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FOREWORD 

Compressed a i r  energy storage ( C A E S )  i s  a technique that  transfers 
energy from off-peak to  peak demand time for e lec t r ic  u t i l i t y  systems. I t  

* 
incorporates modified state-of-the-art gas turbines and underground 
reservoi rs--aquifers , sa1 t cavi t ies ,  or mined hard rock caverns. The 
compressor and turbine sections of the gas turbine are alternately coupled 
to  a motor/generator for operati on during different time periods. During 
off-peak e lec t r ic  demand periods, base load plants not using petroleum 
fuels provide energy t o  compress a i r ,  which i s  stored in the underground 
reservoirs. During peak-load e lec t r ic  demand periods , the compressed a i r  
i s  withdrawn from storage, mi xed with fuel , combusted and then expanded 
through the turbines to  generate e lec t r ic i ty .  Because the turbine i s  not 
required to  drive a compressor, this  concept reduces peaking plant 
consumption of petroleum fuel by more than 60%. 

Since 1975, the Pacific Northwest Laboratory ( P N L )  has served as the 
U.S. Department of Energy's lead laboratory in managing research and 
development effor ts  to  support CAES techno1 ogy commerci a1 iza t i  on. 

A substantial part of the CAES Technology Projects i s  represented by 
the Reservoir Stabi l i ty  Studies. The goal of these studies i s  t o  ensure 
long-term stable containment of a i r  in the underground reservoirs used in 
conjunction w i t h  CAES plants. The specific objective i s  to  develop 
s tab i l i ty  c r i t e r i a  and engineering guide1 ines for  designing CAES reservoirs 
in each of the three major reservoir types, including aquifers, s a l t  
cavities,  and mined hard rock caverns. 

C 

Three parallel studies have been performed. Each contained a survey 
. of the state-of-the-art and numerical and experimental studies. The mined 

I 

hard rock and s a l t  studies were completed and final c r i t e r i a  documents have 
been issued. The aquifer study has also been completed as a generic study, 
b u t  has been extended to  include a specific f ie ld  experiment, the 
P i t t s f ie ld  Aquifer Test. 



The o b j e c t i v e  of  t h i s  document i s  t o  demonstrate numerical  computer 

model ing c a p a b i l i t i e s  developed du r i ng  prev ious comprehensive research 

p r o j e c t s .  Analys is  was performed i n  suppor t  o f  the  design, cons t ruc t i on  

and opera t ion  o f  t he  P i t t s f i e l d  Aqu i f e r  F i e l d  Test. The computer models 

developed a t  PNL were used t o  examine pressure response, bubble develop- 

ment, water  coning, thermal development, and dehydrat ion processes. 

Modeling was a p p l i e d  t o  t he  f i e l d  t e s t  t o  a s s i s t  i n  system design and 

equipment s e l e c t i o n ,  t o  a i d  i n  base l ine  t e s t  p lann ing  and t o  p r e d i c t  t e s t  

performance. Once t e s t i n g  was underway, modeling was used f o r  performance 

matchi ng, which a s s i s t e d  i n  the  i n t e r p r e t a t i o n  o f  r e s e r v o i r  response and 

a l lowed problem d iagnosis  i n  con junc t ion  w i t h  t he  l i m i t e d  a v a i l a b l e  

ins t rumenta t ion .  The r e s u l t s  o f  these analyses demonstrate t h a t  modeling 

can be a tremendous asset  i n  understanding t he  response o f  the  P i t t s f i e l d  

Aqui f e r  Test r ese rvo i  r. 

There have been d i f f e rences  between a n t i c i p a t e d  performance and ac tua l  

performance o f  t h e  P i t t s f i e l d  Aqu i f e r  Test. Careful  s tudy i n  t he  f u t u r e  i s  

necessary t o  i n t e r p r e t  whether these v a r i a t i o n s  a re  a t t r i b u t a b l e  t o  

c o n s t r u c t i o n  v a r i a t i o n s ,  incomplete r e s e r v o i r  c h a r a c t e r i s t i c s  o r  model ing 

assumptions and fo rmu la t ions .  Th is  work i s  presented t o  p rov ide  a base l i ne  

f rom which such l a t e r  s t ud ies  can proceed. 

The i n fo rma t i on  presented he re in  i s  be ing  used, i n  con junc t ion  w i t h  

r e s u l t s  o f  ac tua l  f i e l d  t e s t s  and o t h e r  data, as t he  bas is  f o r  the  porous 

media rese rvo i  r s t a b i  1 i ty  c r i  t e r i  a. An i n t e r i m  v e r s i  on o f  t h i s  c r i  t e r i  a 

and gu ide l i nes  document (PNL-4707) was issued by PNL i n  May 1983. 

T. J. Doherty 
Compressed A i r  Energy Storage P ro jec t  
P a c i f i c  Northwest Laboratory 



SUMMARY 

P a c i f i c  Northwest Laboratory (PNL) i n i t i a t e d  a  f i e l d  t e s t  program 

under sponsorship o f  t he  U.S. Department o f  Energy t o  eva luate compressed . 
a i r  energy s torage (CAES) i n  a  porous media a q u i f e r  r e s e r v o i r .  The f i e l d  

t e s t  s i t e  i s  near  P i t t s f i e l d ,  I l l i n o i s .  A numerical  modeling ana l ys i s  

performed i n  support  o f  t he  f i e l d  t e s t  de f ined  the  r e s e r v o i r ' s  a n t i c i p a t e d  

thermohydraul ic performance based upon a  r e s e r v o i r  d e s c r i p t i o n  represen t ing  

the  most c u r r e n t  data ava i l ab le .  A f i n a l  p r e - t e s t  ana l ys i s  was a l s o  

conducted. 

The t h ree  p r imary  ob jec t i ves  o f  the  numerical  ana l ys i s  were t o  assess 

the  s p e c i f i c a t i o n  o f  ins t rumenta t ion  and above-ground equipment, t o  de f i ne  

the  t ime requ i red  t o  develop an adequately s i zed  a i r  s torage bubble, and t o  

develop and eva lua te  'opera t iona l  s t r a t e g i e s  f o r  a i r  c y c l  ing .  The p r i n c i p a l  

concerns i nvo l ved  w i t h  t he  a i r  c y c l i n g  phase o f  the  f i e l d  t e s t  are the  

p o t e n t i a l  f o r  water  p roduc t ion  and t he  thermal development. Th is  document 

descr ibes t he  parametr ic  ana l ys i s  performed t o  meet these ob jec t i ves  f o r  

t he  f i e l d  t e s t  r e s e r v o i r .  

Analys is  was performed w i t h  a  s e r i e s  o f  f i n i t e  d i f f e r e n c e  computer 

codes w r i t t e n  dur ing  prev ious stages o f  the  porous media r e s e r v o i r  s tud ies .  

These codes have t h e  c a p a b i l i t y  t o  cha rac te r i ze  pressure and temperature 

response, t o  cha rac te r i ze  near-we1 1  bore desa tu ra t ion  by phase change, and 

t o  s imu la te  t he  displacement o f  water  by a i r  w i t h i n  the  porous medium. 

The f i n d i n g s  o f  t he  numerical  ana l ys i s  l e d  t o  severa l  pr imary 

conclusions : 

The a i r  compressor i s  s u f f i c i e n t  t o  develop an a i r  storage bubble o f  

adequate s i z e  f o r  t e s t i n g  i n  2 t o  3 months. 

Operat ional  c o n t r o l s  i n  con junc t ion  w i t h  a  1  ow v e r t i c a l  permeabi 1  i ty  

i n  t he  r e s e r v o i r  appear s u f f i c i e n t  t o  s i g n i f i c a n t l y  reduce t he  

p o t e n t i a l  f o r  water  p roduc t ion .  



A mass- and pressure-balanced c y c l e  i s  recommended. For a  r e s e r v o i r  

o f  700 md h o r i z o n t a l  pe rmeab i l i t y  and 135 md v e r t i c a l  pe rmeab i l i t y ,  

t h i s  would c o n s i s t  o f  about 7 h r  o f  a i r  i n j e c t i o n  a t  1250 scfm, 11 h r  

o f  a i r  w i thdrawal  a t  795 scfm, and 6 h r  o f  r e s e r v o i r  c losure ,  w i t h  

r ese rvo i  r c losu re  on weekends. 

F i e l d  t e s t  du ra t i on  i s  s u f f i c i e n t  t o  eva luate the  thermal performance 

a t  t he  inst rumented observat ion w e l l s .  

Some da ta  i s  a v a i l a b l e  a t  t h e  t ime o f  t h i s  p u b l i c a t i o n  on bubble 

development opera t ions  a t  t he  P i t t s f i e l d  Aqu i f e r  Test. Th is  data i n d i c a t e s  

t h a t  r e s e r v o i r  i n j e c t i  on/wi thdrawal r a t e s  and pressures vary  s i g n i f i c a n t l y  

f rom the  a n t i c i p a t e d  performance as out1 i ned  w i t h i n  t h i s  document. 

Pre l  im inary  rev iew p o i n t s  t o  near-we1 1  r e s t r i c t i o n s  n o t  accounted f o r  i n  

these analyses. Care should be taken i n  i n t e r p r e t i n g  f i e l d  study r e s u l t s  

d i r e c t l y  aga ins t  t h e  conc lus ions o f  t h i s  work, as a  number o f  f a c t o r s  such 

as ope ra t i ona l  s t r a tegy ,  t he  l e v e l  o f  r e s e r v o i r  cha rac te r i za t i on ,  

cons t ruc t i on  f laws  and w e l l  complet ion d e t a i l s  can account f o r  s i g n i f i c a n t  

d i f f e rences  between s p e c i f i c  f a c t o r s .  It must be remembered t h a t  t he  

purposes o f  t h e  modeling are t o  1 )  de l i nea te  and evaluate,  through 

paramet r i c  ana l ys i s  , the  f a c t o r s  t h a t  w i l l  s i g n i f i c a n t l y  a f f e c t  system 

behavior  and 2 )  p rov ide  a  s p e c i f i c  base l ine  f rom which one can i n t e r p r e t  

ac tua l  system performance, a long w i t h  a  s e t  o f  r a t i o n a l  methods t h a t  a re  

use fu l  i n  t h a t  i n t e r p r e t a t i o n .  

Previous documents on model development and parametr ic  ana l ys i s  have 

p rov ided  an understanding o f  t he  p r imary  mechanisms ope ra t i ng  i n  a q u i f e r  

a i r  s torage systems. This  document i s  in tended t o  p rov ide  a  bas is  f o r  

understanding and i n t e r p r e t i n g  t he  r e s u l t s  o f  the  Pi  t t s f i e l d  Aqu i f e r  Test. 
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RESERVOIR CHARACTERIZATION AND FINAL PRE-TEST ANALYSIS IN SUPPORT OF THE 

COMPRESSED A I R  E N E R G Y  STORAGE PITTSFIELD AQUIFER FIELD TEST 

IN PIKE COUNTY, ILLINOIS 

1 .0  INTRODUCTION 

Pacific Northwest Laboratory ( P N L )  in i t ia ted a f ie ld  experimental 
program in 1981 under sponsorship of the U.S. Department of Energy to 
demonstrate and evaluate compressed a i r  energy storage ( C A E S )  in a porous 
media aquifer reservoir. The s i t e  of the f ie ld  t e s t  i s  near P i t t s f ie ld ,  
I l l inois .  The a i r  injection zone i s  composed of the S t .  Peter sandstone. 
The storage formation i s  a t  a depth of 200 m and i s  overlain by dolomi t i c  
and limestone caprock of sufficient thickness and low permeability to  
contain a i r .  The closure i s  obtained within a second-order dome, one of 
several known minor structures associated with the Pi t t s f i e l d  antic1 ine. 
The f ie ld  t e s t  s i t e  was developed with a single injection/withdrawal well. 
Two instrumented observation wells were located a t  2 and 8 m from the 
in jecti  on/wi thdrawal we1 1. Several observati on we1 1 s were pl aced a t  
various radial azimuths between 100 and 300 m from the injection/withdrawal 
well. 

Numerical mode1 ing of the Pi t t s f i e ld  reservoi r was performed 
concurrently with s i t e  development. The numerical models, developed a t  PNL 
for  the CAES program, were applied to  predict the thermohydraulic 
performance of the porous media reservoir. This reservoir characterization 
and pre-test analysis made use of our ab i l i ty  to  evaluate four dis t inct  
problems: bubble development, water coning, thermal development, and 
near-we1 1 bore desaturation. 

In i t ia l ly  , the reservoir i s  fully saturated with 1 iquid water. During 
bubble development, a i r  i s  injected continuously into the reservoir, 
gradually displacing the aquifer water. The displacement front i s  not 
sharp, however. As the saturation approaches the residual , or irreducible, 



value, t he  l i q u i d  m o b i l i t y  approaches zero and t h i s  water  i s  r e t a i n e d  

w i t h i n  the  rock  s t r u c t u r e .  I n  a d d i t i o n ,  c a p i l l a r y  fo rces  tend t o  r e t a i n  

water w i t h i n  t he  bubble i n  a  reg ion  c a l l e d  the t r a n s i t i o n  zone, l o c a t e d  

between t he  f u l l y  sa tu ra ted  zone and t he  reg ion  o f  r es i dua l  water  content .  

Because o f  i t s  smal l  v e r t i c a l  th ickness ,  the  P i  t t s f i e l d  r e s e r v o i r  a i r  

s torage zone may be dominated by t he  t r a n s i t i o n  zone. Th is  means t h a t  

mobi le water  may surround t he  we1 1 bore du r i ng  bubble development and, as 

a i r  c y c l i n g  begins, t h i s  cou ld  r e s u l t  i n  reduced a i r  f l o w  o r  some wate r  

product ion.  Th is  t ype  o f  water  p roduc t ion  may be i n s i g n i f i c a n t ,  

p a r t i c u l a r l y  i f  any near-wel l  bore desa tu ra t i on  has occurred d u r i n g  bubble 

development due t o  t he  i n j e c t i o n  o f  undersaturated a i r .  

