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The East Mesa area i s  located on the east s ide  o f  the  Imper ia l  
Va l ley  approximately seven mi les  southeast o f  H o l t v i l l e  and 110 m i les  
east o f  the San Diego me t ropo l i t an  area. This  area p resen t l y  conta ins 
ten deep geothermal we l l s ,  f i v e  o f  which have been d r i l l e d  by the 
Bureau o f  Reclamation, th ree  by Republic Geothermal and two by Magma 
Power Company. Four o lde r ,  abandoned deep holes a r e  a l so  i n  the 
genera 1 a rea. 

Summarv 

The East Mesa Reservoir  has been analyzed from a r e s e r v o i r  
engineer ing p o i n t  o f  view us ing a three-dimensional Geothermal 
Reservoir  S imulat ion Model (1 ) .  The model t r e a t s  t r a n s i e n t  two-phase 
(steam-water) f l o w  i n  permeable rock and solves the energy and mass 
equat ions us ing  f i n i t e - d i f f e r e n c e  methods. 

The bas ic  ob jec t i ves  o f  the study were t o  determine the 
f o l l o w i n g :  

1 .  Expected r e s e r v o i r  l i f e  when f l u i d s  a t  temperatures grea ter  
than 3OO0F a re  produced a t  f l ow  ra tes  o f  

10,000 lb/min (600,000 lb /h r )  
100,000 lb/min (6,000,000 lb /h r )  

1,000,000 lb/min (60,000,000 l b / h r )  

2. Optimum product ion and i n j e c t i o n  we l l  spacing design f o r  the 
above f l ow  ra tes .  

Resul ts o f  the study showed tha t .under  c e r t a i n  assumptions con- 
cern ing  the  l eve l  o f  pe rmeab i l i t y  and the ex ten t  o f  the rese rvo i r ,  
a1 1 o f  the above ' ra te  ob jec t i ves  could be met f o r  a per iod  i n  excess 
o f  30 years.  

Basic Data 

1 .  Petrophysics and Geology 

Basic pet rophys ica l  cha rac te r i za t i on  o f  the  r e s e r v o i r  ( p o r o s i t y  
and pe rmeab i l i t y  d i s t r i b u t i o n )  were obta ined from the  f o l l o w i n g  
sources : 
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(a) flow test data from the five Bureau of Reclamation wells 
and the three Republic wells, 

(b) interwell interference data obtained by Lawrence Berkeley 
Laboratory using an ultra-sensitive pressure gauge, and 

(c) .analysis o f  all the log and core data in the Bureau of 
Reclamation and Republic wells. 

2. Subsurface Temperature Distribution 

A three-dimensional subsurface temperature distribution was 
determined by TRW using measured temperature profiles in deep 
wells and heat flow determinations in numerous shallow holes 
throughout the area. 

Two-Dimensional Areal Calculations 

A network ofo40 acre ( 1 3 2 0 '  x 1 3 2 0 ' )  grid blocks was set up 
to enclose the 300 F isotherm at a depth of 6000 ft. 
comprised 1 4  grid blocks in the x (east-west) direction and 20 grid 
b l o c k s  in the y (north-south) direction. A northwest-southeast 
fault was accounted for by zeroing interblock transmissibilities 
along a series of grid block interfaces approximating the fault. 
(See Figure 1. )  

The grid network 

A total thickness o f  1000' representing the interval from 
5000' to 6000' was simulated. This is approximately the interval 
i n  which all of the Bureau wells are completed with the exception of 
the 6-1 well which is cgmpleted below 6000'. 
in this interval is 355 F. 

The average temperature 

Heat lost to or gained from the rock volume above and below the 
interval being simulated i s  computed from the one-dimensional heat 
conduction equation: 

where 

Kob = r o c k  thermal conductivity (BTU/OF-ft-day) 

p = r o c k  density (lb/cu.ft.) 

