
SECOND 

LBL-8883 
UC-66 

CONF-7810170 - - 

INVITATIONAL WELL-TE STING 
SYMPOSIUM 

PROCEEDINGS 

October 25-27, 1978 
Berkeley, California 

Sponsored by 
Earth Sciences Division 
Lawrence Berkeley Laboratory 
University of California 

U.S. Department of Energy 
Division of Geothermal / 

Energy 
Prepared for the U.S. Department of Energy 
under Contract W-7405-ENG-48. 

W 

\ 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



LEGAL NOTICE 

This report was prepared as an account of work 
rponsoral by the United States Government. Neither 
the United Stata nor the United States Department 
of Energy, nor any of thciemployccs. nor any of their 
contractors. subcontractors, or their employees, 
makes any warranty. express or implied. or assume 
any kgal liability or responsibility for the accuracy, 
completeness or usefulness of any information, 
apparatus, product or process disclosed. or repmento 
that its UK would not infringe privately owned rights. 

Printed in the United States of America 
Available from 

National Technical Information Service 
U.S. Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 
Rice Code : A07 



SECOND 

INVITATIONAL WELL-TESTING 

SYMPOSIUM 

PROCEED I NGS 

NOTICE 

apcamred by the Umted Staler Ganmmnt. Nalther he 
United Suler nor the Lhuted Staler Deputmni of 

EmrnCtm. ~ b c o n r n ~ t ~ n .  OT thclr mployas  nu& 
my w ~ ~ ~ n t y ,  sxpnn or imphed, n ulm my kgl 
lilbihty or mponsibillty for the .CNDCY. wmpbtenun 
u uefulnm of my Infomtmm. appmiu%, product OT 

proan dirdmcd. n npmene h i  L ue would not 

EneNrg.. Mw my of mcir mployeer, WT my of mDir 

LBL-8883 
UC-66 
CONF-7810170 

Lawrence Berkeley Laboratory 
October 25-27, 1978 



PREFACE 

A f t e r  the f i r s t  I n v i t a t i o n a l  Well Testing Symposium held a t  Berkeley, 
Cali fornia, October 1977 (Ref. LBL-7027), many par t ic ipants  and the  
Well Testing Comunity as a whole expressed t h e i r  in te res t  i n  holding 
a second Symposium which would concentrate on a spec i f i c  subject. It 
was decided t o  devote the  second symposium t o  t h e  important top ic  
- i n j e c t i o n  o f  f l u i d s  underground - w i t h  the  fo l lowing sections t o  
round out the meeting: 

. Measurements and Case H is to r ies  . Analysis and In te rpre ta t ion  . Chemistry and Physics . Special Problems 

As i n  t h e  pas t  t h e  goa ls  o f  t h e  symposium were f o r  p ro fess iona ls  
i n  t h e  f i e l d s  o f  petroleum engineering, hydrology, and energy re la ted  
earth sciences t o  meet and exchange information, ideas, and so lut ions 
t o  outstanding problems. The symposium was held t o  evaluate the  s ta te  
o f  the  a r t  o f  i n j e c t i o n  o f  f l u i d  underground, and i t s  appl icat ion t o  
geothermal systems i n  p a r t i c u l a r .  The symposium was supported by 
the  Geothermal Energy D iv is ion  o f  t h e  United States Department o f  
Energy. 

The Earth Sciences D iv is ion  selected a second symposium organizing 
committee, under the chairmanship o f  Professor Paul A. Witherspoon. 
Members were Ron C. Schroeder and Werner J. Schwarz. The symposium and 
the  proceedings were coordinated by Werner J. Schwarz. 

The symposium provided the over 120 par t i c ipants  a forum i n  which t o  
exchange ideas and present new information on f l u i d  i n j e c t i o n  under- 
ground The emphasis was on reviewing e x i s t i n g  capabi l i t ies ,  i d e n t i f y i n g  
current l im i ta t ions ,  and generating new ideas f o r  meeting t h e  Department 
o f  EnergylDivision o f  Geothermal Energy goals o f  power-on-line by 
1980. The in t roduct ion was chaired by Ron C. Schroeder, and Professor 
Paul. A Witherspoon gave the keynote address. 

The par t ic ipants  represented the  major national laborator ies Federal 
and State Government, Industry, U t i1  i t i e s ,  independent Consultants, 5 
major Universit ies, France, E l  Salvador, Iceland, India, I t a l y  and 
Mexico. 

Abstracts and. papers from non Lawrence Berkeley Laboratory authors and 
are being reproduced unchanged. Lawrence Berkeley Laboratory papers 
were reviewed by the  Earth Sciences D iv is ion 's  Publications Committee 
and by t h e  Technical Information Department. 
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INJECTION TESTING AT RRGI-4 RAFT RIVER, IDAHO 

_ .  
EG&G Idaho, Inc. 
dah0 Fal ls,  Idaho W 

INTRODUCTION 

In jec t i on  tes t i ng  o f  a 866 m (2840 ft 
w e l l ,  RRGI-4, w i th in  the Raft  River KGRA began i n  
March and concluded i n  June 1978. The purpose o f  
the tes t i ng  was t o  determine the hydrogeologic 
character is t ics  o f  an.. intermediate zone above and 
adjacent t o  the pr imary geothermal producing 
zone(s) and t o  ascertain the f e a s i b i l i t y  o f  i n j e c t -  
i ng  "cold," unaerated water i n t o  a zone hydraul ic-  
a1 l y  connected t o  the producing zone(s). -This 
paper discusses the resu l t s  and conclusions drawn 
from the longest durat ion test ,  conducted 'between 
May 30 and June 9, 1978, o f  the tes t i ng  program. 
Reservoir Engineering hydrogeologists consider the 
data produced by t h i s  t e s t  t o  be the most repre- 
sentat ive o f  t h a t  po r t i on  o f  the Raft River KGRA 
penetrated by RRGI-4. The resu l t s  o f  a l l  test ing,  
production, and i n j e c t i o n  conducted a t  RRGI-4 w i l l  
be published a t  a l a t e r  date by EG&G Idah 

ac i  1 i ty  i s  being devel oped t o  
ass i s t  i n  the comnercialization- o f  moderate- 
temperature geothermal resources. The i n i t i a l  
Raft  River power system w i l l  attempt t o  generate 
f i v e  me awatts o f  e l e c t r i c a l  power from a 143 O C  

(290 OF! resource by using a binary organic cyc1e.l 

Geologic Structure - 
Southern Idaho's Raft  River va l ley (Figure 

l i e s  i n  a north-trending basin, warped and down 
faulted i n  l a t e  Cenozoic time. The basin i s  f i l l e d  
t o  an i n fe r red  depth o f  180 t o  2600 m (5900 t o  
6600 ft).2 Faults located a r  the Raf t  River 
f a c i l i t y  (Figure 2) include he Narrows Structure, 
thought t o  be a northeast- t  nding normal f a u l t ,  
dipping steeply toward the southeast, and the 

g f a u l t ,  dipping 
steeply toward east. 

south o f  RRGE-1 i s  866 m (2840 ft) deep an 
cased t o  a depth o f  560.111 (1840 ft). RRGI 

- Bridge Fault, a north-tren 

RRGI-4 (Figure 3) located 475 m (155 

The va r ia t i on  i n  wel l  depths and casing o f  
observation we1 1s and the complex and heterogene- 
ous hydrogeologic system d i d  not f a c i l i t a t e  the 

n o f  observation wel l  data. 
ar ious times, o f  RRGE-1, RRGE-2, and 
d r i l l i n g  o f  RRGP-5 resul ted i n  addi- 

t i o n a l  factors  which had t o  be considered when 
in te rp re t i ng  .the data. Observation wel l  data were 
unsuitable t o  ca lcu late o r  estimate the aqui fer  
parameters: i n t r i n s i c  t ransmiss iv i ty  kh, trans- 
m i s s i v i t y  T, s t o r a t i v i t y  gch, and/or storage co- 
e f f i c i e n t  s. 
Hydrogeol ogy 

The spat ia l  conf igurat ion o f  the f a u l t  zones, 
the Narrows Structure and the Bridge Fault, and 
the hydrogeologic character is t ics  o f  the f a u l t  
zones and the surrounding rock are only general ly 
understood w i t h  subsurface d e t a i l  lacking.2 
RRGI-4 appears t o  be on the downthrown side o f  the 
Narrows Structure. Geothermal waters leaking from 
the f a u l t  zones migrate l a t e r a l l y  toward the south- . 
east as p a r t  o f  the va l ley f low system. Hot water 
can therefore be encountered i n  both the va l l ey  
f low system, imnediately down gradient o f  the f a u l t  
zones, and i n  the f a u l t  zones. 

Water chemistry data ind icate two sources f o r  
i n  the geothermal resource. RRGE-1 and RRGE- 

The pro- 

2, which penetrate the Bridge Faul t ,  represent one 
chemical type. RRGE-3, USGS-3, and RRGI-4, o f  the 
other chemical type, are thought t o  e i t he r  pene- 

tu re  o r  t o  be completed i n  
ginate i n  the Narrows 

I f  RRGI-4 penetrates the Narrows Structure, 
the i n j e c t i o n  o f  water i n t o  RRGI-4 can be expected 
t o  generate greater hydraul ic responses i n  the 

o f  the f a u l t  zone than i n  unfractured 
t i o n  wel l  USGS-3 appears t o  be 

cated i n  the upper por t ion o f  the f a u l t  zone. 
Mw-1 apparently monitors the pressure i n  the un- 
f ractured rock adjacent t o  the Narrows Structure. 

INJECTION TEST - MAY 30 TO JUNE 9, 1978 

The Jacob s t ra igh t - l i ne  modif icat ion4 o f  the 
Theis Nonequilibrium Equation was applied i n  anal- 
yzing pressure changes occurring w i t h i n  the Raft  
River KGRA dur ing the RRGI-4 test ing.  The Jacob 
method u t i l i z e s  a semilogarithmic graph o f  pres- 
sure bui ldup on the ar i thmet ic  scale versus the 
time since i n j e c t i o n  began on the logar i thmic scale. 
The pressure drawdown o r  bui ldup data, p lo t ted  as 

ine when u, the Theis var iable o f  i n t e -  
less than o r  equal t o  0.01. This con- 

d i t i o n  occurred when the quant i ty  o f  water being 
released from o r  taken i n t o  storage between the 

* i n j e c t i o n  w e l l  and the po in t  o f  observation was 
neg l i g ib le  compared t o  the changes i n  storage a t  a 

1 



TABLE I 
Observation Wells Used During the Testing of RRGI-4 

We1 1 Radi ust - 
RRGE-1 1559 ft N 

475 m 

1650 m 

1620 m 
(not monitored) 

700 m 

210 m 

RRGE-2 5400 ft NNE 

RRGE-3 5300 ft SSE 

USGS-3 2300 ft W 

w-1 700 ft SSE 

Depth 
5000 ft 
1524 m 
6500 ft 
1981 m 
5400 ft 
1645 m 

Casing+ 
3600 ft 
1097 m 
4200 ft 
1280 m 
4227 ft 

' 1288 m 

1423 ft 900 ft 
434 m 274 m 

1200 ft 1309 ft 
399 m 366 in 

Mw-2 1850 ft SE 570 ft 540 ft 
560 m 170 m 160 m 

BLM 4000 ft NNW 
1220 m 126 m 

BLM Offset 4000 ft 405 ft 65 ft 
1220 m 123 m 20 m 

--- 555 m 

413 ft --- 

RRGI-4 --- 2840 ft 1820 ft 

tDistance in feet (ft) and metres (m) and direc 

$Cased depth 

om RRGI-4 with N = North, NW = North- 
west, NNE = North-Northeast, W = West, SSE = South-Southeast, and SE = 

radius greater than that of the 'observation point. 
The u condition was satisfied in RRGI-4 after less 
than one-tenth of a minute of injection, when the 

radius of RRGI-4 was assumed to be one 

using the Modified Noneq 

with 

y . =  the water density at 250 O F  in pounds per 

u = the water vlscosity at 120 "C in cp. 
The apparent T and the apparent kh are not consider- 
ed to be factual hydrogeologic entities. 

Data Collection 

a Heise pressure gauge and a Soltec strip chart 
ing the water through an orifice o f  known diameter 
and measuring the pressure differential across it. 
The temperature of the injection water and the in- 
jection rate were recorded on continuous recorders. 
Surface instrumentation was used to monitor wells 
RRGE-1, RRGE-2, USGS-3, MW-1, and MW-2. This in- 
strumentation consisted of a di giquartz pressure 

Packard thermal printer model 5150 via a Parascien- 
tific digiquartz pressure computer model 600. A 
60-degree, V-notch weir was used to monitor changes 
in artesian flow at the BLM well. A Stevens A35 
water level recorder was used to measure the depth 

tion, the change in pressure in pounds per square 
inch (psi) per logarithmic cycle (slo) is used to 
calculate T (the product obtained by multiplying 
the aquifer thickness by its hydraulic condu 
ity, a measure of the ease with which water, r 
field conditions, can be transmitted through 
porous material) and kh (the product of the intrin- 
sic permeability, k, of the aquifer and its thick- 
ness, h). Due to the heterogeneous hydrologic 
character of the Raft River KGRA, no T or kh was 
calculated. An apparent T and an apparent kh was 
estimated to use as a basis for comparing tests. 
The apparent kh, expressed in millidarcy-feet 
(md-ft), was estimated through the formula 

kh = 

cubic foot (lg/ft), and 

s were measured at RRGI-4 with 

Injection rates were quantified by pass- 

5759 Qu 
S10 

whe transducer model 2200-A-002 interfaced to a Hewlett- 

ection rate Sn gallons 
(gpm) 

120 "C, and 
LI 

s16 = the change in psi per log cycle. 

The apparent T, expressed in gallons per day 

= watersviscosity in centipoises (cp) at 

in the BLM offset well. 

Unsuccessful attempts were made to measure down- 
per foot of buildup (gpd/ft), was estimated through 
the formula Packard temperature-pressure probe. The borehole 

hole pressure changes within RRGI-4 with a Hewlett- 



geophysical logging cable failed due t o  electrical 
shorting w i t h i n  the cable, perhaps caused by the 
corrosive and electr ical ly  conductive action of 
geothermR1 water leaking th rough  the cable's teflon 
insulation. 5 

Examination of Figure 4 reveals an upward de- 
viatlon i n  the data occurring between 25 and 120 
minutes. The deviation Is believed t o  be caused 
by temporally dependent densities and viscosities 
related t o  temperature variations between the i n -  
jection water, the water i n  the wellbore, and the 
formation water. Small temperature changes of the 
water entering the receiving zone(s) can be expect- 

robably a t  least  10 minutes following the 4 Ips) injection t e s t  .was init ia- 
ted May 30 and terminated June 9, 1978. The tes t  n of injection. Borehole fluid density 
was conducted for 13,300 minutes and was terminated so be expected t o  be small during 
because the water levels i n  RRGE-2, which supplied Pressure bui ldup  data collected a t  
water for injection, dropped t o  the level of the w i n g  the in i t ia l  10 minutes of i n -  
pump bowls. Init ial  wellhead pressure a t  RRGI-4 e relatively small 
was 25 psig, suggesting t h a t  the wellbore was 
relatively cold. The s h u t i n  pressure f 
injection was 298 psig. ure 4 from 0.45 t o  

The deviation o f  points from a linear trend 
dur ing  the in i t ia l  25 minutes of inject 
related t o  fluctuations i n  the injectio 
The injection rate varied as much as *lo percent. 
The lowest acceptable variation i n  the injection 
rate during a t e s t  should be *3 percent, but great- 
e r  control of injection rates could not  be attained 
w i t h  the procedures and equipme 

The increase i n  pressur 
trend t o  the h igh  poin t  a t  1 
the density effects of injecting increasingly hot- 
t e r  water of lower density. The decrease i n  pres- 
sure between 100 t o  120 minutes is perhaps related 
t o  aquifer adjustments t o  the lower viscosity injec- 
t ion water, relative t o  formation water. 

Ten pump outages occurred during the test .  
The effect of a pump.outage on pressure buildup can 
be seen i n  Figure 4 a f te r  120 minutes as data 
points which l l e  below the l i  

25 minutes implies that relatively small viscosity 
ere occurring during this 
undary effects. A large 
catter i n  the first 25 min- 
ations i n  injection rate. 
time required to  inject 
hole volume of water t o  a 
t). The increase i n  pres- 

sure, after 25 minutes, above the in i t ia l  linear 
s presumed to  be caused by the decreasing 
ensity and vis'cosity o f  the hotter water as 
on progresses w i t h  viscosity. The linear 
f t e r  120 minutes has approximately the same 

slope as the i n i t i a l  linear trend. The authors 
believe t h a t  thermal quasi-equil i brium was estab- 
lished af te r  120 minutes. A t  t h a t  time the vis- 
cosity and density o f  the injection water was 
stabilized. The decline i n  wellhead pressure be- 
tween 80 and 120 minutes i s  caused by the lower 
Viscosity of perature inject ion 

m upward displac n t  of the pres- 

side of the Narrows Structure w i t h  the structure 
being penetrated a t  shallower depths i n  USGS-3 t h a n  
i n  RRGI-4. , 

since inject ion commenced. 



2. No boundaries were detected during 222 hours 
of injection in to  RRGI-4. Although RRGI-4 pene- 
trates a fault  zone, it is believed t h a t  no bound- 
aries were detected as pressure responses wer 
integrated very rapidly w i t h i n  the fault  zone 
adjacent unfractured rock. 

3. The temporally dependent borehol 
perature dur ing  injection i s  a significant factor 
which must be considered when analyzing the pres- 
sure b u i l d u p  data. Downhole temperature-pressure 
probes must be used t o  determine aquifer responses 
d u r i n g  testing. The probe should be opposite the 
t o p  of the uppermost highly transmissive zone and 
i t  should remain i n  the borehole until pressure 
changes occurring w i t h i n  the borehole correspond 
w i t h  those a t  the wellhead. 

4. The aquifer parameters, intrinsic transmissiv- 
i t y  kh,  transmissivity T, storativity +ch, and 
storage coefficient S ,  could not be determined 
quantitatively due t o  the heterogeneous and complex 
nature of the hydrogeology of the Raft River KGRA 
and the variation i n  well depths and casing of 
observation .wells. 

5. The wellhead and the-injection water should 
approximate aquifer temperature before and during 

injection testing, t o  prevent pressure changes 
related t o  temporally dependent densities and vis- 
cos i t i es . 
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Fig. 1. Surfacial geology and faults of the Raft River Valley. 
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Fig. 5. Pressure buildup a t  USGS-3 during May 30, 1978, injection test a t  RRGI-4. 

6 

c 





INJECTION TEST FOR BRADY'S HOT SPRINGS, NEVADA 

Herman Dykstra 
Petroleum Engineering Consultant 

Jacob M. R u d i s i l l  
Thermal Power Company 

ABSTRACT 

An evaluation o f  the resource a t  Brady's Hot 
Springs, Nevada included a determi nat ion o f  the 
s u i t a b i l i t y  o f  ex is t ing  wel ls  i n  the f i e l d  
disposal o r  i n j e c t i o n  o f  produced f lu ids .  
evaluation consisted o f  the fol lowing: 

1. The determination o f  the s u i t a b i l i t y  o f  
ex is t ing  we l ls  as i n j e c t i o n  o r  disposal 

2. The design o f  an i n j e c t i o n  t e s t  f o r  the 
promising o f  the investigated candidate 

3. Performance o f  the i n j e c t i o n  t e s t  which 
included: 

f o r  the 
This 

wells. 

most 
wells. 

pre- test  temperature and pressure surveys. 
se lect ion and i n s t a l l a t i o n  of a satisfac- 
t o r y  we1 1 head. 
pre- in ject ion d i f f e r e n t i a l  temperature and 
spinner surveys. 
i n j e c t i v i t y  t e s t  o f  wel l  , measuring wel l -  
head pressure versus in jec ted  flow rate.  
temperature, gamma and spinner surveys 
during constant, low flow r a t e  in jec t ion .  
spinner surveys a t  various f low rates and 
locations t o  determine the r e l a t i v e  a b i l i t y  
o f  p a r t i c u l a r  zones o f  the we l l  t o  accept 
water. 
measurement o f  interference effects on 
neighboring we1 1s. 

The data obtained i n  the f i e l d  was analyzed and 
in terpreted t o  determine the w e l l ' s  s u i t a b i l i t y  
as an in jec to r .  Such factors  as the w e l l ' s  
present casing condition, the apparent e x i t  
regions of the water, the r e l a t i v e  volume of flow 
leaving these e x i t  points, and the we l l ' s  d r i l l i n g  
record impacted the analysis. Various means o f  
correct ing undesirable i n j e c t i  on character is t ics  
o f  the we l l  were considered from both technical 
and economic standpoints. 

The conclusion of the t e s t  was t h a t  none of the 
wel ls  were su i tab le  as an i n j e c t o r  because of 
pressure in ter ference with the producer and the 
subsequent concern o f  a shor t  t ime thermal break- 
through t o  the producer. Addit ional ly, the cost  
and r i s k  o f  attempting t o  correct  the cement and 
casir-tg programs o f  the most perspective i n j e c t o r  
were found t o  be h5gh. It was therefore recom- 
mended, i n  order o f  preference, t o  e i t h e r  d r i l l  

a new wel l  , workover the perspective we l l  t o  make 
i t  sui tab le f o r  in jec t ion ,  o r  u t i l i z e  a disposal 
pond temporarily before proceeding with the  in jec-  
t i o n  opt ion t o  be chosen. 

INTRODUCTION 

Brady's Hot Springs i s  a hydrothermal area located 
approximately 28KM northeast o f  Fernley, Nevada. 
Surface manifestations o f  geothermal a c t i v i t y  
occur along a north-northeast trending f a u l t  zone 
(herein re fe r red  t o  as the Brady Thermal Faul t )  a t  
the eastern margin of Hot Springs F lat ,  a small 
basin. Since September 1959, Magma Power Company, 
i t s  subsidiaries, and Union O i l  Company (as Earth 
Energy Company) d r i l l e d  11 wel ls  i n  the area. I n  
1977, Magma's 160-acre lease i n  the Section 12 was 
assigned t o  Geothermal Food Processors (GFP) f o r  
the purpose o f  prov id ing heat from the we l ls  on 
t h i s  acreage f o r  the dehydration o f  food. GFP made 
an appl icat ion t o  the Geothermal Loan Guarantee 
Prograni (GLGP) f o r  assistance i n  f inancing the 
e f f o r t ,  and consequently the GLGP o f f i c e  turned t o  
the U.S. Geological Survey (USGS) f o r  a resource 
evaluation. The USGS i n  t u r n  recommended t h a t  a 
pump f low t e s t  was necessary t o  t r u l y  determine 
the a b i l i t y  o f  the acreage's wel ls  t o  provide the 
r e q u i s i t e  water f low rate, temperature, and com- 
pos i t ion  f o r  the p lan t ' s  operating l i f e  time o f  a t  
l e a s t  15 years. Consequently, Thermal Power Com- 
pany was contacted and procured t o  design, arrange, 
conduct and evaluate a pumped t e s t  program t o  
s a t i s f y  these questions. 

The USGS addi ti onal l y  recommended i n  t h e i  r 
o r i g i n a l  resource evaluation t h a t  i n j e c t i o n  wel ls  
f o r  the f i e l d  be invest igated as we l l  as produc- 
t i o n  wells. A shor t  term i n j e c t i o n  t e s t  was thus 
designed with the p r i n c i p l e  ob ject ive o f  f i n d i n g  
a we l l  (or  determining the work required t o  render 
such d wel l )  su i tab le  f o r  i n j e c t i o n  o r  suggesting 
acceptable a l ternat ives.  

DETERMINATION OF SUITABLE INJECTION WELL 

From the resu l ts  o f  a previous reservo i r  assess- 
~ ment, Brady's Hot Springs reservo i r  appears t o  be 

a f ractured reservo i r  fed  by deep c i r c u l a t i n g  
water. This water f lows up the Brady Thermal 
Faul t  (a normal f a u l t  s t r i k i n g  N 19"E and dipping 
70"-80" t o  the west) and ou t  l a t e r a l l y ,  east and 
west i n  the f ractured zones o f  rock p a r a l l e l i n g  



the fau l t . ( see  Figure 1). During the production 
t e s t  o f  B r a e  8 (8-8), pressure interference was 
manifested and measured i n  the form o f  dropping 

'water l eve l s  i n  the wel ls  B-1, B-3 and 8-4. The-.  
pressure response i n  B-1 and 8-4 (B-3 was plugged 
w l t h  c a l c i t e  and thus had delayed pressure re- 
sponse) was inmediately r e f l e c t i v e  o f  changes i n  
the production r a t e  o f  B-8.- When the production 
t e s t  was terminated, water leve ls  rose i n  a log- 
ar i thmic manner t o  t h e i r  o r i g i n a l  levels,  These 
resul ts,  coupled wi th- the geological evidence, - - J 

lead t o  the concluslon t h a t  Brady's h igh ly  frac- 
tured and h igh ly  connected reservo i r  would suppl 
s u f f i c i e n t l y  hot water t o  the GFP p lan t  f o r  i t s  

As shown i n  Figure 1 a l l  of the wel ls i n  the f i e l d  
save 0-8 and Earth Energy-1 (EE-1) are very. 
shallow w i t h  correspondingly shallow casing 
points, ?EE- l  d i d  not  have a measurable pressure 
response, however, during the production tests  
and tes t i ng  o f  8-8. Addit ional ly,  EE-1 i s - t h e  
deepest wel l  ava i lab le t o  GFP. T 
tSon i s  presented-schematically i 
EE-1 has proven production from s 
(4820 ft. -5050 ft.):bf 120 gpm and suspected 
production from perforat ions a t  3600 ft. --3700 e 

ft. and 3200 ft. - 3300 ft. It has a casing pro- 
gram which, given a good primary cement job, might 
be sat is factory  f o r  use as an i n jec to r .  Since 
production from 8-8 was determined t o  be from a 
region around 700 - 800 ft., then i n j e c t i o n  i n  
EE-1 a t  the +3200 ft. plus zones was thought t o  be 
s u f f i c i e n t l y  separated from production i n  8-8 t o  
prevent temperature breakthrough. None o f  the 
other wel ls  avai lab le t o  GFP possessed any o f  
these character ist ics;  on the contrary, the other 
wel ls '  shallow casing programs and d i r e c t  com- 
munication w i th  the producer rendered them unsui t -  
able as in jectors .  Thus EE-1 was selected as the 
most su i tab le possible i n jec to r .  

- 
DESIGN OF INJECTION TEST 

A short  term i n j e c t i o n  t e s t  was designed t o  answer 
the fo l lowing object ives i n  a time constrained and 
cost e f f e c t i v e  manner: 

1. Determine the i n j e c t i v i t y  of EE-1. 

2. Determine the zones i n  the wel l  which accept 
water dur ing in ject ion.  

3. Determine as quan t i t a t i ve l y  as possible the 
r e l a t i v e  a b i l i t y  o f  each o f  these zones t o  
accept water. 

4. Use the data gained above t o  ascertain the 
s u i t a b i l i t y  o f  EE-1 f o r  GFP on a production 
basis. 

To accomplish these object ives i n  a expeditious 
manner i t  was decided t o  store f resh water on 
s i t e ,  i n j e c t  water i n  the wel l  a t  an i n t i a l l y  

varying rates, l o g  the wel l  whi le i n j e c t i n g  a t  a 
constant rate, and then re- test  the i n j e c t i o n  o f  
i n j e c t i v i t y  o f  the wel l  t o  determine whether any 
changes of the we l l ' s  i n j e c t i v i t y  had occurred over 
time. Neighboring w e l l ' s  water leve ls  were t o  be 
measured throughout the tes t i ng  o f  EE-1. 

OF THE INJECTION TEST 

Kuster type-wi re l ine too ls  as wel l  as s in -  
gle-conductor surface reading instruments. 
Three surveys were studied and are shown i n  
Figure 3. The 3 surveys showed very large 
di f ferences i n  nominal temperatures but  d is-  
played the same r e l a t i v e  chagnes i n  tempera- 
ture; The presence o f  the shallow acquifer 
a t  700 ft. was c l e a r l y  shown as wel l  as a 
possible addi t ional  -water source a t  1900 ft. 

sure, wel ls  i n  the Bradys' F i e l d  d i d  no t  
have Val ve-operated we1 1 heads. Due t o  
safety considerations, a Series 309 9-5/8- 
in .  by 8-in. casing head was selected f o r  
and welded onto EE-1, It was then f e l t  
t h a t  the wel ls  were equipped t o  safe ly  sus- 
t a i n  any unforeseen pressure, bui  ldup dur ing 
the i n j e c t i o n  test .  

(c) 

r e  and spinner surveys 
were run i n  EE-1 previous t o  the i n j e c t i o n  
o f  any water. The d i f f e r e n t i a l  temperature 
po r t i on  o f  the l o g  was not diagnostic. The 
spinner survey disclosed t h a t  a small amount 
a f  an i n t e r f l o w  was occurring i n  EE-1 be- 
tween the perforat ions o f  around 1900 ft. 

- 
(d) 

t in jected i n  EE-1 whi le pres- 
sure a t  the wellhead was measured. The 

The we l l  
accepted water on a vacuum up t o  300 gpm, 
a t  which p o i n t  pressure rose a t  a r a t e  of 
0.4 ps5/gpm. Maximum wellhead pressure 
encountered was 160 ps ig  a t  700 gpm. Test- 
i n g  beyond t h i s  po ln t  d i d  not occur because 
strong pressure respons 

- r esu l t s  are p lo t ted  i n  Figure 4. 



(e) I n j e c t i o n  surveys. 

Spinner and gamma surveys were run i n  EE-1 
during a constant i n j e c t i o n  r a t e  of 150 
gpm. 
noted, i t  was deemed very important t o  f i nd  
out  where the water was e x i t i n g  EE-1. 
was determined from temperature surveys 
t h a t  a l l  in jected water l e f t  the wel l  
through regions above 3290 ft. Through 
spinner and gama surveys, i t  was deter- 
mined t h a t  water was leaving a t  the lap 
o f  the 9-5/8-in. and 7-in. casings a t  371 

wel l  as a t  the perfora- 

A f te r  the response i n  8-8 had been 

I t  

(f) Survey a t  varied f low rates. 

Spinner and-gamma surveys were taken a t  
various f low rates t o  determine what per- 
centage o f  the flow was leaving a t  the 3 
regions o f  in terest .  It was determined 
tha t  the upper regions above 1940 ft. 
accepted proport ionately more water as the 
f low r a t e  increased. As shown i n  Figure 5, 
the percentage o f  f low ex i s t i ng  above 1940 
ft. was about 40% a t  100 gpm and rose t o  
almost 80% a t  700 gpm. 
t ions accepted about equal amounts a t  150 
gpm, but  a t  higher rates the l i n e r  l ap  
accepted proport ionately more. 

O f  t h a t  propor- 

(9) 

B-1, 8-3, 8-4 and 
the i n j e c t i o n  test .  

B-3 and B-4 sustained no measurable i n t e r -  
ference af fects.  B-1 displayed a react ion 
t o  the s t a r t  of i n j e c t i o n  but not t o  
di f ferences i n  f low rates over such a short  
per iod o f  time. 8-8 showed tremendous 
response when f low rates approached 600 
gpm. I n  fact ,  the wel l  comenced t o  flow 
when i n j e c t i o n  rates i n  EE-1 rose above 
600 gpm. 
pect ive ly  the water leve ls  o f  the 4 wel ls 
dur ing the t e s t  and the water l e v e l  of 8-8 
i n  r e l a t i o n  t o  the i n j e c t i o n  rates. 

Figures 6 and 7 displayed res- 

EE-1's SUITABILITY AS AN INJECTOR 

From the f i e l d  work, i t  was apparent t h a t  EE-1 i n  
i t s  present condi t ion d i d  no t  accept the design 
i n j e c t i o n  r a t e  o f  700 gpm without pressure i n t e r -  
ference a t  B-8, the producer. 
down EE-1 leaves the wellbore through 3 e x i t  
points : 

Water in jected 

-in. lap a t  371 ft. . 

2. the perforat ions a t  1880 

3. the perforat ions a t  3200 ft. - 3300 ft. 

It appears t h a t  the upper regions are causing the 
interference w i th  8-8. Accordingly, the i n j e c t i n g  
o f  water i n  zones above 2000 ft. must be avoided 
i f  EE-1 i s  t o  be used as an in jector .  Referr ing t o  
the schematic o f  EE-1 i n  Figure 2, t h i s  could be 
accomplished by running smaller p ipe i n t o  the 4%- 
in .  l i n e r  below 2000 ft. and cementing back t o  
surface. The tremendous pumping penalty imposed 
prevents t h i s  course o f  act ion from being a v iab le 
option. A l ternat ive ly ,  one could consider p u l l i n g  
the &-in. l i n e r ,  reaming out a larger  hole below 
the 7-in., and running a somewhat l a rge r  casing 
through,the 7-in. down t o  the preferred depth. 
This operation poses a high d r i l l i n g  r i s k  as we l l  
as a ra ther  severe pumping penalty, and was thus 
also deemed a less-than-preferable action. 

Two other a l ternat ives appeared avai lable t o  GFP. 
A temporary surface disposal system could be 
cleared w i th  the applicable Nevada State agencies. 
This system could be employed u n t i l  GFP determined 
the u l t jmate course o f  act ion t o  take - whether t o  
d r i l l  a new i n j e c t i o n  well, o r  attempt t o  rework 
EE-1 i n  the l a t t e r  manner deta i led above. I t was 
recommended t o  GFP t o  pursue a l l  a l ternat ives 
the u l t imate object ive o f  disposing the water 
underground. 

L 
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FIGURES 4 & 5 
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N-REINJECTION 
GEOTHERMAL F I  

va r i a b l  e w i  d t  

ac t  more complex than i s  apparent from t h i s  
50,478 kl lotons. A continuous program o f  measure- 
ments was made i n  order t o  obtain a complete 
h i s to ry  o f  pressures, temperatures, and chemistry 
changes o f  the reservo i r  f l u i d s  as a res 
control  l e d  ext ract ion-re in ject ion system 

up1 i f t e d  southern and northern sides represent a 
ser ies o f  blocks which have been fau l ted and t i l t e d  
t o  g ive the present day structure.  

I N  I O  

I n  order t o  increase the production o f  e le  
t r i c  energy i n  E l  Salvador, a program o f  geothermal 
studies was s tar ted i n  1965. 
opment o f  the Ahuachapan Geoth 

The f i r s t  r e s u l t  o f  such 
n s t a l l a t i o n  o f  two 30MW medium pressure uni ts.  

The Ahuachapan Geothermal F ie ld  i s  associated 
e southern f l ank  o f  the centra l  Salvadorean 
median trough, the northwestern sector o f  

Verde volcanic group. Th?s group 
mplex extrusive s t ructure developed 
y times near the Pliocene tecton ic  

block o f  Tacuba-Apaneca, the regional f a u l t s  o f  
which have 
graben and 
products. 

l l e d  f i r s t  the s inking o f  the 
uent ly the emanation o f  vo l  

and i t s  nor th  and northwest exten- 

Ocean and dipping towards it, a median va l l ey  o f  ness up t o  500 m. 



- Young agglomerate: Volcanic agglomerate residues (06-1.7 gm/l i ter) .  These di f ferences 
w i th  occasional lava in terca lat ions 
(Pleistocene). Thickness up t o  400 m. 
It i s  essent ia l ly  impermeable and forms 
the caprock o f  the geothermal reservoir .  

r e l a t i v e  t o  the general propert ies o f  the saturated 
aqui fer  are a t t r i b u t e d  t o  admixture w i th  waters 
from the underlying sa l ine aqui fer  which migrate 
along -fractures. t. 

- Andesites o f  Ahuachapan: Lavas w i th  pyro- 
c l  as t i c i n  terca l  a t i  ons ( P I  i 0-P1 e i  s tocene) . 
Thickness up t o  300 m. 
producer formation: It has a t yp i ca l  
secondary permeabi l i ty  caused i n  pa r t  by 
the columnar j o i n t i n g  re la ted t o  cool ing 
and i n  p a r t  by the contact surfaces of 
the d i f f e r e n t  formations, but mainly de- 
r i ved  from tectonic f ractur ing.  
can be seen the top o f  the Andesitic forma- 
t ion.  

- Ancient Agglomerates: Agglomerates w i t h  
breccia in terca lat ions i n  the lower part. 
Thickness i n  excess o f  400 in. 

I t  i s  the reservo i r  

In  Fig. 2 

HY DROGEOLOGY 

Shallow Aquifer. The shallow aqui fer  consists 
of t u f f s  and d e t r i t i c - t a l u s  pumices covering the 
lavas o f  the Lagnua Verde complex. This i s  an 
unconfined aqui fer  recharged by r a i n  water i n f i l -  
t ra t ion,  feeding several springs on the slopes o f  
the Laguna Verde and Laguna de Las Ninfas vo l -  
canoes, located a t  the contact w i th  the underlying 
lavas which const i tu te  the aquiclude o f  t h i s  
sys tem . 

The var ia t ions i n  f low r a t e  are contro l led by 
prec ip i ta t ion,  showing very f a s t  response. The 
waters are generally o f  calcium carbonate type, 
l o c a l l y  s u l f a t i c  w i th  residues below 0.5 gm/l i ter .  
This very shallow aqui fer  i s  o f  l o c a l  i n t e r e s t  
only i n  the u p h i l l  area o f  the geothermal f i e l d .  

Saturated Aquifer. The saturated aqui fer  
consists o f  f ractured lavas and pyroc last ic  depo- 
s i t s  o f  the t u f f  and lava formation, whi le the 
young agglomerate, o f  low o r  no permeabil ity, 
represents the impermeable basal stratum. Recharge 
takes place by d i r e c t  i n f i l t r a t i o n  which gives 
o r i g i n  t o  a shallow f ree  surface, tapped by several 
wel ls  f o r  domestic purposes and surfacing a t  
several springs on the p l a i n  nor th  o f  the geother- 
mal area. 

The piezometric surface i n  the area o f  the 
p l a i n  exh ib i t s  a concave shape which i s  open toward 
the north, having a gradient (and therefore a 
p r i nc ipa l  f low component) i n  a northern d i rect ion.  
The response o f  the piezometric leve l  t o  the var ia-  
t i ons  i n  r a i n f a l l  i s  much slower than i n  the case 
o f  the shallow aqui fer .  

The water i s  o f  calcium-sodium carbonate type, 
w i th  residues generally below 0.4 gm/l i ter .  An 
exception t o  thSs r u l e  i s  a group o f  springs, o f  
which the most important one i s  the S a l i t r e  Spring, 
w i th  a f low r a t e  o f  1000 l i ter /sec,  and a tempera- 
t u r e  o f  70°C. It d i f f e r s  i n  the chemistry o f  i t s  
water (sodium-chloride type) and i t s  much higher 

The Saline Aquifer. The sa l ine aqui fer  cor-  
responds t o  the geothermal reservo i r  o f  the Ahua- 
chapan F i e l d  and consists o f  a sequence o f  ande- 
s i t i c  lavas (andesi t ic  Ahuachapan formation) where 
the geothermal wel ls  were d r i l l e d .  

i s  predominantly secondary, due t o  fractures, which 
explains the c i r c u l a t i o n  losses observed dur ing 
d r i l l i n g  operations. The permeabil ity o f  the 
aqui fer  i s  therefore extremely anisotropic and 
variable; however, i t  i s  l og i ca l  t o  assume t h a t  . 
the zones o f  highest t ransmiss iv i ty  are or iented 
along the previously mentioned f a u l t  and f ractured 
p r inc ipa l  d i rect ions.  

The permeabi l i ty  o f  the Ahuachapan andesites 

CHARACTERISTICS OF THE AHUACHAPAN WELLS 

i n  the Ahuachapan F i e l d  w i t h  depths between 1524 m 
and 591 m. A l l  t h  wel ls  are located i n  an approx- 
imate area o f  4 kin , the zone o f  the production 
wel ls  being only 2.0 km*, w i th  a minimum spacing 
o f  about 150 m. 
them has been detected. 

The wel ls  are d i s t r i bu ted  as follows: t en  
production wel ls  provide steam f o r  the f i r s t  and 
second uni t ,  three wel ls  w i l l  provide steam f o r  
the t h i r d  un i t ,  two production wel ls  are kept as 
stand by, f ou r  wel ls f o r  r e i n j e c t i o n  purposes, 
and ten as exploratory wells. 

A t yp i ca l  completion o f  production and re in -  
j e c t i o n  wel ls  i s  shown i n  Fig. 3 which, according 
t o  a good knowledge o f  the geological condition, 
has been standardized f o r  the whole f i e l d .  

The character is t ics  o f  the production wel ls  
are presented i n  Table 1, including depths and 
elevations o f  the top o f  Ahuachapan andesite forma- 
t ion.  From the production character is t ics  i t  can 
be observed t h a t  there ex i s t s  no r e l a t i o n  between 
the wel l  depth and mass discharge; however, they 
are associated w i th  the elevat ion o f  the top o f  
the formation, since the wel ls  which go through 
the s t ruc tu ra l  h igh show discharges w i th  enthalpies 
corresponding very c lose ly  t o  the water adiabat ic 
expansion a t  23OOC ( i n i t i a l  temperature i n  the  
reservoir)  and t o  the reservo i r  pressure. 

