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P r i o r  t o  t h e  d r i l l i n g  o f  t he  HGP-A w e l l  a t  t he  Kapoho geothermal f i e l d  

i n  December 1975, i t  had g e n e r a l l y  been assumed t h a t  geothermal r e s e r v o i r s  on 
the  I s l a n d  of Hawaii were low-temperature l i qu id -domina ted  r e s e r v o i r s  which 

were c o n s t a n t l y  recharged from the  ocean. 

conceptual model were c a r r i e d  o u t  t o  i n v e s t i g a t e  heat  t r a n s f e r  and f l u i d  f l o w  

c h a r a c t e r i s t i c s  i n  such a r e s e r v o i r .  
most unfavorable cond i t i ons ,  i . e . ,  i n  the absence o f  caprock f o r  t he  p reven t ion  

of heat l o s s  and w i t h  constant  recharge from c o l d  seawater, i t  i s  p o s s i b l e  t o  

have a l a r g e  amount o f  h o t  water  a t  shal low depth, (2 )  t h e  u p w e l l i n g  o f  t he  

water t a b l e  r e s u l t i n g  f rom geothermal hea t ing  i s  smal l ,  and ( 3 )  t he  r a t e  o f  
c o n t r a c t i o n  o f  isotherms r e s u l t i n g  f rom the  withdrawal o f  f l u i d  f rom a 

p roduc t i on  w e l l  depends n o t  on l y  on t h e  withdrawal r a t e ,  b u t  a l s o  on the  s i z e  
of t he  heat source as w e l l  as t h e  r e l a t i v e  l o c a t i o n  o f  t h e  p roduc t i on  w e l l  
and the  heat source. 

i t  was found f rom the core samples t h a t  t he  p e r m e a b i l i t y  o f  t he  format ion 

va r ies  w i t h  depth, and t h a t  the low s a l i n i t y  o f  t he  water samples taken from 

the  w e l l  i n d i c a t e s  t h a t  t he re  i s  a b a r r i e r  between the w e l l  and the  ocean, 

p reven t ing  t h e  f r e e  f l o w  o f  seawater. Thus, a t h i r d  numerical model t a k i n g  

i n t o  cons ide ra t i on  the l aye red  s t r u c t u r e  o f  the format ion,  w i t h  recharge and 
discharge through an upper permeable boundary, was c a r r i e d  o u t  t o  s imu la te  
the  f r e e  convect ion processes a t  t he  Kapoho geothermal f i e l d .  I n  a d d i t i o n  

a n a l y t i c a l  s tud ies  on convect ive heat  t r a n s f e r  from d ikes and s i l l s  i n  an 
a q u i f e r  w i t h  h igh  p e r m e a b i l i t y  have been performed, and a n a l y t i c a l  express ons 

f o r  heat t r a n s f e r  r a t e s  and t h e  s i z e  o f  t h e  h o t  water zone from h o t  i n t r u s  ves 
have been obtained. The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  have g iven considerable 

i n s i g h t  on heat and mass t r a n s f e r  processes i n  a l iqu id-dominated vo l can ic  

geothermal r e s e r v o i r .  

Two numerical  s t u d i e s  based on t h i s  

I t  was found t h a t  (1 )  even under the  

A f t e r  t h e  d r i l l i n g  o f  the HGP-A w e l l  had been completed i n  A p r i l  1976, 
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INTRODUCTION 

I p 
.i 

The task force f o r  r e s e r v o i r  engineer ing c o n s i s t i n g  o f  t h e  numerical  

made l l i ng  and w e l l  t e s t i n g  groups was formed d u r i n g  Phase I o f  t h e  p r o j e c t .  

The i n i t i a l  assignment of t h e  mode l l i ng  group was t o  c a r r y  o u t  numeric41 

s t u d i e s  t o  assess whether a l a r g e  amount o f  h o t  water  e x i s t s  i n  a v o l c a n i c  
i s l a n d  r e s e r v o i r ,  unconfined from the  top  and c o n s t a n t l y  recharged w i t h  c o l d  

seawater. The u l t i m a t e  o b j e c t i v e  o f  t h e  mode l l i ng  group was t o  develop a 

computer code capable o f  s i m u l a t i n g  t h e  perforpance o f  a geothermal w e l l  i n  
a l iqu id-dominated vo l can ic  i s l a n d  r e s e r v o i r .  From a number of numeric41 

models c a r r i e d  o u t  d u r i n g  Phases I and I1  o f  the p r o j e c t ,  i t  was concluded 

t h a t  a l a r g e  amount o f  h o t  water a t  h igh  temperature i s  indeed p o s s i b l e  i n  
t h e  Hawaiian i s l a n d  r e s e r v o i r  even under t h e  most unfavorable c o n d i t i o n s  

where a caprock i s  absent and w i t h  c o l d  water be ing recharged f rom t h e  ocean. 