C = r o c k  specific heat (BTG/lb-OF) 
P 

This equation is solved numerically in conjunction with the 
mass and energy balance equations. 
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I n  p r a c t i c e ,  the  over and underburden almost always supp l ies  
heat t o  the  rese rvo i r  i n  t h a t  i n jec ted  f l u i d  i s  almost always coo le r  
than the in -p lace  rese rvo i r  f l u i d .  Accord ing ly ,  the r e s e r v o i r  e i t h e r  
rema ns constant  i n  temperature o r  dec l ines ,  and as a r e s u l t ,  the  
heat f l u x  i s  from the  over and underburden i n t o  the  r e s e r v o i r .  I t  
shou d be noted t h a t  the  over and underburden heat supply i s  complete- 
l y  independent o f  heat suppl ied t o  the r e s e r v o i r  by convect ion.  

The two-dimensional s imu la t i on  runs were made under e i t h e r  o f  
two assumptions: The r e s e r v o i r  i s  c losed and l i m i t e d  t o  the  11,200 
acres o f  the  g r i d  model o r  the rese rvo i r  i s  e f f e c t i v e l y  i n f i n i t e  
so t h a t  the 11,200 acre  g r i d  model i s  o n l y  a p a r t  o f  a much la rge r  
hydro log ic  system. The p o r t i o n  o f  t h i s  system ou ts ide  the g r i d  w i l l  
be re fe r red  t o  as the "aqui fer ,"  a l though, s t r i c t l y  speaking, the 
t o t a l  system i s  an a q u i f e r  and the  g r i d  i s  s imply a reg ion  o f  
anomalous temperature. 

The pressure support suppl ied by the  a q u i f e r  t o  the  g r i d  has 
been ca l cu la ted  us ing the method of  Car ter  and Tracy (2) which i s ,  
i n  tu rn ,  an approximat ion of the  r igorous  superpos i t ion  c a l c u l a t i o n  
descr ibed by Van Everdingen and Hurst  (3 )  f o r  an i n f i n i t e  c i r c u l a r  
system. 

Product ion w e l l s  produce f l u i d  a t  an assigned r a t e  o r  what- 
ever the w e l l  i s  capable o f  producing aga ins t  a f lowing bottom- 
ho le  pressure of  1000 p s i ,  whichever i s  less.  I n  most cases, 
the  assigned r a t e  was 500,000 lb /h r .  For a water s p e c i f i c  g r a v i t y  
o f  1.02, 500,000 lb /h r .  i s  equ iva len t  t o  981 gpm o r  33,634 b a r r e l s  
per day. The product ion c a p a b i l i t y  o f  a w e l l  i s  ca l cu la ted  as 
f o l  lows: 

n n i  - 

where 

Q = flow rate (B/D)  

k = g r i d  blcck permeability (md) 
h = formation thickness (ft) 

pi, j , k  

r = wellbore radius (ft) 

= grid block pressure (psi) 
= flowing bottomhole pressure (psi) Pwf 

W 

= / A x *  A y  - 
IT re 

Ax = x-direction grid block dimension (ft) 
Ay = y-direction grid block dimension (ft) 
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Low Rate 

For t h e  low r a t e  case (600,000 l b / h r ) ,  one p roduc ing  w e l l  and 
one i n j e c t i o n  w e l l  were employed. The w e l l s  were i n  t h e  c e n t r a l  
p o r t i o n  o f  t h e  r e s e r v o i r ,  a d i s t a n c e  o f  1-1/4 m i l e s  a p a r t  A l l  o f  
t h e  produced f l u i d  was r e i n j e c t e d  a t  a temperature o f  200 F. The 
average r e s e r v o i r  p e r m e a b i l i t y  was 50 md. A f t e r  30 years,  t h e  
p r o d u c t i o n  w e l l  had sus ta ined  i t s  i n i t i a l  r a t e  and i n i t i a l  temper; 
a t u r e  o f  355OF. 
water  had o n l y  progressed approx ima te l y  1 /4  t h e  d i s t a n c e  between 
t h e  two w e l l s .  Resu l t s  f o r  t h i s  case were s i m i l a r ,  f o r  an average 
p e r m e a b i l i t y  o f  10 md. 