It i s  worth po int ing out  t h a t  the wel ls  w i t h  
higher steam percentage, Ah-6 and Ah-26, corres- 
pond exact ly  t o  the s t ruc tu ra l  h igh o f  the reser- 
voir .  Both o f  them show t h a t  78% o f  the steam 
f r a c t i o n  i s  from the reservo i r  and 22% from the  
adiabat ic expansion o f  the reservo i r  water. This 
does no t  apply t o  the wel l  Ah-24, however, which i s  
located i n  the same st ructura l  h igh (Fig. 2). 
This discrepancy i s  believed t o  be due t o  the 
seal ing o f  only the more super f i c i a l  f ractures 
dur ing the d r i l l i n g  process. 

Up t o  t h i s  time, 29 wel ls  have been d r i l l e d  

E 
No s i g n i f i c a n t  interference among 
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Table 1. Character ist ics of the Droduction wells. 

We1 1 Separator Mass discharge r a t e  (kg/sec) Steam rate/  Total Top o f  andesi t ic  

Total Steam Water (m) above sea leve l  ) 
g) t o t a l  r a t e  depth formation (meters u 

-The search f o r  a be t te r  way t o  dispose o f  the 
hot sa l jne water and t o  maintain the reservo i r  
pressure a t  stable conditions, l e d  t o  the s t a r t i n g  

production wells, re in jec t i on  wel ls  Ah-17 and 
Ah-29 (double purpose) are very close t o  the 
production wel ls and t h e i r  l i t h o l o g i c a l  columns 
show a considerable reservo i r  thickness (400 m 
and 325 m, respect ively) .  However, wel ls  Ah-2 
and Ah-8 are fa r the r  away from the production zone, 
showing a shorter reservo i r  thickness (105 in and 
75 mr respect ively) .  

m s tar ted i n  Au t 1975 
when Ah-2 (a wel l  f o r  production purposes but w i th  
low permeabil ity) was converted t o  re in jec t i on  by 
using residual  water-of  wel l  Ah-4 a t  atmospheric 
conditions. Under these conditions a f low o f  126 
ton/h had been in jected i n t o  wel l  Ah-2. 
January 1976, i n j e c t i o n  .tests under pressure were 
s tar ted between wel l  Ah-7 as producer, and wel l  ' c lose ly  re la ted t o  the formation's permeabi l i ty  
Ah-8, being in jected. Separating pressure was and t o  the re in jec t i on  pressure. I n  Ahuachapan, 
used as a dr iv ing  force between the wel ls w i th  three of the wel ls (Ah-29, Ah-17, and Ah-8) show 
water without any contact w i th  the atmosphere, thus absorption capaci t ies greater than the actual  
avoiding s i l i c a  scaling, a l lowing the  r e i n j e c t i o n  
a t  higher temperatures (?160°C), and jncreasing 
the r e i n j e c t i o n  capacity. Table 2. Summary o f  the t o t a l  r e i n j e c t i o n  program 
system Ah-1, Ah-29 w i th  A-29 as a re in jected wel l ,  f o r  Ahuachapan re in jec t i on  wells. , 

was put  i n  operation, and i n  October the system 
Ah-6, Ah-21 with A-17 as a re in jected we 
i n  operation. 
t h a t  wel l  Ah-17 received a t  the beginnin 
from Ah-6 and, since i t  showed great abs 
capacity, accepted water a1 so from Ah-21. 

2. 

time, two kinds o f  completion: 
were designed f o r  production purposes and trans- 
formed l a t e l y  t o  r e i n j e c t i o n  wel ls  (Ah-2 and Ah-8) 
These wel ls s t i l l  keep t h e i r  completion, having 
the production casing cemented down t o  the top 306.1* 1224.9 
o f  the reservo i r  and the open hole t o  the bottom. 
ii) Wells w i t h  double-purpose (production- 
re in jec t i on )  which have the production casing 

I n  
The capacity of the re in jec t i on  wel ls  i s  

I n  A p r i l  1976, the 

It i s  important t o  po in t  

Completion o f  €he Reinject ion Wells 

The re in jec t i on  wel ls  have, a t  the present 
i) the ones which 

bj. *Increment w i th  respect t o  i n i t i a l  we1 1 
re in jec t i on  capacity. 
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amount o f  re in jected f l u i d ,  whereas wel l  Ah-2 
s tar ted absorbing, a t  atmospheric pressure, only 
126 ton/h and la te r ,  using the separation pressure 
o f  wel l  Ah-4, increased t o  date t o  245 tonlh. The 
quant i t ies  o f  re in jected f l u i d s  are i l l u s t r a t e d  i n  
Table 2. 

4. Reinjected and Extracted Mass 

we can d i v ide  the ext ract ion i n  the Ahuachapan 
F ie ld  i n t o  two periods: 
the development o f  the f i e l d ,  extending from 
August 1968 t o  Ju l y  1975; the second period 
includes the f i e l d  production, from Ju ly  1975 up 
t o  now. 

To more c l e a r l y  understand reservo i r  behavior, 

the f i r s t  period includes 

The t o t a l  mass extracted and re in jected dur ing 
the above periods i s  shown i n  Table 3. 

As can be seen from Table 3, the re in jected mass 
has been, up t o  the present time, 29.5% o f  the 
t o t a l  mass extracted and 39.9% w i th in  the produc- 
t i o n  period. 

5. Reinject ion Control 

Several questions a r i s i n g  from the re in jec t i on  
program l e d  t o  the elaborat ion o f  a program t o  
study i n j e c t i o n  e f fec ts  on the f i e l d  condition. As 
a pa r t  of the program, measurements o f  temperature 
and pressure i n  the production and non-production 
wel ls were taken. Results are shown i n  Fig. 4, 
where an imnediate pressure response t o  the var ia-  
t ions i n  the re in ject ion-ext ract ion can be found. 
However, the temperatures show slow var ia t ions and 
are probably masked by other kinds o f  changes. I n  
order t o  detect  small pressure changes, a cont in-  
ua l  recording pressure gauge has also been i n -  
s t a l l e d  i n  wel l  Ah-25. These data are s t i l l  t o  be 
processed. 

Study o f  the chemical monitoring i n  the well 
discharge has been very usefu l  because the concen- 
t r a t i o n  i n  the in jected water h i n t s  a t  i t s  prefer-  
ence path. Change i n  permeabi l i ty  has been 
detected w i th  Spinner equipment i n  the r e i n j e c t i o n  
wel l  t o  detect  the absorption zones. As observed 
i n  Fig. 5, wel l  Ah-2 has permeabil ity i n  the zone 
between 200 and -250 mas1 and none i n  the bottom. 
Well Ah-7 absorbs a l l  the in jected water immedi- 
a t e l y  a f t e r  the bottom o f  the hanger l i n e r .  This 
can be in terpreted as water c i r c u l a t i o n  through 
the annulus r i n g  going t o  the t o t a l  l o s t  c i r cu la -  
t i o n  zone. I n  the open hole the formation has a 
low permeabil ity. Well Ah-29 shows permeabi l i ty  
through its whole f ree column, even though the 

water may f low t o  the annulus r ing,  but t o  a 
smaller extent than i n  wel l  Ah-17. 

6. 

t i ons  o f  the reservo i r  are due t o  the d i f f e r e n t  
r e i n j e c t  ion-extrac t i  on rates operated on the f i e l d .  
The reservo i r  behavior dur ing production has been , 
according t o  experience i n  other places, t yp i ca l  
o f  a water-dominated f i e l d .  However, the general 
trend depends on the r e i n j e c t i o n  rates. 

I n  t h i s  paper, we are going t o  make some com- 
.merits on the e f fec ts  caused by the ext ract ion-  
i n j e c t i o n  r a t e  fo l lowing changes o f  pressure, tem- 
perature, and chemistry o f  discharged f l u i d s .  

C! Effects o f  the Reinjection-Extraction Rate 

The d i f f e r e n t  changes i n  the o r ig ina l  condi- 

6-a. Pressures 

Figure 6 i l l u s t r a t e s  the reservo i r  pressure 
changing as a funct ion o f  the accumulative net  
mass extract ion,  showing the two periods mentioned 
above. A t  the be inning, the reserv ir has a pres- 

greater than the saturat ion pressure a t  the measur- 
i ng  temperature (232OC); then, as a r e s u l t  o f  the 
extraction, the pressure reached new equi l ibr ium 
values depending on the ext ract ion rate, having a 
value o f  35.6 kg/cm2g i n  Ju l y  1975. During t h i s  
period, strange values were detected i n  1971, 
which are possibly due t o  the f i r s t  'n ject ion tests. 

o f  the large amount o f  mass ext ract ion suggests 
the presence o f  recharge. 

During the production period, the pressure 
decreases rap id ly ,  reaching values close t o  the 
saturat ion pressure; then fol lows a s t a b i l i z a t i o n  
per iod contro l led by* the r e i n j e c t i o n  ef fects ,  and 
the developing o f  a steam zone i n  the reservoir .  

Figure 4 presents i n  more d e t a i l  the changes 
i n  pressure dur ing the production period, showing 
a1 so the d i f f e r e n t  ext ract  i on-rei n j e c t  i on  rates. 
The dependence o f  pressure on the r e i n j e c t i o n  and 
ext ract ion rates and therefore on the net  mass 
ext ract ion can be c l e a r l y  seen. With the s t a r t i n g  
o f  intensive production, pressure decreased but  
tended t o  s t a b i l i z e  once the new equi l ibr ium s ta te  
was reached as a consequence o f  re in jec t i on  and 
the development o f  a steam zone i n  the s t ruc tu ra l  
high o f  the reservoir .  
determine which o f  the two e f fec ts  i s  the dominant 
one. 

and a f t e r  the s t a r t  o f  in tens ive ext ract ion i n  

sure ( a t  200 mas17 close t o  36 kg/cm !! g, which i s  

Pressure va r ia t i on  o f  only 0.4 kg/cm h g i n  s p i t e  

It seems d i f f i c u l t  t o  

Pressure d i s t r i bu t i ons  i n  the reservo i r  before 

Table 3. 

Mass I. Development per iod 11. Production per iod Total 

Extracted and re in jected mass dur ing development and production periods a t  
Ahuachapan. 

(August 1968-July 1975) (July 1975-present) (both periods) 

Extracted (tons) 23,3 1 7,800 48,228,933 71,546,733 

Net extracted (tons) 27,467,740 29,010,549 50,478,289 
Reinjected (tons) 1,850,060 19,218,384 21,068,444 k, 
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July  1975 areshown i n  Fig. 7. 
southward where more permeabi l i ty  has been found. 
Toward the east and west, where lack o f  permeabil- 
i t y  l i m i t s  the reservoir ,  the pressure response 
has been minimal. 2. ChLoIifie-ifi Lhg  Eezecvgir 

The pressure spreads in jected water, the s o l u b i l i t y  equi l ibr ium i s  
established a t  the rea l  reservo i r  temperature. 

6-b. Temperature The isochlor ide l i n e s  i n  the reservo i r  are 

a te r  i n  wel ls  Ah-17 
esented i n  Fig. 10, i l l u s t r a t i n g  the p re fe ren t i a l  

atures measured i n  the 
reservo i r  are shown i n  Fig. 8. Su 
i s  somewhat influenced by we l l  depth, 

the s t ruc tu ra l  h i g  

o f  wel l  Ah-6, corresponding t o  t h  
o f  the reservoir .  The phenomenon 
i n  a remarkable way here, due t o  
decrease, even though r e i n j e c t i o n  
very close. 
e f f e c t  i s  due t o  bo i l ing,  since t 
decreased i n  the zone before the 
re in jec t i on  we l l .  The above d i s t  
shows t h a t  temperature increases 
d i rect ion,  which seems t o  be assoc 
zone o f  greater recharge, and (2) 
t ion,  corresponding t o  a smaller p 

e convec$ive process o f  he 

It i s  believed t h a t  t 

conclusions resu l t i ng  from the in tens ive 

6-e. Chemical Ind icators  

1 . zil-iga-TgEeLa&uce-i 

The s i l i c a  temperature has been 
from the s i l i c a  concentration i n  the reservo i r  
dur ing the years 1975 and 1978. 2. The temperature reaches equi l ibr ium i n  response 

shows t h a t  i n  1975 the 230°C iso- 
included a l l  the production wells, 
11 o f  them were outside o f  the same 

ed i n  the t o t a l  mass 
ext ract ion as a consequence o f  the decreasing 
pressure; however, t h l s  does not  ind icate a 
remarkable decrease i n  the amount o f  avai lab le 
steam. 

isothermal l i n e  except wel ls  Ah-7, 
Ah-1. 

W 
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TUFF AND U V A  FORMATION 

1 I 

Fig. 1. Geological section o f  Ahuachapan geothermal f i e l d .  

Fig. 2. Map o f  structure a t  top o f  Ahuachapan andesite fornation. 
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Fig. 3. Typical completion o f  the Ahuachapan wells. 
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Fig .  4. Monthly discharge r a t e  and r e s e r v o i r  pressure. 
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Fig. 8. Maximum temp,erature f o r  geothermal wells. 

Fig. 9. Map o f  s i l i c a  temperatures. 
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A CASE STUDY OF A SALTON SEA GEOTHERMAL BRINE DISPOSAL WELL 

BY 

John 6. Morse 
University of California 

Lawrence L i  vermore Laboratory 

"Work performed under the auspices of the 
U.S. DeDartment of Enerw bv the Lawrence 
Livermoie Laboratory unTer contract number 
W-7405-ENG-48. I' 

An injection pressure history was compiled 
for the Magmamax #3 (MM3) well located i n  the 
Salton Sea Geothermal. Field. MM3 i s  used for 
the disposal of spent brine from the SDG&E Geother- 
mal L Q O ~  Experimental fac i l i ty  (GLEF). During 
two years of operation from 5/3/76 to  4/13/78, 
2.1 X 108 gallons of cooled hypersaline (210,000 
ppm TDS) brine was injected i n t o  the well. The 
well was operated intermittently over the two- 
year period w i t h  a cumulative operating time 
of 7886 hours. The operating time i s  composed 
of 33 flow periods w i t h  four periods greater 
than 700 hours and one i n  excess of 1000 hours. 
The wellhead injection pressure required for an 
average flow ra te  of 443 GPM varied from 100 to  
500 PSI during the two years of operation. 

Production wells used to  supply brine to  
the GLEF are Magmamax #1 (MM1) and Woolsey #1 
(WW1). 
Figure 1 were drilled i n  1972. 
by injection well and MM4 i s  an observation well. 
During the period from 5/3/76 to  4/13/78 MMl was 
the primary production well contributing over 
213 of the total brine production for the GLEF. 

were conducted using brine from MM1. 1.8 X 106 
gallons and 1.6 X 106 gallons, respectively, were 
injected into MM3. 
scaling rates were observed i n  the surface equip- 
ment and a h igh  suspended solids load observed 
i n  the brine. 
required no surface injection pressure for 
injection flows of 600 GPM. The weight  of the 
cooled brine i n  the wellbore was sufficient to 
push the fluid into the formation. 

operation, MM3 required a surface pressure of 
100 PSI or greater t o  inject  flows of 600 GPM. 
Brine injection during the 1973 and 1974 tests 
produced significant impairment of the MM3 well. 
The principal impairment mechanism being the 
plugging of the well bore injection interval by 
scaling and deposition of suspended solids. 

a slotted l iner from 2600 t o  3065 f t .  Temperature 
logs taken af te r  s h u t - i n  show fluid to  be entering 
the formation over a 200 f t .  interval from 2600 
to  2800 f t .  Several spinner surveys r u n  toward 
the end of the f i r s t  year show fluid leaving the 
well bore over only a 4 f t .  interval o f  the 
slotted liner indicating that most of the liner 
had been plugged. The injection interval had 
been underreamed prior t o  setting the slotted 
liner creating an annulus around the well casing. 

The Magmamax and Woolsey wells shown i n  
MM2 is a stand- 

In 1973 and 1974 two short production tests 

During these tests, h igh  

When in i t i a l ly  operated, MM3 

In May of 1976, when the GLEF was p u t  into 

MM3 is completed to  a depth of 3065 f t .  w i t h  

This annulus appears to permit continued injection 
over a 200 f t .  interval of the formation w i t h  
only a 4 f t .  open interval i n  the well bore. 

Three injection pressure fall-off surveys 
were conducted on the well. The first two surveys 
were conducted on 5/14/76 and 3/2/77 respectively, 
w i t h  a relatively low resolution logging tool. 
The third survey was conducted on 4/13/78 w i t h  a 
h igh  resolution HP logging tool. All surveys 
reached the end o f  well bore storage effects a t  
approximately 100 minutes following s h u t  i n .  The 
third survey showed the permeability of the i n -  
jection interval t o  be between 150-1000 md w i t h  
strong evidence that the reservoir is naturally 
fractured w i t h  both fracture and matrix flow. A 
detailed plot of the l a t t e r  portion o f  the t h i r d  
survey is shown i n  Figure 2. The three surveys 
show successivolv increasinq well imairment or 
dimensionless "sk in"  factors of +110, +153, and 
t163 respectively. 

SALTON 10 7- 
SEA Chemical 

0 Elmore 

Obsidian Buttes 

2000 Meters 

I 
Figure 1: Geothermal Wells Used i n  Support o f  

and i n  the Vicinity of the Magma- 
Narco Jointly Operated Geothermal 
Loop Experimental Faci 1 i t y  (GLEF) . L' 
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DETAILED PORTION OF WMI 3 FALLOFF SURVEY 
Fmn 112 t o  1260 minutes after shut-in 

k I = 150 - 1000 nd 

0 = 4wgw f 5ogP 
h 2 w f t  - 4ft 

During the f i r s t  year of operation, the spent 
brine was untreated prior t o  injection. During 
this period, the injection temperature was 
between 93-99°C and the well head injection pres- 
sure increased from 100 t o  500 PSI. During the 
second year several workovers were conducted on 
the well and the brine was partially treated 
using sett l ing tanks (2-3 hours resjdence time) 
prior t o  injection. During this period, the 
injection temperature was between 77-82°C w i t h  
an injection pressure that ranged from 175 t o  
300 PSI. The net effect of the partial treatment 
and workovers was t o  reduce the rate of increase 
i n  injection pressure and to  maintain the pressure 
within an acceptable operating range. The effect 
of these remedial measures is also seen i n  the 
smaller increase i n  measured s k i n  damage between 
the second and t h i r d  fall-off surveys described 

LJ 

above . 
have a rather distinctive pattern during the 
second year of injection. 

the well. The injection pressure then drops to  
about 175-200 PSI for a 443 GPM flow rate. As 
injection continues the required pressure rises 
steeply. A detailed look a t  the l a s t  1000 hour 
period of continuous injection shows the injection 
pressure t o  be increasin a t  a rate characteristic 
of a 10-50 md reservoir !see Figure 3). This  
"apparent" permeability i s  probably due t o  the 
severe nature of the we1 1 bore damage and resulting 
reduction i n  effective "h" near the wellbore from 
200 t o  4 feet. 

The injection pressures shown i n  Figure 3 

When injection is f i r s t ,  
started 400 to  500 PSI i s  required to  "breakover" LOG10 (TIME I N  R l N l m S )  

Figure 3: Plot o f  Magmamax - 5/3/76 t o  4/13/78 for Flowrate of 443 GPM. 
t 
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There are poss ib ly  three mechanisms a f f e c t i n g  
the i n j e c t i o n  pressure. When the  wel l  i s  shut-in, 

ava i l ab le  f l ow  paths i n  the wellbore and on the 
sand face. 

NOTICE 
"This report was prepared as an I 
sponsored by the United States Government. Neither 
the United States nor the United States Energy 
Research & Development Adminisfration, nor any 
of their employees, nor any of their contractors, 
subcontractors, or their m p l o y n s ,  makes any 

suspended so l i ds  s e t t l e  ou t  and possibly plug 

reduced pressure. 
plugging needs t o  be "broken over" and f ractures 
reopened requ i r i ng  an i n i t i a l l y  h igh i n j e c t i o n  

"sk in  damage" i n  the we l l  bore and a t  the sand 
face, causing a pressure loss a t  the wellbore o f  
175-200 PSI.  This s k i n  i s  due t o  sca l ing o f  the 
s l o t t e d  l i n e r  and f i l l i n g  o f  the annulus outside 
the wal l  w i t h  sol ids.  Well workovers and ac id  
treatments a r e n o t  able t o  co r rec t  t h i s  s k i n  
damage. The t h i r d  mechanism i s  a possible zone 
o f  reduced rese rvo i r  permeabi l i ty  away from the 
we l l  bore caused by p r e c i p i t a t i o n  o f  super- 
saturated s i  1 ica.  

I n  t h i s  study, l i f e t i m e  o f  a we l l  i s  def ined 
as the operating t ime u n t i l  the i n j e c t i o n  pressure 
exceeds on-s i te  pumping c a p a b i l i t y  (500 PSI ) .  
Data from MM3 ind icates t h a t  w i t h  no b r ine  t r e a t -  
ment, we l l  l i f e t i m e  i s  about 150 days and w i t h  
s e t t l i n g  tanks about two years. This estimate 
i s  i n  c lose agreement w i t h  r e s u l t s  o f  membrane 
f i l t e r  t e s t s  conducted using Salton Sea b r ine  
(Owen, e t  al., 1977). Recently, Magma Power and 
Lawrence Livermore Laboratory have shown t h a t  a 
reac t i on  c l a r i f i e r  used i n  conjunct ion w i t h  
pressure f i l t e r s  can s i g n i f i c a n t l y  improve i n j e c t -  
a b i l i t y  o f  Salton Sea b r ine  (Quong, e t  a l .  and 
Tewhey, e t  al., 1978). Using t h i s  treatment 
process dissolved s i l i c a  i s  reduced t o  below 
sa tu ra t i on  and suspended so l i ds  are reduced t o  
l ess  than 5 ppm (1 w i n  diameter) (Quong, e t  al., 
1978). With t h i s  type of p re - in jec t i on  b r ine  
processing Sal ton Sea i n j e c t i o n  wel l  l i f e t i m e  
could be increased by an order o f  magnitude t o  
between 20 and 30 years. 
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A COST-EFFECTIVE TREATMENT SYSTEM FOR THE 

(6, 

ABSTRACT 

f the r i s i n g  costs fo r  f o  
a t i on  t h a t  such fue l s  are exhaustible, 

increasing a t ten t i on  has been focused on the 
earth 's heat as a source f energy. I t  has been 
estimated t h a t  geothermal resources i n  the United 
States alone could produc 140,000 megawatts o f  
power over a l i f e  expectancy o f  30 years,. This i s  
the equivalent o f  140 nuclear gener 
However, there are unsolved proble 
w i th  u t i l i z i n g  geothermal br ines t 
Recent t e s t  work conducted a t  the Imperial .Valley, 
Cal i forn ia ,  provides a so lut ion t o  one o f  these 
major problems. 

which spent geothermal br ines from a f lash-tan 
heat-extract ion p lan t  are s tab i l i zed  t o  permit 
re in jec t i on  of t he  t reated br ine whi le maintaining 
the i n t e g r i t y  o f  the wel ls  over an extended period. 
This treatment system i s  both cost -ef fect ive and 
environmentally sound. I t incorpo 
lowing unit-process operat 

0 Reconstituting the m i  

A treatment system has 

dissolved from the;geothermal s t ra ta  forma- 
t ions i n  a Reactor-Clar i f i  
t a c t  p r e c i p i t a t i o n  reac t i o  

Pol ishing o f  the c l a r i f i e  
g rav i t y  dual -media f i 1 t e r  . 

disposal. 

INTRODUCTION 

Salton Sea Known Geothermal Resource Area i n  
Imperial Valley, Cal i forn ia ,  t o  demonstrate the 
v iab i  1 i ty o f  converting the underlying geothermal 
brines t o  energy. 
d r i l l e d  by Imperial Magma. Two o f  the wells, 
Magmamax #1 and Woolsey #1, are production wells; 

The p ro jec t  includes four  wel ls '46 

Brine from Magmamax #1 now feeds 
a four-stage f l ash  heat-extraction p lan t  a t  the 
Geothermal Loop Experimental F a c i l i  ty, operated by 
the San Diego Gas & E l e c t r i c  Company and the 
Department o f  Energy. Spent br ine from the f l a s h  
system i s  transported by pipe1 ine  approximately 
5,000 fee t  t o  Magmamax #3 wel l ,  and in jec ted  back 
i n t o  the formation. 

t o f  i n j e c t i o n  i s  
supersaturated w i th  respect t o  heavy metals and 
s i l i c a  (Table 1), whose prec ip i ta t ion,  along w i t h  
plugglng o f  the s t ra ta  w i th  d iscrete suspended 
so l i ds  i n  the brine, has adversely af fected the 
i n t e g r i t y  o f  the i n j e c t i o n  wel l .  
the complete p ro jec t  i s  i n  jeopardy unless cost-  
e f f e c t i v e  methods can be devised t o  s t a b i l i z e  the 
spent br ine before i n j e c t i o n  

The spent br ine 

The v i a b i l i t y  of 

Table 1. Chemical analysis o f  spent geothermal 
br ine t reated i n  p i l o t  p lan t  reactor-  

Sodi um 53,276 
Po tass i um 10,259 
Cal c i  um 22,414 
Chloride 1 34,483 
I r o n  272 

685 
207 
53 
>1 

129 
293 
-177' 

Total  Dissolved Sol ids 228,448 
pH - ,  5.6 
Temperature range 1 8O0F-2OO0F 

82OC- 93OC 



I n  December 1977, personnel o f  Imperial 
Magma and Envirotech Corporation met t o  discuss 
methods o f  t rea t i ng  the spent br ine t o  produce a 
non-scaling l i q u i d  su i tab le f o r  wel l  in ject ion.  
A t  t h a t  time, i t  was conceived t h a t  auto- 
p rec ip i t a t i on  o f  minerals i n  the spent br ine could 
be achieved i n  a so l ids contact c l a r i f i e r ,  pro- 
ducing an e f f l u e n t  o f  stable saturated l eve l s  o f  
s i l i c a  and heavy metals. 

Accordingly, a p i l o t  p lan t  Reactor-Clarif ier, 
furnished by Envirotech Corporation t o  Imperial 
Magma, was i n s t a l l e d  adjacent t o  Magmamax ,#3 
i n j e c t i o n  wel l  and operated continuously 24 hours, 
per day, 7 days per week from February 28, 1978 
t o  A p r i l  12, 1978, cons t i t u t i ng  the f i r s t  phase o f  
t e s t  work. 

0 Determine design c r i t e r i a  o f  the Reactor- 
C l a r i f i e r  f o r  s i z ing  on a commercial scale, 
including: 
- Upflow r a t e  
- Reaction-well re tent ion time 
- Sol ids concentration i n  react ion wel l .  

0 Measure the s i l i c a  and t u r b i d i t y  concentra- 
t ions o f  the e f f l u e n t  from various designs 
o f  Reactor-Clarif iers. 

0 Measure the quant i t ies  o f  so l i ds  prec ip i ta ted 
i n  and discharged from the Reactor-Clarif ier. 

0 Determine the thickening and dewatering char- 
a c t e r i s t i c s  o f  sludge produced, and the best 
dewatering equipment t o  use. 

L j  

. 

REACTOR-CLARIFIER 

The fundamental component o f  the spent geo- 
thermal b r i ne  treatment system i s  the Envirotech 
Reactor-Clar i f ier ,  which i s  a tank o f  8'0" diameter 
x 10'6" sidewater depth. A l l  external surfaces are 
insulated t o  minimize heat loss o f  the spent brine. 
Area o f  the c l a r i f i c a t i o n  zone i s  37.7 square feet. 
The u n i t  operates on the p r i n c i p l e  o f  so l ids-  
contact c l a r i f i c a t i o n .  Large volumes o f  sludge 
(10 t o  15 times the volume o f  feed) are rec i rcu-  
l a ted  i n t e r n a l l y  through a d r a f t  tubeJimpeller 
arrangement t o  a react ion wel l .  Previously pre- 
c i p i t a t e d  sludge rec i rcu lated i n  t h i s  manner comes 
i n  int imate contact w i th  the feedstream i n  the 
react ion well. DrOVidinQ seed nuc le i  on which d i s -  

0 Correlate a l l  data co l l ec ted  to:  
- Determine design c r i t e r i a  f o r  the Reactor- 

C l a r i f i e r  t h a t  would most e f f i c i e n t l y  pro- 
duce stable saturated l eve l s  o f  s i l i c a  i n  
the e f f l uen t .  

- Establ ish c r i t e r i a  f o r  po l ish ing the Reactor- 
C1 a r i  f i  e r  e f f luent .  

- Determine sludge handling and disposal re-  
quirements. 

- Estimate order o f  magnitude costs f o r  spent- 
b r i ne  treatment and sludge handling and 
disposal f o r  a 55 MW geothermal energy plant.  

solved s o l i d s - i n  the feedstream p rec ip i t a te  under 
contro l led conditions o f  temperature, react ion 
time, and so l i ds  concentration. PILOT PLANT TEST RESULTS 

Summary 

presented i n  F ig  1 are sumarized f o r  o 

The resul tant  l i q u i d / s o l i d  mixture flows from 
the react ion wel l  i n t o  the c l a r i f i c a t i o n  compart- 
ment, where l i q u i d  and so l i ds  are separated by 
gravi ty.  Treated l i q u i d  overflows i n t o  co l l ec t i on  design criteria is ;,,llows: 
launders a t  the upper surface o f  the un i t .  
arms move the se t t l ed  sludge t o  a thickening cone 
a t  the bottom center o f  the tank, where the 
thickened sludge i s  discharged by g rav i t y  o r  
pumps. 

Average t e s t  data from the p i l o t  p lant ,  

Rake 
0 No chemicals are required i n  the treatment 

0 Upflow Reactor-Clar i f ier  Rate = 0.72 G P M / f t 2 .  

o f  spent geothermal brines. 

The resu l t s  o f  t h i s  t e s t  work have led  t o  a 
contract  f o r  a 55'0"-diameter Envirotech Reactor- 
C l a r i f i e r  having 2,375 fee t  o f  t o t a l  surface area, 
able t o  t r e a t  the t o t a l  f low o f  spent br ine from a 
10-MW, two-stage, f l a s h  heat-extraction demonstra- 
t i o n  plant.  

DESIGN EXPERIMENT 

The f i r s t - s tage  t e s t  program was designed t o  
develop a v iab le and cost -ef fect ive system f o r  
t rea t i ng  spent geothermal br ine and f o r  handling 
and disposing o f  sludges produced i n  the treatment. 

The object ives o f  the design experiment were 

0 Test the o r ig ina l  concept o f  auto-precipi tat ion 

t o  : 

o f  minerals i n  the spent brine. 

0 Solids Concentration i n  Reaction Well = 2.5%. 

0 Reaction Time i n  Reaction Well = 17 minutes. 

0 E f f l uen t  Q u a l i t y  a t  Design C r i t e r i a  
- S i l i c a  - 172 ppm 
- Turb id i t y  - 15 NTU (44 ppm s.s.) 

0 Sludge Produced: 
- 1.7 1 b/day per GPM 

0 Sludge Characteristics: 
- From Reactor-Clar i f iers : 4.5% sol ids 
- From Thickener 



2? GPM 
, Tzszi 

so l i ds  concentration held i n  the react ion wel l .  
As shown i n  Fig. 2, a stable s o l u b i l i t y  l eve l  o f  
172 ppm S i O n  i s  achieved when the so l i ds  concentra- 
t i o n  i n  the react ion wel l  approaches 2.5% so l i ds  
by weight. 
concentration range do not markedly improve s i l i c a  

In Ppm 

15 NTU Turbidity 

Further increases above the design 

o f  a Reactor-Clarif ier i s  depen- 
n the s e t t l i n g  rates o f  prec ip i ta ted so l i ds  

It cannot be operated a t  an upflow 
t e r  than the s e t t l i n g  r a t e  o f  the p rec ip i -  
ids; otherwise, c l a r i f i c a t i o n  would no t  
n accordance w i th  the Kynch theory, so l i ds  

i n  hindered s e t t l i n g  e x h i b i t  s e t t l i n g  ve loc i t i es  
inversely proport ional  t o  the sol i d s  concentration 
i n  the zone through which they se t t l e .  This i s  
v e r i f i  d i n  Fig. 2. 

i n  the u n i t .  

Upflow rates as h igh as 1.33 
G P M / f t  5 can be maintained i n  the Reactor-Clar i f ier  
when r e l a t i v e l y  low sol i d s  concentrations i n  the 
react ion wel l  are he ld a t  approximately 1.2% so l i ds  
by weight. As these concentrations are increased, 
upflow rates must be reduced accordingly; down, f o r  
example, t o  a measured low o f  0.62 GPM/ f t2  a t  a 
so l ids concentration o f  2.63%. 

I n  achieving a cost -ef fect ive process, there 
s t s  a compromise between the continuous produc- 

t i o n  o f  stable saturated e f f l u e n t  from the Reactor- 
C l a r i f i e r  and the maximum permissible upflow r a t e  
i n  the un i t .  Test data show t h a t  an optimum 
so l i ds  concentration o f  2.5% by weight can be 
maintained i n  the react ion wel l  whi le permi t t ing 
a maximum design upflow r a t e  o f  0.72 GPM/ f t2  t o  
produce the desired stable saturated e f f l u e n t  of 
172 ppm Si02. 

1.6 



Sludge Handling and Disposal 

Insoluble so l ids produced i n  the Reactor- 
C l a r i f i e r  by auto-precipi tat ion (no addi t ion o f  
foreign chemicals o r  seed mater ia l )  were co l lected 
from the Reactor-Clarif ier sludge blowdown and 
analyzed. A proximate chemical analysis o f  these 
insoluble so l ids i s  presented i n  Table 2. S i l i con  
i s  the major const i tuent o f  the t o t a l  insoluble 
sol ids, representing approximately 90% by weight, 
as s i l i c a  and possibly other complex s i l i c a t e  
forms. Heavy metals including i ron,  strontium, 
manganese, 1 ead, and copper appear t o  p rec ip i t a te  
as s u l f i d e  and oxide minerals and, perhaps, as 
other complex forms. 

Table 2. Proximate chemical analysis o f  insoluble 
sol  i d s  i n  Reactor-C1 a r i  f i e r  sludge. 

Cons t i  tuent Weight-% so l i ds  PPm 

S i1  icon as S i  (42.82) 
as Si02 91.75 

S i  1 ver 97 
Copper 0.13 
Nickel 23 
Manganese 0.31 
Magnesium 0.08 
Sead 0.18 
I r o n  0.85 
Cobalt 4 
Chromi um 18 
Arsenic 85 
Calcium 7.92 
A1 umi num 0.02 
Barium 6 
Boron 0.02 
Cadmium 2 
Ru b i  d i  um 0.01 
Sel inium 73 
Zinc 0.06 
Stron t i um 0.63 
Cesium 33 
Sul fur  1.06 
Total const i tuents weight: 103.05% 

Notes : 
1. A l l  concentrations greater than 100 ppm are 

expressed t o  nearest 0.01% sol ids by weight. 
2. Total  const i tuent weights are greater than 

loo%, possibly due t o  some s i l i c o n  being i n  
complex forms other than Si02. 

----- ------------ 

The quant i ty  o f  so l ids produced i n  the Reactor- 
C l a r i f i e r ,  as measured by sludge blowdown under 
optimum conditions, i s  1.7 lb/day per GPM br ine 
fed t o  the un i t .  

near the end o f  the f i rst-phase t e s t  work t o  
determine the dewatering character is t ics  o f  the 
sludge on t h i s  device. These tests  showed t h a t  
the sludge could be dewatered easi ly,  producing 
a f i l t e r  press cake o f  65% sol ids by weight. 

An Envirotech-Shriver F i l t e r  Press was used 
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E a r l i e r  t e s t  work indicated t h a t  centr i fuges and 
vacuum drum f i l t e r s  could produce a cake no 
greater than 50% so l i ds  by weight. A t  the same 
time, the f i l t r a t e  from the f i l t e r  press was 
essent ia l ly  f ree  o f  suspended solids, whi le  the 
centrate from the centr i fuge contained as much 
as 1% so l i ds  by weight. The f i l t r a t e / c e n t r a t e  
must be returned t o  the Reactor-Clar i f ier .  I High 
sol  i ds  concentrations i n  t h i s  rec i rcu lated stream 
could adversely a f f e c t  the performance o f  the 
Reactor-C1 a r i f  i e r .  

b 

Test work t o  date has indicated t h a t  disposal 
o f  f i l t e r  press cake a t  65% so l i ds  i n  l i n e d  ponds 
i s  the most cost -ef fect ive and environmentally 
sound a l ternat ive.  It i s  possible t h a t  metals 
could be recovered from the f i l t e r  press cake, 
which o f f e r s  some savings i n  the overa l l  costs o f  
a spent-brine treatment operation. 

SPENT GEOTHERMAL BRINE TREATMENT SYSTEM 

Su f f i c i en t  data have been co l lected from the 
phase-one t e s t  program t o  prove the adequacy of 
design o f  a spent geothermal br ine treatment sys- 
tem f o r  any given capacity. Test work, however, 
i s  continuing. The fo l lowing tests  are planned: 

0 Phase 2 - P i l o t  p lan t  operations including a 
Reactor-Clarif ier, Gravi ty Sand/Anthracite 
F i  1 t e r  , S1 udge Thickener, and F i  1 t e r  Press 
on the same p i l o t  scale as reported above ( t o  
be s tar ted approximately Ju l y  15, 1978). 

Table 3. Order o f  magnitude costs f o r  spent b r i ne  
treatment and sludge handling and d i s -  
posal f o r  a 55-MW geothermal generating 
s tat ion.  

Process Present Uni t  Costs 
worth 
($1,000,000) Q/l,OOO M i l l s /  

gallons KWH 

Brine treatment 
React i on, C1 a r i  - 
f i c a t i o n  & 15.2 11 0.9 
g rav i t y  f i 1 t r a -  
t i o n  

S1 udge hand1 ing  & 
disposal 

8.4 6 0.5 Thickening & 
dewatering 
Disposal ' 3.1 2 0.2 

Sub Total  11.5 8 0.7 

TOTAL 26.7 19 1.6 

Notes : 
-------_--------- 

Includes i n s t a l l e d  cap i ta l  costs and O&M costs. 
L i f e  o f  p lan t  = 30 years. 
On-line p lan t  f ac to r  = 90%. bj 
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on o f  spent geothermal brines. 

p lan t  o p i r a t i o  
o r -C la r i f i e r ,  Gravi ty 

Anthracite. F i l t e r ,  Sludge Thickener, an 
F i l t e r  Press t o  t r e a t  spent geothermal 
from. a 10-MW heat-extraction p lan t  f a c i l i t y .  
(To be s ta r ted  approximately 
1979.) 

The b r ine  treatment systems used f o r  both 
Phase 2 and Phase 3 t e s t  programs w i l l  be 'as shown 
i n  the simulated \f lowsheet i n  Fig. .3. Comnercial 

ature and size, order o f  magnitude costs 
for  spent-brine treatment and sludge handling and 
disposal for  a 55-MW geothermal generating s t a t i o n  
re-presented i n  Table 3. 

As shown, i t  i s  estimated t h a t  the u n i t  cost  
on a present-worth basis f o r  br ine treatment i s  
l l # / l , O O O  ga l lon br ine t reated (0.9 mills/KWH). 
Estimate f o r  sludge handling and disposal i s  
8$/1,000 gal lon br ine t reated (0.7 mills/KWH) f o r  
a t o t a l  treatment c o s t b f  19$/1 ,000 gal lon br ine 
t reated (1.6 mills/KWH). Chemical costs are not  
included i n  t h i s  analysis, i n  t h a t  i t  i s  f e l t  t h a t  
chemical addi t ion i n  any form i s  not  required t o  
produce the requlred e f f l u e n t  qua l i t i es ,  If . 
chemicals were t o  be' used, 2& t o  5#/1,000 gal lon 

. .  . . .  

'\ 
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RESULTS OF TWO INJECTION TESTS AT THE EAST MESA KGRA 

Donald G. McEdwards and Sa l ly  M. Benson 
Lawrence Berkeley Laboratory 
Berkeley, Cal i fornia  94720 

INTRODUCTION 
I n  1977,in accordance with contractural  work 

f o r  t he  U.S. Bureau of Reclamation and the  Depart- 
ment of Energy, Lawrence Berkeley Laboratory per- 
formed two in j ec t ion  tests on two w e l l s  i n  t he  East 
Mesa KGRA. 
Well 18-28 and Bureau of Reclamation W e l l  5-1. 
The East Mesa KGRA is located i n  the Imperial 
Valley of Sourthern Cal i forniEand contains,  a t  
present,  15 geothermal w e l l s .  The average reser- 
vo i r  temperature i n  the  completion i n t e r v a l s  (1500- 
2700 meters) of the ex i s t ing  w e l l s  i s  approximately 
18OoC.  The in j ec t ion  tests were carr ied out  t o  
determine the a b i l i t y  of these w e l l s  t o  dispose 
of t he  spent b r ine  t h a t  is  produced from the exist- 
ing production w e l l s .  

Well 18-28 w a s  monitored continuously f o r  
four months with a Hewlett-Packard downhole press- 
ure  and tempemture gauge. 
episodes w e r e  monitored. The f i r s t  two were each 
four-day tests with s t ep  changes i n  the in j ec t ion  
rate. The th i rd  in j ec t ion  period l a s t ed  approximat- 
e l y  40 days and a l s o  included s t e p  rate changes. 