Water p roduc t ion  due t o  water  coning cou ld  have more ser ious  impacts 

on t he  f i e l d  t e s t .  Water coning occurs as a i r  i s  withdrawn f rom the  

r e s e r v o i r .  Water below the  we1 1 bore responds t o  the  same pressure 

g rad ien ts  t h a t  d r i v e  t h e  a i r  f rom the  r e s e r v o i r .  The water r i s e s  as a i r  i s  

withdrawn and t he  water recedes d u r i n g  t he  subsequent i n j e c t i o n  o f  a i r .  

However, i f  an imbalance e x i s t s  between the  combined e f f e c t s  o f  c y c l e  

leng th ,  t he  pressure g rad ien ts  o r  t he  l i q u i d  m o b i l i t i e s  on e i t h e r  s i d e  o f  

t he  i n j e c t i o n l w i  thdrawal cyc le ,  then n e t  water  m ig ra t i on  toward the  

we l lbore  can occur.  I f  the  pressure g rad ien ts  are s t r ong  enough and/or 

e x i s t  l ong  enough, eventual  water  p roduc t ion  cou ld  occur. Th is  would be 

i n d i c a t e d  by an i nc reas ing  degradat ion o f  a i r  f l o w  a t  a  cons tan t  back 

pressure. 

Continuous water  p roduc t ion  cou ld  a1 so cause chemical degradat ion o f  

t he  sandstone around the  we l lbore  and r e s u l t  i n  eventual  pore p lugging,  

p a r t i c u l a r l y  i n  con junc t i on  w i t h  thermal development. These geochemical 

processes w i l l  occur a t  much h ighe r  r a t e s  as temperature i s  increased. 

Thermal c y c l i n g  may a l s o  cause degradat ion o f  m a t e r i a l  p rope r t i es .  

A1 though thermal development may i n t r oduce  these problems, i t  a1 so o f f e r s  

c e r t a i n  p o t e n t i  a1 b e n e f i t s  . Thermal development can be used t o  e f f e c t  

thermal energy s torage i n  t he  r e s e r v o i r .  Eventual l y  , the  temperature o f  

a i r  withdrawn f rom t h e  r e s e r v o i r  approaches the temperature o f  the  i n j e c t e d  



a i r .  Near-well bore desaturation due to  phase change actually has a minimal 

effect  on these temperatures. This desaturation will have the benefit of 
eliminating water from the high temperature zone of the reservoir, thereby 
reducing the potenti a1 for adverse geochemical reactions to  affect 
reservoi r performance. 

The work reported here was undertaken 

to  define the time required to  develop an a i r  storage bubble of 
adequate size . to  assess the specification of instrumentation and above-ground 
equipment 

to  develop and evaluate operational strategies for  a i r  cycling. 

As a resul t  of the work to  characterize the expected performance of the 
reservoir, a parametric analysis was performed for the f i e ld  t e s t  
reservoir. If the reservoir does not perform according to  the predictions, 
then a basis will exis t  for changing the reservoir description. This will 
be done in such a way that  the description of the reservoir i s  more 
accurate, making subsequent model predictions more accurate. 

Pre-test analyses determined that the horizontal permeabi 1 i ty has a 
significantly greater impact on the bubble development than does the 
vertical permeabi 1 i t y .  I t  appears that operational controls may not be 
sufficient to  preclude eventual water production without causing adverse 
inipacts on other aspects of the f ie ld  t e s t .  I t  was verified that the a i r  
compressor i s  of adequate size t o  develop the a i r  bubble in 60 to  75 days. 
The a i r  dr ier  provides an injection humidity sufficiently close to  zero. 
The humidity measurement system for  the withdrawal a i r  flow was designed to 
measure a range of values predicted with the models. Instrumentation to  
measure pressure, temperature, humidi ty , and saturation, both a t  the 
surface and down hole, was specified from model predictions. Expected 
drawdown pressure and bottomhole injection pressures were defined. An 

injectionlwi thdrawal schedule was defined, which apparently avoids water 



coning based on core data i n d i c a t i n g  some low v e r t i c a l  p e r m e a b i l i t i e s .  The 

bas i c  t e s t  p l an  f o r  t he  ac tua l  f i e l d  t e s t  was developed on t he  bas is  o f  t he  

ana l ys i  s  . 
This  r e p o r t  presents the  ana l ys i s  and r e s u l t s  l e a d i n g  t o  the  

c h a r a c t e r i z a t i o n  o f  r e s e r v o i r  performance. Th is  f i n a l  p r e - t e s t  ana l ys i s  

uses t he  most c u r r e n t  r e s e r v o i r  data.  Conclusions based on t h i s  ana l ys i s  

a re  presented i n  Sect ion 2.0. The P i t t s f i e l d  r e s e r v o i r  i s  descr ibed i n  

Sect ion 3.0. I n  Sect ion 4.0, t he  numerical  models used i n  t h i s  ana l ys i s  

a re  descr ibed. Sect ion 5.0 discusses t he  r e s e r v o i r  c h a r a c t e r i z a t i o n .  The 

f i n a l  p r e - t e s t  ana l ys i s  i s  presented i n  Sect ion 6.0. Descr ip t ions  o f  

f u t u r e  r e l a t e d  work a re  o u t l i n e d  i n  Sect ion 7.0. 



CONCLUSIONS 

The primary conclusions of the reservoir characterization and pre-test 

analysis in support of the CAES porous media f ie ld  t e s t  a t  P i t t s f ie ld  are 
as follows: . The a i r  compressor should be of adequate size to  develop the a i r  

storage bubble in 60 to  75 days. 

The a i r  bubble growth rate i s  directly a function of horizontal 
permeabi 1 i ty and i s  alniost independent of vertical permeability. 

The only operational control effective a t  reducing the potential for  
water production i s  a skewed cycle in which a i r  i s  withdrawn a t  a low 
flow rate to  reduce the pressure gradient that  drives water toward the 
we1 1 bore. 

Operational controls i n  conjunction with a low vertical permeability 
in the reservoir apparently are sufficient to  significantly reduce the 
potenti a1 for  water production. 

A mass- and pressure-balanced cycle i s  recommended. For a reservoir 
of 700 md horizontal permeability and 135 ~nd vertical permeability, 
th i s  would consist of approximately 7 hr of a i r  injection a t  
1250 scfm, 11 hr of a i r  withdrawal a t  795 scfm, and 6 hr of reservoir 
cl osure , w i t h  reservoi r closure on the weekends. 

The duration of the f ie ld  t e s t  should be sufficient t o  obtain a 
measurable thermal response a t  the instrumented observation we1 1 s , 
thereby providing data for  evaluation of the thermal performance of 
the reservoi r .  



3.0 RESERVOIR DESCRIPTION 

The s i t e  o f  t he  f i e l d  t e s t  i s  near  P i t t s f i e l d ,  I l l i n o i s .  The a i r  

i n j e c t i o n  zone i s  composed o f  t he  S t .  Peter  sandstone. The S t .  Peter  

fo rmat ion  i s  a t  a  depth o f  about 200 m and i s  over1 a i n  by d o l o m i t i c  and 

1  imestone caprock o f  s u f f i c i e n t  th ickness and low pernleabil i t y  t o  con ta in  

a i r .  The c l osu re  i s  ob ta ined  w i t h i n  a  second-order dome, one o f  severa l  

known minor s t r u c t u r e s  assoc ia ted w i t h  t he  P i  t t s f i e l  d  a n t i c 1  ine.  A general  

d e s c r i p t i o n  o f  t he  r e s e r v o i r  s t r u c t u r e  and geometry, as w e l l  as ma te r i a l  

p rope r t i es ,  was de f i ned  f rom exp lo ra to r y  d r i l l i n g ,  f i e l d  l ogs ,  and 

l abo ra to r y  ana l ys i s  o f  core samples. Th is  data was used t o  develop a  

r e s e r v o i r  d e s c r i p t i o n  t h a t  was acceptable f o r  numerical  ana lys is .  That i s ,  

l o c a l l y  averaged da ta  i s  r e q u i r e d  f o r  the  f i n i t e  d i f f e r e n c e  ana lys is .  For 

example, a l though pe rmeab i l i t y  may vary by o rders  o f  magnitude w i t h i n  a  

g iven zone, some averaged va lue must be app l i ed  t o  t he  computat ional  c e l l  

represen t ing  t h a t  zone. I n  a d d i t i o n ,  some s i t e - s p e c i f i c  data was n o t  

ava i  1  able.  For example, the  thermal p r o p e r t i e s  and the  s a t u r a t i o n  

f unc t i ons  were merely t y p i c a l  o f  S t .  Pe te r  sandstone. The cond i t i ons  t h a t  

were a c t u a l l y  a p p l i e d  i n  t he  ana l ys i s  a re  discussed here and summarized i n  

Table 3.1. Exc lud ing v a r i a t i o n s  o f  p r o p e r t i e s  f o r  parametr ic  study, the  

assigned values o f  p r o p e r t i e s  represented our  bes t  knowledge o f  t he  

P i t t s f i e l d  r e s e r v o i r  p r i o r  t o  t he  i n i t i a t i o n  o f  a i r  i n j e c t i o n .  

For t he  numerical  ana lys is ,  t he  r e s e r v o i r  i s  i d e a l i z e d  as an 

axisymmetr ic reg ion  as shown i n  F igure  3.1. The i n j ec t i on /w i t hd rawa l  (I/W) 

w e l l  i s  a t  t he  cen te r  where t he  v e r t i c a l  th ickness  o f  t he  s torage zone i s  

68 m. The producing sec t i on  o f  t he  I / W  w e l l  extends 2.7 m f rom the  bottom 

o f  t he  caprock. The caprock has a  un i f o rm  s lope o f  1/80. The basement 

rock  i s  un i f o rm  w i t h  zero slope. 

The rad ius  t o  t he  sandface i n  t h e  we l lbore  i s  10 cm. The o u t e r  r ad ius  

of t he  computat ional  reg ion  i s  760 m. The rad ius  t o  a  h y d r o s t a t i c  s i n k  i s  

de f i ned  as 10,000 m. This  " hyd ros ta t i c  r ad ius"  i s  an assumed va lue t h a t  

ac t s  as a  boundary c o n d i t i o n  f o r  t he  f l o w  o f  water  through t h e  o u t e r  



TABLE 3.1. Reservo i r  Desc r i p t i on  

Geometry 

Depth t o  t o p  o f  s t r u c t u r e  

Caprock s lope  

V e r t i c a l  th ickness  o f  s torage zone 

We1 1 d iameter  

Producing 1 ength 

Outer r ad ius  o f  modeled reg ion  

Assumed rad ius  t o  h y d r o s t a t i c  pressure 

Proper t ies  

Permeabi 1  i ty ( h o r i z o n t a l  ) 

( v e r t i c a l  ) 

Po ros i t y  

Rock thermal c o n d u c t i v i t y  

Rock thermal capac i t y  

Sa tu ra t i on  f unc t i ons  

Re1 a t i  ve permeabi 1  i ty  

( a i r )  ~ ; = ( S ~ , ~ - S ) ~  [ 2 . 3 4 - 1 . 3 7 ( 5  \. C ,g -s)'] 
(wa te r )  k: = (S - S c , R )3 [4.93 - 3.72 (5 - S )] C 3 2  

where S i s  t he  porous media s a t u r a t i o n  ( i  .e., r a t i o  o f  pore water  
volume t o  t o t a l  pore volume) 

C r i t i c a l  s a t u r a t i o n  f o r  gas mobi 1  i t y  , 
C r i t i c a l  s a t u r a t i o n  f o r  1  i q u i d  m o b i l i t y ,  

Capi 11 a r y  pressure 

0'05525 - 0.065 atm 'c =(S-0.15 ) 
Operat ing cond i t i ons  

Discovery pressure 

Maximum i n j e c t i o n  pressure 

Maximum i n j e c t i o n  a i r  f l o w  r a t e  

Di scovery temperature 

Maximum i n j e c t i o n  temperature 

I n j e c t i o n  hum id i t y  

A i r  v i s c o s i t y  L0.608 x  + 0.4 x  

10 atrn 

18.7 atrn 

1250 scfm 

14°C 

200°C 

0 

( O K ) ]  gm/cm?sec 
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FIGURE 3.1. Reservo i r  S t ruc tu re  

rad ius  o f  t he  computat ional  reg ion .  The h y d r o s t a t i c  r ad ius  i s  t he  d is tance  

f rom the  I / W  w e l l  t o  a  p o i n t  where t he  pressure remains constant  a t  i t s  

h y d r o s t a t i c  value. Performance data f rom the  f i e l d  t e s t  w i l l  be necessary 

t o  a d j u s t  t he  h y d r o s t a t i c  r ad ius  and t o  improve the  d e s c r i p t i o n  o f  the  

i n t e r a c t i o n  between t he  a i r  s torage zone and t he  surrounding aqu i f e r .  

