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The Hawaii Geothermal P ro jec t  i s  a m u l t i d i s c i p l i n a r y  research e f f o r t  
w i t h  the major ob jec t i ves  o f  l oca t i ng  a s u i t a b l e  geothermal resource on the  
i s l and  o f  Hawaii and u t i l i z i n g  the heat t o  produce e l e c t r i c i t , y  by means o f  
a research-oriented power p l an t .  As a pr imary f i r s t  s tep o f  t h i s  p r o j e c t ,  
t h e  p o t e n t i a l  geothermal resources on the  i s l and  of Hawaii must be s tud ied 
and s u f f i c i e n t  in fo rmat ion  obtained t o  permi t  a reasonable p red i c t i on  t o  be 
made o f  the  behavior o f  the geothermal f i e l d ,  as we l l  as the environmental 
impact o f  the u t i l i z a t i o n  o f  the resources. 

The Hawaiian Is lands were formed by vo lcan ic  ac t i on .  
h igh  po ros i t y  and permeab i l i t y  o f  t he  b a s a l t i c  format ion, aqu i fe rs  a t  
shal low depth a re  l i k e l y  t o  be unconfined from the top. 
t u l a t e d  t h a t  a magma chamber a t  shal low depth and the numerous ho t  i n t r u s i v e s  
t h a t  form a d i k e  complex can prov ide the heat source f o r  the heat ing of  the 
groundwater i n  the  aqu i f e r  (Furumoto 1975). As the h igh  permeab i l i t y  of 
the  format ion permits a continuous recharge from the ocean and r a i n f a l l ,  i t  
has been speculated t h a t  most o f  the  geothermal resource a t  shal low depth i n  
the  i s l and  i s  probably warm water a t  low o r  moderate temperatures (Macdonald 
1973). 
layers  a re  formed a t  g rea t  depth where ho t  water may be found (Furumoto 1975). 
As the b a s a l t i c  rock hard ly  deforms under pressure, a la rge  scale land 
sur face subsidence r e s u l t i n g  from the withdrawal o f  geothermal f l u i d s  i s  
no t  an t i c i pa ted .  However, the u t i l i z a t i o n  o f  geothermal resources i n  the 
i s l and  i s  n o t  f ree  from o ther  adverse environmental impacts. The most 
ser ious p o t e n t i a l  hazard i s  the  p o s s i b i l i t y  o f  the  contamination of the 
freshwater lens dur ing  the r e i n j e c t i o n  o f  the t o x i c  f l u i d s  i n t o  the  formation. 
The p r e d i c t i o n  of the  f a t e  of the i n j ec ted  f l u i d s  under d i f f e r e n t  operat ing 
cond i t ions  thus m e r i t s  ca re fu l  cons iderat ion.  

Because of the 

It has been pos- 

Because o f  a se l f- sea l ing  e f f e c t  i t  i s  poss ib le  t ha t  impermeable 

The fo l l ow ing  i s  a sumnary o f  the  progress we have made i n  the past 
two years on the  t h e o r e t i c a l  study o f  heat and mass t rans fe r  i n  a vo lcan ic  
i s l and  geothermal reservo i r .  Many o f  the r e s u l t s  a re  o f  a fundamental nature 
and are,  therefore,  app l i cab le  t o  o ther  l iquid-dominated reservo i rs .  

Numerical Studies on Heat and Mass Transfer  i n  
Liquid-Dominated Geothermal Reservoirs 

