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Start ing fmn the basic laws of consemation 

that represent the t h d y n a m i c  behaviour of 
a simplified ge0the.in-d reservoir are derived. 
Its asl icat ion is limited to a reservoir of 
high w i l i t y  as it usually occurs in the 
central zone of a geothermal field. 
practical mthcd to solve numrically the equa- 
tions is presented, based on the direct use of 
the steam tables. The method, based in one gg 
neral equation, is extended and ilustrated 
with a numrical example to the case of segre- 
gated mss extraction, variable influx and 
heat srchange between rock and fluid. As it 
is explained, the methcd can be easily coupled 
to several influx models already developed SQ- 
rrrewhere else. The proposed m=del can became 
an important tool to solve practical prablms, 
where like in Los Azufres bxico, the gmther- 
ml  field can be divided in an inner part whe- 
re flashinu occurs and an exterior field where 

of mass and energy, the differential ecpations 

A very 

stonqe o f t e r  plays the min role. 
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Specific heat of the rock (Kj/Kg°C) 
specific enthalpy (Kj/Kg) 
Mass flaw rate extracted (Kg/s) 
m s  of fluid in the reservoir (Kg) 
bkss of the rock mtrix 
Fressure (bar) 
?"ass flow rate influx (Kg/s) 
T h  (s) 
Tanperatura ("(2) 
specific energy (Kj/Kg) 
Specific volun~ (rn'/~g) 
V e l o c i t y  (m/s) 
volun~ of the reservoir (m3) 
Steam quality 
Effective porosity 
Density (Kg/m3) 
suscripts 
Gas 
Fluid 
--Fluid 
water 
mt?3ctiOn 
Rd-ELme 

(Kg) 

In the stw of gmthennal reservoifs, it has 
been a very successful approach to divide the 
field in a near field, or reservbir i t se l f ,  
where mst of &e themAymru ' c  b g e s  take 
place (such as flashing, heat trtansfer) and a 
far field that  is mst respmsible for the re- 
charge of fluid to the resenmr. In general, 
in the far  field cazly water f l  
scme heat transfer might takes 3 ace. 

sene authors ('1 have divided ~e l r y  drastically 
th is  two zones. 
sun& that penreability is high kcugh to con- 
sider it as a reservoir where tlyere exist cons-\ 
tant properties in the horizontal plane. ~n 
the vertical mst as am^ an ham~enems fluid 
even in the saturation region. For the far 
field several influx m3dels are wed ( 2 )  0 )  

the inner reservoir. 

To make the procedure mre p r a d c a l ,  mst of 
the time the equations are sipl,ified making 
andLogies to petroleum engir,=&q technolcgy 
or in scme cases using polyrmai~s to represent 
severdl pieces of the curve of 
w v i o u r  of water and steam ( 4 P Y S Z F t h e  
se equations are derived by fit* cunres to- 
the points taken fran the steam tables. 

In this wrk it is only present& the case of 
a reservoir in two phase, where water and - 
steam are present in saturauon fom. Ihe in- 
tention is to develop, step by step, the ther- 
rmaynamic equations that a m t r o l  the process 
in this inner part of the reseruoir where the 
permeability is quite high. The presentation 
starts with the mst simple case, that is: 

a) m s t a n t  mass flow rate EZ&E@X 'on from a 
1.eserv0i.r where the t w  phase fluid is ho- 

E30 heat transfer fmn the rodk to the fluid, 
m r  recharge is considered. 

r although, 

In the central me it is as- 

sane of them coupled to the predsure term of 

' C  

~ u s l y  d is t rku ted in all directians. 

And then goes to the mre canplicated but mre  
realistic case: 

0 1  a t  ne& step 
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b) As in a) but IDJ the rock-fluid systen is 



assured to be in equllbriurn by acceptmg 
heat transfer fran the rock to the fluid 
auring Bctracti on. 

an imprtant step that  makes the rrcdel more - 
practical is: 

c) ~n the &el, one my allow segregation of 
the two phases making possible to extract 
fran the top d r y  steam a t  saturation co&l 
tions, representing shallow wells as it - 
h a p  in  LO^ -res ( 5 )  or only fran - 
the bot-, p r e  water also at  saturation 
conditions. 

To mike the &el mre realistic, recharge of 
hot water is considered. This tenn is usually 
very difficult  to  detamine in practice in vo& 
canic reservoirs, and on the other hand, has a 
very imprtant influence on the results of - 
pressure depletion: 

d) Recharge or influx is accepted at  constant 
flcw rate or at  any other variable f l m  e 
te as it h a p  in pressure dependent mo- 
dels. 
also change with time. 

