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ABSTRACT 

The SGP 1-D Heat Sweep Model has 
been improved to simulate production 
fluid cooldown under partial reinjection 
recharge through a fractured 
hydrothermal reservoir with a given 
temperature distribution. The model was 

1-D doublet flow model 
tion of equal and linear 
series of N crescents 
1/N of the reinjection 

recharge flowrate. For a uniform initial 
reservoir temperature infinite in 
geometry for doublet flow, the heat 
content available above a useful 
abandonment temperature increases 
rapidly with increasing crescent number. 
The result is a very long cooldown time 
to the abandonment temperature. The 
iniproved model limits the volume of the 
reservoir at mean initial temperature to 
a defined geometry. In the absence of 
field data on temperature distribution 
around an isolated injection- roduction 
we21 pair, several ossibilitfe 
explored; for exampye, uniform 
temperature in a cylinder of ra 
equal to one half of the distance 
between the well pair, with temperature 
distribution decreasing as 
thereafter. Other distribu 
examined are a step functio a1 
distribution, and an expone li 
from the line normal to the r. 
The simulated cooldowns res on 
these temRerature distributions are 
compared go the prior results reported 
for uniform temRerature distribution at 
wo Mexican geoghermal fields. 
irst is the La Primavera well 
imulations were based on prel 

scheduled for the first power 

ta on the actual 
tribution at the 
nd is the isola 
hino zone of the Los Azufr 
hermal field, where little 

ata are available. 
considerable decline 
to the abandonment 

accurately. 
complicated heat sweep model. 

This will require a more 

INTRODUCTION 

The Stanford Geothermal Program 1-D 
Heat Sweep Model was developed as a 
means of estimating energy extraction by 
reinjection recharge in fractured-rock 
geothermal resources in a simple way 
when reservoir and roduction data are 
spars&. The model fs es ecially useful 
in new and undeveloped ffelds where only 
limited geologic, thermodynamic, and 
productien data are available and where 
recha e experience in non-productive 
wells'3oes not exist. m e  model 
calculates production fluid temperature 
based on estimated condition of 
reservoir structure, return flow 
geometry, and mean thermal properties of 
the reservoir formation for given steady 
production conditions. A description of 
the original 1-D linear heat sweep model 
was given by Hunsbedt, Lam, and Kruger 
(1984) and several applications are 
listed in Kruger (1988). 

Lam (1986 to provide ability to examine 

02 reinjected recharge fluid w i t h  
resource fluid while maintainin the 

e 1-D nature of the Pimulafions 
near heat sweep model now a1lot;s 
dial return flow of reinjected 
and for fluid mixing at the 

The linear model was improved by 

more comp i ex flow geometries and mixing 

of sweep fluid at its 
temperature with resource 
t a constant rate. More 
et flow was added as 
ometry in which the 
ature of doublet flow is 

approximated as 1-D flow by linear flows 
in a series of flow crescents extending 
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the injection and production wells. The 
extractable heat content of this mass of 
rock above the recharge temperature is 
given by 
H = [@ ,-wVwCw+ (1-0) ,;rVrcr] * (To-Tr) (1) 

where @ = formation porosity 
p = mean phase density 
V = swept formation volume 
C = phase s ecific heat 
To = mean inEtia1 formation 
temperature 
Tr = recharge fluid temperature 
and w,r 

phases, respectively. 
refer to water and rock 

The assumption of a uniformly- 
distributed thermal energy reservoir is 
adequate for the linear and radial 
return flow eometries in that the 
uncertainty In the flow boundaries is 
probably not much greater than the 
unknown non-uniformit in the reservoir 
structural and thermal characteristics. 
On the other hand, this assumption for 
the intrinsic 2-D doublet flow model 
with its series of expanding crescent 
flow volumes is not adequate for two 
reasons: (1) the use of a uniform high 
initial temperature for the outer 
crescents involves a reservoir volume 
much greater than the resource volume 
resulting in an unrealistic extractable 
heat content; and (2) the streamline 
flow away from the direct path to the 
production well makes a negligible 
contribution to the cooldown to 
abandonment temperature but provides a 
long eriod of production fluid at the 
mean Pnitial reservoir temperature. The 
result of these two phenomena results 
in an overestimation of the cooldown 
time to the abandonment temperature. 