Free Convection i n  I s land  Geothermal Reservoirs.  The problem o f  
steady f ree  convect ion i n  an i s land  aqu i fe r ,  conf ined by caprock a t  the tqp 
and heated by bedrock from below, i s  considered by Cheng, Yeung E Lau (1975). 
The e f f ec t s  o f  thermal cond i t ions  a t  the  caprock, the geometry of the 
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r ese rvo i r ,  t he  v a r i a t i o n  of Rayleigh number, the s i z e  o f  the heat ing 
surface,  and the d i ke  i n t r u s i o n  on f l u i d  f l ow and heat t r ans fe r  character-  
i s t i c s  i n  the r ese rvo i r  a re  examined. The numerical r e s u l t s  show: (1) As 
a r e s u l t  o f  geothermal heat ing,  co l d  seawater w i l l  move in land  from the 
ocean i n  the lower p o r t i o n  of the aqu i fe r ;  r i s e  up as a thermal plume a f t e r  
s u f f i c i e n t  heat i s  absorbed; spread around under the caprock and f i n a l l y  d i s -  
charge t o  the ocean i n  the upper p o r t i o n  o f  the aqu i f e r .  This open stream- 
l i n e  convect ive  pa t t e rn  always e x i s t s  i n  an i s l and  aqu i f e r .  (2 )  I f  the 
heat ing sur face i s  s u f f i c i e n t l y  la rge,  m u l t i p l e  c losed-streaml ine convect ive 
c e l l s  w i l l  a l so  be generated i n  the i n t e r i o r  p o r t i o n  o f  the aqu i fe r .  These 
recyc l i ng  convect ive c e l l s  prevent the complete mix ing o f  co l d  water from 
the coast and the warmer water i n  the i n t e r i o r .  (3) The number o f  these 
c losed-streaml ine 
heat ing surface but  a l s o  the manner i n  which i t  i s  heated, i .e . ,  whether i t  
i s  heated by bedrock from below o r  the d i ke  complex on the side. (4)  Away 
from the thermal plumes, v e r t i c a l  temperature p r o f i l e s  e x h i b i t  a temperature 
reversa l  s i m i l a r  t o  t h a t  measured by K e l l e r  (1974). (5) The heat t rans fe r  
r a t e  on the bottom heat ing surface i s  independent o f  the thermal boundary 
cond i t i on  a t  the caprock. 
f l u i d  adjacent t o  the heat ing surface and i n  t he  thermal plume; t h i s  
boundary layer  behavior i s  very pronounced a t  l a rge  Rayleigh number. 

convect ive c e l l s  depends no t  on ly  on the s i ze  o f  the 

(6) The temperature g rad ien t  i s  l a rge  i n  the 

A pe r t u rba t i on  ana lys is  was made f o r  steady f r e e  convection i n  an 
i s land  geothermal r ese rvo i r  unconfined from the top (Cheng E Lau 1974; Lau 
E Cheng 1975). The ana lys is  i s  app l i cab le  f o r  aqu i f e r s  w i t h  low Rayleigh 
numbers ( i .e . ,  aqu i fe rs  a t  low temperature o r  w i t h  low permeab i l i t y )  where 
heat conduction i s  predominant. The e f f e c t  o f  geothermal heat ing on the 
upwel l ing of water t a b l e  i s  shown. To i nves t i ga te  the upwel l ing of water 
t ab l e  a t  h i gh  Rayleigh numbers, numerical methods must be used fo r  the 
so lu t ions  o f  the governing non- l inear  p a r t i a l  d i f f e r e n t i a l  equations w i t h  
non- l inear  boundary cond i t i ons .  This phase o f  the  work i s  c u r r e n t l y  
underway. 

Withdrawal and Re in jec t ion  o f  F l u i ds  i n  I s land  Geothermal Reservoirs. 
The problem of  withdrawal of f l u i d s  i s  i nves t iga ted  by Cheng E Lau (1975) 
and Cheng E Teckchandani (1975). I t  i s  found t h a t  (1) the withdrawal r a t e  
i s  l i n e a r l y  p ropor t iona l  t o  the withdrawal pressure; (2)  a symmetric l oca t i on  
of withdrawal s i t e s  w i t h  respect t o  heat source w i l l  enhance the convect ive 
heat t r ans fe r  from the  bottom heat ing sur face and thus prolong the  l i f espan  
o f  a geothermal w e l l ;  ( 3 )  as a r e s u l t  o f  withdrawal o f  f l u i d ,  the temperature 
above the s i n k  w i l l  decrease w h i l e  the temperature d i s t r i b u t i o n  below the 
s i nk  i s  less a f fec ted;  and (4)  the temperature o f  withdrawal f l u i d  i s  
r e l a t i v e l y  unaffected by the withdrawal ra te .  The reasons f o r  (3)  and (4) 
can be explained as follows: As a r e s u l t  o f  withdrawal o f  f l u i d ,  the f low 
f i e l d  below the  s i nk  w i l l  experience a favorab le  pressure grad ient ,  thus 
a i d i n g  the upward movement of the convecting f l ow,  which i n  t u r n  enhances 
the  convect ive t r ans fe r  on the bottom hot  surface.  On the o ther  hand, the 
f low f i e l d  above the s i nk  w i l l  experience an adverse pressure grad ient  which 
w i l l  r e t a r d  the upward movement o f  the hot  f l u i d  o r ,  i n  some cases, reverse 
the d i r e c t i o n  o f  t he  convect ing f l ow  i f  t he  withdrawal pressure i s  la rge.  
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The problem o f  r e i n j e c t i o n  o f  f l u i d  i s  s tud ied by Cheng & Yeung (1975) 
and Cheng & Teckchandani (1975). I f  the i n j ec ted  f l u i d  i s  co lder  than the 
surrounding f l u i d ,  a co l d  reg ion i s  created above the i n j e c t i o n  po in t .  For 
a f i x e d  r e i n j e c t i o n  ra te ,  the i n j e c t i o n  pressure decreases ast Rayleigh number 
i s  increased. I n  o ther  words, less i n j e c t i o n  pressure i s  needed f o r  an 
aqu i f e r  a t  h igh  temperature o r  w i t h  h igh  permeab i l i t y .  
number, the i n j e c t i o n  r a t e  i s  l i n e a r l y  p ropor t iona l  t o  the i n j e c t i o n  pressure. 