Dur ing t h i s  p e r i o d  o f  t ime a number o f  a n a l y t i c a l  s t u d i e s  y e r e  also c a r r i e d  
o u t  on heat  t r a n s f e r  f rom h o t  i n t r u s i v e s  such as d i kes  and s i l l s  embedded i n  

a format ion w i t h  h i g h  p e r m e a b i l i t y .  

f i e l d  data analyzed, i t  was found i n  c o n t r a s t  w i t h  e a r l i e r  specu la t i on  t h a t  

(1 )  t h e  p e r m e a b i l i t y  o f  t h e  fo rma t ion  i s  smal l ,  ( 2 )  the low c h l o r i d e  con ten t  

of water samples taken f r o m  the w e l l  suggests t h a t  t h e r e  i s  a b a r r i e r  between 

the  w e l l  qnd the ocean t o  prevent  t h e  f ree f l o w  o f  seawater, and (3 )  the 

bottomhole temperature and pressure measurements i n d i c a t e  t h a t  two-phase 
f low r a t h e r  than single-phase f l o w  e x i s t s  i n  t h e  format ion.  

s i m u l a t i o n  o f  t he  Kapoho geothermal f i e l d  cannot be c a r r i e d  o u t  u n t i l  t h e  
r e s q r v o i r  c h a r a c t e r i s  t i c s  are known, i t  was decided t o  d i s c o n t i n u e  the 

numerical mode l l i ng  e f f o r t s  u n t i l  more ho les  i n  the area a r e  d r i l l e d  and 

w e l l  t e s t i n g  programs completed. 
obta ined between May 1973 t o  September 1977 d u r i n g  which t h e  numerical 

mode l l i ng  work was funded. 
considerable i n s i g h t  on heat  and mass t r a n s f e r  p rocesse i  i n  a l i q u i d -  

dominated geothermal r e s e r v o i r .  D e t a i l s  o f  t h e  work a r e  repo r ted  i n  twenty 
pub1 i c a t i o n s  

A f t e r  t he  HGP-A w e l l  had been d r i l l e d  and 

Since a meaningful 

The ' f o l l o w i n g  i s  a summary of r e s u l t s  

The r e s u l t s  o f  t h e  i n v e s t i g a t i o n  have g i ven  

( 3 - 2 2 )  
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T h e  primary objectives of t h i s  task have been ( 1 )  t o  a s s i s t  in the 
assessment'of geothermal resources on the island of Hawaii; ( 2 )  t o  estimate 
the capacity of  the Kapoho geothermal f i e l d ;  ( 3 )  t o  predict  the l ifespan and 

I 

a geothermal we1 1 under d i f fe ren t  operating and resource condi - 
t o  s tudy  the environmental impacts on the Ghyben-Herzberg lens 

resul t ing from w;thdrawal and reinjection o f  geothermal f lu ids .  
z I l l  '.,, 

NUMERICAL STUDIES 

Prior t o  the d r i l l i n g  of the HGP-A well,  i t  had generally been assumed 
t h a t  geothermal reservoirs on the Island of Hawaii are  low-temperature h o t -  
water reservoirs which a re  constantly recharged from the ocean, owing t o  the 
high porosity and permeability of the basa l t ic  formation. 
speculated t h a t  while aquifers at-shallow depth on the island may be unconfined 
from the \op,'confined aquifers may ex i s t  a t  d e p t h  due t o  self-seal ing e f f ec t s .  
The heating of the groundwater in  the aquifers i s  provided by a magma chamber 
a t  shallow depth, the r i f t  zone, as well as numerous h o t  in t rusives .  
overly-simplified view of the Hawaii geothermal reservoir i s  shown in Fig. 1 .  

As the detai led geological and  hydrological conditions a t  the Kapoho 
area were u n k n o w n  pr ior  t o  the d r i l l i n g ,  the s t ra tegy adopted by the numeri- 
cal simulation group had been t o  study simplified s i tua t ions  during the 
i n i t i a l  phase o f  the work. 

I t  had been 

An 

These simplified models, which consider d i f fe ren t  

E 
E 

- 2 -  il 
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Figure 1 .  Island Aquifer with Geothermal Heat Source 



ef fec ts  one a t  a time, will a i d  in a qua l i ta t ive  unders tanding  of the 
physical processes fnvolved. 
developed and geophysical exploration data on the Kapoho area have been 
analyzed, more r e a l i s t i c  models will  be considered. 
will then culminate i n  the development of a general computer code, capable 
of predicting the charac te r i s t ics  of the Kapoho geothermal f i e l d .  . 

the i n i t i a l  models, the Hawaii geothermal reservoir ( F i g .  1 )  i s  idealized 
as a two-dimensional porous medium, heated by impermeable bedrock from below, 
and recharged from the ocean t h r o u g h  ver t ical  boundaries ( F i g .  2 ) .  

After maturity and expertise have been 

The research work 

For 

To 
simplify the mathematical formulation of the problem, the fol 
t i o n a l  assumptions have been made: 

The temperature o f  the f lu id  is  everywhere below boi 
pressure a t  t h a t  depth. 
Properties o f  the groundwater and the rock formation 

A. 