Well 5-1 downhole pressure response during 
in j ec t ion  w a s  monitored f o r  f i v e  days using a 
s i l i c o n  o i l  f i l l e d  cap i l l a ry  tube connected t o  a 
paro-scient i f ic  pressure transducer. The in j ec t ion  
rate schedule consisted of 6 s t e p  changes. 

This paper w i l l  d iscuss  the reservoir  para- 
meters (ah, dchre2) obtained from the  analysis  of 
t r ans i en t  pressure da t a  and the  skin values asso- 
c ia ted with the  individual w e l l s .  The qua l i t y  of 
t he  da t a  obtained using a s i l i c o n  o i l - f i l l e d  cap- 
i l l a r y  tube i n  a cold in j ec t ion  w e l l  w i l l  a l s o  be 
discussed. 

WELL 5-1 INJECTION TEST 
W e l l  Character is t ics  and In j ec t ion  Scheme 

t o  a t o t a l  depth of 1828 meters. It is perforated 
o r  s l o t t e d  from 1237 meters t o  1828 meters. Fluid 
injected i n t o  Well 5-1 is geothermal br ine prod- 
uced from nearby BuRec Well 6-2. 
i n  a six-acre holding pond where it is  cooled t o  
approximately 2OOC. The pond f l u i d  is then f i l -  
tered,  acidized and pumped i n t o  a holding tank a t  
the 5-1 wellhead. Two positive-displacement 
in j ec t ion  pumps of 150 and 220 gpm capacity, res- 
pect ively,  may be used s ingly o r  i n  combination 
f o r  f l u i d  inject ion.  
tored u t i l i z i n g  a 1280 meter, .054"I.D. s t a i n l e s s  
steel tubing f i l l e d  with s i l i c o n  o i l .  
hole  pressure response is transmitted through the  
o i l  i n  the tubing t o  the  paro-scientific trans- 
ducer (resolution .01 ps i ) .  Surface p r in tou t  
equipment can record the pressure da t a  a t  one 
second o r  longer in t e rva l s  depending on the  rapid- 
i t y  of t he  pressure change. 

These w e l l s  w e r e  Republic Geothermal 

Three separate  in j ec t ion  

Well 5-1 is  completed with 7 4/8 inch casing 

Fluid is stored 

Downhole pressures are moni- 

The down- 

T e s t  Design 

i n  in j ec t ion  was i n i t i a t e d  upon achieving a s t a b l e  
downhole pressure a t  the  previous rate. 
data  was then taken a t  c lose  i n t e r v a l s  following 
the  rate change and the  da t a  gathered w a s  analyzed 
using pressure t r ans i en t  analysis  techniques. I n  
t h i s  manner, several  w e l l  tests could be conducted. 
Each test segment consisted of a r e l a t i v e l y  small 
flow rate change and each l a s t ed  approximately one 
day. Flow rate changes were accomplished by 
changing in j ec t ion  pumps o r  using them i n  combin- 
a t ion.  
i n  the  5-1 in j ec t ion  test. Table I lists the  flow 
rate change, t he  t i m e  of duration, t he  t o t a l  f l u i d  
injected and the  cumulative in j ec t ion  t o  t h a t  time 
f o r  each i n j e c t i o n  test  segment. 
summary of t h e  r e s u l t s  of these six test  segments. 
For each segment, t he  date ,  type of ana lys i s  used 
f o r  t he  pressure data ,  t he  test r e s u l t s  and comments 
regarding the tests are given. I n  addi t ion,  an 
i n j e c t i v i t y  index is l i s t e d  t h a t  is derived from 
s t ab i l i zed  downhole pressures and current  flow 
rates f o r  each test segment. 

In t e rp re t a t ion  and Discussion of Transient Pressure 
Data 

missivi ty  vary from 18,000 md-ft/cp t o  100,000 md- 
f t / cp .  The i n j e c t i v i t y  index, not surpr is ingly,  
a l s o  va r i e s  and tends t o  be l a rge r  a t  the  higher 
l eve l s  of i n j ec t ion  than a t  the  lower l e v e l s  of 
inject ion.  The value of dchre2, which is a measure 
of w e l l  damage, is q u i t e  small on the average, 
indicat ing a l a rge  pos i t i ve  skin f o r  nominal values 
of the lumped parameter $ch. This anamolous be- 
havior among w e l l  tes t  r e s u l t s  may be explained 
by postulat ing t h e  existance of a v e r t i c a l  f rac-  
t u r e  i n  the  w e l l .  Two d i r e c t  l i n e s  of evidence 
support t h i s  theory. Excerpts from the BuRec 5-1 
in j ec t ion  log of January 27, 1976 shown i n  Figure 
1, give a b r i e f  survey of events regarding W e l l  
5-1. In  summary, t h e  wellhead pressure dropped 
from 1200 t o  450 p s i  within 10 hours on that date .  
A wellhead pressure of 1200 ps i ,  when added t o  t h e  
s ta t ic  head is s u f f i c i e n t  a t  a depth of 5,000 f t  
(opposite the perforations) t o  f r a c t u r e  the  reser- 
vo i r  rock. Emperical da t a  support t h i s  conclusion. 
The other  piece of evidence supporting the  v e r t i c a l  
f r ac tu re  theory is the  r e s u l t s  of a spinner survey 
taken immediately a f t e r  t he  5-1 in j ec t ion  test 
w a s  completed. The spinner survey comprised th ree  
in j ec t ion  rates; 150, 220 and 370 gal lons per min- 
ute.  
clear t h a t  no flow was enter ing the  perforat ions 
below 4400 f ee t .  
t oo l  indicated flow, and t h a t  w a s  a t  the  very top 
of t h e  perforations.  Figure 2 shows t h e  r e s u l t s  
of these 3 spinner surveys. A t  t he  present t i m e ,  
a d i l a t i o n  mechanism due t o  increased flow rate 
is  being considered as a possible cause f o r  t h e  

For each test segment, t he  s t e p  rate change 

Pressure 

A t o t a l  of six test segments w e r e  performed 

Table 11 is a 

- 
As Table I1 c l e a r l y  shows, t he  values of trans- 

For each survey going t o  6,000 f t , i t  is 

Only one s top of t h e  spinner 

L-i 
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TABLE 1 .  SUMMARY OF WELL 5-1 INJECTION TEST 

6, Fluid Injected 

144,000 ga l s  

290,400 gals  

0 

Cumulative Injection 

1,284,000 gals  

I ,347,000 ga l s  

1,347,000 gal s 
total injection 

121 21 17 
el003 
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wide range of values of transmissivity among the 
individual test segments. It should be remembered 
however, that little is known about the pressure- 
transient response of cold water injection into a 
fracture in a hot reservoir. Acknowledging all 
of the above difficulties in interpretation it 
does seem significantly clear, that in spite of ~ 

the presence of the vertical fracture, the well 
has been damaged as indicated by the very small 
values of dchre2. 
the well and fracture is probably caused by chem- 
ical incompatibility of injected fluids and fluid 
present in the fracture, and/or particulate plugging 

Also complicating this analysis is the res- 
ponse time of an oil filled capillary tube to large 
pressure changes in the well. 
is roughly 20 minutes for oil at 70°F and 4200 feet 
of tubing (see paper by C .  Miller and J. Haney 
this proceedings). 
time calculation is clearly seen in Figures 3, 4 
and 5 which display pressure versus log time for 
test segments 3, 4 and 5. 
figure that the semi-log straight-line portion 
begins approximately 20 to 30 minutes after the 
flow change initiation. The straight line is, 
however, convincing enough for analysis purposes. 

Well Characteristics and Injection Scheme 
Well 18-28 is completed with a 7" casing to 

a total depth of 2440 meters. Roughly 75 meters. 
of this length are jet perforated. A spinner sur- 
vey indicates that fluid enters the reservoir only 
through this 75 meter interval. 
calcium carbonate scaling is responsible for the 
plugging of the remainder of the perforated sec- 
tion. 
thermal brine produced from Well 38-30 or Well 16- 
29. 
to the injection well by a positive displacement 
pump. 
obtained with a Hewlett-Packard downhole pressure 
gauge located at 1520 meters. Pressure data was 
recorded by a thermal paper printer at intervals 
between 40 seconds to 10 minutes. The temverature 

It is felt that the damage to 

This response time 

The validity of this response 

It will be seen on each 

WELL 18-28 INJECTION TEST 

It is believed 

The fluid injected into Well 18-28 is geo- 

The fluid is pumped from the production well 

Downhole pressure during injection was 

technique). Figdres 7 ,  8 and 9 show the results 
of these analyses. As seen from the figures, these 
analyses also yield values of approximately 77,000 
md-ftlcp with increasing values of skin for suc- 
cessive segments of the test. This increase in the 
value of skin is consistent with evidence of in- 
creasing scaling inthewell as seen by increasingly 
large injection pressures. These increasingly 
larger injection pressures, however, never approach 
values that would indicate fracturing of the form- 
ation at depth. 
SUMMARY 

perforations. The average transmissivity value 
for this well is approximately 43,000 md-ftlcp. 
The well appears to have been damaged even after 
fracture had occured. The mechanism for damage 
is most likely the same one responsible for the 
presence of the fracture in the first instance. 
This experience with Well 5-1 has shown that the 
fracturing of the well in a geothermal reservoir 
will not neceparily increase its injectivity. 
This is becuase the mechanism of plugging or 
scaling is not abated permanently when a well is 
fractured and the fracture becomes progressively 
damaged as did the well bore itself previously. 

under injection. This is seen in the increasing 
values of positive skin values. Its transmissi- 
vity value of 70,000_md-ft/cp has been qbtained 
from aeveral types of analysis. The well is not 
fractured from evidence on hand at present. The 
rapid increase in skin value between injection 
tests indicates something of a chemical nature 
is occuring in the well, 
to the 5-1 chemical incompatibility problem between 
the injected fluid and the geothermal brine at 
depth. 

LA 

BuRec Well 5-1 is fractured at the top of the 

Well 18-28 is being progressively damaged 

again, probably similar 

of the injected fluid at the wellhead ranged from 
65OC to 93OC. The Hewlett-Packard tool was also 
used to monitor downhole temperature. 
fluid had increased in temperature approximately 
14OC downhole. 
rate from 38-30 and 16-29 that was injected into 
Well 18-28 as well as concurrent pressure readings 
Test Design and Interpretation 

The 18-28 injection test was run concurrently 
with a series of production tests and interference 
tests on several Republic Geothermal wells. Thus, 
the tests were not designed specifically to obtain 
the type of data ammenable to transient pressure 
analysis. 
downhole pressures were not stabilized prior to 
rate changes. Nevertheless, from two different 
methods of analysis consist t results were ob- 
tained. 
least squares computer matching program. 
analysis yielded a kh/u of approximately 70,000 
md-ft/cp with increased value of skin for successive 
segments of the test. 
consisted of analyzing falloff data from three 
successive segments of the test (either Miller- 
Dyes-Hutcheson technique or the two-rate analysis 

The injected 

Figure 6 shows a plot of the flow 

Flow rates were highly variable and 

Drop in wellhead pressure from 
1200 to 450 PSI at same flowrate 
indicates fracturing . Pressure data were first analyzed using a 

This 

The second type of analysis 

Fig. 1. Excerpts from BuRec 5-1 injection log, 
1/27/76. 
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RPM-DOWNFLOW 

XBL 789 - 2082 

SURVEY IIATA - w e l l  injecting 

Stops 4100 125 225 425 
RPM - law rate medium rate high rate 

4400 0 0 0 
4700 0 0 0 
5000 0 0 0 
5400 0 0 0 
5800 0 0 0 

Opm intervals 4061' to 5276' perforations 
5003' to 6003' s lotted 

F ig .  2. Spinner surveys taken in well 5-1. 
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Fig. 3. Test segment three, 5-1 injection test. 
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Fig. 4. Test segment four, 5-1 injection test. 
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Fig. 5. Test segment five, 5-1 injection test. 
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Fig. 6. Pressure and injection rate during 18-28 test. 
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Test no. I 7/18/77 22mm q = 230 GPM 
m * 16.6 psi 

t k h  5574 x230 
P 16.6 
-L 

- ;T 2180 

= 7 7 , 0 0 0 m d - f t l c p  4 
s.O.28 ( 8 c h r i = 0 . 0 0 2 )  

I66psi 

s.O.28 ( 8 c h r i = 0 . 0 0 2 )  

Test 110.2 7130177 
22201 I I I I I I I I 1 

220 c q2= 455GPM 
q, = 222 GPM -.- kh 5574;222 =73.0OO md-t t lcp 
P 

a = 0.29 (gchr; = 0.002) 

I- 

2160\ 

I I 1 
IO minutes 100 1000 

, 

XBL7812-2198 
21601 I I I I I I I I 

3.4 4.0 5.0 

SOL 1812-2199 
Fig. 7. Test segment no. 1, 18-28 production 

test .  

Fig. 8. Test segment no. 2, 18-28 production 
test .  

Test no. 3 8/25/77 
2200 0 ' Q = 430 GPM 1 

1 2140 1 
I I I 
IO minutes 100 lo00 

XBL7812-2197 b 

I 

Fig. 9. Test segment no. 3, 18-28 production 
test .  
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DEVELOPMENT OF A H I G H  RESOLUTION DOWNHOLE PRESSURE 
INSTRUMENT FOR H I G H  TEMPERATURE APPLICATIONS 

E.  P .  Eernisse  
T. D. McConnell 
A.  F.  Veneruso 

- Division 4736 
Mexico 87115 

Sandia Laborator ies  
Albuquerque, New 
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ABSTRACT 

A s  p a r t  of t h e  Geothermal Logging In-  
s t rumentat ion Development Program being 
conducted by Sandia Laborator ies  f o r  t h e  
Department of Energy's Divis ion of Geother- 
mal Energy, high r e s o l u t i o n ,  q u a r t z  c r y s t a l  
based,  downhole pressure  instruments  a r e  
being developed. 
c o n t r a c t ,  Sandia and P a r o s c i e n t i f i c ,  Inc . ,  
of Redmond, Washington, a r e  working t o  up- 
grade a P a r o s c i e n t i f i c  t ransducer  f o r  oper- 
a t i o n  a t  275OC. I n  a d d i t i o n ,  Sandia Labo- 
r a t o r i e s  has  been i n v e s t i g a t i n g  var ious  
des ign c o n f i g u r a t i o n s  and f a b r i c a t i o n  tech  - 
niques f o r  h igh  temperature q u a r t z  resona-  
t o r s  and t h e i r  a s s o c i a t e d  e l e c t r o n i c  c i r -  
c u i t s .  

The goal  of  t h e s e  e f f o r t s  i s  t o  
achieve a r e s o l u t i o n  9 f  0.01 p s i  i n  a 0 t o  
7000 p s i  range and i n  temperatures up t o  
275OC. The progress  and p lans  f o r  t h i s  
p r o j e c t  w i l l  be reviewed and hardware 
samples w i l l  be displayed.  

INTRODUCTION 

Under a j o i n t  no-cost  

The assessment of geothermal energy 
resources  by means of  w e l l  logging i n s t r u -  
ments i s  hampered because t h e  downhole 
high temperatures ,  which a r e  t y p i c a l l y  
over 2 0 0 ° C ,  f a r  exceed the  opera t ing  re- 
gimes of ord inary  e l e c t r o n i c s  and trans- 
ducers.  A ' .s imilar d i f f i c u l t y  occurs  i n  
deeper o i l  and gas wel ls  and steam in j ec -  
t i o n  wel l s  f o r  t e r t i a r y  recovery.  One of 
t h e  most u s e f u l  borehole  measurements f o r  
w e l l  t e s t i n g  i s  a high.resolution,-pressure 
logging t o o l ,  1'2 This instrument  IS essen-  
t i a l  i n  c o r r e l a t i n g  w e l l  f l o w s  wi th  p r e s -  
s u r e  o r  f l u i d  l eve l  changes and drawing 
inferences  about t h e  r e s e r v o i r ' s  product ion 
p o t e n t i a l  and i t s  a b i l i t y  t o  t r a n s p o r t  and 
s t o r e  f l u i d s .  P r e s e n t l y ,  t h e  hi-ghest p r e s -  
s u r e  r e s o l u t i o n  measurements a r e  made with 
commercially a v a i l a b l e  q u a r t z  r e s o n a t o r  
t ransducers .3 '4  However, t h e  p r e s e n t  tech-  
nology of devices  i s  l i m i t e d  t o  opera t ion  
below 125OC; a l s o  the  measurement's reso-  
l u t i o n  i s  s e v e r e l y  impaired'by temperature 
g r a d i e n t s  t y p i c a l l y  encountered by i n s t r u -  
ments moving downhole. 

To c o r r e c t  t h e s e  t e c h n i c a l  d e f i c i e n -  
c i e s ,  development ac t iv i t ies  a r e  underway 
as p a r t  of t h e  Geothermal Logging I n s t r u -  
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mentation Development Program be ing  con- 
ducted by Sandia Laborator ies  f o r  t h e  De- 
partment o f  Energy's Divis ion of Geother- 
mal Energy. S p e c i f i c  goals  f o r  t h e  p r e s -  
s u r e  t ransducer  a r e  7000 p s i  f u l l  s c a l e  
c a p a b i l i t y ,  275OC upper temperature l i m i t  ,, 
and a r e s o l u t i o n  of  1 ppm, i . e . ,  a minimum 
d e t e c t a b l e  f l u c t u a t i o n  of about 0.01 p s i  
on top  of a f u l l  s c a l e  p r e s s u r e  background. 
Also,  it i s  d e s i r a b l e  t o  have measurement 
h y s t e r e s i s  i n  t h e  measurements l e s s  than 
1 ppm ( i , e . ,  t h e  change i n  reading when 
approaching a given pressure  from above 
and below). 

' /  

l a r  t o  t h e  Hewlett-Packard des ign3;  t h i s  
is a th ickness-shear  mode p l a t e  r e s o n a t o r  
with a uniform f o r c e ,  p r o p o r t i o n a l  t o  p r e s -  
sure ,  a c t i n g  around t h e  per imeter  of  t h e  
resonator  p l a t e .  As discussed  i n  t h e  f o l -  
lowing pages,  numerous technologica l  
changes a r e  necessary ,  however, t o  move 
t h e  temperature range up t o  275OC. 

One approach taken a t  Sandia i s  s i m i -  

Another approach being i n v e s t i g a t e d  
is  t h a t  of t h e  P a r o s c i e n t i f i c "  f l e x u r e  
mode t r a n s d u c e r + ;  t h i s  o f f e r s  h igher  p r e s -  
s u r e  s e n s i t i v i t y ,  but  lower frequency 
s t a b i l i t y  than- the  resonator  p l a t e  
approach. 

This a r t i c l e  rev'iews t h e  two concepts 
and then d iscusses  - the  b a s i c  technology 
cons idera t ions  of t h e  Sandia design.  Pre-  
l iminary r e s u l t s  of p r e s s u r e  measurements 
wi th  t h e  Sandia design a t  275OC a r e  p r e -  
sen ted  t o  demonstrate v i a b i l i t y  o f  high 
temp e r a  t ur  e opera t ion  i ~ s  

TRANSDUCER CONCEPTS 

q u a r t z  resonator  p r e s s u r e  t ransducer  oper- 
a t e s  on t h e  p r i n c i p l e  t h a t  mechanical 
resonance f requencies ,  which a r e  l i n e a r  
e l a s t i c  phenomena, a r e  s h i f t e d  by non- 
l i n e a r  effects.  Thickness mode q u a r t z  
resonators  have extremely s t a b l e  mechani- 
c a l  resonances f i . e .  frequency v a r i a t i o n s  
less than 1 x 1 O - J o  p e r  month) due t o  t h e  
high p u r i t y  of  q u a r t z ,  t o  c l e a n l i n e s s  of  

As descr ibed  i n  Figures 1 and 2 ,  t h e  

* P a r o s c i e n t i f i c ,  Inc. ,  4500 - 148th Ave., 
Redmond, Washington 98052 



DIGITAL QUARTZ PRESSURE TRANSDUCERS 
Paroscientific, Inc. 

COMMERCIAL WELL LOGGING TOOLS 

UTILIZING QUARTZ RESONATOR TRANSDUCERS 

(Rough Comparable in Performance 
.01 - .1 psi Resolution, 125OC 
Maximum) 
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1 FLEXURE HOD€, HIGH PRESSURE SENSITIVITY [ BUT LOW FREQUENCY STABILITY 

0 HDNTI-PACKARD 

I THICKNESS SHEAR HODE, LON PRESSURE SENSITlVlTY 
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FIGURE 1 Barometric tracking. 
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f a b r i c a t i o n  and packagi 
resonator  des 
f i n e d ,  h i g h  Q 
The f l e x u r e  
l e s s  s t a b l e  because of low 
Frequency s t a b i l i t i e s  i n  e 
where temperature  i s  const  
a r e  no mechanical b i a s e s  ( i n i t i a l  s t r e s s e s )  
a c t i n g  on t h e  r e s o n a t o r  p l a t e  have been 
observed up t o  2 x 10-12 over a 1 0  s e  
p e r i o d  f o r  t h e  th ickness  mode designs 
1 x 10-9 f o r  t h e  f l e x u r e  mode designs.  

t a b i l i t i e s  of 1 x over  t ime per iods  
f hours a r e  now r o u t i n e  f o r  th ickne  
odes and 1 x f o r  f l e x u r  

high r e s o l u t i o n  o f  q u a r t z  r e s  
ducers  comes from t h i s  inherent  frequency 
s t a b i l i t y  and t h e  f a c t  t h a t  p r e s s u r e  i n -  
duced stresses can r e v e r s i b l y  s h i f t  t h e  
resonant  f requencies  as much as 1 x 
f o r  t h e  th ickness  modes 5 ’ 6  and 1 x 1 0 - 1  
f o r  t h e  f l e x u r e  modes.4’ 

The proposed Sandia p r e s s u r e  t r a n s -  
ducer concept i s  shown i n  Figure 3 .  A 

FOR GEOTHERMAL WELL LOGGl 

ROTATE0 X C V T  
REMNATOR 

WlTH G U S  
CERAMIC SEALS 

f l e x u r e  mode approach4 has i n h e r e n t l y  
h igher  s e n s i t i v i t y  t o  p r e s s u r e  than t h e  
s h e a r  mode approach3used by Hewlett-Packard. 
Under a j o i n t  no-cost  c o n t r a c t ,  Sandia and 
P a r o s c i e n t i f i c  a r e  working t o  upgrade a 
P a r o s c i e n t i f i c  t ransducer  f o r  opera t ion  t o  
275OC. Key areas  under development a r e  
f a b r i c a t i o n  and bonding techniques f o r  h igh  
temperature opera t ion .  

TECHNOLOGY FOR SANDIA DESIGN 
The Sandia Quar tz  resonator  des ign ,  

shown i n  Figure 3 ,  was made t o  explore  
frequency v a r i a t i o n s  due t o  i n i t i a l  stfesses 
and temperature changes. This conf igura t ion  
was a l s o  used t o  i n v e s t i g a t e  t h e  s u i t a b i l i t y  
of  d i f f e r e n t  e l e c t r o d e  m a t e r i a l s ,  c r y s t a l  
bonding agents ,  and f a b r i c a t i o n  procedures .  
Each of t h e s e  important t o p i c s  a r e  examined 
i n  d e t a i l  below. 

Frequency vs Temperature Effects 

Unfortunately,  small  changes i n  tem- 
p e r a t u r e  can s h i f t  t h e  resonant  f requencies  
bv amounts comDarable t o  t h e  s t r e s s - r e l a t e d  
fkequency changes, p a r t i c u l a r l y  f o r  t h e  
th ickness  mode designs.  I t  i s  t h e r e f o r e  
necessary t o  choose t h e  resonator  des ign  
( c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of  t h e  reson-  
a t o r  s t r u c t u r e )  such t h a t  temperature  
e f f e c t s  a r e  small  compared t o  s t r e s s  e f -  
f e c t s .  This means op-eration, as  shown i n  
Figure 5, f o r  a th ickness  mode des ign ,  a t  a 
turnover  p o i n t  i n  t h e  frequency-temperature  
( f  vs T) c h a r a c t e r i s t i c  of t h e  r e s o n a t o r  s o  
t h a t  t h e  l i n e a r ,  o r  f i r s t - o r d e r ,  temperature 
e f f e c t s  a r e  e l imina ted .  The th ickness  s h e a r  

- 

v i b r a t i o n a l  modes of p l a t e  resonators  a r e  
t h e  most u s e f u l  p l a t e  modes because they 
e x h i b i t  turnovers  i n  t h e i r  f vs T c h a r a c t e r -  
i s t i c s .  A l l  o f  t h e  high frequency s t a b i l i t y  
accomplishments i n  t h e  p a s t  have come from 

sonators  opera t ing  i n  t h e  th ickness-  
de of v i b r a t i o n .  The commercially 

a v a i l a b l e  p l a t e  resonator  t ransducer  o f  
i n t e r e s t  h e r e 3  u t i l i z e s  t h e  common BT-cut 

1 

I 

, 
! 
I 

l i c  f vs T. For 
ion  a t  275OC, t h e  
cond order  e f f e c t )  
.19 ppm/OC2. Thus a 
O C  causes a frequency 
7. Since 0.01 p s i  
1 x 10-9 i n  mos 
s high curva tur  

s t r i n g e n t  requirements on t h e  t 
e environments. 
e of t h e  f i rs t  s t e p s  taken i n  

igh temper a t  u r e  t e c h  - 
o r  c r y s t a l l o g r a p h i c  

e r a t u r e  effects  of 
O O O C .  The r o t a t e d  

X-cut was i d e n t i f i e d  as t h e  most u s e f u l  o r i -  
e n t a t i o n .  
have been recent ly  publ ished , I t  i s ’ i d e n t i -  
f i e d  as  t h e  ( x y a )  o o r i e n t a t i o n  i n  s t a n d a r d  
n o t a t i o n *  (see Figure 4 ) .  A t y p i c a l  f vs T 

n AT-cut i s  included 
son. A s  seen i n  

The d e t a i l s  of thf is  o r i e n t a t i o n  

e 5. The f vs T char-  

requency s h i f t s  a r e  
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markedly l e s s  f o r  t h e  r o t a t e d  X-cut and t h e  
curva ture  a t  t h e  275OC turnover  po in t  i s  
less a s  compared t o  the  AT-cut. The r o t a t e d  
X-cut has a curva ture  a t  275OC of  0.04 ppm/ 
"C2 as compared t o  0 .12  f o r  t he  AT-cut and 
0.19 f o r  t h e  BT-cut. I t  is clear t h a t  t h e  
r o t a t e d  X-cut has d i s t i n c t  advantages f o r  
oven-cont ro l led  app l i ca t ions  where tempera- 
t u r e  cannot be con t ro l l ed .  

Response o f  Resonator P l a t e  t o  I n i t i a l  
S t r e s s e s  

The response o f  t h e  th ickness  mode r e s -  
ona tor  p l a t e  t o  r a d i a l l y  d i r e c t e d  fo rces  can 
be c a l c u l a t e d  a t  room temperature wi th  t h e  
publ ished va lues  f o r  t h e  t h i r d - o r d e r  e l a s t i c  
c o e f f i c i e n t s .  This h a s  been done f o r  numer- 
ous c r y s t a l l o g r a p h i c  c u t s  inc luding  t h e  ro-  
t a t e d  X-cut and publ i shed  i n  t h e  frequenc 
c o n t r o l  l i t e r a t ~ r e . ~  The s h i f t  i s  given i y  

where T is  t h e  uniform i n i t i a l  s t r e s s  caused 
by the  symmetric fo rce  due t o  p re s su re  and K 
is  dependent on c r y s t a l l o g r a p h i c  o r i e n t a t i o n .  
Figure 6 shows K f o r  t he  t echno log ica l ly  i m -  
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FIGURE 6 .  S t r e s s  c o e f f i c i e n t  f o r  t h e  i m -  
p o r t a n t  (yxwa) 9 ,  34" branch which 
conta ins  the  widely used TA-,  I T - ,  
SC-, and the  Rotated X-cuts, 

po r t an t  family8 of th ickness-shear  mode c u t s  
(yxw%)+, 0 which have a tu rnover  p o i n t  i n  
t h e i r  f vs T c h a r a c t e r i s t i c s .  The r o t a t e d  
X-cut is  i n  t h i s  family and i s  given by 
(yxwa) 30°, 0. A s  seen i n  Figure 6 ,  is  has 
a K value of + 1 . 5 4  x 1 0 - 1 2 ,  which i s  aagni -  
tude-wise one o f  t h e  l a r g e s t  t o  be obtained" 
i n  qua r t z  (compare t h i s  value t o  the  o t h e r s  
i n  Figure 6) .  The BT-cut, which i s  on t h e  
o the r  t echno log ica l ly  important  branch of 
t he  (yXwE)+, 0 family with 8 = -49", i s  t h e  
only o the r  th ickness  shea r  mode cu t  of  i n -  
terest .  I t  has  a K value  o f  2 . 7  x 10-12 .  

L/ 
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Electrode Considerat ions 

Conventional e l e c t r o d e  technology f o r  
quar tz  r e s o n a t o r s  used a t  low temperature 
involve Au e l e c t r o d e s  on t h e  a c o u s t i c a l l y  
a c t i v e  reg ions  and .Au e l e c t r o d e s  with a C r  
underlayer  f o r  t h e  bonding a r e a s .  The hy- 
b r i d  c i r c u i t  community has shown t h a t  C r  
migrates  a t  3OOOC and l o s e s  adhesion. Un- 
f o r t u n a t e l y ,  s e p a r a t i o n  of t h e  Cr/Au e l e c -  
t rode  from s u b s t r a t e s  (usual ly  A1203 cera-  
mics) and wire bond f a i l u r e s  a r e  common. 
Considerable e f f o r t  has t h e r e f o r e  been 
spent  on e l e c t r o d e  technology; both Mo/Au 
and Nb/Au s p u t t e r e d  e l e c t r o d e s  have been 
i n v e s t i g a t e d .  

Although t h e  Nb/Au e l e c t r o d e  system 
maintains  adhesion a f t e r  repea ted  cyc l ing  
t o  3OOOC i n  a i r ,  Rutherford b a c k s c a t t e r i n g  
s t u d i e s  show t h a t  02 migrates  through t h e  
Au and r e a c t s  w i t h  t h e  underlying Nb. If  
such e l e c t r o d e s  a r e  used on o r  near  t h e  
a c o u s t i c a l l y  a c t i v e  reg ion ,  they w i l l  lower 
t h e  resonant  frequency and cause cont inuing 
downward d r i f t  i n  frequency of an order  
comparable t o  t h e  frequency s h i f t s  due t o  
pressure .  The Nb/Au system was t h e r e f o r e  
abandoned i n  favor  of Mo/Au. 

The Mo/Au system has provided exce l -  
l e n t  adhesion t o  q u a r t z  i n  repea ted  tem- 
p e r a t u r e  c y c l i n g  and does n o t  have t h e  0 2  
r e a c t i o n  problems o f  Nb/Au. 
t rodes  a r e  keyhole p a t t e r n s  with 500 of 
Mo followed by 3000 1 of  Au. 

t r o d e s  a r e  used f o r  both t h e  a c o u s t i c a l l y  
a c t i v e  reg ion  and t h e  bonding areas .  

Typical elec- 

For t h e  Sandia des ign ,  t h e  Mo/Au e l e c -  

Bonding Agent 

The bonding agent chosen f o r  assembly 
of  t h e  q u a r t z  p i e c e s  was Pyroceram 89 
appl ied  by s i l k  screening  o r  t h e  equiva len t  
VITA Tape appl ied  as  a tape  on t h e  mating 
s u r f a c e s .  These a r e  glass/ceramic mater i -  
a l s  with an organic  b inder .  The binder  i s  
f irst  burned out  i n  a vacuum furnace.  Tem- 
p e r a t u r e  is- then r a i s e d  t o  j u s t  below t h e  

p o i n t  of t h e  g l a s s  bonding agent 
and t h e  system i s  repea ted ly  evacu- 

a t e d  ahd b a c k f i l l e d  wi th  He o r  A r .  Then 
t h e  temperature i s  r a i s e d  t o  above t h e  
melt ing p o i n t  o f  t h e  g l a s s , t o  455'C, t h e  
p a r t s  a r e  mated, and t h e  s e a l  i s  made. 

ra ture  is  then  h e l d  a t  455 '6  f o r  
t o  cause c r y s t a l l i z a t i o n  of t h e  
gent . .  The r e s u l t i n g  bond i s  a 

ceramic with a mel t ing p o i  
of  t h e  s e a l i n g  temperature 
expected opera t ing ' tempera  
glass/ceramic was chosen b 
a b i l i t y  t o  make t h e  i n i t i a l  s e a l  a s - a  
g l a s s  and then  convert  t o  a mechanically 

ing  
agent dessolves  t h e  Mo/Au e l e c t r o d e s .  
region where t h e  e l e c t r o d e  t a b  passes  

The 

throu  h t h e  bond is t h e r e f o r e  p r o t e c t e d  by 
5000 f of C r  depos i ted  i n  a s e p a r a t e  depo- 
s i t i o n .  The Cr/bonding agent and Cr/Au 
i n t e r f a c e s  have been found t o  hold up t o  
temperature cyc l ing ,  i n  c o n t r a s t  t o  t h e  ad- 
herence f a i l u r e  of t h e  Cr/quartz i n t e r f a c e  

temperature cycl ing.  The r e s u l t s  t o  
d a t e  on t h i s  f a b r i c a t i o n  procedure have 
been s a t i s f a c t o r y .  Prel iminary t e s t i n g  
has n o t  turned up any s i g n i f i c a n t  problems. 

Experimental Pressure  Measurements a t  275OC 

asurements of  p r e s s u r e  a t  275OC have 
been accomplished. The r o t a t e d  X-cut 
t ransducer  was suspended from two e l e c t r i -  
cal feedthroughs on t h e  i n s i d e  of  a p r e s -  
s u r e  bomb f i l l e d  w i t h  s i l i c o n e  o i l .  This  
assembly was then heated i n  a furnace t o  
27SOC.  Wires from t h e  feedthroughs were 
connected t o  an o s c i l l a t o r  c i r c u i t  ou ts ide  
t h e  furnace ,  The o s c i l l a t o r ' s  frequency 
was monitored as t h e  bomb was p r e s s u r i z e d  
w i t h  a hand pump. Independent p r e s s u r e  
measurements were taken wi th  a Paroscien-  
t i f i c  Model 600 Digiquartz  Pressure  Com- 
p u t e r  and Model 75K gauge l o c a t e d  o u t s i d e  
t h e  furnace and connected i n t o  t h e  p r e s s u r e  
l i n e  wi th  a "T" junc t ion .  The Paroscien-  
t i f i c  gauge has been checked i n  our  s t a n -  
dards l a b  with a dead weight t e s t e r  t o  
approximately 1 p s i  r e s o l u t i o n  (SO00 p s i  
f u l l  s c a l e ) .  

Resul t s  a r e  shown i n  Figure 7 as  

FIGURE I 

frequency s h i f t  vs absolu te  pres -  
s u r e .  Data r e p e a t a b i l i t y  and h y s t e r e s i s  

r e  approximately 4 p s i  a t  275OC 
a t  room temperature.  - These r e l a -  
h values  seem t o  be r e l a t e d  more 
pendent flow o f  t h e  viscous o i l  
ing of  t h e  experiment and temper- 

ature-..changes i n  t h e  p r e s s u r e  bomb due t o  
co ld  o i l  being pumped i n  during p r e s s u r e  
increases  than t o  e f f e c t s  i n  t h e  q u a r t z  
resonator  i t s e l f . .  More c a r e f u l  design t o  
l i m i t  t h e  o i l  volume around t h e  t ransducer  
and t o  prehea t  t h e  o ' i1 ,dur ing  pressure-up 



w i l l  be  hecessary t o  demonstrate t h e  f u l l  
of  t he  qua r t z  r e sona to r  gauge. 

Ld 
This a r t i c l e  is  an in t e r im  r e p o r t  on 

the  progress  o f  technology developments 
f o r  geothermal q u a l i f i e d  qua r t z  resonator  
p re s su re  t ransducers .  The f e a s i b i l i t y  o f  
such devices  is demonstrated i n  l abora to ry  
t e s t s  up t o  275OC. Major a reas  under in -  
v e s t i g a t i o n  are:  c r y s t a l  c h a r a c t e r i z a t i o n  
a t  high temperature ,  design o f  p re s su re  
t ransducer  conf igura t ions  f o r  geothermal 
use ,  and f a b r i c a t i o n  and bonding f o r  high 
temperature  ope ra t ion  of t h e  c r y s t a l  and 
o the r  t ransducer  components. 

development work i s  the technology t r a n s -  
fe r  t o  indus t ry  and t h e  commercialization 
of  geothermal q u a l i f i e d  p re s su re  t ransdu-  
cers. For t h i s ,  t he  ongoing developments 
have been c l o s e l y  l i nked  with p a r a l l e l  
a c t i v i t i e s  i n  p r i v a t e  i n d u s t r y ,  where s i m i -  
l a r  t ransducers  and complete t o o l s  a r e  
b u i l t  and opera ted  f o r  petroleum logging.  

A v i t a l l y  important aspec t  of  t h i s  
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Lawrence Berkeley Laborat 

INTRODUCTION 

Conventional w e l l  test analysis  methods are 
commonly applied t o  w e l l  da t a  from geothermal the  numerical s tud ie s  using CCC are given i n  Figure 

5 e s p i t e  t he  isothermal assumptions of these 
we are involved i n  h series of 
use numerical models t o  inves- ed aquifer  a t  a node located 

t i g a t e  t h e  e f f e c t s  seen a t  a w e l l  producing from 
ing i n t o  a heterogeneous, non-isothermal 
This paper is .a progress report  on what 
earned. I n  the  next sect ion,  t he  numeri- l y  a t  earlier t i m e s  served drawdowns com- 

cal models used f o r  these s tudies  w i l l  be b r i e f l y  es given by Hantush's 
discussed. The following sec t ion  i s  devoted t o  ana ly t i ca l  so lu t ion  5 x lO-3), using t h e  
the  descr ipt ion of and r e s u l t s  from d i f f e ren t  Hantush's beta  solu- 
cases s tudied using these models. Implications t i o a  (which i s  va l id  11 values of t i m e  ( i n  

umes t h a t  the flow is 

a t  a r a d i a l  dis tance of 12.76 meters from t h e  a x i s ,  
t he  pressure changes i n  the isothermal and non- 
isothermal analyses are almost i den t i ca l ,  especial-  

pare  reasonably w e 1  

same reservoir  param 

our case t < 1115 day 
horizontal  i n  the lower aquifer  and vertical i n  
t h e  sha le  break. I n  the upper unpumped aqu i f e r  
t he re  are some minor differences a t  ea r ly  t i m e s  
between the  pressure drawdown determined i n  t h e  
non-isothermal and isothermal cases. However, t h i s  
d i f i e r enc  percentagewise diminishes with t i m e  
(see Table 3). 
between t h e  computed drawdowns i n  the  upper aquifer  
and the  corresponding ana ly t i ca l  solut ion of 

(1) 

Reasonable agreement w a s  obtained 

Difference method and are a l l  designed t o  model 
complex three-dimensional systems. The f i r s t  Neuman and Witherspoon(*). Generally the  r e s u l t s  
numerical model (Terzaghi) is an isothermal model, indicate  t h a t  isothermal data  analyses of pumping 
while t he  o the r  two are,non-isothermal, i.e. in- 
clude both heat  and f l u i d  flow calculat ions.  The war  nder t he  conditionsr 
model CCC spec ia l i ze s  i n  l i qu id  phase systems, 
while SHAFT78 is a two-phase code modeling steam- 
water flow. The capab i l i t i e s  of these th ree  nu- 

tests performed i n  non-isothermal systems are 

e f l u i d  propert ies  used i n  t h e  ana lys i s  
should correspond t o  the averaged values 
of t he  producing aquifer.  

The mass flow should be e s sen t i a l ly  

t h a t  areal1 

a r r i e d  out i n  a w e l l  a t  the center  of 

and Table 1. The upper and lower constant bound- 
aries w e r e  assumed t o  be closed t o  f l u i d  flow. A 

aquifer  a t  the center  of t h e  system producing a t  
a constant rate of a 100 tonnes per hour. 

water in t e r f ace  moves towards t h e  wellbore. This 
break may be mistakenly i n t e r p r  d as t h e  presence 

f u l l y  penetrating w e l l  was  placed i n  the  lower 0 

The 
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Case 3: COLD WATER REINJECTION PRESSURE 

There is a p rac t i ca l  need t o  know the  reser- 
v o i r  pressure response due t o  the in j ec t ion  of 
cold water i n t o  a hot geothermal reservofr.  
the present study we assume a uniform hot  geother- 
m a l  r e se rvo i r  i n  which cold water i s  injected i n t o  
a s ingle  w e l l .  
density between hot and cold water are q u i t e  
s ign i f i can t  and cannot be ignored. 
based on numerical model CCC are shown i n  Figure 
7 where t h e  pressure change is p lo t t ed  against  
log ( t / r2 )  where t is the t i m e  and r is the  
r a d i a l  distance from t h e  w e l l .  W e  have assumed an 
in j ec t ion  temperature of 100°C and an  i n i t i a l  
aquifer  temperature of 30OoC. Thus a t  ea r ly  t i m e s  
t h e  pressure change follows the  normal Theis solu- 
t i o n  corresponding t o  the  o r ig ina l  reservoir  t em-  
perature.  Then a t  a later t i m e  it begins t o  take 
off  from t h e  3OO0C Theis s t r a i g h t  l i n e  and follow 
a l i n e  which is p a r a l l e l  t o  t h e  100°C Theis l i n e .  
This is reasonable because a t  the beginning the  
observation point i n  question is surrounded by 
t h e  hot  reservoir  water and so t h e  pressure re- 
sponse follows the  3OO0C reservoir  hot  water move- 
ment. Later on when the cold water f ron t  as 
arr ived t h e  f l u i d  mobili ty has changed t o  the  
value corresponding t o  the  lower temperature and 
consequently the  100°C Theis l i n e  w i l l  be followed. 
Hence, a t  very l a r g e  tfmes the  expected pressure 
has a s lope l i k e  the 100°C Theis l i n e ,  but with a 
value subs t an t i a l ly  lower, 

I n  

The differences i n  viscosi ty  and 

The r e s u l t s  

Case 4: PRODUCTION-INJECTION-PRODUCTION PROCEDURE 

For t h i s  case w e  employed CCC t o  study the  
t r ans i en t  pressure response during a production- 
injection-production sequence. For t h i s  analysis  
a 100-m thick,  1,000-m r a d i a l l y  symmetric reser- 
v o i r  is considered. The i n i t i a l  temperature and 
pressure as given by Figure 8 were used, with a 
flow rate of 2,5 x 106 kgfday. 

