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ABSTRACT 

The. high temperatures of geoth-a1 wells 
present severe problems for drilling, logging, 
and developing these reservoirs. Cooling the 
wellbore is perhaps the most common method. to 
solve these problems. .However, it is usually not 
clear what may be the most effective wellbore 
cooling mechanism for a given well. In this 
paper, wellbore cooling by the use of 'circulation 
or by fluid injection into the surrounding rock 
'is investigated using a wellbore thermal simula- 
tor computer code. Short circulation times offer 
no prolonged cooling of the wellbore, but long 
circulation times (greater than ten or twenty 
days) greatly reduce the warming rate after 
shut-in. The dependence of the warming rate on 
the penetration distance of cooler ;temperatures 
into the rock formation (as by fluid injection) 
is investigated. Penetration distances of 
greater than 0.6 m appear to offer a substantial 
.reduction in the warming rate. Several plots are 

. 'shown which demonstrate these effects. 

IBITRODUCTION 

Geothermal reservoirs are a potentially large 
energy resource in the U.S. and throughout the 
world. In order to effectively utilize this 
resource, marly problems must be overcome. One of 
the principal problems is that crested by the 
high temperatures present in these geothermal 
wells. These temperatures, which are typically 
above 200OC but can be in excess of 330'C in hot 
and deep reservoirs, make wells d5fficult to 
drill, log,  and complete. For example, Bentonite 
based drilling muds € o m  a high viscosity gel in 
the temperature regime of 120 to 230'C making 
them difficult or impossible to circulate. In 
addition, downhole logging equipment has a 
typical miximum temperature limit near 175%. 
Finally, cooler wellbocs temperatures are 
desirable for both cementing and stimulation 
operations. 

In previous work (Duda 1984,1985) the effect 
on downhole wellbore temperatures due to fluid 
circulation in the weUbore and fluid injection 
or infiltration into the surrounding rock matrix 
was investigated. The wellbore temperatures 
after short fluid circulation times (c  5 days) 

were found to rapidly rise following shut-in, 
reaching near the undisturbed geothermal gradient 
after only 24 hours. This result confirmed the 
work of earlier investigators (Raymond, 1969; 
Holmes and Swift, 1970; Keller, et al., 1973; 
Traeger, et al, 1981) who calculated wellbore . 
temperatures using a variety of analytical and 
numerical methods. Tlie rapid temperature rise 
even a few hours after shut-in would pcieclude the 
use of" '€hid circulation for short time periods 
as an effective wellbore cooLing mechanism. 

' An enhanced cooling effect may be produced in 
the wellbore by two methods: 1) fluid circula: 
tion for long times in the wetlbore, and 2 )  fluid 
injection. or penetration into the rock formation 
from the wellbore. Fluid circulation in the 
wellbore with conduction-dominated heat transfer 
in the cock fotmation (i.e., no fluid influx from 
the wellbore) can cool a considerable distance 
into the formation from the wellbore when long 
fluid circulation times are used. fn fluid 
injection, the fluid tonvectively penetrates into 
the formation around the wellbore to a distance 
which depends on the formation permeability and 
porosity and the fluid pressure. The injected 
fluid then substantially cools the contacted 
rock. The temperature OP the formation near the 
wellbore may be cooler from fluid injection than ' 

from fluid circulation in the wellbore. Geother- 
mal wells that have recently been drilled 
sometimes exhibit a rather low rate of warming 
after shut-in or when drilling has been stopped 
(Kasameyer , 1984) indicating that some process 
must be occurring which produces an enhanced 
cooling effect. 

In this paper, the effect of the penetration 
distance of cooler temperatures into the forma- 
tion surrounding a wellbore is studied. The rate 
of warming of the fluid inside the wellbores of 
three different geothermal well models was cal- 
culated as a function of the penetration distance 
of cooler temperatures in the fomation. In the 
next section these well models are described by 
presenting the casing program and temperature 
profiles used in the calculations. Next, the 
calculations are described with special attention 
given to the assumptions used. The results of 
these calculatiorrs ace then presented and 
discussed Finally, the conclusiorts which can be 
drawn from these results are presented. 
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GEOTHERMAL WELL VODELS 