To evaluate the effect of 
temperature distribution on the 
extraction of heat from large rock 
blocks and still maintain the 1-D nature 
of the doublet flow model, an exercise 
was carried out to observe the effect of 
varying the initial temperature 
distribution in the flow geometry on the 
cooldown behavior of the produced fluid. 
The distributions were arbitrarily set 
normal to the axis of the injection- 
production well pair with a uniform 
temperature in each crescent. 
shows the series of assumed initial 
temperature distributions: (1) a 
circular reservoir of radius one-half 
the well separation distance containing 
half of the injection return flowrate 
with temperature further away declining 
with crescent number, N, as 1/N: (2) a 
step function, with crescent number 
distance taken from the temperature- 
depth profiles estimated by Maciel 
(1988) for the well pair PR2-PR1 at the 
La Primavera geothermal field; (3) a 
normal distribution to the same external 
temperature distance as the ste 
function; and (4) an exponentia 
temperature decline from the well pair 

Figure 1 

E 

.X 
-r, x, 

Figure 1. Tem erature distributions for 
doublet flow s%aulations: (a) doublet 
flow as a series of crescents bounded by 
streamlines; (b) circular, step, normal, 
and exponential temperature 
distributions. 

axis to the same external tem erature 
distance. 
were used for the El Chino well pair 
Az3-A29 in the Los Azufres geothermal 
field. 

The same f ractionaf distances 

1-D DOUBLET HEAT SWEEP MODEL WITH 
TEMPERATURE DISTRIBUTION 

The 1-D Heat Sweep Model describes 
thermal energy extraction from a 
distribution of fractured rock blocks in 
a linear reservoir of uniform width and 
depth (Hunsbedt, et al, 1984). Energy 
extraction is based on the heat transfer 
from an irregular-shaped rock block 
investigated by Kuo et a1 (1977) and 
extended by Iregui, et a1 (1978) to an 
ensemble of rock blocks b size 
distribution. The ensemble is modeled 
as lumped equivalent-volume spheres w i t h  
thermal time constant,r , given by 
Hunsbedt, et a1 (1978) as 

Z = R2/% (0.2 + l/Bi) (2) 

where R = equivalent radius of the rock 
blocks 

cc = rock thermal diffusivity 
Bi = rock Biot number ( = hR/k) 
h = reservoir heat transfer 

k = rock thermal conductivity 
coefficient 
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The rate of heat extraction is location cool-with time at an 
determined by both the thermal time exponential rate due to entry of colder 
constant for the rock block distribution groundwater or percolation from above. 
and the mean residence time of the Cooling rates of -O.OOS/yr have been 
recharge fluid from the reinjection well observed at Several geothermal fields. 
to the production well. The 1-D model 

To cstimate the importance of is formulated in hQat transfer equations temperature distribution in the doublet 
for both the fluid and rock Phasest in flow model as it effects heat trawfer 

s of the rock thermal t h e  constant in the series of flow crescents, m e  
fluid residence time* The equations four different initial temperature 
ransformed into uplace space and distributions away from the weii pair d analytically. The resulting rock axis in Figure were 

considered to represent a large spread and fluid temperatures are converted 
of heat content available for recharge into real space temperatures with the 

numerical algorithm reported by Stehfest extraction. me first assues a 
(1970) circular reservoir boundary with 

diameter equal to the well air axis. 
The linear and flow models Within the boundary, the inftial 

have been useful in simulations temperature is To, decreasing to a given involving numbers of injection or external temperature, Te, outside the 
production wells or where structural boundary as l/(N-NC/Z), where N is the 
features can act as boundaries to crescent number outside the boundary and 
reinjection return flow. For single NC is the total number of crescents. injection-production well pairs having This temperature distribution should 

result in the largest extractable heat no apparent reservoir boundaries, 
doublet return flow represents the content above the abandonment 
maximum flow time for heat extraction temperature, Ta, specified for a given 

type of generator turbine. from the reservoir formation as the 
that for doublet flow, half of the series of crescent flows result in a 

spectrum Of The crescents, NC/2, are contained within flow field, sketched in Figure la is the circular boundary. / a series of streamlines emanating from 
the injection well, extending as 
circular arcs centered on the normal to 

'- the middle of the well pair axisE and 
converging at the production well. 
uniform1 thick reservoir, doublet flow 
is two-dTmensiona1 . 