The w e l l  is f i r s t  pumped f o r  f i v e  days ( t o t a l  
t i m e ,  t = 0-5 days) : t h i s  is followed by f i v e  
days of i n j ec t ion  of 100°C water (t = 5-10 d ) ;  
f i n a l l y  the  w e l l  is  pumped f o r  another 15 days 
(t 5 10-25 d). The pressure changes obtained a t  
the center  of t h e  r e se rvo i r ,  1.5 meters from the  
ax i s  of the system is shown on Figure 9b. 
pressure decreases normally during the  f f r s t  
pumping period (t = 0-5 d) ;  no temperature changes 
are observed. 
creases as expected (t = 5-10 d) ;  t he  temperature 
almost immediately drops as the  cold water i s  
injected.  

The 

During in j ec t ion  t h e  pressure in- 

During the  f i n a l  period of production (Figure 
9b, t = 10-25 d) t he  pressure begins f a l l i n g  much 
f a s t e r  than during the  f i r s t  period of pumping, 
Then i t  s t a b i l i z e s  t o  a more o r  less constant 
pressure value before continuing t o  decrease. 
last  p a r t  of t h e  curve appears t o  be a continua- 
t i o n  of t h e  curve corresponding t o  the  f i r s t  
pumping period, 
by studying t h e  temperature andmiscosi ty  varia- 
t i o n  observed during this period (Figure 9a). 
During almost the  f i r s t  two days of t he  second 
pumping period the temperature remains low, then 
i t  slowly increases  as the  h o t t e r  water replaces 
the  cold water being produced a t  the  w e l l .  

The 

This response can be explafned 

On 

the  other  hand, the v i scos i ty  of the l i qu id  i s  high 
a t  the beginning and then rapidly decreases as the 
temperature rises. 

For the same flow rate, the  higher i n i t i a l  
values of v i scos i ty  r e s u l t  i n  l a rge r  pressure 
decreases. As the  temperature increases,  and the  
v i scos i ty  decreases, the pressure s t a b i l i z e s  and 
then f i n a l l y  begins t o  drop again as a more o r  less 
constant temperature is at ta ined.  After about 
e igh t  days the temperature i n  the reservoir  is 
s imilar  t o  t h a t  prevai l ing during the  i n i t i a l  
pumping period (t = 0-5 d).  This explains why f o r  
later times the pressure curve f o r  t he  second pro- 
duction period is almost a continuation of the 
dashed curve corresponding t o  the i n i t i a l  period of 
production (Figure 9b). 

I f  w e  assume t h a t  t he  pressure during the  
i n i t i a l  pumping period (t = 0-5 d) are the  observed 
pressures during a normal w e l l  test, we can perform 
a typical  constant-temperature Theis well-test 
analysis .  We f i n d  t h a t  we reproduce the  r e se rvo i r  
parameters co r rec t ly  so long as w e  use the densi ty  
and v i scos i ty  constant corresponding t o  the average 
r e se rvo i r  temperature. This j u s t i f i e s  t o  a c e r t a i n  
extent  t he  appl icat ion of usual pumping well-test 
methods t o  geothermal systems. 

On t h e  other  hand, as discussed above, a very 
i n t e r e s t i n g  pressure response curve is found when 
the  w e l l  is pumped a f t e r  a period of in j ec t ion  of 
colder w a t e r .  This opens the  p o s s i b i l i t y  of using 
injection-production w e l l  tests t o  e s t a b l i s h  some 
of the thermal propert ies  of t he  reservoir .  
are i n  the  process of making such a study. 

We 

Case 5: FRACTURED SYSTEMS 

Many aquifers  possess f r ac tu res .  The numeri- 
cal model, Terzaghi, which w a s  developed at  LBL, 
has t he  capabi l i ty  t o  model f l u i d  flow through a 
fractured porous system. 
sponse i n  a w e l l  in tercept ing f r ac tu res  may be 
calculated numerically. 
cal model we have applied i t  t o  a simple case, 
where a w e l l  with a constant f lowrate in t e rcep t s  
a v e r t i c a l  f r ac tu re .  This problem has a l s o  been 
solved ana ly t i ca l ly  by Raghavan(3). The r e s u l t s  
are indicated i n  Figure 10 i n  a log-log p lo t .  
Three sets of calculat ions were made: the f i r s t  
with an i n f i n i t e  conductivity f r ac tu re ;  the second 
with f i n i t e  conductivity f r ac tu re ,  and l a s t l y  the  
case of an i n f i n i t e  conductivity f r ac tu re  with a 
6" diameter w e l l .  Thus, the last set of calcula- 
t i ons  includes not only the e f f e c t  of the f r a c t u r e  
but a l s o  the e f f e c t  of t h e  wellbore s torage.  As 
can be seen from t h i s  graph the two sets of calcu- 
l a t i o n s  compared very w e l l  with the Raghavan solu- 
t io? where i t  is applicable.  
used t o  examine more complicated s i t u a t i o n s  where 
ana ly t i ca l  solut ions are not avai lable .  Examples 
include cases where the w e l l  i n t e rcep t s  more than 
one f r a c t u r e a n d  a l s o  cases where the  f r a c t u r e  may 
be o f  varying aperture.  Thus r e se rvo i r  parameters 
may be estimated i n  these complicated cases where 
conventional w e l l  test analysis  is not applicable.  

Thus the pressure re- 

To v a l i d a t e  such a numeri- 

This model w i l l  be 

cd 
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Case 6: PRODUCTION FROM A TWO-PHASE GEOTHERMAL 
RESERVOIR 

Geothermal systems are o f t en  two-phase e i t h e r  ki i n i t i a l l y  o r  a f t e r  extensive production from an 
i n i t i a l l y  l i q u i d  system. I n  order t o  model t he  
response of a two-phase r e se rvo i r ,  t he  code SHAFT- 
78 was developed a t  LBL. We ran  the  code on a set  
of problems simulating t h e  response of a homogen-r 
eous reservoir  t o  a constant mass withdrawal when 
t h e  reservoir  was  i n i t i a l l y  
(saturat ions of .l, .3, .9). 
r e s u l t s  by Gargt4) i nd ica t e  
assumptions t h e  t o t a l  kinematic mobili ty of the 

I f l u i d  near t h e  wellbore* - - 

In  addition, the f l a s h  f ron t  propagates a t  a velo- 
c i t y  proportional t o  ,/E However, p l o t s  of pres- 
su re  vs  log ( t / r2 )  r e s u l t  i n  a family of similar 
curves generated as each successive element f l a shes .  
Consequently qua l i t a t ive ly  d i f f e ren t  pressure re- 
sponses t o  the  drawdown are found a t  observation 
w e l l s  located i n  t h e  two-phase region and observa- 
t i o n  w e l l s  located i n  the- l iquid region. This 
supports the previously s t a t ed  conclusion t h a t  
observation w e l l  da t a  can be used t o  d i s t ingu i sh  
between two-phase and f lashing systems. 

< -  S-Y _- ~ :. - . " 

In- t h i s  work we have used- numerical modeling to study a series of problems r e l a t ed  t o  w e l l  test 
analysis.  By looking at  difference schematic , 

cases we demonstrated: 

can be in fe r r ed  from a p l o t  of P vs log  t ,  and i n  
f a c t ,  if m i s  t h e  s lope of t h e  curve, then temperature boundaries) normally 

(a) In  c e r t a i n  cases e f f e c t s  (such as 

no t  included are important and thus 
care should be taken when analyzing 
geothermal w e l l  test  data.  K 27rm (-) i - v T 1.15q 

(b) By making use of numerical modeling 
. ,  - .- more complicated procedures o r  s i t u -  ,~ where - . 

a t ions  may be analyzed, thus enriching 
the  w e l l  test analysis  method t h a t  can 
be used. q = 9 (mass withdrawal rate) -_-* 

m s  
We are current ly  continuing with these s tud ie s  with 
the  hope of es tabl ishing new methods of r e se rvo i r  The SHAFT78 simulations w e r e  done with param- 

eters tabulated i n  Table 4. Results are given i n  evaluation. 
Table 5 and t h e  accompanying f igu res  (11, 12, 13). 
These results confirm t h e  hypothesis. I n  addition, REFERENCES 
pressure was  p lo t t ed  as a function of log ( t / r 2 )  
and r e su l t ed  i n  a s t r a i g h t  l i n e  curve with s looe 1. Hantush. M.S.. 1960. '%lodification of the 
close t o  t h a t  of t h e  w e i l  pressure vs log (t) p lo t .  Theory of Leaky Aquifers," J. Geophys. 

&, V. 65, pp. 3713-3725. 
This i nd ica t e s  t h a t  observation w e l l  da t a  

could be used t o  i n f e r  (K/v)T i n  a two-phase sys- 
t e m ,  hence agreement between (K/v)T a t  an observa- "Transient Flow of Groundwater t o  Wells 
t i on  w e l l  and a t  t h e  producing w e l l  would be evi- i n  Multiple-Aquifer Systems , 'I  Berkeley, 
dence t h a t  the f i e l d  was  two-phase r a the r  than Department of C iv i l  Engineering, I n s t ,  
s i n g l e  phase with f lashing near t h e  production Transp. T ra f f i c  Eng., University of 
w e l l  bore. California ,Publication 69-1, 182 p . 

2. Neuman, S.P., and P.A. Witherspoon, 1969. 

- __-__ .-  - 
a t i G  irs log ( t I r2 )  "as 3. Raghavan, R., 1977. "Pressure Behavior of 
igure.15, no s teep satura- Wells Intercept ing Fractures ,I' Proceedings 

o f - F i r s t  Inv i t a t iona l  Well-Testing Sympo- 
sium, October 19-21, 1977, Lawrence 

t i o n  graaients  are produced as,a r e s u l t  of pro- 
duction. Rather, a d i f fuse ,  broad f ron t  pro a- 
gates  out-with a velocity' proportional to.$ I ~ Berkel ra tory,  LBL-7027, pp. 117- 
Changing the r e l a t i v e  permeability curves (Figure 160. 
14) has a very s l i g h t  e f f e c t  p n  & h e  sa tu ra t ion -  
f r o n t ,  indicat ing t h a t  the r e s u l t  i s  not seesi- 
t i v e  t o  the parameter governing l iquidls team 
transcoi-t ifi tSie-simulation and -that drawdop ~ 

- . 4 ,  Garg, S:K., 1978. '-"Pressure Transient Analy- 
sis f o r  Two-Phase (Liquid Water/Steam) 
Geothermal Reservoirs ," SSS-IR-3568 (R2) . . - 

l i q u i d  system. Once again,  a s t r a i g h t  l i n e  de- 
velopes as exp lo i t a t ion  progresses,  r e su l t i ng  i n  
a predicted (K/v)?j value of ,86E-8 (as campared 
t o  ac tua l  values which range from 1.4E-8 t o  1.9E-8). 

* Here K i s  permeabili ty,  p is  v i scos i ty ,  and 
l i q u i d  and vapor phases are denoted by the  
subscr ipts  II and v respect ively,  
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Table 1 

,-, 

PUKPING TEST SIMULATION 

Table 3 
Material Properties Used 

TWE ISORlElU4AL 
(days) (343.6'C) 

10 2.93 x lo1 

30 6.32 x 10' 

100 1.21 x lo4 

204 6.75 x 104 

406 1.20 lo5 
.r 

MWeR 
AQUIFER I 

NONISOIRRERHAL 

2.14 x lo1 

5.99 x 102 

1.16 10) 

4.62 lo4 

1.19 lo5 

80 Intrinsic 
Permeability (md) 

Porosi ty .22 

Specific Storage 
(m-1) lo4 

lhermal Conductivity 10x10-3 
callsec m*C 

0.250 Heat Capacity 
callg'c - 

I AP (PASCALS) 

SRALE 
BREAK 

0.5 

.40 

1.6~10-~ 

7. 5x1f3 

0.230 

DIMENSIONLESS 

NUMERICAL ANALYTICAL 

0.005 

50 I 

t 

(days) 

ISOTHERMAL (343.6%) NUMERICAL ANALYTICAL 

Isotherm41 Isothermal tD tD 
(343.6'0 Nonisothermal (343.6.C) 

10 
30 
100 
406 

0.1418 x IO6 0.1422 x lo6 0.1380 x lo6 352 3.26 352 3.17 
0.1599 x 106 0.1604 x lo6 0.1576 x lo6 1055 3.67 1055 3.62 

0.1919 x lo6 0.1927 x lo6 0.1915 x 10' 14270 4.41 14270 4.40 
0.1750 x lo6 0.1756 x lo6 0.1749 x lo6 3518 4.02 3518 4.02 



Table 4 

W 
R A D X  GRID DIMENSIONS 

Arl 5 Az2 . . Arll = lm 

Ar12 * 1.2ATll Ats0 1*2Ar49 

ROCK PROPERTIES 

"r = 2.65 x lo3 kg/m3 

'rock * 1000 J/Kg°C 

= 5.25 W/m°C 'rock 

Permeability - m2 (100 millidarcy) 

Porosity - .2 

KESULTS FOR TOTAL KINEMATXC MOBILITIES (k/v)t 



TERZAGHI SHAFT78 

I -  -"SIMULTANEOUS ,HEAT AND FLUID TRANSPORT" 

O THREE-DIMENSIONAL SIMULATION OF FLUID FLOW IN 
HETEROGENEOUS SYSTEM WITH COMPLEX GEOMETRY. 

i THREE-DIMENSIONAL, STEAM-WATER, NON-ISOTHERMAL FLOW 
THROUGH POROUS MEDIA WITH COMPLEX GEOMETRY. 

0 USE INTEGRATED-FINITE-DIFFERENCE NUMERICAL TECHNIOUE. 

0 EMPLOYS INTEGRATED-FINITE-DIFFERENCE METHOD. 

CAN HANDLE: 

POROUS-FRACTURE MEDrA 
CAN SIMULTANEOUSLY HANDLE: 

.~ - .  . 

1. CONDUCTION, TWO-PHASE FLOW I N  AOUIFER SYSTEM. 
FRACTURE MEDIA 

2. TEMPERATURE DEPENDENCE OF ROCK AND FLUID PROPERTY 
PARAMETERS. 

WELL BORE STORAGE 

. 3.. GRAVITATION EFFECTS. 

MATERIAL PROPERTIES DEPENDING ON 
STATE OF STRESS 4. SPATIAL VARIATION I N  AQUIFER PROPERTIES. 

5. INJECTION 'AND WITHDRAWAL. 

Figure 3 

ccc 

CONDUCTION-CONVECTION-CONSOLIDATION 

I NUMERICAL MODEL (LAWRENCE BERKELEY LABORATORY) 

MODELS 3-0 WATER-SATURATED POROUS SYSTEMS 

SOLVES F L U I D  AN0 HEAT EOUATIONS SIMULTANEOUSLY BY I F 0  
(INTEGRATED F I N I T E  DIFFERENCE METHOD) 

CALCULATES CONSOLIDATION USING 1-0 THEORY OF TERZAGHI 

-_ . CAN HANDLE) - . _  - -  
1. HEAT CONDUCTION AN0 CONVECTION BETWEEN RESERVOIR, CAPROCK AN0 BEDROCK. 

2. 

3 .  REGIONAL GROUND-WATER FLOW. 

4. SPATIAL VARIATIONS OF AOUIFER PROPERTIE$. - 
5. TEMPERllTURE AND PRESSURE DEPENDENCE OF ROCK AN0 F L U I D  PROPERTIES. 

6. VERTICAL CONSOLIDATION OF.SATURATE0 FORMATIONS CDEFORHATION MAY B E  NON-LINEAR 

FLOW OF WATERS OF DIFFERENT TEMPERATURES, 

. .  _- 

AN0 NON-ELASTIC). 
I 

- ~ " _ _  ~ 

7. DIFFERENT BOUNDARY CONDITIONS. 

8. GRAVITATION EFFECTS. 
- .  . -  - 

Figure 2 
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I 

Fig. 6. Hotspot drawdown curve (100 m radius). Temperature ('C) 
_ .  

XBL 789-2079 

Fig. 4. Two-layer system. 

. I  

I I I I 1 1 1 1 1  I I I I I I " I  I I 1 I I l l  

Fig. 5. Two-layer system. 
hd 
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INITIAL CONDITIONS 
235O - 482 x106 N/m 

CAPROCK (MATERIAL I) 

2475O-5 61 x106 N/m2 

250’ 600x106N/m2 2 (MATERIAL 2) * loo 2525°-639x06N/m2 
BEDROCK (MATERl4L I) 

RADIAL DISTANCE h) 

XBL 773-5213 

F ig  . 8. Producti on-i n j e c t i  on-production . 

5 2  

N- 5.1 
E 
\ 
2 

CD 

I 
0 

a 

- 
5.0 

3 
v) 
v) 
W a a 

4 9 

I I I I 1 L 
2 4 6 8 IO 12 

4.81 
0 

TIME (doys) 
XBL 773-5217 

Fig. 9. Product ion- in ject ion-product ion 
s imul a t  ion. 

Pressure response in a constant- rate well 
intercepting a vert ical  fracture 

I I I I 1 
analytic solution, Raghavan, I977 

10- 10-3 10-2 lo-‘ 10-0 

DXf. XBL 794-7399 

1 

a 

1.2 x 
V - 

b) 

Fig. 10A). F i n i t e  conduct iv i ty  f racture;  1OB) I n f i n i t e  conduct iv i ty  f racture;  1OC) I n f i n i t e  conduc- 
t i v i t y  f rac tu re  w i t h  a 6” diameter wel l .  
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Fig. 11. Production drawdowns from a two-phase reservofr. 
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Fig. 13. Production drawdowns from a two-phase reservoir. 

0 10 20 30 4D 50 60 70 80 SO 100 
VAPOR SATURATIO# (PERCENT 1 

0 20 40 60 00 loo 

VAPOR SATURATlDti ( P E R C E I T )  

XBL 793-7395 

Fig. 14. Relative permeability curves for water/steam. 
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b., 

. 

= 
c < 
e 
a 
I- 
< v1 

oz 
0 0. 

< w 

0 

- .  
I I I 1 INITIAL VAPOR SATURATION 1.9 

T i  - .63 x io4 SEC 
129 1.2 x IO4 SEC .8 - 

0 

P .I4 KCISEC. METER 
Po * 8.6 WPa 

- RELATIVE PERMEABILITY 

CURVES FROM COREY 
EQUATIONS ( FIG. 6 B 1 

10 300 'C  

Fig. 15. Sa-Jration p r o f i l e s  dur ing production from a two-phase reservoir .  

T I W E  (SECOWDS) 

XBL 794-7397 

Fig. 16. Production drawdown from a f lash ing reservoir .  
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Recent Developments i n  Wel l  Test Analysts f o r  Fractured Wells 

H. Cinco-Ley 
Stanford Un ivers i ty  

Hydraul ic f rac tu r i ng  i s  commonly used t o  increase we l l  
p roduc t i v i t y  or we l l  i n j e c t i v i t y .  Due t o  h igh  pressure i n  
i n j e c t i o n  wel ls  the formation i s  sometimes f ractured inadvertently. 
The behavior o f  a reservo i r  can be a f fec ted  d r a s t i c a l l y  i f  

f ractures are present; f o r  instance, f rac tu re  compass o r ien ta t i on  i s  
a key fac to r  i n  the re in jec t i on  process because ea r l y  breakthrough 
may occur under ce r ta in  condit ions. 

The l i t e r a t u r e  over the l a s t  three decades contains a 
large amount o f  information concerning we l l  t e s t  analysis, w i t h  
special a t ten t i on  given t o  the analys is  methods f o r  f ractured wel ls .  
Techniques are now ava i lab le  f o r  i n te rp re t i ng  pressure t rans ien t  
data Influenced by several factors, such as f rac tu re  conductivi ty, 
f rac tu re  damage, and wellbore storage, t o  name a few. 



PRE 

chool o f  Oceanograp 

The i n j e c t i o n  o f  f l u i d s  i n t o  the subsurface 
resu l t s  i n  pressure and f low transients 
gate through the formations. A t  moderat 
amplitudes, the pressure f i e l d  propagati 
type porous media i s  governed by the wel l  known 
simple d i f f u s i o n  equation w i t h  the r l i f f u s i v i t y  
a = b h c  where b i s  the permeabil ity o f  the form- 
ation, p the absolute v i scos i t y  o f  the f l u i d  and c 
the t o t a l  compressibi l i ty  o f  the f l u i d  saturated 
formation. The primary physical parameter involved 
i n  the d i f f u s i o n  o f  pressure f i e l d s  o f  angular 
frequency o i n  such me i a  i s  the sk in  de 

ds (2b/pco)f. 

whereas, on the other hand, the condi t ion 

wr>12v/h2 (6) 

implies an i n e r t i a  dominated wave propagation w i th  
the phase ve loc i t y  

= [hkG/Pp (1 -c , ) ] ' .  (7 )  

Moreover, assuming t h a t  both (3) and (4) hold, 
equation (1) can be s imp l i f i ed  t o  

a t P  - (h/pR)SvBP = ( l / p )S f  (8) 

The propagation o f  pressure f i e l d s  w i th  wave 
numbers k i n  a s ing le f l u i d  f i l l e d  plane f racture 
o f  width h, where the inequal i ty  hk-1 i s  sat is f ied,  
i s  governed by the equation 

i f fus ion type equation f o r  the pressure 

Density currents are o f  p a r t i c u l a r  i n t e r e s t  i n  
Darcy type porous media. Consider the case o f  a 

turated half-space a t  temperature T con- 
spherical thermal anomaly a t  zero temp- 
This s i t ua t i on  can r e s u l t  from the i n -  

the densi ty o f  the f l u i d ,  K the compressibi l i ty  o f  
the f l u i d ,  R a resistance operator, S the s t i f f ness  

j e c t i o n  of co ld  water i n t o  the half-space. Because 
of gravi ty,  the spherical anomaly W i l l  s ink w i t h  an 
i n i t i a l  ve loc i t y  (SI-uni ts)  o f  

w = 2abgTCf/Cr(vi + ve) (9) 

where a i s  the thermal expansivity o f  the f l u i d ,  
g the acceleration o f  gravi ty,  Cf and C r  the volume 
heat capaci t ies o f  the f l u i d  and rock formations 
respectively, and v i  and ve are the kimematic 
v i scos i t i es  o f  the f l u i d  ins ide respect ively outside 
the thermal anomaly. The spherical anomaly w i l l  
be deformed during descent. 

) 
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PRESSURE TRANSIENT ANALYSIS FOR GEOPRESSURED GEOTHERMAL WELLS 

ABSTRACT 

S. K. Garg, f. D. Riney and J. W. P r i t c h e t t  
Systems, Science and Software 

P. 0 .  Box 1620 
La Jo l la ,  Cal i forn ia  92038 

Analyt ical  solut ions presently e x i s t  which 
form the basis f o r  pract ica l  analysis o f  pressure 
t rans ient  data from isothermal single-phase 
(water, o i l )  and isothermal two-phase ( o i l  w i t h  
gas i n  solution, f r e e  gas) reservo i r  systems. A 
numerical model embodying the important mechanisms 
operating i n  geopressured geothermal reservo i r  
systems has been applied i n  a series o f  parametric 
calculat ions simulating we1 1 drawdown/bui ldup t o  
assess the a p p l i c a b i l i t y  o f  the c lass ica l  petro- 
leum engineering/hydrology analysis procedures t o  
geopressured systems. More spec i f i ca l l y ,  the e f -  
f ec ts  o f  i r r e v e r s i b l e  formation compaction and 
methane saturat ion (and the associated changes i n  
porosity, absolute permeabi l i ty  and/or t o t a l  
mobi l i ty )  are studied. It i s  found t h a t  conven- 
t i ona l  wel l  t e s t  analysis may be expected t o  
y i e l d  r e l i a b l e  formation permeabil ity (or mobil- 
i t y )  data even when compaction occurs and methane 
evolves out  o f  solution, but  s t o r a t i v i t y  estimates 
w i l l  be unrel iable,  
data together can be used t o  diagnose i r r e v e r s i b l e  
compaction response o f  the formation. 

INTRODUCTION 

Drawdown and bui ldup t e s t  

Geopressured s t ra ta  under l ie  a band along the 
Gulf Coast o f  the United States about 750 mi les 
long from the Rio Grande t o  the Mississippi  
estuaries which extends about 50-100 miles in land 
and a s im i la r  distance of fshore (Fig. 1). The 
zone i n  which geopressures are most commonly 
found begins a t  a depth o f  about 10,000 f e e t  and 
extends downward t o  about 50,000 feet.  These 
s t ra ta  contain undercompacted clays and sand- 
stones, w i th  i n t e r s t i t i a l  f l u i d s  bearing the bulk 
o f  the t o t a l  overburden pressure. The f l u i d  pres- 
sure i s  general ly wel l  i n  excess o f  hydrostatic. 
Further, these waters are a t  elevated tempeatures 
and the high pressure, high temperature pore water 
i s  generally believed t o  be saturated w i th  d i s -  
solved natural  gas ( p r i n c i p a l l y  methane). 

amount o f  energy i n  three forms: 
The geopressured zones contain an enormous 

1. Thermal energy i n  the f l u i d  and sediments. 

2. Mechanical energy i n  the geopressured 
f l u i d .  

3. Chemical energy i n  the natural  gas. 

I f  only a small f r a c t i o n  o f  the t o t a l  energy re-  
source i s  economical l y  recoverable, the geopres- 
sured zones would s t i l l  represent a p o t e n t i a l l y  
enormous energy source. 

The U. S. Department o f  Energy has undertaken 
an extensive deep d r i l l i n g  and wel l  t es t i ng  pro- 
gram t o  help evaluate the geopressured energy r e -  
source. Over 20 wel ls are planned f o r  Texas and 
Louisiana s i t e s  dur ing the next few years. The - 
f i r s t  o f  these, i n  Brazoria County, Texas, i s  cur- 
r e n t l y  being d r i l l e d  and wel l  t e s t  data should be- 
come avai lab le i n  ear ly  1979. 

I n  preparation f o r  t 
and Software (S3) has performed wel l  t e s t  simula- 
t i o n  studies t o  determine whether c lass ica l  wel l  
t e s t  analysis techniques are l i k e l y  t o  be appl ic -  
able t o  geopressured reservoirs.  This paper w i  11 
present the r e s u l t s  of these prel iminary studies. 

BACKGROUND 

e data, Systems, Science 

I n  petroleum engineering and groundwater 
hydrology, wel l  tests  are rou t i ne l y  conducted t o  
diagnose the we l l ’ s  condi t ion and t o  estimate for- 
mation properties. A major concern o f  wel l  t es t -  
i n g  i s  the i n te rp re ta t i on  o f  pressure t rans ient  
data. Pract ica l  procedures present ly e x i s t  f o r  
analyzing pressure t rans ient  data from isothermal 
single-phase (water, o i l  ) and isothermal two- hase 
( o i l  w i t h  gas i n  solution, f r e e  gas) systems.~,3 
The assumption o f  isothermal f low invoked i n  these 
analyses i s  j u s t i f i e d  f o r  the tes t i ng  o f  geopres- 
sured we1 1s. However, a second major assumption 
invoked i s  t h a t  the formation compaction i s  small 
enough such t h a t  any associated changes i n  forma- 
t i o n  thickness and permeabil ity may be neglected. 
This assumption i s  most l i k e l y  inappropr iate f o r  
geopressured systems. 
t h a t  geopressured reservoirs contain undercompacted 
sandstones/shales which w i l l  undergo substant ia l  
(and possibly i r reve rs ib le )  compaction upan f l u i d  
production; the formation compaction w i l l  be ac- 
companied by s i g n i f i c a n t  changes i n  poros i ty  and 
permeabil ity. We w i l l  present a ser ies o f  draw- 
down/buildup calculat ions designed t o  assess the 
a p p l i c a b i l i t y  o f  c lass i ca l  petroleum engineering/ 
hydrology procedures t o  geopressured systems ; m r e  
spec i f i ca l l y ,  we w i l l  examine the e f f e c t s  o f  ir- 
revers ib le  formation compaction and changes i n  
poros i ty  and permeabil ity. Before presenting the 
calculations, we w i l l  review the c lass ica l  theory 
and i t s  possible extension t o  geopressured forma- 
tions. 

CLASSICAL THEORY 

It i s  generally believed 

We consider a f u l l y  penetrating wel l  located i n  
the center o f  an i n f i n i t e  reservo i r  o f  thickness h. 
We w i l l  neglect any var ia t ions i n  e i t he r  formation 
or  f l u i d  propert ies i n  the ve r t i ca l  d i rec t i on  ( t h i s  
i s  a common assumption i n  pressure t rans ient  
analysis) .  The eopressured reservo i r  may e i the r  
be single-phase ? l i q u i d  water w i th  o r  wi thout 
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iocene deposits, northern Gulf  o f  Mexico basin 

dissolved gas), o r  two-phase ( l i q u i d  water w i th  
dissolved gas, and f ree  gas). 

Single-phase Flow a constant volumetric r a t e  o f  production (9). The 

We sha l l  consider the isothermal f l o  
l i q u i d  of small compressibi l i ty .  Assuming tha t  
(1) the pressure gradients are small, (2)  the 
l i q u i d  has constant v i scos i t y  and (3) the forma- 

, t i o n  has constant compressibil i ty, and constant 
and ho r i zon ta l l y  i so t rop i c  permeabil ity, the 
governing equation f o r  r a d i a l  Darcian f low can be 
w r i t t e n  as follows:2 

We are interested i n  the so lut ion o f  Eq. (1) f o r  
the case o f  f low i n t o  a f u l l y  penetrat ing we l l  (10- 
cated i n  an i n f i n i t e  reservo i r  o f  thickness h) a t  

basic so lut ion f o r  constant r a t e  o f  production i n  
w i t h  the p r i n c i p l e  o f  superposition, 
t o  y i e l d  solut ions f o r  a r b i t r a r y  r a t e  
I n  t h i s  case, the so lu t i on  f o r  the 

well-bottom pressure (pw) a t  an i ns tan t  o f  time t 
a f t e r r t h e  s t a r t  o f  the production a t  constant 
r a t e  q can be expressed as: 

1 pw = pi - -&$- 1 1 5  [1ogl0 '7 k t  + 0.351 . (3)  
$'-'CfW 

= poros i ty  
Equation (3) forms the basis of many we l l  data 

i n te rp re ta t i on  techniques, e.g., pressure drawdown 
and bui ldup tests. 

p = f l u i d  v i scos i t y  (bi 
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Drawdown. I f  we produce the wel l  a t  constant 
volumetric r a t e  q f o r  some time t, then Eq. (3)  
implies t h a t  the p l o t  o f  versus l o g l o t  should 

l og  s t r a i g h t  l i n e  y ie lds  the permeabil ity k (as- 
suming h i s  known): 

be a s t r a i g h t  l i ne .  The 7 s ope (md) o f  the semi- 

1.15 qp 
= 2ah md * 

(4) 

Equation (3) may then be u t i l i z e d  t o  determine the 
s t o r a t i v i t y  ($h CT) and, i f  4 and h are known, 
t o t a l  compressibi l i ty  CT. 

denly dropped from q t o  zero, the well-bottom 
pressure begins t o  b u i l d  up from i t s  drawdown 
value. An expression f o r  the buildup pressure 
during t h i s  period ( t ime > t ) can be eas i l y  ob- 
tained from Eq. (3) by superposition: 

Buildup. I f  a t  time t the f low r a t e  i s  sud- 

(5)  

where t denotes the buildup time. Equation (5) 
impl ies t h a t  a p l o t  o f  p,,, versus logio[( t+At) /At ]  
(usual ly ca l led a Horner p l o t )  should be a 
s t r a i g h t  l i n e .  
s t ra igh t  l i ne ;  then we have 

Le t  mb be the slope o f  t h i s  

1 15 p 
k = m +  

I n  the l i m i t  ( t t A t ) / A t  + 1 (very large bui ldup 
times), Eq. (5) impl ies t h a t  pw + p i  from below. 
For the sake o f  c l a r i t y ,  we shal l  denote t h i s  
l i m i t  by p*. Note t h a t  p* = p i  only f o r  i n f i n i t e  
reservoirs; f o r  f i n i t e  reservoirs p* i s  i n  general 
d i f f e r e n t  from p i .  

Two-Phase F1 ow 

thermal multiphase pressure tests  i n  o i l /gas re-  
servoirs was developed by Martin.4 Assuming t h a t  
(1) the l i q u i d  and the ( f ree)  gas have constant 
but smal 1 compressi b i l  i t ies ,  (2) pressure and gas 
saturat ion gradilents are small, ( 3 )  the c a p i l l a r y  
pressure i s  neg l i g ib le  and r e l a t i v e  permeabi l i t ies 
depend only upon the gas satuation, (4) the 
l i q u i d  and the gas have constant v iscos i t ies,  and 
(5) the formation has constant compressibil i ty, 
and constant ho r i zon ta l l y  i so t rop i c  permeability, 
the governing equation f o r  r a d i a l  Darcian f low can 
be w r i t t e n  as: 

A theoret ica l  framework f o r  analyzing iso- 

(7)  

where 

(k/p)T = k - +  9 = t o t a l  mobi l i ty .  [: ;I 

k = absolute permeabil ity 

R (R ) = r e l a t i v e  permeabil ity f o r  l i q u i d  (gas) 

p (u ) = l i q u i d  (gas) v iscos i ty  

= t o t a l  compress 

= f l u i d  compress 

L! 
R g  

R g  

cT 

cf 

(i-s)p aa + 1 1 1  
aP pg 

s 
C ( C  = l i q u i d  gas compressibi l i ty  

= mass o f  dissolved gas per u n i t  mass 
R g  

o f  l i q u i d .  . aR 

It i s  straightforward t o  w r i t e  down solut ions 
for Eq. (7) by not ing the correspondence between 
i t  and Eq. (1). Thus the we1 1-bottom pressure for  
constant volumetric r a t e  o f  production i s  iven by 
Eqs. (2) and (3)  wi th  k/p replaced by (k/p!T. The 
in te rp re ta t i on  o f  pressure drawdown and bui  ldup 
data f o r  single-phase f low also carry  over t o  the 
two-phase case with t h i s  subst i tu t ion.  

POSSIBLE EXTENSION OF THEORY 

Appl icat ion o f  the c lass i ca l  theory t o  wel ls  
d r i  11 ed i n geopressured s t ra ta  requires special 
considerations o f  four  character is t ics  o f  geopres- 
sured systems t h a t  may v i o l a t e  the assumptions on 
which the  theory i s  based. 

1. Formation compressibi l i ty  (Cm) i s  very 
large. 

2. F i n i t e  changes i n  poros i ty  and, hence, 
permeabil ity may be expected, i .e., 
k = k(4) ra ther  than a constant. 

3. Formation compressibi l i ty  may be d i f f e r e n t  
on loading (ap/at  < 0) and unloading 

4. Two-phase f low e f fec ts  are no t  wel l  de- 
fined. The s o l u b i l i t y  o f  methane a t  the 
temperatures, pressures and s a l i n i t i e s  
occurring i n  geopressured s t r a t a  i s  un- 
ce r ta in  and data governing the r e l a t i v e  
permeabi l i t ies o f  the gas and l i q u i d  
components o f  the f l u i d  are unavailable. 

(ap/at > 0). 

The object ive o f  t h i s  study i s  t o  invest igate the 
extent t o  which c lass i ca l  wel l  t e  
techniques may be appl ied t o  geopressured systems 
i n  s p i t e  o f  these special problems. 

may be read i l y  obtained i f  we assume the i r revers-  
i b l e  compressibi l i ty  o f  the formation i s  b i l i nea r :  

A possible extension o f  the c lass ica l  theory 

C, = CmL f o r  ap/at < 0 

= Cmu f o r  ap/at > 0 
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and, f o r  the time being, i g  
special character is t ics  o f  
Then the i n te rp re ta t i on  o f  
i s  unchanged except C,,, 
f u r the r  assume t h a t  f o r  

i l dup  i s  given by Cm 
t h i s  i s  not  s t r i c t l y  

may be dec l in ing Sn parts o f  
from the borehole), the bo t to  
be approximated by: 

DESIGN OF SIMULATED WELL TESTS 

I n  the MUSHRM calculations, large var ia t ions 
i n  formation compressibi l i ty  are t reated by using 
an incremental re la t ionship t o  ca lcu late changes 
i n  poros i ty  w i t h  pore pressure. For the b i l i n e a r  
case, 

F i n i t e  changes o f  permeabil i ty w i t h  the large 
changes i n  porosity, k = k($), are represented by 
the Carman-Kozeny re la t i on :  

The f i n i t e  d i f ference method used i n  MUSHRM pro- 
vides the required r a d i a l  resolut ion o f  the pres- 

the i n i t i a l  pressure 
may be solved t o  y i e l  
shal l  show i n  the f o l  

s i  = ( S a  - S,J/(l - s,, - Sgr 

t a t i o n  techniques w i l l  be investigated. 
= 1 otherwise. 
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The reservo i r  rock i s  taken t o  be a sandstone 

Rock gra in  densi ty pr = 2.65 gm/cm 

I n i t i a l  rock poros i ty  = Q0 = 0.2 

Rock gra in  thermal conduct iv i ty K~ = 5.25~10 

Rock heat capacity cr = 10 ergs/gm"C 

Compressibil i ty CmL = 1.754 x 10-l' cm2/dynes 

w i t h  the fo l lowing properties: 
I 

3 

5 
ergs/sec-cm°C 

7 

Cmu = var iable (see Table 1) 

f o r  $1. o 

Absolute permeabil ity ko ( a t  @ = @ o)  
= 0.2 x 10'' cm2 (5 20 md) 

Formation thickness h = 5,000 cm. 

The i n i t i a l  formation temperature i s  150°C and 
the i n i t i a l  pore f l u i d  pressure i s  750 bars. 
Pressure drawdown and buildup h i s to r i es  were simu- 
l a ted  fo r the  seven cases l i s t e d  i n  Table 1. The 
pore f l u i d  i s  assumed t o  be pure water f o r  four  
cases (s ing le phase flow); the other three cases 
t r e a t  pore f l u i d s  consist ing o f  waterhethane 
mixtures and involve two-phase f low ( l i q u i d  water 
w i th  dissolved methane, f r e e  methane gas). One 
ca lcu lat ion i s  designed t o  va l idate the c lass ica l  
i n te rp re ta t i on  methods against simulated wel l  t e s t  
data f o r  character is t ics  t yp i ca l  o f  normally pres- 
sured formations (Case 1). Three simulations 
t e s t  the a p p l i c a b i l i t y  o f  the extended theory f o r  
formations exh ib i t i ng  i r r e v e r s i b l e  formation 
compressibi l i ty  (Case 2), porosity-dependent 
permeabi l i ty  (Case 3) ,  and both var iable compres- 
s i b i l i t y  and var iable permeabil ity (Case 4). 
Three simulations t e s t  the a p p l i c a b i l i t y  o f  the 
extended theory when two-phase f low occurs under 
d i f f e r e n t  assumptions f o r  the gas mob i l i t y  
(Cases 5, 6 and 7). 

