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A NUMERICAL SIMULATION OF THE NATURAL 
EVOLUTION OF VAPOR-DOMINATED HYDROTHERMAL SYSTEMS 

K. P ruess ,  Lawrence Berkeley Labora tory ,  C a l i f o r n i a  
A.H. T r u e s d e l l ,  U.S. Geological  Survey, Menlo Park,  CA 

In t roduc t ion  

The n a t u r a l  s t a t e  and t h e  evo lu t ion  of vapor-dominated 
hydrothermal systems have been t h e  sub jec t  of cons iderable  
r e sea rch  and cont roversy  ( s e e  References 1-4, and r e fe rences  
t h e r e i n ) .  White, Muff ler  , and Truesde l l  have formulated a 
comprehensive q u a l i t a t i v e  model of vapor-dominated r e s e r v o i r s .  
Their  work forms t h e  b a s i s  f o r  more r ecen t  a t tempts  t o  under- 
s tand  r e s e r v o i r  processes  i n  more q u a n t i t a t i v e  d e t a i l . 5  

Most previous computat ional  s t u d i e s  of n a t u r a l  f l u i d  and 
hea t  flow i n  geothermal r e s e r v o i r s  have attempted t o  model spe- 
c i f i c  r e s e r v o i r s  or  have i n v e s t i g a t e d  more gene ra l i zed  steady- 
s t a t e  convect ion i n  s ingle-phase f l u i d  (Ref .  6 and r e fe rences  
t h e r e i n )  o r  i n  two-phase f l ~ i d . ~ , ~  In  c o n t r a s t ,  we desc r ibe  
s imula t ion  of t h e  t r a n s i e n t  evo lu t ion  of a "cold" hydrothermal 
system i n t o  a s t eady- s t a t e  p a r t i a l l y  vapor-dominated system. 

I n  our s tudy  we have neglec ted  t h e  e f f e c t s  of s a l t s  and 
gases  and have assumed t h a t  rock p r o p e r t i e s  a r e  time independent 
and homogeneous wi th in  each p a r t  of t h e  system. Despi te  t h e s e  
s i m p l i f i c a t i o n s  w e  b e l i e v e  t h a t  our model demonstrates  t h e  essen- 
t i a l  f e a t u r e s  of a n a t u r a l  hydrothermal convect ion system (NHCS). 

Parameters of  t h e  System 

The model s y s t e m  c o n s i s t s  of a main permeable r e s e r v o i r  of 
water -sa tura ted  porous rock ,  o v e r l a i n  by a cap of less permeable 
rock (F igure  1) .  Through t h e  caprock,  t h e  r e s e r v o i r  communicates 
wi th  su r face  waters  of ambient cond i t ions  (d i scha rge  and r echa rge ) .  
Also,  conduct ive hea t  f low can occur ac ross  t h e  caprock. The 
system i s  d r iven  by a powerful hea t  source a t  i t s  base.  

A system of t h i s  type  has  a long t r a n s i e n t  per iod .  Very 
l a r g e  amounts of f l u i d  must f low be fo re  convect ion p a t t e r n s  
evolve i n t o  a s t eady  s t a t e .  Severa l  thousand time s t e p s  are 
r equ i r ed  f o r  a computer s imula t ion  of t h i s  process .  In  o rde r  t o  
make t h e  computation economically f e a s i b l e ,  a prudent design of 
system geometry and s p a t i a l  d i s c r e t i z a t i o n  i s  r equ i r ed .  We 
model a system wi th  c y l i n d r i c a l  symmetry, which al lows us t o  
employ a two-dimensional g r i d  (F igure  2 ) .  The most c r i t i c a l  
element i n  t h e  s imula t ion  i s  v e r t i c a l  p re s su re  r e s o l u t i o n .  A 
coa r se  d i s c r e t i z a t i o n  i n  t h e  v e r t i c a l  d i r e c t  ion would average 
p res su res  and thereby  i n h i b i t  onse t  and spreading of b o i l i n g .  
F ine r  gr idding  in t roduces  more and smaller e lements ,  which 
inc reases  t h e  computat ional  work per t ime s t e p  and, moreover, 
reduces t i m e  s t e p  s i z e s  due t o  throughput l i m i t a t i o n s .  While 
our t es t  c a l c u l a t i o n s  showed t h a t  a v e r t i c a l  g r i d  spac ing .of  100 
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m or less  i s  d e s i r a b l e ,  we had t o  use a compromise va lue  
of 400 m t o  con ta in  computing c o s t s  (F igure  2 ) .  

