l  gas- drive methods f o r  i so thermal  flow. 

This  r e s u l t  may be caused by t h e  d i f f e r e n t  p o s i t i o n s  occupied by gas  w i t h i n  

t h e  porous media f o r  t h e  two processes .  

curves are h ighe r  a t  high water s a t u r a t i o n s  f o r  t h e  e x t e r n a l  gas  d r i v e s  

than  f o r  t h e  b o i l i n g  o r  i n t e r n a l  d r i v e s .  Re la t ive  p e r m e a b i l i t i e s  determined 

from one of t h e  i n t e r n a l  d r i v e  steam-water flow experiments are shown i n  

Fig.  2-6. Resu l t s  from several experimental  ni t rogen- water  dra inage  r e l a t i v e  

permeabi l i ty  de te rmina t ions  are shown i n  Fig.  2-7. 

The w a t e r  r e l a t i v e  permeabi l i ty  

I n  a l l  of t h e s e  experiments ,  t h e  capac i tance  probe r epor t ed  by C.  Chen 

(1976) w a s  used t o  measure t h e  water s a t u r a t i o n s .  

of t h e  water s a t u r a t i o n  measurements us ing  t h e  capac i tance  probe c a l i b r a-  

t i o n  curves  i s  about +lo% of t h e  pore volume. The experiments were pe r-  

formed on s y n t h e t i c  co re s .  A complete r e p o r t  on a l l  a s p e c t s  of t h i s  work 

i s  contained i n  Counsil  (1979). 

The apparent  accuracy 

- 

Future  experiments us ing  n a t u r a l  sandstone co res  are planned. The 

e f f e c t  of t h e  conf in ing  p re s su re  on t h e  experimental  r e s u l t s  should a l s o  

be inves t iga t ed .  

( c )  2 i p o r  P re s su re  Lowering, by C .  H. Hsieh, Ph,D. Candidate ,  

Petroleum Engineering,  and Prof .  H. J.  Ramey, Jr.  
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The phenomenon of vapor p r e s s u r e  lowering was demonstrated by Chicoine 

e t  a l .  i n  1 9 7 7 .  R e s u l t s  r epor ted  a t  t h a t  t i m e  showed t h a t  t h e  s a t u r a t e d  

vapor p r e s s u r e  of water i n  a conso l ida ted  sandstone core  may be  lowered by 

as much as 1.5 p s i a  a t  temperatures  between 200°F and 290'F. 

ments designed t o  determine t h e  adsorp t ion  of water molecules on t h e  g r a i n  

s u r f a c e s  of t h e  porous medium i n d i c a t e  t h a t  t h i s  i s  a l i k e l y  mechanism 

f o r  vapor p r e s s u r e  lowering.  This  phenomenon i s  of c o n s i d e r a b l e  importance 

Recent exper i-  

t o  geotherms.1 resource  assessment because i t  i n d i c a t e s  t h a t  a d d i t i o n a l  water 

may e x i s t  under r e s e r v o i r  p r e s s u r e  and temperature  cond i t ions  which would 

o the rwise  i n d i c a t e  t h e  presence of d r y  steam only .  Experimental r e s u l t s  on 

Berea sandst.one c o r e s  show t h a t  as  much as e i g h t  t i m e s  t h e  mass of water 

vapor contai.ned i n  t h e  pore space  may be  adsorbed on t h e  s u r f a c e  of t h e  

rock.  Consi.derably g r e a t e r  masses of adsorped water have been measured f o r  

n a t u r a l  r e s e r v o i r  samples. Two types  of adsorp t ion  experiments have been 

conducted i n  t h i s  s tudy :  a d s o r p t i o n  of noncondensable g a s e s ,  and water 

vapor adsorp t ion .  

The appara tus  f o r  determining t h e  adsorp t ion  of noncondensable gases  

is  shown i n  F ig .  2-8. The procedure is  t h e  fo l lowing.  I n i t i a l l y ,  t h e  

e n t i r e  system i s  evacuated wi th  Valve C t o  t h e  sample ho lder  c losed .  

The sample h o l d e r  i s  h e l d  i n  a vacuum whi le  gas  i s  allowed t o  come t o  

equ i l ib r ium a t  room temperature  and a given p r e s s u r e  i n  t h e  gas  expansion 

chamber (Valves A and B c l o s e d ) .  Then Valve C i s  c losed  and Valve B is  

opened, allclwing t h e  gas  t o  f low i n t o  t h e  sample h o l d e r ,  which i s  submerged 

i n  a c o n s t a n t  temperature  ba th .  The r e s u l t i n g  p r e s s u r e  change is  measured 

wi th  t h e  p r e s s u r e  t r ansducer .  The volume of gas  t h a t  flowed i n t o  t h e  

sample ho lder  is  determined through t h e  u s e  of t h e  i d e a l  gas  equa t ion  ( f o r  

low p r e s s u r e s ) ,  by van d e r  Waals' equa t ion ,  and s u b t r a c t i o n  of t h e  known 
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volume a s s o c i a t e d  wi th  t h e  gas  expansion chamber. For helium, t h e  volume 

of gas  measuxed i n  t h e  sample i s  equa l  t o  t h e  vo id  volume of t h e  sample,  

and t h e  sample p o r o s i t y  can be  determined. 

s i g n i f i c a n t  volumes of gas  are adsorbed t o  t h e  g r a i n  s u r f a c e s .  

p o r o s i t y  w e r e  measured us ing  both  helium and n i t r o g e n ,  t h e  p o r o s i t y  d e t e r-  

mined us ing  n i t r o g e n  would be  about 2 t o  3% h ighe r  than t h e  a c t u a l  p o r o s i t y  

measured us ing  helium. The e x t r a  2 t o  3% of t h e  vo id  volume i s  t h e  volume of 

For o t h e r  noncondensable gases ,  

Thus, if 

adsorbed gas .  Thus, by measuring t h e  void space us ing  helium, t h i s  volume 

can be  s u b t r a c t e d  from measurements of the volume of n i t r o g e n  flowed i n t o  

t h e  sample ho lde r  t o  determine t h e  volume of n i t r o g e n  adsorbed as a func- 

t i o n  of t h e  temperature  of t h e  b a t h  and t h e  f i n a l  p r e s su re .  Resu l t s  of such 

an experiment are shown i n  Fig.  2-9. 

A high  temperature  appa ra tu s  is  r equ i r ed  f o r  a n a l y s i s  of water vapor 

adsorp t ion .  This  appa ra tu s  is  shown i n  F ig .  2-10. The procedure i s  roughly 

t h e  same f o r  water, bu t  f r equen t  d i f f i c u l t i e s  wi th  equipment f a i l u r e s  re- 

s u l t e d  from e l e v a t e d  temperatures .  

Nonetheless ,  f o r  a number of t empera tures ,  d a t a  s imilar  t o  t h e  r e s u l t s  

shown i n  F ig .  2- 11 were recorded.  

Using t h e  BET equa t ion  (Brunauer, Fmnett, and Teller,  1938) ,  t h e  

volume of f l u i d  r equ i r ed  f o r  monolayer adso rp t ion  w a s  determined f o r  ex- 

periments  w i th  bo th  w a t e r  and n i t r o g e n .  Then, by mu l t i p ly ing  by t h e  volume 

occupied by t h e  water o r  n i t r o g e n  molecules ,  t h e  s u r f a c e  area of t h e  g r a i n s  

i n  t h e  samples w a s  determined. The va lues  determined f o r  several samples 

which were run  us ing  both  n i t r o g e n  and water showed e x c e l l e n t  agreement. 

Thus 

s i s t e n t .  

t h e  r e s u l t s  us ing  t h e  two d i f f e r e n t  experimental  appara tus  were con- 
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The general trends in the data were qualitatively the same for dif- 

ferent temperatures. Thus it appears that the adsorption phenomena is 

not temperature sensitive. 

Additional studies are proposed using samples other than the Berea 

sandstone aridunconsolidated sand packs used in the past. 

(d )  - Vapor Bubble Formation, by L. Castanier, Visiting Post-Doctoral 

Scholar. 

An experimental study of vapor bubble formation and growth is pro- 

A mathematical analysis of vapor bubble growth in posed for next year. 

a porous medium was developed by S. G .  Bankoff (1969). Despite his assuming 

a negligible latent heat of vaporization for water, his approach yielded 

interesting results. 

diameter of the bubble as a function of time. Rubin and Schweitzer (1972) 

considered the problem of vaporization or condensation accompanying flow 

with a temperature gradient parallel to the flow direction. 

have never been verified experimentally. 

In particular, he derived a relationship for the 

These studies 

Studies of the in-situ vaporization will include the following: 

a mathematical analysis of the results of Bankoff and Rubin and 

Schweitzer for the case of steam bubble growth, 

construction of an experimental apparatus for simulation of this 

phenomenon which considers all thermodynamic processes influencing the 

vapor bubble formation, and 

a comparison between the experimental and theoretical results. 



3. RADON TRACER TECHNIQUES 

Great s t r i d e s  were made dur ing t h e  yea r  i n  t h e  u t i l i z a t i o n  of radon 

t r a c e r  techniques  t o  examine a wide v a r i e t y  of geothermal r e s o u r c e  types .  

I n  a d d i t i o n  t o  t h e  u s e  of radon t r a n s i e n t  a n a l y s i s  as a promising comple- 

mentary technique t o  p r e s s u r e  t r a n s i e n t  a n a l y s i s  i n  e v a l u a t i o n  of geo- 

thermal r e s e r v o i r s ,  t h r e e  o t h e r  a p p l i c a t i o n s  were i n i t i a t e d :  (1) rad io-  

a c t i v e / s t a b l e  tracer r a t i o s ,  i n  which ammonia and boron c o n c e n t r a t i o n s  

were compared t o  radon c o n c e n t r a t i o n s ,  ( 2 )  r e s e r v o i r  t r a n s e c t  a n a l y s i s ,  i n  

which a l i n e  of w e l l s  a long a c ross- sec t ion  of t h e  r e s e r v o i r  w a s  sampled 

s imul taneousl~y t o  examine t h e  t i m e  p r o p e r t i e s  of c i r c u l a t i o n  i n  t h e  reser- 

v o i r ,  and (3) source  term experiments,  i n  which t h e  emanating power of 

radon was measured as a f u n c t i o n  of f i v e  key r e s e r v o i r  parameters .  

The fol lowing i s  a review of t h e  g e n e r a l  f e a t u r e s  of radon as a geo- 

thermal r e s e r v o i r  t r a c e r ,  t h e  many producing tests made dur ing t h e  y e a r ,  

and t h e  achievements i n  t h e  t h r e e  dew a p p l i c a t i o n s .  

222 
Stoker  arid Kruger (1975) showed t h a t  Rn, a n t u r a l l y  u r r i  

r a d i o a c t i v e  gas  formed from decay of radium p r e s e n t  i n  a l l  geothermal f o r-  

mation rocks . ,  serves as an  i n t e r n a l  tracer of geothermal f l u i d s  i n  pro- 

ducing geothermal r e s e r v o i r s .  

ever" i n  t h e  r e s e r v o i r ,  bu t  decays wi th  a c h a r a c t e r i s t i c  3.83 day h a l f - l i f e  

when separa ted  from t h e  p a r e n t  radium i n  t h e  rock,  i t  i n t r o d u c e s  a " t i m e  

element" i n  geothermal r e s e r v o i r  t r a c e r  s t u d i e s .  This  p roper ty  of radon 

Since  radon i s  produced e s s e n t i a l l y  " for-  
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c o n t r a s t s  s h m p l y  wi th  t h e  s t a b l e  gas  components of geothermal f l u i d s ,  such 

as C O Z Y  NH3, H2S, and 6( 18 0 ) .  

Radon c o n c e n t r a t i o n  i s  measured i n  samples taken a t  t h e  wellhead of 

producing geothermal w e l l s .  

parameters ,  one set r e l a t i n g  t o  t h e  i n i t i a l  c o n c e n t r a t i o n  of radon i n  t h e  

r e s e r v o i r  pore  f l u i d  and t h e  o t h e r  set t o  t h e  t r a n s p o r t  p r o p e r t i e s  of t h e  

f l u i d  from t h e  rock pores  t o  t h e  wellhead.  

The c o n c e n t r a t i o n  depends on two sets of 

The c o n c e n t r a t i o n  of radon in pore  f l u i d  depends on t h e  radium concen- 

t r a t i o n  and d i s t r i b u t i o n  i n  t h e  format ion rock,  t h e  c o n d i t i o n s  f o r  emana- 

t i o n  and d i f f u s i o n  i n t o  t h e  pore  f l u i d s ,  and t h e  d e n s i t y  of t h e  pore f l u i d .  

These cond i t ions  i n  t u r n  are dependent on t h e  thermodynamic p r o p e r t i e s  of 

t h e  r e s e r v o i r .  The t r a n s p o r t  c o n d i t i o n s  depend on t h e  hydrodynamic prop- 

e r t i e s  of t h e  r e s e r v o i r .  Summaries of radon r e s e a r c h  r e s u l t s  fo l low.  

( a )  - Radon T r a n s i e n t  Analys is ,  by G.  Warren and L. Semprini ,  Eng ineer ' s  

Degree Candidates i n  Civ i l  Engineering,  and P r o f .  P. Kruger. 

Severa l  radon t r a n s i e n t  experiments were c a r r i e d  ou t  dur ing  t h e  r e p o r t-  

ing  p e r i o d ,  r e p r e s e n t i n g  a s i g n i f i c a n t  a c c e l e r a t i o n  of t h i s  p a r t  of t h e  

program. The experiments re la te  t h e  observed changes i n  wellhead radon 

concen t ra t ion  t o  r a p i d  changes i n  f l o w r a t e  i n  w e l l s  where product ion f low 

had been e s t a b l i s h e d .  The r e s u l t s  of t h e  e a r l y  experiments were given i n  

t h e  F i r s t  Annual Report ,  SGP-TR-28 (Kruger and Ramey, 1978) .  During t h e  

c u r r e n t  perio(3,  radon tests were performed a t  t h e  fo l lowing geothermal 

r e s e r v o i r s ,  l i s t e d  below by resource  type:  

Va.?or-Dominated Systems 

.The Geysers, C a l i f o r n i a  
Serrazzano,  Tuscany, I t a l y  
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Liquid-Dominated Systems 

Mammoth Lakes, California 
Pohoiki, Hawaii 
Raft River, Idaho 
Wairakei, New Zealand 
Cerro Prieto, Baja California, Mexico 
Los Azufres, Michoacan, Mexico 

Petrothermal System 

Fenton Hill, Los Alamos, New Mexico 

The experimental results of these tests were initially reported as indi- 

vidual communications with the respective field operators, and subsequently 

reported in the literature following the evaluation of the results. Recent 

publications include a summary of the transient tests in the SGP Annual 

Workshops (SZP-TR-25 and TR-30), and the Society of Petroleum Engineers 

geothermal meeting (Kruger and Warren, 1979). An overview of these results 

is summarized in this report. 

- Vapor-Dominated Systems 

Radon transient tests were conducted at The Geysers California 

in November 1978, and at the Serrazzano steam field, Italy, in November 

1976 and August 1978. The second transient test at the Serrazzano field 

was run with the cooperation of the ENEL Italy staff. 

In the first test at the Grottitana well, Serrazzano field (November 

1976) ,  the radon concentration was linearly dependent on flowrate over 

the experimental flowrate change. The ratio of radon concentration to 

flowrate was 7.33 - + 0.76 (nCi/kg)/(t/hr) in the Q range of 7.5  to 11.8 t/hr. 