The .three geothermal well models chosen ' for 
this study are from geothermal fields in southern 
California. The casing program for each well is 
shown in Table 1,. and .the temperature profile in- 
formation is shown in Table 2. All the tempera- 
ture profiles are bilinear consisting of two 
lines of different slope. The first part of each 
profile, extending from the surface to some 
intermediate. depth,. has a very steep temperature 
gradient compared to the second part of the 
profile. The first well, called the Salton Sea 
Shallow well, has a depth of 1400 m (4600 ft) 
with a .bottom-hole temperature of 332OC (620'F) 
and is an example of a re.latively shallow and 
hot reservoir. The second well, the Salton Sea 
Deep well, has .a depth of 3050 m (10,000 ft) with 
a bottom-hole temperature of 360'C (680'F) and 
illustrates a deep and hot reservoir. Finally, 
the third well, which is called the East Mesa 
well, has a depth of 2320 m (7600 ft) with a 
bottom-hole temperature o.€ 204'C (400OF). This 
is a relatively cool. well of an intermediate 
depth . 

Table 1. Casing program for the three well 
models used. Both the Shallow well and the Deep 
.well are fro? the Salton Sea geothermal area. 
All casings extend from the setting depth to the 
surface. Fluid was circulated with 2-718-inch 
tubing for all three wells. TD denotes the total 
well depth. There is no casing extending to the 
well bottom. 

Casing Setting . Cemented 
Well Size Depth In terva 1 

(in) (m) (m) 

Shallow 20 183 0-183 
Well 13-3/8 396 0-396 

9-5/8 914 335~914 
TD 1400 

Deep 20 183 0-183 
Well 13-318 396 0-396 

9-5/8 914 335-914 
TD' 3050 

East Mesa 20 30 0-30 
Well 13-3/8 518 0-518 

9-5/8 1680 457-1630 
TD 2320 

CALCULATIOUS 

Calculations of the downhole wellbore tem 
peratures were ma& using the GEOTKHP2 Version 
2.0 computer code. This code and the fluid flow 
and heat transfer equations and correlations 
employed have been treated in detail elsewhere 
(Hmdy and Duda, 1984; Mitchell, 1982; Wooley, 
1980a). The ability of this code to accurately 
predict temperatures down the wellbore has been 
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Table 2. Temperature at an intermediate depth 
and at the bottom of the well for the three well 
models. 
210C (70°F). 

Temperatures at the surface were set to 

Well Depth Temperature 
(m) ("C) 

Shallow Wella 747 288 
. 1400 ' 332 

Deep Wellb 900 300 
3050 360 

East Uesa.WellC 625 152 
2320 . 204 

a Riney, Pritchett, and Garg (1978) 
Helgeson (1968) 
Riney, Pritchett, and Rice (1978) 

.evaluated previously (Wooley, 1980b). Good 
agreement was found between the code predictions 
and field data. 

GEOTEMP2 employs a finite difference scheme 
to calculate heat transfet within and between the 
wellbore and .the soil .formation. A radial 
geometry is used in the .code with the wellbore 
centerline as the origin .of the coordinate 
system. Vertical grid size is constant and was 
set at 61 m (200 ft) for these calculations. The 
size of the grids Cn 'the radial direction is not 
constant but exponentially increases away f rom 
the wellbore centerline. Up to 50' grids were 
used in the radial direction with the last grid 
set at a distance of 15 m (50 ft) from the 
wellbore centerline. This last grid defines the 
boundary conditions for the temperature and is 
set at .the undisturbed temperature gradient of 
the specific geothermal area. The first three 
radial grid blocks define the wellbore. The 
first grid contains the tubing,, the second grid 
consists of the annulus, and the third grid 
contains the region consisting of all the casing, 
cemented intervals, and finally, the beginning of 
the soil formation. The fourth grid defines 'the 
penetration distance for the fluid influx or 
simulated injection calculations. 

