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INTRODUCTION 

The decision to  proceed w i t h  fu l l  scale development of a geothermal f i e ld  will be 
determined primarily by the confidence tha t  can be placed i n  i ts  satisfactory 
long-term productivity. A continuously updated numerical simulation of the geo- 
thermal system, based on physical principles and the indirect measurements of the 
characterist ics of the reservoir available a t  the various stages of development of 
the resource, can be a key tool i n  making rea l i s t ic  long-term forecasts. For 
example, during the exploration and development stage, the natural preproduction 
flow of the f l u i d  w i t h i n  the system will be dominant, except i n  the immediate 
vicinity of any exploratory wells. During the full-scale extraction and uti l iza- 
tion stage, however, the e f fec t  of the natural flow system will l ikely be swamped 
by the flow ‘imposed by the production and injection wells. 

PREPRODUCTION RESERVOIR SYSTEMS 

For geothermal reservoirs i t  is necessary t o  predict both the quantity of f l u i d  
t ha t  can be produced and i t s  temperature, i n  order t o  estimate the total  usable 
energy of the resource. 
resource is  a flowing convective f l u i d  heated a t  depth and rising towards the 
surface as  a result of the reduced density. The system is not only non-isothermal 
b u t  also a dynamic system, as  a consequence of buoyant flow. The three-dimension- 
al temperature f i e l d  is profoundly affected by the heterogeneity of the reservoir 
porositybland permeability (e.g., rock types, geologic structure, faul ts ,  etc.). 

rothermal reservoir performance, i t  i s  necessary 
ction temperature and flow fields.  Figure 1 

In the case of hydrothermal geothermal systems, the 

. .  

rt’ical‘-sectionj df ‘a region w i t h i n  the Salton Sea Geo hermal F ie ld  
f S  tjetrig’,Lotie@g Sjstems, Science and Software (S  5 1. By us ing  a 

reservoir simulator: .&wsynt?ae 
tha t  corltajns Cokll! 
upper rk‘servdi r,’ d ~ t ,  
The preproduction :ve 
is  shown, jp,’F!tpu+er2 
and only ,very,‘l’imi t e  
information is generated. 

e the available information, a model has evolved 
dwater i n f l u x  upstream into the dipping and th ickening  
t’ f,l uid  convective source from the hotter 1 ower reservoir. 

i t y  f ield i n  the upper reservoir calculated from the model 
Since the model is only as  good as  the i n p u t  physical data, 
nformation is available, i t  will need modifying as more 
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Figure 1. Vertical Section o f  Reservoir Model and 
Projected Data from Wells i n  Portion of SSGF Chosen for Study 
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Figure 2. Preproduction Velocity Field i n  Upper 
Reservoir of a Portion of SSGF Studied 

Geopressured geothermal aquifers i n  the U.S. Gul f  Coast area are isolated by 
impermeable shale above and below and segmented and isolated la teral ly  by growth 
faults.  The preproduction temperature and pressure head are nearly uniform, and 
the system is essentially s ta t ic .  Although the in i t i a l  conditions for  reservoir 
performance calculations are simpler than for a dynamic hydrothermal system, simu- 
lation of the reservoir response to  extraction i s  not a t  a l l  simple. basically, 

(water compressi b i  1 i ty , pore col 1 apse, evol u t i  on of methane gas, and clay 
there are four d r i v i n g  mechanisms which tend to  expel f l u i d  from the aquifer e- 
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hd dehydration o r  "shale dewatering") and two which tend t o  impede f l u i d  f low 
( decrease i n  permeabi 1 i ty , which accompanies pore co l  1 apse, and re1 a t i  ve 
permeabi l i ty  e f f e c t  due t o  evolut ion o f  f ree  natural  gas). 

RESERVOIR RESPONSE SIMULATION 

There has been excel lent  progress a t  S3 and elsewhere (1) i n  developing computer 
programs, such as QUAGMR, which solve the equations o f  heat f low and unsteady 
Darcian f l u i d  f low i n  geothermal r servo i r  systems described i n  one, two, o r  three 
spat ia l  dimensions. The work a t  S appears t o  represent the current  s ta te o f  the 
a r t  and has been summarized i n  Figure 3. 