The radon concentration decreased rapidly following the change in flowrate 

(see Table 3-1). 

The results of the second test confirmed these results, and also showed 

an interesting difference when the flowrate change was extended. These 

results are shown in Fig. 3-1. The reduction in flow was carried out in 
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TABLE 3-1: RIDON TRANSIENT TESTS, GROTTITANA, ITALY 

Test Dates - [Rn]/Q Ratio 

Nov - Dec 1976 

Aug - Sept  1'978 
7.33 + 0.76 

7.8 + 0.3  

11.5 + 0.6 

- 
- 
- 

Q Range ( t / h r )  

7.5 - 11.8 

8 .1  - 11.3  

4.6 - 5.0 
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FIG. 3-1: RATION DATA, GROTTITANA WELL, ITALY 
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two steps, from 11.3 t/hr to 8.1 t/hr, and later to 5 t/hr. The first 

reduction in flowrate reproduced the observations of the first test: the 

radon concentration dropped rapidly with the reduction in flowrate, but was 

again linear, having a[Rn] to Q ratio of 7.8 (nCi/kg)/(t/hr) within the 

flow range of 8.1 to 11.3 t/hr. 

The second reduction to 5 t/hr also showed a rapid radon transient of 

less than one day; however, the radon concentration was not linear with 

flowrate. The radon to flowrate ratio ([Rn]/Q) was 11.5 (nCi/kg)/(t/hr) 

at this low flowrate. 

Kruger and Warren (1979) concluded that the rapid decrease in radon con- 

centration of less than 1 day observed in the two tests cannot be ascribed 

to radioactive decay alone. 

a nonlinear flowrate dependence at larger flowrate changes, support the 

conclusion that mechanisms other than decay are responsible for the radon 

behavior in the Grottitana well. 

rate measurement at the very low flowrates. This will be examined in future 

transient experiments. Changes in emanation of radon with changes in the 

thermodynamic properties of the reservoir may also be responsible for the 

observed radon transients. Bench-scale radon emanation studies currently 

underway at Stanford will help in the interpretation of the results from 

the two transient tests. 

The results of the second test, which included 

The possibility exists of incorrect flow- 

The transient test at The Geysers (November 1978) was conducted to study 

the changes in radon concentration during a rapid change in flowrate in one 

well in a field of several producing wells. The objective of this test 

was to verify the previous observation of interference of radon transport 

over a producing area. In an earlier transient test in a different area 
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of The Geysers f i e l d ,  Kruger and Warren (1979) showed t h a t  t h e  radon con- 

c e n t r a t i o n  was independent of f lowra te .  The r e s u l t s  were a t t r i b u t e d  t o  

w e l l  i n t e r f e r e n c e  phenomena, where t h e  change i n  f l o w r a t e  i n  one w e l l  of 

many tapping a common r e s e r v o i r  would n o t  s i g n i f i c a n t l y  a l ter  t h e  t o t a l  

t r a n s i e n t  t i m e  from t h e  source  t o  t h e  wellhead.  

radon c o n c e n t r a t i o n  should be caused by r a d i o a c t i v e  decay. 

Thus l i t t l e  change i n  

Well V-A, t h e  s i t e  of t h e  November 1978 tes t ,  w a s  p rev ious ly  used f o r  

a t r a n s i e n t  t e s t  when t h e  w e l l  w a s  t h e  on ly  producing w e l l  i n  a shu t- in  

f i e l d .  Kruger, S toker ,  and Umaza (1977) found t h e  radon c o n c e n t r a t i o n  t o  

be  l i n e a r l y  dependent on f l o w r a t e ,  having a [Rn]/Q r a t i o  of 0.75 (nCi /kg) /  

( t / h r )  i n  a f l o w r a t e  range of 110 t / h r  t o  220 t / h r .  

Table 3-2 shows t h e  average r e s u l t s  f o r  h igh  and low f l o w r a t e  from t h e  

November 1978 test .  

a t  t h e  average h igh  f l o w r a t e  of 110,300 l b s / h r .  The average radon concen- 

t r a t i o n  a t  t h e  average low f l o w r a t e  of 56,500 l b s / h r  w a s  22 .3+4.7  nCi/kg. 

The radon c o n c e n t r a t i o n  w a s  thus  observed as remaining unchanged a t  t h e  

h igh  and low f l o w r a t e s .  The agreement of t r a n s i e n t  test r e s u l t s  from t h e  

two d i f f e r e n t  areas of The Geysers steam f i e l d  suppor t s  t h e  concept of 

w e l l  i n t e r f e r e n c e  between w e l l s  i n  c l o s e  proximity  i n  a producing area. 

This  would ‘re p a r t i c u l a r l y  t r u e  f o r  a r e s e r v o i r  model where steam l e a v i n g  

a b o i l i n g  f r o n t  migra tes  upward through a series of in te rconnec ted  f r a c-  

t u r e s .  

TABLE 3-2: SUMMARY OF RESULTS, WELL V-A, November 1978 

The average radon c o n c e n t r a t i o n  w a s  23 .2+2.2  nCi/kg - 

- 

Mean Q Mean [Rn] 
( k l b / h r )  (nCi/kg ) 

23.2 + 2.2 

56.5 22.3 - -I- 4 . 7  

- 110.3 F u l l  Flowrate  

Reduced Flowrate 

Mean Rat io  
[Rnl /Q 

0.21 

0.39 
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- Liquid-Dominated Systems 

Radon t r a n s i e n t  tests were conducted a t  several l iquid- dominated 

r v o i r s  i n  t h e  p a s t  y e a r .  The f i r s t  w a s  a shor t- term test on the un- 

developed steam f l a s h i n g  geothermal r e s e r v o i r  a t  Pohoiki ,  H a w a i i .  A second 

test w a s  a three-week test conducted a t  t h e  Cerro P r i e t o  f i e l d  i n  Mexico as 

a j o i n t  p r o j e c t  between t h e  Coordinadora E jecu t iva  de Cerro P r i e t o  of t h e  

Comision Federa l  de  E l e c t r i c i d a d  and t h e  S tanford  Geothermal Program. 

s t u d i e s  were i n i t i a t e d  a t  Raf t  River ,  Idaho,  Casa Diablo ,  C a l i f o r n i a ,  and 

Wairakei ,  N e w  Zealand. 

Other 

Kruger, Warren, and Honeyman (1977) i n d i c a t e d  t h e  u s e  of radon t r a n-  

s i e n t  a n a l y s i s  as a t o o l  f o r  geothermal r e s e r v o i r  eng ineer ing .  

of f l o w r a t e  dependence (Stoker  and Kruger, 1975)  f o r  l iquid- dominated reser- 

The model 

v o i r s w i t h c o n f i n e d  h o r i z o n t a l  f low through a l a r g e  r e s e r v o i r  where t h e  

pa ren t  radium i s  homogeneously d i s t r i b u t e d  throughout t h e  r e s e r v o i r  is  

given by: 

where E i s  the emanating power, and X i s  t h e  decay c o n s t a n t .  Other symbols 

have t h e i r  u s u a l  meaning. 

The radon c o n c e n t r a t i o n  t o  f l o w r a t e  r e l a t i o n  i n  t h i s  model has  a 

f a c t o r  (1 - e When r e a l i s t i c  v a l u e s  of t h e s e  v a r i a b l e s  are sub- 

s t i t u t e d  i n t o  t h e  above equa t ion ,  t h e  radon c o n c e n t r a t i o n  appears  t o  be 

independent of f l o w r a t e  except  a t  ve ry  h igh  f l o w r a t e s  ( e . g . ,  100,000 g a l /  

min) . 
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The f i r s t  radon t r a n s i e n t  test a t  Pohoiki ,  H a w a i i  ( run i n  J u l y  1977) ,  

c o n s i s t e d  of f lowing t h e  HGP-A w e l l  4 hours :  2 hours  a t  t h e  maximum flow- 

rate and 2 hours  a t  t h e  minimum f lowra te .  

c o n s i s t e d  of f lowing t h e  w e l l  i n t e r m i t t e n t l y  f o r  a pe r iod  of 1 3  hours  over  

a two-day per iod.  

The second t e s t  ( J u l y  1978) 

The comparison of r e s u l t s  f o r  t h e s e  two s h o r t  tests i s  shown i n  Table 

I n  bo th  tests t h e  radon concen t ra t ion  i s  shown t o  b e  independent of 3-3. 

f l o w r a t e ,  i n  agreement wi th  t h e  liquid-dominated r e s e r v o i r  model. How- 

ever, i n  bo th  tests i t  w a s  apparent  t h a t  t h e  d a t a  might no t  be i n d i c a t i v e  

of t h e  radon behavior  w i t h  long- term product ion of t h e  w e l l .  

of the radon dependence on f l o w r a t e  w i l l  r e q u i r e  a much longer  f low per iod ,  

which i s  planned f o r  t h e  t e s t i n g  pe r iod  when new equipment i s  i n s t a l l e d  a t  

Well HGP-A. 

V e r i f i c a t i o n  

TABLE 3-3: RADON TRANSIENT TESTS, POHOIKI,  HAWAII 

J u l y  1977 8 286 0.89 1 . 4 1  
1-3/4 137 0.85 2.82 

J u l y  1978 8 201 
2 121  

1.22 2.76 
1.20 4.50 

Another u s e f u l  a s p e c t  of radon measurements a t  HGP-A noted i n  Table 3-3 

i s  t h e  change i n  r a t i o  of radon c o n c e n t r a t i o n  t o  f l o w r a t e .  Over t h e  one-year 

pe r iod  between tests, dur ing  which ve ry  l i t t l e  product ion occur red ,  t h e  mean 

f l o w r a t e  a t  f u l l  f low decreased from 286 k l b / h r  t o  201 k l b / h r ,  whi le  t h e  

radon inc reased  from 0.89 nCi/kg t o  1.22 nCi/kg. 

a t  t h e  low f l o w r a t e .  

S i m i l a r  changes occurred 
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The i n c r e a s e  i n  t h e  r a t i o  of [R.]/Q i s  c o n s i s t e n t  wi th  t h e  i n c r e a s e s  

observed i n  a new w e l l  a t  The Geysers i n  an area of t h e  steam f i e l d  which 

had n o t  y e t  undergone e x t e n s i v e  product ion.  Kruger and Warren (1979) postu-  

l a t e d  t h a t  t h i s  i n c r e a s e  i n  radon c o n c e n t r a t i o n  p e r  u n i t  f l o w r a t e  may b e  

caused by t h e  presence of l i q u i d  water near  t h e  we l lbore  of a new w e l l  

t h a t  b o i l s  out  as product ion con t inues .  I n  t h i s  case  t h e  i n c r e a s e  i n  radon 

c o n c e n t r a t i o n  could be  a t t r i b u t e d  t o  t h e  replacement of water by less dense 

steam, t h u s  i n c r e a s i n g  t h e  volume of rock emanating radon i n t o  t h e  equi-  

v a l e n t  weight  of f l u i d .  

t e s t i n g  of che HGP-A w e l l  i n  January  1977 of 0.059 nCi/kg a t  a f l o w r a t e  of 

70 t o n s / h r ,  and t h e  two l a te r  test r e s u l t s ,  F ig .  3-2 shows t h e  expected 

v a l u e  of radon c o n c e n t r a t i o n  t o  f l o w r a t e  r a t i o  w i t h  t h e  o n s e t  of product ion.  

Using a "grab" sample taken dur ing  e a r l y  f low 

The r e s u l t s  from t h e  two s h o r t  t r a n s i e n t  tests a t  Well HGP-A i n  Pohoiki ,  

H a w a i i ,  i n d i c a t e d  a need f o r  a long- term t r a n s i e n t  t e s t  on a l i q u i d-  

dominated f i e l d .  I n  January  and February of 1979, a three-week t r a n s i e n t  

test w a s  run on Well M - 1 1  a t  t h e  Cerro P r i e t o  geothermal f i e l d  i n  Cerro 

P r i e t o ,  Baja C a l i f o r n i a ,  Mexico. The 25-day radon t r a n s i e n t  experiment 

c o n s i s t e d  oE t a k i n g  samples of t h e  steam phase from a cyclone s e p a r a t o r  a t  

f u l l  f low and a g a i n  a t  reduced flow c o n d i t i o n s .  I n  a d d i t i o n  t o  t h e  t r a n-  

s i e n t  t es t ,  two radon mass ba lances  were made around t h e  cyclone s e p a r a t o r  

system t o  e v a l u a t e  t h e  p a r t i t i o n i n g  of radon between t h e  steam and l i q u i d  

phases.  

radon c o n c e n t r a t i o n  obta ined by t h e  d i r e c t  sampling of t h e  two-phase f l u i d  

t o  t h e  c o n c e n t r a t i o n  determined by mass ba lance  measurements. 

Samples were a l s o  taken d i r e c t l y  a t  t h e  wellhead t o  compare t h e  

Resu l t s  from t h e  mass ba lance  measurements around t h e  cyclone s e p a r a t o r  

The mass balance  a t  t h e  h igh  f l o w r a t e  showed radon are shown i n  Table 3-4. 
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partitions 95% into the steam phase after cyclone separation. The radon 

concentration at the wellhead calculated from the mass balance was 0.19 

nCi/kg. The radon concentration measured from direct sampling of the 

two-phase fluid at the wellhead was 2.79 nCi/kg. The higher radon con- 

centration obtained by direct sampling at the wellhead indicates that 

enrichment of noncondensible gases occurs when sampling the two-phase flow. 

Thus the mass balance approach is a much more quantitative method of mea- 

suring wellh'sad radon concentration. The steam sample from the second 

mass balance was lost during radon analysis. The mass balance is thus in- 

comp 1 et e. 

TABLE 3-4 :  PUSS BALANCE OF RADON ACROSS CYCLONE SEPARATION, WELL M - 1 1  

Flowrate [MI [Rn] Fraction 
Date Locat ion (t/hr) (nCi / kg ) (%I 

1 / 1 2 / 7 9  water 41.26 0.013 5 
steam 1 6 . 2 1  0.65 95 

wellhead 

measured 2.79 
(calculated) ( 5 7 . 4 7 )  ( 0 . 1 9 2 )  (100) 

1 / 3 0 / 7 9  water 27.20 0.014 ( 5 )  
steam 11.15 lost ( 9 5 )  

(calculated) (38 .35 )  NA (100) 
we 11 head 

measured 6.26 

The radi.um content in the condensate of Well M - 1 1  (Table 3- 5) was 

measured by the double extraction technique. The radon produced from radium 

contained in the fluid was 0.0035 + 0.0003 nCi/kg. This represents less - 

than 2% of the total radon found in the geothermal fluid. 
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TABLE 3-5: R4DIUM CONTENT I N  CONDENSATE, WELL M-11 

[&If  [ h l  lRnlwh 
Date (nCi/kg) (nCi/kg) (nCi / kg ) 

1 / 1 2 / 7 9  0.0037 0.013 ( 0 . 1 9 2 )  

1 / 3 0 / 7 9  0.0032 0.014 NA 

R e s u l t s  of t h e  t r a n s i e n t  test are summarized i n  Table 3- 6.  