Two different sets' of calculations were made 
to investigate the two cooling methods of 
circulation and fluid injection. For fluid 
circulation, calculations of the wellbore and 
formation temperatures were .made using fluid 
circulation times of 1 and 50 days with a flow 
rate of SO0 'gpm. After the specified circulation 
time, the flow was stopped and the wellbore and 
formation temperatures were calculated for a 
period of 50 days following shut-in. Fluid 
injection could not be exactly modeled since the 
computer code does not treat convective trans- 
port. However, the consequence of fluid 
injection, that is, cooler formation temperatures 
near the wellbore could be simulated by the code 
in the following manner. The code initially set.s 
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a l l  t h e  grid temperatures equal t o  the undi- 
sturbed geothermal gradient temperature. Hence, 
it is necessary t o  -c i rculate  f lu id  in  the well- 
bore t o  obtain cool f lu id  temperatures. The 
f lu id  temperatures were calculated for'  1 day of 
c i rcu la t ion  Usin& a flow rate of 500 gpm. This 
time and flow rate were chosen t o  correspond t o  
the  l-day c i rcu la t ion  calculations.  Addition- 
a l ly ,  the  short c i rcu la t ion  time would not change 
f lu id  i n  the- focmation temperatures very f a r  f.rom 
the  wellbore. Following %his i n i t i a l  calcula- 
t ion ,  the e f fec t  of inject ion was modeled by 
s e t t i n g  the temperatures of the f i r s t  four rad ia l  
g r ids  equal t o  the -wellbore f lu id  tiemperature a t  
the  given depth. For an actual  inject ion 
process, the f lu fd  i n  the  formation would be 
warmer than the injected f lu id  tenperature due t o  
f r i c t i o n a l  heating of -the f lu id  through the 
porous media (slnith and Steffensen, 1970, 1975). 
This e f fec t  is minor and so was ignored for  these 
ca leu l a t  ions. 

The- ef fec t  .of. this process on the  tempera- 
t u re s  of th8 rad ia l  g r ids  is i l lus tca ted  i n  Fig. 
1. Hote tha t  the  teenperature i n  the fourth gr id  
f o r  the inject ion s i m l a t i o n  was lower than the 
temperature i n  the  gr id  a f t e r  50 dags of water 
c i rculat ion.  AS i n  the case of the circulat ion 
calculat ions,  the wellbore temperatures were 
calculated f o r  up t o  50 days folkowing the  end of 
f l u i d  influx. The heat  t ransfer  t o  the wellbore 
was assumed t o  be conduction dminated so any 
possible  f lu id  movement, such a s  f lu id  injected 
near the wellbore Feturning t o  the wellbore, was 
ignored. Fluid inf lux was simulated for  
dis tances  of 0.49 m, 0.50 m, 0.54 m, 0.68 m, and 
,0.85 m (1;61 ft ,  1.64 ft, 1.77 f t ,  2.23, and 2.79 
f t )  from the  wellbore center l ine.  Finally,  the 
terms inject ion and f lu id  inf lux re fer  to  what is' 
ca l l ed  the penetration distance of the  f lu id  'OF 
the cool temperatures in to  the  formation. This 
is t h e  distance a t  Which the f i r s t  four rad ia l  
g r id s  have been set t o  the  same temperature a f t e r  
the  i n i t i a l  cooling period. 

The thermal conductivity, k, of the surround- 
ing rock was considered t o  .be a constant w i t h  a 
value of 0.0041 cal/cm s *C (1.0 Btulf t  h r  ."PI 
(Biney, P r i t che t t ,  and Garg, 1978). The depen- 
dence of the heat  t ransfer  r a t e  on k has been 
investigated (Duda, 1984). A s  k increases, heat 
can be t ransferred from the wellbore more quickly 
through the rock. Thus the rock nearest  the 
wellbore is cobled less and the f lu id  i n  the 
weflbore warms more quickky a f t e r  shut-in. If 
f l u i d  invades the rack, k m y  change. These 
changes and the e f f e c t  of other formation 
Parameters on k have not  heen considered i n  these 
calculat ions,  

RESULTS AND DISCUSSION 

The r e s u l t s  of calculat ions f o r  one day 
following shut-in or the  end of f lu id  inf lu% fo r  
t h e  Salton Sea shallow w e l l  a r e  shown in  Fig. 2. 
me dashed curves show the weLLbore warnins r a t e  
following 1 and 50 
lower warning r a t e  

days of c i rculat ion w i t h  the 
oorresponding t o  .temperatures 

100 

roo 

0 
0 a4 M 22 UI 

Radial dlstancs (m) 

Figure 1. T h e  temperatures of the f i r s t  s i x  
rad ia l  grids.  The dashed l i n e  shows the  
temperatures following 1 day of water c i rcu la t ion  
i n  the wellbore. The dotted line a re  the 
temperatures a f t e r  50 days of c i rcu la t ion .  The 
sol id  l i ne  i l l u a t r a t e s  the simulation of the 
f lu id  inject ion process by se t t ing  the tempera- . 
t u r e s  of the f i r s t  four rad ia l  g r ids  equal t o  the 
f lu id  temperature inside the  tubing. This sin- 
ulat ion is  fo r  a penetration distqnce o f  0.54 m. 