b 

The temperature f r o n t  c r e a t e d  by t h e  bank o f  200 F 

I n t e r m e d i a t e  Rate 

For t h e  i n t e r m e d i a t e  r a t e  case (6,000,000 l b / h r )  12 produc- 
t i o n  w e l l s  were employed. These w e l l s  were p laced  w i t h i n  t h e  cen- 
t r a l  p o r t i o n  o f  t h e  g r i d  model. For an average p e r m e a b i l i t y  o f  
50 md and assuming t h a t  t h e  system i s  i n f i n i t e ,  t h e  t o t a l  r a t e  
can be sus ta ined  f o r  a t  l e a s t  30 years.  I f  t h e  r e s e r v o i r  i s  c l o s e d  
and l i m i t e d  t o  t h e  11,200 ac res  w i t h i n  t h e  g r i d  model, t hen  t h e  
p r o d u c t i o n  r a t e  drops ve ry  r a p i d l y - a n d  w i t h i n  6 years t h e  average 
r e s e r v o i r  p ressu re  f a l l s  t o  t h e  l i m i t i n g  bot tomhole p ressu re  o f  
1000 p s i .  

W i t h  t w e l v e  i n j e c t i o n  w e l l s  l o c a t e d  around t h e  p e r i p h e r y  o f  
t h e  300 F con tou r  and t h e  t w e l v e  p r o d u c t i o n  w e l l s  i n  t h e  i n t e r i o r  
as b e f o r e ,  t h e  i n t e r m e d i a t e  r a t e  can be ma in ta ined  f o r  30 years.  
The c o o l i n g  caused by t h e  r e i n j e c t i o n  i s  l i m i t e d  t o  t h e  r e g i o n s  
immediate ly  around t h e  i n j e c t i o n  w e l l s  so  t h a t  t h e  p roduc ing  w e l l s  
remain e s s e n t i a l l y  a t  t h e  i n i t i a l  temperature o f  3 5 5 O F .  

0 

High  Rate 

For  t h e  h i g h  r a t e  case (60,000,000 l b / h r )  b o t h  p e r i p h e r a l  and 
p a t t e r n  i n j e c t i o n  were looked a t .  I n  t h e  p e r i p h e r a l  i n j e c t i o n  case, 
60 p roduc ing  w e l l s  were l o c a t e d  i n  t h e  c e n t r a l  p o r t i o n  o f  t h e  
r e s e r v o i r  and 60 i n j e c t i o n  w e l l s  were l o c a t e d  around t h e  p e r i p h e r y  
o f  t h e  3OO0F con tou r .  
p ressu re  was 1000 p s i  and t h e  i n j e c t e d  water  temperature was 200 F. 
For b o t h  t h e  10 md and 50 md case, t h e  p r o d u c t i o n  r a t e s  dropped 
r a p i d l y  a t  f i r s t  and then s t a b i l i z e d  a t  r a t e s  below t h e  d e s i r e d  
60,000,000 l b / h r .  These s t a b i l i z e d  r a t e s  were 48,000,000 l b / h r  
and 33,000,000 l b / h r  f o r  t h e  50 md and 10 md cases, r e s p e c t i v e l y .  
The s t a b i l i z e d  r a t e s  c o u l d  be h i g h e r  i f  a lower l i m i t i n g  bottom- 
h o l e  p ressu re  c o u l d  be t o l e r a t e d .  

0 
As b e f o r e ,  t h e  minimum f l o w i n g  bot tomhole 

Since t h e r e  was some q u e s t i o n  as t o  whether t h e  h i g h  r a t e  
case was f e a s i b l e  w i t h  p e r i p h e r a l  i n j e c t i o n ,  a s e r i e s  o f  p a t t e r n  
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i n j e c t i o n  cases was run .  For a l l  p a t t e r n  cases, a 5-spot p a t t e r n  was 
assumed. 