SIMULATED WELL TEST ANALYSIS 

The mass withdrawal r a t e  i n  the simulated wel l  
tests  i s  assumed t o  be 70 kg/sec (i.e., 14 gm/sec- 
cm over the formation thickness) f o r  t < 5 1800 
sec and 0 kg/sec f o r  t > 5 1800 sec. The MUSHRM 
calculat ions used a r a d i a l  g r i d  w i t h  f i n e r  zoning 
near the wellbore (e f fec t i ve  wel l  radius o f  13 an). 
A deta i led descr ip t ion o f  the zoning i s  presented 
elsewhere.6 

I n  Case 1 (Base 1-Phase) the formation i s  as- 
sumed t o  e x h i b i t  i den t i ca l  compaction behavior 
dur ing loading and unloading, and the permeabi l i ty  
i s  taken t o  be independent o f  porosity; note t h a t  
these are also the assumptions involved i n  der iv-  
i ng  Eqs. (2), (3) and (5). 
up simulated h i s to r i es  f o r  t h i s  case are shown i n  
Figs. 2 and 3, res ect ive ly ;  the permeabi l i t  

= 5,000 cm; M = 70 kg/sec, p = 

tj 

The drawdown and bui ld-  

! 1 cm2 and 19,3 x 10-11 cm 3 ) i n -  

Y l  0.198~10-2 poise) are i n  reaso - 
able agreement w i th  the actual  value o f  20 x 10' 
cm2. A t  l e a s t  a p a r t  o f  the d i f ference between 
the i n fe r red  and actual values i s  caused by changes 
i n  poros i ty  I@) and, hence, formation thickness h 
dur ing the simulated drawdown/buildup. For 
example, dur ing drawdown, poros i ty  changes from 
0.2 a t  t = 0 sec t o  0.184 a t  t 5 1800 sec; t h i s  
impl ies tha t  h (Ah/h = A@/ l -@)  decreases by ap- 
proximately 2 percent. 
k, Eq. (3) may be u t i l i z e d  t o  determine the t o t a l  
compressibil i ty; the value o f  t o t a l  
obtained i n  t h i s  manner (5 7.95~10-18 cm2/dynes) 
i s  also i n  s a t i s f  t o r  agreement w i t h  the actual  
value o f  7.49~10-76 cm'/dynes. Extrapolat ion o f  
the s t r a i g h t  l i n e  i n  Fig. 3 t o  (t + A t ) / A t  = 1 
y ie lds  p* 5 748 bars; the s l i g h t  d i f ference between 
p* and p i  (= 750 bars) i s  due t o  the i napp l i cab i l -  
i t y  o f  t he  semi-log approximation i n  the v i c i n i t y  
o f  (t +A t)/t = 1. 
t h a t  the simulated bui ldup data l i e  above the 
s t r a i g h t  l i n e  as (t + A t ) / A t  + 1. 

The next simulation, Case 2 (C-variable), 
t reats  a formation t h a t  exh ib i t s  i r r e v e r s i b l e  com- 
paction. 
i t y  dur ing loading (CmL) and a l l  other physical 

As remarked ea r l i e r ,  given 

ompressibi l i ty  

It i s  also worth not ing here 

I n  t h i s  case, the formation compressibil- 

Table 1. Parametric wel l  t e s t  simulations (p i  = 750 bars, T i  = 150°C, CmL = 1.754 X 

10-10 cmz/dynes). 

Simulation 

#1 Base 1-Phase 

#2 C-Variable 

#3 k-Variabl e 

#4 C, k-Variabl e 

#5 Base 2-Phase 

#6 High Sg,i 

#7 High R 
9 

I I 

0 

0 

0 

0 

0.75 

0.90 

0.61 
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parameters are the same as f o r  Case 1; t he  i n t e r -  
pretat ion o f  the drawdown h i s t o r y  i s  the same as 
i l l u s t r a t e d  i n  Fig. 2. The formation compres- 
s i b i l i t y  during unloading f o r  Case 2 (CmL/hu = 2) 
i s  d i f f e r e n t  from Case 1 (hL/Cmu = 1), however, 
and the i n te rp re ta t i on  o f  the buildup h i s to ry  
tests  the a p p l i c a b i l i t y  o f  the extended theory, 
Eqs. (8) and (9). The bui ldup behavior f o r  Case 
2, i l l u s t r a t e d  i n  Fig. 4, d i f f e r s  i n  one essential 
respect from t h a t  o f  Fig. 3; the bui ldup pressure 
l i e s  below the s t r a i g h t  l i n e a s  (t + A t ) / A t  -t 1. 
This i s  predicted by Eq. (9). The slope o f  the 
s t r a i g h t  l i n e  i n  t h i s  ase i n f e r s  a permeabil ity 

the actual value (20 x 10-11 cm2). Subs t i t u t i n  . 
the values f o r  p i  and p* (% 755 bars) i n t o  Eq. 78) 
y ie lds  CTL/CTU % 1.6 ( the actual value i s  % 1.9). 
The lack o f  good agreement between the i n fe r red  
value o f  CTL/CTU and the actual  value i s  not  sur- 
p r i s i n g  i n  view o f  the assumptions invoked i n  de- 
r i v i n g  Eq. (8) (e.g., a p p l i c a b i l i t y  o f  the 
semi-log approximation i n  the neighborhood o f  
(t + A t ) / A t  = 1 and use o f  CmU t o  characterize 
formation compaction throughout the reservo i r  even 
though ap/at < 0 a t  large r a d i a l  distances). 

I n  any event, appearance o f  p* greater than 
p i  i s  i nd i ca t i ve  o f  i r r e v e r s i b l e  compaction be- 
havior. Furthermore, the d i f ference between p* 
and p i  increases w i t h  the degree o f  i r r e v e r s i b i l -  
i t y  (see Garg, e t  a1.6 f o r  f u r the r  discussion of 
t h i s  question). 

I n  Case 3 (k-variable), the formation perme- 
a b i l i t y  i s  assumed t o  change w i th  poros i ty  by the 
Carrnan-Kozeny r e l a t i o n  (Eq. (11)) and, conse- 
quently, t o  change w i th  f l u i d  pressure i n  accor- 
dance w i t h  Eq. (10). Drawdown and buildup data 

value (19.1 x 10-11 cm 3 ), i n  good agreement w i t h  

are p lo t ted i n  Figs. 5 and 6, respect ively.  It i s  

l i n e s  ex i s t s  i n  t h i s  case; as a matter o f  fact ,  
several s t r a i g h t  l i n e s  may be drawn depending upon 
one's choice o f  data points. This i s  r e a l l y  no t  
surpr is ing i n  view o f  the f a c t  t h a t  permeabi l i ty  
changes s i g n i f i c a n t l y  dur ing the test .  The per- 
meabi l i t ies  obtained from the s t r a i g h t  l i n e s  (Figs. 
5 and 6) a re  i n  good agreement w i th  the actual 
values i n  the simulated wel l  tests  a t  appropriate 
times (corresponding t o  the pressure a t  the mid- 
po in t  o f  each s t r a i g h t  l i ne ) ,  and may be u t i l i z e d  
t o  construct  the formation permeabi li ty-pore pres- 
sure re la t ionship.  Although i t  i s  possible t o  i n -  
f e r  permeabil ity changes w i t h  f a i r  accuracy from 
drawdown and bui ldup data, such i s  n o t  the case f o r  
the t o t a l  compressibi l i ty  CT. Calculated values 
f o r  CT from the slope o f  t h  s t r  i g h t  l i n e s  (Fig. 
5) nd E . (3) are 11.8 cmbdynes and 25.4 

the actual value o f  7.49 10- 0 cmz/dynes. This 
impl ies t h a t  i n  case the permeabil ity i s  a funct ion 
o f  poros i ty  (and hence pore pressure), the use o f  
c lass ica l  techniques t o  estimate reservo i r  
s t o r a t i v i t y  ($CT h) would lead t o  too high values. 

Combined e f fec ts  o f  pressure dependence o f  
permeabi l i ty  and i r r e v e r s i b l e  formation compaction 
are invest igated i n  Case 4 (C,k-variable). As 
might be expected, the drawdown behavior i s  simi- 
l a r  t o  t h a t  o f  Case 3, The bui ldup behavior f o r  
t h i s  case i s  shown i n  Fig. 7. The s t r a i g h t  l i n e  
drawn through points corresponding t o  l a r  e values 

value % 17.3 x 10-11 cm2), p* = 764 bars, and 
CTLICTU w 2.5 (actual  value % 1.9). Once again, 
the appearance o f  a p* > p i  can be used t o  diag- 
nose i r r e v e r s i b l e  formation compaction. The 

apparent from these f igures t h a t  no unique s t r a i g h t  - 

;5 
10- 7 9  0 an /dynes; these value are much larger  than 

o f  (t + A t ) / A t  y i e lds  k % 15.4 x 10-11 cm 4 (actual 

800 

760 
780 t CrnL/C," = 2 

k = ko 

660 I I 

(t + A t ) / A t  
1 10 102 1 

Figure 4. Buildup h i s to ry  f o r  Case 2 (C-variable). 
L d  
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(t + A t ) / A t  

Figure 7, Buildup h i s t o r y  f o r  Case.4. (C,k-variable). 

s t r a i g h t  l i n e  passing through points f o r  large 
buildup times, however, gives anomalous values 
f o r  permeabil ity (21.0 x 10-11 cm2 against actual 
value o f  18.3 x 10-11 cm2) and p* (751.6 bars). 
Use o f  the l a t t e r  value f o r  p* would ind icate 
l i t t l e  or  no i r r e v e r s i b l e  compaction. The selec- 
t i o n  o f  the proper s t r a i g h t  l i n e  po r t i on  i s  thus 
o f  c r i t i c a l  importance i n  analyzing buildup data. 
Based on the analysis o f  the cases examined here, 
i t  appears t h a t  the s t r a i g h t  l i n e  segment f o r  
intermediate values o f  (t + A t ) / A t  ( % 5 <  (t t A t ) /  
A t  < % 200 i s  l i k e l y  t o  give the most r e l i a b l e  
information. 

I n  Cases 5-7 the formation compressibi l i ty  
(CmL/Cmu) and absolute permeabil ity (k = ko) are 
held constant dar ing both loadin and unloading 
but the pore f l u i d  i s  two-phase ?i.e., l i q u i d  
water w i t h  dissolved methane and f ree methane 
gas). Case 5 (Base 2-Phase) t reats  reservo i r  
f l u i d  i n  which the methane mass f rac t i on  (0.0075) 
corres onds t o  an i n i t i a l  gas saturat ion (Sg,j = 
0.0058p much smaller than the residual  gas 
saturat ion (S 
t ions. Case Zr(high Sg,i) i s  i den t i ca l  w i t h  
Case 5 except the i n i t i a l  gas saturat ion i s  
(S i = 0.049) i s  very close t o  Corey residual  
ga8'saturation (Sgr = 0.05). Case 7 (high Rg) 
employs a hybr id r e l a t i v e  permeabil ity function, 
Eq. (13), w i th  zero residual  gas saturat ion and 
assumes a pore f l u i d  w i th  methane mass f rac t i on  
selected t o  approximate 100 percent saturat ion 
wi thout any f ree  gas (actual ly  Sg i = 0.0001). 
These three pressure drawdown/bui fdup simulations 
were chosen t o  invest igate the e f fec ts  o f  t h e  
presence o f  f r e e  methane i n  the pores and the use 
o f  d i f f e r e n t  r e l a t i v e  permeabil ity functions. 

immobile, becomes mobile dur ing the simulated wel l  

= 0.05) used i n  the Corey equa- 

I n  a l l  three cases, the f ree  gas, i n i t i a l l y  

tests; however, most o f  the production comes from 
the l i q u i d  phase such t h a t  qT 'L qk and (k/p)T 'L 

Ik/p)p,. As a r e s u l t  o f  production (and consequent 
pressure drop), the gas volume f r a c t i o n  goes up i n  
the pores (Case 5; from S = 0.0058 a t  t = 0 t o  S = 
0.067 a t  t % 1760 sec; Case 6: from S = 0.049 a t  
t = 0 t o  S = 0.074 a t  t 'I, 1800 sec; Case 7: from 
S = 0.00014 a t  t = 0 t o  S = 0.0093 a t  t % 1730 
sec); the main e f f e c t  o f  t h i s  increase i n  gas 
saturat ion i s  t o  decrease the l i q u i d  (and t o t a l )  
mob i l i t y  wi thout substant ia l ly  increasing the gas 
mobi l i ty .  Drawdown h i s to r i es  f o r  these cases are 
shown i n  Figs. 8 through 10. The t o t a l  m o b i l i t i e s  
calculated from the slope o f  the s t r a i g h t  l i n e s  
are i n  good agreement w i th  the actual  range o f  
mob i l i t y  values (Figs. 8-10).. Case 6 (high Sg,!) 
i s  especial ly i n te res t i ng  insofar  as i t  i s  possible 
t o  draw a t  l e a s t  two s t r a i g h t  l i nes  ( t h i s  i s  not 
un l i ke  Cases 3 and 4 wherein permeabi l i ty  was as- 
sumed t o  vary w i th  porosi ty) .  The t o t a l  compres- 
s i b i l i t i e s  i n fe r red  from the slope o f  the s t r a i g h t  
l i n e  and Eq. (3) f o r  Cases 5 and 7 (CT 'L 7.6 x 
10-10 cm2/dynes and 8.2 x 10-10 cm2/dynes respec- 
t i v e l y )  com are favorably w i th  the actual value 

values f o r  Case 6 (9.6 x 10- cm /dynes and 
12.7 x 10-10 cm2/dynesJ, however, d isplay oor 

dynes). This l a t t e r  r e s u l t  i s  i n  agreement w i th  
.out e a r l i e r  remark (c.f., discussion o f  Cases 3 
and 4) t h a t  whenever permeabi l i ty  changes sub- 
s t a n t i a l l v  durina the test. the calculated comDres- 

t o  2 
(7.6 x 10-1 6 ).  The in fe r red  o t a l  compressibi l i ty  

agreement w i t h  the actual value (7.9 x 10- Y 0 cm2/ 

s i b i l i t y  land h e k e  s t o r a t i v i t y  values) w i  
error) .  

CONCLUDING REMARKS 

From the resu l t s  presented here, i t  i s  
t o  draw three ten ta t i ve  conclusions regard 
a p p l i c a b i l i t y  o f  the extended c lass i ca l  we 

1 be i n  

possible b 
ng the 
1 t e s t  
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theory t o  undercompacted sandstone/shal e sequence 3. 
found i n  geopressured zones along the  U. S. Gulf 
Coast : 

1. Class ica l  procedures w i l l  genera l ly  
y i e l d  a good value f o r  m o b i l i t y  ( o r  
permea b i  1 i ty . 
t o  la rge  uncer ta in t ies.  

used t o  diagnose i r r e v e r s i b l e  forma- 
ti on compact i on. 

4. 

2. S t o r a t i v i t y  estimates w i l l  be subject 

3. Buildup (and drawdown) tes ts  may be 5. 

Whether the  procedures i n  f a c t  prove p r a c t i c a l  
must awai t  the a v a i l a b i l i t y  o f  pressure t rans ien t  
data from we l ls  completed i n  the  geopressured 
zone. 
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SUMMARY 

Analysis o f  f l u i d  f low i 
tured reservoirs i s  discussed 
o f  pressure behavior i n  f r a c t  
reveal a va r ie t y  o f  reservo i r  responses. These 
include the "bending o f  the pressure curve" type, 
the "speci f ied i n i t i a l  slope' type, the "homo- 

' " type, the "two-asymptotic 
"reverse distance-drawdown" 

ha rac te r i s t i c  behavior of f rac- 
i s  not  r e a d i l y  recognized and 
in te rp re t i ng  the f racture 

known. An apparent divers 
reservo i r  performance i s  d 
a lyz i ng the character i s t i c 
o f  a double poros i ty  mode 

A general approach f o r  developing a f l u i d  f low 
model i s  considered f i r s t .  The pressure draw- 
down i s  presented then f o r  two const i tuents o f  
a double poros i ty  media--fractures 
The so lut ion f o r  the f racture f low 
nat ive t o  t h a t  given by Warren and 
A conclusion i s  reached t h a t  a uniq 
t a t i o n  o f  the d i v e r s h e  response o f  
f ractured reservo i r  requires independent i n f o r -  
mation t h a t  adequately 'spec i f i  
ProW 

INTRODUCTION 

reservo i r  rocks show tha t  fractures, having 
much greater conduct iv i ty  t o  f l u i d s  than the 

Analyses o f  known 

- Reservoir Div is ion,  
Exxon Production Research C . Box 2189, Houston, Te 

bi 

reservoir. E f fec t i ve  permeabi l i ty  i s  thus 
influenced by the f racture pat tern as w e l l - - i t s  
density, cont inui ty,  size, aqd or ientat ion.  

The d i v e r s i t y  i n  he fracture pat tern and 
the fracture-matr ix p pe r t i es  i s  manifest i n  the 
reservo i r  performance which displays a va r ie t y  o f  
responses t o  an induced pressure change. 
includes the cha rac te r i s t i c  s-shaped t rans ient  
pressure response with t w o  asymptotic p a r a l l e l  
s t ra igh t  l i nes  i n  a conventional semilogarithmic 
p l o t  (Pollard, 1959; Warren and Root, 1963, 1965; 
Borevsky e t  al., 1973; Strobe1 e t  a l . ,  1976; 
Crawford e t  al., 1976). Responses also include 
the pressure pat tern s im i la r  t o  t h a t  o f  a homo- 
geneous formation (Odeh, 1965). o r  the pressure 
behavior consist ing of two d i s t i n c t  segments o f  
d i f f e r e n t  slope (Adams e t  al., 1968; Eagom and 
Johe, 1972), or  the e r r a t i c  pressure behavior 
w i t h  the drawdowns greater i n  more remote wel ls  
than i n  the nearer ones (Vecchioli, 1965; 

I Barevsky e t  al., 1973; Streltsova, 1976). 
1 i a r i t i e s  and nonconformity o f  the f ractured 
reservo i r  performance have given r i s e  t o  a 
divergence o f  views on the fractured reservo i r  
behavior and the arguments on the f low interpre- 

It 

Pecu- 

. Two const i tuents o f  a f ractured formation, 
matr ix and fractures, each having i t s  d i s t i n c t  
poros i ty  and permeabi l i ty ,  have been recognized 
i n  developing the ractured reservo i r  f low models. 
The basic assumpt n i n  viewing the f ractured 
medium i s  usual ly  hat the permeabi l i ty*of  a 
f ractured reservo i s  due la rge ly  t o  the frac- 
t u re  permeabil ity, whi le the f l u ids  are contained 
p r imar i l y  i n  the intergranular porous mater ia l ,  

shape. A general approach i n  developing a f low 
model i s  discussed f i r s t .  The pressure drawdown 
d i s t r i b u t i o n  i s  then presented f o r  two const i -  
tuents o f  the media--the f racture and the porous 
block. The so lut ion f o r  the f racture f low is an 
a l te rna t i ve  t o  t h a t  given by Warren and Root (1963). 
An apparent d i v e r s i t y  i n  the performance of a 
natural  l y  f ractured reservo i r  i s  then discussed 
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on the basis o f  analysis o f  the character is t ic  
pressure response o f  a double poros i ty  media. 

Symbols used are speci f ied where they f i r s t  
appear. 
as Darcy un i t s  i s  adopted here. 
resul ts  t o  o i l  f i e l d  un i t s  the quant i t ies  q/4nTf 
and Tf/$fcfh i n  Darcy un i t s  are t o  be replaced 
by the quant i t ies  70.6 q/Tf and 0.00633 Tf/$fcfh 
i n  p rac t i ca l  o i l  f i e l d  un i ts ,  respectively. 

A GENERAL APPROACH FOR DEVELOPING FLOW MODELS I N  
A NATURALLY FRACTURED FORMATION 

Two d i f f e r e n t  theoret ica l  approaches are used 
i n  the study o f  f ractured f lu id-saturated rocks. 
One i s  concerned w i th  ind iv idual  f racture behavior, 
f racture c r i t e r i a ,  and parameters o f  f rac tu r i ng  by 
laboratory measurements, core analysis, e l e c t r i c  
logs, use o f  tracers, etc. The second i s  concerned 
w i t h  the overa l l  behavior o f  the f ractured rock 
t rea t i ng  i t  as a continuum. 
continuum as applied t o  the l i q u i d  f low i n  a porous 
media considers the macroscopic o r  averaged quan- 
t i t i e s  o f  an a r b i t r a r i l y  located, bu t  representa- 
t i ve ,  elemental volume i n  the f low domain. Charac- 
t e r i s t i c s  o f  the interconnected pores are assumed 
t o  be independent o f  the po in t  o f  consideration, 
and the po re - f l u id  pressure i s  a continuous funct ion 
o f  posi t ion.  Fractures, as planes o f  mechanical 
d iscont inu i ty  i n  a rock, strongly inf luence i t s  
hydromechanical properties. The response o f  f l u i d s  
i n  f ractures t o  pressure changes i s  almost instan- 
taneous, whereas t h a t  i n  porous mater ia l  i s  much 
slower. Therefore, there are t w o  d i f f e r e n t  pressure 
d i s t r i bu t i ons ,  one i n  the f racture system, another 
i n  the matrix. During drawdown, the d i f f e r e n t i a l  
pressure response resu l t s  i n  a f low from the matr ix 
t o  the fractures. This matr ix- to- f racture f low i s  
time-dependent and produces a new equi 1 ibr ium 
between the matr ix and f racture pressures. Thus, 
two poros i t ies w i t h  two d i f f e r e n t  permeabi l i t ies 
could explain the features o f  f low i n  a f ractured 
formation as the r e s u l t  o f  the reequal izat ion o f  
t h i s  pressure d i f f e r e n t i a l .  Pol lard (1959, p.42) 
has assumed the r a t e  o f  f low "from the f i n e  voids 
i n t o  the coarse f issures" t o  be proport ional  t o  
the pressure di f ference i n  pores and fractures.  
The hydrodynamic aspects o f  f low i n  na tu ra l l y  
f ractured reservo i r  rock were f i r s t  considered 
by Barenblatt and Zheltov (1960) and Barenblatt 
e t  a l .  (1960). Two overlapping continuum media, 
porous and fissured, each f i l l i n g  the e n t i r e  
f low domain, were assumed t o  represent a f rac- 
tured formation. ."Unlike the c lass ica l  seepage 
theory, for  each po in t  o f  space, not one l i q u i d  
pressure but  two, p1 and p2, are introduced. The 
pressure p1 represents the average pressure o f  
the l i q u i d  i n  the f issures i n  the neighborhood 
of the given point, whi le the pressure p2 i s  the 
average pressure o f  the l i q u i d s  i n  the pores i n  
the neighborhood o f  the given point"  (Barenblatt 
e t  a l . ,  1960, p. 1288). To obtain the represen- 
t a t i v e  average pressure values, an elemental 
volume character iz ing the medium's propert ies 
was assumed t o  be o f  the s ize o f  a s u f f i c i e n t l y  
large number o f  porous blocks traversed by an 
extensive network o f  fractures. The volume o f  
the l i q u i d  v which flows from the porous blocks 

A system o f  un i t s  commonly re fer red t o  
To apply the 

The concept o f  a 

i n t o  the f issures per u n i t  volume o f  rock was 
assumed on the basis o f  analysis o f  dimensions 
(Barenblatt e t  a l . ,  1960, Eq. 1.2, p. 1289) t o  be w 

v = (dCI(P2 - P1) (2) 

where a was termed a new dimensionless character- 
i s t i c  o f  the f issured rock, p being the l i q u i d ' s  
v iscosi ty.  

The Barenblatt e t  a l .  (1960) theoret ica l  
approach was analogous t o  t h a t  developed e a r l i e r  
by Rubinstein (1948) i n  considering the tempera- 
tu re  d i s t r i b u t i o n  i n  a heterogeneous mater ia l  
composed o f  two o r  more substances, such as a 
uniform mixture o f  a gas and a sol id.  I n  the 
l a t t e r  study the f l u x  o f  heat w i t h i n  each phase 
was assumed t o  obey Four ier 's law. However, the 
f l u x  o f  heat between the phases was assumed t o  
obey Henry's law. The approach appl ied by 
Barenblatt and Rubinstein i n  analyzing a hetero- 
geneous medium i s  an appl icat ion o f  a general 
theory c a l l e d  the theory o f  i n te rac t i ng  media o r  
the theory o f  mixtures. Appl icat ion o f  t h i s  
theory has also been made i n  chemistry, spec i f i -  
c a l l y  i n  studies o f  the d i f f u s i o n  o f  chemical 
species and mixtures; i n  s o i l  mechanics,specifi- 
c a l l y  i n  developing a theory o f  e f fec t i ve  stress; 
i n  thermodynamics i n  studying multiphase media. 
A general mathematical development on i n te rac t i ng  
media, inc lud ing thermodynamics and mechanical 
e f fec ts  was developed by Truesdell i n  the l a t e  
1950s. However, i t  seems t h a t  the Truesdell 
statement concerning h i s  p r i o r i t y  ( ' I . .  .So f a r  as 
I can learn, i n  my note o f  1957 and i n  an un- 
published repor t  by H. Grad w r i t t e n  about the 
same time are the f i r s t  suggestions t h a t  the 
const i tuents o f  a f lowing mixture o f  continua 
need not have a common temperature," Truesdell, 
1969, p. 88) i s  not correct .  
had ce r ta in l y  developed these ideas some time 
before. The roots o f  t h i s  approach t o  analyzing 
heterogeneous systems go back even further.  
Perhaps the f i r s t  work on the theoret ica l  aspects 
o f  i n te rac t i ng  media was t h a t  o f  Anzelius (1926) 
who considered the heat exchange between a f l u i d  
and s o l i d  const i tuents randomly d i s t r i bu ted  i n  
the f l u i d .  Each po in t  o f  the space was repre- 
sented by two temperatures: one f o r  the s o l i d  
constituent, another f o r  the surrounding moving 
f l u i d .  I n  1938 Tichonov e t  a l .  (1946) independently 
a r r i ved  a t  the system o f  equations analogous t o  t h a t  
o f  Anzelius (1926) i n  describing the dynamics o f  the 
gas adsorption on a porous adsorbent. 

Models developed by Warren and Root (1963), 
Odeh (1965), Kazemi (1969), W i  lson and W i  therspoon 
(1970, 1974) have bas i ca l l y  followed the same 
approach i n  considering a , f ractured formation as 
two coexist ing systems o f  porous blocks and frac- 
tures. Warren and Root (1963) and Kazemi (1969) 
assumed a regular pat tern o f  f ractures breaking a 
rock mass i n t o  a systematic array o f  i den t i ca l  
rectangular parallelepipeds. Odeh (1965) assumed 
a "homogeneously" f ractured reservoi r, w i t h  f rac- 
tures a r b i t r a r i l y  d i s t r i bu ted  i n  a rock mass having 
porous blocks o f  various s ize and or ientat ion.  The 
fractured medium was assumed t o  have f rac tu re  perme- ((M' 
a b i l i t y  many times o f . t he  matr ix permeabil ity, whi le  
matr ix poros i ty  t o  be much greater than t h a t  o f  the 
fracture. F l u i d  f low was assumed t o  take place only 

Petroleum engineers 
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I 

through the system o f  fractures, Matrix, as a 
uniformly d i s t r i bu ted  f l u i d  source, was assumed t o  
release f l u i d s  t o  fractures, not cont r ibut ing 
immediately t o  the wellbore. 
t o  describe the i n te rac t i on  between the matr ix and 
fractures as the matr ix t o  f racture flow. 
Warren and Root (1963) notations t h i s  equation was 

Eq. (2) was adopte 

I n  the 

en and Root, 1963, Eq. 9, p.248): 

u 

where subscripts 1 and 2 r e f e r  t o  
the f racture,  respectively, and the-parameter 0 
has the dimensions o f  reciproca 

A model based on the assum 
above w i l l  be re fer red t o  i n  the fo l lowin8 as 
the double poros i ty  model. ' Subscripts " f  and 
"m" w i l l  be re fer red t o  as " f racture" and "matri?', 
respect ively . 
FlUID FLOW I N  A DOUBLE POROS 

An a l te rna t i ve  so lut ion t o  t h a t  o f  Warren 
and Root (1963) i s  described below. The sub- 
sc r i p t s  denoting f racture parameters and matr ix 
(porous block) parameters a r e  correct  here, but  
rkversed i n  the o r i g i n a l  paper (Streltsova, 1976). 

. 

' 

d is t r ibuted,  s ized and or iented fractures break- 
i ng  up the reservo i r  rock i n t o  porous  blocks o f  
i r regu la r  s ize and shape coyen t iona l  l y  termed 
matrix. Flow t o  the wellbore i n  such formation, 
.bounded from above and below by impermeable 
boundaries, i s  assumed t o  take place only through 
the system af fractures. The matr ix i s  assumed t o  
release f l u i d s  t o  the fractures. The d i f f e r e n t i a l  
equation f o r  the e wel l  i s  i n  
t h i s  case : 

C f ? +  

released by the matr ix  per ,unit reservo i r  volume 
per u n i t  time, i n t o  the f r a c t  
the f racture t o t a l  compressib 

This volume o f  f l u i d ,  v, 
the matr ix e l a s t i c  response t o  the pressure 
di f ference between the points  w i t h i n  and outside 
the porous blocks, i s  assumed t o  be proport ional  
t o  the pressure gradient across the block and t o  
the porous block conduct iv i ty:  

\ 

cii 

o r  

where a i s  a l i nea r  parameter and al.= km/p$,c,ha. 

Eq. (6) i s  a f i r s t  order l i n e a r  equation, 
provided tha t  a1 i s  a constant, the so lu t i on  o f  
which i s  

j t  apf - e-al(t-r) dr 
(7) Pf - P, = o a t  

Mu l t i p l y ing  the above by al@,cm t o  determine 
m Eqs. .(5)-(7) and subst i tu t ing i t  i n t o  
41, the general d i f f e r e n t i a l  equation f o r  

the f racture f low becomes: , 

a r  

where the right-hand side i n teg ra l  term represents 
the time-dependent matr ix- to- f racture f low con t r i -  

s analogous (except f o r  nota- 
t i o n )  i n  the form t o  t h a t  obtained by Boulton 
(1963, p. 471) f o r  the f low t o  a wel l  discharging 
a t  a constant rate,  q = const, from an unconfined 
aqui fer ,  the so lut ion f o r  which has been found. 
Adopting t h i s  so lut ion (Boulton, 1963, Eq. 14, 
p. 479), the f racture pressure drawdown may be 
w r i t t e n  as 

(9) 

(12) 

(13) 

(14) 

T f  = kfh/p (15) 

and Jo i s  the Bessel funct ion o f  the f i r s t  k ind 
o f  zero order. 
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Fig. 2. Pressure drawdown funct ion Wf = 4nTfApf/q, 
(Eq. 9), q = 10, p lo t ted  i n  logar i thmic 
coordinates. 

Fig. 3. Pressure drawdown funct ion Wf = 4nTfApf/q, 
(Eq. 9), q = 10, p l o t t e d  i n  semilogarith- 
mic coordinates. 

Values o f  the pressure drawdown function, 
Wf = 4nTf Apf/q, computed from Eq. (9) f o r  q = 10 
and assumed values o f  parameters r /B  and e = 4tD = 
4Tft/$fcfhr2 are shown p l o t t e d  i n  the logar i thmic 
and semilogarithmic coordinates i n  Fig. 2 and 
Fig. 3, respectively. For s u f f i c i e n t l y  small 
values o f  time, t, when t tends t o  zero, Eq. (9) 
gives 

W 

Wf(r/B, e)  =.I 25, 
0 

I f  there were no matrix, B*, the pressure 
drawdown function, Eq. (16), w i l l  be fu r the r  
reduced t o  

which i s  the exponential in tegra l ,  Wf(0) = 
- E i ( - l / e ) ,  w i th  the argument, 8 ,  based on the 
f racture parameters. 
side l i m i t i n g  curve on the Fig. 2, o r  the l e f t  
s t ra igh t - l i ne  segment i n  Fig. 3. 

i n f i n i t y ,  Eq. (9) gives 

This curve i s  the lef t -hand 

For large time, f o r  the case when q tends t o  

W 

W(r/B, e ' )  =I 23, 
0 

(18) 

which when t tends t o  i n f i n i t y  f u r the r  reduces t o  

which i s  the exponential in tegra l ,  W(0') = 

the f racture t ransmiss ib i l i t y ,  Tf ,  and the 
combined, f racture and matrix, storage 
capacity: 

- E i ( - l h ' ) ,  w i t h  the argument, e', based on 

8 '  = e/q = 4Tft/($fcf + $,cm)hr2 (20) 

The exponential i n teg ra l  curve (19) i s  the 
right-hand side l i m i t i n g  curve on the Fig. 2, o r  
the r i g h t  s t ra igh t - l i ne  segment i n  Fig. 3. It i s  
displaced f r o m  the lef t -hand side curve (17) 
ho r i zon ta l l y  by the amount q. The two asymptotic 
curves, the i n i t i a l  one (17) and the f i n a l  one (19) 
are connected by the intermediate s-shaped (r/B) 
curves, the hor izontal  asymptotes o f  which are 
given by 

Wf(r/B) = Apf/(q/4nTf) = 2Ko(r/B), (21) 

where KO i s  the modified Bessel funct ion o f  zero 
order. 

The f racture drawdown behavior described i s  
analogous t o  t h a t  obtained by Warren and Root 
(1963), except the so lut ion described i s  given 
f o r  the whole range o f  the t i m e  var iable,  from 
zero t o  i n f i n i t y ,  whi le the Warren and Root (1963) 
solut ion i s  approximated f o r  T > 100. 
o f  the Warren and Root (1963) so lut ion are 
re la ted  t o  those considered here as follows: 

Parameters 

l h  = 1 + $mcm/$fcf = q (22) 

(23) A = crkmr2/kf = r2km/kfh!2 = (r/B) 
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I 

where q, B and 0 are def ined by Eqs 
and (14) , respect ively.  

The pressure drawdown d i s t r i b u t i o n  i n  the 

e drawdown funct ion Wm = 4nTfApm/q, 
(Eq. 26 o r  27), p l o t t e d  i n  logar i thmic 

AWDOWN BEHAVIOR I N  A 

(26), obtained by app l i ca t i on  o f  the Laplace 
transform t o  Eqs. (4)-(7) has been obtained i 
the form (Vandenberg,’ A., and Hardy,* J. 
p r i v a t e  communi cat ion,  1977) : 

awdown i n  a double 
po ros i t y  medium has a d i s t i n c t  behavior: the 
i n i t i a l  and l a t e  time pressure segments (Eqs. 17 
and 19), p a r a l l e l  and displaced by an amount 
q(Eq. 13). are connected by a t r a n s i t i o n a l  curve 
which a t  ea r l y  t i m e  deviates from the i n i t i a l  
segment approaching a hor izonta l  (def ined by 
Eq. 21), then i n f l e c t s  from i t  merging a t  a l a t e r  
t ime w i t h  the f i n a l  segment o f  the pressure 

sure curve t o  the l e f t  and below 
o i n t  i s  described by Eq. (161, 

(27) A P ~  = -& W,(r/B, 8 ,  q) 

~ m = ~ O ’ ~ ~ , , ( ~ ~ ) { l -  e - Y ( l + x 2 )  

(Eqs. 9 and 27) d i f f  
the c o e f f i c i e n t  o f  s 
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ran i ng  usual ly from 2 x p s i  -l t o  15 x 
:si-?, Jones (1975 ), f racture compressibi l i ty ,  
c f  = 9 x ps i - ]  (according t o  Jones (1975). 
f racture compressibi l i ty  i s  about an order o f  mag- 
nitude greater than t h a t  o f  the matr ix)  and o i l  
compressibi l i ty ,  co = p s i  -I.  The conclusion 
then follows t h a t  i f  $m/$f i s  less than 50-20, the 
l i m i t i n g  two asymptotic pressure l i nes  are too 
close (q i s  11-5) f o r  a transional curve t o  develop 
a recognizable zero slope. The smaller the q value, 
the less pronounced i s  the curvature o f  a t rans i -  
t i o n a l  curve. The displacement o f  the i n i t i a l  and 
f i n a l  pressure drawdown segments and the slope o f  
t rans i t i ona l  curves are af fected not only by the 
f racture and matr ix capacitances, but by factors 
which are not encompassed by the double poros i ty  
model. These factors are: the r e l a t i v e  permeabil- 
i t i e s  o f  the f racture and matr ix ( the double poros- 
i ty medium considers only f racture permeabi 1 i ty ) ,  
the contr ibut ion o f  the matr ix f low t o  the wellbore 
and the non-steady s tate matr ix- to- f racture 
flow. Some discussion on the e f f e c t  o f  these 
assumptions may be found i n  Boulton and Strel tsova 
(1977 a,b; 1978) and S t re l  tsova-Adams (1978). 

Response o f  a f ractured formation, which has 
l i m i t l e s s  combinations o f  the matr ix and f racture 
properties, may thus range from a pressure curve 
w i t h  zero intermediate slope t o  an almost unin- 
f l ec ted  curve w i t h  the slope determined by the 
c losely  spaced i n i t i a l  and f i n a l  pressure seg- 
ments. Therefore, the character is t ic  behavior 
o f  a f ractured formation may not read i l y  be 
recognized. 
sure data o f  an ind iv idual  t e s t  t o  a conceptually 
known reservo i r  performance, which displays a 
wide va r ie t y  o f  curve shapes. The problem o f  
determining the f ractured reservo i r  parameters 
i s  not  unique. The reservo i r  behavior, dependent 
on var ia t ions i n  the f racture and matr ix proper- 
t i e s  which are l im i t l ess ,  may be uniquely i n t e r -  
preted only i f  these propert ies are known independ- 
ent ly.  The study o f  rock propert ies changes dur ing 
the production i s  o f  p a r t i c u l a r  importance i n  
analyzing the f ractured reservo i r  performance. 
Pressure and temperature changes immediately a f f e c t  
the f racture permeabil ity. I ne las t i c  deformation 
o f  f ractures may lead t o  the f racture closure 
w i t h  the r e s u l t  t h a t  f ractures become ineffec- 
t i v e  for  f l u i d  flow. A combined drawdown and 
buildup t e s t  may give an i ns igh t  i n t o  the com- 
pact ion response o f  a formation. The use o f  
multi-we1 1 pressure interference tests  i n  
combination w i th  s ing le wel l  drawdown-buildup 
tes ts  and core data information may el iminate 
step by step the uncertaint ies i n  i n te rp re t i ng  
the diversive behavior o f  a f ractured formation. 
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Introduction 

Utilization of liquid-dominated geothermal 
resources in the U.S. will require subsurface 
injection of spent effluents as the most 
environmentally acceptable means of disposal. 
In many instances, the energy conversion cycle 
will cause processed geothermal fluids to 
become supersaturated in various chemical 
species which can subsequently precipitate. 
Direct injection of raw effluents, therefore, 
may, over the long term, be unacceptable 
because of wellbore and reservoir plugging 
resulting from deposition and continuing 
precipitation of solids. Injection evalu- 
ations have to define the requirements for 
both reservoir parameters and effluent quality 
before the potential for long term injectivity 
can be established. 
standard oil field methodology we have adapted 
to establish brine quality and pre-injection 
processing requirements to insure long-term 
injectivity of Salton Sea Geothermal Field 
(SSGF) effluents. The brine processing work 
was completed in conjunction with a joint 
Magma-LLL reservoir evaluation prograd-3. 

Standard oil field methodology consists of 
preliminary coref lood ing , f i 1 trat ion and 
chemical stability tests to establish the 
potential for reservoir impairment4-12. 
Identification of impairment mechanisms leads 
to subsequent development of processing 
systems which consist typically of deaeration 
and treatment with inhibitors to control 
casing corrosion, addition of inhibitors to 
control biological and inorganic scales, and 
removal of particulates. Pilot facilities are 
installed and injectivity of the process fluid 
is evaluated again by combinations of core, 
membrane filter and chemical stability tests. 
These procedures minimize damage to injection 
wells during initial field development and 
permit estimates to be made of the expected 
operating lifetime of disposal wells. 

This paper describes 

The injection evaluation methodology is 
sumnarized in Figure 1. Injectability of 
fluids is established in the field on the 
basis of core and membrane filtration tests. 
The long-term post filtration chemical 
stability of effluents is established by 
incubation tests at injection temperature. 
Compatability of effluents with injection 
formation waters can be established by jar and 
incubation tests if connate waters are 
available. In the same fashion, adverse 
reactions between injected effluents and 
formation matrix materials can also be 

resolved if representative core mater als are 
avai 1 ab 1 e for testing . 

I If the feasibility of direct injection of 
is indicated by the initial field 
full-scale injection test can be 
If, however, effluents must be 

~ 

carried out. 
conditioned prior to injection, additional 
work is required to define and implement a 
pretreatment processing system. Following 
development of the pilot pre-injection 
processing system, injectivity tests are 
repeated to establish the cost benefit to be 
realized from installation and oDeration of 
the full-scale process. 

Injectivity Tests 

ment of apparatus and procedures f r 

Typical experiments have been performed at 
nominal injection temperatures of 9OOC. 
Membrane filtration data, which can 
subsequently be used to estimate long-term 
injection we1 1 performance, are especially 
easy to acquire. 
employed anal tic models developed by Barkman 
and Davidsonll to evaluate injection well 
perf rmance based on membrane filtration 

useful, especially in the evaluation of 
potential reservoir impairment stemning from 
reactions between processed effluents and the 
reservoir matrix material. 

Long-term incubation tests (2 to 30 days) 
were a key element in injectivity evaluations 
at the SSGF. The incubation tests were 
carried out at injection temperature (9OOC) 
to establish the potential for precipitation 
of silica and other phases. 
also used to establish the stability of 
processed effluents. The primary advantages 
of incubation tests are: a) identifies 
potential for precipitation; b) leads to 
estimate of mass of precipitate formed and 
rate of formation; c) precipitating phases are 
identified; d) no need to rely on calcula- 
tional techniques for estimating precipitation- 
potential. At present there are no proven 
techniques for establishing the precipitation 
rate of amorphous i ron-si 1 icates from SSGF- 
type brine because of the lack of data on 
temperature-dependent solubilities and 
kinetics . 