1 I 7 

300 I- 

200 

100 

0 I I 

0 0 . 16 a 
Time after shut-in (hm) 

Figure 2. Temperatures inside the tubing a t  the  
bottom of the  hole calculated fo r  the f i r s t  24 
hours a f t e r  shut-in for. the Salton Sea Shallow 
w e l l .  The two dashed l ines  are  the c i rcu la t ion  
calculations w h i l e  the sol id  l i nes  a re  the  
warning r a t e s  f o r  the  f i v e  penetration distances 
of 0.49, 0 .50 ,  0 .54 ,  0.68, and 0.85 m. 
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Figure 3. Temperatures inside the  tubing a t  the 
bottom of the hole calculated f o r  50 days follow- 
ing shut-in €or the  Salton Sea Shallow w e l l .  The 
dashed l i nes  are the  c i rcu la t ion  calculat ions 
While the so l id  l i nes  a re  the  wa.ming . ra tes  f o r  
the f ive  penetration distances of 0.49, 0.50, 
0 .54 ,  0.68, and 0.85 m. 

Q) 
k 

' 3  

Figure 4.  Temperatures inside the tubing a t  the 
bottom of the  hole calculated fo r  the f i r s t  24 
hours a f t e r  shut-in fo r  the  Salton Sea Deep 
w e l l .  The two dashed l i nes  a re  the  circulat ion 
calculat ions while the f i v e  so l id  lines .are the 
warming r a t e s  fo r  t he  f i v e  penetration distances 
of 0 .49 ,  0 . 5 0 ,  0.54 ,  0 , 6 8 ,  and 0.85 m. 

300- - 
Y 
U 

Q, - 

. O.8!5m 
. o  I I L 

16 a . 0  - 0  

Time after shut-in (hrs) 

Figure 5. Temperatures inside the tubing a t  the 
bottom of .the hole calcutated f o r  the  f i r s t  2 4 .  
hours . a f t e r  shut-in for  the East Mesa w e l l . .  ' The 
two dashed l i nes  a re .  the c i rcu la t ion  calcula- 
t i ons  while the  f ive  sol id  l i nes  are the  warming 
r a t e s  f o r  t h e  f i v e  penetration dis tances  of 0.49,. 
0.50, 0 .54 ,  0.68, and 0.85 m. 

a f t e r  50 ..days of circulation. '  For the f l u i d  
inf lux  calculat ions,  the  warming r a t e  .increases 
as the penetration distance i n t o  the  formation 
decreases. A t  a penetration distance of 0.85  m, 
the. warming curve is v i r tua l ly  f l a t  a s  shown i n  
Fig. 2 .  I n  .Fig. 3 the  calculat ions a r e  extended 
t o  50. days f.ollowing shut-in or the  end of f l u i d  
inf lux.  ' Uote t h a t  the warning curve a f t e r  50 
days of .c i rculat ion is s imilar  t o  the  curve f o r  a 
penetration distance of 0 ,68  m a t  long times 
a f t e r  .shut-in. As 'described i n  the previous 
section, i n  the  f lu id  inf lux ca lcu la t ions ,  the 
formation near the wellbore, defined by the  f i r s t  
four  r a d i a l  grids, was set t o  a .low temperature, 
but the rock i n  the  remaining g r ids  remained a t  a 
f a i r l y  high temperature. In  cont ras t ,  the forma- 
t i on  temperatures calcukated f o r  t he  50-day 
c i rcu la t ion  case were much warmer .near t he  well- 
bore. ,However, much cooler temperatures were 
calculated a t  greater  distances from the  wellbore 
than i n  the f lu id  inf lux case. The r e s u l t  was t o  
produce a reduction in  the warming rate of f l u i d  
kn the  wellbore s imi la r  t o  the  reduction obtained 
by . f l u id  , in f lux  or injection. 