TABLE 3- 6: SlJMMARY OF RESULTS, RADON TRANSIENT TEST, WELL M - 1 1  

Locat ion 

Steam from Separa to r  

Before Trans ien t  
During T r a n s i e n t  
A f t e r  Trans ien t  

Wellhead 

Before Trans ien t  
During Trans ien t  
A f t e r  Trans ien t  

1 6 . 1  + 0 .3  
10.5 7 1 . 0  
16.5 - 0 .3  

57.2 + 0.8 
39.7 7 0.3 
56.0 - 0.9 

Mean [Rn] 
(nCi/kg) 

0.80 + 0.13 
0.84 0.40 
0.86 T - 0.13 

0.23 + 0.04 
0 .23  7 0.11 
0.27 T - 0.04 

[ b I Q  4 
(nCi /hr  x 10  ) 

1.29 + 0 . 2 1  
0 .88  7 0.43 
1 . 4 2  T - 0.22 

1 .32  + 0.23 
0 . 9 1  T 0 .44  
1.51 - '7 0.23 

The average radon c o n c e n t r a t i o n  w a s  independent of f l o w r a t e ,  w i t h  a 

t o t a l  average wellhead c o n c e n t r a t i o n  of 0.23 nCi/kg a t  h igh  and low flow- 

rates.  However, t h e  radon c o n c e n t r a t i o n  d i d  vary  from sample t o  sample, 

and, under reduced flow c o n d i t i o n s ,  r e s u l t e d  i n  a l a r g e  s t andard  d e v i a t i o n  

of - +50%. The l a r g e  f l u c t u a t i o n s  i n  radon c o n c e n t r a t i o n  suggest  a p u l s i n g  

release of rildon, which might b e  caused by t h e  opening and c l o s i n g  of 

f r a c t u r e s  caused by t h e  r a p i d  change i n  r e s e r v o i r  p r e s s u r e  o r  by a n i s o t r o p i c  

r e s e r v o i r  p e m e a b i l i t y  . 
Noncondeiisable gas  a n a l y s e s  were performed a t  Cerro P r i e t o  by t h e  CFE 

s t a f f  dur ing  t h e  t r a n s i e n t  test.  R e s u l t s  of t h e s e  ana lyses  are shown i n  

Table 3-7. 
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TABLE 3-7: I'JONCONDENSZBLE GAS ANALYSIS, WELL M-11 

Date 

1/15/79 

1/17/79 

1/18/79 

1/19 17 9 

1/30/79 

1/31/79 

2/1/79 

1 /6 /79  

Tr an s i en t 
Time 
(days 

3.9 

5.9 

7.9 

18.9 

20.3 

21.0 

26.1 

QS 
(t/hr) 

15.54 

16.63 

11.28 

11.15 

16.50 

16.92 

15.10 

14.5 

16.8 

19 .3  

17.2 

14.8 

12.2 

13.1 

2.61 0.89 

2.53 0.82 

0.85 

2.07 

2.24 0.87 

2.13 

2.90 

2.09 

The date. for the noncondensable gas components C 0 2  and H2S in the 

steam phase also show variability. The CO concentration increased approxi- 2 

mately 20% a.t the low flowrate, suggesting a CO 

radon to th.e wellbore. The H S decreased by approximately 152 at the low 2 

flowrate. 

source closer than the 2 

C:hanges in the gas composition suggest that changes in other 

chemical components as well as radon be examined in future transient well 

tests. 

In August 1978, samples were collected from two wells at the Raft River 

field in Idaho. 

radon concentration was 0.87 nCi/kg in Well 1, operating at normal flow, 

The results of these analyses are given in Table 3-8. The 

and 0.012 nCi/kg in Well 2 ,  operating at bleed flowrate. The single data 

value for Well 1 indicates a higher mean radon concentration compared to 

the mean value of 0.3  nCi/kg in liquid-dominated systems, such as the 

Imperial Valley, but about the same as observed at Pohoiki, Hawaii, which 

is a steam flashing liquid system. The lower concentration in Well 2 may 

have resulted from: (1) the decay of radon in and around the wellbore 
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dur ing  t h e  shu t- in  p e r i o d ,  and ( 2 )  t h e  decay of radon dur ing t h e  long 

t r a n s i e n t  t i m e  from t h e  r e s e r v o i r  t o  t h e  wellhead w h i l e  o p e r a t i n g  under 

b leed f low cond i t ions .  

TABLE 3-8: RADON TEST RESULTS, RAFT RIVER, IDAHO, AUGUST 31, 1978 
n rn r 1 

wh wh Flowrate  R a L m  
- Well T i m e  ( p s i g )  (OF) (gpm) (nCi /kg ) 

1 12:OO N 155.2 271.5 176 0.87 
2 13:lO 100.0 234.0 bleed  0.012 

A radon test  w a s  run  a t  t h e  Casa Diablo f i e l d  a t  Mammoth Lakes, Cali- 

f o r n i a ,  t o  measure t h e  radon c o n c e n t r a t i o n  dur ing e a r l y  product ion opera-  

t i o n s  i n  a liquid-dominated geothermal f i e l d .  The i s o l a t e d  w e l l  a t  Casa 

Diablo w a s  i n t e r e s t i n g  t o  s tudy  because t h e  f l u i d  i s  pumped t o  t h e  w e l l -  

head t o  keep i t  from f l a s h i n g .  Thus a comparison could b e  made t o  systems 

a l r e a d y  stul5ied wherein f l a s h i n g  i n  t h e  w e l l  w a s  allowed t o  t a k e  p l a c e .  

The r e s u l t s  of t h e  three-week t e s t  (Table 3-9) are similar t o  t h o s e  of 

t h e  Cerro P r i e t o  test .  The s t e a d y- s t a t e  radon concen t ra t ion  of 0.35 

nCi/kg agre1.s w i t h  t h e  average va lue  of 0.25 nCi/kg observed a t  Cerro 

P r i e t o .  Using t h e  double radon measurement method, i t  w a s  noted t h a t  99% 

of t h e  radon conta ined i n  t h e  f l u i d  r e s u l t e d  from radon emanation r a t h e r  

than  from d i s so lved  radium. 

The con, ; i s tent  radon concen t ra t ion  i n  l iquid- dominated systems s t u d i e d  

t h u s  f a r  seems t o  i n d i c a t e  t h a t  t h e  r a d i a l  f low model of Stoker  and Kruger 

(1975) f o r  ,3 conf ined a q u i f e r  of homogeneous radium d i s t r i b u t i o n  is v a l i d  

f o r  l iquid- dominated systems.  
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TABLE 3-9:  RADON TEST RESULTS, CASA DIABLO WELL, MAMMOTH LAKES, CALIFORNIA 

T i m e  Ql 'wh Twh [ k l  
Date (PST) (gpm) ( p s i g )  - (OF) (nCi/kg) 

6 / 1 3 / 7 9  1915 79  198 328 0.37 

6 / 1 3 / 7 9  1930 79  194  328 0.37 

6120179 2000 79  194  325 0 .35  

6 / 2 8 / 7 9  1100 7 5  199 330 0 .30  

7 / 5 / 7 9  1000 65 207 316 2.29 

Radium Content i n  t h e  Condensate: 

Date 

6 / 1 3  179 

ERnI f 

.0030 0.370 

(b) - Radioact ive/  S t a b l e  Tracer Ra t ios  

The a b i l i t y  t o  s tudy  o t h e r  chemical  tracers i n  geothermal reser- 

v o i r s  as w e l l  as radon dur ing  bo th  t r a n s i e n t  and c r o s s- s e c t i o n a l  a n a l y s i s  

i s  important  i n  ga in ing  a b e t t e r  assessment of geothermal r e s e r v o i r s .  A 

s tudy  was conducted t o  determine r e l i a b l e  methods t o  sample and ana lyze  

boron, ammonia, c h l o r i d e ,  and noncondensable g a s e s ,  and t o  improve t h e  

radon measiirement methods. The s tudy  showed t h a t  i t  was f e a s i b l e  t o  mea- 

s u r e  t h e  c o n c e n t r a t i o n  of t h e s e  chemicals wi thout  inc reased  d i f f i c u l t i e s  

i n  f i e l d  c o l l e c t i o n  t echn iques ,  and s t i l l  be  a b l e  t o  complete t h e  chemi- 

c a l  a n a l y s i s  a t  S tanford .  

The new c o l l e c t i o n  method invo lves  t h e  condensat ion of steam i n  a 

double- stage condensat ion p rocess  (Nehring and T r u e s d e l l ,  1 9 7 7 ) .  The 
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two-stage process enables effective cooling, which is required for proper 

chemical sampling. 

In the prior method, radon samples were collected in 4 .7  liter, evacu- 

ated steel cylinders. Using the new method of sampling, the total con- 

densed steam fraction is taken into the evacuated steel cylinders. The 

steam condensate and noncondensable gasesarecollecteduntil l a t m  of pres- 

sure is reached in the container. The total amount of condensed steam 

collected depends on the noncondensable gas content and the final pressure 

in the steel cylinder. The radon content is measured using the Stoker and 

Kruger method (1975). 

determined by pressure measurements. 

The noncondensable gas content of the steam can be 

Ammcinia -- 
The total steam sample (both condensate and noncondensable) is col- 

lected in a hottle containing enough hydrochloric acid to lower the pH of 

the c0ndensat.e to pH < 2 ,  thus insuring that all the ammonia is present as 

ammonium ion (NH ). 

analyzing the ammonium concentration of the condensate using the Kjeldahl 

distillation method, and by acidimetric titration of the distillate, as 

described in Standard Methods for the Examination of Water and Waste Water 

(1975). 

+ 
4 The ammonia content in the steam is determined by 

Boron and Chloride - 
The steam condensate is collected in a separate bottle. Conden- 

sate temperatures below 40°C are maintained during collection to insure 

proper collection. 

Carmine methcd. The chloride content is determined by the Mercuric Nitrate 

method, also described in Standard Methods for the Examination of Water and 

Waste Water (1975).  

The boron content in the steam is determined using the 
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- R e s u l t s  of Method Improvement Tests 

A method improvement experiment w a s  run a t  a producing w e l l  a t  

The Geysers :in March 1979 t o  t e s t  t h e  new methods f o r  sampling radon and 

o t h e r  chemical components of i n t e r e s t .  Samples f o r  radon w e r e  a l s o  co l-  

l e c t e d  us ing  t h e  p r i o r  method of d i r e c t  c o l l e c t i o n  of steam i n t o  t h e  evacu- 

a t e d  steel  c y l i n d e r s .  R e s u l t s  of t h e  experiment (Table 3-10) r e v e a l  t h a t  

t h e  new method of sampling t h e  steam f o r  radon y i e l d s  b e t t e r  r e p r o d u c i b i l i t y .  

A s tandard  d e v i a t i o n  of - +1% was ob ta ined  f o r  t h e  t h r e e  samples  c o l l e c t e d  

us ing  t h e  new method, whi le  a - +8% s tandard  d e v i a t i o n  w a s  observed f o r  t h e  

p r i o r  method of c o l l e c t i o n ,  c o n s i s t e n t  w i t h  p r i o r  r e s u l t s .  The improvement 

us ing  t h e  t o t a l  condensat ion method r e s u l t s  from t h e  l a r g e r  q u a n t i t y  of 

sample which can be  c o l l e c t e d  over a longer  per iod of t i m e .  

TABLE 3-10: RADON SAMPLING PROCEDURE RESULTS, THE GEYSERS, 3 /22 /79  

P r i o r  Method Revised Method 

(Direct Sampling) (Steam Condensation) - 
Time Duration Condensate [ Rn] T ime  Dara t i cn  Condensate [Rn] 

Sample (PSTI (min) (9) (nCi/kg) (PST) (min) (9) (nCi/kg) - 

1 89.3 33.3 1312 4 4 94 30.4 

1310 1 105.7 30.7 1322 6 62 5 31.0 

145;! 1 105.4 37.2 1330 10 1010 31.2 

1 1230 

2 

3 

Mean [Rn] 33.7 f 2.7 30.9f0.3 

CHEMICA-L AKALYSIS RESULTS 

Time Ammonia Boron Chlor ide  

Sample (PST) (mg/l) (ms/l) ( m g / l )  

239 

22 1 

18.4 

16.5 

287 

3 16 

307 

1 1312 

1322 2 

3 1330 18.0 lost 

Mean 303 f 12 17.6 f 0.8 230 2 9 
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The ammonia, boron, and c h l o r i d e  con ten t  of t h e  steam was found t o  

be  i n  t h e  c o n c e n t r a t i o n  range t h a t  could be  measured us ing t h e  methods 

d i scussed  earlier.  

s t andard  d e v i a t i o n  of +4%. 

The methods y ie lded  reproduc ib le  r e s u l t s  having a 

- 
The s tandards  method revea led  t h a t  o t h e r  chemical components i n  t h e  

steam d i d  r.ot i n t e r f e r e  wi th  t h e  chemical a n a l y s i s  of ammonia, boron, and 

c h l o r i d e .  

Work was s t a r t e d  on developing a method f o r d i r e c t  f i e l d  measurement 

of radon wi thout  t h e  need t o  r e t u r n  samples t o  t h e  l a b o r a t o r y .  

method invo lves  d i r e c t  sampling of t h e  noncondensable gas  con ten t  i n t o  

Lucas s c i n t i l l a t i o n  c e l l s ,  as desc r ibed  by D'Amore (1975).  This  work was 

conducted a s  p a r t  of t h e  Narch methods test.  

The 

Af te r  condensat ion of t h e  steam, t h e  condensate and noncondensable 

gases  were separa ted  and t h e  gas-steam r a t i o  was measured us ing  t h e  method 

desc r ibed  by C h r i s t o f f e r s e n  e t  a l .  (1975) .  Noncondensable gas  samples 

were c o l l e c t e d  i n  250 ml 

f o r d  l a b o r a t o r y ,  t h e  gas  samples were t r a n s f e r r e d  d i r e c t l y  t o  t h e  Lucas 

c e l l s f o r  count ing,  a f t e r  pass ing through a sampling t r a i n  where H S gas  

w a s  removed i n  an i c d i n e  scrubbing t r a p  and r e s i d u e  water vapor was removed 

i n  a CaSO t r a p .  

evacuated gas  sample c o n t a i n e r s .  A t  t h e  Stan-  

2 

4 

The r e s u l t s  of t h e  d i r e c t  f i e l d  method of radon measurement are shown 

i n  Table 3-11, The radon i n  t h e  t o t a l  steam was c a l c u l a t e d  from t h e  gas-  

steam r a t i o  and from t h e  a c t i v i t y  of radon i n  t h e  125 m l  Lucas c e l l .  

This pre l iminary  work demonstrated t h a t  radon can be  measured d i r e c t l y  

i n  t h e  f i e l d  by sampling t h e  noncondensable gases  d i r e c t l y  i n t o  Lucas ce l l s .  