The temperature of this water  can 

The thepnodynamic behaviour is presented as a 
set of partial differential. equations. To ma- 
ke t h e n  practical to the user, the approach @ 
re presented consists in changing the irdepen- 
dent variables to the mst used in -- 
mics when dealing w i t h  saturated mixture , ~ . e . ,  
pressure (p) and s m  qual i ty  (XI. To solve 
the problen by finice differences, the  the^^^- 
dynamic Koperties are obtained fran the steam 
tables. 
off the values fran the table or (as it was 
done here) by forming a storage in the canpu- 
ter with the values of the tables around the 
values me w i l l  use. 
ry time and m r y  cxxmmnhg v e s s .  In 
fact it is not, only several llnes mth pres- 
sure, temperature, internal energy and speci- 
f i c  M~LRIE on each are necessaq?. ' t e  
values are obtained by linear inteqmlation as 
cne usually does it w i t h  the steam tables. - 
Since the pressure is expressed in integers, 
it is easy to use it as an index in the (T), 
(u) and (v) term in the ccmputer. 

Having explained in the text the deduction of 
the equations, the physical a s e o n s  for 
every case, the rnnnerical apmximation to sol- 

use the steam tables as a tabulated storage in 
the ccmplter, the methcd is then applied to a 
cubic reservoir having 1 Km in each side. 

Finally several extraction policies, w e l l  depth, 
recharc.e flow rate and influx water tanperatu- 
re  are analyzed and presented in grapkic fran. 

This can be done by directly reading 

This might loak as a ve- 

ve the differential equations and the way to 

Consider a constant volume of reservoir ( V ) ,  
as shown in Fig. 1, with effective porosity 
(6) Containing a mass of fluid (I!). If mass 
is extracted a t  a rate (I%), by axlsezvation of 

mass one has 

since 

0 M t t v  
m = t i a F  (4 )  

applying MIW the law of conservation of energy, 
that i n  this case becuws the f i p t  law of - 
therrrodynamics since work and erlergy are invok 
ved, cne obtains. 

Ihe l e f t  hand side is the net wance of energy 
flawing in and flowing out. me enthalpy therm 

the prccess was considered 

energy changes inside, is the 
of the mass of fluid and its speCific internal 
energy, s h e  changes in kinetia and potential 
energy inside the reservoir are ml ig ib l e .  

a) No heat transfer and no i.nfl* 

Ebr the case of the reservoir to1 Fig. 1, wi-  

derivative 

thout recharge (zero influx), obtains 

Since by definition h = u + pv, Ieplacing and ~ 

scparading the previous equatiopl,, it becats 

av replacing fran (1) and l.9 frcm (4) the d t  
whole equation ( 6 )  reduces to 

The IMin point in arrivirag to an expression 
like equation (7) is to have the,pressure (p) 
as the independen t variable in o$der to w 
the steam-tables directly, enteting with (p). 

To solve equation (7) numerically, by mans 
of f ini te  differences one can use 

h ' = h + v A p  (8) 

b) Considering heat transfer frCm the rock to 
the fluid. 
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If w s  is extracted fran the confined reser- 
voir, w i t h  no recharge, the pressure (p) w i l l  
decrease, and since we are considering the ca- 
se of fluid a t  saturation ccmdition, the w- 
rature of the fluid (TI w i l l  also go down. In 
this case heat is transfered frcm the rock to 
the fluid. 

The condition w? impose is that rock and fluid 
ranain in equilibrium during the prccess, that 
is, both are allways a t  the same m a t u r e .  

Jqmtion (5) becms in t h i s  case 
m+mur - A h = -  - d t  d t  

W last term takes care of the change in sto- 

can be expressed as 
red energy (ur) in the rock matrix  ( M r )  , and 

(10) dur dT f&-= 
d t  m-cr 3E 

$here Cr is the specific heat of the rock. - 
Since the tgnperature (T) is related directly 
to pressure (p) a t  saturation axititions 

Recognizing that equatiim (9) and (5) are the 
same, except for the addition of a stored heat 
tenn like eq. (111, one can go directly to equa- 
tion (6) and OMkin for th is  case. 

and followirag the Sam? procedure as before, - 
arrive to 

W i c h  is identical to equation (7) except for 
the stored heat tenn. 

c) ccolsidering recharye, or influx. 

The consematicn of mass will be in this case 
O d M  

q - m = -  d t  (14) 

Khere (9) is the influx mass flow rate. 

