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Geothermal Consul tan t , New Zealand

Before e x p l o i t a t i o n i n t h e steam dominated
r e s e r v o i r a t Kamojang a q u a s i s t a t i c
phase well bore column has been measured i n
W e l l 17, w i t h an a l l gas phase s t a n d i n g a d j a c e n t to and
i n e q u i l i b r i u m wi th the permeable steam zones a t t h o s e
p o i n t s .
e s t a b l i s h e d i n conjunc t ion w i t h ev idence of phase

a t the permeable f e a t u r e s and an i d e n t i f i c a t i o n
of strata c h a r a c t e r i s t i c h e a t i n g
p r o f i l e s a t Kamojang and O l k a r i a l e a d s t o a d e s c r i p t i o n
of t h a t equi l ib r ium, and a l o g i c a l l y c o n s t r u c t e d
argument f o r format ion .

The apparen t ly l i n e a r pressure g r a d i e n t t h u s

FORMATION OF TWO PHASE WELL BORE

Water i n j e c t i o n tests i n steam w e l l s r e s u l t i n
condensing of steam a t t h e permeable zones,
wi th accumulat ion of non g a s both w i t h i n
t h e and i n the formation. If t h e w e l l is
moderately permeable, and t h e pump rate n o t too h i g h ,
t h e gas rises buoyantly a g a i n s t the of pumped
water, which e n t e r s t h e format ion a f t e r a c o n d i t i o n o f
n e a r l y f r e e f a l l .

Steam is condensed a t or c l o s e to t h e w e l l bore .
S ince t h e condensing of steam does n o t a p p r e c i a b l y
a f f e c t r e s e r v o i r p r e s s u r e , t h e two phase column, a f t e r
a s h o r t i n i t i a l e q u i l i b r a t i n g p e r i o d , becomes q u a s i
stable. The column t r a n s i t i o n s from gas a t t h e
permeable f e a t u r e incrementa l ly t o a n e a r l y a l l wate r
column above a t each permeable i n t e r v a l (Fig . .
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When pumping s t o p s the d i s s i p a t e s s lowly as
water e n t e r s the formation, becoming i n c r e a s i n g l y two
phase as steam and gas flaw upward from high to
p r e s s u r e p e r m e a b i l i t y above.
f i l l e d w i t h up-flowing steam and gas from above t h e
water table lower produc t ion zone. The t r a n s i -
t i o n is slow and e a r l y p r o f i l e s a r e close to true
r e s e r v o i r p r e s s u r e .

F i n a l l y t h e bore is

COMPARISON OF HEATING TEMPERATURE AND PRESSURE
PROFILES AT

i n t e r e s t i n g similarities a r e noted:

I n t h e h e a t i n g p r o f i l e s
I n t h e r e l a t i o n s h i p of p r e s s u r e g r a d i e n t to depth
of produc t ion zone a t the maximum entha lpy of
steam (modified s l i g h t l y by t h e presence of

The remarkable s i m i l a r i t y (F ig i n d i c a t e s
produc t ion from very s i m i l a r format ions , both a r e
bedded s t r a t a . The s t r a t a a r e seen i n p i c t o r i a l
t empera ture r e l i e f r e f l e c t i n g the degree of i n t r u s i v e
cool ing by pumped water . The steam p r o f i l e i n the bed

above t h e wate r t a b l e obscures t h a t d e t a i l . The
s h a r p e r i n v e r s i o n of the Kamojang p r o f i l e i n d i c a t e s a
narrow band of permeabi l i ty i n d i c a t i n g a wel l
developed c o n t a c t zone. P a r t i a l d r i l l i n g l o s s e s b e f o r e
the major l o s s is c o n s i s t e n t w i t h f r a c t u r e p e r m e a b i l i t y
i n the lava above t he c o n t a c t , compatible
w i t h c a l d e r a formation and r e f l e c t e d in t he
qenerally higher mass outputs of w e l l s .
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S l a t t e r

Because i n j e c t e d w a t e r w i t h i n water table
r e l a t i v e l y t h e inve r s ion remains f o r a con-
siderable period conduct ive ly heat ing .
charge the i n v e r s i o n is still p r e s e n t and i n this
i n s t a n c e is t h e r e s u l t of con t r i bu to ry f l a s h i n g from
t h e water table to s u s t a i n w e l l flow. The water table

be above or below t h e zone o f maximum permeab i l i t y
w i t h i n permeable strata, i f the i s n o t
ho r i zon t a l .