B. 

owing addi- 

ing  fo r  the 

such as t h e  
thermal conductivit ies , spec i f ic  heats,  kinematic viscosi ty ,  and 
permeability a re  assumed t o  be homogeneous and isotropic .  

problems, i s empl oyed. 
C .  The Boussinesq approximat ion ,  used i n  c lass ical  f ree  convection 

The mathematical model i s  based on the conservation laws of heat and mass, 
as well as the Darcy law for  flow t h r o u g h  a porous medium. 
approximations, the governing equations in rectangular coordinates can be 
combined and reduced t o  the following two coupled non-linear par t ia l  differen- 
t i a l  equations in terms of P and e as 

W i t h  the above 

D a p  a e  [-gz-($tl-E@)g]t---t- a e  - a2e $8 , 
aT ax2 az2 

where 

-4 -  
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P E  , O F -  , T E at/oh , X E x/h  , Z E z / h  , 

w i t h  p ,  T ,  t ,  p ,  6 and 1.1 denoting the pressure, temperature, time, density,  
thermal expansion coeff ic ient ,  viscosi ty;  ~ r ,  and K denoting the thermal d i f fus iv i ty  
a n d  permeability of the medium; g the gravitational acceleration; T, denoting the 
maximum temperature of the impermeable surface,  and the subscript  ''SI' denoting 
the condition i n  the ocean; E and D are  dimensionless parameters; o i s  the r a t i o  
of heat capacity o f  the f l u i d  t o  tha t  of the medium and po i s  some reference 
pressure which i s  assumed t o  be constant. 
are  D and c w h i c h  a re  re lated t o  the Rayleigh number by the relat ion DE = Ra. 
po i s  chosen to  be the hydrostatic pressure which varies with depth, Eqs. ( l a )  and 
( 2 a )  will be replaced by 

In the above formulation, the parameters 
I f  

c) c) 

n n 

. -  where Ra is  the only parameter o f  the problem. 

For most of the two-dimensional problems of f r ee  convection i n  geothermal 
reservoirs,  i t  i s  convenient t o  express the governing equations' i n  terms of stream 
function and temperature, which a re  given by 

- + - - - -  a2Y a',, - a e  
ax a x 2  az2 

-6 -  c 
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where Y E !J$/psghB(Tm-Ts)K which i s  r e l a t e d  t o  the  dimensionless v e l o c i t y  

components by U = a Y / a Z  and V = - a Y / a X .  With app rop r ia te  boundary and i n i t i a l  
cond i t i ons ,  Eqs. ( 1 )  and ( 2 )  [ o r  t h e  equ iva len t  s e t  o f  equat ions (3 )  - (14) o r  

( 5 )  - ( 6 ) ]  have been so lved numer i ca l l y  f o r  t h e  i n v e s t i g a t i o n  of t h e  f o l l o w i n g  

problems. 

Model No. 1 Convect ion i n  a Geothermal Reservoi r  Unconf ined f rom t h e  Top [3 .4 ]  

To study t h e  p o s s i b i l i t y  o f  t h e  upwe l l i ng  of t h e  water  t a b l e  due t o  geo- 

thermal hea t ing  as suggested by K e l l e r  ( l ) ,  t h e  problem o f  steady f r e e  
convect ion i n  an unconf ined geothermal r e s e r v o i r  was t r e a t e d  ( F i g .  2a).  I n  t h e  

mathematical f o rmu la t i on  o f  t h e  problem, t h e  shape o f  t h e  water  t a b l e  i s  n o t  

known a p r i o r i  and must be determined f rom t h e  s o l u t i o n .  Since exac t  numerical  

s o l u t i o n s  t o  t h e  problem a re  very d i f f i c u l t ,  approximate p e r t u r b a t i o n  s o l u t i o n s  

app l i cab le  t o  r e s e r v o i r s  a t  low Rayle igh numbers a re  obta ined.  

these approximat ions,  t h e  governing equat ions a re  l i n e a r i z e d  and t h e  zero-order  

and t h e  f i r s t - o r d e r  problems are,  respec t i ve l y ,  t h e  Laplace equat ion  and Po iss ion  

equat ion w i t h  nonhomogeneous boundary cond i t i ons ,  which can be so lved numer i ca l l y .  
F igure  3 shows t h e  isotherms i n  an unconf ined geothermal r e s e r v o i r  w i t h  D = 500 

and E = 0.1, o r  Ra = 50, where Case A represents  hea t ing  due t o  a v e r t i c a l  h o t  

d ike,  0.5 u n i t  i n  h e i g h t  and 2 u n i t s  i n  w id th ,  l o c a t e d  a t  t h e  cen te r  o f  t h e  

a q u i f e r  w i t h  a c o l d  impermeable sur face  a t  t h e  bottom; Case B represents  hea t ing  

due t o  a magma chamber f rom below. 

a d i k e  as  i n  Case A, and a heated h o r i z o n t a l  bedrock as i n  Case B. The e f f e c t s  

o f  d i f f e r e n t  heat  sources on t h e  upwe l l i ng  o f  t h e  water  t a b l e  a re  shown i n  
F i g .  4, where i t  can be concluded t h a t  t h e  upwe l l i ng  o f  w a t e r  t a b l e  due t o  

geothermal hea t ing  i s  smal l .  