Development of the 1-D 
sweep model was described b 

It is noted 

For a 

rature. The 
Ti for crescent i 
he axis is given by 

* ln(To/Te)] (3) 

production well. The resource fluid 
considered to oriuinate at a remote 
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THE TWO CASE STUDIES 

(A) La Primavera Doublet PR2-PR1 

The La Primavera geothermal field 
is located in the State of Jalisco near 
the cit of Guadalajara. The field 
currentry has 8 completed wells, of 
which 7 are considered for commercial 
production. Three of these wells, PR1, 
PR8, and PR9, have been designated for 
use with the two 5-MW generating units 
expected in 1989. The non-productive 
well PR2, is being considered as a 
reinjection well for these two units. 
study to evaluate the potential for 
premature thermal breakthrou h by the 
reinjected fluid in this well to the 
three production wells was reported by 
Kruger, et a1 (1988) based on 
preproduction data compiled by the field 
operating staff. 

PR2 consisting of brine flow from the 
separators and condensate from the 
turbines, the return flow geometry was 
examined as small-an le radial flow to 
each well individualTy, as large-angle 
radial flow to the three wells 
collectively, and as doublet flow to the 
central well. The simulated cooldown 
curves for the sweep and mixed fluids 
for this case, based on an infinite 
initial temperature distribution, are 
shown in Figure 2a. The key compiled 
input data for the estimate were initial 
temperature of 277 C, recharge 
temperature of 70 C, injection flowrate 
of 69.8 kg/s, (659 of the production 
flowrate), with reservoir fluid makeup 
declining in temperature at a rate of 
-0.005 /y, and a mean formation porosity 
of 10 %. The reservoir thickness for 
return flow was estimated as 410 m 
over the well separation distance of 
1180 m. 

(B) El Chino (Los Azufres) Doublet 

A 

For reinjection recharge into well 

Az3-Az9 

The Los Azufres geothermal field is 
located in the State of Michoacan, about 
midway between Guadalajara and Mexico 
City. The field consists of a number of 
production zones, named after the 
predominant local faults. The three 
zones currently with portable 5-MW 
wellhead generating units are the 
Tejamaniles zone in the south, the 
Maritaro zone in the north, and the El 
Chino zone in the center. The El Chino 
zone at resent has a single production 
and reinfection well pair, Az9 and Az3, 
respectively. The zone is located 
between the El Chino, Laguna, and San 
Alejo faults which may act as reservoir 
boundaries for the El Chino reservoir. 

A preliminary doublet-flow cooldown 
analysis for this well pair was reported 
by Lam and Kruger (1987) for the 
infinite initial temperature 
distribution. The simulated cooldown 

"f 
(63 ro "t uo ~ , 

Figure 2. Production fluid cooldown 
results for the sweep fluid arriving at 
the production well and the mixed 
borehole fluid estimated b doublet flow 
with infinitely uniform initial 
reservoir temperature for (top) the La 
Primavera PR2-PR1 well pair and (bottom) 
the El Chino (Los Azufres) AZ3-AZ9 well 
pair. 

curves for this case are shown in Figure 
2b. 
to abandonment temperature was very long 
compared to the mixed-fluid cooldown 
time of 500 years (and the no- 
reinjection cooldown time of 150 years), 
both based on a constant resource fluid 
cooldown rate of -0.005 / r. The ke 
compiled input data for ET Chino w e d  
pair were initial temperature of 280 
C, recharge temperature of 70 C, 
injection flowrate of 11.3 kg/s (42% of 
the production flowrate), with the same 
resource fluid cooldown rate of -0.005 
/yr, and a mean porosity of 10 %. The 
reservoir thickness for return flow was 
estimated as 240 m over the measured 
separation distance Of 2007 

The heat-sweep time of 5000 years 
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RESULTS 

The 1-D Doublet Heat Sweep Model 
was adjusted for this study to output 
the temperature distribution as a 
function of distance in terms of 
crescent number. The results, common to 
the two case studies are shown in 
Fi re 3. The circuiar reservoir model 
(& 3a) shows the constant initial 
temperature to crescent number 25, half 
of the 50 crescents used for the 
symmetric half field. This crescent 
number corres onds to a distance of one 
well-pair radfus, whereas the 50th 
crescent is at a distance of more than 
23 well-pair radii.. The other 
distribution reach the assumed external 
temperature of 145 C at crescent number 
31, corresponding to the abandonment 
temperature distance on the temperature 
profiles compiled by the La Primavera 
staff . 