S i m u l a t i o n  runs were made f o r  5-spot  p a t t e r n s  w i t h  w e l l s  
d r i l l e d  on 20, 40 and 80 a c r e  spacing. A l l  runs were made u s i n g  a 
2-0 a r e a l  10 x 10 g r i d  f o r  1 /4  o f , a  5-spot.  P roduc t i on  and i n j e c t i o n  
r a t e s  were approx ima te l y  500,000 l b / h r  per  w e l l .  I n  each case, 
t h e  temperature o f  t h e  produced water  was determined as a f u n c t i o n  
o f  t ime.  For 80 a c r e  spacing, t h e r e  was no d e c l i n e  i n  t h e  temper- 
a t u r e  o f  t h e  produced water ,  even a f t e r  30 years.  
spac ing t h e  produced water  temperature dropped t o  250 F a f t e r  27 
years and f o r  20 a c r e  spacing, t h e  produced water  dropped t o  25OoF 
a f t e r  about 15 years.  (See F i g u r e  2.) 

FOL 40 a c r e  

A summary o f  t h e  Two Dimensional A rea l  C a l c u l a t i o n s  i s  
presented i n  Tab le  1. 

Two-Dimensional Cross-Sect ional  C a l c u l a t i o n s  

The two-dimensional  a r e a l  s i m u l a t i o n s  assume u n i f o r m  permea- 
b i l i t y  i n  t h e  v e r t i c a l  d i r e c t i o n .  I n  o r d e r  t o  l ook  a t  t h e  e f f e c t s  
o f  v e r t i c a l  h e t e r o g e n e i t y ,  a two-dimensional  x -z  c r o s s - s e c t i o n a l  g r i d  
was u t i l i z e d .  The g r i d  has fou r  l a y e r s  i n  t h e  v e r t i c a l  d i r e c t i o n  
and 19 columns i n  t h e  x - d i r e c t i o n .  F l u i d  was i n j e c t e d  a t  one end 
(x=1) and produced f rom t h e  o t h e r  end (x=19).  Thickness i n  t h e  y-  
d i r e c t i o n  decreases f rom t h e  c e n t e r  toward t h e  i n j e c t i o n  and produc- 
t i o n  ends t o  rep resen t  app rox ima te l y  t h e  shape o f  t h e  a rea  t h a t  
would be swept i n  a 5-spot p a t t e r n .  The d i s t a n c e  between t h e  p r o -  
d u c t i o n  and i n j e c t i o n  w e l l s  i s  933 f t .  corresponding t o  a 40 a c r e  
5-spot  ( w e l l s  d r i l l e d  on 20 a c r e  spac ing ) .  (See F i g u r e  3 . )  

The assumed r e s e r v o i r  t h i c k n e s s  i s  1000 f e e t  w i t h  t h e  t h i c k -  
ness o f  each l a y e r  be ing  250 f e e t .  The h o r i z o n t a l  p e r m e a b i l i t i e s  f o r  
t h e  fou r  l a y e r s  f rom t o p  t o  bot tom a r e  1 1 1  md, 54 md, 20 md and 15 
md, r e s p e c t i v e l y .  V e r t i c a l  p e r m e a b i l i t i e s  were ass igned as o n e - h a l f  
of t h e  h o r i z o n t a l  p e r m e a b i l i t i e s .  T h i s  p e r m e a b i l i t y  d i s t r i b u t i o n  was 
based on d a t a  f rom t h e  East Mesa 6-1 w e l l .  