The system des ign  r e p r e s e n t s  a "s implest  meaningful case  ,I1 

appropr i a t e  f o r  a f i r s t  exp lo ra to ry  s tudy.  It i s  a r egu la r  
c y l i n d e r  with plane upper and lower boundaries ,  and uniform 
format ion p r o p e r t i e s  throughout t h e  "caprock" and " re se rvo i r "  
s e c t i o n s ,  r e s p e c t i v e l y  ( s e e  Table 1 ) .  There is  no permeabi l i ty  
c o n t r a s t  between h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s .  Mass and 
hea t  flow ac ross  t h e  v e r t i c a l  boundaries  i s  assumed t o  be 
n e g l i g i b l e .  

The g r i d  c o n s i s t s  of 30 elements with 49 i n t e r f a c e s  (F igure  
2 ) .  One a d d i t i o n a l  element and 5 i n t e r f a c e s  a r e  needed t o  
r e a l i z e  t h e  su r face  boundary cond i t ion .  The spacing i s  uniform 
wi th  400 m v e r t i c a l  and 1000 m h o r i z o n t a l  d i s t a n c e .  

The s imula t ion  w a s  extended over a phys ica l  time of 94,232 
y e a r s ,  r e q u i r i n g  2775 t i m e  s t e p s  and a t o t a l  CPU t i m e  of approx- 
i m a t e l y  1,500 sec  on a CDC 7600 computer. The c a l c u l a t i o n s  w e r e  
made with t h e  s imula tor  SHAFT79, developed a t  LBL, which f e a t u r e s  
an accu ra t e  r ep resen t  a t  ion  of t h e  thermophysical p r o p e r t i e s  of 
water subs tance .  

Evolu t ion  Hi s to ry  

The convect ion system goes through a series of q u i t e  
d i f f e r e n t  and d i s t i n c t  evo lu t ion  p a t t e r n s  be fo re ,  a f t e r  about 
90,000 y e a r s ,  i t  reaches a s t eady  s t a t e .  I n t e r e s t i n g  mechanisms 
wi th  p o s i t i v e  and nega t ive  feedback occur on d i f f e r e n t  time 
s c a l e s .  Table 2 summarizes t h e  main evolu t ionary  phases ,  while  
f i g u r e s  3-5 present  some i l l u s t r a t i v e  d a t a .  In the  subsequent 
d i s c u s s i o n ,  we s h a l l  r e f e r  t o  t h e  va r ious  r e s e r v o i r  reg ions  by 
means of g r i d  block names as  shown i n  F igure  2 .  