5 

QUAGMR (1975 - 1977) 

0 
0 
0 1-D, 2-D, o r  3-0 
0 
0 

Unsteady f l u i d  and heat f low 
Compaction e f f e c t s  on porosity, permeabil i ty 

Arb1 t r a r y  strat igraphy, g r i d  shape, boundary condit ions 
Multiphase (water and steam) systems 

MUSHRM (1976 - Present) 

0 A l l  o f  the above 
0 Also t r e a t s  mult ispecies pore f l u i d  mixtures: 

0 H20 (Water-Steam - equivalent t o  QUAGMR) 
o H20/Methane ( Water-Di ssolved Gas-Free Gas) 
0 H20/NaC1 (Water-Steam-Di ssol ved Sal t -Precipi  ta ted S a l t )  

Figure 3. Summary o f  Capabi l i t ies  o f  Two Reservoir Simulators 
Developed a t  S3 Over Past Five Years. QUAGMR has been 

superseded by More General MUSHRM Simulator 

The numerical method used i n  QUAGMR properly t r e a t s  the e f f e c t s  o f  phase change 
( l i q u i d  Z& Each computational 
zone i n  the f i n i t e  di f ference mesh may contain a d i f f e r e n t  Fock type characterized 
by density, porosi ty,  d i rec t i ona l  absolute permeabili t i es ,  r e l a t i v e  permeabil i ty 
functions, heat capacity, thermal conduct iv i ty,  porosi ty-pore pressure re la t ion,  

vapor) w i t h i n  the pores o f  the reservo i r  rock (2 ) .  

i t y -po ros i t y  re la t ion.  Provis ion i s  made f o r  a l l  p rac t i ca l  boundary 
s used i n  a h i s to ry  match study o f  the Wairakei f i e l d  i n  New 

The MUSHRM simulator i s  a general izat ion o f  QUAGMR t o  include species mass balance 
I 
I and c o n s t i t u t i v e  re la t i ons - fo r  water/species -mixtures. One version includes a 
I methane mass balance r e l a t i  on and cons t i t u t i ve  re la t i ons  f o r  waterhethane 

mixtures. It includes treatment of a l l  the important d r i ve  mechanisms i n  geo- 
pressured geothermal aqui fers and has been employed t o  study such systems (4). A 
second version i nc l  udes a sodi um-chl o r i  de mass bal  ance re1  a t i on  and const i  &ti ve 
re la t i ons  f o r  single- and two-phase water/sodium-chloride mixtures. 

po r t i on  o f  the SSGF 
v e r t i c a l  sect ion i n  Figure 1. The corresponding pressures and f l a s h  temperatures 
are shown f o r  water ( s  = 0) and two br ines ( s  = 0.20, 0.25). Since the presence 
o f  a vapor region w i t h i n  a system strongly a f fec ts  reservo i r  behavior, it i s  c lea r  
t h a t  the s a l i n i t y  o f  the b r ine  i s  an important i npu t  t o  a model, and an adequate 
c o n s t i t u t i v e  package i s  essential f o r  r e a l i s t i c  modeling. 

It also 
I , i ncludes provi  s i  ons r s a l t  p r e c i p i t a t i o n  w i t h i n  pores and i s  being appl ied t o  a 

Tmax, i n  Figure 4, corresponds t o  the ho t tes t  p a r t  o f  the 
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Figure 4. Pressure-Depth and Flash Temperature-Depth Curves Cal- 
culated assuming Tmax Versus Depth P r o f i l e  and Using 
S3 Brine Equation o f  State f o r  F lu ids o f  Indicated 
Sal i n i t i e s  

WELLBORE/RESERVOIR SIMULATORS 

Reservoir simulators provide the average pressure, temperature, and so forth, 
w i t h i n  each computational zone of the f i n i t e  dif ference mesh. To make meaningful 
predic t ions o f  the production a t  the wellhead o f  a wellbore perforated w i t h i n  the 
g r i d  block, i t  i s  necessary t o  r e l a t e  both the simulator g r i d  block pressure t o  
the sandface pressure and the sandface condi t ions t o  the wellhead condi t ions a t  
the surface. Analyt ic techniques f o r  ca l cu la t i ng  the sandface condi t ions are 
straightforward f o r  single-phase flow. Since the temperature drop i s  small and 
the pressure drop large, however, the actual f low w i t h i n  the g r i d  block may be 
two-phase even though the g r i d  block condi t ions i n f e r  single-phase flow. The 
procedures t h a t  are commonly used f o r  ca lcu lat ing the sandface con i t i o n s  f o r  two- 
phase gas/oi l  mixtures do no t  adequately t r e a t  t h i s  anomaly. A t  S we use a 
technique i nvol v i  ng subzoni ng of g r i  d zones containing we1 1 s and sol v i  ng the 
appropriate re la t i ons  governing two-phase flow. 
anomalous case as wel l  as the case i n  which two-phase f low occurs throughout the 
g r i d  block. 

