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Ahst ract 

In t h i s  paper we briefly describe the lithology, temperature, and 
pressure of the Heber Geothermal Reservoir. This we base on the exten- 
sive data gathered in the past few years through well drilling and 
testing. !de_ then describe our three-dimensional, heterogeneous, single 
phase water flow simulator, including the equations solved, and the 
assurptions made. \>!e present several applications of the numerical 
Simulator, in oredictinq the reservoir behavior wit+ time. Conclusions 
based on an analysis of  simulator results are finally presented. 

I nt roduct ion - 
The Peber ?eot+errnal homaly, locateci in the Imperial ?alley of  

California, could be the first comqercial hot water power generation 
project in the !!nited States. Chevron Sesources Company will operate 
the proposed UeSer '-'nit. Currently, ~ l a n s  are f o r  developing a nearly 
circular area of  7599 acres, with each plant increment representing a 
pie-shaoed segment. Droducers will be placed at the temperature high 
which is at the center. The processed fluid will be reinjected at the 
periphery of the reservoir. \Jells will be drilled from centrally 
located surface islands, most of them beina directionally drilled. 
Production rates at Heber will ultimately reach several millions of 
barrels per day. This requires large surface facilities and large well 
equipment. Revenues cannot be realized until a power plant is construc- 
ted. Due to large initial investment, an accurate reservoir 
performance prediction becomes an important factor. The predictions in 
this paper are limited by the accuracy of the data collected and 
analyzed, and by our modeling assumptions. 

Reservoir Description 

The Heber Geothermal Anomaly is a circular shaped, moderate temper- 
ature, low salinity, water dominant reservoir. It is characterized by 
high heat flow, low electrical resistivity and high gravity. It is part 
of the Colorado River deltaic environment, consisting of interbedded 
sandstones and shales. 
to 2000 feet. Sand layers become predominant below 2000 feet, where 
shale layers become thinner. 
inant with minor shale breaks. A few faults have been identified, others 
are probably present; however, any occurring in the predominantly sandy 
section would not be significant barrlers to fluid flow. 

Shales are thick and predominant from the surface 

At 8000 to 10,000 feet sands are predom- 

Reservoir 
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continuity o f  several sand layers have heen confirmed by interference 
tests. Pressure drawdown and buildup tests have indicated a radius 
o f  investigation greater than 20,300 feet. 

Porosity and horizontal permeability of the sand layers at Heber 
were determined by usinq available density logs and core analysis 
information. Good correlations were found between density log poros- 
ity and core porosity, also between core porosity and core permeability. 
Permeability of each sand was calculated from the latter correlation 
and the log derived porosity values. 
these permeabilities to permeatilities computed from flow test analysis. 
In qeneral, sandstone lavers demonstrated decreasing permeability and 
porosity with depth. 

It was possible t o  correlate 

The tleber Geothermal Anomaly has a mushroom-shaped temperature 
profile. The maximum temperature at the center of the field is around 
3 7 5 O r .  Conductive heat flow at shallow depths could be deduced from 
hiqh temperature gradients and the presence 0: tClick impermeable shales. 
Below this depth heat flow is naturally convective, as temperature 
gradients become small and sandstones dominate. To a reference temDer- 
ature of 20C°F, the heat in place under approximately 7537 acres, and 
5etweep 2030 t o  6930 feet is 5 . 4  quadrillion ( l o ’ * )  RTIJ’s. Yeber could 
be classified as a norVal pressured reservoir w i t h  measured static 
qradients of 0.42 psi/foot. 

Seservo i r h!ode 1 .------ 

To predict Heber’s performance under various development schemes, 
a three-dimensional, radial, heterogeneous, and single phase water flow 
simulator was used. The simulator basically solves the mass and the 
enercp balances: 
mass’, is: 

The equation of continuity, expressinq conservation of  

....... ( 1 )  I 

a d e n o t e s  liquid, Pg is liquid density (lbm/ft3), 4 is porosity, t is 
time (days), v t is divergence operator (l/ft), Q is mass production o r  
injection. 
tive value denotes production. 
fluid (ft/day) and expressed as: 

It is a function of position and time (lbm/day ft’), a posi- 
i s  the Darcy velocity vector o f  the 

.. 0 0 . .  . (2) 

where : 

k is permeahilitv (Darcy), p is viscosity (cp), P i s  pressure (psi), 
and g is gravitational vector. 
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The f o l l o w i n g  assumptions were made: 

0 P o r o s i t y  i s  n o t  a f u n c t i o n  of t ime;  i t  can, however, 
be a f u n c t i o n  of p o s i t i o n .  

0 V i s c o s i t y  i s  a f u n c t i o n  o f  temperature.  

L i q u i d  d e n s i t v  i s  a f u n c t i o n  of t e m w r a t u r e ,  h u t  i s  
independent of  pressure,  makinq t h e  model “ o a r t i a l l y  
compressihle”.  Zero f l u i d  c o m p r e s s i h i l i t y  i s  
s a t i s f a c t o r y  f o r  s i n g l e  phase water  systems. 

r lext we expand the d e n s i t y  d e r i v a t i v e s  i n  equat ion  ( 1 ) .  