For 21 f i x e d  Rayleigh 

Ana l y t i ca l  Studies on Heat and Mass Transfer 
i n  Liquid-Dominated Geothermal Reservoirs 

From the numerical so lu t ions  f o r  f r e e  convection i n  ‘geothermal 
reservo i rs  by Cheng, Yeung E Lau (1975), i t  i s  observed t h a t  boundary layer  
behavior i s  pronounced f o r  f low near the heat ing surface and i n  the thermal 
plume a t  l a rge  Rayleigh numbers. Thus the boundary layer  approximations 
analogous t o  the c l a s s i c a l  viscous f l ow  theory  can be appl ied.  With these 
approximations, a n a l y t i c a l  so lu t ions  have been obtained f o r  the f o l l ow ing  
problems. 

Steady Free Convection About Ve r t i ca l  Intruded Bodies. Wi th in  the 
framework o f  boundary layer  approximations, s i m i l a r i t y  so lu t ibns  are obtained 
f o r  f r e e  convection about a v e r t i c a l  hot  d i ke  w i t h  surface temperature being 
a power funct ion o f  d is tance from the o r i g i n ;  i .e . ,  
and Tm 
away from the d ike.  For the spec ia l  case o f  an isothermal d i ke  (A = 0) h i t h  
a he igh t  L and a w id th  S, the loca l  boundary layer  thickness 6 (x ) ,  and the 
t o t a l  surface heat t rans fe r  r a t e  Q a re  given by (Cheng E Minkowycz 1975) 

Tw = T, + Axh where Tw 
a re  the wa l l  temperature and the temperature of the surrounding f l u i d  

6 ( x )  = 6.3 
J 

PmKB!3L 

!Ja 
Q = 0.88Sk(Tw-Tm)3’2 [ 

where p,, u ,  and 6 a re  the dens i ty ,  v i s c o s i t y ,  and the thermal expansion 
c o e f f i c i e n t  of the f l u i d ,  K i s  the permeab i l i t y  o f  the saturated porous 
medium, ci = k /(pC)f i s  the  equ iva lent  thermal d i f f u s i v i t y  where k denotes 
the thermal conduc t i v i t y  o f  the satura ted rock and (pC)f the product o f  the 
dens i t y  and s p e c i f i c  heat o f  the f l u i d .  

Approximate a n a l y t i c a l  so lu t ions  f o r  f r e e  convection about a 
v e r t i c a l  cy1 i n d r i c a l  i n t r u s i v e  a re  a l so  obtained (Minkowycz Cheng 1975). 
I t  is found t h a t  the r a t i o  o f  t o t a l  heat t r a n s f e r  r a t e  f o r  a cy l i nde r  t o  
t ha t  f o r  a f l a t  p l a t e  depends on ly  on the dimensionless parameter 
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tL where 6~ E 2 'I2 w i t h  ro denot ing the rad ius o f  the 

0.5 

1 .o 

cy l i nde r .  The r a t i o  va r i es  between 1 t o  3 when EL var ies  between 0 and 10. 