Much o f  t he  ana l ys i s  was performed us ing  a  homogeneous, i s o t r o p i c  

permeabi 1  i t y  o f  700 md. For the  r e s e r v o i r  cha rac te r i za t i on ,  o the r  

a n i s o t r o p i c  values were used. For the  f i n a l  p r e - t e s t  ana lys is ,  t he  

h o r i z o n t a l  pe rmeab i l i t y  was de f ined  as 700 md and the  n e t  v e r t i c a l  

pe rmeab i l i t y  was de f i ned  t o  be 135 md. Analys is  o f  core f rom the  I / W  w e l l  

and t he  ad jacent  ins t rumenta t ion  w e l l s  p rov ided  data t h a t  l e d  t o  the  

d e s c r i p t i o n  o f  v e r t i c a l  permeabi 1  i t i e s  shown i n  F igure 3.2. Th is  d e t a i l  

was used i n  t he  f i n a l  p r e- t e s t  ana lys is .  The data was appl ied,  as shown, 

on l y  i n  t he  v i c i n i t y  o f  t he  I / W  w e l l .  G r i d  p e r m e a b i l i t i e s  were de f ined  so 

t h a t  t he  permeabi 1  i ty  1  ayers remained approximately para1 l e l  t o  t he  

caprock. Beyond a  rad ius  o f  108 m (which co inc ides  w i t h  a  computat ional  

g r i d  l i n e ) ,  t h e  n e t  v e r t i c a l  pe rmeab i l i t y  o f  135 md was appl ied.  

The s a t u r a t i o n  f unc t i ons  have n o t  been de f ined  f rom P i t t s f i e l d  core. 

The f unc t i ons  used were t y p i c a l  o f  St .  Peter  sandstone f rom o the r  areas and 

were as a p p l i e d  i n  Wi les (1979a). The equat ions f o r  the  r e l a t i v e  

pe rmeab i l i t y  t o  a i r  and water  are,  r e s p e c t i v e l y ,  



DEPTH = 200 

FIGURE 3 . 2 .  Strat i f ied Vertical Permeabi l i t i e s  Used i n  F i n a l  Pre-Test 
Analysis 



where S i s  the  s a t u r a t i o n ,  de f ined  here as the  f r a c t i o n  o f  the  pore volume 

con ta in i ng  l i q u i d  water.  

The c a p i l l a r y  pressure f u n c t i o n  i s  

= - 0'05525 - 0.065 atm 
'c S - 0.15 

These f unc t i ons  a re  shown i n  Figures 3.3 and 3.4. 

- 
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FIGURE 3.3. Re la t i ve  Permeab i l i t y  Funct ions - 
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FIGURE 3.4. C a p i l l a r y  Pressure Funct ion 

The l i m i t s  on t he  s a t u r a t i o n  f unc t i ons  are impor tan t  t o  the  outcome o f  

t he  ana l ys i s  and should be noted. The r e l a t i v e  pe rmeab i l i t y  t o  a i r  goes t o  

zero  f o r  a  l i q u i d  s a t u r a t i o n  o f  0.9; i .e . ,  f o r  t he  a i r  t o  be mobi le  i t  must 

represent  a t  l e a s t  10% o f  t he  pore volume. This  means t h a t  i f  water  

r e f l oods  a  reg ion,  a t  l e a s t  10% o f  t he  pore volume i n  t h a t  r eg ion  w i l l  

con ta i n  r e s i d u a l  o r  t rapped a i r .  However, subsequent p r e s s u r i z a t i o n  may 

r e s u l t  i n  a  s a t u r a t i o n  t h a t  i s  g rea te r  than 0.9. The r e l a t i v e  p e r m e a b i l i t y  

f o r  water  goes t o  zero a t  a l i q u i d  s a t u r a t i o n  o f  0.2. Thus, w i t h o u t  phase 

change, t h i s  f u n c t i o n ,  Equation (3.2),  d i c t a t e s  t h a t  20% o f  t he  pore volume 

w i l l  con ta i n  l i q u i d  water  when a l l  o f  t he  mobi le  water  has been d isp laced.  

Th is  has a  s i g n i f i c a n t  impact on t he  e x t e n t  t h a t  water  can be d isp laced  

f rom t h e  a i r  s torage zone. F i n a l l y ,  a t  t he  res idua l  water  s a t u r a t i o n  o f  

0.2, t he  c a p i l l a r y  pressure i s  1  atm. This  means t h a t  t he  v e r t i c a l  

th ickness  o f  t he  c a p i l l a r y  t r a n s i t i o n  zone a t  e q u i l i b r i u m  w i l l  be about 

10 m, corresponding t o  t he  h e i g h t  o f  a  water  column t h a t  e f f e c t s  a  pressure 

o f  1  atm. 



Other assumed p r o p e r t i e s  i nc l ude  t h e  p o r o s i t y  (20%), t he  rock thermal 

c o n d u c t i v i t y  (2.16 Wlm-"C) , and the  rock thermal capac i t y  (2.62 MJ/~'-"C) . 

The opera t ing  cond i t i ons  i nc l ude  a d iscovery  pressure o f  145 p s i a  

(1000 kPa), a  maximum i n j e c t i o n  pressure o f  290 p s i a  (2000 kPa), and a 

maximum i n j e c t i o n  f l o w  r a t e  o f  1250 scfm (0.723 kg/sec).  To i n i t i a t e  

bubble development, the  bottomhole pressure was ramped l i n e a r l y  from 

d iscovery pressure t o  t he  maximum pressure over  a  p e r i o d  o f  24 hours. The 

bottomhole pressure was then h e l d  constant  throughout t he  remainder o f  the  

bubble development. A i r  i n j e c t i o n  was cont inuous. A number o f  schedules 

were used t o  cha rac te r i ze  t he  r e s e r v o i r  performance du r i ng  the  subsequent 

a i r  c y c l i n g .  For a l l  o f  t he  a i r  c y c l i n g  analyses, the  a i r  i n j e c t i o n  r a t e  

was a maximum o f  1250 scfm. For skewed cyc les ,  1  ower withdrawal a i r  mass 

f l o w  r a t e s  were used t o  e f f e c t  a  mass balance i n  the  r e s e r v o i r .  The lower  

wi thdrawal  mass f l o w  r a t e  r e s u l t s  i n  approx imate ly  equ i va len t  volume f l o w  

r a t e s  f o r  i n j e c t i o n  and wi thdrawal  a t  the  we1 1 bore/sandface i n t e r v a l .  Th is  

i s  a  r e s u l t  o f  t he  d i f f e r e n c e  i n  we l lbore  pressure necessary t o  e f f e c t  

i n j e c t i o n  o r  wi thdrawal .  The f i n a l  p r e- t e s t  ana l ys i s  used a mass balanced 

cyc le  t h a t  inc luded  7 h r  o f  i n j e c t i o n  a t  1250 scfm, 11 h r  o f  wi thdrawal a t  

795 scfm, and 6 h r  o f  c l osu re  d a i l y .  The r e s e r v o i r  was c losed  on weekends. 



4.0 MODEL DESCRIPTION 

The reservoir characterization and pre-test analyses were performed 
with numerical models developed previously a t  PNL ( S m i t h ,  Wi les and 
Loscutoff 1979; Wiles 1979a, b ;  Wiles and McCann 1981). The analysis of 
bubble development and water coning used the two-dimensional, two-phase , 
isothermal model described in Wiles and McCann (1981 ).  This model includes 
capi 11 ary pressure and re1 a t i  ve permeabi 1 i t i e s .  The thermal analysis was 
performed with the two-dimensional , single-phase model described in Wiles 
(1 979a). The analysis of the near-we1 1 bore desaturati on used the 
one-dimensional , two-phase model described in Wiles (1 979b). This 
"desaturation model" does not include liquid mobility. I t  also i s  based on 
the assumption that  the air-vapor mixture and liquid water are i n  

continuous equi 1 i bri urn. 

These models were written to evaluate specific aspects of reservoir 
performance and, therefore, can be described as "separate effects"  models. 
These models were particularly useful in eval uati ons of specific reservoir 
parameters dealing w i t h  geometry, material properties, and operating 
conditions. They were used to  characterize the fundamental performance 
phenomena of bubble development, water coning, thermal development, and 
near-we1 1 bore desaturation. The reservoir parameters important t o  each 
phenomenon were identified and the effect  of variations in each parameter 
was evaluated on a relative basis. Because the parametric results were 
compared on a re1 ative basis,  i t  was not crucial that  the actual physical 
coup1 ing of the separate effects  was not accounted for  by a single model. 
Even in the f ie ld  t e s t  reservoir characterization analyses, the coupling of 
physical phenomena in the reservoir was not necessarily required. For 
example, i t  was found that  the bubble growth rate during bubble development 
depends on the horizontal permeability and i s  almost independent of 
vertical permeability. This conclusion would not l ikely be affected by a 
more accurate analysis that  included simultaneous thermal development and 
phase change that may occur during bubble development. Thus, the separate 
effects  models remain as useful, economic tools for  reservoir evaluation. 



When i t  comes t o  ac tua l  ana l ys i s  of r e s e r v o i r  performance, however, 

t he  separate e f f e c t s  models may n o t  p rov ide  accurate r e s u l t s  f o r  a l l  

aspects o f  r e s e r v o i r  behavior.  The requ i red  accuracy may depend on the  

s t r e n g t h  o f  t he  coup l i ng  between the  var ious performance phenomena. 

For example, the  s a t u r a t i o n  d i s t r i b u t i o n  near t he  we1 1 bore wi 11 be 

i n f l uenced  by desa tu ra t ion  r e s u l t i n g  f rom the  i n j e c t i o n  o f  s l i g h t l y  heated, 

very  d r y  a i r .  However, r e s a t u r a t i o n  may occur due t o  c a p i l l a r y  fo rces .  

Near-we1 1 bore dehydrat ion w i  11 somewhat i n h i b i t  thermal growth. The 

advance and r e t r e a t  o f  water  may a l s o  smear the  thermal f r o n t  by convect ion 

and a l t e r  t he  e f f e c t i v e  thermal c o n d u c t i v i t y  i n  t he  a i r  s torage zone. As 

thermal development proceeds, wi thdrawal  a i r  temperatures increase,  thereby 

reduc ing t he  a i r  dens i t y .  To achieve a p rescr ibed  a i r  mass f l o w  r a t e ,  t he  

v e l o c i t y  must increase.  Th is  increases t he  p o t e n t i  a1 f o r  water  coning. 

A l l  o f  these e f f e c t s  a re  coupled t o  some degree. The performance 

p r e d i c t i o n s  w i  11 eventual  l y  be compared aga ins t  f i e l d  t e s t  data. Th is  

comparison should i d e n t i f y  the  s t r e n g t h  o f  the  coupl ing.  The resu l t s '  may 

suggest t he  necess i t y  f o r  a "combined e f f e c t s "  model t h a t  couples t he  

two-phase f l o w  equat ion  w i t h  an energy equat ion t h a t  inc ludes  phase change. 

A t  any r a t e ,  t he  r e s u l t s  o f  t he  p r e- t e s t  ana l ys i s  should be viewed w i t h  t he  

appropr ia te  1 i m i t a t i o n s  i n  mind. 



1 5.0 RESERVOIR CHARACTERIZATION 

The ana l ys i s  o f  t he  P i t t s f i e l d  r e s e r v o i r  evo lved con t inuous ly  as new 

data and opera t iona l  s t r a t e g i e s  were reviewed. As a r e s u l t ,  the  i n i t i a l  

p a r t  o f  the  ana l ys i s  appeared as be ing parametr ic ;  most o f  the  ana l ys i s  

eva luated r e s e r v o i r  pe rmeab i l i t y  and ope ra t i ona l  s t r a tegy .  The r e s u l t s  a re  

s u f f i c i e n t  t o  cha rac te r i ze  the r e s e r v o i r  performance. There i s  now a 

1 og i ca l  bas is  f o r  e x p l a i n i n g  r e s e r v o i r  behavior  and t o  reso lve  

d iscrepancies among f i e l d  data,  l abo ra to r y  data, and model p red i c t i ons .  

Th is  permi t s  qu ick  reeva lua t i on  o f  opera t iona l  s t r a tegy ,  should unexpected 

behavior  occur  i n  the  f i e l d .  Examples o f  t h i s  would be water  p roduc t ion  o r  

l o s s  o f  c l osu re  due t o  f i n g e r i n g .  

Each o f  the  f o u r  fundamental problems o f  bubble development, water  

coning, thermal development, and near-we1 1 bore desa tu ra t i on  were 

addressed. The emphasis was on t he  f i r s t  two problems. Water coning 

p r e d i c t i o n s ,  the  outcome o f  t he  isothermal  a i r  c y c l  i n g  ana l ys i s ,  a1 so 

p rov ide  da ta  on pressure response. The ana l ys i s  and r e s u l t s  o f  each t o p i c  

are presented i n  t he  f o l l o w i n g  sec t ions .  

5.1 BUBBLE DEVELOPMENT 

The f i r s t  bubble development c a l c u l a t i o n  was done w i t h  an i s o t r o p i c ,  

homogeneous pe rmeab i l i t y  o f  700 md. The i n j ec t i on /w i t hd rawa l  zone extended 

3.0 m f rom the  top  o f  t he  r e s e r v o i r .  I n  t h i s  ana l ys i s  the  equ i va len t  mass 

o f  water  s tand ing  i n  t he  we1 l b o r e  was i n j e c t e d  i n t o  t h e  r e s e r v o i r  p r i o r  t o  

t he  i n i t i a t i o n  o f  a i r  i n j e c t i o n .  The water  i n j e c t i o n  requ i red  about 

3.5 h r .  A i r  i n j e c t i o n  was then i n i t i a t e d  and cont inued f o r  60 days. 