Work at the SSGF has led to the develop- 
assessment of effluent injectivity P3, EBPid 

We have successfully 

data P5 . Core tests are also extremely 

These tests were 
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Pre- In jection Process Development 

An essential part of preinjection 
processing is the proper conditioning of the 
fluid and solids in prepar tion for clari- 
fication and/or f i l  trationf6. Condl tioners 
include inorganic coagulants such as Fez 
(SOq)!, A12(S04)3 and FeC13 and 
polye ectrolytes. Polyelectrolytes are water 
soluble polymers that ionize to form multiple 
positively or negatively charged active 
sites. The primary function of coagulants is 
to neutralize the charge on the surface of 
particles. 
lized, then aggregation and growth can occur, 
as well as adsorption onto filter media. 
Further agglomeration and enhancement of-' 
settling properties can be realized through 
use of inorganic or organic flocculants. 
organic compounds are long chained, high mole- 
cular weight polymers with active sites for 
adsorbing and attaching onto the particles. 
This bridging action i s  an important factor in 
enh anc i ng 

Proce 
gated on a bench scale by conventional jar 
testing and analyses of critical species in 
incubated samp 1 es. Appropri ate chemical 
treatment is first established by jar testing, 
followed by pilot scale testing. 1 

require sufficient holding time to allow the 
precipitation process to proceed in appro- 
priate solids handling equipment. Solids 
contact clarifiers accelerate the precipi- 
tation process by surface activation in 
addition to separating the bulk of the 
precipitated solids. Overflow from the 
clarifier can be polished to below 1 ppm 
suspended solids levels by methods such as 
multi-media granular or precoat pressure 
filtration. Chemical treatment is usually 
necessary, although some fluids may be 
adequately filtered without use of chemicals. 
Fluids which are undersaturated and contain 
low levels of suspended solids can be directly 
filtered, again with or without chemicals 
depending on the characteristics of the fluid 
and solids. 

Once the particles are destabi- 

The 

,I_. Fluids which are supersaturate 

SSGF Results ' 

reduced to 1-2 ppm and brine injectivity 
confirmed by core and membrane filter methods. 
The cost of brine processing was estimated to 
be 20&/1000 gallons based on a 50 MW plant 
producing 10 Mgd effluent. The methodology 
used to evaluate injection of SSGF brine is 
applicable to any geothermal resource. 

References 

1. 
I 

Schroeder, R. C., 1976, Reservoir 
Engineering Report for the Magma-SDG&E 
Geothermal Experimental Site near the 
Salton Sea, California. Univ. Calif. 
Lawrence.Livermore Laboratory, Rpt. 
UCRL-52094, 62 pgs. 

2. Morse, J. G., 1979, Well Test and 
Evaluation of Reservoir Parameters in a 
Portion of the SSGF. Univ. Calif. 
Lawrence L ivermore Laboratory, Rpt. 
UCRL-in press. 

Simulator for Evaluation of Well Arrays. 
Univ. Calif. Lawrence Livermore 
Laboratory, Rpt. UCRL-in press. 

Use of the Membrane Filter in Determinina 

3. Thorsen, L. D., 1979, A Fast Analytic 

4. Doscher, T. M. And Weber, L., 1957, The 

Quality o f  Water for Subsurface Injectioi: 
Drilling and Production Practice, pgs. 
169-179. 

5. Hewitt, C. H., 1963, Analytical Techniques 
for Recognizing Water Sensitive Reservoir 
Rocks: Jour. Petroleum Techni logy, pgs. 
813-818. 

6. 

7. 

8. 

Johnston, K. H. and Castagno, J. L., 1964, 
Evaluation by Filter Methods of the 
Quality of Waters Injected in Waterfloods: 
U. S. Bureau of Mines, RI 6426, 14 pgs. 

Mungan, N., 1965, Permeability Reduction 
Through Changes in pH and Salinity: Jour. 
Petroleum Technology, pgs. 1449-1453. 

Farley, J. T. and Redline, D. G., 1968, 
Evaluation of Flood Water Quality in the 
West Montalvo Field: Jour. Petroelum 
Technology, pgs. 683-687. 

9. Jordan, C. A., Edmondson, T. A. and 
ffries-Harris, M. J., The Bay Marchand 
essure Maintenance Pro ject-Un ique 
allenges of an Offshore Sea-Water 

The methodology discussed has been applied 
a1 ton Sea Geothermal Brine effluent 

Scaling caused by loss of silica from 
supersaturated SSGF brine effluents and 
plugging by deposition of silica partic 
were identified as the causes of (SSGF) 
reservoir impairment. Conventional effluent 
treatment processes were investigated to lower 
silica to saturation rapidly by sludge contact, We 1 1 Impairment. Jour. Petroleum 
followed by coagulant aided clarification and 
final polishing by filtration. Particulate 
concentrations in the processed effluents were . 

Technology, pgs. 865-872. 

Define 1n.iecction-Water Oualitv 
11. McCune, C. C. 1977, On-site Testing to 

Requi remeits : Jour. Petroleum techno1 ogy, 
PgS. 17-24. 



12. 

13. 

14. 

15. 

16. 

Keelan, D. K. and Koepf, E. H., 1977, The 
role of Cores and Core Analysis i n  
Evaluation of Formati on Damage: Jour. 
Petroleum Technolgoy, pgs. 482-490. 

Netheron, R., and Owen, L. B., 1978, 
Apparatus for  the Field Evaluation of 
Geothermal Effluent Injection: Geothermal 
Resources Council, Trans., Vol.2, pgs. 

Tewhey, J. D., Chan, M. A., Kasameyer, P. 
W. and Owen, L. B., 1978, Development of 
Injection Criteria for Geothermal 
Resources: Geothermal Resources Council, 
Trans., Vol. 2, pgs. 649-652. 

Owen, L. B., Kasameyer, P. W., Netherton, 
R., and Thorson, L., 1977, Predicting the 
Rate by Which Suspended Solids P lug  
Geothermal Injection Wells: Proc. 3rd 
Workshop, Geothermal Reservoir 
Engineering, Stanford Geothermal Program, 
Kruger and Ramey, Ed., pgs. 163-171. 

Quong, R., F. Schoepflin, N. D. Stout, 6. 
E. Tardiff, and F. R. McLain, "Processing 
of Geothermal Brine Effluents for  
Injection", 1978, Trans. of the Geothermal 
Resource Council, Vol. 2, pp. 551-554. 

487 -490. 

1 1 .  Filter Tests 1 
2. CorcTeSts 

3. Incubation Tests 

4. bmDltibllitv T a t s  

Pre-Injection 

Developant 
Required 

u 

2. Clrrifiution 
0 c h a i u l  trritmmt 
e solids contact 

sludge handling 

3. Final Filtration 

"Work performed under the auspices of the 
U.S. Department of Energy by the Lawrence 
Livermore Laboratory under contract number 
W-7405-ENG-48." 

NOTICE 
"This report was prepared as an account of work 
s onsorcd by the United States Government. 
$either the United States nor the United States 
Department of Energy, nor any of their employees, 
nor any of their contractors, subcontractors, or 
their employees. makes any warranty, express or 
implied, or assumes any legal liability or rcspon- 
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the University of California or the 
U.S. Department of Energy to the 
exclusion of others that may be 
suitjible. 

Figure 1 

80 



USE OF TRACERS I N  GEOTHERMAL INJECTION SYSTEMS 
by 0 .  J. Vetter 
Vetter Research 

Costa Mesa, Cal i fornia  

SUMMARY 

ers i s  cr i t ical  i n  geothermal 
in j ec t ion  systems. The hydrodynamic break-through 
of re injected b r ine  can be monitored i n  a very 
precise  way using tracers. No other  method is 
known which allows produced b r ine  monitoring with 
the same precision. Thus, precalculated and moni- 
tored break-through p r o f i l e s  can be compared and 
the  expected temperature f r o n t  can be estimated 
i n  a very precise  way. This use of t r ace r s  can 
be considered a "pre-warning" system. 

f tracers f o r  geothermal r 
vo i r s  is  r a t h e r  l imited.  T r i t i a t e d  water, intro-  
duced i n t o  the  reservoir  in a controlled manner, 
is the bes t  choice. However, t h i s  monitoring 
technique eliminates the  use of na tu ra l ly  occur- 
r i n g  tracers f o r  reservoir  s tudies .  
cons f o r  the use of na tu ra l ly  occurring tritium 
and other  tracers are described. 

The pros and 

Man-made tracers, pa r t i cu la r ly  t r i t i a t e d  
water, can be u t i l i z e d  t o  obtain quan t i t a t ive  da t a  
on reservoir  parameters not avai lable  by other  
means. Pressure t r ans i en t  t e s t ing  and t r ace r  in- 
j ec t ion  arg complementary methods from which one 
can obtain the maximum information about c r i t i c a l  
reservoir  parameters. 

Present tracer techniques are hampered by a 
lack of information on the dispe 
of the t r a c e r  i n  the flowing b r i  
adsorption cha rac t e r i s t i c s  of the t r ace r  on the 
rock material. 
various reservoir  cha rac t e r i s t i c s  w i l l  be PO 
i f  fu r the r  research is  conducted on the most 

. c r i t i c a l  adsorption propert ies  under*reservo 
conditions. 

I 

Better quant i t ive evaluations of 

I N  

m a l  reservoirs .  
othermal reser- 

amount of re- 
p l e  production 

Proper r e in j ec t ion  of brine 
~ vo i r  can s i g n i f i c a n t l y  ex te  

reservoir  and thereby inc re  

depleted brine.  The present trend is  towards re- 
in j ec t ion  and away from the disposal  of t he  br ine 

'already been ind ica t  
fo re ,  omitted from t h i s  presentation. However, 
i n  r e in j ec t ion  there  are some real  dangers: 
f a u l t y  r e in j ec t ion  caa ru in  a reservoir  and its 
operation within a very sho r t  t i m e .  Une 

high permeability flow channels caused by the 
generally unknown rock heterogenieties of a pro- 
ducing reservoir  can lead t o  these problems. 
example, i f  a premature break-through (hydraulic 
f ron t )  occurs within ten years instead of the 
calculated twenty years,  the cri t ical  temperature 
f ron t  may a r r i v e  a t  the  producing w e l l s  within 
f i f t e e n  years a f t e r  start of r e in j ec t ion  instead 
of the calcuxated t h i r t y  years. The detrimental  
e f f e c t s  are obvious. Assuming the reservoir  con- 

t a i n s  a recoverable energy of $10" (approximate- 
l y  1000 MW and 30 years l i f e ) ,  the  f inanc ia l  l o s s  
would then be on t h e  order of $5 x 10 . 

For 

9 

The f inanc ia l  l o s s  can s t i l l  be enormous 
even i f  t he  r e in j ec t ion  problems are not as 
ser ious as those mentioned above. 
i f  t he  decrease of the recoverable energy due t o  
"faulty" r e in j ec t ion  is  only 1%, the f inanc ia l  
l o s s  can s t i l l  be s ign i f i can t .  

d i t i o n s  of &the previous example ($lo1' t o t a l  re- 
coverable energy; 1000 MW; 30 years l i f e )  t h e  
l o s s  due t o  the  1% decrease is  s t i l l  $100 Million. 

For example, 

Assuming the  con- 

The industry is  thus faced with a dilemma: 
r e in j ec t ion  problems ru in  a r e se rvo i r  within a 
very short  t i m e  and no r e in j ec t ion  a t  a l l  w i l l  
r e s u l t  i n  a d r a s t i c  decrease of the recoverable 
energy. 
i n  both cases. 
solut ion t o  t h e  problem would be the correct  o r  
optimized (i.e., non-faulty) r e in j ec t ion  of t he  
heat-depleted brine.  Unfortunately, the present 

ies i n  determining the precise  reser- 
eters which can lead t o - a  "faulty" in- 

The f inanc ia l  losses  can be subs t an t i a l  
The only economically f eas ib l e  

j e c t i o n  system, e.g., reservoir  heterogeni t ies  
such as f r ac tu res ,  high permeability s t r eaks ,  
f a u l t s ,  etc.,  make i t  impossible t o  design the  
absolute optimal r e in j ec t ion  system. In j ec t ion  
w e l l  spacing, locat ion and completion are v i t a l  
design features .  
s t i l l  l e f t  t o  rough estimates because of the  pro- 
blems encountered i n  determining the  precise  

I n  many instances these are 

he above-mentioned reservoir  heter- 
Various types of pressure test 
, pressure pulse and interference 

t e s t ing )  do not normally y i e ld  information exact 
enough t o  overcome these problems. For example, 
extremely high permeability channels i n  an other- 
wise ''perfect" reservoir  may be indicated by con- 
ventional pressure test  work. However, only very 

tes can be made regarding the  p rec i se  
eometry and conductivity of these 

channels. 
f ractured rock formation such as the hard rock i n  
t h e  Geysers (California),  the Bacca f ie ld  (New 
Mexico) o r  the Cesano f i e l d  ( I t a ly ) ,  t he  evalua- 
t i o n  of the pressure tests da ta  may become too 
coarse and may become technical ly  of l i t t l e  va lue  

I f  t he  r e se rvo i r  cons i s t s  of a highly 
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It is  the  opinion of the author t h a t  a work- 
able  approach t o  solving the problems can be made 
with w e l l  designed t r a c e r  tests. 
vide the most viable  means of avoiding the possi- 
b i l i t y  of major d i s a s t e r s  in any r e in j ec t ion  

system . Monitoring of t he  tracers 'concentra- 
t i ons  i n  t h e  produced br ine w i l l  allow the  opera- 
t o r  t o  s top any "faulty" r e in j ec t ion  operation 
immediately upon a r r i v a l  of t he  tracers i n  the 
producing w e l l s .  This e a r l y  warning system w i l l  
allow an opportunity t o  re-design o r  modify the 
e n t i r e  i n j ec t ion  system before a major f inanc ia l  
d i s a s t e r  occurs. In  addi t ion,  more sophis t icated 
t r a c e r  tests can give a host  of information about 
cri t ical  reservoir  parameters which cannot be 
measured by any other  avai lable  method. 
sophis t icated tracer tests consis t  of more than 
" just  s t i ck ing  any tracer" i n t o  t h e  injected 
br ine and looking f o r  t h e  f i r s t  appearance of t he  
tracer i n  the produced brine.  
"break-through determination" may s t i l l  be ade- 
quate i n  some s i tua t ions .  However, addi t ional  
and more useful  reservoir  da t a  can be obtained 
with the same l e v e l  of e f f o r t  using more sophis- 
t i c a t e d  tracer techniques. These techniques are 
not suggested as a l t e rna t ives  t o  t h e  conventional 
t r ans i en t  analysis.  

These can pro- 

9 

These 

This common 

It is not suggested t h a t  reservoir  tracer 
tests - no matter how sophis t icated - should 
replace the more conventional pressure test work; 
on t h e  contrary, tracer and pressure test work 
should supplement each other  i n  the  f i e l d .  Pres- 
sure  tests can provide s p e c i f i c  information on 
the  near wellbore region and average reservoir  
data  on the  f a r  wellbore region. 
tests can allow us t o  analyze and i n t e r p r e t  reser- 
vo i r s  a t  locat ions very remote from t h e  wellbore. 

BASIC CONCEPTS OF WELL TO WELL TRACER TEST WORK 

The tracer 

The l i t e r a t u r e  contains a l a rge  number of 
publications dealing with various types of tra- 
cers and tracer techniques i n  subterranean reser- 
voirs .  Most of these referenced publications 
dea l  with only one object ive f o r  w e l l  t o  w e l l  
reservoir  tracingl2-l4. 
l i c a t i o n s  are concerned only with: 

The majority of t he  pub- 

1) The recharge of t he  reservoir  through 
the  injected b r ine  andfor through any 

surface water). 

Inject ion br ine break-through determina- 
t ions.  

t he r  water source (nearby aquifer and 

The break-through de 
the  most frequent subject  of the referenced pub- 
l i ca t ions .  This concept is  very simple: a 
tracer is  added t o  the  br ine (or na tu ra l ly  occur- 
r i ng  tracers i n  the  br ine are used f o r  t h i s  pur- 
pose) t o  determine the  time required f o r  the 
tracer t o  occur i n  one o r  more producing w e l l s ;  
Only very f e w  publications are concerned with 
quan t i t a t ive  evaluations of t he  tracer break- 
through data; 

ned t r ace r  tests can y i e ld  
much more da t a  than t h a t  of simple "break- 

through" determinations. 
some of the v i t a l  reservoir  heterogeneities (such 
as dimenslons, conduct ivi t ies ,  direct ions and 
locat ions of f r ac tu res  andfor high permeability 
s t reaks)  can be determined i n  a r a the r  quantita- 
t i v e  manner through t r ace r  tests. I n  addi t ion,  
sweep e f f i c i enc ie s ,  drainage r a d i i  and a number 
of other  reservoir  parameters can a l s o  be analyz- 
ed through more sophis t icated tracer tests. 

It can be shown t h a t  

Basically,  one can categorize reservoir  
tracer tests (well t o  w e l l )  i n t o  two major groups 

General t r ace r  tests f o r  r e se rvo i r  moni- 
tor ing o r  ve r i f i ca t ions .  

1) 

2) Diagnostic tracer tests t o  evaluate  
s p e c i f i c  r e se rvo i r  problems o r  t o  obtain 
very s p e c i f i c  information on ce r t a in  
reservoir  parameters. 

Different  concepts may have t o  be used de- 
pending upon the  various f i e l d  conditions and the 
goals t o  be achieved through the tracer test 
work. In  addi t ion,  t r a c e r  tests can a l s o  be 
operationally divided i n t o  two d i f f e r e n t  bas i c  
categorieq: 

1) Pulse (slug) i n j ec t ion  of tracers. 

2) Continuous tracer inject ion.  

Here again, d i f f e ren t  object ives  can be 
achieved depending upon the type of tracer injec- 
t ion. 

Tracer Tests f o r  General Reservoir Monitoring 

Normally, very l i t t l e  information on some 

The same 
c r i t i c a l  reservoir  parameters i s  avai lable  when 
a new re in j ec t ion  system is  s t a r t ed .  
lack of concrete information is  evident f o r  a 
sometimes prolonged time period a f t e r  the start- 
up of a new re in j ec t ion  system. Adding a tracer, 
e.g., t r i t i a t e d  water, t o  the f i r s t  water in- 
jected i n t o  the r e se rvo i r  w i l l  load the  r e se rvo i r  
with tracer. The subsequent constant monitoring 
of the produced water f o r  t h i s  tracer would auto- 
mat ical ly  allow a very convenient and economical 
reservoir  v e r i f i c a t i o n  method. In o the r  words, 
t h i s  general  t r a c e r  test a t  o r  soon a f t e r  t he  
s tar t  of a r e in j ec t ion  system can be considered 
a prewarning system: any hydraulic advance of 
the injected wat aster than t h a t  expected o r  
calculated would ow the  necessary changes of 
the e n t i r e  i n j ec t ion  system before a temperature 

enced i n  t h e  producing w e l l s .  
ent  major temperature damage t o  

a r e se rvo i r  due t o  missing the accelerated ad- 
vance of t h e  hydraulic f ront .  

A p l o t  of the tracer concentration i n  the 
produced b r ine  vs. t i m e  w i l l  indicate  many 
reservoir  problems. Actually, time is a con- 
venient but "incorrect" uni t .  The cummulative 
production instead of t i m e  should be used. 
ever,  i f  the  b r ine  in j ec t ion  and production rates 
i n  the f i e l d  are kept constant a f t e r  the t r a c e r  
i n j ec t ion ,  the t i m e  u n i t  becomes a ''Correct'' 
un i t .  
indicated i n  Figure I. 

How- 

Two "typical" tracer e l u t i o n  p r o f i l e s  are 
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The in t e rp re t a t ion  of these e lu t ion  p r o f i l e s  
number of problems: 

1) *The most obvious que on is: what in- t h e  troubled reservoir  area. However, the 

i n  the  br ines  produced from various production 
w e l l s  w i l l  now allow t h e  determination of flow 
pat terns  and flow b a r r i e r s  (e.g., f a u l t s )  within 

quan t i t a t ive  in t e rp re t a t ion  of these s i n g l e  tra- 
cer e lu t ion  p r o f i l e s  is st i l l  r a the r  d i f f i c u l t  
i f  not impossible as outlined i n  the following 
paragraphs. 

j ec t ion  w e l l  contr ibutes  how much tracer 
t o  t h e  t o t a l  tracer concentration i n  t h e  
b r ine  of any given production w e l l ?  

The quan t i t a t ive  in t e rp re t a t ion  of the 

stem from only one in j ec t ion  w e l l  o f f e r s  
great  d i f f i c u l t i e s .  of an in j ec t ion  b r ine  break-through. A tracer 

hd 

2) 
I tracer e l u t i o n  p r o f i l e ,  even i f  it would Qual i ta t ive Tracer T e s t s .  Tracer techniques 

are most commonly applied t o  the  "determination" 

is  added t o  the  injected br ine and t h e  produced 
br ine is  monitored f o r  t he  occurence of t h i s  
tracer. 

The data  obtained &rough t h i s  general  tra- 
cer technique w i l l  not permit t h e  precise deter- 
mination of many cr i t ical  reservoir  parameters. 
It w i l l ,  however, allow some.estimates as t o  (a> 
which general  areas of t he  f i e l d  are pa r t i cu la r ly  
endangered and (b) t he  type of problems t o  be 
expected i n  the  prolonged r e in j ec t ion  within 
these endangered r e se rvo i r  areas. 
vantages of t h i s  method are: 

A number of s implif icat ions is commonly 

even though by nature,  every chemical 
used as a tracer must exhibi t  adsorp- 

The main ad- 

The accuracy and p r e c i s i o n o f  t h e  

concentration i n  the  produced b r ine  is 
commonly ignored o r  grossly over- 

e8 timation may give misleading "results". 

S t a b i l i t y  of tracer. 

I 1) It provides an ea r ly  warning system if ana ly t i ca l  determination of t he  tracer 
any severe sweep problems e x i s t  i n  t he  
reservoir .  
mature break-through can be prevented t estimated. This ignorance o r  over- 

Major damage due t o  pre- 

2) This test is very economical and re- 
qu i r e s  funds neg l ig ib l e  
value of the informatio assumptions o r  s implif icat ions (adsorp- 1 

t ion,  ana ly t i ca l  and s t a b i l i t y  problems) w i l l  be 
discussed i n  more d e t a i l  below and i n  later re- 

Presently,  w e  will  

I 
) The information from t h i  

cer test  is  of v i t a l  importance f o r  de- 
signing the  required subsequent reser- 
v o i r  t r a c e r  test  work. r exh ib i t s  d i f f e r e n t  ad- 

d t h a t  most conventional ! 
tracers (e.g., n i t r a t e ,  aldehydes, thiocyanate) 

,cannot be determined with t h e  required accuracy. 
, most of the conventional tracer stud- 
only a "yes o r  no" type answer, i.e. , 
o r  is not detected i n  the produced 

i n t e g r a l  and rout ine f ea tu re  

brine. 

An apparent "break-through" could be mean- 
/ 

1 

The quan t i t a t ive  
v f i l e s  as shown 

The various i n  Figure 1 are ra the r  d i f f i c u l t .  A tracer test of a d i f f e ren t  nature  can be 
j u t i l i z e d  t o  gather  t he  needed information. For peaks i n  these curves ind ica t e  various flow 
I channels within the reservoir.  High permeabili ty example, a d i f f e ren t  tracer can be in j ec t ed  i n t o  

each in j ec t ion  w e l l  within the  suspected pro- 
blem areas. 

s t r eaks  must e x i s t  i n  t he  reservoir  i f  t h e  pre- Monitoring of t he  various tracers 

83 



dicted elution profile (based on uniform reser- 
voir permeability) does not match the measured 
tracer elution profile. 
streaks can be divided into two basically differ- 
ent categories: 

These high permeability 

1) Horizontally oriented streaks. 

2) Vertically oriented streaks. 

Figures 2 and 3 illustrate the basic differ- 
encesqbetween the two types of high permeability 
streaks. 

In order to differentiate between the.two 
types of streaks (horizontal and vertical), the 
tracer appearence must be analyzed in the pro- 
duction wellbore fluids as a function of depth. 
Even if this feature is added to a tracer test, 
it will not indicate the difference between the 
two types of high permeability streak orienta- 
tion in reservoir locations further away from 
the bore of the production well because of mix- 
ing. 

Another problem experienced in a quantita- 
tive evaluation of tracer elution profiles is 
the difficulty in determining the dispersion of 
the tracer in the reservoir fluid as the tracer 
front advances toward the production well. Many 
factors will affect this dispersion or mixing of 
advancing tracer with reservoir fluid. 
sion, tortuosity of the porous medium and mixing 
due to the microscopic flow velocity profiles 
of the mobile fluid phase along the immobile 
(stagnant) connate water layers are only a few 
factors effecting the dispersion coefficient. 

Diffu- 

The different arrival times of the various 
injected fluids in the producing wellbore will 
cause various degrees of mixing (see Figure 4). 
This mixing through different arrival times will 
add to the degree of dispersion. 

Sorption effects of the tracer introduce 
still another problem in quantitatively evalua- 
ting tracer tests. The various sorption char- 
acteristics of the tracer on the solid phase 
(rock material) will make it difficult to per- 
form a quantitative interpretation of_the tracer 
elution profile. One must be aware of the fact 
that there exists no nonadsorbing tracer. Even 
tritium, one of the tracers causing the least 
adsorption problems, will adsorb on the rock to 
an appreciable degree. 

The chemical analyses of the produced fluids 
for their content of tracer is also an important 
consideration. The tracer must be detectable 
in concentrations under less than 1 mgfl or hugh 
masses of tracer will be required for an actual 
field tracer study. Figure 5 shows the implica- 
tions of this requirement. The sensitivity and 
accuracy of many analytical methods commonly used 
for tracer test work are not sufficient to sat- 
isfy the needs of a quantitative field tracer 
study. 

Finally, the chemical stability of many 
tracers in the hot geothermal reservoir may pose 
serious problems. Many tracers used for the much 

cooler oil reservoirs are not stable enough at 
the high temperatures of a geothermal reservoir. 
Thus, the choice o f  useful tracers becomes rather 
limited. 

Summarizing, one can state that the present 
tracer technology (well to well tracing) provides 
semiquantitative data at best. 

Suggested Improvements of Present Tracer 
Techniques 

Multiple tracer injection could solve some 
of the problems outlined so far. 
can refer to different tracers being injected 
into different wells of the same field or differ- 
ent tracers injected into the same well. Figure 
6 shows that ten tracers are sufficient for a 
field with a geometric location of wells to 
achieve both objectives: 

"Multiple" 

1) Two different tracers injected into each 
injection well and 

A different tracer combination for 
different wells. 

2) 

If the ten tracers have different adsorption 
properties and if these adsorption properties 
are known, the principles of conventional liquid 
or gas chrornotography could be applied to obtain 
quantitive results on various reservoit para- 
meters through such a sophisticated tracer study. 
The principles of this new tracer technology will 
be outlined in a future paper 

CHOICE OF TRACER AND TRACING TECHNIQUES 

11 . 
c 

The choice of a tracer for any tracing job 
mainly depends upon the tracing techniqucwhich 
in turn depends upon the objective of the tracer 
study. In many instances, there are more than 
one objective for a tracer study, thus creating 
a number of problems for choosing the proper 
tracers and tracing technique. For example, a 
chosen tracer technique for a given objective 
may require the use of man-made tritiated water. 
as a tracer, whereas other tracer objectives in 
the same reservoir may require the utilization 
of naturally occurring tritium.' Naturally, the 
utilization of man-made tritium as a tracer will 
"contaminate" the reservoir, thus preventing any 
future use of naturally occurring tritium as a 
tracer in this reservoir,. In these and similar 
cases, a decision must be made as to which one 
of the tracers is most desirable to fulfill the 
various objectives of tracer studies ~ and reser- 
voir management. 

Man-Made Vs. Naturally Occurring Tracers 

Naturally occurring tracers can be used at 
least theoretically to determine a number of 
important reservoir parameters: 

1) Age determination of the reservoir water 
through tritium determinatians if the 
intruding water consists of "recent" 
surface water. 
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2) Natural recharge of the reservoir with 
water from another aquifer or with sur- 
face water. 

Flow patterns within a reservoir if the 
various waters in the reservoir have 
distinctively different compositions. 

Break-through of reinjected water into 
the producing wells. 

3) 

4) 

The first parameter (age determination of 
the reservoir water) requires that the naturally 
occurring tracer is tritium, whereas, any other 
tracer or tracer combination can serve for deter- 
mining the other three parameters. 

In most attempts using naturally occurring 
tracers for reservoir studies, an obvious pro- 
blem exists: if the operator wants to conduct 
a tracer study involving man-made tracers, the 
man-made and naturally occurring tracers cannot 
be the same. As soon as the man-made tracer is 
introduced into the reservoir, it will be very 
difficult or impossible to distinguish between 
the man-made and naturally occurring tracer if 
the two tracers are the same. This means, the 
operator has to make a decision as to his pre- 
ference: he must either use a man-made tracer 
different from the naturally occurring tracer or, 
if for any reason both tracers must be the same, 
he must then decide which type of tracer test 
is more important for his operation. The latter 
decision must be made more often than commonly 
expected. This decision can be very difficult 
because of the many pros and cons for the "con- 
tamination" of a producing reservoir with man- 
made tracers. In addition, this "contamination" 
can be irreversible, particularly if the most 
important tracer for geothermal injection systems, 
namely tritium, is used as a man-made tracer. 

The decision as to what tracer and what type 
of tracer test to apply requires a thorough 
evaluation of advantages and disadvantages in- 
volved. In most cases, a compromise has to be 
made. To help the operator in making this de- 
cision, a critical evaluation of the various 
naturally occurring tracers and tracer tests in- 
volving these tracers is given in the following 

ments. Age determinations through measurements 
of the concentration of naturally occurring 
tritium in reservoir brines are frequently sug- 
gested. -Even though theoretically possible, the 
authors do not believe in the validity and tech- 
nical usefulness of this method and the accumu- 
lated data. The reasons €or this statement are 
manif old: 

- 

1) If tritium has 
reservoir in the form of surface water, 
any age determination is limited to 
approximately fifty years (see Figure 8). 
This limitation is not given by a lack 
of accuracy of the tritium determination 
of the enriched samples (by conventional 
standards), but the rapid decay of the 
tritium {half-life time 12.35 years). 

u 

After approximately four life cycles, 
the tritium concentration becomes so low 
that even excellent counting procedures 
(+1%) do not provide a measuring accur- 
acy required for precise age determina- 
tion (see Figure 21, i.e., only instru- 
ment background but not tritium will be 
measured. 

2) If mixing between "recent" and old water 
occurred in the reservoir, the age de- 
termination becomes meaningless. Any 
recent recharge of the reservoir with 
surface water will cause mixing of old 
and recent water in the reservoir. 

3) The tritium content of the water origin- 
ally penetrating into the reservoir must 
be known for any age determination. 
This tritium con'centration will depend 
upon the time of entering the reservoir. 
Any water entering the reservoir before 
1945 (start of atomic bomb testing) will 
have a much lower tritium content than 
water entering the reservoir during the 
height of the atomic bomb testing. 
"Prebomb" and "Af terbomb" surface waters 
have again totally different tritium 
concentrations. 

It must be assumed that the tritium in 
the surface water, penetrating through 
the soil and porous overburden layers, 
remains constant and does not become 
adsorbed on the porous medium on its 
way into the reservoir. 
is wrong since the upper 20-30 cm of 
soil already act as a "sink" for atmos- 
pheric tritium. 

NO pick-up of tritium in the reinjected 
water is allowed if age determinations 
are planned. For example, atmospheric 
air is blown through the cooling towers 
in the Geyser field. Any pick-up will 
greatly disturb later conclusions about 
the age of the reservoir water. 

4) 

This assumption 

5) 

hor believes that using naturally 
occurring tritium for age determinations cannot 
be justified considering the above assumptions. 
Preventing the injection of-man-made tritium 
into the reservoir to "save*' it for age deter- 
minations using natural tritium is a very short- 

Naturally occurring tracers besides tritium can 
be extremely useful in a few isolated cases. 

xample, Mercado17 reports a case where 
potassiumlsodium ratios of the produced brine 
from different producing wells was used to 
detect thief zones in the reservoir (see Figure 
7). 
casing leaks in producing wells-by analyzing the 
injected, produced and native reservoir fluids. 

Other reported cases are the detection of 

Another argument often used in favor of 
using naturally occurring tracers is the analyses 
of produced and injected fluids and subsequent 
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comparison of the two compositions. 
tion is to determine the arrival of the hydraulic 
front through this comparison. 
major. shortcoming: if the injected fluid has the 
same composition as the produced fluid or if only 
slight compositional differences between the two 
fluids exist, the indicative changes in the pro- 
duced fluid,will be either non-existent or too 
small to be detected. 

Radioactive Vs. Chemical Tracers 

The inten- 

This idea has a 

The author prefers radioactive over chemical 
tracers. 
ber of reasons: 

This preference is dictated by a num- 

1) Less tracer has to be injected because 
of the much higher sensitivity and 
accuracy of the radioactive tracer in 
the required analyses of the produced 
fluids (see Figure 5). 

The price for the radioactive tracers 
is much lower than that for an equiva- 
lent amount of chemical tracer (see 
Figure 5). 

Handling and other logistics are much 
easier in the case of radioactive 
tracers due to the comparitively small 
amounts of tracer required. 

2) 

3) 

The disadvantages of using radioactive 
tracers are: 

1) 

2) 

A special license is required. 

Only highly-trained personnel are allow- 
ed to handle the tracer. 

3) No accident is allowed. 

CONCLUSIONS 

1) General monitoring of geothermal reservoirs 
can be accomplished through the use of 
tracers. 
immediately after starting the reinjection. 

2) Tritiated water is the most suitable tracer 

The tracer should be injected 

to accomplish this general reservoir moni- 
toring and verification. 

The conventional tracer technique of well 
to well tracing needs considerable improve- 
ment to allow a quantitative interpretation 
of the tracer elution profiles. 

Measuring of the precise adsorption/desorp- 
tion characteristics of the applied tracers 
must be known. 

Tracer chromatography is a new technique 
which will allow a better interpretation 
of tracer elution profiles. 

This chromatography technique must be proven 
in the laboratory and in the field. 

3) 

4) 

5) 

6) 

7) Man-made tracers are better suited for reser- 
voir tracing than naturally occurring 

tracers. 

8) L Age determinations through measurements of 
naturally occurring tritium are ambiguous 
at best. 

Radioactive tracers are superior to chemical 
tracers. 

9) 
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.. TRACER REQUIREMENT 
(150 MW GEOTHERMAL POWER PLANT) 

flSSUMPT10NS: 
1.) Reinjection: 1.31 x I$ Lt/DaY 
2.1 10' % Of Reiniected Brine Must Be Found In Produced Brine 
3,)Tracer Slue : 24 Hours 
4.) hnalvtical Sensitivity: 

4.1 Tritium : 2 DPM /ml 
6.) Chemical: 1 RWLt  

&)Tritium: b 5O.-/Curie * 

B.)Chemical: b0.30/Ke 

IJRewired Amount Of Tracer: 
A.lTritium : 2.62 x IOE DPM : 1178 Curies 
&)Chemical: 1.31 x IO6 Ke 

A.1Tritium: 6 58.900.- 
6.JChemical: $393.000.- 

5.JCost /Unit: 

TRhCER JOB 

2.1Total Cost Of Tracer: 

Figure 5 

TRACER SELECTION FOR FIUO wml GEOMETRIC WELL PATTERN 

Figure 6 
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83.8 A METHOD OF USING IN SITU POROSITY MEASUREMENTS TO PLACE 
AN UPPER BOUND ON GEOTHERMAL RESERVOIR COMPACTION 

John F. Schatz Paul W. Kasameyer 
Lawrence Livermore Laboratory Lawrence Livermore Laboratory 

Livermore, California Livermore, Cal i fornia  

ABSTRACT 

. which could occur due t o  production a t  a particu- 
lar  f i e ld .  
e f f e c t s  are acceptable, then the subsidence model- 
ing e f f o r t  could be terminated a t  an ea r ly  and in- 
expensive stage.  For example, t h a t  would be the 

I f  these maximum possible  surface 

Placing an upper bound on reservoir  compac- 
t i o n  requires placing a lower bound on the reser- 
vo i r  e f f ec t ive  compaction modulus. Porosity-depth 
data can be used t o  f ind t h a t  lower-bound modulus 
i n  a young sedimentary basin. Well-log and sample 
porosity data  from a geothermal f i e l d  i n  the  
Imperial Valley, CA, give a lower-bound modulus of 

3 7 .7  x 10 psi .  This modulus is used with pressure 
drops calculated f o r  a reservoir  t o  determine an 
upper bound on reservoir  compaction. The e f f e c t s  
of p a r t i a l  r e in j ec t ion  and aquifer  leakage on 
upper-bound subsidence estimated from the compac- 
t i o n  are i l l u s t r a t e d  f o r  a hypothetical  reservoir  
and w e l l  array. 

INTRODUCTION 

Systematic and large-scale withdrawal of 
f l u i d s  from subsurface reservoirs  carries with it 
the  p o t e n t i a l  f o r  reservoir  compaction and surface 
subsidence. It is  desirable  t o  have a method of 
estimating subsidence magnitude. Subsidence 
e f f e c t s  have been observed i n  associat ion with o i l  
and water withdrawal, and furthermore, have been 
iden t i f i ed  as possible consequences of hydrother- 

1- 3 m a l  f l u i d  production from geothermal reservoirs .  
For example, i n  California’s Imperial Valley, hot  
br ines  w i l l  be produced from a geologically young 
sedimentary sequence of sands and shales  and 
cooler f l u i d s  w i l l  be re injected.  The compaction 
of t h i s  aquifer  and l aye r s  above and below due t o  
f l u i d  pressure reduction may propagate t o  the  sur- 
face i n  the  form of subsidence, and may a f f e c t  
na tu ra l  o r  man-made drainage systems. 

L i t t l e  is known about t he  p o t e n t i a l  f o r  sub- 
Some data  e x i s t  f o r  sidence i n  geothermal areas. 

Wairakei, New Zealand, where production of geo- 
thermal f l u i d s  has caused loca l  subsidence of more 
than 15 f e e t  i n  1 0  years ,  and involved a surface 

area 3000 f e e t  i n  diameters3 
volcanic geologic s e t t i n g  and no f l u i d  has been 
reinjected there.  
caused by o i l  and water production may be more 
applicable t o  geothermal areas i n  sedimentary 
basins. Unfortunately, t he  magnitude of subsi- 
dence i n  these areas has o f t en  been greater than 

predicted. 

Wairakei is i n  a 

The experience with subsidence 

4 

. Before new and ambitious subsidence model 
development is considered, it would be useful  t o  
have an  approximate method of estimating the 
g rea t e s t  possible subsidence and surface t i l t i n g  

James A. Cheney 
University of Cal i fornia  

Davis, Cal i fornia  

i f  t h e  maximum possible  subsidence caused 
smaller surface e f f e c t s  than na tu ra l  tectonic  
ac t iv i ty .  I f  t he  maximum possible  surface e f f e c t s  
are adversely large,  then more accurate models 
must be developed t o  p red ic t  the a c t u a l  subsidence 
t o  be caused by production. 

To estimate subsidence, w e  must determine how 
t h e  reservoir  rock compacts as its pore pressure 
is  reduced. 
deformation of porous sedimentary rock and s o i l  

are very s i m i l a r . ’  Therefore, w e  adopt some of 
t he  concepts of s o i l  mechanics f o r  t he  following 
discussion. During a v i rg in  loading increment, 
t he  material (rock o r  s o i l )  deforms i n e l a s t i c a l l y  
i n  response t o  a s ta t ic  load, and has a small 
modulus which we call  its normal consolidation 
modulus. 
and recompaction during successive cycling up 
t o  the preconsolidation load is primarily elastic, 
and the material is  much s t i f f e r ,  deforming with 
i ts  recovery modulus. To estimate reservoir  
compaction, w e  must f ind the  reservoir  e f f e c t i v e  
modulus defined as the r a t i o  of t he  production- 
caused pore pressure drop to compaction. For our 
purposes, we wish t o  place a lower bound on the 
reservoir  e f f e c t i v e  modulus, because tha t  is the  
one consis tent  with an upper bound f o r  compaction 

The systematics of t he  mechanical 

Recovery during an unloading increment, 

A common method of estimating the  reservoir  
e f f ec t ive  modulus is  t o  subject  a sample of rock 
i n  a few hours i n  the  laboratory t o  t h e  change i n  
e f f e c t i v e  stress expected i n  the reservoir ,  and t o  

measure i ts  compaction. 193’6 Unfortunately, t h i s  
procedure does not lead t o  an upper bound f o r  
compaction because, i n  t h e  f i e l d ,  long-term 
(measured i n  years) and large-scale mechanisms 
( e f f ec t  of cracks, j o i n t s ,  f a u l t s ,  f l u i d  flow, 
and t ec ton ic  s t r e s s )  decrease t h e  e f f e c t i v e  modu- 
l u s  substant ia l ly .  Furthermore, it is d i f f i c u l t  
t o  determine in situ stress accurately,  and i f  
t he  rock is brought t o  less than i ts  in situ pres- 
sure ,  fu r the r  e r r o r  is  introduced i n  the d i r ec t ion  
of too l a rge  a modulus. The neglect  of these 
f ac to r s  possibly explains why many subsidence 
predict ions are too small. To estimate an upper 
bound f o r  compaction i n  a manner consis tent  with 

f o r  s implici ty  w e  choose, instead of 
measurements, an i n t e rp re t a t ion  of 

avai lable  f i e l d  a f o r  porosi ty  as a function 
of depth. The act ion curve thus establ ished 
can be used t o  estimate the  reservoir  e f f e c t i v e  
modulus. 