The f i r s t  l aw of 'c w i l l  be 
o m  q h r - m h = -  d t  

after going throqh a similar procedure to  the 
one used to go from equation (1) and (5) to - 
eq.Elti0l-l (71, C r e  obtains 
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In this equation (dt) appears canplicating the 
n u r e r i d  solution. h e  can change variables 

independent variable, essentially needed to - 
define the saturated fluid. 

but will anways end with (p) and salt2 other 

In other words, th is  case depend$ on two inde- 

easilyas cases a) and b). So, in the next sec- 
tion a different approach will bte tried. 

pendent variables, and can not b€$ solved as 

CIENERAI, CASE IN zEw3 DIMENSION 

In the previous section, three equations where 
deduced for threepr t icu la rca$es .  I n t h i s  
one, a general approach is preserated in order 
to be able to solve the following cases by - 
using just one general equation: 

a) Heat transfer fran the rock to the fluid. 
b) Recharge to the reservoir, Qr influx, by 

allowing a mass flow rate (8) a t  an en- 
thalpy (hr). Both of than (9) and (hr) , 
can be afumtionof the pressure differ% 
ce inside the reservoir and the far  field. 

c) Mass extraction frcm the re$ervoir can be 
constant or variable. 

d) The enthalpy (he) of the extracted fluid 
can be the one corresponding to an horrp- 
~ e o u s  fluid (Fig. 21, or in the case - 
where segregation of steam and water a t  
saturation conditions occur$ (Fig. 3) the 
one mrrespcading to steam vhen srtrac- 
ting f m  the upper with shallow wells, 
or, to water when extmchq * f r o m t h e b ~  
tan with deep wells. 

e) With an appropriate sel&&n of the mass 
srtractian, me can prcduce a constant - 
electric p e r  at  the surfacte of the - 
field, a t  a given separation pressure. 

f) A llpaility term can be inclqded to w i t h-  
draw a pmprtion of steam tb water dif- 
ferent than hcncgeneous fluid. 

After presenting the equatians, We indepn- 
dent variables are changed into saturation - 
pressure (p) and s t a m  quatility (XI, by using 
the chain rule for differentiatiqn with mre - 
than one variable. 
the t m  indepndent variables when using steam 
tables in their usual f o m t .  

The main assmptians nade in this model are - 
that inside this c m t r a l  core of the reservoir, 
the high w i l i t y  is enough to pennit the U 
of a zero dunasion rrodel, and that the f l u d  
is in saturation condition. M w s e  if the 
fluid is subcaoled water the -1 can be adap- 
ted with minor changes but this i s  out of the 
xope of this work. Also the reservoir does 
not receive heat fran the surroundings other 
than the em2 ccming in with the influx water. 

a) Qnservation of mass 

lhis is because those are 



Hiriart and sdnchez 
0 - l d v  q - m=-M - - v d t  

b) First  l aw of th- 'cs 

(18) 

(19) 

(20) 

rearranging the previous equation in  a very si- 
milar way as the one used to obtain equation 
(61, (7) and (11) one obtains 

by d i n g  use of the chain rule, (dv) and (a) 
can be transformed in 

& dp + v  dx 
ap ap f g 

Finally, equation (21) becmes 

where a and 3 are defined in equatimes (22) 
and (23). This is the mt general equation 
for the inner reservoir with recharye and heat 
transfer. 

starting f m  a given state of the reservoir 
wtwe one krvlrws all the properties of the fluid, 
the pressure is decreased ~p (usually one bar, 
or  any other integer, in order to find all the 
mrrespnd.ing values in the codified steam ta- 
bles, directly without interplat ion).  

A new steam quality is found by using equation 
(24) and 

x ' = x + A x  

The other state variables and parameters are 
found as  sham below, in the same order 

p' = p +  Ap 

v' = V'f + x'  V'fg 

h' = u' + p'v' 

M' = V $ /VI  

A t  

t' = t + A t  

(M - $1' ) / (Ip1 - q ) 

Knowing 1x1~ a l l  the values at p + ~ p ,  the va- 
lue of A! and q can be redifined or recalculz 
ted i f  necessary, depending on the problem. 
Then, all the procedure is repat4 starting 
fran equation (24) .  It is impOrtrt to realize 
that  a and 13 defined in equations (22) and 
(23), must be recalculated a t  every step in 
(p),  since they are not constants. 

The proposed method has a big -&ge becau- 
se it uses the steam tables as a&e& tabula- 
ted, in a very simple and short way. But more 
important is that by making the pressure (p) 
the indepndent variable, one can always use 
the saw ~p i n c r m t  regardless of the mass 
flow rate extracted or  recharged. The time in- 
crmt w i l l  be a result that can be said that 
it adjusts itself t o  the precess, being s m a l l  
a t  the beginning and large when the quasi sta- 
dy state is reached. 

ncample 
The best way to shrm the advanta s of using 
the described procedure is to pr&t a rime- i 
r i d  example. Then, to use it tu examine the I 
effect of applying different explotation p 
licies to the hyptetical  field. 

Le t  the following be the charactxyristics of a 
reservoir. 