Fo l low ing  t h a t  t ime, the  r e s e r v o i r  was c losed i n  f o r  another 30 days. 
. During the  c l osu re  per iod ,  t he  r e s e r v o i r  equi  1  i bra tes  toward the  

h y d r o s t a t i c  pressure and t he  g r a v i t a t i o n a l  and cap i  11 a r y  forces.  The 

- advance o f  t he  50% s a t u r a t i o n  f r o n t  through t h i s  p e r i o d  o f  a i r  i n j e c t i o n  

and r e s e r v o i r  c l osu re  i s  shown i n  F igure  5.1. The numbers t o  each curve 

represen t  the  i n j e c t i o n  t ime i n  days. The 50% s a t u r a t i o n  f r o n t  was chosen 



t o  represen t  t he  bubble growth because t he re  i s  ve ry  1  i t t l e  a i r  ahead of 

t h e  f r o n t  and t he  water  ahead o f  t he  f r o n t  i s  h i g h l y  mobi le.  Behind t he  

f r o n t ,  t h e  wate r  m o b i l i t y  i s  low and the a i r  contained. behind the  f r o n t  

represents  most o f  t he  f i n a l  e q u i l i b r i u m  storage volume o f  a i r .  Note t h a t  

t he  sca le  o f  the  a x i s  i n  F igure 5.1 i s  compressed by about 10 t o  1  

h o r i z o n t a l l y .  I n  r e a l i t y  t he  bubble i s  extremely f l a t .  I n i t i a l l y ,  

however, t he  bubble growth i s  somewhat spher ica l  as t he re  i s  a  s t r ong  

downward component. A f t e r  a  s h o r t  t ime,  the  downward t h r u s t  o f  t he  bubble 

slows d r a m a t i c a l l y  as the  bubble pressure, c a p i l l  a r y  pressure,  and 

g r a v i t a t i o n a l  f o r ces  approach an equi  1  i b r i  um beneath t he  we1 1. 

RADIUS, rn 

I /W ZONE 

E P .  , / 40\ 1 

HOMOGENEOUS 
PERMEABILITY = 70 md I 

FIGURE 5.1. Bubble Development - Advance o f  the  50% Sa tu ra t i on  Fron t  

The bubble development s imu la t i on  was in tended t o  answer a t  l e a s t  two 

quest ions:  1  ) how l o n g  would i t  take  t o  develop a bubble o f  adequate s i ze ,  

and 2 )  would t h e  f i e l d  t e s t  compressor package be adequate? Two measures 

determine whether t h e  bubble s i z e  i s  adequate. F i r s t ,  t he re  must be enough 

s t o r e d  a i r  so t h a t  t he  average pressure i n  t he  r e s e r v o i r  i s  n o t  

d r a m a t i c a l l y  a f f e c t e d  du r i ng  the  subsequent a i r  c y c l i n g .  A maximum 

pressure d e v i a t i o n  o f  about 10% i s  considered s a t i s f a c t o r y .  I n  t he  f i e l d  

t e s t  t he  i n j e c t i o n  and wi thdrawal  per iods  a re  expected t o  be l e s s  than 1 

day. The a i r  f l o w  r a t e s  du r i ng  c y c l i n g  w i l l  be about the  same as those 

du r i ng  bubble development. Because t he  computat ional  s imu la t i on  o f  bubble 



development represented 60 days o f  cont inuous a i r  i n j e c t i o n ,  the cyc led  a i r  

mass then represents  approximately 1% o f  the  t o t a l  s t o red  a i r  mass. 

Therefore,  w i t h  regard t o  t h i s  c r i t e r i o n ,  adequate bubble s i z e  i s  achieved. 

The second measure o f  adequate bubble s i z e  i s  the  v e r t i c a l  d is tance  between 

t he  bottom o f  the  w e l l  bore and t he  a i r - wa te r  i n t e r f a c e .  Th is  separat ion i s  

necessary t o  reduce t he  p o t e n t i a l  f o r  water p roduc t ion  v i a  water coning. 

Whether o r  n o t  water  coning w i l l  occur du r i ng  c y c l i n g  cannot be determined 

a p r i o r i .  Water coning i s  dependent on o ther ,  more s u b t l e  geolog ic  f a c t o r s  

than permeabi 1 i ty  and opera t iona l  schedule considered here. The 

determinat ion o f  adequate bubble s i z e  based on t h i s  second c r i t e r i o n  i s ,  

t he re fo re ,  sub jec t  t o  some judgment. I n  our  view, t he  s i z e  achieved a f t e r  

60 days was considered t o  be adequate. Fur ther  ana l ys i s  w i t h  new 

l a b o r a t o r y  o r  f i e l d  data may suggest a need t o  a d j u s t  t h i s  time. 

The i n j e c t i o n  pe rm i t  f rom the  I l l i n o i s  Environmental P ro tec t i on  Agency 

(IEPA) s ta tes  t h a t  t he  maximum i n j e c t i o n  pressure i s  300 p s i g  and the  

maximum i n j e c t i o n  f l o w  r a t e  i s  1250 scfm. The compressor was s i zed  t o  

achieve these l i m i t s .  I n  F igure 5.2 the  a i r  i n j e c t i o n  r a t e  i s  shown f o r  

t he  constant  bottomhole pressure o f  275 p s i a  used i n  t h i s  ana lys is .  No 

at tempt  was made t o  l i m i t  t he  f l o w  r a t e  as i t  exceeded 1250 scfm. This  

would r e q u i r e  t h a t  t he  i n j e c t i o n  pressure drop below 275 ps ia .  However, 

the  discrepancy i s  smal l  and t he  general conc lus ion i s  t h a t  the  compressor 

s i z e  i s  adequate. 

A unique f ea tu re  o f  t h e  r e s u l t s  shown i n  F igure 5.2 i s  t he  drop i n  

f l o w  r a t e  t h a t  occurs when the  i n j e c t i o n  pressure reaches i t s  constant  

value a t  24 hours a f t e r  the  s t a r t  o f  a i r  i n j e c t i o n .  The exact  cause o f  

t h i s  response i s  n o t  known. One poss ib l e  exp lana t ion  i s  t h a t  t he re  are two 

components of bubble growth: r a d i a l  and v e r t i c a l .  The v e r t i c a l  growth i s  

a response t o  t h e  bubble pressure, as w e l l  as t o  g r a v i t a t i o n a l  and 

capi  1 l a r y  forces. When the  bottomhole pressure ramp ends, t he  v e r t i c a l  

growth slows d rama t i ca l l y .  For a re1  a t i  v e l y  h i gh  v e r t i c a l  permeabi 1 i ty, 

the  v e r t i c a l  growth i s  a s i g n i f i c a n t  p a r t  o f  the  t o t a l  bubble growth. When 
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FIGURE 5.2. A i r  I n j e c t i o n  Rate During Bubble Development 

the  v e r t i c a l  growth slows, i t  i s  seen as a  no t iceab le  drop i n  t o t a l  

i n j e c t i o n  f l ow  ra te .  This r e s u l t s  i n  the decrease i n  i n j e c t i o n  f l o w  r a t e  

seen i n  Figure 5.2. 

The growth o f  the  bubble fo l l ow ing  r e s e r v o i r  c losure  i s  due t o  the 

e x i s t i n g  overpressure. A t  the i n i t i a t i o n  o f  the c losure,  the average 

bubble pressure i s  nea r l y  equal t o  the i n j e c t i o n  pressure o f  18.7 atm. 

Meanwhile, the hyd ros ta t i c  pressure i s  10 atm. The bubble continues t o  

expand t o  approach an e q u i l i b r i u m  w i t h  the hyd ros ta t i c  pressure. The decay 

o f  the bubble pressure i s  shown i n  Figure 5.3 . f o r  two l oca t i ons  i n  the  

rese rvo i r .  Fol lowing an i n i t i a l  r a p i d  t r a n s i e n t  o f  the i n j e c t i o n  zone 



pressure, the  e n t i  r e  bubble responds un i f o rm ly  t o  the  equi  1  i b r a t i o n  

process. G r a v i t a t i o n a l  fo rces  cause the  constant  s a t u r a t i o n  f r o n t s  t o  

approach t he  h o r i z o n t a l .  Th is  i s  most no t i ceab le  i n  F igure 5.1 where the  

reg ion  below the  we1 1 bore i s  r e f l ooded  du r i ng  r e s e r v o i r  c losure .  Super- 

imposed on these two pr imary e q u i l i b r a t i o n  mechanisms i s  t he  e f f e c t  o f  

capi  1  l a r y  fo rces .  These d r i v e  t he  v e r t i c a l  s a t u r a t i o n  d i s t r i b u t i o n  more 

s l ow l y  t o  a  capi  11 a ry- grav i  t a t i o n a l  equi  1  i b r i  urn. 
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FIGURE 5.3. Pressure Equi 1  i b r a t i o n  During Reservo i r  Closure 

Other values o f  perrneabi 1 i ty  were examined i n  s imu la t ions  o f  bubble 

development. I n  F igure  5.4 t h e  advance o f  t he  50% s a t u r a t i o n  f r o n t  i s  

shown f o r  a  h o r i z o n t a l  pe rmeab i l i t y  o f  3500 md. The v e r t i c a l  pe rmeab i l i t y  

was 700 md. Comparable t imes i n  the  s imu la t i on  were superimposed f rom 

Figure 5.1. The r e s u l t s  o f  t h i s  ana l ys i s  showed the '  s i g n i f i c a n t  i n f l u e n c e  

o f  t he  h o r i z o n t a l  pe rmeab i l i t y  on t he  bubble development. An i n i t i a l  

ana l ys i s  w i t h  t he  h i g h  va lue o f  h o r i z o n t a l  pe rmeab i l i t y  used a bottomhole 

pressure o f  275 p s i a  a f t e r  t he  s t a r t u p  pressure ramp. For t h i s  case the  



r e s e r v o i r  was t a k i n g  a i r  a t  approx imate ly  5900 scfm, f a r  i n  excess of 

compressor capac i t y  and the  IEPA 1  i m i t .  The s imu la t i on  was repeated w i t h  

the  i n j e c t i o n  f l o w  r a t e  l i m i t e d  t o  1250 scfm. This  i s  t he  case shown i n  

F igure  5.4. For t h i s  case the  bottomhole pressure was i n i t i a l l y  about 

200 p s i  a. As t he  bubble development progressed, t he  requ i red  bottomhole 

pressure dropped g radua l l y  and was about 185 p s i a  a t  the  conc lus ion  o f  the  

sirnul a t i o n .  With t he  1  arge value o f  h o r i z o n t a l  permeabi 1  i ty  , the  rese rvo i  r 

would take  a i r  w i t h  r e l a t i v e  ease. 
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FIGURE 5.4. Bubble Development - Advance o f  t he  50% Sa tu ra t i on  Fron t  w i t h  
D i f f e r e n t  Hor izon ta l  Permeabi 1  i t i e s  

I n  F igure 5.5 the  advance o f  t h e  50% s a t u r a t i o n  f r o n t  i s  shown f o r  a  

v e r t i c a l  pe rmeab i l i t y  o f  350 md. The h o r i z o n t a l  pe rmeab i l i t y  was 700 md. 

Selected r e s u l t s  f rom F igure  5.1 were superimposed f o r  comparison. The a i r  

i n j e c t i o n  r a t e s  a re  compared i n  F igure  5.6. The curve f o r  700 md, repeats  

F igure  5.2. These r e s u l t s  i n d i c a t e  t h a t  t he  v e r t i c a l  p e r m e a b i l i t y  has o n l y  

a  smal l  e f f e c t  on bubble development. I n  F igure  5.6 the  decrease i n  a i r  

i n j e c t i o n  r a t e ,  discussed i n  re fe rence  t o  F igure 5.2, occurs f o r  t he  low 

p e r m e a b i l i t y  case as w e l l .  The f a c t  t h a t  t he  magnitude o f  t he  decrease i s  

n o t  as g rea t  f o r  t h e  low pe rmeab i l i t y  case l e d  t o  specu la t ion  on the  cause 



o f  the  behavior .  With a  lower  v e r t i c a l  permeabi 1  i t y ,  the downward growth 

o f  the  bubble represents  a sma l le r  component o f  t he  t o t a l  a i r  i n j e c t i o n .  

When t h i s  component i s  reduced as the  bottomhole pressure reaches a 

constant  value, t he re  i s  l e s s  e f f e c t  on t he  t o t a l  f l ow .  
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FIGURE 5.5. Bubble Development - Advance o f  t h e  50% Sa tu ra t i on  Fron t  w i t h  
D i f f e r e n t  V e r t i c a l  Permeabi 1  i t i e s  
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FIGURE 5.6. A i r  I n j e c t i o n  Rate During Bubble Development 'Wi th  D i f f e r e n t  
V e r t i c a l  Permeabil i t i e s  



Another parameter i nves t i ga ted  w i t h  regard t o  bubble development was 

the e leva t i on  o f  the  in jec t ion /w i thdrawal  zone r e l a t i v e  t o  the top  o f  the 

rese rvo i r .  This ana lys is  was performed because the casing f o r  the I / W  we l l  

extended we l l  below the bottom o f  the caprock. The I / W  zone was def ined t o  

extend from 2.4  t o  5.0 m below the bottom o f  the caprock f o r  t h i s  analys is .  

When the a i r  was i n j e c t e d  a t  t h i s  e leva t i on  i n  the bubble development 

s imulat ion,  the  extremely buoyant a i r  merely rose t o  the top  o f  the 

r e s e r v o i r  where the displacement o f  water was i n i t i a t e d .  The r e s u l t  was 

t h a t  the sa tu ra t i on  d i s t r i b u t i o n  a t  the completion o f  bubble development 

was, f o r  a l l  p r a c t i c a l  purposes, t o t a l l y  independent o f  t h i s  change i n  

i n j e c t i o n  e levat ion .  Thus, f o r  the lower i n j e c t i o n  e leva t i on  the a i r - wa te r  

i n t e r f a c e  was much c lose r  t o  the I / W  zone a t  the conclusion o f  bubble 

development. During the  subsequent analys is  o f  a i r  cyc l  i ng , the we1 1 bore 

f looded before the  end o f  the i n i t i a l  a i r  withdrawal cyc le.  This 

terminated the s imulat ion.  The impact o f  t h i s  c a l c u l a t i o n  on the f i e l d  

t e s t  was t h a t  the  casing was per fo ra ted  a t  the top o f  the format ion r a t h e r  

than s e t t i n g  a gravel pack and screen below the completed casing. 