..... .. (3) 

where T i s  temperature.  ‘::le a l s o  assume t h a t  the  r e s e r v o i r  f l u i d  
volumes a r e  l o c a l l y  i n  balance. Therefore:  

. . . .. . . (4) 
I J i t h o u t  t h i s  assumption we c o u l d  n o t  l e t  d e n s i t y  vary  w i t h  temper- 

a t u r e  w i t h o u t  u s i n g  a f u l l y  compressible two-phase model. The produced 
f l u i d  a t  Heber w i l l  be i n i t i a l l y  a t  = 36?OF,  the i n j e c t e d  water  w i l l  be 
a t  = 293OF. I n  o r d e r  t o  m a i n t a i n  a mass balance between p r o d u c t i o n  
and i n j e c t i o n ,  we assumed t h a t  t h e  r e q u i r e d  mass came across the  o u t e r  
r e s e r v o i r  boundary a t  a temperature under 2C)COF. 
s o l v i n g  - compl ica ted  and c o s t l y  - coupled mass and energy balances. 

Thus, we avoided 

The equat ion  for  conserva t ion  o f  energy’ i s :  

where ! 

S 

K 
a t  

denotes so 
i s  thermal 

:ure i f  Q<O 

1 i d ,  Cv i s  s p e c i f i c  heat  a t  cons tan t  volume (BTU/lbm°F), 

, i s  produced f l u i d  temperature if 0-79. 
c o n d u c t i v i t y  (PT l l / f t  dayoF), f N  i s  i n j e c t i o n  f l u i d  temper- 

I ’  

The l e f t  hand s i d e  o f  equat ion  (5) represents  heat  accumulat ion;  
t h e  terms on t h e  r i g h t  hand s i d e  a r e  r e s p e c t i v e l y ,  conduct ion,  convec t ion  
and i n j e c t i o n  and/or p roduc t ion .  
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In relation to equation (5) we have defined the following 
volumetric averages: 

PCV* = OP c + (1-4)  p c 
”2 vs 

And we made the following assumDtions: 

0 The solid and liquid are locally in thermal equilibriun. 

0 T!ie viscc;us dissipation energy losses are nealigitle. 

e SDecific heats are indenendent of pressure, temFerature, 
and position. 

0 Thermal conductivities are independent of pressure and 
terme ra t ure . 

0 Pock. densities are constsnt. 

Solution - We have independently solved equations (11) and ( 5 ) .  Fouation 
(!I) nave us a steady-state solution for Dressure, and Drovided the veloc- 
ity terms required by the enercy balance, eauation 1 5 ) .  ‘!e conservatively 
used two temoerature time steps Der pressure solution. The need for 
recorput ino pressures arose \when* (a) the tepperature dependent viscosi- 
ties material IY chancfed, ( b )  injection anl/gr production rates chanqed 
with declinino reservoir temperature in order to maintain constant enerqy. 
Time Patin? of Terms - In eauation ( 4 )  the latest temperatures were used 
to calculate licruid density and viscosity. In the finite difference form 
of equation ( i ; ) ,  temperature was used imp1 icitly in the conduction term, 
explicitly in the convection tern. Densities were evaluated at start of 
time steps. 
Overburden and Underburden - The first four and the last four layers of 
the model were used as overburden and underburden with zero fluid 
permeabilities. 
Numerical Dispersion - In an effort to reduce smearing of the temperature 
profiles, a two-point-upstream approximation*, for temperature, was used 
in the convection term. The illustration below shows two cell blocks. 

f 1 ow 
direction __I, 

In evaluatino the temperature T in the 
and T2 are linearly extrapolated to the cell face. A one-point-upstream 
approximation uses only T2 and results in excessive smearing of tempera- 
tures. Averaging upstream and downstream values gave temperature oscil- 
lations and was discarded. 
Flow Splitting - Flow rates for production wells were supplied and were 
split among the layers accotdina to the product of productivity index and 
pressure drawdown - difference between current cell and well bore pressure. 
Iniection wells used either fixed pressures or sumlied flow rates. 

p,fb term at the cell face, T1  
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Appl ica t ions  --- -- 
Rased on l i t h o l o q i c a l  c o r r e l a t i o n s  and product ion cons t ra in t s ,  we 

def ined two zones: zone 1 ,  2005 t o  4000 fee t :  zone 2, 4000 t o  6000 f e e t .  
We then subdiv ided zone 1 i n t o  1 5  and zone 2 i n t o  13 ho r i zon ta l  sand and 
shale layers  of  f i e ld -w ide  averaged thickness. F igure 1 shows the 
geometry we used. We f u r t h e r  d i v ided  Heber i n t o  8 areal  p ies ,  each 
p i e  having 15 rows. Therefore,  1300 c e l l s  i n  zone 1 ,  1560 c e l l s  i n  zone 2 
represented the rese rvo i r .  We a l s o  made the fo l l ow ing  assumptions: 

0 The sand and shale layers  themselves are  continuous, 
homogeneous and i s o t r o p i c .  

0 The i n i t i a l  temperatures are a func t i on  o f  r a d i a l  coord inate;  
they do not  vary w i t h  v e r t i c a l  coord inate i n  a g iven zone. 