V =  1 1 1 ~ m =  109 r n 3  

+ = 0.2 

pr = 2550 (Kg/m3) 

Cr 1.4 (Kj/Kg"C) 

The initial conjitions are: 

p = 8 6 b a r  

T = saturation 

x = 0.5 

operating reg* 

191 = the necessary to produce 10 

he = in sane cases h or hf o r  k q .  

a t  the 
surface (i.e. it changes every Ap) 

q = 0.2, 0.5 or  0.8 ti.nr=s A! 

hr 640 e 84 (Kj/Kg) 

Integration Step Ap = 1 bar. 
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hand calculations. 

The method was applied to an hyptetical -- 
voir using nLpnerical values that approaches a 
real g e o + & d  field. 

gY changing the quality of the fluid extracted, 
recharge flaw rate and tanperatwe, initial - 
fluid enthalpy at  the reservoir 8nd rock heat 
transfer, several cufves were presented sho- 
wing the decaying of the resemojr. 

DISCUSSION OF RESULTS 

The results of the previous problen are Shawn 
in Figs. 4 to 9. All of then c o r r e ~  to a 
mass extraction (fh) sufficient -ugh to pro- 
duce 10 m a t  10 bars of pressure separation 
a t  the surface. 

~n Fig. 4, w i t h  IK) recharge, it is clear that 
the reservoir wires mch faster when the 
fluid is extracted fran the 1- part ( saw-  
ted water). 

The effect of heat stored is important. Fig. 5 
represent the wrtarcs of the recharge to the 
reservoir, w i t h  an influx mass rate 80% of the 
IMSS extraction, the reservoir can last 6 tixes 
longer than 0% recharge. 'he sam effect is 
shwn in Fig. 6 for an extraction fran the 10- 
w e r  part of the reserwir (i.e., water ) .  

So far the -le has been worked Starting - 
with a reservoir having half steam half water 
( X  = 0.5), i n  Fig. 7 it is shmn the effect of 
initial steam quality extracting from the bo- 
ttom. Notice that there exists a 'krst" con& 
tion when the shortest l i f e  of the reservoir is 
obtained (extracting fran the lower part). 

The effect of the temperature of the water r e  
charging the reservoir is ra t  inprtant as in_ 
dicatea in Fig. 8. 

Finally Fig. 9 represents the evolution of the 

steam from the upper part of the r e m u  the 
entalphy of the extracting fluid slowly iTLcrea_ 
ses and that  of the reservoir (average) drase 
cally  increases. But when the extraction is do 
ne fran the lower part (i.e., plre water) the- 
entalphy of the extracting fluid slowly decrea_ 
ses and tha t  of the reservoir drastically 
increases. This is important when one xrcdels a 
reservoir using hcrrogeneous (constant) proper- 
ties in cvery elanent of the gridand try to - 
match the average entalm of the &el to the 
one nleasured in the field on wells that extract 
saturated water fmn the 1Cwe.r cart. The mat- 
ching in th is  case dcesnt make sense. 

entalphy. Notice that wfien * p"e 

Ageneral mthcd has keen mw to d d s  
te the behaviour of a Seathermal reservoir un- 
der the assumption of very high permeability 
and harpgeneous distritution of properties 
(i.e., zem dinension). 

me equaticols were rearranged and presented in 
such a form that the pressure (p) is always the 
independent variable, arid the steam quality (XI 
when necessary. This allaws to perform the nu- 
rnerical intqrations with Ap incremMts, irrrpro 
ving in this way the stability and cawergen& 
of the mthal. 

lt~ represent the equation of state of the fluid, 
the steam tables are directly perfarming 
linear interpolation as one does it in 
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FIG. I INNER PART OF A RESERVOIR AND FAR 
FIELD. 

-217- 



FIG. 2 HOMOGENEOUS REPRESENTATION AND EXTWCTION 
IN A RESERVOIR. 

FIG. 3 SEGREGATED RESERVOIR WITH AN UPPER WELL 
EXTRACTING STEAM AND A DEEP WELL EXTRACTING 
SATURATED WATER . 

Extracting water from the lower part 

Exmcting steam from the top 

---(Without haot hoda 
from the rock1 

FIG. 4 PRESSURE DRAW DOWN VS TIME (m f0 PRODUCE IO 
MW INITIAL CONDITION .X:0.5 ZERO RECHARGE EXTRA- 
CTlbN FROM THE Toe BOTTOJ AND HOMOGENEOUS. 

S t a m  ERtraCtiOII 
Water Extraction 

-,. I 

401 \ 
3 0 0  

2 4 6 6 10 le t(lO3dovr) 

... 

1200 
I 2 3 4 5 t(l0'days) 

~18. s VARIATION OF ;HE ENTHALPY OF THE STEAM WATER 
AND MIXTURE DURING EXTRACTION PMDUCING 'IO MW. 
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