5.2 ISOTHERMAL AIR CYCLING 

The pr imary purpose o f  the isothermal a i r  c y c l i n g  ca l cu la t i ons  was t o  

de f ine  the p o t e n t i a l  f o r  water product ion t o  occur dur ing  the f i e l d  t e s t .  

The r e s u l t s  a l so  provided the bottomhole pressures t h a t  were requ i red  t o  

achieve the prescr ibed a i r  mass f l ow  ra tes .  

Water coning i s  depicted i n  Figure 5.7. During a i r  withdrawal,  

pressure gradients cause a i r  t o  f l ow  toward the wel lbore. Mobile water 

t h a t  e x i s t s  w i t h i n  these pressure gradients w i l l  a lso  f l ow  toward the 

wel lbore. The v e l o c i t i e s  o f  the a i r  and water are determined by the l o c a l  

pressure grad ien t  and t h e i r  respect ive m o b i l i t i e s .  As the mobile water 

e x i s t s  c l o s e r  t o  the product ion i n t e r v a l  o f  the wel lbore, there w i l l  be a 

greater  p o t e n t i a l  f o r  water t o  r i s e  toward the wel lbore. This increase o f  

water sa tu ra t i on  below the wel lbore i s  c a l l e d  water coning. During a i r  

cyc l i ng ,  water w i l l  r i s e  toward the we l l  bore when a i r  i s  withdrawn. Water 



w i l l  recede du r i ng  a i r  i n j e c t i o n .  Eventual water p roduc t ion  depends on the  

combined n e t  e f f e c t  o f  the  r e l a t i v e  l eng th  o f  the  i n j e c t i o n  and withdrawal 

cyc les,  t he  pressure g rad ien ts  and the  f l u i d  m o b i l i t i e s ;  these t o p i c s  are 

discussed i n  t he  f o l  l ow ing  paragraphs. 
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FIGURE 5.7. Water Coning 

A parametr ic  eva lua t i on  o f  water  coning f o r  cond i t i ons  t y p i c a l  o f  a 

commercial CAES f a c i l i t y  was repo r ted  i n  Wi les and McCann (1981 ). 

Condi t ions a t  t he  P i t t s f i e l d  s i t e  t h a t  increase the  p o t e n t i a l  f o r  water  

p roduc t ion  t o  occur  r e l a t i v e  t o  a commercial f a c i l i t y  are t h a t  the  a i r  

s torage zone i s  v e r t i c a l l y  t h i n  and i s  a t  low pressure. Because the  a i r  

s to rage  zone i s  v e r t i c a l  l y  t h i n ,  mobi le wate r  wi  11 be present  throughout 

t he  a i r  s torage zone a t  the  conc lus ion o f  bubble development. Th is  mobi le  

water,  r e t a i n e d  i n  t he  bubble by c a p i l l a r y  forces,  cou ld  be produced as a i r  

c y c l i n g  begins. The amount o f  water  p roduc t ion  f rom t h i s  source cou ld  be 



s i g n i f i c a n t l y  reduced i f  near-wel lbore desa tu ra t i on  due t o  the  i n j e c t i o n  o f  

undersaturated a i r  d r i e s  t h i s  r eg ion  du r i ng  bubble development. 

Heterogeneous bedding fea tu res ,  such as t h i n  shale beddings n o t  obvious i n  

core sec t ions ,  can a l s o  a l t e r  ac tua l  response. 

Because t he  f i e l d  t e s t  a i r  s torage zone i s  a t  r e l a t i v e l y  low pressure,  

t h e r e  a re  s i g n i f i c a n t  d i f f e rences  i n  t he  bottomhole a i r  d e n s i t i e s  between 

t he  i n j e c t i o n  and wi thdrawal  s ides  o f  the  cyc le .  I f  the  a i r  mass f l o w  

r a t e s  on bo th  s ides  o f  t he  c y c l e  a re  equal , then t he  sandface a i r  v e l o c i t y  

would be g rea te r  d u r i n g  the  wi thdrawal  phase. Th is  would r e q u i r e  t h a t  t he  

pressure drop across t he  r e s e r v o i r  be g rea te r  du r i ng  wi thdrawal  . Because 

t h i s  c y c l e  would have equal i n j e c t i o n  and wi thdrawal  t imes t o  ma in ta i n  a  

constant  a i r  mass i n  t h e  r e s e r v o i r ,  t h e r e  would be a  n e t  pressure g rad ien t  

d r i v i n g  water  toward the  we1 l bo re .  Th is  source o f  water  coning can be 

c o n t r o l l e d  t o  some e x t e n t  by implement ing a  skewed cyc le ,  i .e . ,  by 

wi thdrawing a i r  a t  a  reduced mass f l o w  r a t e  over  a  l onge r  p e r i o d  o f  t ime, 

r e l a t i v e  t o  t he  i n j e c t i o n  cyc le .  By t h i s  mechanism the  pressure drop 

across t h e  r e s e r v o i r  can be approx imate ly  balanced on bo th  s ides  o f  t he  

cyc le .  The ac tua l  volume f low r a t e ,  as measured a t  the  sandface, would 

a l s o  be n e a r l y  equal.  

The m o b i l i t y  o f  t he  water  p l ays  a r o l e  equal t o  t he  importance o f  t he  

pressure g rad ien t  i n  de te rmin ing  t h e  p o t e n t i a l  f o r  water  coning. When 

water  r i s e s  toward t h e  we1 l bore, t he  water  cone i s  f e d  f rom below where t he  

s a t u r a t i o n  i s  comparat ive ly  h igh .  Here, the  r e l a t i v e  p e r m e a b i l i t y  t o  

water,  which e f f e c t i v e l y  de f ines  t he  1 i q u i d  m o b i l i t y  , i s  a l s o  h igh.  When 

t h e  water  cone recedes du r i ng  a i r  i n j e c t i o n ,  water  must d r a i n  ou t  o f  

reg ions  where t h e  sa tu ra t i ons  and, t he re fo re ,  the  r e l a t i v e  permeabi 1  i ty  t o  

water ,  a re  decreasing. The r e s u l t  i s  t h a t  t he re  can be a  s i g n i f i c a n t  

inlbal ance i n  mobi 1  i t i e s  on opposi te  s ides  o f  the  i n j e c t i o n l w i  thdrawal 

cyc le .  Un l i ke  t he  pressure g rad ien ts ,  e s s e n t i a l l y  no th i ng  can be done t o  

c o n t r o l  these m o b i l i t i e s .  Only a  low n e t  v e r t i c a l  p e r m e a b i l i t y  i n  the 

v i c i n i t y  o f  the  we1 l b o r e  can reduce t he  l i q u i d  m o b i l i t y  s u f f i c i e n t l y  t o  

prec lude o r  i n h i  b i t  v e r t i c a l  water  m ig ra t i on .  



The key elements of water  coning are v e r t i c a l  pe rmeab i l i t y  and t he  

opera t iona l  schedul ing. These parameters were i n v e s t i g a t e d  i n  the  ana lys is  

o f  isothermal  a i r  c y c l i n g .  

5.2.1 V e r t i c a l  Pernleabil i t y  E f f e c t s  on Water Coning 

The s imu la t i on  o f  isothermal  a i r  c y c l i n g  t o  def ine t he  p o t e n t i a l  f o r  

water  coning was i n i t i a t e d  f rom a  s o l u t i o n  f o r  bubble development. A t  t he  

conc lus ion o f  bubble development , the  average bubble pressure was 

s i g n i f i c a n t l y  g r e a t e r  than the  o r i g i n a l  h y d r o s t a t i c  pressure. Thus, the  

bubble cont inued t o  expand when t he  i n j e c t i o n  a i r  f l o w  was terminated. 

Th is  expansion a l lowed the  bubble t o  approach an e q u i l i b r i u m  w i t h  t he  

h y d r o s t a t i c  background pressure. A1 so, the reg ion  below the  we1 1  bore, 

where t he  a i  r - wate r  i n t e r f a c e  was depressed, r e f 1  ooded as t he  s a t u r a t i o n  

d i s t r i b u t i o n  f l a t t e n e d  t o  approach a  capi  11 a ry- grav i  t a t i o n a l  equi  1  ib r ium.  

This  i s  shown i n  F igure 5.1 by t he  90-day p r o f i l e ,  a  s o l u t i o n  de f ined  by 

30 days o f  r e s e r v o i r  c losure .  I n  t he  ana l ys i s  o f  water  coning, these two 

f a c t o r s ,  bubble expansion and capi1 l a r y - g r a v i  t a t i o n a l  e q u i l i b r a t i o n ,  

r e s u l t e d  i n  a  r e d i s t r i b u t i o n  o f  t he  s a t u r a t i o n  due t o  t he  pressure 

g rad ien ts  e x i s t i n g  du r i ng  a i r  c y c l i n g .  It was n o t  p r a c t i c a l  t o  separate 

these e f f e c t s  because t he  impor tan t  i ssue  was t o  de f i ne  t he  cond i t i ons  

under which the  sa tu ra t i ons  increased. Th is  would de f i ne  the  p o t e n t i a l  f o r  

water  p roduc t ion  t o  occur  i n  the  near-wel lbore v i c i n i t y  du r i ng  a i r  c yc l i ng .  

The nominal va lue o f  pe rmeab i l i t y  was de f i ned  t o  be 700 md. The o n l y  

o t h e r  va lue used i n  t h i s  general  r e s e r v o i r  c h a r a c t e r i z a t i o n  ana l ys i s  o f  

water  coning was a  v e r t i c a l  pe rmeab i l i t y  o f  350 md. The a i r  c y c l i n g  

c a l c u l a t i o n s  r e q u i r e  a  bubble development s o l u t i o n  f o r  each value o f  

pe rmeab i l i t y .  The v e r t i c a l  s a t u r a t i o n  d i s t r i b u t i o n  a t  t he  cen te r  o f  the  

r e s e r v o i r ,  a  r eg ion  which inc ludes  t he  i n j e c t i o n / w i  thdrawal w e l l  , i s  shown 

i n  F igure 5.8 f o r  t h e  beginn ing o f  a i r  c y c l i n g  and a f t e r  2 weeks o f  a i r  

c yc l i ng .  For t h i s  case t he  a i r  c y c l i n g  begins a f t e r  30 days o f  r e s e r v o i r  

c l osu re  t h a t  f o l l owed  60 days o f  cont inuous a i r  i n j e c t i o n  t o  develop t he  

a i r  s torage bubble. The cyc le  de f i ned  f o r  t h i s  c a l c u l a t i o n  was 12 h r  o f  

a i r  w i thdrawal  and 12 h r  o f  a i r  i n j e c t i o n .  The a i r  mass f l o w  r a t e s  were 



1250 scfm on bo th  s ides  o f  the  cyc le .  Th is  c y c l e  was repeated w i t h o u t  

c l osu re  o r  o t h e r  i n t e r r u p t i o n .  As expected, the  r e s u l t s  show t h a t  the  

s a t u r a t i o n  bu i l dup  i s  more severe f o r  the  case o f  h i ghe r  v e r t i c a l  

pe rmeab i l i t y .  However, t he re  i s  s i g n i f i c a n t  water bu i l dup  f o r  both cases 

o f  v e r t i c a l  permeabi 1  i t y  . These r e s u l t s  suggest t h a t  t he  v e r t i c a l  

pe rmeab i l i t y  w i l l  have t o  be much lower  t o  prec lude eventual  water  

p roduc t ion  w i t h  t h i s  cyc le .  
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FIGURE 5.8. V e r t i c a l  P r o f i l e s  o f  Sa tu ra t i on  a t  the  Center o f  t he  Reservo i r  
w i t h  Di f f e r e n t  V e r t i c a l  Permeabi 1 i t i e s  

The r e s u l t s  o f  t h e  s imu la t i ons  a l s o  suggest t he  r e l a t i v e  importance o f  

t he  r e d i s t r i b u t i o n  o f  f l u i d s  as t he  a i r  s torage bubble responds t o  the  

ambient cond i t i ons .  Much o f  t he  increase i n  sa tu ra t i ons  shown i n  



Figure 5.8 occurs i n  the  30 days o f  c l osu re  f o l l o w i n g  bubble development. 

The reg ion  be1 ow the  i n j e c t i o n / w i  thdrawal zone i s  r e f l ooded  as 

capi  11 a ry- grav i  t a t i  onal equi  1  i b r i  um i s  approached. 

The process by which t he  s a t u r a t i o n  increases a t  a  g iven l o c a t i o n  i s  

demonstrated i n  F igure 5.9,  where t he  increase i n  s a t u r a t i o n  f o r  the  two 

assigned values o f  v e r t i c a l  pe rmeab i l i t y  are a l s o  compared. The l o c a t i o n  

i s  5.75 m below the  caprock and 2.75 m below the  bottom o f  t he  i n j e c t i o n /  

wi thdrawal i n t e r v a l .  Th is  l o c a t i o n  was chosen t o  demonstrate the behavior  

because t he  s a t u r a t i o n  changes are most pronounced. I n  general ,  the  

behavior  i s  s i m i l a r  a t  o t h e r  l o c a t i o n s  a l though the  ampl i tude o f  the  c y c l i c  

s a t u r a t i o n  changes i s  reduced. The s a t u r a t i o n  increases du r i ng  a i r  

w i thdrawal  and decreases du r i ng  t he  subsequent a i r  i n j e c t i o n .  The n e t  

e f f e c t  i s  a  c y c l i n g  o f  the  s a t u r a t i o n  between two bands. A gradual 

increase i n  s a t u r a t i o n  w i t h  t ime i s  noted; t h e  ampl i tude o f  the  s a t u r a t i o n  

cyc les  i s  approx imate ly  p r o p o r t i o n a l  t o  t he  v e r t i c a l  permeabi 1  i t y  and the  

r a t e  o f  n e t  s a t u r a t i o n  change i s  o n l y  s l i g h t l y  d i f f e r e n t  f o r  the  two cases. 