A s  a r e s u l t  of 

Heat ing i n  Case C i s  due t o  t h e  combinat ion o f  

( A )  

r a t i o  

magma 

Model No. 2 Convection i n  a Geothermal Reservo i r  Conf ined f rom t h e  Top 

caprock a t  the  top  and bedrock a t  t h e  bottom w i t h  recharge through v e r t i c a l  

boundaries f rom the  ocean (see F i g .  2b) .  

i n  t h i s  problem, exact numerical s o l u t i o n s  f o r  any Rayle igh number can 

by f i n i t e  d i f f e r e n c e  methods. This model was used t o  s tudy t h e  fo rmat ion  and w i t h -  
drawal o f  f l u i d s  i n  an i s l a n d  geothermal r e s e r v o i r .  

The second model considered i s  t h a t  o f  a two-dimensional r e s e r v o i r  con f ined by  

Since no f r e e  sur faces a r e  i nvo l ved  
be obta ined 

- Formation o f  an I s l a n d  Geothermal Reservo i r  [9 ]  

Consider t h a t  the i d e a l i z e d  a q u i f e r  as shown i n  F i g .  2b hav ing an aspect 

o f  4, i n i t i a l l y  isothermal  and mot ion less,  i s  suddenly heated by an i n t r u d e d  
chamber a t  a shal low depth. The subsequent development o f  isotherms i n  t h e  

-7-  
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reservoir having D = 4,000 and E = .05 ( r a  = 200) i s  shown i n  F i g .  5 where 
T = 0.001 corresponds t o  200 years on the real time scale .  
f igure tha t  the isotherms move gradually upward and reach a steady s t a t e  con- 
di t ion approximately a t  'I= 0.035, corresponding t o  approximately 7000 years. 
I t  i s  found  t h a t  the time required t o  reach steady s t a t e  increases as the value 
of D decreases. I 

I t  i s  shown in the 

Effects of Rayleiqh Number [5] 
" 

',Figures 6-8 show the steady s t a t e  convection pattern and isotherms i n  an 
axisymmetric reservoir a t  d i f fe ren t  values of Ra. As shown i n  F i g s .  6a and 6 b ,  
cold water from the ocean,moves inland along the lower portion of the aquifer 
and i s  gradually being heated by the hot bedrock. 'Near the point of  maximum 
heating, the f lu id  r i s e s  as  a thermal plume. 
i t  spreads around the caprock and i s  f i na l ly  discharged t o  the ocean i n  the upper 
portion of the aquifer.  
convective c e l l s  disappear a s  the value of Ra i s  increased. 
on the isotherms i s  shown i n  F i g .  7 .  
(Ra = 50 for  example), the shapes of the isotherms are  s imilar  t o  those by heat 
conduction. As the va-lues of Ra increase,  the isotherms develop into mushroom 
shapes. The resu l t s  have'important implications on the select ion of a d r i l l i n g  
s i t e .  They indicate tha t  for  a reservoir w i t h  large value of Ra and  h a v i n g  a hot 
heat source from below, a large amount of h o t  water i s  indeed avai lable  a t  shallow 
depths. F i g .  8 shows the ver t ical  temperature prof i les  a t  d i f fe ren t  locations in 
an island aquifer.  
plume increase rapidly from nearly zero a t  the caprock t o  almost un i ty  somewhat 
below the caprock. 
shown to  be d i f fe ren t  from the r e s t  of the prof i les  which have a, temperature 
reversal a t  a lower elevation. 
occurs because of the la te ra l  movement of  groundwater. 
t h a t  temperature vs. depth measurements obtained by Keller [1] show also a temperature 
reversal behavior ( F i g .  9 ) .  
s t r ik ing  s imi la r i ty  ( F i g .  l o ) .  

Effects of Thermal Boundary Condition a t  the Caprock [5]. Figure 11  shows 
the steady temperature d is t r ibu t ion  i n  a geothermal reservoir w i t h  an adiabatic 
caprock. The e f fec ts  of thermal boundary condition on the caprock can be shown 
by comparing the isotherms in F i g .  11 t o  those of F i g .  7 which i s  fo r  a reservoir 

As the hot water reaches the top, 

A comparison of Figs. 6a and 6b shows t h a t  close 
T h e  e f fec t  of Ra 

I t  shows t h a t  for small values of Ra 

The dimensionless temperatures a t  the center l i ne  of the thermal 

The ver t ical  temperature prof i les  a long  the thermal plume a re  

I t  i s  worth mentioning t h a t  the temperature reversal 
I t  i s  interest ing t o  note 

A comparison between theory and masurements shows a 
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w i t h  a heat-conduct ing caprock. 