Estimating the Reservoir Effect ive Modulus 

Consider the case of a geologically young 
sedimentary environment as discussed above. After  
sediment i s  deposited on t he  surface,  i ts porosi ty  
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decreases with depth as i t  is buried by new sedi- 
ments above. 
from mechanical consolidation caused by. the in- 
creased e f f e c t i v e  stress plus addi t ional  porosity 
l o s s  due t o  other  mechanisms such as chemical 
deposition. 
a pa r t i cu la r  packet of sediment through t i m e  as 
its depth of b u r i a l  increased, w e  could put a 
lower bound on the  e f f e c t l v e  modulus of t h a t  
material. Assuming t h a t ,  on the average, the 
sediment type va r i e s  l i t t l e  with t i m e ,  and t h a t  

eposited i n  pores is e i t h e r  negli- 
ases monotonically with depth, w e  

can f ind t h a t  lower bound on the e f f e c t i v e  modu- 
l u s  f o r  the e n t i r e  r e se rvo i r  from the present 
porosity vs  depth curve. 
f inding a lower-b 
is  correct  even i reservoir  is preconsoli- 
da cemented 

The decrease i n  porosity r e s u l t s  

I f  w e  could observe the  porosity of 

This procedure f o r  
r e se rvo i r  e f f e c t i v e  modulus 

assumptions required by the  above proce- 
dure f o r  a lower bound on modulus are: (1) ap- 
proximately constant material type and (2) in- 
creasing deposit ion with depth. With a longer 
list of assumptions: (1) constant material type, 
(2) no deposition, (3) no cementation, (4) no 
preconsolidation, and (5) no tectonically-caused 
porosi ty  changes, our bound 

not ava i l ab le  as d i r e c t  measurements. To i l l u s -  
t ra te  our method, we use r e s i s t i v i t y  vs  d 
interpreted from ele i c  logs from a geo 
f i e ld .  
highly s a l i n e  water combined with s a l i n i t y  vs  
depth measurements, a porosity vs depth relation- 
ship may be determined. Results are shown i n  
Figure 1, along with porosity determined by other  
methods f o r  comparison. 

Then by using Archie's l a w  f o r  the case of 

A t  any depth i n  Figure 1, the  porosity has 
considerable scatter i n  value. This is perhaps 
due t o  differences i n  i n i t i a l  porosity upon depo- 
s i t i o n  and uncertainty i n  porosity estimates. 
However, desp i t e  t h i s  scatter, a d e f i n i t e  trend 

whe 

the 

mpac t ion.  
n $/6z can be determined d i r e c t 1  

For 
epth of 3000 f e e t  and an average 
n t  densi ty  of 75 pounds/cubic fo  

5 

p l o t  as shown i n  Figure 1. 
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Figure 1. Porosity vs depth for selected wells 
the Salton Sea Geothermal Field. 

the  seemingly small 
rock) value of b given by 
l e  value f o r  predict ing an 
o i r  compaction. For example, 

t h e  value i n  Eq. (2) is  within a f ac to r  of two Df 
dy s o i l s  as measured i n  the 

7 applied pressure of 1500 ps i .  
moduli 

oratory 
0 ,  similar values w e r e  used with some success 
match subsidence a t  t h e  Wilmington O i l  Field,  

8 om pressure reduction data .  

asuremen 
l a r  t o  r e se rva i r  rock 

give 

(3) 

rders  of magnitude g rea t e r  
than Eq. (2).  The test w a s  a one-dimensional 
compression test  a t  3000 p s i  confining stress. 

ion  o r  cementation has 
a l a rge  modulus. This * 

trates an extreme case of 
determining r e se rvo i r  

e f f ec t ive  modulus from laboratory tests. As a 
less extreme but more useful case, i t  would be 
desirable  t o  do a laboratory compaction test on 
t r u e  reservoir  rock, and t o  maintain pressure 



f o r  s eve ra l  weeks o r  more (our test had a dura- 
t i o n  of s eve ra l  hours). Then, t he  magnitude of 
time-dependent e f f e c t s  could be observed. Fur- 
thermore, i f  reservoir  compaction data  becomes 
avai lable ,  laboratory-to-field s i z e  e f f e c t s  
might be investigated.  

Example of Estimation of Subsidence 

The estimated upper bound of surface subsi- 
dence r e su l t i ng  from a calculated pressure drop 
d i s t r ibu t ion  is obtained by 

h AP 6 =  - 
3b ( 4 )  

where 

h = thickness of aquifer ,  and 

AP = pressure drop due t o  flow (assumed t o  
equal change i n  e f f ec t ive  stress). 

The f ac to r  of t h ree  reduction appearing i n  t h e  
denominator of Eq. (4) is a crude estimate of the 
reduction of surface subsidence caused by bulking 
and arching i n  the  l aye r s  between the reservoir  
and the surface. Because of uncertaint ies  i n  
t h i s  factor ,  and our simple method of calculat ing 
subsidence from reservoir  e f f ec t ive  modulus, w e  
have less confidence t h a t  &. (4) gives an upper 
bound t o  subsidence than we have t h a t  Eq. (1) 
gives a lower bound t o  reservoir  e f f e c t i v e  modu- 
lus .  Also, no attempt is made t o  account f o r  
thermal contraction due t o  the cooling of a geo- 
thermal reservoir .  For these reasons, the re- 
s u l t s  of t h i s  s ec t ion  should be viewed as an 
example of t he  appl icat ion of our method of 
placing a lower bound on the reservoir  e f f e c t i v e  
modulus fo r  compaction, r a the r  than a precise  
calculat ion of an upper bound on subsiden3e. 

The upper-bound subsidence estimates shown 

We choose t o  
i n  Figure 2 a-d, have been calculated f o r  a hypo- 
t h e t i c a l  aquifer  and w e l l  array.' 
i l l u s t r a t e  the possible  e f f e c t s  of r e in j ec t ion  
percentage and aquifer  confinement on subsidence. 
Thir ty  years of production is  assumed. 
w e l l s  penetrate  f u l l y  i n t o  an aquifer  which is 
200 m thick with a permeability of 200 mD and a 
f l u i d  v i scos i ty  of 0.6 cp. 
assumed t o  be t o t a l l y  confined i n  Figures 2a and 
2b and confined by a "leaky" 200 m thick,  5 mD 
aquitard i n  Figures 2c and 2d. The s i x  produc- 
t i o n  w e l l s ,  located a t  the  outs ide of t he  ar ay, 

Upper bound reservoir  compaction is calculated 
using the  modulus of Eq. (2) f o r  calculated 
pressure drops. 
l a rge r  is  used f o r  t he  region of pressure 
increase near  the in j ec t ion  w e l l s .  
i s  calculated using Eq. (4). 

Nine 

The aquifer  is 

each have a l i q u i d  production rate of 0.04 m 5 1s. 

A recovery modulus 20 times 

Subsidence 

Several observations can be made f o r  t h i s  
example. For a f u l l y  confined aquifer,  i n j ec t ion  
s ign i f i can t ly  reduces the area and depth of t h e  
upper bound expected subsidence bowl. I f  t he  
aquifer  is leaky, then the area and subsidence 
due t o  aquifer  compaction are not so strongiy 
affected by in j ec t ion  rate. Of course, i n  t h i s  

case, compaction within the aquitard should a l s o  
be evaluated, and w e  have not done so. 

I n  the r e s u l t s  shown i n  Figure 2, t h e  maxi- 
mum land tilt is about '70 cm/km ( a f t e r  30 years).  
This can be compared t o  observed natural  t i l t i n g -  
rates of about 0.8 cmlkmfyear i n  the  v i c i n i t y  of 

the Salton Sea." 
extrapolated t o  t h i r t y  years,  they would r e s u l t  
i n  a tilt of 20-30 cm/km. 
(due presumably t o  tectonic  a c t i v i t y )  and our 
estimate of an upper bound on production-caused 
tilts f o r  t h e  hypothetical  aquifer  and array are 
comparable. We would say,  t h a t  f o r  t h i s  s i tua-  
t ion,  geothermally-caused subsidence could not 
produce any adverse e f f e c t s  t h a t  could be dis- 
tinguished from presently occurring na tu ra l  
processes. 
f o r  very d i f f e ren t  reservoir ,  array,  o r  produc- 
t i o n  conditions,  such as a s ign i f i can t ly  higher 
production rate. 

Comparison t o  Measured Subsidence a t  Wairakei 

I f  these natural  rates are 

Thus, na tu ra l  t i l ts  

However, w e  could no longer say t h i s  

The production h i s to ry  a t  Wairakei has been 
previously modeled i n  two dimensions based on a 
reservoir  cross sec t ion  with considerable geologic 

input. 
of m a x i m u m  subsidence is compared t o  subsidence i n  
Figure 3. 
sedimentary basin does not apply t o  the  volcanic 
s e t t i n g  of t he  Wairakei f i e l d ,  i t  i s  i n t e r e s t i n g  
t o  consider t h e  Wairakei experience with respect 
t o  the  d i f f i c u l t y  i n  obtaining the  appropriate 
reservoir  compaction propert ies  f o r  long-term 
subsidence predictions.  

The calculated pressure drop i n  the area 

Although our assumption of a young 

The Wairakei work indicates:  

The r a t i o  between pressure drop and sur- 
face subsidence changes with t i m e ,  
suggesting t h a t  the deformation of the 
reservoir  and overlying rocks involves 
time delay and i n e l a s t i c  behavior. 

A modulus f o r  t h e  reservoir  based on 
the average subsidence over twenty years 
corresponds t o  a rock modulus ten t i m e s  
l a rge r  than measured i n  the laboratory.  

I f  t he  f ac to r  of three i n  E q .  ( 4 )  is 
assumed t o  apply, and i t  is noted t h a t  
the rate of subsidence has not slowed, 
even though the rate of pressure drop 
has decreased, then t h e  difference be- 
tween f i e l d  r e s u l t s  and laboratory 
tests are greater  than a f ac to r  of 
t h i r t y ,  and t h i s  f a c t o r  w i l l  increase 
as subsidence continues. 

The r a t i o  of pressure drop t o  t h e  upper 
bound f o r  subsidence (= 3bfh from Eq. 
( 4 ) )  based on the  Imperial Valley da t a  
of Figure 1 is 2.2 bars/m. A t  Wairakei, 
the  r a t i o  es tabl ished during twenty 
years of production is 12 barsfm; subsi- 
dence is continuing, and t h e  r a t i o  w i l l  
probably decrease with t i m e .  These 
values are surpr is ingly similar, 
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considering the  differences i n  rock type 
and geologic his tory i n  the  two areas. 
The modulus derived from in situ measure- 
ments at  t h e  wrong locat ion works b e t t e r  
i n  t h i s  case than the  modulus based on 
laboratory measurements on the  "right" 
rocks. This coindicence i l l u s t r a t e s  how 
d i f f i c u l t  i t  can be t o  determine the  
appropriate reservoir  modulus. 

35 1 I I I I I 

30 - 

25- 2 - 
g 20- 

E 10-  

-0 

e 15- a 
v) v) 

- 
I I I 

0 0.5 1 .o 1.5 2.0 2.5 
Surface subsidence (m) 

Figure 3. 
a t  the Wairakei Geothermal Field (from Ref. 3 ) .  

Reservoir pressure droo vs subsidence 

CONCLUSIONS 

The method of evaluating a lower-bound res- 
ervoir  e f f e c t i v e  modulus f o r  compaction t h a t  is  
out l ined here can be coupled with a detai led 
reservoir  pressure simulation model 
estimated upper-bound t o  long-term subsidence 
r e su l t i ng  from reservoir  compaction. The val i -  
d i t y  of our method is supported by observations 
and discussion concerning t h e  i n e l a s t i c  proper- 
t ies of porous rocks and s o i l s .  A model includ- 
ing thermal e f f e c t s  and aquitard compaction, a 
more accurate  estimate of compaction propagation 
t o  the surface,  more data  on long-term rock CQm- 
paction, ana input from monitoring surface 
elevat ion during production could improve the  
estimate. 

t o  obtain an 
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AN EXAMPLE OF FLUID MIGRAIfION BETWEEN THE LAYERS ON 
THE CERRO PRIETO GEOTHERMAL FIELD 

Sergio Mercado and Fernando Samaniego 
Instituto de Investigaciones Electricas 

Cuernavaca, Mexico 

ABSTRACT sults were obtained from measurements at 
I wells M-15, M-21 
I and their replacement 

aper shows a field exampl 
migration between the layers oE 
Prieto Geothermal Field. The f BACKGROUND 
present rssults for well M-15. Measu 
ments of the Na/K index are used to d ring studies commonly a- 

the mixing of relatively warm 
the upper layer with the hotter 

water of the lower layer. l'he second fluid properties throughout. The actual occu - 
part shows results for well M-21 and its rrence of such reservoir is almost hpposible. 
replacei ien t M- 2 IF_, 
layer. is very ccmplex, and there are many possible che- 

mical and physical changes that can OCCUT, causing 
INTRCDUC'X ON kterogmities, some of them not necessarL 

ly obvious in the reservoir behavior. Pey 
Prieto Geotherma haps the most common type of heterogenei- 

ty that we come across with is that which 
results from various cycles of sedimenta- 
tion-a set of heterogeneous layers. The- 

sed for eletrici- re are two possible situations for these 
layers which have been thoroughly discu- 
ssed in the pressure transient analysis 
literature : 5 # 6 ) 71 8, 9 * 
alcross flow exist between the layers, 
and b) no-cross flow exists between the 
layers due to impermeable lamination. For 
the case of the layer system with no- 
cross flow, the only communication is by 
means of the common wellbore. It is well 

I established that the behavior of the two 

j 

servoir consists of a 
has constant rock and 

i r m t  h which sediments are deposited 

ty generation at the first 75MW geother- 
moelectric plant that has been continuos- 
ly operated since 1973. Some of these 
eighteen wells were drilled more than ten I 

I 
a1 Field is ahete 
d of at least two 
1 presents an 

ments have shown interference between the areal view of the field. Shown in t h i s  

I 

production pipes cause that fluid migra- 

I 
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DISCUSS ION 

This section presents results for well M- 
15 and M-21. First results are discussed 
for well M-15, This well was drilled to a 
depth of 1286 m, developing problems dur- 
ing completion, like casing collapse. Re- 
pair jobs were carried out in 1970 and in 
1973, when a 5" casing was cenented to a 
depth of 775 m. 
tioned problems, the job was not success- 
full and the well was abandoned, filling 
it with mud to a depth of 809 m where the 
well was blocked U P . ~ , ~ O *  

After the lost of well M-15, it was deci- 
ded to drill a replacement well, M-15A. 
This is located about 27 m from the ori- 
ginal M-15 well, and its depth is 1264 m. 
m e  to the closeness of the tm wlls, to the a c  
tual -t situaticm at E15, and to the la 
yer characteristics of Cerro  Prieto,it 3s e x p e c i 2  
that scme sore of ini3erference and CcMnUnicatim 
be- -the wells K-15 .and Y~15A.would occur. FiT. 
2 shows data of M-15A of the variation 
versus time of: a) temperature of fluid 
produced, b) Na/K index, and c) flashed 
steam production. The temperature of the 
fluid produced (Fig. 2.a) decreased sharp 
ly at the beginning and then took a more 
gradual descense, until reaching an al- 
most constant temperature flow in 1976. 
It is important to notice in this figure 
the difference between the measured bottom 
-hole temperature before the start of pro- 
duction (point (l), 308 "C) and the tempe- 
rature after two years (point (2), 258OC). 
The sharp reduction on temperature is re- 
flected in a sudden rise of the Na/K in- 
dex (Fig. 2.b) in the third - of 1974 
and after a peak in mind 1975, it decrea- 
ses slowly. With regard to steam produc- 
tion, the well produced 92 ton/hr in Au- 
gust, 1974, and went down to 60 ton/hr in 
three months (Fig. 2.~1, finally stabili- 
zed flow was reached after two and a half 
years of production, and is about 44 per- 
cent of the hitial steam flow of the 
well. 

Table 1 shows data of the variation of 
the Na/K index and wellhead flowing pre- 
ssure versus time for well M-15A. Also 
shown is data of the orifice used for the 

Due to the previously men_ 

well. 
ing the Na/K index had a value of 7 units, 
in accordance with temperature data mea- 
sured before the start of production for 
the deepest layer. After 20 days of pro- 
duction the index is 9.4 units. This is 
explained as been caused by migration of 
relatively warm water of average tempera- 
ture of 214 *C coming from the upper la- 
yer of well M-15. 

Fig. 3 presents a visualization of the 
situation at well M-15 and M-15A. Since . 
the blocking of well M-15 was not caused 
intentionally, it is possible that some 
fluid move away from the upper relatively 
warm layer to the hot deeper layer at 
well M-15. Furthermore, this fluid of 
average temperature of 214 OC could flow 
through the deeper layer toward well M- 
15A just 27 m apart, and affect the tem- 
perature o f  the fluids produced. 

Fig. 4 presents a more detailed visualiza- 
tion of the situation between these wells. 
The Na/K index for the temperature of 
277 OC at well M-15A is of 7 units, and 
combined with the Na/K index of 12u for 
the relatively warm fluids coming from 
M-15, gives an average Na/K index for the 
fluid produced of 9.5 units. This is an 
arithmetic average of the indices of the 
two fluids. The downward flow in well 
M-15 can be caused among other things by 
difference in pressure between the la- 
yers or the higher density of the relati- 
vely warm fluids of the upper layer with 
respect to the lawer density of the hot 
fluid of the deeper layer. 

It can be observed that at beginn- 

Table 2 shows the variation of the steam 
rate and the water-steam ratio versus ti- 
me. It is observed that at the beginning 
(Fig. 2.c) the high steam rate had a wa- 
ter ratio of 2.7, but it increased, with 
some oscillations, with time. This situa- 
tion has been already discussed to be a 
possible consequence of the mixing of re- 
latively warm water with hot water. Ano- 
ther explanation for the decrease in the 
steam rate could be the presence of sca- 
ling detected at well M-15A by mechanical 
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measurements. Fig. 5 illustrates the 
completion details at WellM-15A. Casings 
of 11.3/4" and 7.5/8" have been cemented. 
This last casing has a slotted portion at 
the bottom, and besides the scale problem 
there seems to be others, like sand slough_ 
ingor casing collapse shown in this figu- 
re. The scale deposition may be explained 
by the mixing of different composition 
warm water with hot water. This scale 
appears to be even covering part of the 
bottom of the open casing. 

fluid migration between the layers is ob- 
tained from well M-39 (Fig. 1) located 
about 200 m from well M-15A. Fig. 6 shows 
a visualfzation of the intercction between 
these wells. In Fig. 6.a 'well M-39 is 
shut-in and M-15A is flowing with a steam 
rate of 40 ton/hr. In April 1976 (Fig.6. 
b) well 14-39 starts production, while M-15 
is producing 41 ton/hr. This causes that 
not all of the low enthalpy fluid go to 
well M-15. This is shown in Fig. 6.c, whe 
re steam production at M-15A has increased 
up to 51 ton/hr. >In Fig. 6.d production 
at well M-39 has decreased, causing that 
more low enthalpy fluid flow toward well 
M-15A, decreasing the steam production to 
its previous level of 41 ton/hr. 

With regard t well M-21, it was drilled 
to a depth of 1505 m, cementing casing up 
to a depth of 1080 m. As previously dis- 
cussed for well M-15, well M-21 also de- 
veloped problems during drilling and com- 
pletion, like sand sloughing and tubing 
collapse.4f10- After unsuccessful1 repair 
jobs, the well was plugged up to about 
1000 m, remaining open in the lower part 
comunicating with the liner. After the 
lost of well M-21, its was decided to 
drill replacement well M-21A, located at 
only 21 m apart; This well was,drilled 
to a depth of 1300 m, and has been a good 
producing well. Again, due to the close- 
ness of the two wells, to the actual abaF 
donment situation, and to the layer cha- 
racteristics of Cerro Prieto, it is expe: 
ted that some interference and communica- 
tion would occur between the wells M-21, 

t support the exist 

and M-21A. 
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Fig. 3 shows data for well M-21A of the 
variation versus time of: alwater-steam ra_ 
tion, b) steam production , and c)Na/Kindex. 
The water-steam ratio (Fig. 7. a) increased 
with time. At short times, it has a value 
less than one, an uncommon value for a Ce- 
rro Prieto well. A plausible explanation 
is that steam from the deeper layer (Fig. 
8) migrates through well M-21 which is not 
completely blocked up, and then through 
the upper layer toward well M-21A. Fig. 
7.b shows the flashed steam'production ver - 

s seen, it decrease with time, 
proximately stabilized condi- 

tions at the end of 1976. Fig. 7.c shows 
the variatipn of the Na/K 'index, which ran_ 
ges from 6 t6 7 units. 

Fig. 8 s- a detailed visualization of the si- 
tuation at well M-21, can be used to ex- 
plain the value of the index for the fluid 
produced. The fluid of the deeper layer at well 
M-21 have a Na/K index of 5 units, while the fluid 
at M-21A had originally a Na/K index of 7 
units, which approximately averaged gives 
an index of 6.5 units, which is the index 
of the produced fluids. Thus, fluid mi- 
gration between the layers could again explain 
the Na/K index behavior. Also the early 
high rate of high enthalpy steam can be eq?lained 
by the migration of steam coming from the 
the d e e p  layer through the liner of M-21. For 
later times, the decrease in the steam ra- 
te and the increased in the water-steam ratio 
can possibly be explained by scale deposi- 

eryoir caused by flashing. 

The main pupose of thi hasbeentoshow 
a field -le of the fluid migratian be-, 
the layers of Cerro Prieto Geothermal Field. 
From the results of this 
amclusicpls have been drawn: 

1. Fluid migration exists be- the 
the reservoir. For well M-15, this is 
indicated by measurements of the Na/K 
index, enthalpy and flow rate, which change 
due to migration f m  the upper warm water 

lower hot water layer. 
ex can be used to analyze 

the structural propertiesof the reser- 



voir and fluid migration characteris- 
tics. This information can be useful 
for reinjection purposes. 

replacement wells are affected by the 
original wells due to fluid migration. 

4. Well spacing of 200 m show interferen- 
ce effects. 

5. For well M-21, fluid migration is from 
the hot lower layer to the warm upper 
layer. This flow consists mainly of 
steam. 

6. There are at least two producing la- 

3. Field measurements indicate that the 

yers with different physical and che- 
mical characteristics. 
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DEPTH CONSTRAINTS ON THERMAL STORAGE WELLS 

G. 0. Morrell and R. E. Collins 
The University of Houston, Houston, TX 77004 

r, 

INTRODUCTION 

At the recent (10-12 May 1978) DOE Workshop on 
Thermal Energy Storage in Aquifers, held at Lawrence 
Berkeley Laboratory, Berkeley, California, downhole 
pumps were suggested as providing satisfactory produc- 
tion capacity for aquifer thermal storage wells. This 
problem of assuring adequate production capacity for 
aquifer thermal storage wells is intimately related to the 
problem of water flashing to steam and associated scale 
formation within the well production tubing and in the 
aquifer. This note addresses these related problems and 
defines depth constraints on aquifer storage wells to 
assure successful pumping operations. 

WELL BORE PRESSURES DURING PRODUCTION 
CYCLE 

Assuming that the aquifer being used for thermal 
storage functions as a laterally unbounded aquifer the 
pressure distribution within the aquifer will be 
essentially uniform at the original hydrostatic pressure 
after a brief shut-in period upon termination of an 
injection cycle. During the production cycle at volu- 
metric rate, q, the pressure distribution within the 
aquifer will be as shown schematically in Figure 1. 

0 c '0 
R 

FIGURE I .  PRESSURE AS A FUNCTION OF 
DISTANCE FRON THE WELL AFTER CONSTANT 
PRODUCTION FOR A PERIOD OF TINE. 

Here Po is original aquifer pressure, rw is the 
well bore radius and rD is the radius defining a 
"damaged" zone of lower permeability about the well. 
The temporal history of this pressure distribution will be 
determined as the solution of the differential equation 1 

provided that the water remains liquid. 

The solution of Eq. (1) can be approximated', for 
the permeability distribution of Figure 2, to yield the 
temporal evolution of the pressure at the well bore as 

FIGURE 2. SCHEMATIC DIAGRAM OF 
AQUIFER NEAR THE WELL SHOWING 
THE DAMAGED REGION. 

Here k is the permeability of the aquifer, kD the 
permeability of the damaged zone, h is aquifer 
thickness, lJ the water viscosity, $ the porosity, c the 
effective compressibility and t the elapsed time. Van 
Everdingen calls 2 

(3) rD S =  In- 5 rw 
the "Skin Factor" of the well. 

2 For values of 4pcrD/4M less than 0.5, Equation (2) 
is well approximated by 

where Y = .577216 is Eulers constant. 

In order to prevent water flashing to steam, the 
pressure at the well must be greater than the vapor 
.pressure of water at  the  storage temperature', T, hence 
the inequality 

(5) 'w 2 'boiling (T) 

must be satisfied. 

In normally pressured aquifers the original ambient 
pressure, Po is the sum of the atmospheric pressure. and 
the weight of a vertical column of water of length equal 
to the depth of the' formation, d; thus the original 
pressure is 

P = P  gd+Patm (6) 

where p0 

formation, g is the acceleration of gravity, and P 
atmospheric pressure. 

0 0  

is the original density of water in the 

is a t m  
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From Equations 4, 5, and 6 it is found that in order 
to maintain the liquid phase within the well bore at the 
aquifer the depth of the formation must satisfy 

Hence the minimum depth depends upon two main 
factors: The storage temperature fixes the first term in 
Eq. 7, while formation properties, water properties and 
production variables enter into the second term. 

Using the density of pure water for p o  and 
converting to field units (pressure in psi, flow rate in 
gal/min, viscosity in centipoise, permeability in milli- 
darcies, lengths in feet, compressibility in psi-' and 
time in hours) Eq. 7 becomes 

(8) 

k t  + 5584.1 8 (2s + 1n(.0010547 -) - Y) 
QpcrD 

The viscosity is temperature dependent according 4 to 

(9) p = 241.4 x 10 

which is valid for liquid water along the steam-water 
boundary of the phase diagram from O°C to 30OoC. 
Using this in Eq. (8) the curves of Figures 3, 4 and 5 were 
computed. These curves show the minimum depths 
required at different storage temperatures to prevent 
steam formation within the well bore, at the aquifer 
face, for flow rates of 500,1000, and 2000 gal/min. with 
values of other parameters as given in Table I. 

TABLE I. 

[247.8/(T + 133.1511 

k = permeability = 100 to 600 md 
h = aquifer thickness = 230 feet 
S = Skin factor = 2.5 to 25 
t = time of production = 16 hours 
4 = porosity = .2 
c = compressibility of water = 5.00 x 10-6psi-1 
'D = rad& of damige = 1 foot 

The time of production used was  16 hou 

. 

der to 
eval operation, as 

5 of solar energy . 
The curve for zero flow rate (the uppermost solid line) 
reflects the increase in the vapor pressure of water with 
increasing temperature. Also shown @ these figures are 
power requirements for pumping water to the surface. 

A first order estimate of _the power required for 
the downhole pump at a giyen depth and storage 
temperature was  made by requiring that the pressure at 
the wellhead be greater than the 
wat 
(10) (T 

/ 

Since the pressure at the top is given by 
(11) PTop = Pw + A Ppump - P gd - APfric > Pbiling (TI 

is the pressure increase across the pump, Pump b, where AP 

Pgd is the static head of the liquid column and APfrie, is 
. the pressure drop due to flow in the production tubing, 

and we require 

(12) 'w > 'boiling 
then we have the requirement for the pump 

(TI 

(13) ALPpump 'Pgd + A'pfric 

The power is given by 
(14) Power = APpump*q> pgdq + q*APfric. 

The dotted lines of Figures 3, 4, and 5 show the depth 
above which a pump pf  the designated power could be 
used at the given flow rate if APfric is negligible 
compared to the static head pgd. 'The increase in depth 
with temperature exhibited by these curves is due to the 
decrease in the density of water with increasing 
temperature. 
The dotted lines of Figures 3, 4, and 5 show the depth 
above which a pump of the designated power could be 
used at the given flow rate if APfric is negligible 
compared to the static heat pgd. The power needed to 
lift against the static head is given by the power 
requirements of Curve 1 (q=O) for each figure. The 
increase in depth with temperature exhibited by these 
curves is due to the decrease in the density of water with 
increasing temperature. 

The power requirements for injection into the 
aquifer can be found by the same methods as used above. 
However, to a good approximation, the injection pumping 
power for an eight hour storage period and an injection 
flow rate of twice the withdrawal rate is given by the 
difference in power requirements of Curve 1 and the 
curve with the desired values of the skin factor and 
permeability. The correct figure to use in this procedure 
is the one with the flow rate equal to the injection rate. 

4000L 

..... ... .... .., 7oooC...: ..... ..... ..... 
a i o o t  ....... 

.... ..... -nn- 

..... ... .... .... ..500 kw 
..... ..__ ... ... .... 

l""" ...... 7. W ku "'l 925 ku ... 
I '.. 1 .... 

1 3 
io0 ISO POO 250 aoo 350 

T (*E) 

FIQURE a .  MINIMUM OECTH REWIRED TO 
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AOUIFER HOT WATER STORAGE WELL AT 
VARIOUS STORAQE TLMPERATURES AN0 A FLOW 
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FIGURE 4. MlNlMUY DEPTH REQUIRED TO 
PREVENT STEAM FORMATION IN A PUMPED 
AQUIFER HOT WATER STORAGE WELL AT 
VARIOUS STORAOE TEMPERATURES AND A FLOW 
RATE OF 1000 Q A L I M I N .  ALSO SHOWN 
(DOTTED CURVES) IS MAXIYUM DEPTH, AS A 
FUNCTION OF TEMPERATURE, FROM WHICH A 
PUMP.OF THE INDICATED POWER. CAN L I F T  
THE WATER. 
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FIGURE 1. YINIMUM DEPTH REOUIRED T O  
PREVENT STEAM FORMATION IN A PUMPED 
AQUIFER HOT WATER STORAGE WELL AT 
VARIOUS STORAGE TEMPERATURES AND A FLOW 
RATE OF 2000 OIL/  MIN.  ALSO SHOWN 
(DOTTED CURVES) IS MAXIYUY DEPTH. AS A 
FUNCTION OF TEMPERATURE, f R O Y  WHICH A 
PUYP. O f  THE INDICATED POWER. CAN L I F T  
THE W A T E R .  
CURVE I. q= 0 OALIYlN 4. S*m. k. 60Oad 
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DISCUSSION 

The mwt striking feature of these three figures is 
that for equal changes in k, S, and q, the additional depth 
required at low temperatures is greater than at high 
temperatures. Hence for some conditions a high temp 
erature storage system could be operated at less total 
depth than could a low temperature system. This can be 
understood from the forms of Equations (8) and (9). 

According to Equation (9) the viscosity decreases 
by a factor of about 3.5 as the temperature increases 

' from 100' C to 350' C. Thus increased-storage temper- 
ature reduces the viscosity and therefore reduces the 
pressure drop required for pumping. This viscosity effect 
on the pressure drop in the aquifer tends to counteract 
the effect of the increase in vapor pressure with 
temperature thus enhancing the viability of high temper- 
ature storage as compared to low temperature storage. 

The exact cons n depth for an aquifer 
storage system depends upon the specific parameters of 
the well-aquifer system. Once a storage temperature 
and maximum flow rate have been selected the most 
important variables are the permeability and thickness of 
the formation and the value of the skin factor, S. The 
value of S will in general depend upon drilling and 
completion techniques used to install the well. 

It is important to note that the permeability was 
not varied with depth in these calculations but was 
varied over a range of 100 to 
permeabilities generally exist at 
However the trends exhibited in these figures still hold 
true. It should also be noted that these curves were 
computed for a fixed aquifer thickness of 230 ft. 
Aquifers used for hot water storage should have as large 
a permeability-thickness product as possible in order to 
minimize the depth required. 

The skin factor S is of course dependent upon a 
particular well and aquifer. From Eq. (3) it is seen that 
the value of S is determined primarily by the reduced 
value of the permeability near the wellbore. Water 
flashing to steam in the damaged region will result in the 
deposition of dissolved materials which are soluble in the 
hot water but relatively insoluble in steam. This can 
result in a further reduction in permeability, and 
increased skin factor, and hence an increased occurrence 
of flashing. 

For example at 300'C and 1246 psi, silica, the 
principal constituent of sandstone, has a solubility of 
0.068 weight per cent. If the flow rate is 1000 gal/min. 
and al l  the water flashes to steam then silica is being 
deposited at a rate of 2.6 x 10 f t  /min. For continuous 
flashing and deposition at this rate, the total pore space 
would be filled up in a few days of production. Of course 
effects of mineral deposition would become noticeable 
much earlier as the permeability in the damaged region 
would decrease, hence the Skin Factor would increase 
and the flow rate would drop. 

2 3  

Power requirements of the downhole pump depend 
upon the depth, flow rate and storage temperature. For 
example at .3OO0C and a flow rate of 2000 gpm using 
typical aquifer properties the minimum depth required is 
5000 ft. and the pumping power is more than 25% of the 
net electric power which can be generated from the  
retrieved hot water. An aquifer with zero skin factor 
and very large permeability would still have to be at 
least 2800 ft. deep and the pump would need 6 b O U t  9% 
of the available power. 
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A t  lower temperatures the minimum depth and 
power required are reduced but the dependence upon the 
variables is much stronger. A t  150' C and a flow rate of 
500 gpm the minimum depth ranges from a few hundred 

feet to a few thousand feet depending upon the aquifer 
properties. Power requirements could be very s m  
as much as 15% or more. 

In summary then, aquifer storage at high temper- 
atures requires the use of downhole pumps with large 
power requirements. Therefore it appears that aquifer 
storage will not be competitive for heat storage for 
subsequent electric power generation. 
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L RESPONSE OF PRESSURE CHANGES IN A 
FLUID FILLED CAPILLARY TUBE 

C.W. Miller and J. Haney 

Lawrence Berkeley Laboratory 
Earth Sciences Division 

Berkeley, California 94720 

Abstract 

An analysis was done on the transmission of a 

The effects of viscosity ( p ) ,  compressibil- 
pressure change through a fluid filled capillary 
tube. 
ity (ct), and temperature changes with time 
(aT/at) on the signal propagation were investiga- 
ted. For small disturbances (less than 1% of the 
bulk modulus), the propagation of the pressure 
signal, P, was characterized by a diffusion like 
equation , 

ap R~ a2p s aT 
at a~~ x2 c at 
-=--.--- 

t 

where R is the tubing radius and B is the volu- 
metric expansitivity. For large disturbances, 
compressibility effects are more important and a 
wavelike equation with damping results. An experi- 
ment was run to test the numerical model and excel- 
lent agreemefit was found. Recommendations were 
made as to the best operation of the tool. 

Introduction 

Well testing is an established method of 
assessing reservoir properties. However, accurate 
pressure measurements are essential. Due to the 
harsh environment of a geothermal well (high tem- 
perature and high content of dissolved solids and 
gases), most existing damhole pressure measure- 
ment devices cannot be used. 
flow in the wellbore, down-hole pressure changes 
can be obtained from wellhead measurements by 
taking into account gravity effects and frictional 
losses. For two-phase flow in the wellbore, the 
modeling of the flow is not yet sufficiently 
accurate to obtain downhole pressures from well- 
head data. One device that can measure and record 
pressure at high temperatures (700'F) is the Kuster 
pressure tool -1 However , the tool has several limi- 
tations: the accuracy and resolution is less than 
desired; damhole pressure cannot be monitored at 
the surface; and it does not have the capability 
to record pressure for longer than 12 hours. The 
tool is also subject to mechanical problems. 

For single phase 

A method of continuously monitoring do-Thole 
pressures in geothermal wells was proposed by 
Fournier2. Thih method utilizes a fluid filled 
capillary tube downhole with a pressure gage at 
the surface. 
or a liquid which does not undergo a phase change 
at the temperatures and pressures of the system 
and is usually less dense than water. The stain- 
less steel tubing presently used by LBL in 

The fluid used can be either a gas 

geothermal well tests is approximately 8,000 ft. 
in length with an O.D. of 0.094 in. and an I.D. of 
0.054 in. Tubing with an I.D. of 0.026 in. has 
also been used. 
ger chamber downhole. The large chamber minimizes 
changes in the brinelfluid interface level, provi- 
ded this interface remains in the chamber. The 
chamber, used at LBL, is 10 ft. long. Changes in 
downhole pressure are transmitted through the 
fluid to the pressure transducer located at the 
surface and are recorded with the Sperry Sun or 
Hewlett Packard System. It is important to 
specify, however, that care be taken in using the 
data obtained. Changes in downhole pressure are 
not sensed simultaneously at wellhead because of 
the compressibility andlor viscosity of the fluid. 
High frequency signals are attenuated more and 
have a greater phase lag than lower frequencies. 
Because transient pressure signals are just a sum 
of different frequencies, a signal waveform gener- 
ated at one end of a capillary tube will arrive as 
a different waveform at the other end. The amount 
of distortion depends on the signal shape itself. 
Any temperature changes in time along the tube 
create additional pressure signals which further 
distort the downhole signal. These effects must 
be corrected to obtain the desired, accurate 
pressure measurements. 

The tubing is attached to a lar- 

This problem has been considered previously 
because there are many applications in which a 
fluid is used to transmit pressure signals, e.g., 
fluidic amplifiers. One of the first delineating 
papers on the subject was given by A.S.  Iberal13, 
who considered the attenuation of oscillating 
pressures in instrument lines. A number of other 
researchers (Brown4 , Kantola5 , &rem6, and 
Schuder') have considered this problem of the 
response of a general pressure transient signal. 
Unfortunately, they have dealt with small distur- 
bances, and they have not included outside tempera- 
ture effects. (A small disturbance has been de- 
fined as a pressure step change of lessthan l% of 
the bulk modulus.) When oil is the fluid, pres- 
sure changes as large as 2,000 psi still qualify 
as a smalljdisturbance. On the other hand, when 
gas is used, the pressure change must be less than 
(.01)P when P is the pressure in the tube. For 
a pressure level of 2,000 psi, a pressure'change 
of only 20 psi would qualify as a small distur- 
bance. 

This paper gives the equations and solution 
procedures for both small and large disturbances. 
The problem is solved numerically, although an 
analytic solution can be obtained in some cases. 

LJ 

112 



These will be presented in a future report. 
the small disturbance case, a diffusion-like equa- 
tion results. For the large disturbance, the 
equation is similar to a wave equation with damp- 
ing. .In both of these cases, the environmental 
temperature changes, which occur in the geothermal 
well, have been included in the solution. 

For 

LBL, this paper will look at the effect of th 
capillary cubing on the downhole pressure signals. 
It will consider the effects of tubing size, type 
of fluid (nitrogen versu 
temperature effects. 

Defining Equations 

eral, to determine the fluid response 
in the tube, the Navier-Stokes equations of momen- 
tum, mass, and energy must be solved. Because the 
capillary tubing is so small, the fluid at any . 
point inside theAtube will be assumed to be at 
the same temperature as the water or wateristeam 
mixture surrounding the'tube in the well. Tempera- 
ture changes are controlled then by the geothermal. 
fluid, Given the changes in time of the tempera- 
ture profile along the well, only the equations 
of mass and momentum need be solved. 

. One-dimensional, transient flow along the x- ' 

axis is assumed. The continuity equation is 

The momentum equation is 

Because the tube diameter is 80 small, the radial 
gradient term will be larger than the axial term 
in most cases. Then the viscous term can be ap- 
proximated as a friction factor times an average 
velocity squared: . .  

2 1 a r au 1 f p u  ldrz S I  ' T T  

developed profile. 
developed profile results for a given pressure 
gradient if vt/R2 > 0.5.6 
v = 5 x 
when t > sec. Because time changes of inter- 
est are greater than sec, a fully developed 
profile is assumed at all times for both the 
laminar and turbulent cases. The momentum equa- 
tion now is 

For the laminar case, a fully 

For R * 7 x 
m2/sec (gas); this condition is true 

is the Reynolds number. (Re = 
uD/V). For the turbulent case (Re,> 1.760). an 
equation for f as a function of Re for a smooth 
tube -was determin 

b, 
- I  

f = 0.18 (1,760 < Re < lo7). 

Also, since it is only changes in pressure that 
are of interest, the static gravity balance is 
subtracted out. The pressure is written as po + 
P' and the density as po + p '  where dpo/dx = -peg. 

The downhole chamber The tubing length is L. 
is at x = 0, and the pressure gage is at x = L. 
The initial condition is that the fluid is quies- 
cent, u(x, t=O)=O, and only a static gravity pro- 
file exits in the tube, p0b) = -6" pogdx + p,. 
The boundary conditions are 

u (L, t > 0) = 0 

or is specified, 

P (L, t > 0) I 
T (x, t & 0) is known from the 

fluid in che well. 

Small Disturbance 

A small disturbance will mean that the flow 

This is true, 
is laminar and that convection effects'in the mo- 
mentum equation can be neglected. 
as stated, for a disturbance that is less than 
1% of the bulk modulus. For a gas to satisfy 
these conditions, AP < .OlP. However, for a 
liquid, a AP of the order of 1,000 psi can usually 
be described as a small disturbance because the 
changes in density are so small. The momentum and 
continuity equations can be simplified further so 
a diffusion-like equation results. 