The system s t a r t s  out  i n  g r a v i t a t i o n a l  equi l ibr ium (no mass 
f lows) ,  with a t y p i c a l  "na tura l"  temperature  g rad ien t  of .04 
OC/m ( s e e  Table 1 ) .  The temperature  g rad ien t  g ives  r ise  t o  a 
v e r t i c a l  hea t  flow of .084 W/m2, corresponding t o  2.0 HFU. 
The t o t a l  ra te  of hea t  l o s s  through t h e  ground su r face  i s  6.6 
MW, so t h a t  hea t  i n j e c t i o n  a t  t h e  bottom a t  a ra te  of 98.2 
MW g ives  r ise  t o  n e t  energy ga in  a t  a ra te  of 91.6 MW ( s e e  
Figure 3 ) .  The sys t em s t a r t s  t o  hea t  up a t  t h e  bottom, c e n t e r  
(e lements  R5 and S5).  This process  i s  accompanied by thermal 
expansion of t h e  pore water and p res su re  inc rease .  Subsequently 
water begins  t o  flow upward and outward, and d ischarge  i s  
i n i t i a t e d  near  t h e  c e n t e r .  Upflow i n  t h e  c e n t e r  and t h e  hea t ing  
and accompanying r educ t ion  i n  d e n s i t y  of t h e  c e n t r a l  water 
column slow t h e  p re s su re  i n c r e a s e  i n  R5, S5, and a f t e r  32 yea r s  
p re s su res  s t a r t  t o  decrease  above t h e  hea t  source.  This causes  
water t o  flow towards t h e  c e n t e r  a t  t h e  bottom, which spreads 
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t h e  p re s su re  d e c l i n e  outward and i n i t i a t e s  downflow near  t h e  
per iphery .  Gradual ly  t h e  mass flow p a t t e r n  changes from upward 
and outward i n t o  a t o r o i d a l  t y p e  of conf igu ra t ion ,  where f l u i d  
flows up near  t h e  c e n t e r ,  flows outward i n  t h e  shal lower po r t ions  
of  t h e  system, downward near  t h e  margins,  and towards t h e  c e n t e r  
nea r  t h e  bottom. Af te r  about 200 yea r s  p re s su res  s t a r t  t o  
decrease  a t  t h e  margins below t h e  su r face .  Mass d ischarge  
t h e r e f o r e  diminishes  near  t h e  margins ,  while  it cont inues  t o  
inc rease  near  t h e  c e n t e r .  This g ives  r i s e  t o  t h e  pronounced 
peak i n  ne t  mass d ischarge  a f t e r  280 yea r s  ( s e e  F igure  3 ) .  
Af t e r  about 700 yea r s  recharge  begins  a t  t h e  margins.  A s  t i m e  
goes on,  t h e  convec t ive  flow rates  inc rease  (F igure  4 ) ,  and t h e  
p a t t e r n  expands towards t h e  margins t o  e s t a b l i s h  a coherent  
motion throughout t h e  r e s e r v o i r .  The s t e e p  inc rease  i n  convec- 
t i o n  r a t e s  i n  t h e  per iod  from 300 - 1000 yea r s  i s  caused by a 
p o s i t i v e  feedback process :  upflow of  hot  water i n  t h e  c e n t e r  
begins  t o  hea t  up shal lower po r t ions  of t h e  r e s e r v o i r  ( s e e  t h e  
inc rease  i n  temperature  of R 1  a f t e r  600 y e a r s ,  Figure 51, 
thereby  reducing t h e  v i s c o s i t y  of t h e  flowing water  and increas-  
ing convect ion r a t e s .  Convection r a t e s  become so l a r g e  t h a t  t h e  
temperatures  immediately above t h e  hea t  source s t a r t  t o  d e c l i n e ,  
due t o  l a r g e  inf low of co lde r  waters  ( s e e  t h e  temperature  
maximum f o r  R 5  a f t e r  600 y e a r s ) .  This process coun te rac t s  t he  
preceding inc rease  i n  convect ion r a t e s ,  and s t a b i l i z e s  flows 
a t  somewhat smaller va lues  a f t e r  about 2000 yea r s  (F igure  4 ) .  
Temperatures below t h e  s u r f a c e  s t a r t  i nc reas ing  a f t e r  1000 yea r s  
(element C 1 ,  F igure  51, slowly inc reas ing  conduct ive hea t  l o s s  
and decreas ing  t h e  ne t  r a t e  of energy ga in .  Subsequently t h e  