< where i n  the  r e s e r v o i r  having a d i a b a t i c  caprock i s  h ighe r  than t h a t  w i t h  a h e a t -  

conduct ing caprock. However, t h e  inc rease i n  temperature i s  most s i g n i f i c a n t  i n  

the  reg ion  ad jacent  t o  the  caprock. The l a r g e r  the  va lue o f  Ra, the  sma l le r  the  
reg ion  i n  which temperature i s  a f fec ted .  I n  o t h e r  words, f o r  l a r g e  values o f  Ra, 
t h e  e f f e c t  o f  thermal boundary c o n d i t i o n  on t h e  caprock i s  conf ined t o  a smal l  
reg ion  adjacent  t o  the  caprock, w i t h  t h e  temperature d i s t r i b u t i o n  i n  the  r e s t  o f  

t he  r e s e r v o i r  remaining unaf fec ted .  Thus, t h e  s i z e  o f  h o t  water zone a t  shal low 

depth depends on t h e  thermal c o n d i t i o n  o f  t h e  caprock. 
boundary c o n d i t i o n  a t  t he  caprock on the  t o t a l  heat  t r a n s f e r  r a t e  o f  t he  bedrock 
i s  presented i n  F ig .  12, where i t  i s  shown t h a t  t he  heat  t r a n s f e r  i s  r e l a t i v e l y  
independent o f  t he  thermal boundary c o n d i t i o n  a t  t he  caprock. 

The e f f e c t s  o f  hea t ing  
l eng th  o f  t h e  bedrock on steady s t a t e  convect ion p a t t e r n  and i t s  assoc ia ted  

isotherms are shown i n  F igs .  13 and 14. The number o f  convec t ive  c e l l s  and the  
associated thermal plumes a r e  dependent upon the  va lue of  f, t h a t  i s ;  t h e  r a t i o  o f  

the  heat ing  l eng th  t o  t h e  h e i g h t  o f  the  r e s e r v o i r .  

c e l l s  a re  generated f o r  f = 2, w h i l e  f o u r  convec t ive  c e l l s  a re  generated f o r  
f = 3. The e f fec ts  o f  d i k e  i n t r u s i o n  on convect ion p a t t e r n  and temperature d i s -  
t r i b u t i o n  a re  shown i n  F igs .  13c and 14c. 
r e s p e c t i v e l y  shows t h a t  t he  convect ive p a t t e r n  and t h e  shape o f  isotherms depend 

no t  o n l y  on the  s i z e  o f  t he  hea t ing  l e n g t h  b u t  a l s o  on t h e  manner i t  i s  heated, 
i .e. , whether i t  i s  heated v e r t i c a l l y  o r  h o r i z o n t a l l y .  

F igs .  13b and 13c have the  same hea t ing  length ,  t he  convec t ive  pa t te rns  and t h e i r  

assoc iated temperature contours (as shown i n  F igs .  14b and 14c) a re  complete ly  

d i f f e r e n t .  

( B )  Withdrawal o f  F l u i d s  i n  an I s l a n d  Geothermal Reservoi r  [ 6 ,  8, 91 
Pressure grad ien ts  i n  a geothermal f i e l d  can be generated by man-made w i t h -  

drawal o r  r e i n j e c t i o n  o f  f l u i d s  du r ing  produc t ion .  

movement o f  groundwater i n  the  geothermal r e s e r v o i r  depends no t  o n l y  on t h e  
buoyancy fo rce  b u t  a l s o  on the  induced pressure g rad ien ts .  

s t rong wi thdrawal  r a t e ,  isotherms i n  the  r e s e r v o i r  may c o n t r a c t  which w i l l  have 

impor tant  i m p l i c a t i o n s  t o  t h e  l i f e s p a n  o f  a geothermal w e l l .  

r e s e r v o i r  w i t h  an aspect r a t i o  o f  4 and w i t h  D = 7000 and E = 0.05 ( o r  Ra = 350) 

As expected, temperature d i s t r i b u t i o n  every- 

' 

The e f f e c t  o f  thermal. 

E f f e c t s  o f  Heat ing Length and Dike I n t r u s i o n  [5]. 

It i s  shown t h a t  two convec t ive  

Comparison of  curves i n  F igs .  13 and 14 

For  example, a1 though 

As a r e s u l t ,  t h e  convec t ive  

For a s u f f i c i e n t l y  

F igu re  1 5  shows t h e  c o n t r a c t i o n  o f  isotherms o f  a rec tangu la r  geothermal 
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I 

r e s u l t i n g  from t h e  f l u i d  wi thdrawal .  

f l u i d  wi thdrawal ,  w h i l e  t h e  s o l i d  l i n e s  i n d i c a t e  t h e  isotherms a f t e r  30 years 
(F ig .  15a) and 100 years ( F i g .  15b) o f  cont inuous wi thdrawal  o f  f l u i d s  a t  a r a t e  

o f  7 x 10 l b m / h r - f t  f rom a p o i n t  s i n k  l oca ted  a t  X = 0 and Z = 0.5, i . e . ,  d i r e c t l y  
above t h e  p o i n t  o f  maximum heat ing .  Whi le i t  i s  shown i n  t h e  f i g u r e  t h a t  isotherms 
ha rd l y  change a f t e r  30 years o f  opera t ion ,  t h e  temperature o f  t h e  groundwater above 

t h e  s i n k  decreases no t i ceab ly  a f t e r  100 years o f  opera t ion .  