For a small disturbance, u will be small as 
well as AP. The continuity equation reduces to 

(4) 

if second order terms (uapfax in this equation) 
are neglected. 

The derivative of the momentum equation is . 
taken with respect to x and au/ax is replaced by 
Eq. 4 .  

(5) - a au a2pi au au ax [p--],p - - - g 9- - -- 
2 ax R2 ax a ax 

The left hand side is 2nd order and is neglected. 
Then 

An equation of state is used to relate density to 
pressure and temperature: 

(6) - 1 dp $dT + ctdP 
P 
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where B is  -volumetric expanstivity and c t  is  the  
isothermal compressibility. (The temperature 
changes must be known.) 

o r  

The f i r s t  term is the  diffusion of a pressure 
pulse down a tube with a diffusion coe f f i c i en t  
of R2/8vct. 
pulse generated by any temperature changes i n  
t i m e .  The las t  t e r m  is  due t o  changes i n  the 
balance of gravi ty  e f f e c t s  i n  t h e  tube and f o r  
o i l  i n  t he  tube, i t  is  q u i t e  small. The solut ion 
t o  the  equation subject  t o  the  s t a t ed  boundary 
conditions i s  s t r a i g h t  forward when the  pressure 
is  given downhole. The solut ion is  not so simple 
i f  t h e  pressure a t  wellhead i s  given and one must 
determine the  downhole signal.  Nevertheless, t o  
make a comparison of t h e  e f f e c t s  of d i f f e ren t  
f l u ids ,  tubing s i zes ,  and temperature changes, 
the downhole pressure w a s  assumed and the  r e su l t -  
ing pressure s igna l  a r r iv ing  a t  the  second end 
w a s  calculated.  Equation 7 w a s  used t o  simulate 
the  o i l  i n  the tubing. 

The second term gives the  pressure 

Large Disturbance 

For a gas f i l l e d  l i n e ,  most t r ans i en t  respon- 
ses w i l l  be l a rge r  than 1% of the  bulk modulus. 
(For an i d e a l  gas, t h e  bulk modulus i s  equal t o  
the pressure.) Compressibility e f f e c t s  need to  
be included as w e l l  as damping e f f ec t s .  
f i ca t ions  used above fo r  small disturbances 
cannot be made. The equations t o  be solved are 
the  continuity,  momentum and equation of state 
(Eqs. 1, 2, 6) .  A numerical solut ion w a s  used 
throughout. 

Simpli- 

To solve t h e  th ree  equations numerically, 
the equations w e r e  combined t o  provide a so lu t ion  
f o r  t he  new pressure. From t h i s  pressure,  the 
new density was determined, and then the f l u i d  
veloci ty .  The equations were combined by taking 
the  a/ax of t he  momentum equation (Eq. 2) and by 
subsi tut ing - a p / a t  f o r  a(pu)/ax from the con- 
t i n u i t y  equation: 

(8) 

For laminar flow, the  last term i s  rewri t ten as 

using f = 64/R@. 
t h e  last term reduces t o  

Similarly,  f o r  turbulent flow, 

when f i s  approximated by 0.18 To relate 
changes i n  density t o  pressure changes, the equa- 
t i o n  of state is used. 

This set of equations (1, 6, 8) was  solved 
using a f i n i t e  difference approximation. 
pressure terms w e r e  evaluated i n  a implicit manner 
t o  avoid t i m e  s t e p  l imitat ions.  To el iqdnate  sta- 
b i l i t y  problems, the f r i c t i o n  e f f e c t  w a s  a l s o  eval- 
uated implicity.  Because of the l a rge  d i s s ipa t ing  
e f f e c t  of t he  tube w a l l s ,  shock waves (discontinui- 
ties) w i l l  not form. However, s ince  increases i n  
pressure are d i r e c t l y  r e l a t ed  t o  increases i n  
diss ipat ion,  these two e f f e c t s  must be considered 
i n  a similar manner. To f a c i l i t a t e  the program- 
ming, convection terms i n  the momentum equation 
were evaluated a t  old t i m e  s t eps ,  so  a t i m e  limi- 
t a t i o n  was  imposed here.  The pressure is deter- 
mined by Eq. 8. Then the  density is determined 
from the  known imposed temperature and the new 
pressure. The new veloci ty  is determined by Eq. 1 
where a(pu)/ax i s  evaluated impl i c i t l y .  

The 

The f i n i t e  differenced equation f o r  t he  
pressure f o r  a buildup is given below. The con- 
t i n u i t y  equation is s imi l a r ly  differenced. The 
pressure,  temperature and densi ty  are evaluated 
a t  node points  while the ve loc i ty  is  determined 
a t  half  node points.  
t he  pressure is 

The r e su l t i ng  equation for 

[1+2r+slPi t+1 - rCPi+l t+l + t+l = 

pi+1-pi-1 9 [Pi+l-Pi-llt - [ 3 - 
[ l+s]  [Ty - ,e l  2- 

t i c  

2 where r = (At/Ax) ( l / p c i ) ,  and s = (8p/R2) (At/p), 
and where i denotes the s p a t i a l  posi t ion and 
denotes the t i m e  s tep.  An upwind difference scheme 
has been used f o r  the convection terms. 

Both the  small and the l a r g e  pressure dis- 
turbances can be handled. F i r s t ,  the solut ions 
w i l l  be  compared t o  experiments, and then a con- 
s ide ra t ion  of t he  e f f e c t  of d i f f e r e n t  tubing and 
d i f f e r e n t  f l u i d s  w i l l  be  considered. 

Experiment 

To determine i f  the equations developed do 
describe the  f l u i d  transmission l i n e ,  an experi- 
ment w a s  run. The experiment w a s  done f o r  t h e  iso- 
thermal case. 
f ie ld-was f i l l e d  with nitrogen f o r  one test, and 
with 10 cent is toke s i l i c o n e  o i l  f o r  t he  second 
test. The tubing was 8,000 f t .  i n  length with an 
inner diameter of 0.054 in .  The pressure w a s  re- 
corded a t  both ends, one with a H e w l e t t  Packard 
gage, and the  second with a Sperry Sun gage. 

The cap i l l a ry  tubing used i n  the 
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Pressure gage 
zt  wellhead 

- I.D. 0.054' 

(b) pressure response 

psio if numerical solution 

XlL7010-2099 

The tubing was  f i l l e d  with e i t h e r  nitrogen o r  o i l  
and allowed t o  equ i l ib ra t e  a t  some i n i t i a l  pres- 
sure.  The pressure a t  one end w a s  then increased 
by Bp an& held cons'tanti The pressure w a s  recor- 

(3) p i  = 1520 ps i a  with Ap = 103 ps i .  The l a r g e  
disturbance equation w a s  used t o  match t h e  data.  
Again, the agreement is  excel lent .  To i l l u s t r a t e  
t h a t  t he  small disturbance cannot be used, the cal- 
culat ion was done f o r  case (1) using Eq. 7. Curve 
(c) i n  t h i s  f i gu re  is  t h i s  calculation. It does 
not  match the experiment a t  a l l .  The calculated 

b., 

ketch of t he  
o r  t he  experi- response is too f a s t ,  I n  deriving Eq. 7 ,  some 
ced with t h e  compressibil i ty e f f e c t s  were neglected. These 
a r i son  between nd a valve. e f f e c t s  are important with the gas f i l l e d  tubing 

and so the  f u l l  se t  of equations (1, 2, 6) must be 
used . 

, 

I 

i 
! 

1 

i 

i 

Time (minuted 
t the  beginning of t 

ment, and t h i s  bubble w a s  t h e  cause of t h  
pressure response. On t h e  whole, t he  small d i s -  
turbance equation gave an excel lent  match with 
the experiment, and t h i s  equation w i l l  be used 
t o  model t h e  o i l  f i l l e d  tubing. 

XBL7810-2097 

onse of o i l  f i l l e d  tube t o  s t e p  
change i n  pressure a t  low pressures;  

calculat ions are shown. 
1 both experimental measurements and 

Figure 4 shows t h e  experiment and t h e  calcu- 
Again, t he  

The 
l a t i o n s  fo r  t he  nitrogen f i l l e d  tube. 
experiment was run f o r  constant temperature. 
cases considered were (1) p i  = 587 psia  with Ap 
454 ps i ;  (2) p i  = 1520 ps i a  with Ap 5 820 ps i ;  and 

i 
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i IaI imposed pressure c h a w  
(b) pressure Tesponse 

T i m e  (minutes) 

XBL 7am- 10.. 

Figure 4. Response of nitrogen f i l l e d  tube t o  
s t e p  change i n  pressure; both experi- 
mental measurements and calculat ions 
are shown. 

The experiment has shown t h a t  t he  small dis-  
turbance method is accurate  f o r  t he  o i l  f i l l e d  
tubing. However, fo r  a nitrogen f i l l e d  tube, t he  
f u l l  set of equations need t o  be solved. 
equations w i l l  be used t o  look a t  the  e f f e c t  of 
t he  tubing on typ ica l  downhole pressure s ignals .  

The 

Isothermal Pressure Signal Response 

For the  isothermal case, the  e f f e c t  of t he  
tubing with the d i f f e ren t  f l u i d s  on a typ ica l  
drawdown curve wil l  be considered. 
a simulated downhole pressure change g e y ~ a t e d  by 
the  equation p = 1980-180(1-e-t ) + 

Figure 5 gives 

downhole 
15 In[  (t+10)/10] shown by-curve (a). The f i r s t  
term i n  the  equation is  the  i n i t i a l  pressure,  t he  
second term simulates a drop i n  pressure due t o  
wellbore s tarage,  and t h e  t h i r d  term approximates 
the s t r a i g h t  l ine  semilog p l o t  t h a t  r e s u l t s  a t  
la ter  times and i s  ind ica t ive  of the reservoir  
i t s e l f .  
drawdown curve. A very small wellbore s torage 
constant is being approximated, because i t  is  the  
sharp changes i n  pressure which are d i s to r t ed  t h e  
most by the pressure measuring system. 

This i s  the  typ ica l  shape o f  t he  pressure 

2 000 I I I I I I I 

( a )  actual downhole pressure response 

Wit tl id filled ca il larvtube 

I900 11, \ ( b I h 3 & * f ,  I O c ~ o l l  
0 : \  - (c) nitroqen 

(d) 70.f. IOCS oil 

1700 I I I I I I I I 
0 5 IO I5 20 25 30 35 40 

Figure 5. 

Time (minutes) 
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Comparison of t he  e f f e c t  of d i f f e ren t  
f l u i d s  i n  t h e  downhole pressure measur- 
ing instrument on the  measured pressure 
s ignal .  

The other  t h ree  curyes s h m  i n  the  €igure 
are what would be measured a t  wellhead with the  
cap i l l a ry  tubing (0.054 in .  tubing w a s  used f o r  
t h i s  simulation).  Curve (b) gives the  response 
f o r  10 cs s i l i c o n e  o i l  a t  356'F. The measured 
curve matches the actual downhole s igna l  a f t e r  
approximately 5 minutes. Curve (c) shows t h e  
response f o r  t he  nitrogen. This matches a f t e r  
about 10 minutes. Curve (d) shows the response 
a t  low temperatures with 10 cs s i l i c o n e  o i l .  
response is q u i t e  slow, taking a t  least  30 minutes 
f o r  t he  measured s igna l  t o  approach the  a c t u a l  
downhole s igna l .  The delay i n  response between 
curves (b) and (d) is  due t o  t h e  l a r g e  increase 
i n  the  v i scos i ty  of t he  o i l  when the  temperature 
of the o i l  is lowered. There is  an order of 
magnitude increase i n  the  v i scos i ty  of t h e  o i l  f o r  
a temperature change from 350'F t o  70'F. 
o i l  f i l l e d  tubing, t he  response is control led by 
the d i f f u s i b i l i t y ,  R2/8pct. As t h e  v i scos i ty  
increases,  t he  damping e f f e c t  i s  increased. From 
t h i s  comparison, one sees that the o i l  f i l l e d  
tubing should not be used a t  low temperatures un- 
less the  tubing radius  is  increased subs t an t i a l ly .  
The nitrogen is s t rongly dependent on pressure. 
I f  pressures much lower than 1,000 psia  are meas- 
ured, t he  nitrogen response w i l l  be much slower. 
Of course, these comparisons are made f o r  t he  iso- 
thermal case. Temperature e f f e c t s  w i l l  be con- 
s idered i n  the  next sect ion.  - 

bi 

The 

For the 

Since the measured pressure s igna l  is usually 
plot ted on a semilog p l o t  of p vs  log t i m e ,  the  
graphs i n  Figure 5 have been replot ted i n  t h i s  
manner and shown i n  Figure 6. The slow response 
of t he  tubing i s  q u i t e  evident here. A l l  three 
s ignals  eventually approach the  semilog s t r a i g h t  
l i ne .  However, some configurations do f a s t e r  
than others .  
incorrect  s t r a i g h t  l i n e .  This problem i s  espe- i t  

c i a l l y  evident from the low temperature o i l  
f i l l e d  tubing curve. As the  measured response 
approaches the  correct  semilog s t r a i g h t  l i n e ,  
t he  measured d i s to r t ed  s igna l  is  almost s t r a i g h t  
i t s e l f .  
a slope too s teep would be chosen. 
problem of two regions where t h e  measured s igna l  
appears t o  be a s t r a i g h t  l i n e  on t h e  semilog 
p lo t  i s  seen a l s o  with the  high temperature o i l  
curve. After 7 minutes, the measured curve 
approaches the  ac tua l  downhole pressure.  
t he  test  w a s  stopped a t  t h i s  point,  an incorrect  
s t r a i g h t  l i n e  might be chosen. 
thermal case, an estimate of when the measured 
s igna l  w i l l  have responded t o  a given pressure 
change-is when t > 10L2/4k, where k = R2/8ucr. 
For the low temperature o i l ,  t he  signal takes a t  
least 40 min. u n t i l  t he  downhole and measured 
s igna l  match; No add i t iona l  responses can be 
to l e ra t ed  during t h i s  t i m e .  

Because of t h i s  one might pick an 

I f  the test  is stopped a t  t h i s  point,  
This same 

Tf 

For the  iso- 
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ferent measuring syst 

With this measuring system, the very early 
time data of either pressure drawdown or buildup 
curves, is due to the measuring instrumentation 
and not due to the well itself. Figure 7 shows 
the signals obtained in the isothermal case with 
the oil filled tubing using two different early 
time drawdown curves. 
simulated drawdown curves, one with an early time 
drop of -180 (l-e't/5) and the second with a 
change of -180 (l-e-tl5O). 
calculated are given by 1' and 2' respectively. 
One might take the response curve 1' and try to 
analyze it like a wellbore storage effect. Actual- 
ly, the slope of the curve ie greater than 1 which 
should alert one to this error. 
seen is the storage effect of the measuring tube. 
The flow rate out of the bottom of the tubing is 
not constant, so the slope of this measuring 
instrument storage will not be on a 1 to 1, plot. 
The actual data is not as smooth as that plotted, 
and this problem might not be evident immediately. 
Also, the large difference between curves 1 and 2 
becomes much smaller with-1' and 2 ' .  This means 
that if one is trying to obtain the actual down- 
hole pressure from the measurements, any slight 
error in the data is magnified. 
might try to use curve 2 '  as the boundary condi- 
tion at the top of the tube, and then try to 
obtain the downhole signal from it. 
measured data will be scattered around curve 2'. 
If an experimental point were chosen doser to 
curve 1' than 2' because of the scatter in the 
data, the downhole signal obtained would be curve 
1 instead of 2. 
difference in the assumed storage const5nts 
between the two curves. This would be a signifi- 
cant error, when the error in the measurement was 
small. 

Curves 1 and 2 show the 

The pressure signals 

What is being 

For example, one 

Actual 

There is an order o f  magnitude 

I 1 I 1 

(I') signal from input (1) 
(2') rlgnol from input (2) 

-_  

- 
//' I 1 

,io' 
10 

HI lot loJ 

at (second 8 )  
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Figure 7. Comparison of the measured signal of 
different downhole pressures on a log- 
log plot. 

From the isothermal comparisons, one sees 
that the high temperature oil gave the best re- 
sponse. 
is not too bad. In either of these cases, the 
tubing response must not be interpreted as the 

However at these pre6sures, the nitrogen 

se of the well itself. 

s, the oil looked like. it 
n the nitrogen. ' This is 

altered when temperature effect6 are considered., 
Because the oil is almost incompressible, any in- 
creases in temperature are seen as large increases 
in pressure at-that point. The pressure signal 
generated is (B/ct)aT/at. Thts means that, even 
though the pressure is dropping at one end, the 
measured signal-may actually increase for awhile. 
This has been seen in field data (see Ref. 9). 
alleviate this problem, the well is flowed until 
the change in temperature with time is less than 
say 1 C over~l hour. 
changed. 
temperature changes still take place in the geo- 
thermal well because of changes in heat loss out 
of the well and because of changes in the flash 

1 alter the measured pressure 
8 shows this effect for the oil 
this graph, curve (8) is  the 
nd curve (b) is the,signal 
isothermal case. Curve (c) 
red signal when the temperature 

To 

Then, the flow rate is 
Even in these circumstances, shall 

at a point changes an average of 2.7PF over 10 
minutes, i.e., in 10 minutes-the temperatur 
at the top of the well changes 5.4'F and at 
the bottom, the temperature is constant in 
time. 
just proportioned over the length of the well. 
This is a typical temperature change for a 
flow rate change df 100 gal/min to 200 gal/ 
min. The actual temperature used was 

The 4T at other points in the well is 

, -  

The pressure response increases and then slowly 
decreases. 
the measured signal takes 10-20 minutes instead 
of 5 minutes to approach the desired signal. 

Still, for this relatively small AT, 



I I I 

(a) drawdown pressure 
(b) measured pressure signal - 

isothermal ( 3 5 6 O )  IO cs oil 
(c) measured pressure signal - 

with average A T = 2 P F  
IO cs o i l ,  Tb 9 3 5 6 O F  

- 

- 

190 - - n 

180 , I I I I I 

XBL7810-2100 

Figure 8. Temperature e f f e c t s  on the  measured 
s igna l  f o r  an  o i l  f i l l e d  tube. 

Figure 9 shows the  same p l o t  f o r  the nitrogen 
f i l l e d  tubing. 
l y  a t  ea r ly  t i m e  and then approaches the downhole 
s igna l  i n  about 15 minutes, For the very small AT 
chosen, t he  o i l  f i l l e d  tubing responds much slower. 
This is because of the  t e r m  B/ct. Although the oil 
f i l l e d  tubing can respond f a s t e r  f o r  a given pres- 
su re  change, t he  pressure a t  a point is  increased 
about 25 times more with the o i l  fo r  a given AT. 
The o i l  f i l l e d  tubing a t  these pressures then looks 
much worse f o r  small AT'S. Of course these calcu- 
l a t i o n s  are done assuming t h a t  the f l u i d  heats  up 
a t  the same ra t e .  
t o t a l  heat capacity of the f l u i d  i s  small compared 
with t h a t  of the f l u i d  i n  the w e l l ,  t h i s  assumption 
is  va l id .  Above ground temperature changes i n  the  
f l u i d  may not be a t  the  same rate fo r  both the  o i l  
and nitrogen. 
be controlled while t h a t  i n  the w e l l  cannot. 

The pressure increases very s l igh t -  

In  the w e l l  i t s e l f ,  where the  

S t i l l ,  t h i s  temperature e f f e c t  can 

(c) measured pressure signal 
with average AT= 2.7OF - 
NL, f , ~  356OF 

n 
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Figure 9. Temperature e f f e c t s  on the measured 
s igna l  fo r  a nitrogen f i l l e d  tube. 

Geometry Effects  

L? Because the  s m a l l  tubing diameter has such a 
l a rge  e f f e c t  on the  s igna l ,  t h e  pressure response 
w a s  analyzed f o r  d i f f e r e n t  s i zes .  Figure 10 shows 
the s igna l  f o r  o i l  f i l l e d  tubing and Figure 11 f o r  
the  nitrogen. Diameters of 0.026", 0.054" and 
0.108" w e r e  considered. 
was  run with the average AT = 2.7'F as t h i s  is  
typical  f o r  drawdown tests. One sees t h a t  t he  
smallest diameter tubing produces very l a rge  
d i s to r t ions  i n  both cases and should not be used. 
The l a rge r  diameter tubing produces good r e s u l t s  
f o r  both nitrogen and o i l  and should probably be 
used instead of the 0.054" tubing. However, t he  
l a rge r  the diameter of t h e  tubing, t he  greater the  
br ine/  f l u i d  pressure sensing in t e r f ace  w i l l  move 
f o r  a given pressure drop because more f l u i d  must 
exit the cap i l l a ry  tubing. 
moves, the pressure is  ac tua l ly  measured a t  d i f f e r -  
ent  points.  This i s  a g rea t e r  problem with n i t ro -  
gen than o i l  because of the l a rge r  densi ty  d i f f e r -  
ence. 
creased because of t h e  d i f f i c u l t y  i n  ge t t i ng  it 
downhole. 

The non-isothermal case 

When t h i s  i n t e r f ace  

The chamber diameter cannot r e a l l y  be in- 

(b) - (d)  measured pressure sign 
( O i l  os f l u i d ,  356'F,AT change 

DiAMETER OF TUBING 

TIME (WINUTES) 
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Figure 10. Effects  of diameter on the measured 
s igna l  f o r  an o i l  f i l l e d  tube. 
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Figure 11. Effects  of diameter on the measured 
s igna l  f o r  an nitrogen f i l l e d  tube. I 

i Conclusions 
I 

1 A method of ca l cu la t ing  the pressure response 
of a f l u i d  f i l l e d  cap i l l a ry  tube has been deter-  
mined fo r  both l a rge  and small pressure disturban- 
ces. For a small disturbance and f o r  constant 
temperature, t he  da t a  w i l l  be the  a c t u a l  downhole 
s igna l  when t > 10L2/4k f o r  a given pressure change. 
I f  t he re  is a temperature change o r  i f  the dis tur-  
bance is l a rge ,  another t i m e  estimate must be 
made. This has not been done yet .  

I (1) When the  f l u i d  f i l l e d  cap i l l a ry  i s  
used t o  measure downhole pressures,  
t he  s igna l  is  d i s to r t ed .  High fre-  
quencies are damped more than low 
frequencies. 

R 
Re  
t 
T 
X 
U 

B 
P 

p? P 

A s  t h e  response of the tubing has been deter-  
mined, t he  a c t u a l  downhole s igna l  can be obtained. 
However, the exact t i m e  of t he  flow rate change 
must be known; and f o r  t he  non-isothermal case, 
some idea of t h e  temperature change with t i m e  i s  
necessary. 
guess t h e  downhole pressure i n  a systematic way 
u n t i l  the  calculated pressure matches t h e  measured 
s ignal .  
bance equation is  being developed which would make 
the  inversion simpler. No method, though can 
correct  the s igna l  without t he  necessary informa- 
t i o n  on the temperature changes; and f o r  t h a t  
case, e a r l y  t i m e  data  cannot be used 

Given t h i s  information, one could 

An ana ly t i c  method f o r  t h e  small d i s tu r -  

omenclature 

D = cap i l l a ry  tubing diameter 
c t  = isothermal compressibil i ty of f l u i d  
f = f r i c t i o n  f ac to r  
g = gravi ty  
P i  = i n i t i a l  pressure 
Ap = pressure change 
p = pressure 

= s t a t i c  pressure X' = P-Po 
Pr = reservoir  pressure 
r = r a d i a l  d i r ec t ion  

= radius of cap i l l a ry  tubing 
= Reynolds number, puD/v 
= t i m e  
= temperature 
= a x i a l  d i r ec t ion  
= veloci ty  i n  a x i a l  d i r ec t ion  
= volumetric expansivity 
= densi ty  
= s t a t i c  densi ty  
= P-p, 
= kinematic viscosi ty  
= absolute  v i scos i ty  

V 

P 
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TWO AND THREE DIMENSIONAL FINITE-ELEMENT SIMULATION 
OF GEOTHERMAL EXPLORATION WITH REINJECTION 

u 
G. F. Plnder,* C. 1. Voss* 

Princeton University 

The impact of cool water reinjection wells on the energy 
output of a producing geothermal well can be effectively simulated 
using an iterative flnlte-element reqervoir mode 
system representatiofi requires a three dimenslo 
system can also be described approximately usin 
sional model. Comparison of the two resulting solutions provide 
insight into the limitations of the vertlcally Integrated model. 

Whi le a correct 
formulation, the 
areal two-dimen- 

-The geothermal reservoir simulator employs several unique 
formulation. Ah asymmetr ighting function is 

term to provide a" 

along with the total increment method to 
f non-linear algebraic equations. 

used In conJunction with the energy conve 
upstream-weighted effect. A block iterat infte-element scheme, 

solve the result1 

*Present address: Stanford University 
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THE EFFECT OF THERMAL DISPERSION 
ON INJECTION OF HOT WATW I N  AQUIFERS 

J.P. Sa.uty*, A.C.  GhingcuLten**, P . A .  Land&* 

ABSTRACT 

Two series of experiments on hot water injection, 
storage and recovery have been performed in France in 
1976 and 1977. Analysis of temperature profiles in the 
aquifer and temperature spot measurement in the cap- 
rock provided detailed'knowledge of the thermal behavior 
of the reservoir. The 1976 data'were used to calibrate 
a numerical model that was then able to accurately pre- 
dict the results of the second series of experiments 
performed in 1977. 

I 

The results give strong evidence of the existence of 
heat dispersion during injection and recovery operations 
with a resulting apparent thermal conductivity in the 
aquifer much higher than the one measured usually by 
conventionnal methods. 

This phenomena is important for predicting the 
efficiency of heat storage or low temperature geothermal . 
projects and cannot be neglected. 

I - 1NTRC)DUCTION 

The use of the classical heat conduction theory 
for analyzing heat transfer experiments in aquifers 
yields abnormally high thermal conductivity coeffi- 
cients when calories are transported by a fluid 
with a high enough velocity. 

In two experiments conducted in different loca- 
tions hot water was injected at constant rate into 
a well, then produced immediatly from the same well 
at a higher flow rate. Average conductivities equal 
to 4.5 and 2.4 cal/m/s/do were obtained (CLOUET, 
LEDOUX, 1975) : respectively 7.5 and 4 times the 
usual value ( A  = 0.6 cal/m/s/d") for a saturated 
sand and gravel formation. 

Similar analysis of a serie of 4 successive hot 
water storage experiments performed by B.R.G.M. in 
the year 1277 lead to a still higher apparent con- 
ductivity X of 12 cal/m/s/do (20 times the expected 
value). 

Characteristics of these various experiments are 
summarized in table I. 

* 
Bureau de Recherches G6ologiques et Minigres, 
Orleans, France 

formerly B.R.G.M. ; presently FLOPETROL, Melun 
France 

** 

Such anomalies are explained in this paper by 
taking into account a kinematic dispersion effect 
in addition to thermal conductivity. 

The numerous data accumulated during our expe- 
riments on the Bonnaud site allowed us to determine 
with precision a value of dispersivity from the 
calibrated apparent conductivity. It was found 
that this parameter was of the same order of magni- 
tude as the dispersivities measured in the same 
field by means of chemical tracers, thus strongly 
conforting this concept suggested for porous media 
by GREENS, 1963 and BEAR, 1972. The fact that 
BEAR concluded to the small importance of disper- 
sion relatively to thermal conduction appears to 
be due to the small dispersivity value measured 
in laboratory experiments while we are considering 
aquifer in situ behaviour where dispersivities 
are much higher (macrodispersivities). 
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ENSMP* 

a t  Neuilly 
1974 

BURGEAP** 10 15 

at Bonnaud 

(cal/m/s/d") 

8 4.5 7.5 

12 1.8 4 

I 
TABLE I - Characteristics of several exper of hot water storage 

- PROPOS W THEORY 

desorption reaction with mass t ransfer  : the 
d i f fe ren t  temperature, transfer of heat ace f ina l  r e su l t  i s  a delayed transfer which in- 
i n  many d i f fe ren t  ways i n  the aquifer and i n  the creases the time scale i n  the r a t io  of heat 
confining layers t capacities ( f luid capacity versus aquifer ca- 

pacity).  However, the conductivity inside the 
(A) i n  the aquifer, the average bulk movement of grains introduces a difference with respect 

the l iquid causes heat convection (forced to  chemical adsorption, but t h i s  e f fec t  can be 
convection induced by w e l l s  and/or advection included into the global conduction t e r m  inside 
by a regional flow of groundwater) 

(B) Differenciations i n  the movement of each water ID) Natural heat conduction can r e s u l t  from densi- 
ty  differences between w a r m  and cold water. We 
do not take #is factor into account as  w e  
consider shallow a d  generally anisotropic 
aquifers and limited temperature constrats. 

par t ic le  resu l t s  i n  kinemati 
differences in ve 

the surrounding 

and 3. t o  d i  

Par is ,  France 

Bureau de GBologie Appliquge, Neuilly, France ** 
fec ts  of the various heat exchanges with the 
sol id  matrix are  s i m i l a r  t o  those of a linear 
instantaneous and reversible adsorption - 

*** Bureau de Recherches GBologiques e t  Minibes, 
W 

Orleans, France ! .  
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The r e su l t  is : 

with B : temperature 
t : time 
PFCF : heat capacity of water 
P A C ~  : heat capacity of aquifer (matrix+water) 

: heat conductivity of aquifer 
V : DARCY's flow velocity 
3 : dispersivity tensor 

It  is possible t o  define an apparent thermal 
conductivity tensor within the aquifer : 

R being the rotat ion matrix from velocity axes 

aL and UT being respectively the longitudinal 

in to  reference axes ; 

and transversal dispers ivi t ies .  

In the direction of flow, the apparent thermal 
conductivity tensor reduces to : 
% x = x + aL . pFcF . If1 (3 )  

I l l  - FIELD EXPERIMENTS 

Several heat storage and heat transfer experi- 
ments w e r e  performed i n  the years 1976 and 1977 
i n  an a l luvial ,  sand and gravel aquifer located a t  
Bonnaud, France (North of Lyons). The aquifer was 
confined and well defined between two layers of 
clay (fig.  1). It had been devised previously 
for extensive tracer t e s t s  experiments i n  the 
period 1973 t o  1975 (GAILLARD e t  al . ,  1976). 

The heat transfer experiments included constant 
r a t e  injection of hot water i n  one well and pro- 
duction a t  the same r a t e  from another well (dou- 
blet) ,  and two ser ies  of heat storage experiments 
from a central  w e l l  C. 

The f i r s t  series of storage experiments consist  
of three successive injection and production cycles 
performed in  1976 ; they were used (1) by Ecole 
des Mines de P a r i s  for evaluating the aquifer 
thermal characterist ics from information obtained 
only a t  central  well c and a few temperature point 
measurements i n  the caprock (LEDOUX, CLOUET d'ORVAL, 
1977) ; and f2) by B.R.G.M. for modeling the whole 
aquifer and confining layers, w i t h  the help of 
temperature logs collected i n  eleven wells within 
13 m from the central  well C. 

After calibration, the model was used t o  pre- 
d i c t  the resu l t s  of the second series of single 
w e l l  storage experiments, performed i n  1977. These 
consisted i n  four successive hot water injection 
and production cycles. 

The model used by B.R.G.M. was axisymetric with 
a l i m i t e d  number of d i f fe ren t  layers (fig.  2 ) .  
Although the r ea l  system was s l igh t ly  anisotropic, 
a reasonable average thermal behaviour was obtai- 
ned as a function of the distance from the central  
w e l l  and it was possible t o  correctly reproduce 
the actual temperatures in  the eleven observation 
wells and a t  the nine points of measurements i n  the 
caprock, w i t h  only nine model of parameters. 

In addition, a three-dimensionnal model was 
b u i l t  and calibrated against both the doublet and 
the single well storage experiments. The values of 
the physical parameters used i n  the calibration of 
t ha t  model agreed w e l l  with thosed used i n  the axi- 
symetric model, and indicated tha t  the non exactly 
axisymetric heat and temperature distributions i n  
the actual single well storage experiments were 
due t o  transmissibil i ty heterogeneities ; these 
might be a consequence of local  increases of per- 
meability in  the uecinity of some wells, following 
clean-up by a i r - l i f t .  

The numerical code (ESTHER) used i n  the wisy-  
metric model was checked against analytical  solu- 
t ions derived hy RUBINSTEIN, 1972 for the injection 
phase andwas found to give excellent resu l t s  
(fig.  4 ) .  This indicates t ha t  integration of 

P.D.E. is  accurate, f ree  of numerical dispersion, 
and tha t  the parameters obtained from the calibra- 
t ion correspond indeed to the correct physical 
parameters of heat capacity, heat-conductivity 
and dispersivity.  

IV - MATUEMATICAL MUVELING 

Comparison between observed temperature varia- 
t ions a t  the central  well and the simulations ob- 
tained w i t h  two different  physical hypotheses is 
shown by figure 5 €or the storage experiment per- 
formed i n  1977 : 

- F i r s t  hypothesis : In equation (31, the disper- 
s iv i ty  a~ i s  constant and uniform. The best  ca- 
l ibrat ion was obtained for aL = 1 m 
(interrupted l ine)  . 
constant with respect t o  time, but varies spa- 
t i a l l y  w i t h  the distance r to the central  w e l l ,  
so tha t  : aL/r = constant. A s  a resu l t ,  the pro- 
duct aLIT?l and the apparent conductivity (equa- 
t ion ( 3 ) )  are  uniform for r ad ia l  flow(because 
velocity dis t r ibut ion i n r a d i a l  flow is  such 
tha t  131 . r = constant). The best  calibration 
was obtained for a = 0.18 R (reinforced inter-  
rupted l i ne ) ,  which yields an apparent conduc- 
t i v i ty  of 12 cal/m/s/do (see table I). 

- Second hypothesis : Dispersivity uL is still 

The model gives an excellent match, except 
for some minor differences during injection 
these a re  due t o  the f ac t  t ha t  i n  the m o d e l  an 
average temperature is calculated i n  a cylindrical  
node w i t h  a 2.7 m radius, while i n  the actual ex- 
periment the temperature is  measured inside the 
well. 
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The apparent conductivity coefficient is much 
higher than the physical one ; this is caused by 
local heterogeneities of pemeabi l i ty  i n  the ver- 
t i c a l  planes (which are apparent on the temperatu- 
r e  logs) as  w e l l  as  i n  the horizontal plane. 

The second hypothesis (dispersivi ty  as  a linear 
function of distance nds t o  the case o 
a multilayer aquifer exchanges between 
the layers (HALEVY a I 196 ). As the d 
tance from the injection well increases, however, 
ver t ical  exchanges r e su l t  i n  s tabi l izat ion of the 
global dispersivity over the en t i re  aquifer thick- 
ness (MA= e t  a i . ,  1967) (fig.  6).  

In the par t icular  case of the Bonnaud aquifer, 
this s tabi l izat ion occurs a t  a distance of about 
30 m. For distances less than 20 m, a l inear  varia- 
t ion of the average dispers ivi ty  over t h e  whole 
thickness is a good approximation (PEAUDECERF and 
SAUTY, 1978). 

The calculated dispersivity (1 m on average for 
a storage radius of the order of 10 m) i n  i n  good 
agreement w i t h  the values obtained i n  similar con- 
d i t ions  on the same s i te  w i t h  chemical tracers 
(1.6 m w i t h  an experimental distance of 13 m) ; 
although, it would seem logical tha t  heat dispersi-  
vi ty  due to permeability heterogeneities be some- 
what smaller, as  heat conduction has a stronger 
effect  on transverse exchanges than does molecular 
diffusion and transverse dispersion on solutes. 

Spatial variation o f d i s p e r s i u i t y  w i t h  respect 
t o  the distance t o  injection w e l l  is an interesting 
feature t o  introduce i n  dispersion models based on 
FICK's law : the same model would then be applica- 
ble  t o  various distances whereas the use of a 
uniform dispers ivi ty  would only be valid for the 
distance over which an averaging parameter has 
been determined, unless a l l  distances ihvestigated 
are  greater than the local scale of heterogeneity. 
In the present case, w e  obtained an excellent match 
of the thermal behaviours a t  the central  w e l l ,  as 
well as a t  observed distances up t o  13 m. 

Introducing this spa t ia l  variation of dispersi-  
vi ty  appears to  be a good solution for using F I C K ' s  
law vhen local  heterogeneities are  not direct ly  
measurable but induce dispersion effects  tha t  are 
not negligible. This is then equivalent to using a 
purely convective three-dimensionnal model ( a t  t h i s  
scale  microscopic dispersion is negligible) w i t h  a 
s t a t i s t i c a l  permeability dis t r ibut ion : F I C K ' s  law 
w i t h  a spa t ia l  dis t r ibut ion of dispers ivi ty  is ac- 
tual ly  a statistical-mnsequence of local changes 
i n  velocity around the mean value which causes 
convection. 

V - HOT WATaZ STORAGE BY A SZNGLE WELL 

A general study of the infhence  of various 
physical parameters on hot water storage has been 
performed by B.R.G.M. (FABRIS e t  a l . ,  1977 ; S A W  
e t  al . ,  197913). 

It  has been shown tha t  the thermal behaviour 
of an aquifer with confining rocks of in f in i te  ver- 
t i c a l  extent can be characterized by two aimension- 
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l ess  parameters : 

Pe = PFCF 

A 

Q/(XA . 2n - h) 

=  PACA)^. h2/(hE * PECE ti) 

providing the following dimensionless independent 
variables are  used : 

tR = t/ti 

8R = (e - eo) / (e i  - eo) 
w i t h  (f ig.  7) : 

pFCF : heat capacity of injected f luid 
PACA : heat capacity of aquifer 
PECE : heat capacity of confining layers 
hA : heat conductivity of aquifer 
XE : heat conductivity of confining layers 
h : aquifer thickness 
Q : injected flow r a t e  through the to t a l  aqui- 

ti 

R : thermaf storage radius 
t : time 
0 : temperature produced a t  well bore 
eo : i n i t i a l  reservoir temperature 
O i  : injected temperature 

f e r  thickness 
: duration of injection ; 
ti = p CA . n . R2 . h/(PFCF . Q) 

As dispersion may increase the apparent conduc- 
t i v i ty  value by an order of magnitude, the Peclet  
number may be divided by a factor of 10. After 
several successive cycles of hot water injections,  
the water temperature during the production half  
cycle can then be sensibly reduced. This is i l l u s -  
t ra ted on figure 8 from FABRIS e t  a l . ,  1977 for  
A = 10, and two values of Peclet number : Pe = 10, 
Pe = 1 ; figure 9, from SAUTY e t  al . ,  1979b, gives 
mother i l lus t ra t ion  for A = 100 and Peclet numbers 
which are  respectively 100 and 10. 

I t  is clear tha t  disregarding th i s  factor may 
r e su l t  i n  overly optimistic prevision of heat 
recovery. 

V l  - GEOTHERMAL ENERGY PROVUCTION 

Geothermal energy production with a doublet has 
been studied by B.R.G.M. (LANDEL,.SAUTY t 1978 ; 
SAUTY e t  al . ,  1979c)for different  possible values 
of reservoir and exploitation characterist ics ( f ig  
10). 

Only two dimensionless parameters are required: 

A PFCF PACA Qh/(XE - PE% - D2) 

with the dimensionless variables : 

*% 3 . pFCF . Q . t / ( r  . p A C ~  D2 . h) 

8 R  = (e - eo) / (e i  - e o )  
where D is the distance between injection and 
production wells, 

As i n  heat storage, dispersion may be an impor- 
t an t  factor. I f ,  for instance, w e  consider a dou- 
b l e t  of average characterist ics dr i l led  i n  the 
Dogger formation near P a r i s ,  taking into account 
the thermal conductivity alone yield a Peclet num- 



ber of 440 ; i f  we now take a high macroscopic 
dispersivity of 100 m (possible value i n  a fissu- 
red aquifer with wells 1000 m apar t ) ,  the Peclet 
number becomes 3. 

The temperature behaviour a t  the production 
well w i l l  then be much different  (fig.  111, but 
the additional diffusion is not necessarily a dis-  
advantage, however : breakthrough occurs much ear- 
l i e r ,  but the variation i n  temperature is  slower. 
I f  some loss i n  energy level is acceptable, the 
doublet can be used for a longer time. A 20% re- 
duction, for instance, w i l l  increase the example 
Dogger doublet l ifetime 2.7 times, compared t o  
tha t  for  Pe m ,  h. 
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3. Bonnaud (Jura)--Second injection in 
well C (October 1976). Comparison 
between observed and simulated 
piezometric contour lines. 
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Fig. 4. Control o f  mathematical model pre- 
cision against analytical solutions 
by Rubinstein, 1972. 

Fig. 5. 1977 hot water storage experiments at Bonnaud (Jura). Temperature evolution in central well. 
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Fig. 6.  Hot water storage experiments a t  
Bonnaud (Jura). Effect of disper 
sivity variations with distance. 

Fig. 7 .  Hot water storage with a single well. 
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Fig. 8.  Temperatures evolutSon a t  cen_tral well during successive cycles of hot water injection and 
production. Consequences of X = 10.X (Pe = 1 instead o f  10). 
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Fig. 9. Temperatures evolution a t  cenzral we1 
production. Consequences o f  A = 10.A 

during successive cycles o f  hot water injection and 
(Pe = 10 instead o f  100). 

Fig.  10. Geothermal energy exploitation with a doublet. 
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