With a p p r o p r i a t e  p rec lean ing ,  t h e  method appears  t o  be reproduc ib le ;  t h e  

t h r e e  samples t e s t e d  t o  d a t e  have a s t andard  d e v i a t i o n  of - +5%, The gas  
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samples t a k m  d i r e c t l y  i n t o  t h e  Lucas c e l l s h a d a n  a c t i v i t y  lower than t h e  

gas  sample analyzed by t h e  normal radon procedure ,  This  lower a c t i v i t y  

probably r e s u l t s  from CO 2 

count ing e fE ic iency  of t h e  s c i n t i l l a t i o n  ce l ls .  This e f f e c t  must be  

considered in f i e l d  measurement when noncondensable gases  are c o l l e c t e d .  

d i r e c t l y i n t o  Lucas c e l l s .  Fur the r  e f f o r t  on t h i s  improvement should r e s u l t  

i n  a mobile radon measurement system f o r  f i e l d  u s e ,  

i n  t h e  noncondensable gases  lower ing t h e  

TABLE 3- 11: DIRECT MEASUREMENT OF RADON I N  WELLHEAD GASES 

S i z e  Rn [&]gas  LRn1 s t eam 
- (ml) ( n c i )  (nCi /1) (nCi / kg ) Sample 

125 0.280 2 .24  

125 0.306 2.45 

125 0 .280 2.24 

18 .6  

20 .4  

18 .6  

Mean 1 9 . 2  

Radon Measurement w i t h  Laboratory  Separa t ion  

4 280 1.165 4.16 

Gas-Steam Ra.tio: 8 l/kg 

3 4 . 3  

direct = - 19 .2  = 56% 
34.3 E f f i c i e n c y  b t i o  of t h e  Two Methods: separation 

(c )  - Reservoir  Trans ien t  Analys is  

The use  of c r o s s- s e c t i o n a l  measurements of radon c o n c e n t r a t i o n  

a c r o s s  a geothermal f i e l d  may b e  a f e a s i b l e  method of s tudy ing  f l u i d  m i -  

g r a t i o n  p a t t e r n s  and f l u i d  age  d i s t r i b u t i o n  i n  t h e  f i e l d .  

i n i t i a t e d  dur ing t h e  c u r r e n t  yea r  t o  u s e  radon and t h e  o t h e r  n a t u r a l  

tracers t o  s tudy  such behavior .  

E f f o r t s  were 

The wellhead concen t ra t ion  of radon depends 
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on the type of reservoir emanation site, described by Kruger and uarren 

( 1 9 7 9 ) .  These include: (1) hydrothermally deposited radium close to the 

wellbore, ( 2 )  radium in a boiling liquid below a steam interface, and 

( 3 )  radium present in the pathway from the source to the wellhead. A 

combination of  transect analysis and transient test may help in deter- 

mining which sources are prevalent. 

The cross-sectional analysis of the Wairakei steam field in New Zealand 

was begun as a joint project between Prof. Roland Horne, Auckland Uni- 

versity, New Zealand, and the Stanford Geothermal Program. The results 

from the first seven wells sampled at Wairakei are shown in Table 3-12. 

The radon concentration is in the steam phase after the cyclone separation 

process. 

TABLE 3- 12: SUMMARY, NEW ZEALAND RADON ANALYSIS 

Wairakei 
Well 

46 

83  

72 

30 

7 1  

86 

80  

Date 

5 / 4 / 7 9  

5 / 4 / 7 9  

5 / 4 / 7 9  

5 / 4 / 7 9  

5 / 4 / 7 9  

3 / 7 / 7 9  

3 / 7 / 7 9  

Pressure 
(bars) 

5 

10 

11 

10.2  

10 

4 .5  

6 .0  

Flowrat e 
(t /hr 1 

1 4 . 8  

21.0 

42.5 

19 .5  

35.5 

14 .5  

27.0 

Condensate 
(g 1 

76.2  

100.6  

121.8 

150.0  

105.7  

60.5 

6 4 . 1  

[RnI 
(nCi /kg) 

4.24 

2.46 

6.93 

0.847 

0.953 

3.38 

139,OO 

These ,?reliminary results indicate variation in radon concentration 

in the reservoir, which may be caused by the effects of steam migration. 

Earlier studies by Belin ( 1959 )  suggest that hydrothermal alteration of 

radium may be responsible for these variations in concentration, which 

could explain the high concentration of 139  nCi/kg observed in Well 80 .  
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At present, ten more wells in the transect are being sampled at 

Wairakei. In addition to radon measurement, the ammonia, boron, and 

chloride con;:ent of the fluids will be determined. 

A transect analysis of fifteen steam wells was made at The Geysers, 

California, :in May 1979. The new condensation collection method was 

used t o  collect samples for radon, boron, ammonia, and chloride analysis. 

The results from this test are currently being evaluated. 

(d) - Radon Emanation Studies, by L. Macias-Chapa, Engineer's Degree 

Candidate in Civil Engineering, and Prof. P. Kruger. 

Construc:tion of the physical model for establishing the parameters 

affecting radon emanation in geothermal reservoirs was completed during 

the current year. A schematic diagram of the model is given in Fig. 3-3. 

The system is designed to measure radon emanation as a function of five 

geothermal reservoir parameters: (1) rock type, (2) rock size distribution, 

( 3 )  pore fluid density, ( 4 )  pressure, and ( 5 )  temperature. 

Initial experiments are underway with a first rock loading of uniform 

size graywacke rock. 

empty to obtain background measurements of radon emanation from the steel 

reservoirs. Data for these measurements and the graywacke loading are 

given in Tab1.e 3-13. The data show an uneven distribution of radium con- 

tamination in commercial steel. The graywacke rock loading shows suffi- 

cient radon emanation at room temperature to ensure successful measure- 

ments at the elevated pressure and temperature experiments. 

Prior measurements were made with the reservoirs 
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TABLE 3-13: 1CALIBRATION OF THE RADON EMANATION MODEL 

C h a r a c t e r i s t i c s  of t h e  Model 

Geothermal Oven 

I n s i d e  Capacity : 

Temperature Range : Room t o  343°C 

1 . 2  x 0.61 x 0.91 m 

Rese rvo i r s  

Vo lune : 13.5 l i t e r s  

Height : 51 cm 

Outs ide  Diameter: 20 cm 

Rock Loading 

Mat e IC i a l  Graywacke 

S i z e  : 0.6 t o  1.8 cm average diameter  

54% Poro :; i t  y : 

Permeab i l i ty  : I n f i n i t e  

Pore F l u i d  

Material : Nitrogen 

Radon Background of  t h e  Model 

S a t u r a t i o n  Concentra t ion a t  F u l l  Volume: 

Reservoir  Unit  1 : 5 p C i / l  

Reservoir  Uni t  2 : 

Reservoir  Uni t  3 : 

0 .3  p C i / l  

0 .3  p C i / l  

Calibrat i-on of C o l l e c t i o n  E f f i c i e n c y  from NBS Radium Standard 

C o l l e c t i o n  Sweep Ef f i c iency :  60% 

The set of experiments c u r r e n t l y  underway c o n s i s t s  of groups of t h r e e  

simultaneous runs  a t  a f i x e d  temperature  i n  t h e  l a r g e  geothermal a i r b a t h  

(oven) wi th  if d i f f e r e n t  p r e s s u r e  i n  each r e s e r v o i r .  The experiments w i l l  

be repea ted  a t  inc reased  temperatures  t o  g i v e  t h e  p r e s s u r e  and temperature  

g r a d i e n t s  f o r  emanation f o r  each pore  f l u i d .  

t h e  c u r r e n t  rock loading is :  (1) n i t r o g e n  as a nonpolar  gaseous f l u i d  f o r  

c a l i b r a t i o n ,  ( 2 )  superheated steam, and (3) l i q u i d  water. Current  d a t a  

The set of pore f l u i d s  f o r  
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are being prepared for a poster-session presentation at the 1979 Annual 

Meeting of the Geothermal Resources Council. 



4 .  WELL TEST ANALYSIS 

The behavior  of a r e s e r v o i r  i s  u s u a l l y  monitored by observing changes 

i n  t h e  r e s e r v o i r  temperature  and p r e s s u r e ,  and i n  t h e  r e s e r v o i r  f l u i d  com- 

p o s i t i o n  wi th  product ion of f l u i d s .  

in fo rmat ion  about a geothermal r e s e r v o i r  can be  de r ived  from s tandard  

eng ineer ing  p r a c t i c e s  f o r  both  oil- and-gas and groundwater r e s e r v o i r s .  

The methods of w e l l  test  a n a l y s i s  have been an important  t o o l  f o r  est i-  

mating r e s e r v o i r  e x t e n t  and f o r e c a s t i n g  t h e  p o t e n t i a l  f l u i d  reserves and 

producing rates. 

Many of t h e  techniques  f o r  ga in ing  

C e r t a i n  assumptions,  such as s ingle- phase  f low, i so the rmal  c o n d i t i o n s ,  

and system i d e a l i t i e s ,  are involved i n  many convent ional  w e l l  test a n a l y s i s  

methods. To t h e  e x t e n t  t h a t  t h e s e  assumptions are  no t  l i m i t i n g ,  t h e  same 

methods may b e  app l i ed  f o r  geothermal w e l l s .  

i n  t h i s  s e c t i o n  may be  a p p l i e d  g e n e r a l l y .  

on e a r t h- t i d e  e f f e c t s ,  m u l t i l a y e r e d  systems,  i n t e r f e r e n c e  t e s t i n g ,  c o n s t a n t  

p r e s s u r e  t e s t i n g ,  s l u g  test  DST a n a l y s i s ,  and t h e  t r a n s i e n t  p r e s s u r e  behavior 

i n  n a t u r a l l y  f r a c t u r e d  r e s e r v o i r s .  For u s e  s p e c i f i c a l l y  i n  geothermal reser- 

v o i r s ,  r e s u l t s  are r e p o r t e d  on steamwater r e l a t i v e  pe rmeab i l i ty  and t h e  

p a r a l l e l e p i p e d  model, Some a d d i t i o n a l  s t u d i e s  are  planned f o r  f u t u r e  re- 

search .  These are d i scussed  i n  t h e  las t  p a r t  of t h i s  s e c t i o n .  

Most of t h e  r e s u l t s  r e p o r t e d  

Such s t u d i e s  i n c l u d e  t h e  work 

(a )  - Ear th  Tide  E f f e c t s ,  by P .  A r d i t t y ,  Eng ineer ' s  Degree, Petroleum 

Engineering,  and Prof .  H. J .  Ramey, Jr .  

The g r a v i t a t i o n a l  a t t r a c t i o n  between t h e  sun,  moon, and e a r t h  induces  

a r a d i a l  def13rmation of t h e  e a r t h  which r e s u l t s  i n  v i s u a l l y  obse rvab le  

ocean ic  t i d e s .  The same mechanism a l s o  genera tes  a s ta te  of stress on t h e  
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s u r f a c e  of t h e  e a r t h  which has  been r e f e r r e d  t o  as e a r t h  t i d e s .  P r e s s u r e  

t r a n s i e n t s  caused by e a r t h  t i d e s  are of small amplitude: however, t h e s e  

t r a n s i e n t s  are of s u f f i c f e n t  magnitude t o  cause  water level v a r i a-  

t i o n s  i n  open w e l l s  and p i t s ,  and s e v e r a l  i n v e s t i g a t o r s  have i n d i c a t e d  

t h a t  a re1at:-onship ex is t s  between t h e  ampl i tude of the  response  of an  

open w e l l  system and t h e  c h a r a c t e r i s t i c s  of t h e  format ion and t h e  f l u i d  

conta ined t h e r e i n .  

A r d i t t y  e t  a l .  (1978) modified t h e  equa t ions  d e r i v e d  by Bodvarsson 

(1970) f o r  an  open w e l l  i n  a f i n i t e  c losed r e s e r v o i r  t o  apply  t o  a shu t- in  

w e l l  w i th  t h e  borehole  completely f i l l e d  wi th  format ion f l u i d .  Only one 

phase i s  flowing i n  t h e  r e s e r v o i r ,  and t h e  r e s e r v o i r  i s  conf ined and i n f i -  

n i t e  i n  r a d i a l  e x t e n t .  

t e c t o n i c  p r e s s u r e ,  

The express ion  f o r  p r e s s u r e  induced by an a p p l i e d  

is  given by: 
P C  , 

with:  

2 where B = 4k/cfpR, n 

k/$pc, a = wel lbore  r a d i u s ,  and r = r a d i a l  d i s t a n c e  from t h e  w e l l .  

= iw/d,  w = o s c i l l a t i o n  frequency,  d = d i f f u s i v i t y  

The 

=pc(4G c -c )/(3+4Gmc,), where pc i s  an app l ied  tec-  
'SD' m f  m s t a t i c  p r e s s u r e ,  

t o n i c  p r e s s u r e ,  G is  t h e  rock m a t r i x  shear  modulus, 

b i l i t y ,  and c i s  m a t r i x  c o m p r e s s i b i l i t y .  The ampl i tude of t h e  r e l a t i v e  

response ,  pa/psD, i s :  

i s  f l u i d  compressi- 
m Cf 

m 



4 k/  i w u  aR c 

Re(Pa/PSD) Re (, + 4k ) 
IwuaRc 

(4-3) 

The cr i t ical .  f requency,  w 

abrupt  decrease ,  is  def ined  by: 

f o r  which t h e  response ampli tude e x h i b i t s  an 
C’  

4k 
(4-4) 

Tides  a r e  c l a s s i f i e d  according t o  l e n g t h  of pe r iod ,  T:  long per iod  

t i d e s  (T = 16 days ) ;  d i u r n a l  t i d e s  (T = 1 day) ,  semidiurna l  t i d e s  (T = 1 / 2  

day ) ;  and t e r d i u r n a l  t i d e s  (T = 1 / 3  day) .  I f  w / 2 ~  >> 2 ,  then the c r i t i c a l  

frequency exceeds bo th  t h e  d i u r n a l  and semidiurna l  f r equenc i e s ,  and 

%/AsD = 1, where 

t h e  e a r t h  t i d e  e f f e c t .  

wc/2.rr << 1, both  ampli tudes w i l l  be small, and unde t ec t ab l e .  Thus, t h e  

r a t i o  of  the two ampli tudes determines l i m i t s  on t h e  va lue  of w which 

i n  t u r n  g ives  an approximation f o r  k/pc 

is  computed from k/uc 

t i d a l  e f f e c t s  i s  provided. 

C 

and ASD are  t h e  d i u r n a l  and semidiurna l  ampl i tudes  of 

If  1 < wc/2.rr < 2 ,  t hen  1.25 < $/AsD < 2 .  I f  

C Y  

s i n c e  a and R are known. I f  wc 
f ’  

an explana t ion  f o r  e x i s t e n c e  o r  nonexis tence  of f ’  

A grapk. of ampli tude ve r sus  per iod  f o r  a t y p i c a l  sandstone r e s e r v o i r  

con ta in ing  ?,as i s  shown i n  Fig.  4-1. From t h e s e  r e s u l t s  w e  would expect  

t h e  d i u r n a l  t i d e  ampli tude t o  exceed t h e  semidiurna l  t i d e  ampli tude,  and 

both should be  d e t e c t a b l e .  

F igure  4-2 shows r a w  d a t a  from a f l u i d  t e s t .  F igure  4-3 shows t h e  

d a t a  i n  Fig.  4-2 modified t o  show relat ive p re s su re  v a r i a t i o n s .  S p e c t r a l  

a n a l y s i s  us ing  Fas t  Four i e r  Transforms provides  t h e  r e s u l t s  shown i n  F ig .  

4-4. 

t i d e  e f f e c t s .  The r eade r  is  r e f e r r e d  t o  A r d i t t y  e t  a l .  (1978) f o r  more d e t a i l .  

The two s m a l l  peaks i n  ampli tude are caused by d i u r n a l  and semidiurna l  



FIG.  4-1: RIISPONSE (p,/ps,> OF A CLOSED-WELL RESERVOIR SYSTEM FOR A 

SANDSTONE CONTAINING GAS 

i 
1 

TIME (days) 

FIG.  4 - 2 :  INITIAL DATA FOR THE "A" FIELD 



-63- 

J 

TIME (total length -17 aayr) 

FIG.  4 - 3 :  MODIFIED DATA FOR THE "A" FIELD 

L 1 

FREQUENCY (unit =16 oeriods per experiment) 

FIG.  4-4:  SI'ECTRUM ANALYSIS BY FFT FOR "A" FIELD 
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(b) - Multilayered Systems, by S. Tariq, Ph.D. Petroleum Engineer, and 

Prof. H. J. Ramey, Jr. 