f l u i d  a long a l i n e  s i n k  l oca ted  v e r t i c a l l y  upward from t h e  p o i n t  (0, 0.5) t o  t h e  

top  o f  t he  a q u i f e r  having D = 7000 and E = 0.05. The isotherms before  t h e  f l u i d  
wi thdrawal a re  the  same as those i n  F ig .  15 and a r e  shown by dashed l i n e s .  
l i n e s  a r e  t h e  isotherms a f t e r  30 years of cont inuous wi thdrawal  o f  f l u i d s  a t  t h e  

r a t e  o f  1 .7  x 10 l b m / h r - f t .  

temperature o f  groundwater i n  t h e  upper p o r t i o n  o f  t h e  r e s e r v o i r  decreases n o t i c e -  
a b l y  a f t e r  30 years o f  opera t ion .  I t  should be noted t h a t  t h e  r a t e  o f  c o n t r a c t i o n  

o f  isotherms n o t  o n l y  depends on t h e  withdrawal r a t e  b u t  a l s o  on t h e  s i z e  o f  t h e  
heat ing length ,  i . e . ,  t h e  temperature d i s t r i b u t i o n  o f  t h e  bedrock. 

The dashed l i n e s  i n d i c a t e  t h e  isotherms before 

6 

Figure  16 shows t h e  c o n t r a c t i o n  o f  isotherms r e s u l t i n g  f rom t h e  wi thdrawal  of 

The s o l i d  

7 A t  t h i s  r a t e  o f  wi thdrawal ,  i t  i s  shown t h a t  t h e  

Model No. 3. Convection i n  a Mu l t i -Layered Geothermal Reservoi r  

Model No. 3 was developed a f t e r  HGP-A w e l l  had been d r i l l e d .  

ana lys i s  o f  data f rom geophysical  e x p l o r a t i o n  and w e l l  t e s t i n g  suggested t h a t  some 

of t h e  assumptions made i n  t h e  e a r l i e r  models do n o t  correspond t o  t h e  cond i t i ons  

t h a t  e x i s t  a t  t h e  Kapoho geothermal f i e l d .  

d r i l l i n g  and f rom core samples taken from t h e  w e l l ,  i t  appears t h a t  layered s t r u c -  
tu re  e x i s t s  i n  the rock  f o r m a t i o n ,  and t h a t  there i s  no e v i d e n c e  o f  a cap rock  

Pre l im ina ry  

From t h e  examinat ion o f  mud l o s s  du r ing  

being formed. 

groundwater has an extremely low s a l i n i t y ,  i n d i c a t i n g  t h a t  t h e  groundwater i s  most 

l i k e l y  t o  be o f  meteor ic  o r i g i n  w i t h  l i t t l e  recharge f rom t h e  ocean. 
Yodel No. 3 assumes t h a t  ( 1 )  t h e  a q u i f e r  can be recharged o r  

discharged from t h e  t o p  through a permeable upper boundary, and ( 2 )  t h e  a q u i f e r  

i s  comprised o f  t h ree  l aye rs  w i t h  t h e  midd le  l a y e r  be ing t h e  l e a s t  permeable, and 

the  upper and lower l aye rs  be ing h i g h  and moderate i n  pe rmeab i l i t y .  

o f  t h e  groundwater i n  the  a q u i f e r  i s  prov ided by d i k e  complexes from t h e  s ides 

Ana lys is  o f  t h e  water samples taken f rom the  w e l l  shows t h a t  t h e  

The heat ing  

and a magma chamber from below. Since t h e  th ree  l aye rs  have d i f f e r e n t  phys i ca l  

p roper t i es ,  t h e  governing equat ions must be app l i ed  separa te ly  t o  t h e  t h r e e  l a y e r s .  

The boundary cond i t i ons  a t  t h e  i n t e r f a c e s  a re  such t h a t  temperatures and stream 

func t i ons  a r e  cont inuous and t h a t  f l o w  r a t e s  normal t o  t h e  i n t e r f a c e s  a r e  t h e  same. 
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Numerical s o l u t i o n s  have been c a r r i e d  o u t  f o r  s i x  cases w i t h  d i f f e r e n t  

Rayleigh numbers and aspect ( l e n g t h  t o  h e i g h t )  r a t i o s .  

f o r  s t reaml ines and temperature d i s t r i b u t i o n  a re  shown i n  F ig .  17, where t h e  

aspect r a t i o  i s  2 and the  Rayleigh numbers f o r  t he  t h r e e  l a y e r s  a r e  taken t o  be 

300, 120 and 750. 
F ig .  17a f o r  h a l f  t he  domain, seems t o  be the  p r e f e r r e d  mode as the  system 

approaches Steady s t a t e .  The s t reaml ines i n  F i g .  17b show s t rong  convect ive 

f lows i n  the  upper and lower l a y e r s  where t h e  p e r m e a b i l i t i e s  a r e  h igher .  
convect ion i s  absent i n  the  middle l a y e r  where p e r m e a b i l i t y  i s  low. V e r t i c a l  

temperature p r o f i l e s  f o r  t h i s  case a r e  p l o t t e d  i n  F ig .  18. 