Af t e r d i s-

I n bo th and the product ion steam
zone a t n e a r steam enthalpy cond i t i on occurs
a t the known h igh pe rmeab i l i t y hor izon w i t h i n
the two phase upper reservoir.
reported shallow zone a t a pre s su re of
3.5 bars and depth o f approximately 100 metres,
c o n s i s t e n t w i t h a 4.0 bar per 100 metre g r a d i e n t
extrapolated fram maximum en tha lpy product ion zone a t
800 metres i n w e l l 13.
c o n d i t i o n product ion zone i n t h e Kamojang reservoir
Eas t e rn field a t about 900 metres wi th a p r e s s u r e
g r a d i e n t o f 3.5 m, s u g g e s t i v e o f a s i g n i f i c a n t
c o r r e l a t i o n between pe rmeab i l i t y depth a t
en tha lpy c o n d i t i o n s and pressure g r a d i e n t i n t h e
upper reservoir.

has a

The maximum entha lpy

OF AND STABILITY
OF PHASE RESERVOIRS

The argument is cons t ruc t ed from the previous
.

measurements obse rva t i ons and t h e fo l lowing assump-
t i o n s :

and magmatic flow are
s u f f i c i e n t t o mainta in s a t u r a t i o n cond i t i ons
throughout the reservoir above t h e magmatic
h e a t source.
The s t r u c t u r e i s sealed a t t h e margins

water inf low.
The reservoir h a s low pe rmeab i l i t y i n t h e
v e r t i c a l p l ane excep t a t permeable s t r a t a
and is r e s t r i c t e d v e r t i c a l l y t o t h e rock
matrix.

upward are n e a r l y cons t an t .
Water is cons t an t .

A t equ i l i b r i um h e a t and g a s flow rates

During succes s ive cycles o f Caldera formation
strata are c r e a t e d of high pe rmeab i l i t y where lava/
p y r o c l a s t i c flows cover e x i s t i n g topography of l a k e
and sediment , accumulated i n t h e forming c a l d e r a
s t r u c t u r a l depress ion . The pe rmeab i l i t y so formed a t
the c o n t a c t w i l l depend on th i cknes s o f l ava cover ,
and dep th o f depress ion sediments.

I n i t i a l l y tempera ture g r a d i e n t s are high w i t h
associated h igh tempera ture ven t s a t t h e
s u r f a c e and w a t e r is almost completely d r iven from t h e
system. When t h e tempera ture g r a d i e n t d e c l i n e s
s u f f i c i e n t l y f o r f r e e water t o form a t t h e s u r f a c e
wi thou t evapo ra t i ng it begins t o t r a v e l downward
a g a i n s t the of magmatic steam and gas i n
i n t i m a t e c o n t a c t w i t h i n t h e rock matrix. ' The descend-
i n g water w i l l modify t h e g r a d i e n t t o one o f steam
s a t u r a t i o n , wh i l e mainta in ing s a t u r a t i o n cond i t i ons
above w i t h the cont inuous excess h e a t flow. Where
pe rmeab i l i t y occu r s steam and wa te r phases s e p a r a t e ,
r e s u l t i n g i n a steam cap above a perched water table.
The water table w i l l cause r i s i n g magmatic steam to
condense on t h e unders ide wh i l e g a s cont inues t o
bubble through and t h e two phase c o n d i t i o n w i l l
r e- e s t a b l i s h , ex tending deeper i n t o t h e r e s e r v o i r .
The back p r e s s u r e b u i l d s below t h e water table and
t h e p r e s s u r e a t the permeable f e a t u r e f a l l s , b u t
s a t u r a t i o n c o n d i t i o n s a r e mainta ined by a continuous
series of e q u i l i b r i a a t each p o i n t i n the reservoir
above. The two phase p rog re s se s downward i n a
series of similar e q u i l i b r i a a t e a c h succes s ive

zone. When t h e two phase f r o n t encounters
p e r m e a b i l i t y a t a tempera ture above t h e maximum
en tha lpy of steam, reduct ion i n p r e s s u r e here due t o
back p r e s s u r i n g cannot f a l l below the p re s su re of
maximum en tha lpy of steam.

been t h e a paper by Russe l l James,

T h i s p rope r ty of steam

DSIR, Zealand.

B r i e f l y s t a t e d under cond i t i ons o f a d i a b a t i c
expansion steam w i l l tend to its m a x i m u m energy state.
I n t h e continued presence of an excess of both h e a t
and water under a d i a b a t i c expansion once that energy
state is achieved it cannot be lost. .

This permeable becomes a c o n t r o l
point f o r the two phase equ i l i b r i um above. I f a major
permeable hor izon exists the permeability where
maximum entha lpy cond i t i ons f i r s t appear then
conditions h e r e w i l l tend toward steam
entha lpy w i t h consequent adjustment of phase d e n s i t y
between the two. Since under h y d r o s t a t i c balance t h e

p r e s s u r e cannot occur a t a lower level t h e major
m u s t and the upper reservoir

control p o i n t mus t move down to t h e l e v e l . The
necessary d e n s i t y phase change between the two zones
e f f e c t e d by changes i n velocity of the descending

d r a i n i n g t h e upper bed un t i l on ly s i n g l e phase
steam exists a t which p o i n t the appropriate g r a d i e n t
s a t u r a t i o n cond i t i on can e s t a b l i s h . If this then is
t h e p o i n t of major between s u r f a c e

heat source it the f ina l c o n t r o l
for t h e total reservoir. The two phase con-
tinues to travel 'to h e a t source modifying the

to s a t u r a t i o n condi t ions .

t h e g r a d i e n t aligns to its closest
possible approximation to l i n e a r i t y between the fixed
p o i n t s of p r e s s u r e a t reservoir f r e e s u r f a c e and the
c o n t r o l pe rmeab i l i t y a t entha lpy .
p e r m e a b i l i t i e s exist a t p r e s s u r e co inc iden t w i th the
grad i en t .