system goes through a long per iod  c h a r a c t e r i z e d  by a slow 
inc rease  i n  tempera tures  throughout ,  while minor rearrangements 
i n  convect ion p a t t e r n s  cont inue  t o  t ake  p l ace .  The l a t t e r  i s  
i l l u s t r a t e d  by t h e  changes i n  flow d i r e c t i o n  between S3/R3 and 
T2/T3 (F igure  4 ) .  The p a r t i c u l a r  way i n  which these  changes 
occur  i s  obviously dependent upon t h e  s p a t i a l  d i s c r e t i z a t i o n  
employed i n  t h e  s imula t ion .  It i s  l i k e l y  t h a t  some of t h e  
non-l inear  feedback processes  mentioned above a r e  a l s o  a f f e c t e d  
(exaggerated)  by d i s c r e t i z a t i o n  e f f e c t s .  No s i g n i f i c a n t  event 
occurs  u n t i l ,  a f t e r  39,000 y e a r s ,  b o i l i n g  commences i n  element 
R 1 .  This g ives  r i s e  t o  a number of important changes. Steam 
s a t u r a t i o n  i n  R 1  i n c r e a s e s  f a i r l y  r a p i d l y ,  reaching  10% a f t e r  
40,000 y e a r s ,  and 15% a f t e r  46,000 yea r s .  Af te r  t h e  t r a n s i t i o n  
t o  two-phase c o n d i t i o n s ,  temperatures  and hence p res su res  remain 
p r a c t i c a l l y  cons t an t  i n  t h e  two-phase zone ( s e e  F igure  51, 
a d d i t i o n a l  hea t  in f low being absorbed by b o i l i n g .  Pressures  
cont inue  t o  d e c l i n e  i n  t h e  s ingle-phase r eg ions ,  due t o  hea t ing  
up and r educ t ion  i n  d e n s i t y  with inc reas ing  temperature .  Thus 
t h e  p re s su re  g r a d i e n t s  which d r i v e  flow towards t h e  two-phase 
zone diminish.  The consequences can be read from Figure  4 :  t he  
upflow nea r  t h e  c e n t e r  d iminishes  r a p i d l y  (R2/R3), and t h e  ho t  
upwelling waters  a r e  d i v e r t e d  outward i n  a funnel - l ike  p a t t e r n  
( c f .  t h e  s t e e p  inc rease  i n  flow r a t e s  f o r  S3/R3 and T2/T3 a s  
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examples).  This  outward d i v e r s i o n  of upwelling hot  waters  i s  
t h e  main mechanism by which t h e  b o i l i n g  spreads l a t e r a l l y .  A 
minor c o n t r i b u t i o n  t o  t h e  spreading comes from h o r i z o n t a l  
outward flow of  water. The l a t t e r  i s  i n h i b i t e d  by permeabi l i ty  
r educ t ion  f o r  w a t e r  f low due t o  bui ldup  of steam s a t u r a t i o n .  
R e l a t i v e  pe rmeab i l i t y  f o r  water i s  reduced t o  40% and 24%, 
r e s p e c t i v e l y ,  f o r  steam s a t u r a t i o n s  of 10% and 15%. Hor izonta l  
steam flow remains small  a t  a l l  t imes ,  and does not c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  l a t e ra l  spreading of b o i l i n g .  Subsequent 
phase t r a n s i t i o n s  occur i n  S 1  ( a f t e r  43,500 y e a r s ) ,  T1 ( a f t e r  
46,000 y e a r s ) ,  and U1 ( a f t e r  49,000 y e a r s ) .  Temperatures and 
p res su res  remain e s s e n t i a l l y  cons tan t  i n  t h e  two-phase zones.  
Therefore ,  p re s su res  do not change much i n  the  caprock over ly ing  
t h e  two-phase zones,  so t h a t  mass d ischarge  remains approximately 
cons t an t .  However, p re s su res  cont inue t o  d e c l i n e  a t  t h e  margins ,  
causing recharge  r a t e s  t o  inc rease  and g iv ing  r i s e  t o  t h e  sharp  
drop  i n  ne t  r a t e  of mass l o s s  a f t e r  50,000 years  (F igure  3 ) .  
Severa l  a d d i t i o n a l  phase t r a n s i t i o n s  occur (e lements  R 2 ,  S2, C l >  
u n t i l ,  a f t e r  about 90,000 y e a r s ,  t h e  system approaches a s teady  
s t a t e .  