Several empir ical corre la t ions t o  ca lcu late holdup and f r i c t i o n a l  pressure drop i n  
v e r t i c a l  two-phase f low have been developed, p r imar i l y  f o r  gas/oi l  mixtures. The 
corre la t ions are based on i nsu f f i c i en t  data and lead t o  serious e r ro rs  when 
extrapolated o other f low condit ions (5); aata on f lowing geothermal wel ls  i s  
needed. A t  S we have w r i t t e n  a program f o r  wellbore f low o f  water-steam and 
water-methane gas mixtures. It i s  being incorporated i n t o  the MUSHRM simulator, 
along w i t h  the procedure f o r  determining the sandface condi t ions from g r i d  blocK 
values t o  t r e a t  coupled reservoir-wel l  bore systems. Appl icat ion o f  such coupled 
reservoir-we1 1 bore simulators can he1 p i n t e r p r e t  short-term pressure tes ts  
conducted i n expl oratory we1 1 s. 

4 
The procedure accounts f o r  the 
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Once a s i t e  i s  selected f o r  a demonstration p l a n t  and a f i n a l  design i s  i n i t i a t e d ,  
i t  i s  essent ia l  t h a t  a more deta i led analysis be made o f  the continuous interac- 
t i o n  between the q u a l i t y  o f  the fue l  supplied and the p l a n t  design. For example, 
the deta i led power p l a n t  design, cap i ta l  cost  estimates, and engineering construc- 
t i o n  schedule ovev the design l i f e  w i l l  be sensi t ive t o  changes i n  the temperature 
and pressure o f  the geothermal f l u i d  supplied t o  the plant. 
geothermal f l u i d  de l ivered and the quant i ty  required could be forecast by 
simultaneously considering the reservo i r  flow, production wellbore flow, and the 
f low i n  the surface gathering l ines.  The treatment o f  the in tegrated system 
requires coup1 i n g  o f  computational procedures f o r  analyzing the i nd i v idua l  
segments. 

CONCLUDING REMARKS 

It i s  the author‘s opinion t h a t  numerical simulators f o r  studying reservo i r  
response t o  f l u i d  product ion/ in ject ion are i n  f a i r l y  gdod shape. An immediate 
f r u i t f u l  area o f  research i s  the development o f  preproduction models f o r  spec i f i c  
geothermal resources. I n  the explorat ion and assessme‘nt stage o f  development, 
uncer ta in t ies i n  the model could be used t o  suggest s i t e s  f o r  explorat ion wells. 
Planning o f  wel l  t e s t s  f o r  reservo i r  v e r i f i c a t i o n  could be based on resolv ing 
major uncertaint ies i n  the evolving model. Response o f  the reservo i r  under large 
scale exp lo i t a t i on  could be predicted w i th  more credi  b i  1 i t v  i f  the oreproduction 

The q u a l i t y  o f  the 
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I s i t u a t i o n  were matched p r i o r  t o  forecast ing i t s  behavior 
duct ion/ in ject ion strategies. Such studies may form the 
adjacent leases t o  u n i t i z e  the exp lo i t a t i on  o f  a reservo 

 ADD^ i c a t i o n  o f  coupled reservoir /wel l  bore simulators t o  

under various pro- 
basis f o r  operators o f  
r system. 

n te rp re t  well  t e s t  data 
fb; spec i f i c  s i tes '  i s  c l e a r l y  needed. I n  the near future, the author bel ieves the 
requirement f o r  managing the f l u i d  product ion/ in ject ion strategy t o  the needs o f  a 
spec i f i c  power p lan t  w i  11 1 ead t o  the development o f  integrated model s coup1 i ng 
the subsurface/surface f low system t o  the power p l a n t  processing o f  the f lu id.  

REFERENCES 

1. 

2. 

3. 

4. 

5. 

P. Kruger and H. J. Ramey, Jr. (Eds.). Geothermal Reservoir En inee r in  . 
Reports No. SGP-TR-12 and SGP-TR-EO, Stanford Geothermal Progr $or 3 d 
University, Stanford, CA. 1975 and 1976. 

J. W. P r i t che t t ,  S. K. Garg, D. H. Brownell, Jr. and H. B. Levine. 
Geohydrological Environmental Ef fects  o f  Geothermal Power Production, Phase 
I. Report No. SSS-R-75-2733, Systems,Science and Software. La J o l l a m  
i975. 

J. W. P r i t che t t ,  S. K. Garq, D. H. Brownell, Jr.. L. F. Rice, M. H. Rice, T. 
D. Riney and R. -R. Henrickson. Geohydrological Environmental Ef fects  o f  
Geothermal Power Production, Phase I I A. Report SSS-R-77-2998, Systemc 
Science andSoftware. La Jolla,A.976. - 
S. K. Garg, J. W. P r i t che t t ,  M. H. Rice and T. D. Riney. --- U.S. Gulf Coast 
Geopressured Geothermal Reservoir Simulation. Report SSS-R-77-3147, Systems, 
Science and Software. La Jo l l a ,  CA. February 1977. 

G. E. Coury. "Production o f  Geothermal Brine Wells i n  Two-Phase Flow." 
Geothermal Resources Council Transactions, Vol. I (May 19771, pp. 61-63. 

4-30 