A mathematical model was derived by S. Tariq (1977) and Tariq and Ramey 

(1978) to satisfy the following conditions for a multilayered reservoir: 

each layer is horizontal and circular, homogeneous and isotropic, and 

bounded by impermeable formations at the top, bottom, and at the external 

drainage radius. Each layer has constant porosity and permeability, and 

uniform thickness, but the drainage radius may be different for different 

layers. The fluid in each layer has small and constant compressibility. 

Initial reservoir pressure is the same for each layer; and instantaneous 

sandface pressure is identical for all layers. 

small, and gravity effects are negligible. The total production rate, q, 

is constant, but the production rate for each layer may vary in time. The 

model for n layers is specified by the following equations: 

Pressure gradients are 

n 
q = c - + 1 q j ( t >  

j 
a t  

( 4 - 9 )  
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where j = 1, 2 ,  ..., n ;  s = s k i n  f a c t o r  f o r  each l a y e r ;  and C = wel lbore  

s t o r a g e  c o n s t a n t ,  cc/atm. 
j 

The system of equa t ions  i s  so lved  i n  Laplace space .  The r e s u l t i n g  

s o l u t i o n  i s  then  numer ica l ly  i n v e r t e d  us ing  t h e  a lgo r i thm by S t e h f e s t  (1970) .  

A thorough a n a l y s i s  of drawdown d a t a  genera ted  f o r  d i f f e r e n t  t ypes  of 

l aye red  systems was conducted. The cases i n v e s t i g a t e d  inc luded l a y e r s  having 

d i f f e r e n t  p e r n e a b i l i t i e s ,  t h i cknesses ,  r a d i i ,  and s k i n  e f f e c t s .  Log-log 

type- curves f o r  a n a l y s i s  of  m u l t i l a y e r e d  systems w e r e  developed,  and tech-  

n iques  f o r  a . ia lyz ing  two- layered systems us ing  semilog graphs of p r e s s u r e  

v e r s u s  t i m e  were desc r ibed .  The r e a d e r  is  r e f e r r e d  t o  Ta r iq  and Ramey (1978) 

and Ta r iq  ( 1 3 7 7 ) .  

( c )  I n t e r f e r e n c e  Tes t ing ,  by H.  Sandal ,  Engineer ' s  Degree, Petroleum 

Engineer ,  anli P ro f .  H. J. Ramey, Jr. 

A s  more s e n s i t i v e  p r e s s u r e  gauges have become a v a i l a b l e ,  i n t e r f e r e n c e  

t e s t ing- - tha t  i s ,  obse rva t ion  of  t h e  p r e s s u r e  changes a t  a shu t- in  w e l l  re- 

s u l t i n g  from a nearby producing well--has become f e a s i b l e .  I n t e r f e r e n c e  

t e s t i n g  has  t h e  advantage of i n v e s t i g a t i n g  more r e s e r v o i r  volume than  a 

s ingle- wel l  test .  For a producing w e l l  w i th  l a r g e  wel lbore  s t o r a g e  and 

s k i n  e f f e c t s ,  t h e  combined e f f e c t s  of t h e  s t o r a g e  and s k i n  is  t o  prolong 

t h e  t i m e  neelied f o r  t h e  sandface  f l o w r a t e  t o  become equa l  t o  t h e  s u r f a c e  

f lowra te .  S ince  t h e  sandface  f l o w r a t e  i s  n o t  cons t an t  du r ing  t h i s  t i m e  

pe r iod ,  c o n w n t i o n a l  i n t e r f e r e n c e  t e s t i n g ,  which assumes a cons t an t  ra te ,  

i s  n o t  v a l i d .  

The matlematical model used i n  t h i s  s tudy by Sandal  e t  a l .  (1978) as- 

sumes t h e  f h w  i s  r a d i a l ,  t h e  medium i s  i n f i n i t e ,  homogeneous, and i s o t r o p i c  

wi th  cons t an t  p o r o s i t y  and pe rmeab i l i t y ,  t h e  s ingle- phase f l u i d  i s  s l i g h t l y  
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compressible  w i th  cons t an t  v i s c o s i t y ,  p r e s su re  g r a d i e n t s  are  small ,  and 

wel lbore  s t o r a g e  and s k i n  are cons t an t .  

t h i s  system a r e  t h e  fo l lowing:  

The equa t ions  which r e p r e s e n t  

(4-11) 

(4 -12)  

(4- 13)  

l i m p  (r , t )  = 0 ; tD.  0 

r -  

. (4-14) 
D D D  

D 

where p 

and s t o r a g e ,  r e s p e c t i v e l y .  

r tD, and CD are dimensionless  p re s su re  drop,  r a d i u s ,  t i m e ,  D '  D' 
i s  t h e  p re s su re  drop i n s i d e  t h e  wel lbore ,  'wD 

and S i s  t h e  wel lbore  s k i n  f a c t o r .  

The equa t ions  are  solved i n  Laplace space.  The r e s u l t i n g  Laplace 

space s o l u t i o n  is  numer ica l ly  i n v e r t e d  u s ing  t h e  S t e h f e s t  a lgo r i t hm (1970). 

Resu l t s  were compared wi th  t h e  s tudy  by Garcia-Rivera and Raghavan 

(1970), which w a s  based on t h e  supe rpos i t i on  of a series of l i n e  source  

s o l u t i o n s  combined w i t h  sandface  f l o w r a t e s  ob ta ined  f o r  a f i n i t e  r a d i u s  

w e l l  (Ramey and Agarwal, 1972 ,  and Ramey, Agarwal, and Mar t in ,  1975) .  The 

comparison i n d i c a t e d  t h a t  f o r  low va lues  of t h e  e f f e c t i v e  wel lbore  r a d i u s ,  
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CDe2s, t h e  G'arcia-Rivera and Raghavan s tudy  may be  i n  e r r o r .  F igure  4-5 

shows t h e  c l o s e  agreement between t h e  two s o l u t i o n s  f o r  l a r g e  v a l u e s  of 

CDe2s. 

t i o n s .  

F igure  4-6 shows an example of d i f f e r e n c e s  between t h e  two so lu-  

(d) - Steadwater R e l a t i v e  Permeab i l i ty ,  by R. Horne, V i s i t i n g  Pro- 

f e s s o r ,  Petroleum Engineering,  K. Shinohara,  Ph.D. Candidate i n  Petroleum 

Engineering,  and Prof .  H. J .  Ramey, Jr. 

Using product ion d a t a  from t h e  Wairakei f i e l d ,  Horne (1978) and Shino- 

b r a  (1978) demonstrated t h a t  steam/water r e l a t i v e  pe rmeab i l i ty  curves  

can  be  genera ted from f i e l d  d a t a .  

by Grant (19771, b u t  improvements were made on t h e  product ion d a t a .  Spe- 

c i f i c a l l y ,  assuming n e g l i g i b l e  we l lbore  h e a t  l o s s ,  steam and water d i s -  

charges  a t  t h e  sandface  were back- calcula ted  from t h e  s u r f a c e  v a l u e s .  The 

we l lbore  h e a t  l o s s  w a s  less than  1% i n  t h e  w e l l s  t e s t e d  because they had 

been flowing f o r  a long per iod of time a t  h igh .rates. T o t a l  d i scharge  

v a l u e s  were d iv ided  by t h e  wellhead p r e s s u r e  i n  o rder  t o  f i l t e r  o u t  changes 

i n  d i scharge  due only  t o  p r e s s u r e  d e p l e t i o n  i n  t h e  r e s e r v o i r .  Thus changes 

i n  d i scharge  due only  t o  r e l a t i ve  permeab i l i ty  e f f e c t s  were i s o l a t e d .  The 

a c t u a l  downhole temperature  w a s  used t o  determine f l u i d  d e n s i t i e s ,  v i s -  

c o s i t i e s ,  and e n t h a l p i e s .  F i n a l l y ,  f lowing water s a t u r a t i o n  w a s  d e t e r-  

mined from t h e  back- calcula ted  sandface  steam and water d i scharges .  They 

d i d  no t  cons ide r  t h e  immobile f l u i d  i n  t h e  r e s e r v o i r .  

The method of a n a l y s i s  w a s  suggested 

R e l a t i v e  p e r m e a b i l i t i e s  were computed from equa t ions  f o r  Darcy's  l a w  

and t h e  f lowing enthalpy:  
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FIG. 4-5 :  COEPARISON OF RESULTS OF THIS STUDY WITH THE GARCIA-RIVERA 
ANI) RAGHAVAN STUDY 

FIG. 4-6: COMPARISON OF RESULTS OF THIS STUDY WITH THE GARCIA-RIVERA 
ANI) RAGHAVAN STUDY 
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( 4- 15)  

(4- 16)  

(4- 17)  

where q is  t h e  d i scha rge  rate,  p i s  t h e  one-phase f l u i d  d e n s i t y ,  u i s  t h e  

v i s c o s i t y ,  P. i s  t h e  f low area, p i s  t h e  p r e s s u r e  g r a d i e n t ,  F i s  t h e  

r e l a t ive  pe rmeab i l i t y ,  S i s  t h e  f lowing water s a t u r a t i o n ,  and s u b s c r i p t s  

s and w r e f e r  t o  t h e  steam and water phases.  

s u l t i n g  pe rmeab i l i t y  curves .  

W 

F igu re  4-7 shows t h e  re- 

Fu tu re  improvements on t h i s  method w i l l  i nc lude  inco rpora t ion  of 

wel lbore  hea t  l o s s  i n  t h e  c a l c u l a t i o n  of f r a c t i o n a l  f low, and t h e  u s e  of 

i r r e d u c i b l e  water s a t u r a t i o n s  e s t ima ted  from r e s u l t s  of exper imenta l  

s t u d i e s  i n  t h e  Stanford  Geothermal Program. 

, 

( e )  G n s t a n t  P r e s s u r e  Tes t ing ,  by C.  Ehlig-Economides, Ph.D. Pe t ro-  

leum Engineer,  and P ro f .  H .  J .  Ramey, Jr .  

Although t h e  cond i t ions  which r e s u l t  i n  cons t an t  p r e s s u r e  f low o f t e n  

e x i s t  f o r  geothermal product ion  and i n j e c t i o n  w e l l s ,  t h e  methods f o r  

ana lyz ing  t h e  r e s u l t i n g  rate t r a n s i e n t s  and p r e s s u r e  bui ldup f o r  such 

w e l l s  have been incomplete o r  nonex i s t en t .  

t o  review t h e  e x i s t i n g  methods of a n a l y s i s  and t o  c o n t r i b u t e  new s o l u t i o n s  

where needed i n  o r d e r  t o  produce a comprehensive w e l l  t e s t  a n a l y s i s  pack- 

age f o r  w e l l s  produced a t  cons t an t  p re s su re .  

and a t e c h n i c a l  r e p o r t  w i l l  be  published.  

from t h i s  p r o j e c t  are g iven  by Ehlig-Economides and Ramey (Apr i l  and June 

1 9 7 9 ) .  

The o b j e c t i v e  of t h i s  work i s  

The work i s  n e a r  complet ion,  

Other  p u b l i c a t i o n s  of r e s u l t s  
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FIG. 4- 7: STEM4-WATER RELATIVE PERMEABILITIES FROM WAIFUKEI WELL DATA 
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The methods provided i n  t h i s  work are summarized by t h e  fo l lowing:  

Determination of k and @e by type- curve matching wi th  a graph -2s 

of l o g  q v e r s u s  log  t f o r  t h e  i n f i n i t e  system. D 

Determination of k and s from t h e  semilog s t r a i g h t  l i n e  i n  a graph 

of l / q  v e r s u s  log  t .  

Determination of r e s e r v o i r  a r e a  and approximate shape from a graph 

of l o g  q v e r s u s  t a f t e r  t h e  onse t  of exponen t ia l  d e c l i n e .  

Analys is  of t r a n s i e n t  rates when t h e  wellhead p r e s s u r e  is  c o n s t a n t .  

Determination of k and @e from an i n t e r f e r e n c e  test  by type- curve -2s 

2 matching wi th  a graph of log p v e r s u s  log  tD/rD f o r  t h e  i n f i n i t e  system. 

Determinat ion of C s ,  and x f o r  f r a c t u r e s  p e n e t r a t e d  by t h e  

we l lbore ,  and o t h e r  i n n e r  boundary e f f e c t s ,  by type- curve matching of 

e a r l y  p r e s s u r e  bui ldup d a t a  w i t h  conven t iona l  p r e s s u r e  t r a n s i e n t  s o l u t i o n s .  

Horner bui ldup a n a l y s i s  f o r  wells  produced a t  cons tan t  p r e s s u r e .  

D'  f 

Analogous methods f o r  t h e  Matthews, Brons, and Hazebroek determina-  

t i o n  of s t a t i c  r e s e r v o i r  p r e s s u r e .  

( f )  - The P a r a l l e l e p i p e d  Model, by T. S c h u l t z ,  M.S. Candidate i n  Pe t ro-  

leum Engineer ing,  P r o f .  H. Cinco-Ley, and P r o f .  H. J. Ramey, Jr.  

Recent w e l l  test  d a t a  from both  The Geysers and t h e  Travale-Fbdicondoli  

f i e l d s  suggest  t h a t  t h e  p a r a l l e l e p i p e d  model, shown schemat ica l ly  i n  Fig .  

4- 8, may b e  an a p p r o p r i a t e  approximation f o r  both  geothermal r e s e r v o i r s .  

Through t h e  u s e  of source  f u n c t i o n s ,  Green's  f u n c t i o n s ,  and t h e  Neumann 

product  method desc r ibed  by Gr ingar ten  and Ramey (1973), s o l u t i o n s  are 

r e a d i l y  a v a i l a b l e  f o r  a number of re la t .ed  problems. The model assumes 

three- dimensional  f low i n  a r e s e r v o i r  bounded by impermeable and/or  con- 

s t a n t  p r e s s u r e  boundar ies  w i t h  a w e l l  l o c a t e d  a t  any p o i n t  i n  t h e  reser- 

v o i r .  The well may b e  f u l l y  o r  p a r t i a l l y  pene t ra ted  through t h e  r e s e r v o i r  
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C O N S T A N T  P R E S S U R E  B O U N D A R Y  

FIG. 4- 8:  PXRALLELEPIPED MODEL FOR A \JELL INTERSECTED BY A PARTIALLY 
PENETRATING VERTICAL FRACTURE 
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t h i ckness  and may i n t e r s e c t  a h o r i z o n t a l  o r  a v e r t i c a l  f r a c t u r e .  The 

a n a l y t i c a l  s o l u t i o n s  i n  t h e  form of  i n f i n i t e  sums and i n t e g r a l s  are  i n t e-  

g r a t e d  by computer. 

The o b j e c t i v e  of t h i s  s tudy  i s  t o  produce g e n e r a l l y  u s e f u l  type- curves 

wi th  a focus  on d e t e c t i o n  o f t h e -p o s t u l a t e d  b o i l i n g  f r o n t  a t  t h e  base  of t h e  

r e s e r v o i r ,  o r  a source  which h a s  a s i m i l a r  behavior .  The b o i l i n g  f r o n t  

c o n s t i t u t e s  E! cons tan t  p r e s s u r e  boundary i f  t h e  r e s e r v o i r  may be  assumed 

t o  be  i so thermal .  Th i s  work w i l l  d i r e c t l y  augment f i e l d  s t u d i e s .  