The Steady S t a t e  

A s  t h e  r a t e  of su r f ace  hea t  l o s s  approaches t h e  ra te  a t  
which energy i s  i n j e c t e d  a t  t h e  base ,  and as  t h e  ra te  of mass 
recharge  approaches t h e  r a t e  of d i scha rge ,  t h e  ne t  r a t e s  of 
energy g a i n  and mass l o s s  go t o  zero  (F igure  3 ) .  
s t a t e  a l l  f low p a t t e r n s  a r e  s t a t i o n a r y  (t ime-independent) , and 
mass- and energy-content of t h e  sys t em remains cons t an t .  
Table 3 p re sen t s  d a t a  on t h e  r a t e s  of mass and energy flow 
through t h e  ground su r face  a f t e r  92,979 yea r s .  The ra te  of 
energy d ischarge  i s  t o  wi th in  0.1% of  t h e  i n j e c t e d  energy. 
more accu ra t e  s teady  s t a t e  could be obta ined  us ing  a f i n e r  
mesh.) The energy d i scha rge  i s  approximately 90% conduct ive and 
10% convect ive ,  with energy f l u x  l a r g e s t  above t h e  hea t  source ,  
as expected.  F lu id  d i scha rge  i s  a l s o  s t r o n g e s t  above t h e  
hea t  source.  It t a p e r s  o f f  away from t h e  c e n t e r ,  and changes 
i n t o  recharge towards t h e  margins.  In  t h e  s teady  s t a t e ,  t h e  
system has  l o s t  21.6% of  i t s  i n i t i a l  mass con ten t ,  bu t  i t s  
energy conten t  has  increased  3.2 t imes .  Of t h e  hea t  i n j e c t e d  i n  
92,979 y e a r s ,  on ly  27 .2% remains i n  t h e  system, t h e  r e s t  having 
been discharged t o  t h e  atmosphere. 

In  t h e  s teady  

( A  

Conclusions 

This  work demonstrates  t h e  a p p l i c a t i o n  of numerical  simula- 
t i o n  methods t o  s tudy t h e  n a t u r a l  evo lu t ion  of vapor-dominated 
geothermal r e s e r v o i r s .  However, t h e  l a r g e  computational e f f o r t  
involved i n  t h i s  p r e s e n t l y  l i m i t s  ob ta inab le  s p a t i a l  r e s o l u t i o n  
and accuracy of r e s u l t s .  
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The numerical simulation reveals several mechanisms, which 
are operative at different stages in the evolution of the 
system. The more important mechanisms are: (1) initiation of 
intense reservoir-wide convection by means of a positive feedback 
between convective heat transport and reduction in fluid viscosity, 
and (2) the lateral spreading of boiling by means of displacement 
of upward convection away from two-phase zones. 

Although only a relatively thin vapor-dominated zone was 
produced in these calculations, the steady state results demon- 
strate many of the features inferred from the study of natural 
systems, including: 1) vertical counterflow of steam and liquid 
water with steam rising and condensate falling; 2) lateral 
movement of steam from the center toward the edges of the 
system; 3) condensation of steam due to upward conductive heat 
loss with condensate draining downwards to a liquid dominated 
zone where it flows toward a central zone of boiling; 4) an 
interface between a shallow, liquid saturated zone and the 
vapor-dominated zone that is at a temperature near the enthalpy 
maximum of saturated steam (236 OC); 5 )  boiling in the central 
part of the underlying liquid dominated zone with boiling rates 
increasing with depth to a maximum close to the bottom of the 
two-phase zone. 

It is to be emphasized that the present study was made for 
a rather schematic reservoir model, and more realistic features 
will be incorporated in future simulations. 
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RESERVOIR PARAMETERS 

Cylinder with 2.4 km height, 5 km radius 

FORMATION PARAMETERS 

CAPROCK 
(top 400 m) 

density 2600 kg/m3 

porosity .10 
permeability . 3  x 10- m 
specific heat 775 J/kg OC 

heat conductivity 2.1 w/m c 

15 2 

0 

RE SERVO IR 
(bottom 2000 m) 

2 6 0 0 kg /m3 

.10 
-15 2 100 x 10 m 

775 J/kg OC 

2.1 w/m OC 

(no compressibility or thermal expansivity) 

Corey relative permeability functions with k = -5, krs = 0 rw 

I 

mantle : 

bot tom : 

BOUNDARY CONDITIONS 

top: average ambient ground surface conditions of 
5 

'F = 10 OC, p = 10 Pa (E 1 bar) 