0 The req iona l  n o r t h e r l y  qround water movement i s  smal l ,  hence 
n e q l i a i b l e .  

0 There i s  no heat rec+arge from the underburden. 

P ies i n i t i a l l v  were chosen such tha t  t h e i r  houndaries co inc ided w i t s  
stream l i n e s  a s  obta ined from the Drevious streamtube model runs. Most 
3-9 s imu la to r  runs were made assumino no cross flow between the Dies. 

F iqure 2 shows bottom ho le  teqperatures a t  the producers versus t ime 
fo r  100 mecawatts (M\YI  constant enerav produc t ion  from each zone. Equiva- 
l e n t  s t a r t i n g  ra tes  a re  1 .24  x l n 6  b a r r e l s  per day Der zone. 
on t 4 i s  f i a u r e  a r e  t 4 e  prev ious o red ic t i ons  usino the streamtube model. 
The d i f fe rence i n  p r e d i c t i o n s  can be expla ined as f o l l ows :  the 3-0 
s imu la to r  has the c a o a b i l i t y  o f  so l v ing  a r iqorous  heat conduct ion eaua- 
t i o n .  g iven the ac tua l  th icknesses o f  sand and shale layers .  The stream- 
tube model assumed v e r t i c a l  thermal e q u i l i b r i u m  hetween sand and shale i n  
eat+ r e s e r v o i r  layer .  I t  could handle t + e  shales as t h i n  layers  of  
i n f i n i t e  thermal conduc t i v i t y .  The i n j e c t e d  f l u i d ,  upon contac t ing  these 
sha les ,  absorbed a l l  t h e i r  h e a t .  I n  zone 1 ,  t h e  streamtube model 
pred ic ted  a g rea te r  temperature dec l i ne  and i n  zone 2 i t  pred ic ted  about 
the same temperature dec l i ne  as the 3 - @  s imu la to r .  
d i f f e r e n c e  i n  zone 2 i s  due t o  the use o f  s l i g h t l y  less  shale. The 
d i f f e r e n c e  i n  general was due t o  a b e t t e r  v e r t i c a l  l i t h o l o a i c a l  d e s c r i p t i o n  
and a more r igorous  heat conduct ion equat ion.  
dec l i ne  i n  t h i r t y  years f o r  both zones. 

P,lso shown 

We t h i n k  the small 

The 3-D model shows a 30°F 

F ipure 3 shows the bottom ho le  temperature a t  the producers versus the 
Th is  f ic lure i nd i ca tes  the la roe  volume o f  water cumulat ive water produced. 

requ i red  t o  Droduce 1 C Q  EV constant eneray from each zone. 

F igure  !J shows heat recovery from Yeber versus bottom ho le  temoera- 
t u r e  a t  the producers. 
Pera ture  i s  used as a lower bound i n  determininp the heat i n  place. Ve 
have t e n t a t i v e l y  decider! t o  p lace  the i n j e c t o r s  near the  265OF isotherm. 
I f  we use an economic temoerature o f  323OF f o r  the  power p l a n t ,  as a c u t -  
o f f  Do in t ,  F igure  4 shows a recovery o f  30% o f  the heat i n  place. 

Th is  p l o t  i s  f o r  two zones combined. The 2Qn°F W- 
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Figure 5 shows the predicted average pressure drops between 
injectors and producers versus time. 

The followinq case studies showed little or no difference in our 
pred i c t ions : 

0 Combining both zones - simultaneous injection and 
production in both zones. 

0 Introducing shale breaks - mak.ing 13% o f  the shale 
volume permeable to flow. 

0 Introducing a few "idle Dies" - by partitioning the 
bigger ones, with no injection and production, and 
a1 lowing crossflow hetween a1 1 pies. 

Conclusions __--- 
P.s a result of our nodelincl studies to date, we conclude the 

fol lowina: 

0 !-!eber has 5.4 quadrillion ( l o " )  PTU's in place to 
a temDerature of ? W 0 C .  T h i s  heat i s  under approximately 
7590 acres within the 2 6 5 O F  isotherm, and between 2200 to 
6OOQ feet. 

0 30,X of this heat in place is recoverable with respect to 
the plant economic temoerature of 320'F. 

0 Heber Reservoir between ZOO(' to 5000 feet alone can support 
a 253 MW development. 

0 At Heber,#development in general will be more restricted by 
pressure drops than by temperature decline. 

Economics will govern the power plant type and the development 
potential at Heber. 

0 
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GEOMETRY OF 3-0 RESERVOIR MODEL 
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