(g) 2 . u g  Tes t"  DST Ana lys i s ,  by K. Shinohara,  Ph.D. Candidate i n  

Petroleum Engineering,  and P r o f .  H. J .  Ramey, Jr. 

The solu. t ions f o r  t h e  s l u g  tes t  (decreas ing  f low r a t e )  d r i l l  s t e m  

test (DST), i nc lud ing  wel lbore  s t o r a g e  and t h e  s k i n  e f f e c t ,  were p resen ted  

by Ramey e t  a.1. i n  1975.  I n  f i e l d  d a t a  from s l u g  tes t  DSTs, an i n i t i a l  

per iod  of  cons t an t  f l o w r a t e  can o f t e n  be  observed. Thus a new model which 

inc ludes  t h e  i n i t i a l  cons t an t  f l o w r a t e  ' f o r  a s l u g  tes t  w a s  developed. 

Type-curves were graphed which were then  matched w i t h  f i e l d  d a t a .  

examples of t h e  q u a l i t y  of t h e  match between a c t u a l  d a t a  and a s l u g  tes t  

type-curveare  shown i n  F ig .  4-9. The s l u g  test  type-curves can be  app l i ed  

t o  both  t h e  f low per iod  and t h e  p r e s s u r e  bui ldup a f t e r  t h e  i n i t i a l  shut- in  

i n  t h e  DST. A s p e c i a l  f e a t u r e  of t h e  new type- curves i s  t h a t  t hey  may be 

used t o  e s t i m a t e  t h e  i n i t i a l  format ion  p r e s s u r e  from t h e  i n i t i a l  c leanup 

f low p res su re  bui ldup d a t a .  

Two 

I n  deep h igh  ra te  w e l l s ,  t h e  i n e r t i a  and momentum of t h e  f l u i d  moving 

. i n  t h e  we l lbo re  become impor tant .  Most a v a i l a b l e  p r e s s u r e  t r a n s i e n t  so lu-  

t i o n s  n e g l e c t  t h e s e  phenomena. Sometimes t h e  i n e r t i a  e f f e c t  can cause  

o s c i l l a t i o n  of  t h e  f l u i d  l eve l  i n  t h e  wel lbore .  An approximate method 
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FIG. 4- 9: FIELD DATA MATCHED WITH SLUG TEST AND CONSTANT RATE 
TYP E-CURVE S 
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u s i n g  an  e x p o n e n t i a l l y  damped f l u c t u a t i o n  was p re sen ted  by van d e r  Kamp 

i n  1976.  However, t h i s  method cannot  be  a p p l i e d  t o  t h e  e a r l y  time p re s-  

s u r e  behav io r ,  which i s  o f t e n  of i n t e r e s t .  A complete  s o l u t i o n  f o r  t h i s  

problem was found and t h e  r e s u l t i n g  type- curves were graphed and matched 

wi th  f i e l d  examples.  

parameter x 

sudden removal of t h e  l i q u i d  from a s t a t i c  we l lbo re .  Th i s  ac ts  l i k e  

F i g u r e  4-10 shows some of t h e  new s o l u t i o n s .  The 

r e p r e s e n t s  t h e  f r a c t i o n a l  l i q u i d  l e v e l  r ise  fo l lowing  t h e  D 

opening a bot tomhole v a l v e  i n  a DST when t h e r e  i s  a i r  i n  t h e  d r i l l  p i p e ,  

The parameter  a is: 

L a.=F (..;:.I 
where L is  t h e  well dep th  and g is t h e  a c c e l e r a t i o n  of  g r a v i t y .  

symbols have t h e i r  u s u a l  meaning. 

c o n s i d e r s  momentum o r  i n e r t i a  of f l u i d  i n  t h e  we l lbo re .  

i s  t h e  u s u a l  s l u g  test .  When CL r eaches  v a l u e s  of 10 o r  more, t h e  r e s u l t s  

d i f f e r  g r e a t l y  from t h e  s l u g  tes t .  O s c i l l a t i o n s  occur  when CY is  10 o r  

more. 

n i f i c a n t l y .  

Other  

The term ci i s  a new parameter which 

A v a l u e  CL = 0 

5 

Both t h e  s k i n  e f f e c t  and we l lbo re  s t o r a g e  a f f e c t  t h e  r e s u l t s  s i g -  

T h i s  t heo ry  can  a l s o  b e  a p p l i e d  t o  closed-chamber DSTs and water in-  

j e c t i o n  f a l l o f f  tests. 

Shinohara and Ramey (1979).  

These r e s u l t s  w i l l  b e  pub l i shed  i n  SPE 8208, by 

F u r t h e r  work i s  planned du r ing  t h e  coming yea r  on i n e r t i a l  e f f e c t s .  

Also proposed f o r  f u t u r e  work is  a bench- scale  model experiment  t o  simu- 

la te  t h e  s l u g  tes t  we l lbo re  c o n d i t i o n s .  
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(h) Naturally Fractured Reservoirs, by M .  Mavor, M.S. Degree, Petro- 

leum Engineering, Prof. H. Cinco-Ley, and Prof. H. J. Ramey, Jr. 

This study considers a horizontal radial reservoir initially at uni- 

form pressure with impermeable upper and lower boundaries. 

treated as a continuum with the fracture network superimposed on the pri- 

mary porosity. 

fracture, at each location in space. 

majority of the fluid stored in the reservoir, while all flow through the 

The system was 

This idealization resulted in two pressures, matrix and 

The primary porosity contained the 

reservoir to a fully penetrating well was confined to the secondary sys- 

tem. The fracture permeability was assumed to be constant and to exceed 

the constant matrix permeability by at least one order of magnitude. 

rock compressibility of each system was constant and independent of the 

pressure in the opposite system. 

fluid had constant viscosity and a constant compressibility of small mag- 

nitude. The fluid density at any point in space was the same value in the 

matrix as in the fractures. Figure 4-11 shows a schematic representation 

of fractured media. 

The 

Darcy flow was assumed. The single-phase 

This study was an extension of the work of Warren and Root ( 1 9 6 3 )  to 

include wellbore storage and damage, and the transient rate response f o r  a 

constant producing pressure in an infinite system. Type-curves of the 

analytical solutions were graphed in terms of the following dimensionless 

parameters: 

kh(Pi-P) - - 
'D 141.2qBy 

.000264 k,t 

( 4- 18 )  

( 4- 19 )  
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FIG. 4-11: SCHEMATIC ILLUSTRATION OF A NATURALLY FRACTURED RESERVOIR 
XSD ITS IDEALIZATION. AFTER WARREN AND ROOT. 
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where k and k are  f r a c t u r e  and matrix p e r m e a b i l i t i e s ,  r e s p e c t i v e l y ,  f m 

and Omcm are f r a c t u r e  and m a t r i x  p o r o s i t y- c o m p r e s s i b i l i t y  p roduc t s ,  

r e s p e c t i v e l y ,  and a is  t h e  i n t e r p o r o s i t y  shape f a c t o r .  

The Warren and Root model i n d i c a t e d  t h e  c h a r a c t e r i s t i c  two-slope be- 

However, 

QfCf  

h a v i o r  of t h e  graph of p 

r e s u l t s  of t h i s  work i n d i c a t e d  t h a t  t h e  e a r l y  t i m e  behavior  may be domi- 

na ted  by s t o r a g e  e f f e c t s ,  as shown i n  F i g .  4-13. The s t o r a g e  e f f e c t  can 

mask t h e  two-slope semilog behav io r ,  as shown i n  F ig .  4-14. Late t i m e  

behavior  i n  a c l o s e d ,  n a t u r a l l y  f r a c t u r e d  r e s e r v o i r  e x h i b i t s  pseudosteady-  

s t a t e  behav io r ,  as shown i n  Fig .  4-15. 

v e r s u s  l o g  tD, as shown i n  Fig .  4-12. D 

Some r e s u l t s  f o r  c o n s t a n t  p r e s s u r e  product ion  were a l s o  provided.  In  

p a r t i c u l a r ,  t h e  r e c i p r o c a l  of t h e  f l o w r a t e  when graphed as a f u n c t i o n  of 

l o g  t i m e  a l s o  shows t h e  two-slope behavior .  

Fu tu re  S t u d i e s  

Although well test a n a l y s i s  s t u d i e s  have produced many papers  and 

r e p o r t s ,  a d d i t i o n a l  work i s  contemplated on many of t h e  s t u d i e s  des-  

c r i b e d  i n  t h i s  r e p o r t  because a lmost  eve ry  problem s o l u t i o n  seems t o  

produce s e v e r a l  o t h e r  impor tant  and r e l a t e d  problems. 

e f f e c t s  f o r  h igh  r a t e  movement of l i q u i d s  i n  a we l lbore  appear  e s p e c i a l l y  

p roduc t ive ,  and w i l l  con t inue  d u r i n g  t h e  coming y e a r .  

The work on i n e r t i a l  

Th i s  work has broad 
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F I G .  4-14: NATURALLY FRACTURED RESERVOIR DRAWDOWN BEHAVIOR WITH 

STORAGE; w = x = 
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implications for all types of fluid production, and is particularly impor- 

tant for drill stem testing. 

models, and constant pressure testing will also continue. 

composite systems involving changes in fluid phase and permeability in the 

areal sense is planned for the coming year; it will be applied t o  handling 

well test data in systems involving steam bubbles in liquid-dominated sys-  

tems. Finally, continued work on determination of relative permeability 

Work on fractured systems, the parallelepiped 

New work on 

from test data is also intended. 

It is expected that Prof. R. N. Horne will rejoin our staff during 

1979-80. 



5. CONCLUSIONS AND RECOMMENDATIONS 

The S tan fo rd  Geothermal Program o f f e r s  a d i v e r s e  and i n t e n s i v e  program 

of r e s e a r c h  i n  geothermal  r e s e r v o i r  eng inee r ing .  

t h e  fou r  major areas of s tudy  are examined from t h e  viewpoint  o f  t h e  

o v e r a l l  program. 

areas of r e sea rch .  

I n  t h i s  s e c t i o n  each of 

Conclusions a r e  o f f e r e d ,  as w e l l  as p l a n s  f o r  f u t u r e  

I n  t h e  area of w e l l  t e s t  a n a l y s i s ,  each of t h e  p r o j e c t  r e p o r t s  sum- 

marized a publ i shed  paper .  Many a d d i t i o n a l  w e l l  tes t  s t u d i e s  were con- 

ducted a t  S t an fo rd  wi thout  t h e  a i d  of o u t s i d e  f i n a n c i a l  suppor t .  These 

e f f o r t s  i n c l u d e  t h e  work by H. Cinco-Ley and H. J .  Ramey on a w e l l  t e s t  

a n a l y s i s  package which w i l l  i n c o r p o r a t e  most of t h e  e x i s t i n g  w e l l  test  

a n a l y s i s  methods w i t h  u s e r- i n t e r a c t i v e  computer programs f o r  au tomat ic  

h i s t o r y  matching, automatic- type curve  matching, and r e s e r v o i r  s imu la t ion .  

N a t u r a l l y ,  geothermal  w e l l  t e s t  a n a l y s i s  w i l l  b e n e f i t  from t h i s  r e l a t e d  

s tudy .  Other  s t u d i e s  proposed f o r  next  yea r  were desc r ibed  i n  t h e  las t  

r e p o r t  i n  Sec t ion  4 of t h i s  document. 

c a t i o n  of t h e  r e s u l t s  of t h e s e  s t u d i e s  t o  geothermal  f i e l d  d a t a .  

c a l  a p p l i c a t i o n s  t o  d a t e  i nc lude  f o u r  commercial geothermal  f i e l d s  and a 

number of o t h e r  geothermal  r e sea rch  f i e l d  tests on new, p o t e n t i a l l y  com- 

mercial a c t i v i t i e s .  Graduates  of t h i s  program are h i g h l y  sought  as employees 

by energy companies and l a b o r a t o r i e s .  

There i s  i n t e n s e  i n t e r e s t  i n  a p p l i -  

P r a c t i -  

The energy e x t r a c t i o n  s t u d i e s  now inc lude  two major components: t h e  

Large Reservoi r  Model and t h e  bench- scale  model f o r  s i m u l a t i o n  of thermal  

stress f r a c t u r i n g .  These models provide  fundamental in format ion  about  t he  

c o n d i t i o n s  which promote i nc reased  energy e x t r a c t i o n  and n a t u r a l  r e s e r v o i r  

-84- 
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stimulation. This research will continue in the direction indicated in 

the progress reports. 

fall on the recent experiments on the Large Reservoir Model. 

A technical report is planned for publication next 

Much of the research on the bench-scale flow models is ready or nearly 

ready for publication in technical reports. 

relative permeability results suggest that the generalized relative permea- 

bility curves for gas/oil or water/oil systems may not be directly appli- 

cable for geothermal fluid systems. The study on vapor pressure lowering 

yields conclusive evidence that adsorption is the primary mechanism for 

that phenomenon, and may be a major source of steam for vapor-dominated 

systems. 

staff will continue work on these projects in the fall. An additional 

project is proposed to examine the growth and propagation of vapor bubbles 

in porous media. 

The experimental steam-water 

It is planned that new members of the Stanford Geothermal Program 

Considerable work was done in the past year in the area of radon tran- 

sient analysis. A number of new radon field tests were conducted; results 

of those tests are summarized herein. The radon emanation bench-scale 

model has been constructed and is operational. The feasibility study on 

the use of boron and ammonia as tracers is in progress. Evidence of the 

usefulness of radon as a natural reservoir tracer is now in hand. Addi- 

tional field tests are planned for next year to further correlate the radon 

transient responses to different reservoir conditions. The bench-scale 

radon emanation model will aid in verifying the loca l  behavior of radon trans- 

port through the porous medium. 

In addition to the primary research responsibilities, the Stanford 

Geothermal Program aids dissemination of information to the geothermal 

industry at large through its sponsored meetings and through outside 
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meeting attendance and advising by participants in the Stanford program. 

Travel and meeting attendance during this reporting period is indicated 

in Appendix D. 

Seminar and the Annual Geothermal Reservoir Engineering Workshop. The 

programs for these meetings are found in Appendix E. In addition, the 

Stanford Geothermal Program was pleased to host 37 visiting Japanese geo- 

thermal managers and technical personnel for an afternoon meeting inclu- 

ding a seminar describing our research program and a tour of the laboratory 

facilities. Many other visitors to Stanford toured the geothermal labora- 

tories during the year. Active cooperation with other research efforts at 

national laboratories, industrial laboratories, and other universities 

continued to be a major thrust of the Stanford Geothermal Program, and we 

expect this policy to continue to benefit a mature research effort. 

Program-sponsored meetings include the weekly Geothermal 
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Ans t e in  Hunsbedt, P a u l  Kruger ,  and Alexander  L. London, 
"A Labora tory  Model of S t imu la t ed  Geothermal R e s e r v o i r s , "  
February 1975. 

Henry J. Ramey, Jr., and A. Louis  London, "S t imu la t ion  and 
Rese rvo i r  Engineer ing  of Geothermal Resources , "  P rog res s  
Report  No. 4 ,  August 1975. 

Pau l  Kruger, "Geothermal Energy Development," November 1975. 