4.9 

4.4 

Buoyancy induced Flows Adjacent t o  Heated impermeable Hor izonta l  
Surfaces. S i m i l a r i t y  so l u t i ons  f o r  f r e e  convect ion above a heated ho r i zon ta l  
impermeable sur face w i t h  a power law v a r i a t i o n  o f  wa l l  temperature a re  a l so  
obtained by Cheng E Chang (1975). The l o ca l  thermal boundary layer  th ickness 
~ T ( X >  and the t o t a l  sur face heat t r a n s f e r  r a t e  f o r  a ho r i zon ta l  heat ing 
surface w i t h  a length L and a w id th  S are:  

1.5 

2.0 

and 

4.0 

3.6 

3 
Q = C2Sk(T,-T,) 4/3  [ pmKBL 

Pa 

1 /3 
Y 

where the values o f  C1 and c2 depend on the values o f  A and a re  tabu la ted 
i n  Table 1 .  

To ga in  some f e e l i n g  o f  the order o f  magnitude o f  var ious phys ica l  
q u a n t i t i e s  g iven by Eqs. (1-4), computations a r t  c a r r i e d  ou t  f o r  a heat ing 
sur face o f  1 km by 1 km a t  a temperature o f  300 C embedded i n  an aqu i fer  a t  
1 5 ° C .  
p, = 0.92 x 106 g/m3, C = 1 cal/g-"C,p = 0.18 g/sec-my k = 0.58 cal/sec-"C-m, 
and K = 10-l2m2. 
d i k e  increases from zero a t  the o r i g i n  t o  70 m a t  1 kin; the t o t a l  heat 
t r ans fe r  r a t e  i s  75 MW. 
the boundary layer  th ickness increases from zero a t  the o r i g i n  t o  200 m a t  
1 km w i t h  a t o t a l  heat t r ans fe r  r a t e  equal t o  20 MW. 

The phys ica l  p roper t ies  used f o r  the  computations a re  B = 3.2 x 10-4/c, 

With these values, the boundary l aye r  th ickness along a 

For a ho r i zon ta l  heat ing surface o f  the same s ize,  

Table 1 VALUES OF C, ANE C, FOR EQS. ( 3 )  & ( 4 )  
I L 

x c2  

1.23 

1.32 

1.45 

1.57 
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Buoyancy Plumes Above a Hor izonta l  L ine Source. S i m i l a r i t y  so lu t ions  
f o r  plume r i s e  above a ho r i zon ta l  l i n e  source i n  a sa l i ne  aqu i f e r  have been 
obtained by Cheng (1975). The problem i s  an extension of the work by 
Wooding (1963). 
th ickness o f  the plume i s  g iven by 

The spreading o f  the buoyancy plume o r  the boundary layer  

6 =  ( 5 )  

where Q i s  the r a t e  of heat generated per u n i t  length  o f  the l i n e  source. 
Eq. (5 )  shows t h a t  the spreading o f  the plume increases as ~ 2 . 1 3 ,  and 
decreases as K o r  Q a re  increased. 
and w i t h  Q = 20 kw, the plume spreading i s  about 120 m a t  1 km above the 
p o i n t  source. 

Using the previous physical  p roper t ies  

Future Work 

Continuous e f f o r t  w i l l  be devoted t o  the numerical so lu t ions  o f  
f r e e  convect ion i n  unconfined geothermal i s land  aqu i fe rs  w i t h  recharge from 
the ocean and r a i n f a l l .  The i n t e r a c t i o n  o f  product ion and withdrawal we l l s  
w i l l  a l so  be examined. The e f f e c t s  o f  non- local  thermodynamic equ i l i b r ium,  
the layer  s t r u c t u r e  o f  the rock format ion,  and the i r r e g u l a r  boundary o f  
the r ese rvo i r  w i l l  a l so  be studied.  
pursued f o r  o ther  problems o f  f ree and forced convection i n  geothermal 
reservo i  1-5. 

Boundary layer  ana lys is  i s  being 

This study i s  p a r t  o f  the Hawaii Geothermal Pro jec t  funded i n  p a r t  
by the RANN program o f  the  Nat ional  Science Foundation o f  the United States 
(Grant No. Gl-38319), the Energy Research and Development Admin is t ra t ion 
o f  the Uni ted States (Grant No. E(04-3)-1093), and by the Sta te  and County 
o f  Hawai i . 
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