P r o d u c t i o n  and i n j e c t i o n  r a t e s  were s e t  a t  125,000 l b / h r  f o r  
t h e  s imu la ted  one-quar te r  5-spot (500,000 l b / h r  f o r  t h e  f u l l  5 -spo t ) .  
For t h i s  case, t h e  p roduc ing  w e l l  temperature dropped t o  25OoF a f t e r  
about 12 years.  The p roduc ing  w e l l  temperature was c a l c u l a t e d  u s i n g  
t h e  temperatures i n  t h e  f o u r  l a y e r s  weighted by t h e i r  r e s p e c t i v e  k h ' s .  
A t  t h e  end o f  12 years,  t h e  t o p  Layer has a lmost  been comp le te l y  
swept by t h e  r e l a t i v e l y  c o l d  200 F i n j e c t i o n  water ,  whereas tempera- 
t u r e s  i n  t h e  bot tom two l a y e r s  remain g r e a t e r  than 300 F. F i g u r e  4 
shows t h e  temperature d i s t r i b u t i o n  a f t e r  f o u r  years,  

0 

I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t s  of a c o n v e c t i v e  heat  source 
from below, t h i s  case was repeated w i t h  t h e  t o t a l  i n j e c t i o n  o f  
125,000 l b / h r  d i s t r i b u t e d  as f o l l o w s :  
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Figure 1 .  Grid for  Two-Dimensional Areal 
Calculations 

0 

--- 20-ACRE SPACING 
CROSS-SECTIONAL SIMULATION 

-- 20-ACRE SPACING 
CROSS-SiCTIONAL SIMULATION 
WITH HEAT RECdARGE 

Figure 2. Produced F l u i d  Temperature as a Function of Time 
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p PROOUCTlON WELL 

IL'ECTION 

Figure 3. Five-Spot Cress-Sectional S lmulat lon Gr id  

Figure 4. T m p e r a t u r e  Distribution Contour Map a t  1460 Days: 
Cross-Sectional Simulation 
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Table 1. Two Dimension Areal Simulation Summary 

Case 
NO. 

Pemeabi l i  t y  Fluid 
(Millidarcies) 1 Injection 

8 

9 

10 

11 

12 

50 

50 

10 

10 

10 

No 

No 

No 

No 

Peripheral 

High Flow Ratc (1.000,OOO l-,.nin) 

Peripheral 

l3  14 I 50 I Peripheral 

10 

1s 

16 

17' 

18 

50 

50 

50 

50 

Pattern 
20-acre spacinq 

Pattern 
20-acre spacing 

Pattern 
40-acre spacing 

Pattern 
80-acre spacing 

Aquifer 
Support 

Yes 

No 

Mo 

Yes 

Yes 

No 

No 

Yes 

No 

Yes 

No 

Yes 

Yes 

Yes 

- 

Reservoir 
Longevity 

Exceeds 30 years 

Less t h a n  15 years 

Exceeds 30 years 

Less than 30 years 

Exceeds 30 years 

Lrs: than 30 years 

Exceeds 30 years 

Exceeds 30 years 

Approx. 6 years 

Less t h a n  30 years 

Less t h a n  30 years 

Exceeds 30 years 

Approx. 6 years 

Exceeds 30 years 

Approx. 2 years 

Approx. 12 years 

Approx. 20 years 

Exceeds 30 years 

Notes 

Flow not sustained 

Flow not sustained 

Flow not sustained 

Flow not srist ined 

Flow not sustained 

Flow not sustained 

Flow decreases by 101 

F l w  not sustained 

Flow decreases by 20% 

Pressure not maintained 
Injected f lu id  voiurw not 

equa 1 to  produced f 1 u i  d 
volume 

Longevity 1 imi ted to 3OO0F 

Longevity 1 in l  ted t o  3OO0F 
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(a) 

( b )  

100,000 l b / h r  @ 2OO0F i n t o  t h e  i n j e c t i o n  w e l l ,  and 

25,000 l b / h r  @ 5OO0F a t  t h e  bottom, ha l f -way  between 
t h e  i n j e c t i o n  w e l l  and t h e  p r o d u c t i o n  w e l l .  

Performance i n  t h i s  case was c o n s i d e r a b l y  improved ove r  t h e  
preced i ng case. 
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