A f t e r  a  p e r i o d  o f  t ime t h a t  would be r e l a t i v e l y  s h o r t  compared t o  the  

du ra t i on  o f  t he  f i e l d  t e s t ,  t he  average s a t u r a t i o n  a t  a  l o c a t i o n  would be 

expected t o  be independent o f  v e r t i c a l  permeabi 1  i ty. This r e s u l t s  because, 

as t he  s a t u r a t i o n  increases, t h e  r e l a t i v e  pe rmeab i l i t y  o f  the  ai.r 

decreases, thereby reduc ing t he  m o b i l i t y  o f  the  a i r .  A i r  must be d isp laced  

f o r  the  s a t u r a t i o n  t o  increase.  For t he  h i ghe r  v e r t i c a l  permeab i l i t y ,  t h e  

r e l a t i v e l y  r a p i d  increase i n  s a t u r a t i o n  a t  t he  o u t s e t  o f  a i r  c y c l i n g  causes 

t he  m o b i l i t y  o f  the  a i r  t o  be reduced t o  a  value comparable t o  t h a t  f o r  t he  

1 ower permeabi 1  i ty  case. Beyond t h a t  i n i  ti a1 t r a n s i e n t ,  the  displacement 

o f  a i r  and t he  i nc reas ing  s a t u r a t i o n  occur  a t  n e a r l y  equal r a t e s  f o r  bo th  

values o f  absolute v e r t i c a l  perrneabil i ty. 

5.2.2 Operat ional  Contro l  o f  Water Coning 

Three ope ra t i ona l  s t r a t e g i e s  were eva lua ted  t o  determine t h e i r  . 
p o t e n t i a l  e f f ec t i veness  on the  c o n t r o l  o f  water  coning. Each o f  these 

s t r a t e g i e s  i s  l i m i t e d  by t h e  t ime and resources a v a i l a b l e  f o r  t he  f i e l d  
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FIGURE 5.9. Sa tu ra t i on  H i s t o r i e s  5.75 m Below the Caprock a t  t he  Center 
o f  t he  Reservoi r w i t h  D i f f e r e n t  V e r t i c a l  Permeabi 1  i t i e s  

t e s t ,  as w e l l  as by t h e  impact t h a t  these s t r a t e g i e s  might  have on o t h e r  

aspects o f  t h e  f i e l d  t e s t .  These s t r a t e g i e s  inc luded  a d d i t i o n a l  bubble 

development, c y c l e  du ra t i on ,  and skewed cyc les.  A f o u r t h  s t r a t e g y  i s  t o  

reduce t h e  maximum f l o w  r a t e s .  Th is  was n o t  pursued because such an 

approach might  have an unacceptable impact on o t h e r  aspects o f  t he  f i e l d  

t e s t ;  e. g. , i t  would reduce t h e  t o t a l  thermal energy t h a t  cou ld  be i n j e c t e d  

i n  t he  r e s e r v o i r .  

Add i t i ona l  bubble development was evaluated w i t h  t he  idea  t h a t  t h e  

a i  r - wate r  i n t e r f a c e  cou ld  be f u r t h e r  depressed v e r t i c a l l y ,  thereby 

i nc reas ing  t h e  separa t ion  o f  t h e  i n t e r f a c e  f rom the  i n j e c t i o n  fwi thdrawal 

i n t e r v a l .  The l o c a t i o n  o f  t he  50% s a t u r a t i o n  f r o n t  i s  shown i n  

F igure  5.10. T h i r t y  days o f  a d d i t i o n a l  a i r  i n j e c t i o n  r e s u l t s  i n  an 

a d d i t i o n a l  1 -m depression o f  the  a i r - w a t e r  i n t e r f a c e .  Th is  would c e r t a i n l y  



delay water production b u t  would not preclude i t s  occurrence. In 
consideration of the constraints on time and resources for the f ie ld t e s t ,  
the benefit of additional a i r  injection was not pursued further. 

RADIUS, m 
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FIGURE 5.10. Additional Bubble Development to  Avoid Water Coning 

The cycle duration refers to  the time span of the injection/ 
withdrawal and any closure that may occur as part of the complete cycle. 
Two cycles were compared to  the 12-hr wi thdrawalll2-hr injection cycle 
indicated in F i  gure 5.9. Other cycles eval uated were 12-hr withdrawal / 
12-hr injection with weekend closure, and 6-hr withdrawall6-hr injection. 
A vertical permeability of 350 md was used i n  t h i s  evaluation of cycle 
duration. 

I t  was observed that the 1 2- h r  withdrawalll2-hr injection cycle 
resulted i n  a net increase in saturation in the vicinity of the wellbore. 
Adjusting the cycle to  include weekend closure was proposed t o  allow time 
for  gravity drainage to  return the saturations to  the same values a t  the 
beginning of each week. Adjusting the cycle t o  include shorter withdrawal 
and injection periods was proposed because i t  was believed that this  action 
would reduce the rate of water advancement toward the wellbore. 



The s a t u r a t i o n  a t  a  g iven l o c a t i o n  changes accord ing t o  the  

d e s c r i p t i o n  presented f o r  F igure 5.9. The s a t u r a t i o n  changes f o r  the  two 

o t h e r  cyc les  are shown i n  F igures 5.11 and 5.12. I n  each case t he  l o c a t i o n  

i s  5.75 m below the  caprock a t  the  cen te r  o f  the  r e s e r v o i r .  The t h r e e  

cyc les  a re  compared i n  F igure 5.13. The weekend c l osu re  does r e s u l t  i n  

some decay o f  the  s a t u r a t i o n  and increased m o b i l i t y  o f  a i r .  Dur ing the  

i n i t i a l  w i thdrawal  a f t e r  t he  weekend c losure ,  the  a i r  i s  r e a d i l y  d i sp laced  

and t he  s a t u r a t i o n  rebounds almost as i f  the  c l osu re  had never occurred. 

The 6- hr  c y c l e  r e s u l t s  i n  a  reduced ampl i tude o f  s a t u r a t i o n  c y c l i n g  b u t  t he  

r a t e  o f  n e t  s a t u r a t i o n  change i s  almost independent o f  the  l e n g t h  o f  the  

cyc le .  Th is  behav io r  i s  a l s o  exp la ined  by cons idera t ion  o f  the  changes i n  

m o b i l i t i e s .  The l onge r  c y c l e  r e s u l t s  i n  a  g rea te r  increase i n  s a t u r a t i o n  

du r i ng  t h e  f i r s t  w i thdrawal .  Th is  leaves t he  water  more mobi le.  Coupled 

w i t h  t he  l onge r  i n j e c t i o n  t ime,  t he  increased m o b i l i t y  a l lows  t h e  

s a t u r a t i o n  t o  decay f u r t h e r  du r i ng  the  i n j e c t i o n  cyc le .  
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FIGURE 5.11. Sa tu ra t i on  H i s t o r y  f o r  12-hr I n j e c t i o n l l 2 - h r  Withdrawal, 
w i t h  Weekend C l  osure 
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FIGURE 5.12. Sa tu ra t i on  H i s t o r y  f o r  6-hr I n j ec t i on /G-h r  Withdrawal 
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FIGURE 5.13. Comparison o f  Sa tu ra t i on  H i  s t o r i e s  f o r  Cycles o f  Various 
Durat ion 



From t h i s  analys is  i t  i s  concluded t h a t  adjustment o f  the cyc le 

dura t ion  parameters w i l l  no t  s i g n i f i c a n t l y  a f f e c t  the p o t e n t i a l  f o r  water 

coning. 

A skewed in jec t ion /w i thdrawal  cyc le  r e f e r s  t o  a cyc le  having unequal 

i n j e c t i o n  and withdrawal times but  an approximate d a i l y  mass balance. To 

reduce the p o t e n t i a l  f o r  water coning, the  withdrawal t ime i s  g rea ter  than 

the  i n j e c t i o n  t ime. To obta in  a n e t  mass balance, the  withdrawal f l o w  

ra tes  are l ess  than the i n j e c t i o n  f l ow  rates.  Therefore, the pressure 

grad ien t  i s  reduced on the withdrawal s ide o f  the cyc le,  reducing the  

po ten t i  a1 f o r  water coning. 

The f i e l d  t e s t  s i t e  i s  unique, r e l a t i v e  t o  an t i c i pa ted  commercial 

condi t ions,  because o f  the  low r e s e r v o i r  pressure. To achieve reasonable 

f l ow  ra tes  the r a t i o  o f  bottomhole pressure between the i n j e c t i o n  and 

withdrawal cyc les can e a s i l y  be 2 t o  1. This creates l a rge  dens i ty  

d i f fe rences.  For equal a i r  mass f l ow  ra tes  there  would be l a rge  

d i f fe rences i n  a i r  v e l o c i t y .  This would r e s u l t  i n  l a rge  d i f fe rences i n  the  

pressure grad ien t  across the  r e s e r v o i r  between the i n j e c t i o n  and withdrawal 

cycles. The imbalance i n  pressure gradients r e s u l t s  i n  a s i g n i f i c a n t  n e t  

p o t e n t i a l  f o r  water coning t o  occur. The skewed cyc le  can reduce t h i s  

p o t e n t i a l  by approaching an approximate balance i n  the pressure gradients.  

To achieve a t ime- in tegra ted  pressure balance, the cyc le  would have t o  be 

skewed enough t h a t  the rese rvo i r  pressure drop dur ing withdrawal i s  lower 

than t h a t  dur ing  i n j e c t i o n .  I n  t h i s  way the  product o f  the  pressure drop 

and the length  o f  the  cyc le  would be nea r l y  equal f o r  both sides o f  the 

cyc le  . 
The skewed cyc les t h a t  were evaluated inc luded 8 h r  o f  i n j e c t i o n / l 6  h r  

o f  withdrawal and 4 h r  o f  i n jec t i on /20  h r  o f  withdrawal. The 8/16 cyc le  i s  

approximately pressure-bal anced ; t h a t  i s  , the pressure grad ien t  between the 

wel lbore and the bu l k  o f  the rese rvo i r  i s  approximately the  same magnitude 



on e i ther  side of the cycle. The 4/20 cycle overcompensates the pressure 

gradient, making the pressure gradient considerably greater on the 
injection side of the cycle than on the withdrawal side. If pressure 
gradients due to  in jection/wi thdrawal f l  ow rates were the only factor 
affecting water migration near the wellbore, then the 2014 cycle would 
result  in a net migration of water away from the well bore. 

The saturation histories a t  a location 3.75 m below the caprock a t  the 
center of the reservoir for  the two skewed cycles are shown in Figure 5.14 
and compared with the 12/12 cycle. On the injection side of each cycle, 
the a i r  flow rate i s  1250 scfm. The withdrawal flow rate i s  adjusted to 
achieve a net mass balance i n  the reservoir. For example; the withdrawal 
flow rate i s  625 scfm for 16 hr for  the 8/16 cycle. The permeability 
applied i n  the analysis was a homogeneous 700 md. The results show that 
skewed cycles can significantly reduce the potenti a1 for water coning, 
although for the 4/20 cycle there i s  s t i l l  some saturation increase. 
However, t h i s  i s  most l ikely due to the continuing equilibration of the 
bubble rather than imbalanced pressure/mobil i t y  driven water coning. The 
8/16 cycle shows a moderate increase in saturation during the 2 weeks of 
simulated a i r  cycling. 
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FIGURE 5.14. Comparison of Saturation Histories for Various Skewed Cycles 



5 .3  THERMAL DEVELOPMENT 

The general behavior of thermal development in a CAES reservoir was 

reported by Wiles (1979a). 

Drilling technology limits the distance from the injection/withdrawal 
well t o  the surrounding observation wells. For the f ie ld  t e s t  the 

observation wells were located approximately 2 and 8 m from the injection/ 

withdrawal we1 1 .  The thermal development calculations were intended to  
indicate whether or not a heated region could be established beyond th is  
radius within the time frame of the f ie ld  t e s t ,  thereby supplying useful 

thermal devel opment data. 

A cycle of 4 hr of injection and 4 hr of withdrawal was selected for 
th i s  analysis. This was judged to be the shortest conceivable injection 
period. An injection temperature of 200°C was defined to  ex is t  a t  the 
bottomhole. Four weeks of cycl ing were simulated. Radial temperature 

profiles are shown in Figure 5.15. These profiles were taken along the top 
of the reservoir a t  the conclusion of the final withdrawal cycle for each 
week. If thermal recovery from the reservoir were complete, no thermal 
buildup would occur. Therefore, these curves represent the nonrecoverable 
thermal energy 1 os t  to the reservoir. Because peak recovery temperatures 
increased, then the rate of thermal loss to  the reservoir decreased, as one 

might expect. The temperature dip near the well bore was due to  the effects  
of cooler a i r  being drawn from below. 