Ming-Ching Tom Kuo, Pau l  Kruger,  and W i l l i a m  E. Brigham, 
Heat and Mass T r a n s f e r  i n  Porous Rock Fragments," December 

Ans t e in  Hunsbedt, Pau l  Krilger, and A. L. London, Labora tory  
S t u d i e s  of S t imula ted  Geothermal R e s e r v o i r s , "  December 

Pau l  Kruger and Henry J. Ramey, Jr . ,  e d i t o r s ,  "Geothermal 
Rese rvo i r  Engineering,"  Proceedings ,  Workshop on Geothermal 
Rese rvo i r  Engineer ing ,  S t an fo rd  U n i v e r s i t y ,  December 1975. 

Muhamadu Aruna, "The E f f e c t s  of Temperature  and P r e s s u r e  on 
Absolu te  Pe rmeab i l i t y  of Sands tones ,"  May 1976. 

Pau l  G. Atkinson,  "Mathematical Model l ing  of Single- phase 
Nonisothermal  F l u i d  Flow through Porous Media," May 

Hsiu-Kuo Chen, "Measurement of Water Content  of  Porous Media Under 
Geothermal System Cond i t i ons ,"  August 1976. 

Ming-Ching Tom Kuo, Pau l  Kruger,  and W i l l i a m  E. Brigham, "Shape 
F a c t o r  C o r r e l a t i o n s  f o r  T r a n s i e n t  Heat Conduction from I r r e g u l a r  
Shaped Rock Fragments t o  Surrounding F l u i d , "  August 1976. 

1974. 

1975. I t  

1975. 

1976. 

*Out of P r i n t  
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SGP-TR-17 

SGP-TR-18 

SGP-TR-19 

SGP -TR- 2 0 

SGP-TR- 2 1  

SGP-TR-22 

SGP-TR-23 

SGP-TR-'24 

SGP-TR- 25 

SGP-TR-26 

SGP-TR-2 7 

SGP-TR-2 8 

SGP-TR-29 

SGP-TR-30 

SGP-TR-31 

SGP-TR-3 2 

SGP-TR-33 

SGP-TR-34 

Stephen D. C h i c o i n e ,  "A P h y s i c a l  Model of a Geothermal 
System-- Its Des ign  and C o n s t r u c t i o n  and I ts  A p p l i c a t i o n  t o  
R e s e r v o i r  Engineer ing ,  June  197 5. 

P a u l  G.  A t k i n s o n ,  "Numerical S i m u l a t i o n  of Two-phase B o i l i n g  
Flow i n  a L i n e a r  H o r i z o n t a l  Porous  Medium,'' December 1975. 

Roger P. D e n l i n g e r ,  "An E v a l u a t i o n  of t h e  Capac i tance  P r o b e  
A s  a Technique f o r  Determining Liqu id  S a t u r a t i o n s  I n  L a b o r a t o r y  
Flow Exper iments ,"  June  4 1975. 

Summaries: 
ing ,  December 1-3, 1976. 

Second Workshop o n  Geothermal R e s e r v o i r  Engineer-  

Paul  Kruger and Henry J. Ramey, Jr . ,  F i n a l  Repor t  t o  N a t i o n a l  
S c i e n c e  Foundation."  1977. 

Gary Warren, "Radon i n  Vapor-Dominated Geothermal R e s e r v o i r s  ," 
December 1978. 

Chih-Hang Hsieh, " Progress  Report  o n  Exper iments  o n  Water Vapor 
P r e s s u r e  Lowering R e l a t i n g  t o  C a p i l l a r i t y  and Adsorpt ion-  
Desorp t ion ,"  November 1977. 

Syed M. T a r i q ,  "A Study of t h e  Behavior of Layered R e s e r v o i r s  
w i t h  Wel lbore  S t o r a g e  and Sk in  E f f e c t , "  December 1977. 

Proceed ings :  T h i r d  Workshop on Geothermal R e s e r v o i r  Engineer ing ,  
December 14-16, 1977. 

L e s l i e  S. Mannon and P a u l  G.  Atkinson,  "The Real Gas Pseudo- 
P r e s s u r e  f o r  Geothermal Steam," September 1977. 

P a u l  Kruger and L e w i s  Semprini ,  "Radon Data--Phase I T e s t ,  Los 
Alamos S c i e n t i f i c  Labora to ry ,  LASL Hot Dry Rock P r o j e c t ,  January  
27-April  1 2  , 1978. I' 

Paul  Kruger and Henry J .  Ramey, Jr. ,  " St imula t ion  and R e s e r v o i r  
Engineer ing  of  Geothermal Resources,"  F i r s t  Annual Report  t o  
U . S .  Department of Energy, A p r i l  1978. 
Kiyoshi  Sh inohara ,  "Ca lcu la t ion  and Use of StearnhJater R e l a t i v e  
P e r m e a b i l i t i e s  i n  Geothermal R e s e r v o i r s ,"  June  1978. 

Proceed ings :Four th  Workshop on Geothermal R e s e r v o i r  Engineer ing ,  
December 13-15, 1978. 

Roberto I r e g u i ,  A n s t e i n  Hunsbedt, Pau l  Kruger,  and Alexander  L .  
Londorl, " Analys i s  o f  t h e  Heat T r a n s f e r  L i m i t a t i o n s  on t h e  Energy 
Recovery from Geothermal R e s e r v o i r s  , I t  June  1978. 

P a u l  Kruger and Henry J. Ramey, J r . ,  S t a n f o r d  Geothermal Program 
P r o g r e s s  Report  No. 7 t o  t h e  U . S .  Department of  Energy f o r  t h e  
P e r i o d  October  I, 1 9 7 8  t o  December 31, 1978. 

P a u l  Kruger ,  L e w i s  Semprini ,  G a i l  Cederberg,  and L u i s  Macias, 
"Recent Radon T r a n s i e n t  Experiments," December 1978. 

P a t r i c i a  Ard i t ty , "The  E a r t h  T ide  E f f e c t s  on Petroleum R e s e r v o i r s ;  
P r e l i m i n a r y  Study,"  May 1978. 
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SGP-TR-35 Pau l  Kruger and Henry J. Ramey, Jr., I 1  S t i m u l a t i o n  and Rese rvo i r  
Engineer ing  of Geothermal Resources,” Second Annual Report t o  
U. S. Department of Energy/LBL. DOE-LBL 81673500, September 1979. 



APPENDIX C 

PUBLICATIONS AND TECHNICAL PRESENTATIONS 

Arditty, P.C., Nur, A . M . ,  and Ramey, H.J., Jr.: "Response of a Closed 
Well-Reservoir System to Stress Induced by Earth Tides," Paper 
SPE 7484, presented at the 53rd Annual Meeting, SPE of AIME, 
Houston, Texas, Oct. 1-3, 1978. 

Castanier, L., and Bories, S.: "Experimental Results from a Bench-Scale 
Model for Phase Change Study by In-Situ Vaporization in Porous 
Media," Paper SPE 8002, presented at the 49th Annual California Re- 
gional Meeting, SPE of AIME, Ventura, California, Apr. 18-20, 1979. 
Work done at E.N.S.E.E.I.H.T., Toulouse, France. 

Chen, H.K., Counsil, J.R., and Ramey, H.J., Jr.: "Experimental Steam-Water 
Relative Permeability Curves," Trans., Geothermal Resources Council 
(1978), 2, 103-104. - 

Cinco-Ley, H., and F. Samaniego-V.: "Evaluacion de un Fracturamiento Hi- 
draulico por Medio de Pruebas de Presiones," presented at the First 
Panamerican Petroleum Congress, Mexico City, March 1979. 

Counsil, J.R.: "Pressure Transient Methods Applied to the Fenton Hill 
Reservoir," presented at the LASL Hot Dry Rock Workshop, Los Alamos, 
New Mexico, Apr. 20-21, 1978. 

Danesh, A., Ehlig-Economides, C., and Ramey, H.J., Jr.: "The Effect of 
Temperature Level on Absolute Permeability of Unconsolidated Silica 
and Stainless Steel," Trans., Geothermal Resources Council (1978), 
- 2, 137-139. 

Ehlig-Economides, C., and Ramey, H.J., Jr.: "Pressure Buildup for Wells 
Produced at a Constant Pressure," Paper SPE 7985, presented at the 
49th Annual California Regional Meeting, SPE of AIME, Ventura, Cali- 
fornia, Apr. 18-20, 1979. 

Horne, R.N.: "Relative Flow Conductance of Steam vs. Water in a Fractured 
Reservoir Inferred from Wellheat Data," presented at the LASL Hot 
Dry Rock Workshop, Los Alamos, New Mexico, Apr. 20-21, 1978. 

Horne, R.N. , and Ramey, H.J. , Jr. : "Steam/lJater Relative'Permeabilities 
from Production- Data,". Trans., Geothermal Resources Council (1978), 
- 2, 291-293. 

Hsieh, C.H., and Ramey, H.J., Jr.: "An Inspection of Experimental Data 
on Vapor Pressure Lowering in Porous Media," Trans., Geothermal 
Resources Council (1978), 2, 295-296. - 
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Hunsbedt, A., Iregui, R., Kruger, P., and London, A.L.: "Energy Recovery 
from Fracture-Stimulated Geothermal Reservoirs," presented at the 
18th ASME-AIChE National Heat Transfer Conference, San Diego, 
California, Aug. 5-8, 1979. 

Hunsbedt, A., and Kruger, P.: "Energy Extraction Experiments in the SGP 
Reservoir Model," Trans., Geothermal Resources Council (1978), 2, -- 
299-301. 

Iregui, R.: "Analysis of the Heat Transfer Limitations on the Energy Re- 
covery from Geothermal Reservoirs," Engineer's Degree Thesis, 
Stanford University, June 1978. 

Iregui, R., Hunsbedt, A . ,  Kruger, P., and London, A.L.: "Analysis of 
Heat Transfer and Energy Recovery in Fractured Geothermal Reser- 
voirs," SGP-TR-31, June 1978. 

Kruger, P.: "Radon in Geothermal Reservoir Engineering," presented at the 
LASL Hot Dry Rock Workshop, Los Alamos, New Mexico, Apr. 20-21, 1978. 

Kruger, P.: "Radon in Geothermal Reservoir Engineering," Trans., Geothermal 
Resources Council (1978), - 2, 383-385. 

Kruger, P., and Ramey, H.J., Jr.: First Annual Report to U.S. Department 
of Energy, SGP-TR-28, Apr. 1978. 

Kruger, P., and Roberts, V.: "Utility Estimates of Geothermal Electricity 
Generating Capacity," Trans., Geothermal Resources Council (1978), 
- 2, 379-382. 

Mavor, M.J., and Cinco-Ley, H.: "Transient Pressure Behavior of Naturally 
Fractured Reservoirs," Paper SPE 7977, presented at the 49th Annual 
California Regional Meeting, SPE of AIME, Ventura, California, 
Apr. 18-20, 1979. 

Miller, F.G., Cinco, H., Ramey, H.J., Jr., and Kucuk, F.: "Reservoir 
Engineering Aspects of Fluid Recharge and Heat Transfer in Geo- 
thermal Reservoirs ," Trans., Geothermal Resources Council (1978), 
- 2, 449-452. 

Ramey, H.J., Jr.: "Hand Computer Program for James' Lip Pressure Steam 
Flow Rate," Trans., Geothermal Resources Council (1978), - 2, 555-557. 

Ramey, H.J., Jr.: "The Well Loss Function and the Skin Effect: A Review," 
presented at the Symposium on Recent Trends in Hydrogeology, Feb. 8, 
1979, honoring Paul Witherspoon; to be published in Geological Society 
of America. 
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Sandal, H . J .  , Horne, R.N. , Ramey, H . J . ,  Jr., and Williamson, J.W. : "Inter- 
ference Testing with Wellbore Storage and Skin Effect at the Pro- 
duced Well," Paper SPE 7454, presented at the 53rd Annual Meeting, 
SPE of AIME, Houston, Texas, Oct. 1-3, 1978. 

Shinohara, K., and Ramey, H.J., Jr.: "Analysis of 'Slug Test' DST Flow 
Period Data with Critical Flow," Paper SPE 7981, presented at the 
49th Annual California Regional Meeting, SPE of AIME, Ventura, 
California, Apr. 18-20, 1979. 

Tariq, S.M., and Ramey, H.J., Jr.: "Drawdown Behavior of a Well with Stor- 
age and Skin Effect Communicating with Layers of Different Radii and 
Other Characteristics,'' Paper SPE 7453, presented at the 53rd Annual 
Meeting, SPE of AIME, Houston, Texas, Oct. 1-3, 1978. 

Warren, G.J., and Kruger, P.: "Radon in Vapor-Dominated Geothermal Reser- 
voirs," Paper SPE 8000, presented at the 49th Annual California Re- 
gional Meeting, SPE of AIME, Ventura, California, Apr. 18-20, 1979. 



APPENDIX D 

TRAVEL AND TECHNICAL MEETING ATTENDANCE 

Geothermal Resource Council 2nd Annual Meeting, Hilo, Hawaii, July 25-27, 
1978. 

Brigham, W.E. Hsieh, C.H. 
Cinco, H. Kruger, P. 
Counsil, J. R. . Miller, F.G. 
Ehlig-Economides, C. Sanyal, S. 

Grottitana Well Site, Italy, August 1978. 

Kruger, P. 

49th Annual California Regional Meeting, SPE of AINE, Ventura, California, 
Apr. 18-20, 1979. 

Castanier, L. Kruger, P. 
Cinco-L., H. Miller, F.G. 
Counsil, J. Ramey, H.J., Jr. 
Ehlig-Economides, C. Shinohara, K. 

First Panamerican Petroleum Congress, Mexico City, March 19-22, 1979. 

Cinco-L., H. Ramey, H.J., Jr. 

Symposium on Recent Trends in Hydrogeology, Lawrence Berkeley Laboratory, 
February 1979. 

Castanier, L. 
Cinco-L., H. 

Kruger, P. 
Ramey, H.J., Jr. 

Annual Fall Meeting, Society of Petroleum Engineers, Denver, Colorado, 
October 1978. 

Br igham , W . E. 
Castanier, L. 
Counsil, J. 

Miller, F.G. 
Cinco-L., H. 
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APPENDIX E 

SGP SPONSORED MEETINGS 

The S tanford  Geothermal Program sponsored r e g u l a r  weekly seminars  

and t h e  4 t h  Annual Geothermal Reservoi r  Engineering Workshop i n  December 

1978. A l i s t  of t h e  weekly seminars  and t h e  program of t h e  Annual Work- 

shop i s  g iven  i n  t h e  fo l lowing .  

were provided t o u r s  of t h e  l a b o r a t o r y  du r ing  t h e  yea r .  

t a n t  such event  w a s  a v i s i t  by a l a r g e  d e l e g a t i o n  from t h e  Japanese  Geo- 

thermal  Energy Development Center  i n  t h e  s p r i n g .  A copy of t h e  news 

release concerning t h i s  event  i s  a l s o  p re sen ted  i n  t h e  fo l lowing .  

I n  a d d i t i o n ,  many v i s i t o r s  t o  S tanford  

The most impor- 
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STANFORD GEOTHERhtIAL PROGRAM 
STANFORD UNIVERSITY 

STANFORD. CALIFORNIA 9.1305 

SEMINAR SCHEDULE 

AUTUNN’ QUARTER, 1 9 7 8  TH 1:15 RM. 113 MITCHELL 

DATE TOPIC SPEAKER 

OCT 12 UTILIZATION OF A NATURAL PHENOMENON, PATRICIA ARDITTY THE EARTH TIDES,  FOR THE STUDY OF PET. ENGR. 
HYDROCARBON RESERVOIRS 

SUEIR SANYAL 
PET. ENGR. 