F ig .  18 w i t h  temperature p r o f i l e s  observed a t  HGP-A w e l l  ( F i g .  19) shows a 
s t rong  resemblande, demonstrat ing t h e  c r e d i b i l i t y  o f  t he  mathematical model. 

Representat ive r e s u l t s  

The m u l t i - c e l l u l a r  f l o w  w i t h  c e l l  w i d t h  o f  0.5, p l o t t e d  i n  

C e l l u l a r  

Comparison of 

ANALYTICAL STUDIES 

It w i l l  be o f  g r e a t  i n t e r e s t  i f  some simple a l g e b r a i c  equat ions can be 
obta ined f o r  t h e  c a l c u l a t i o n s  o f  heat t r a n s f e r  r a t e  and s i z e  o f  t h e  h o t  water 

zone qdjacent  t o  t h e  h o t  i n t r u s i v e s  which e x i s t  i n  the  Kapoho geothermal f i e l d .  

For  these purpoFes, some e f f o r t  has been devoted t o  o b t a i n  a n a l y t i c a l  s o l u t i o n s  

f o r  convect ive heat  t r a n s f e r  f rom v e r t i c a l  o r  h o r i z o n t a l  heated sur faces embedded 

i n  a rock f o r m u l a t i o n  sa tu ra ted  w i t h  water.  The methodology used t o  so lve Eqs. 

(1)  and (2 )  ( o r  an e q u i v a l e n t  $ e t  o f  equat ions)  approximately i s  a k i n  t o  the  
boundary l a y e r  s i m p l i f i c a t i o n s  i n  c l a s s i c a l  v iscous f l o w  theo ry .  The f o l l o w i n g  

a n a l y t i c a l  s o l u t i o n s  have been obtained. 

Free Convection f rom a D i k e .  

an isothermal  d i k e  a t  Tw, t rapped i n  a rock fo rma t ion  a t  Too. 
t h e  s i z e  of t h e  hot-water zone (.i.e., t he  s o - c a l l e d  thermal boundary l a y e r  

th ickness)  i s  

Closed-form s o l u t i o n s  have been obta ined f o r  steady f ree  convect ion from 
The expression f o r  

- -  ‘T - 6.31- 9 ( 7 )  

where x i s  the coord inate a long t h e  su r face  o f  t h e  d ike.  
heat f l u x  i s  

The l o c a l  surface 

where A = Tw-T,,. 
-25- 
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Eq. (8 )  can be r e w r i t t e n  i n  dimensionless form as 

Nux = 0.444 ¶ 

hx 
k FEa 

where Nu, 5 - and Rax 

Rayle igh number. 

l a y e r  ad jacent  t o  an isothermal  d i k e  a t  200°C i n  an a q u i f e r  a t  15°C a r e  shown 
i n  F igu re  20. 

pmgBK(Tw-Tm)x/ 

The temperature and v e r t i c a l  v e l o c i t y  d i s t r i b u t i o n  i n  the  porous 

are  t h e  l o c a l  Nusse l t  number and 

Free Convection f rom a C y l i n d r i c a l  Shape I n t r u s i v e  [15]. The problem o f  

f ree convect ion about the  ou te r  sur face  o f  a v e r t i c a l  c y l i n d r i c a l  i n t r u s i v e  w i t h  

w a l l  temperature T = Tm t Ax was t r e a t e d  by Minkowycz and Cheng [ll] us ing  

l o c a l - s i m i l a r i t y  and l o c a l  n o n - s i m i l a r i t y  methods. F igu re  21 shows t h a t  t h e  

r a t i o  of l p c a l  sur face  heat  f l u x  f o r  a c y l i n d r i c a l  shape body w i t h  r a d i u s  ro 

t o  t h a t  o f  a f l a t  p l a t e  w i t h  a w i d t h  S = 2 r r o  depends on bo th  A ( w a l l  temperature 

I i s  a measure o f  cu rva tu re  e f f e c t .  

x 
W 

d i s t r i b u t i o n )  and 6 where 6 F- 2x o (Rax)’l2 

I n j e c t i o n  o f  Hot Water o r  Withdrawal of Cold Water Along ‘de l l s  o r  Fissures  [13]. 

For the  spec ia l  cases where t h e  temperature and v e l o c i t y  of t h e  mass f l u x  a re  o f  
t he  form Tw = T, k Axx and v = ax”, s i m i l a r i t y  s o l u t i o n s  have been ob ta ined f o r  t he  
spec ia l  cases where n = (A-1)/2. The e f f e c t s  o f  mass f l u x  on t h e  thermal boundary 
l a y e r  th ickness and the  temperature g rad ien ts  a t  t h e  w a l l  f o r  i n j e c t i o n  o f  h o t  
water  were i n v e s t i g a t e d  [ 131. 

Mixed Convection About V e r t i c a l  o r  Near ly  V e r t i c a l  Dikes [18]. For mixed 

convect ion about nea r l y  v e r t i c a l  impermeable sur faces a t  a p rescr ibed tempqrature 

T = Too + Ax’, i n c l i n e d  a t  an angle mr/2 w i t h  respec t  t o  t h e  hor izon,  and w i t h  f r e e  
stream v e l o c i t y  U = Bxn where n = m/(Z-m), s i m i l a r i t y  s o l u t i o n s  e x i s t  i f  n = A .  