"no flow" 

over circle with 2 km radius at center have heat flow of 
7.8125 W/m (corresponding to an average heat flow of 

1.25 W/m over the entire bottom area); otherwise "no flow" 

2 

2 

INITIAL CONDITIONS 

temperature gradient 1 VT[ = -04 
-084  M/m2 2 2.0 HFU) 

pressure gradient is hydrostatic (gravitational equilibrium with no 

mass flow) 

0 C/m (.i.e., "natural" heat flow of 



TABLE 2: EVOLUTION OF A VAPOR-WMINATED HYDROTHERMAL SYSTEM 

PHASE HEAT EFFECTS FLUID FLOW 

i n i t i a l  s ta te  

"dormant" s ta te  
(0-300 y e a r s )  

e v o l u t i o n  of 
i n t e n s e  convect ion 
above h e a t  source  
(300-1,000 y e a r s )  

e v o l u t i o n  of r e s e r v o i r -  
wide convect i on  
(1,000-39,000 y e a r s )  

e v o l u t i o n  of b o i l i n g  
(39,000-90,000 y e a r s )  

s t e a d y  s t a t e  
( a f t e r  90,000 y e a r s )  

"na tura l"  h e a t  f low 

temperature  rises above 
h e a t  source  

rap id  i n c r e a s e  i n  
temperatures  upward 
from h e a t  source  

spreading of e l e v a t e d  
temperatures  throughout 
sys  t e m  

s t a b i l i z a t i o n  of tempera t u r e s  
(hence p r e s s u r e s )  i n  
two-phase zones 

s u r f a c e  h e a t  loss equals  
base h e a t  in f low 

no mass flow 
( g r a v i t a t i o n a l  equ i l ib r ium 
wi th  s u r f a c e  w a t e r s )  

slow mass f low away 
from h e a t  source  
( thermal  expansion)  

rap id  i n c r e a s e  i n  mass f low 
( p o s i t i v e  feedback from 

1 
N 
0 
I 

temperature-dependence 0 

of v i  s c  0 s i t y) 

slowly rear ranging 
" to ro ida l "  f low p a t t e r n  

"f unnel- l ike"  displacement  
of convec t ive  upflow away 
from two-phase zones,  with 
l a t e r a l  spreading  of b o i l i n g  

recharge  equals  d i scha rge  
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1.082 
,7820 
-0700 

-.I251 
- .3250 

TABLE 3:  Surface Heat Flow and Fluid Discharge and Recharge in Steady State, 

3.018 

2.371 
1,348 
1.096 
.7417 

Olstance from 
Center (km) 

.5 
1.5 
2.5 
3.5 
4.5 

Surface 
Ares (km') 

~ 

Entire 
Surface 

') Posltlve for discharge, negatlve for recharge. 

b, Contains conductlon and convection. 

3.142 
9.425 
15.71 
21.99 
28.27 

78.54 

Total Mass 
Flow (kg/sec) 

3.40 
7.31 
1 .IO 

-2.75 
-9.19 

-0.07 

~ ~~ 

Total Energyb1 
Flow (HU) 

9.48 
22.35 
21.18 
24.11 
20.97 

98.09 
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Fj.g,ure 1. Model of Na tu ra l  Hydrothermal  Convection System (NHCS). 
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Figure 2 .  Ver t i ca l  Cross Sect ion of NHCS. 
and the  space d i s c r e t i z a t i o n  with element names i s  shown. 
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Figure 3 .  Energy Gain and Mass Loss for  NHCS. 
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Figure  4 .  Mass Flow Rates  i n  NHCS. The curves a r e  l abe led  wi th  t h e  elements  
between which t h e  flow occur s .  Flows are from t h e  second element 
i n t o  t h e  f i r s t ,  u n l e s s  a curve i s  l abe led  (-1. 

300 

I I I I 

I c1 01 1 I 1 I 
IO' IO2 io3 104 I o5 

Time (years) 
XBL8012-6527 

Figure  5. Temperature Evolu t ion  i n  NPCS. 