I n t e rmed ia t e

The two phase conditions are maintained
by a cont inuous upflow of magmatic gas in the presence
of a conduct ive h e a t g rad i en t . The total water down-
flow is s u f f i c i e n t to mainta in phase c o n t r o l from
t h e reservoir s u r f a c e , e x i t i n g a t natural su r f ace /
subsu r f ace out f lows, removing above static equ i l i b r i um
energy i n p u t s from magma source . Permeable zones i n
the upper reservoir w i l l c o n t a i n i n c r e a s i n g l y h ighe r
p ropo r t i ons of gas and water as the steam phase
f r a c t i o n decreases . When a l l steam is condensed t h e

phase t r a n s i t i o n s from steam s a t u r a t i o n t o
ambient a t reservoir su r f ace . When gas r eaches t h e
s u r f a c e unconfined it emanates and unobtrusive-
l y from t h e ground su r f ace . is found f i l l i n g
s u r f a c e soi l excavat ions i n geothermal f i e l d s above
the magmatic source. Where t h e CO becomes t rapped
p r e s s u r e b u i l d s , i n d i r e c t t o the gas pre s su re
t h a t b u i l d s i n s h u t i n w e l l s . is re-
a t t a i n e d by periodic e rup t ion from othe rwi se qu i e scen t
v e n t sites when gas p re s su re exceeds l o c a l hyd ros t a t i c /

A good example is found i n t h e
f i e l d C e n t r a l Java where gas e r u p t i o n s of l a r g e and
c a t a s t r o p h i c p ropo r t i ons occur at i n t e r v a l s of s e v e r a l
years .
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CONSEQUENCES OF RESERVOIR MODIFICATION BY FRACTURING

Water systems can be cons idered as two
phase systems where ex t ens ive vertical f r a c t u r i n g of
t h e permeable beds of t h e upper r e s e r v o i r c r e a t e
e f f e c t i v e l y one composite penneable f e a t u r e .
exp l ana t i on f i r s t cons ide r t h e c a l d e r a s t r u c t u r e . The
upper permeable beds a r e formed by i n f i l l i n g of t h e
s i n k i n g core, c o n s i s t i n g of c o n t a c t s and
pyroclastic m a t e r i a l . B e l o w lies t h e p r e c a l d e r a
impermeable rock of t h e o r i g i n a l ground su r f ace . A t

t h e lowest ex t r emi ty is t h e in t ruded p lu ton . The
v e r t i c a l pe rmeab i l i t y of the system w i l l depend on the
r a d i a l t e n s i o n f r a c t u r i n g of t h e impermeable rock and
t h e beds above the p lu ton formed i n
re juvena t i on cyc l e s . I f t he i n t r u s i o n is shallow and

t h e f r a c t u r e s extend through t h e permeable beds, the
high v e r t i c a l pe rmeab i l i t y of t h e propped f r a c t u r e s
so formed w i l l steam water s e p a r a t i o n i n the
f r a c t u r e s , and f r e e d ra in ing of the permeable bed
water tables. The d e p t h t o w h i c h water p e n e t r a t e s w i l l

depend on t h e depth t o which t h e f r a c t u r e s remain open .

The water t a b l e w i l l form i n the f r a c t u r e s a n d i n the



adjacent rock matrix with a cap above. If
meteoric water availability is high the reservoir
will fill with water and become water dominated. If
water availability is low, permeability and
fractures deep, the steam cap may extend deep into the
reservoir. of the factures by surface
sediments will allow the two phase equilibria to
establish.
transition back to two phase conditions in the
lower rocks. This would become evident 
in a tendency to isothermal conditions in deep
drilled wells. Where fractures and water extend to
heat source measured well temperatures approach
critical point.

Some water dominated upper

Where the intruded magma source is deep and
sequential permeable beds not significantly
fractured production is from the steam cap of the
permeable beds.

Within the framework of the discussion it would
seem reasonable that the described equilibrium is the
mechanism by which many geothermal systems control
their heat flow to the surface. Renewed volcanic
activity may occur locally within an established
reservoir, temporarily disrupting that equilibrium
with resultant transient surface thennal activity

-

Slatter

and non equilibrium temperature and pressure
distribution in the reservoir below.

extension of the discussion to fractured
systems does not include those systems with only
fracture permeability, although the confines of un-
fractured rock on the periphery of such a system would
effectively impose the same lateral
constraints as a caldera structure.

CONCLUSIONS

Because the measured pressure gradients in wells
drilled into two phase conditions are unable to
duplicate the pressure gradient in the adjacent
reservoir, uncertainty exists as to the nature of the
two phase distribution.
The measured pressure gradient is a unique
not previously reported and is the first relatively
unambiguous evidence for two phase pressure distribu-
tion.
Although the reservoir in which the gradient is
measured may not be representative of reservoirs in
general and the'constructed equilibrium speculative
and oversimplified it is hoped that the discussion may
in some measure contribute to the further under-
standing of two phase systems.