W 
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I 

It i s  found t h a t  tile thermal boundary l a y e r  tllichness i s  

9 (10) 
&T nT - = -  
x m  

and t h e  sur face  heat f l u x  i s  

q = kA A X  [-B'(O)] 9 

which can be r e w r i t t e n  as 

-Ce'(0)1 (12) 
Nu 

m - =  
umx 

where RePr = ?and  t h e  values of hT and [ - e l ( O ) ]  a t  d i f f e r e n t  values o f  t h e  

prescr ibed parameter o f  Gr/Pe a re  shown i n  F igs .  22 and 23. 

i n  a g e ~ t h e r m a l  r e s e r v o i r ,  cons ider  a v e r t i c a l  heated sur face  (such as a d i ke )  a t  
215°C embedded i n  an a q u i f e r  a t  15°C. 
such t h a t  groundwater i s  f l o w i n g  v e r t i c a l l y  upward w i t h  v e l o c i t y  Urn, t h e  values o f  

heat t rans fe r  r a t e  and t h e  s i z e  of t h e  h o t  water  zone can be determined from F igs .  
22 and 23.  
cm/hr a re  p l o t t e d  i n  F igs .  24 and 25. It i s  shown t h a t  t h e  t o t a l  heat  t r a n s f e r  
r a t e  f o r  a v e r t i c a l  heated surface, 1 km by 1 km, increases from 20 MW t o  110 MW, 

w h i l e  the  th ickness of t h e  h o t  water  zone a t  1 km decreases from 130 m t o  20 m. 

I 

To ga in  some f e e l i n g  on t h e  order  o f  magnitude o f  var ious  phys i ca l  q u a n t i t i e s  

I f  a pressure g rad ien t  e x i s t s  i n  the  r e s e r v o i r  

The r e s u l t s  o f  t h e  computations f o r  Urn va ry ing  f rom 0.01 cm/hr t o  10 

Ei 

Free & Mixed Convection About a S i l l  o r  Bedrock 

heated ho r i zo r l t a l  
heated bedrack o r  a s i l l  were a l s o  considered. 

parameter f o r  t h e  problem i s  t h e  p r e s c r i b e d  parameter Ra/(RePr)3/2. The e f f e c t s  o f  

t h i s  parameter t o  heat t r a n s f e r  r a t e  and t h e  s i z e  o f  h o t  water zone were a l s o  

i nve5 t iga ted  (12, 16) .  

Unsteady Convective Heat Trans fer  and E f f e c t s  o f  Non-isothermal Environment 

convect ion adjacent  t o  h o t  i n t r u s i v e s  were considered by Johnson and Cheng [21]. 

It i s  found t h a t  s i m i l a r i t y  s o l u t i o n s  w i t h  non- isothermal environments e x i s t  o n l y  
f o r  steady f r e e  convect ion about v e r t i c a l  sur faces.  Also,  severa l  very  s p e c i f i c  

s o l u t i o n s  c x i s f  f o r  unsteady f r e e  convect ion about v e r t i c a l  and h o r i z o n t a l  heated 

sur faces and v e r t i c a l  cy1 i n d r i c a l  shape i n t r u s i v e s .  

(12, 16) 
Closed form s o l u t i o n s  were ob ta ined f o r  f r e e  and mixed convect ion about a 

It i s  found t h a t  t h e  c o n t r o l l i n g  
bedrock i n  an a q u i f e r .  E f f e c t s  o f  c o l d  water  i n j e c t i o n  near a 

c 

E 

E 

The e f f e c t s  o f  unsteady convect ion and non- isothermal environment f o r  
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I n t e g r a l  Methods f o r  Convective Heat Transfer i n  Rock Formation 

The Karman-Pohlhausen i n t e g r a l  method, w i d e l y  used i n  c l a s s i c a l  convect ive 

heat  t r a n s f e r  problems, has a l s o  been i n v e s t i g a t e d  f o r  p o s s i b l e  a p p l i c a t i o n  t o  

convect ive heat  t r a n s f e r  problems i n  a subsurface fo rma t ion  [22]. 

accuracy o f  t h e  approximate method, t h e  problems o f  f r e e  and mixed convect ion 

adjacent  d ikes and s i l l s  where s i m i l a r i t y  s o l u t i o n s  have been obta ined a r e  so lved 

on t h e  bas i s  o f  t h e  i n t e g r a l  method. 

numbers based on i n t e g r a l  methods a r e  i n  good agreement w i t h  those obtaTned f rom 
s i m i l a r i t y  s o l u t i o n s .  Thus, t h e  i n t e g r a l  methods can be a p p l i e d  w i t h  conf idence 

t o  o t h e r  convect ive heat  t r a n s f e r  problems i n  subsurface environment where no 

s i m i l a r i t y  s o l u t i o n s  e x i s t .  

To check the  

I t  i s  found t h a t  t h e  r e s u l t s  f o r  Nusse l t  
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