The results of the prel iminary thermal development analysis suggest 
that  some thermal data should be obtainable a t  the observation wells. 
Results for  longer cycle durations were even s l ight ly more favorable in 
th i s  regard. A longer injection cycle carries heated a i r  farther into the 
reservoir where i t  dissipates more readily. For a cycle of 12  hr 
injection/lZ hr extraction, the peak extraction temperature a f te r  4 weeks 

i s  about 131 O C  which compares to  a value of about 145°C for the 4-hr 
injection/4-hr extraction cycle shown in Figure 5.15. The longer cycle 

duration will not only promote greater thermal development b u t  will also 

resul t  in more temperature cycling a t  the observation wells. 
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FIGURE 5.15. Thermal Development - Radial P r o f i l e s  o f  Temperature A f t e r  
F i na l  Weekly Withdrawal Cycles 

I n  s p i t e  o f  these p o s i t i v e  i n d i c a t i o n s  o f  thermal performance, the  

f o l l o w i n g  f a c t o r s  cou ld  c o n t r i b u t e  t o  a l e s s  favorab le  r e s u l t :  . Heat losses between t he  above-ground equipment and the  r e s e r v o i r  have 

n o t  been accounted f o r .  . Dehydration i n  t he  near-we1 1 bore reg ion  w i  11 i n h i b i t  thermal growth. . The advance and r e t r e a t  o f  under ly ing  water  w i l l  smear the  thermal 

f r o n t .  . To avo id  water  coning, l o n g  withdrawal cyc les  a t  low f l o w  ra tes  may be 

necessary. I n  t he  t ime frame o f  the  f i e l d  t e s t s ,  t h i s  would reduce 

the  t o t a l  thermal energy t o  which t he  r e s e r v o i r  i s  subjected. 



5.4 NEAR-WELLBORE DEHYDRATION 

The general  behavior  o f  near-wel lbore dehydrat ion i n  a CAES r e s e r v o i r  

was examined i n  Wiles (1979b). It i s  impor tan t  t o  dehydrate t he  

near-wel l  bore reg ion  f o r  two reasons. F i r s t ,  the  presence o f  l i q u i d  water  

reduces t he  pe rmeab i l i t y  t o  t he  f l o w  o f  a i r .  Second, l i q u i d  water  i n  the  

presence o f  a i r  and s l i g h t l y  e l eva ted  temperatures may cause geochemical 

r eac t i ons  t h a t  reduce permeabi 1 i t y .  Reduced permeabi 1 i t y  i n  t he  

near-we1 1 bore reg ion  imp1 i e s  t h a t  a g rea te r  pressure g rad ien t  i s  r e q u i r e d  

t o  achieve a g iven a i r  f l o w  r a t e .  Th is  would lower  t he  e f f i c i e n c y  o f  

r e s e r v o i r  performance and would promote water coning, which would compound 

t he  problem. 

The dehydrat ion o f  t he  near-we1 1 bore reg ion  proceeds as f o l  1 ows . 
Dur ing i n j e c t i o n  o f  undersaturated a i r  a t  e leva ted  temperature, t he  a i r  

gains mo is tu re  as i t  moves r a d i a l l y  outward. The a i r  temperature a l s o  

drops as t he  thermal energy i s  exchanged w i t h  t he  surrounding media. The 

a i r  f i n a l l y  reaches a r a d i a l  p o s i t i o n  where i t  i s  sa tu ra ted  a t  t he  l o c a l  

pressure and temperature.  As t he  a i r  moves beyond t h i s  po in t ,  condensation 

occurs because t he  temperature cont inues t o  decrease. By t h i s  mechanism a 

dehydrated zone i s  es tab l  i shed around t he  we1 1 bore. Beyond t h i s  so- ca l l  ed 

" d ry  f r o n t "  i s  a t r a n s i t i o n  reg ion  charac te r i zed  by some s a t u r a t i o n  

bu i ldup.  

Dur ing t he  wi thdrawal  s i d e  o f  the  cyc le ,  water  i s  a l s o  removed from 

the  r e s e r v o i r .  A i r  moving toward t he  w e l l  bore gains mois ture as i t  en te rs  

t he  reg ion  o f  i nc reas ing  temperature. However, i t  gains mo is tu re  o n l y  

u n t i l  i t  reaches t he  d r y  f r o n t .  The a i r  i s  then withdrawn f rom the  

r e s e r v o i r  a t  a sa tu ra ted  s t a t e  determined by t he  pressure and temperature 

a t  t he  l o c a t i o n  o f  t he  d r y  f r o n t .  

The ana l ys i s  o f  dehydrat ion f o r  t he  f i e l d  s i t e  r e s e r v o i r  was a l s o  

based on a c y c l e  o f  4 h r  o f  i n j e c t i o n  and 4 h r  o f  wi thdrawal .  Radial  

s a t u r a t i o n  p r o f i l e s  f o r  d i f f e r e n t  t imes du r i ng  development are shown i n  

F igure  5.16. These r e s u l t s  can be compared aga ins t  da ta  f rom the  f i e l d  
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FIGURE 5.16. Dehydration - Radial Profile of Saturation 

t e s t  where extraction humidity will be monitored. Such a comparison will 

l ikely show differences in predicted and actual data for the following 

reasons : . If the injection a i r  i s  undersaturated during bubble development, then 

a dehydrated zone may a1 ready be established around the we1 1 bore when 

cyclic operation begins. Analysis indicated the dry front may extend 

as f a r  as 5 m into the reservoir a t  the completion of bubble 

development. 

As a dehydrated zone begins to  establish,  capillary forces in the 

thin bubble may act to  continuously introduce water into the drying 

region, thereby preventing complete dehydration. 

Water coning may introduce mobile water to  the heated zone around the 

we1 1 bore, thereby increasing out let  humidities. 

An injection humidity of zero, as used in th is  analysis, i s  not 

exactly achievable, although the f ie ld  t e s t  driers come very close. 

The actual nonzero val ue reduces the dehydration rate s l  i ghtly . 
The model assumes tha t ,  in the presence of liquid water, the a i r  will 

be saturated a t  the local thermodynamic conditions. A proper 

accounting of th i s  rate process could probably affect t he  predicted 

outlet  humidity. 



6.0 FINAL PRE-TEST ANALYSIS 

P r i o r  t o  the i n i t i a t i o n  o f  bubble development opera t ion  a t  the f i e l d  

t e s t  r e s e r v o i r ,  a  f i n a l  p r e - t e s t  s imu la t i on  was run  based on our  most 

cu r ren t  knowledge o f  r e s e r v o i r  p rope r t i es .  The major d i f f e r e n c e  i n  t h i s  

s imu la t i on  i nvo l ved  t he  re f inement  o f  r e s e r v o i r  v e r t i c a l  permeabi 1  i ty. The 

h o r i z o n t a l  pe rmeab i l i t y  was de f i ned  t o  be homogeneous a t  700 md. 

Experimental data from PNL and David K. Davies (PB-KBB, Inc., and David K. 

Davies and Associates 1983) po in ted  t o  a  wide v a r i a t i o n  i n  v e r t i c a l  

p e r m e a b i l i t i e s  near  t he  t op  o f  the  S t .  Peter  as measured i n  core samples 

from the  i n j ec t i on /w i t hd rawa l  w e l l  and the  ad jacent  ins t rumenta t ion  and 

l ogg ing  we1 1s. Th is  data was summarized as t he  s t r a t i f i e d  permeabil i t i e s  

shown i n  F igure  3.2. These v e r t i c a l  p e r m e a b i l i t i e s  were de f ined  t o  a  

rad ius  o f  108 m. The g r i d  p e r m e a b i l i t i e s  were de f i ned  so t h a t  a  given 

l a y e r  was approx imate ly  p a r a l l e l  t o  the sloped caprock. A r e s e r v o i r  

average v e r t i c a l  pe rmeab i l i t y  o f  135 md was mainta ined throughout the  

remainder o f  t he  computat ional  g r i d .  The o t h e r  cond i t i ons  o f  the  ana lys is  

a re  g iven i n  Table 3.1. 

Another impor tan t  p o i n t  i s  t h a t  no s k i n  l o s s  ( t h e  e f f e c t  o f  f l o w  

r e s t r i c t i o n  due t o  t he  complet ion method) was de f ined  a t  the  wel lbore.  

Th is  c o n d i t i o n  i s  cons i s ten t  w i t h  a1 1  prev ious s imu la t ions .  The o r i g i n a l  

p l an  f o r  complet ion o f  t he  i n j ec t i on /w i t hd rawa l  w e l l  c a l l e d  f o r  a  gravel  

pack and screened l i n e r .  Such a complet ion would have added i n s i g n i f i c a n t  

f l o w  res is tance  a t  t he  we l lbore  based on prev ious PNL s tud ies  and i n d u s t r y  

experience. The ac tua l  complet ion i nvo l ved  exp los i ve  p e r f o r a t i o n s  o f  t he  

casing. While t he  r e s u l t a n t  complet ion may have increased the  f l o w  

res is tance  a t  the  we l lbore ,  a  s k i n  e f f e c t  was n o t  q u a n t i f i e d  and, 

t he re fo re ,  was n o t  inc luded  i n  t h i s  ana lys is .  A s i g n i f i c a n t  s k i n  e f f e c t  

cou ld  d rama t i ca l l y  a1 t e r  the  apparent performance o f  t he  rese rvo i r .  

F i na l  p r e- t e s t  s imu la t ions  were performed on l y  f o r  the  two-phase f l o w  

problems; i .e. , bubble development and isothermal  a i r  c yc l i ng .  Th is  stage 

o f  operat ions was scheduled t o  take  up t o  6 months o f  t e s t  operat ions.  The 



f i e l d  da ta  f rom these operat ions cou ld  then be used f o r  l a t e r  f l u i d / t h e r m a l  

analyses p r i o r  t o  thermal development. 

6.1 BUBBLE DEVELOPMENT 

The bubble development s imu la t i on  i nvo l ved  60 days o f  cont inuous a i r  

i n j e c t i o n ,  f o l l owed  by 15 days o f  r e s e r v o i r  c losure.  The bottomhole 

pressure i s  ramped l i n e a r l y  du r i ng  t he  f i r s t  24 h r  o f  the  s imu la t i on  f rom 

a d iscovery pressure o f  145 p s i a  t o  a  maximum pressure o f  290 ps ia .  

Throughout t he  remainder o f  bubble development, a i r  i n j e c t i o n  t he  

bottomhole pressure remains a t  290 ps ia .  

The a i r  i n j e c t i o n  mass f l o w  r a t e  i s  shown i n  F igure  6.1. There i s  

o n l y  a  s l i g h t  p e r t u r b a t i o n  o f  the  i n j e c t i o n  f l o w  r a t e  a f t e r  t he  bottomhole 

pressure s t a b i l i z e s  a f t e r  24 h r  o f  i n j e c t i o n .  When the  bottomhole pressure 

s t a b i l i z e s ,  v e r t i c a l  growth o f  the  bubble slows as g r a v i t a t i o n a l  and 

cap i  1  l a r y  f o r ces  q u i c k l y  e q u i l i b r a t e  w i t h  the  imposed bubble pressure. I n  

t h i s  case, w i t h  a  low v e r t i c a l  pe rn ieab i l i t y  the  v e r t i c a l  coniponent o f  

bubble growth i s  r e l a t i v e l y  smal l .  When the  v e r t i c a l  growth slows a t  t he  

conc lus ion  o f  t he  bottomhole pressure ramp, t he  e f f e c t  on t he  t o t a l  bubble 

growth r a t e  i s  minor.  
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FIGURE 6.1. A i r  I n j e c t i o n  Rate f o r  Bubble Development - F ina l  Pre-Test 
Ana lys is  



The advance o f  t he  50% s a t u r a t i o n  f r o n t  i s  shown i n  F igure 6.2. I n  

the  e a r l y  phase o f  bubble development, f i n g e r i n g  o f  a i r  i n t o  t he  h i gh  

pe rmeab i l i t y  l a y e r  below the  we l lbore  i s  observed. The f i n g e r i n g  g radua l l y  

disappears because o f  g r a v i t y  drainage o f  water  f rom the  more h i g h l y  

sa tu ra ted  o v e r l y i n g  reg ions.  The f i n a l  bubble shape i s  q u i t e  s i m i l a r  t o  

the  r e s u l t s  shown prev ious ly .  Th is  supports t he  conc lus ion t h a t  t he  

v e r t i c a l  pe rmeab i l i t y  i s  l e s s  impor tan t  than the  ho r i zon ta l  pe rmeab i l i t y  i n  

determin ing bubble development. 
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FIGURE 6.2. Bubble Development - Advance o f  t he  50% Satu ra t ion  Fron t  - 
F ina l  Pre-Test Analys is  

6.2 ISOTHERMAL AIR CYCLING 

The goal o f  t h i s  ana l ys i s  was t o  de f i ne  an i n j ec t i on /w i t hd rawa l  c y c l e  

t h a t  minimized the  m ig ra t i on  o f  water  toward the  wel lbore.  A i r  c y c l i n g  

s imu la t ions  were i n i t i a t e d  f rom the  pressure and s a t u r a t i o n  d i s t r i b u t i o n s  

de f i ned  a t  the  conc lus ion o f  the  r e s e r v o i r  c l osu re  p e r i o d  t h a t  fo l lowed 

bubble development. 

A number o f  cyc les  were tes ted .  The se lec ted  c y c l e  was chosen on the  

bas is  t h a t  the  magnitude o f  t he  pressure drop between t he  bottomhole and 

t h e  bu l k  r e s e r v o i r  was approximately equal f o r  both the  i n j e c t i o n  and 



withdrawal cyc le .  A t ime- in teg ra ted  pressure balance i n  which t he  p roduc t  

o f  t he  pressure drop and the  l e n g t h  o f  the  cyc le  were equal on both s ides  

o f  t he  c y c l e  was n o t  pursued. To achieve t h a t  more des i r ab le  balance would 

have requ i red  the  c y c l e  t o  be skewed t o  an ex ten t  t h a t  o t h e r  aspects o f  t he  

f i e l d  t e s t  would be adverse ly  a f f ec ted .  It i s  o n l y  necessary t h a t  water  

p roduc t ion  be avoided. I f  the  c y c l e  i s  skewed enough t o  accomplish t h a t  

goal then t he  c y c l e  i s  s a t i s f a c t o r y .  