saturated,'st!$am pressure of 8 bar 
required to operate the 5-MW unit 
turbines. Fi re 4 shows these curves 
for the La Prgavera well pair and 
Figure 5 for the El Chino well pair. 
The rapid dro in temperature from the 
observed initfal bottomhole temperature 
results from the unrealistic colder 
water production from the crescents 
outside the thermal reservoir (50 % for 
the circular reservoir and about 30 % 
for the other three temperature 
distributions normal to the actual 
temperature profiles). The resulting 
production fluid cooldown times to 
abandonment temperature for these case 
studies are listed in Table 1 with the 
results obtained in the previous studies 
for the infinitely uniform initial 
temperature distribution. The 
calculated heat content of the recharge 
reservoir above the abandonment 
temperature and the 
enerav extracted bv the sween fluid for 

amount of thermal 

The studies for two well- 
doublet flows under markedly d?%rent distributions is given in 2* 
flow conditions show significant thermal 
cooldown behavior with reinjection 
recharge. 

the El C d n o  doublet (2007 m) with a 
correspondingly greater reinjection 
flowrate (68% of 102 kg/s compared to 
42% of 27.2 kg/s) at essentlally the same 
initial production temperature. 

the two well-pair cases are shown as 
sweep fluid and mixed fluid cooldown 
curves to the abandonment tem erature of 
170 C, corresponding to the mfnimum 

each%f the four temperature- 

For the La PrimaVera the data 
show that the cooldown time to 

uniform distribution, com rising half of 
the number of crescents, fs less than 
half of the time for the infinitely 

~ ~ ~ f ~ ~ m t ~ ~ ~ ~ f t  ~ ~ ~ ~ ~ " , u ~ ~ ;  fz 
the step and normal distributions. 

$ ~ t i ~ ~ E e ~ h h ~ ~ ~ :  ~ ~ ~ 5 ~ ~ " t ; t i ~ ~ ;  in 
view of the temperature contours 

~ ~ 5 ~ ~ ~ ~ ~ w ~ ~ n t h ~ e ~ t ~ ~ i ~ ~ ~ ~ E ~ b ~ ~ ~ ~ *  and 

The La Primavera doublet is relative1 closer together (1180 m) than abandonment temperature for the 

The 
The results of the simulations for 
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Fiqure 4. 
pair doublet for the given temperature distributions. 

Cooldown results for the La Primavera PR2-PR1 well 

-A 240 

Figure 5. 
doublet for the given temperature distributions. 

Cooldown results for the €1 Chino Az3-A29 well pair 
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Table 1 
Comparison of Cooldown Times by Temperature Distribution 

La Primavera 
PR2-PR1 

Assumed Sweep Mixed Sweep Mixed 
Temperatu Fluid Fluid Fluid Fluid 

Infinite 484 297 5180 503 
Circular 202 173 2110 165 
Step 224 19 1 2320 206 
Exponential 159 114 1720 67 
Normal 182 153 1910 118 

Pistribution - & L a  a& 

Assumed 
Tppefature 

circular 52.2 0.511 0.98 
Step 
Exponential 
Normal 28.7 0.248 0.86 48.4 0.429 0.89 

Dlstrl bution 

CONCLUSIONS 

the more rapidly declining exponential 
distribution. The heat content for the ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ i o ~ o ~ ~ ~ ~ ~ ~ ~ w ~ ~ ~ ~ ~ l a t i v =  

to the reservofr mean fracture spacing, circular reservoir with rapid 
temperature falloff after 25 crescents 
is somewhat greater than the others with and with n o  apparent 

the doublet return flow se-es as a 

In a geothermal reservoir with a 

eometry for the well 
unexploited geothermal 
itial temperature 

ibution for the whole reservoir is 

oldown times with enhanced 
energy recovery smaller than those 
estimated for an extended uniform 
temperature distribution. The estimated 
cooldown times also fall between those 
for the larger heat content of the step 
distribution and the exponential 
temperature decline. The corres onding 
results in terms of heat extractTon from 
theformation can be estimated from the 

emperature distributions are about 
he,same as for the La Pri 
ublet. The circular r 
ows a cooldown time be 
e step and normal dist 
e normal distribution 

correspondently larger 
tracted by recharge ret 
also larger with about 
actional extraction of 
e relative similarity i 

e similar, reservoir 

initial temperature distributions 
compared to the results with the 
assumption of an infinitely uniform 

to the almost complete extraction of the 
for these two doubl temperature distribution. In contrast 

fracture spacing, porosi ial heat content above the abandonment temperatures. 



I 

, .  

> .  
? 

temperature for the small and 
well-defined linear and radial flow 
geometries, the doublet flow geometry 
with its essentially infinite expanse 
and very large heat content, shows a 
very small heat extraction fraction (of 
the order of one percent in the cases 
studied) as reinjection recharge fluid 
at the injection temperature breaks 
through in the shortest crescents. 
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