OCT 1 9  CASE STUDIES OF GEOTHERMAL WELL LOGS 
FROM FOUR GEOTHERMAL FIELDS 

OCT 26 . BEECH SCALE b!CEEL OF STEAM-WATER FLOW I N  LOUIS CASTANIER 

POROUS MEDIA . PET. ENGR. 
NOV 2 RADO?? TWWSIENT .ANALYSIS 

NOV 9 INTRODUCTION TO GEOTHERMAL RESERVOIR 
STI’ULATTON (EVALUATION OF EXISTING 
METHOD 0 I, 0 G Y ) 

NOV 16 STEAM-WATER RELATIVE PERMEABILITY 

GARY WARREN 
C I V I L  ENGR. 

GEORGE PINDER 
C I V I L  ENGR. 

(PRINCETON U .  

J O H N  COUNSIL 
PET. ENGR. 

NOV 30 TECHNIQUES FOR A~ALYSIS OF PRESSURE MICHAEL ECONOMIDES 

DEC 7 T R W S I E N T  RATE AND PRESSURE CHRISTINE EHLIG -ECONOMIDES 

TPANSIENT DATA WITH VAF.IABLE FLOW RATE 

SOLUTIONS FOR PRODUCTION AT 
CONSTANT WELLBORE PRESSURE 

PET. ENGR. 

PET, ENGR. 



- 
-101- 

STANFORD GEOTHERMAL PROGRAM 
STANFORD UNIVERSITY 

STAXFORD, CALIFORNIA 94305 

S E M I N A R  SCHEDULE 

WINTER QUARTER 1979 ROOM B67 M I T C H E L L  B U I L D I N G  

DATE 

JAN. 18 

25 

FEB. 1 

8 

15 

22 

MAR. 1 

T O P I C  

S T A B I L I T Y  AND S P A C I N G  OF COOLING 
CRACKS I N  ROCK 

GAMMA RAY ADSORPTION FOR MEASURE- 
MENT O F  L I Q U I D  SATURATION 

BROADLAMIS--A FRACTURE-DOMINATED 
GEOTHERMAL F I E L D ?  

[NO SEMINAR - HYDROGEOLOGY SYM- 
P O S I U M  A T  L B L ,  BERKELEY] 

LABORATORY I N V E S T I G A T I O N S  OF STEAM 
FLOW I N  POROUS MATERIALS A T  U S G S  

GAS CONI?OSITION O F  LARDERELLO 
GEOTHERMAL F I E L D ,  I T A L Y  

D E S I G N  CONSIDERATIONS I N  STEAM 
P I P E L I N E  CONTROL 

THURSDAYS 1~15-2:30 PM 

S P E 4 K E R  

Z. BAZANT 
NORTHVESTERN U N I V E R S I T Y  

L. C A S T A N I E R  
E N S E E I H T ,  FRANCE 

R. HORNE, U N I V E R S I T Y  O F  
AUCKLAND, NEW ZEALAND 

W. HERKELRATH 
U S G S ,  MENLO PARK 

F. D'AMORE, I T A L I A N  
RESEARCH NATIONAL C O U N C I L  

G.  F R Y E ,  A M I N O I L ;  and 
R. 'LENGQUIST, formerly 
THERMAL POWER C O . ,  U N I O N  
O I L  CO. ,  RET. 
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STANF 0 RD GEOTHE RhGiL PROGRAM 
STANFORD UNIVERSITY 

STANFORD. C.4LIFCRllIA 94305 

SEMINAR SCHEDULE 

Spring Quarter, 1 9 7 9  Rm B67 Mitchell Buildixg Thurs 1:15 - 2:30 pm 

Date Topic 

The Geysers Steam Field 
Apr 26 Gravity and Seismic Studies f o r  

Xay 3 Petrologic Aspects of Geothermal 
Reservoirs 

May 10" A Numerical Approach to Modeling Wells 
That Intercept Fractures 

May 17 Stimulation Techniques ~ G K  an Analysis 
of H o t  Dry Rock Geothermal Systems: 
Recent Developments 

or' Hydrothermal Alteration and Geothermal 
Resources 

Nay 2 4  Use of LANDSAT Digital Data for Location 

May 31 Evidence of Steam Depletion at The Geysers 
Geothermal Field 

Speaker 

R. Dinlinger 
U.S.G.S. 

W. Elders 
U.C. iiiverside 

T. N. Narasimhan 
LBL 

J . W .  Tester 
LASL 

A. Prelat, 
R.J .P.  Lyon, 
W. Kowalick, 
Stanford U. 

C. Strobe1 
Union Oil 

* 
Time changed to 3:30 p.m. 
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STANFORD GEOTHERMAL PROGRAM 
STANFORD UNIVERSITY 

STANFORD, CALIFORXIA 94305 

FOURTH Ai!JXU& WORKSHOP ON G E O T H E W L  RESERVOIR ENGINEERING 

STANFORD UNIVERSITY 

DECEIBER 1 3  - 15, 1978 

WEDNESDAY, DECFXBEX 13, 1978 

0800 REGISTRATION, TRESIDDER UXION,  UPSTAIRS LOBBY 

0900 SESSION I - Overviews Chairman: H. J. Ramey, J r . ,  Stanford Univers i ty  
H a r s h a l l  Reed (DGE), "Recent Developments i n  t h e  DGE Program" 

H. d o n s o  E. (LBL), B. Dominguez A. (CFE), M. J. Lippmann (LBL), A .  Mafion M. 
(C'FE), R. E. Schroeder (LSL) ,. and P. A .  Witherspoon (CFE), "Recent 
Act ivi t ies  a t  t h e  Cerro Pr'ieto F ie ld"  

J .  Howard, J. E. Noble, W .  J. Schwarz, & A .  N. Graf ( U L ) ,  "Progress Report 
on t h e  DOE/DGE/LBL Reservoir  Engineering and Subsidence Programs" 

I. Donaldson (DSIR), "Geothermal Reservoir  Engineering Research i n  New Zealand: 
A S i m p l i s t i c  Model and t h e  Wairakei Geothermal Reservoir"  

1200 LUNCH, Tres idder  Union, Main Lounge (Room 281) 

1315 SESSION I1 - Reservoir  Physics  Chairman: Robert C h r i s t i a n s e n  (USGS) 
l5Oo 

Pleans of Reducing S o l i d s  P r e c i p i t a t i o n  and Scale Formation" 
J.  N a r t i n  (Chevron), "The Replacement of  Geothermal Reservoir  Br ine  as a 

D. Lockner, D.  Bar tz ,  and J. D.  Byerlee (USGS-Menlo- Park) ,  "Permeabi l i ty  
Changes dur ing  Flow of Xater through Gran i te  Subjected t o  a Temperature 
Gradient"  

W. N. Herke l ra th  and A .  F. ?bench (USGS-IYenlo Park) ,  "Laboratory I n v e s t i g a t i o n s  
o f  Steam Pressure  Trans ien t  Behavior i n  Porous Mate r ia l s"  

J.  Counsi l ,  C.  Ehlig-Economides, A. Danesh, C .  Hsieh, H. J .  Ramey, J r . ,  
and P .  Kruger (SG), "Bench Scale Experiments i n  t h e  Stanford 
Geothermal P r o j e c t "  

L. M. C a s t a n i e r  and S. Bor ies  (E.N.S.E.E.I.H.T., France) , "An Experimental 
Study of t h e  Phase Change by in-Situ Vaporizat ion i n  Porous Nedium" 

1520- SESSION I11 - Well Tes t ing  ana Formation Evaluat ion Chairnan: Stephen Lipman 
1700 (Union O i l )  

A. T r u e s d e l l ,  G.  Frye (Aminoil) ,  and Ff. Nathenson (USGS-Menlo ParK), 
"Downhole Yeasurements and Fluid  Chemistry of a Castle Rock Steam lu'ell, 
The Geysers,  Lake County, C a l i f o r n i a "  

C. J .  S t robe1  (Union O i l ) ,  "Formation Plugging lJhi le  Tes t ing  a Steam Well 
a t  The Geysers" 
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P. 2 Final Program - 
A e  Xoench (USGS-Xenlo Park), "TSe Effect of Thermal Conduction upon Pressure 

Drawdown and Buildup in Fissured, Vapor-Dominated Geothernal Reservoirs'' 

C. Goranson, R. Schroeder and J. Haney (LBL), "Evaluation of Geothermal 
Exploratory Well CGEH-1, Cos0 Hot Springs, China Lake, California" 

D. Kihara (Univ. of Hawaii), "Locating the Producing Layers in HGF-A" 
R. Horne, R. 0. Gale, and >I. A. Grant (Univ. of Auckland and DSIR), "Results 

from Well Testixg in the Broadlands Geothernal Field, New Zealand" 

TBURSDAY, DECEXBER 1 4 ,  1978 

0800- SESSION I11 (continued) : Chairman: George Frye (Aminoil 
G. Bodvarsson (Oregon State Univ.), "Nechanism of Reservoir Testing" 1010 

Go Bodvarsson and E. Zais, "A Field Example of Free Surface Testing" 
A. Barelli, W. E. Brigham, H. Cinco, M. Economides, F. G. Niller, H. J. Ramey, Jr. 

M, Saltuklaroglu (Electroconsult) and J. Rivera-Rodriguez (CFE), "Injection 

C. Ehlig-Economides (SGP),  "Recent Developments in Well Test Analysis i n  

and A .  Schuitz. (SG?), "Pressure Drawdown Analyses for the Travale 2 2  5Jell" 

Testing in Geothermal Wells" 

the Stanford Geothermal Progran" 
- 1050- 

1200 

1215 

13 3 0- 
1500 

15 2 0- 
1700 

1800 

P. Kruger, L. Semprini, G. Cederberg, and L. Nacias (SGP), "Recent Radon 

P. Cheng and M. Karmarkar (Univ. of Hawaii), "An Evaluation of James' 
Transient Experiments" 

Empirical Formulae for the Determination of Two-Phase Flow Characteristics 
in Geothermal Well Testing" 

DST and Pit Test" 
E. Tansev (Chevron Resources), "Evaluation of a Geothermal Well, Logging, 

LUNCH, Tresidder Main Lounge (Room 281) 

SESSION IV - Field Development Chairman: John Howard (LBL) 
J. Pritchett (Systems, Science 5( Software), "Reservoir Engineering Data: 

J. Rudisil (Thermal Power), "Recent Reservoir Engineering Developments at 

P. Xesser and V. F. de las Alas (Union Oil/Philippine Geothermal), "The Bulalo 

S. Hirakawa (Univ. of Tokyo), "System Approach to Geothermal Field Development" 

Wairakei Geothermal Field, New Zealand" 

Brady Hot Springs, Nevada" 

Geothermal Reservoir LNakiling-Banahao Area, Philippines" 

PAVEL SESSION - Geochemistry Moderator: Mohinder Gulati (Union Oil) 

Panelists: W. Elders (UC-Riverside) J. Pritchett (S?) 
M. Reed (Chevron) A .  Truesdell (USGS) 

RICEPTIO:? (No-Host Cocktails) and BXUQL'ET - Faculty Club 
Speaker: Dr. Robert IJ. Rex, President, Republic Geotheraal, Inc. 

or. "Credibility of Geothermal Reservoir Engineering Calculations" 
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SESSION V - Stimulation Chairman: James aarkman (Republic Geothermal) 
H, Xurphy (LASL) , "Heat Extraction Performance and Xodeling" 
C. 0. Grigsby and J. W. Tester (WSL), "Flow Characteristics and Geochemistry" 
J. N. Albright (USL), "Reservoir Characterization t'sing Acoustics Techniques" 
!4. S. Ayatollahi (LBL), Stress and Flow in Fractured Porous Nedia" 
Z, D. Baza'nt (Northwestern Univ.), "Spacing and Width of Cooling Cracks 

in Rock'' 

SESSION VI - Hodelling Chairman: Erdal Tansev (Chevron) 
G, Randall and R. F. Harrison (TerraTek), "An Annotated Research Bibliography 

T. Li, J. W. Mercer, and C. R. Faust (USGS-Reston), "Simulation of Geothermal 
for Geothermal Reservoir Engineering" 

Reservoirs including Changes in Porosity and Permeability due to 
Silica-Water Reactions" 

Production and Subsidence Behavior of the Brazoria County Geopressure 
Geothermal Prospect" 

C. D. Voss and G. F. Pinder (Princeton), "The Achilles' Heel of Geothermal 
Reservoir Simulators" 

0. Weres, A.  Yu, and L. Tsao (LBL), "Predicting the Precipitation of 
Amorphous Silica from Geothermal Brines" 

S. Garg (Systems, Science & Software), "Preliminary Assessment of the 

LUNCH, Tresidder Xain Lounge 

SESSION VI - Modellinq (continued) Chairman: Erdal Tansev (Chevron) 
K. P. Goyal and D. R. Kassoy (LBL) , "Heat and Mass Transfer Studies of 

K. Preuss (LBL), "Studies of Two-Phase Flow in Geothermal Reservoirs with 

Y. W. Tsang and C. F, Tsang (LBL), "An Analytic Study of Geothermal 

the East Mesa Anomaly" 

the Simulator Shaf t78" 

Reservoir Pressure Response to Cold Water Reinjection" 
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RepI)' IO: 

PRESS RELEASE May 15,  1979 

A l a r g e  d e l e g a t i o n  of Japanese  t e c h n i c a l  and mana- 

g e r i a l  p e r s o n n e l  v i s i t e d  t h e  f a c i l i t i e s  of  t h e  - 

S t a n f o r d  Geothermal Program. 

of a " s tudy  miss ion"  through t h e  U.S.  and Mexico w i t h  

t h e  u l t i m a t e  purpose  of  technology t r a n s f e r  i n  t h e  

u t i l i z a t i o n  of geothermal  energy.  The m i s s i o n  w a s  

o rgan ized  by t h e  Japan  Geothermal Energy Development 

Center  (JGEC), a group a f f i l i a t e d  w i t h  t h e  M i n i s t r y  

of I n t e r n a t i o n a l  Trade and I n d u s t r y .  The v i s i t o r s  

inc luded  several top  e x e c u t i v e s  of Japanese  corpora-  

t i o n s  and h i g h  leve l  t e c h n i c a l  people .  

The s t o p  h e r e  w a s  p a r t  

P rof .  P a u l  Kruger of t h e  C i v i l  Engineer ing  Department 

and Co- Pr inc ipa l  I n v e s t i g a t o r  of t h e  S t a n f o r d  Geother-  

m a l  Program ana lyzed  t o  t h e  v i s i t o r s  several  of t h e  

major a s p e c t s  of t h e  r e s e a r c h  work done h e r e .  Michael  

Economides of  t h e  Petroleum Engineer ing  Department made 

a n  overview p r e s e n t a t i o n  of t h e  b i l a t e r a l  r e s e a r c h  e f f o r t  

between t h e  I t a l i a n  Electr ical  Energy A u t h o r i t y  (ENEL) 

and S t a n f o r d ' s  Petroleum Engineer ing Department.  

P r o f .  Roland Horne, of  t h e  U n i v e r s i t y  of Auckland, New 

F i n a l l y ,  
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Zealand t a l k e d  about  t h e  geothermal  efforts i n  h i s  i n s t i t -  

ution. 

Following t h e  p r e s e n t a t i o n s ,  t h e  v i s i t o r s  toured  t h e  

r e s e a r c h  f a c i l i t i e s  e s c o r t e d  by t h e  Geothermal Program 

Manager, C h r i s t i n e  Ehlig-Economides and o t h e r  S t a n f o r d  

personne l .  
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