The c y c l e  t h a t  was decided upon as a reasonable balance o f  t he  above 

concerns i s  7 h r  o f  i n j e c t i o n  a t  1250 scfm, 11 h r  o f  wi thdrawal  a t  

795 scfm, and 6 h r  o f  c losure .  Th is  mass-balanced 24-hr c y c l e  i s  repeated 

5 days a week. On t h e  weekend t he  r e s e r v o i r  i s  c losed. Ten weeks o f  a i r  

c y c l i n g  were s imu la ted  us ing  t h i s  cyc le .  The 10 weeks i s  t h e  a n t i c i p a t e d  

l e n g t h  o f  i so therma l  a i r  c y c l i n g  i n  t he  f i e l d  t e s t .  A f t e r  t h a t  i n i t i a l  

p e r i o d  t he  i n j e c t i o n  temperature w i l l  be stepped up. Th is  c y c l e  n o t  o n l y  

achieves an approximate pressure balance, b u t  a1 so approximates t he  demand 

curve expected f o r  a t y p i c a l  CAES f a c i l i t y .  Also, the  a i r  volume f l o w  

r a t e s  a re  t y p i c a l ,  on the  bas is  o f  a i r  f l o w  pe r  u n i t  l e n g t h  o f  the  

p e r f o r a t e d  we l lbore .  Th is  i s  t he  measure o f  s i m i l i t u d e  between t h i s  f i e l d  

t e s t  and a f u l l - s c a l e  f a c i l i t y .  

Several i 11 u s t r a t i o n s  demonstrate t he  tendency o f  water  t o  m i  g r a t e  

toward t he  we1 1 bore. F igure 6.3 shows v e r t i c a l  s a t u r a t i o n  p r o f i l e s  

immediately below t h e  w e l l  bore a t  t he  cen te r  o f  t he  r e s e r v o i r .  The r e s u l t s  

i n d i c a t e  t h a t ,  f o r  a r e s e r v o i r  descr ibed by t he  de f ined  cond i t i ons  and 

be ing  operated accord ing ly ,  water  p roduc t ion  would n o t  1 i k e l y  be a severe 

problem. Considerable s a t u r a t i o n  increases occur i n  t he  range o f  5 t o  10 m 

below the  t o p  o f  t he  r e s e r v o i r .  Sa tu ra t i on  increases i n  t he  immediate 

v i c i n i t y  o f  t he  we l lbore  are q u i t e  smal l .  Th is  i s  a r e s u l t  o f  t he  low 

permeabil i t y  1 ayer  be1 ow the  i n  j e c t i o n l w i  thdrawal zone. The pressure 

balance f rom the  skewed c y c l e  a l s o  con t r i bu tes  t o  t h i s  f avo rab le  r e s u l t .  

F igure 6.4 i n d i c a t e s  t he  movement o f  t he  50% s a t u r a t i o n  f r o n t  

beginn ing f rom t h e  s t a t i c  near  e q u i l i b r i u m  p o i n t  a f t e r  30 days o f  c l osu re  
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f o l l o w i n g  bubble development. As t ime advances, t he  s a t u r a t i o n  p r o f i l e s  

approach be ing  h o r i z o n t a l .  This suggests t h a t  much o f  the  s a t u r a t i o n  

increases below the  we l lbore  a re  due t o  cont inued e q u i l i b r a t i o n  o f  t he  a i r  I 
I 

s torage bubble r a t h e r  than be ing t he  r e s u l t  o f  water m ig ra t i on  d r i v e n  by I 

I 
p ressure and m o b i l i t y  imbalances. During t h i s  f a i r l y  long- term I 

I 
equ i  1  i b r a t i o n  per iod ,  t he  reg ion  below the  we1 1 bore cont inues t o  r e f l o o d .  I 

Th is  process i s  demonstrated i n  F igure  6.5. - I 
I 
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FIGURE 6.5. E q u i l i b r a t i o n  o f  t he  50% Satu ra t ion  Fron t  - F ina l  
Pre-Test Ana lys is  

The process o f  water  m ig ra t i on  below the  we l lbore  i s  f u r t h e r  

demonstrated by the  s a t u r a t i o n  versus t ime p l o t s  o f  d i f f e r e n t  weekly 

cyc les,  as shown i n  F igure  6.6. Dur ing a withdrawal c y c l e  the  s a t u r a t i o n  

increases a t  a  g iven l o c a t i o n .  Dur ing t he  subsequent i n j e c t i o n  cyc le ,  t he  

s a t u r a t i o n  decreases. The n e t  e f f e c t  i s  t h a t  water migrates toward the  

we1 1 bore. Three separate f a c t o r s  are i nvo l ved  a1 though t he  c o n t r i b u t i o n  

f rom each i s  unknown. F i r s t ,  w h i l e  t he  near-wel l  bore pressure g rad ien ts  

are balanced on bo th  s ides  o f  t he  cyc le ,  t he  t ime- in tegra ted  f o r c e  (which 

i s ,  i n  essence, t he  "average" l o c a l  pressure a t  each p o i n t )  i s  such t h a t  

n e t  movement i s  toward t he  wel lbore.  Second, the  m o b i l i t y  o f  t he  water  i s  
I always imbalanced. The advancing s a t u r a t i o n  f r o n t  i s  f ed  f rom below by 
I 





water  of h i g h  m o b i l i t y .  The m o b i l i t y  o f  the receding s a t u r a t i o n  f r o n t  

depends on t h e  l o c a l  sa tu ra t i on .  The imbalance i n  m o b i l i t i e s  r a t c h e t s  t he  

f r o n t  toward t h e  wel lbore.  Th i rd ,  the  bubble i s  con t i nu ing  t o  e q u i l i b r a t e .  

As t h e  s a t u r a t i o n  increases a t  a l o c a t i o n ,  the  m o b i l i t y  o f  t he  water  

increases. I n  t he  t ime span o f  one i n j ec t i on /w i t hd rawa l  c y c l e  t he  

amp1 i tude o f  t he  s a t u r a t i o n  changes wi 11 corresponding ly  increase. Th is  i s  

most no tab le  i n  F igure  6.6 f o r  t he  l o c a t i o n  8.25 m below the  t op  o f  t he  

r e s e r v o i r .  The s a t u r a t i o n  cyc les  about a nominal value t h a t  increases w i t h  

t ime. 

The eva lua t i on  o f  isothermal  a i r  c y c l i n g  focuses on t he  behavior  o f  

t he  s a t u r a t i o n  i n  t he  v i c i n i t y  o f  t h e  we l lbore  because o f  the  p o t e n t i a l  f o r  

water  product ion.  The o t h e r  parameter p red i c ted  by t he  two-phase f l o w  

model i s  t h e  pressure. The pressure response i s  impor tan t  because o f  t he  

impact on water  p roduc t ion .  However, t he  most impor tan t  aspect o f  t he  

pressure response i s  t he  impact on t he  ope ra t i ona l  e f f i c i e n c y  o f  t he  

r e s e r v o i r  . 
The bottomhole pressures a t  t h e  conc lus ion o f  each c y c l e  a re  shown i n  

F igure  6.7. The d i f f e r e n c e  between t he  i n j e c t i o n  and c l osu re  pressures i s  

approx imate ly  equal t o  t he  d i f f e r e n c e  between the  wi thdrawal  and c l osu re  

pressures. Thus, t he  de f i ned  c y c l e  achieves t he  des i r ed  pressure balance. 

With respec t  t o  ope ra t i ona l  e f f i c i e n c y  o f  the  r e s e r v o i r ,  i t  i s  observed 

t h a t  a i r  i s  i n j e c t e d  a t  a pressure t h a t  i s  approx imate ly  double t h e  

recovery pressure. Th is  performance would 1 i k e l y  be unacceptable i n  a 

commercial CAES f a c i l i t y  b u t  t h e  f i e l d  t e s t  was designed f o r  much lower  

ope ra t i ng  pressure than a f u l l  - sca le  f a c i l i t y .  The impor tan t  p o i n t  i s  t h a t  

volume f l o w  r a t e s  p e r  u n i t  o f  sandface sur face area a re  approx imate ly  

equal , and a re  a1 so p r o t o t y p i c .  

Another r e s u l t  observed i n  F igure  6.7 i s  the  e f f e c t  o f  decay o f  bubble 

pressure. A t  the  conc lus ion o f  bubble development, t he  r e s e r v o i r  was 

t a k i n g  a i r  a t  a p r e d i c t e d  r a t e  o f  about 1250 scfm w i t h  a de f i ned  

bottomhole pressure o f  290 ps ia .  A t  t he  beginn ing o f  t h e  a i r  c y c l i n g  
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FIGURE 6.7. Bottomhole Pressures During Cycl i n g  - F ina l  Pre-Test Analys is  

c a l c u l a t i o n ,  t he  r e s e r v o i r  i s  t a k i n g  a i r  a t  1250 scfm w i t h  a bottomhole 

pressure o f  256 ps ia .  Th is  seemingly i n c o n s i s t e n t  r e s u l t  i s  due t o  t he  

e q u i l i b r a t i o n  o f  the  bubble du r i ng  t he  15 days o f  c losure  t h a t  fo l lowed 

bubble development. The bubble pressure decays as the  bubble expands 

aga ins t  t he  background h y d r o s t a t i c  pressure. Th is  pressure decay cont inues 

du r i ng  a i r  c yc l i ng .  A f t e r  10 weeks the  c l osu re  pressure i s  161 ps ia .  The 

c l osu re  pressure w i l l  never r e t u r n  t o  the  o r i g i n a l  h y d r o s t a t i c  value. The 

bubble development has depressed t he  a i r - wa te r  i n t e r f a c e  about 10 m below 

the  t o p  o f  t he  r e s e r v o i r .  Because the depth o f  the  a i r - wa te r  i n t e r f a c e  

determines t he  h y d r o s t a t i c  pressure, t he  equi  1 i b r i  um bubble pressure w i l l  

be about 11 atm. 



7.0 FUTURE WORK 

Concurrent modeling i s  planned in support of the operation of the 
f ie ld  t e s t .  In th i s  analysis, the key aspect of reservoir modeling will be 
performance matching. Parameters in the models can be adjusted so that 
model predictions and reservoir performance are matched. Then the models 
should be more accurate for  use as predictive tools. The success of th is  
approach depends on the use of sound engineering practices in making the 
adjustments to  the model parameters. Otherwise, arbitrary adjustments to  
these parameters would not, i n  general, improve the predictive accuracy of 
the models. 

The benefit of performance matching i s  that  i t  should lead to  greater 
understanding and insight into the geologic properties and performance 
characteristics of the reservoir. Adjustment of parameters associated w i t h  

the hydraul i c  response of the reservoir, such as permeabi 1 i ty ,  re1 a t i  ve 
permeabi 1 i t y  , and porosity , and those parameters associated with the 
thermal response of the reservoir, such as conductivity, which lead to  more 
accurate performance predictions, may provide cl ues to researchers i n  the 
f ie ld  and in the laboratory regarding the value of those parameters as they 
exis t  within the reservoir. This interaction may help to resolve expected 
discrepancies between laboratory data,  in-si t u  data and model predictions. 
For example, historical precedent indicates in s i  t u  hydraul i c  conductivity 
i s  usually higher than core data predicts. 

As the f ie ld  t e s t  progresses, the two-dimensional, two-phase 
isothermal flow model can be used t o  provide guidance should problems occur 
related to  the flow of fluids in the reservoir. For example, excessive 
fingering of the in i t i a l  bubble growth could result  in a loss of closure. 
The model will be useful in determining a new injection schedule and flow 
rates to  reduce the impact of th i s  problem. Also, i f  water producti.on 
occurs during the cycle t e s t s ,  the models will help to  define a new cycling 
schedule and flow rates that will prevent the problem. 



The numerical  modeling proposed t o  support  the  h i gh  temperature a i r  

c y c l i n g  w i l l  p r i m a r i l y  i n v o l v e  t he  thermal models. Our a b i l i t y  t o  

accu ra te l y  p r e d i c t  the  thermal response o f  t he  r e s e r v o i r  w i l l  depend on t h e  

s t r eng th  o f  the  coup l i ng  between the  f l o w  o f  water and the  thermal 

response. I f  1 i q u i d  water  con t i nua l  l y  resa tu ra tes  t he  near-we1 1 bore 

reg ion,  the  thermal conductance and heat  capac i ty  w i l l  be a1 te red .  The 

e f f e c t  o f  these changes on the  thermal response i s  unce r ta i n  because t he  

heat  capac i t y  i s  de f i ned  p r i m a r i l y  by t he  hos t  rock  and thermal conduct ion 

p lays  a minor  r o l e  t o  f o r ced  convect ion f o r  heat t r a n s f e r  i n  t h e  a i r  

s torage zone. Also, t he  r a t e  o f  r e s a t u r a t i o n  may be slow, thereby 

p rec lud ing  t he  problem. Nevertheless, i f  the  coup l i ng  i s  s t rong,  the  

c u r r e n t  model ing capabi 1 i ty  w i  11 n o t  p rov ide  accurate p r e d i c t i o n s  o f  t he  

performance o f  t he  r e s e r v o i r .  I n d i c a t i o n s  o f  s t r ong  coup l i ng  would be 

h i ghe r  than expected wi thdrawal  humid i t y  and 1 ower temperatures. I n  t h i s  

event,  a  model t h a t  combines two-phase f low,  thermal e f f e c t  and phase 

change would be requ i red .  
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