The r e s u l t s  fo r  one day following .shut-in fo r  
t he  Salton Sea Deep well and the East Mesa w e l l  
are .shown i n  Figs. ' 4  and 5 ,  respect ively.  Note 
that .  these .  curves a re  qua l i t a t ive ly .  s imi la r  t o  
t h e  shallow w e l l  r e su l t s  i n  Fig. 2; The differ-. 
ences are .due t o  the greater  depth of t he  Deep 
w e l l  which gives higher temperatures and the  
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lower .formation temperature of the East Mesa w e l l  
which produces lower wellbore.temperatures. 

I n  Fig. 6 the  bottom-hole t q e r a t u r e s .  for  
the  f lu id  inside the  tubing are plot ted as  a 
function of the  ,penetration distance of the 
cooler tempFatures . A t .  . large penetration 
distances, the . temperature .. asymptotica1.ly 
approaches a minimum value which depends .on the 
spec i f ic  w e l l .  However, a t  small penetration 
,distances from the  wellbore, t he  temperatures 
rapidly incGease. . The ..curves c lear ly  show tha t  
there  is  a minimum penetration dis tance a t  which 
the  cooling ef . fect .  becomes important. The curves 
of Fig. 6 can be collapsed t o  a s ing le  curve by 
p lo t t ing  the  dimensionless temperature given by: 

T2 - T 1  

Tgp - T 1  
T =  

where T2 is t h e  temperature i n  the wellbore a t  
a ' specified t i m e  . af.ter shut-in, T i  is  the 
wellbore temperature immediately before shut-in 
begins, and Tgp is. the-temperature of the undi- 
sturbed' geothermal p ro f i l e  a t  the given depth. 
This .variable was chosen t o  have the following 
values : 

300 

0 

T = 0 W h e n  T2 = T i  
T = 1 when T2 = Tgp 

0 Shallow Well 

0 Deep Well 

1 . 1 . 1 . 1 -  

0 02 0.4 ae , a 8  1 

Penetration distance (m) 

Figure 6.  Temperatures .at  the  penetration dis- 
tances of 0.49 , '  0;50 ,  0 .54 ,  0 .68 ,  .and 0.05 m .for 
the  Salton Sea Shallow w e l l ,  Deep w e l l ,  and the 
E a s t  Mesa w e l l .  Temperatures were calculated for  
the  f lu id  a t  the  bottom of the  well ins ide  the 
tubing. 

0.8 

0.6 

0.4 

0 2  
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- 0  l d a y  
- 0 2days 

- 3days 

* 0 4days 

- 0  9days 
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0 02 a4 08 0.8 1 
Penetration distance (m) 

Figure 7. Dimensionless temperatures a t  . the 
f lu id  penetration dis tances  of 0.49 ,  0.50, 0.54,  
0.68, and 0.85 IU f o r  t he  Salton Sea Shallow w e l l ,  
Deep well, and the  E a s t  Mesa well f o r  1, 2, 3, 4,  
and 9 days a f t e r  the  end of f lu id  inf lux.  

Note that T2 is a function of the  penetration 
distance of cooler formation temperatures. The 
resul t ing.  curves are shown i n  Fig. 7 a t  several  
times a f t e r  shut-in o r  the  end of f l u i d  inf lux,  
A s  might be expected, the  curves move t o  higher 
temperatures a s  t i m e  increases. The temperatures 
a t  a distance of 0 .54  m rapidly increase while 
those a t  0 .85  FR increase much more slowly. A t  9 
days 'following shut-in, the  curves a re  more 
l inear  than the  curves a t  the e a r l i e r  times. It 
appears from t h i s  graph t h a t  a minimum dis tance 
of a t  l e a s t  0 . 6  m is required t o  reduce the r a t e  
o.f warning of the  f l u i d  i n  the  wellbore fo r  even 
a few days. 

SumARY m coucLusIous 

Uellbore temperatures a f t e r  shut-in were cal- 
culated f o r  Lluid c i rcu la t ion  t i m e s  of l and 50 
days and .  f o r  severa l  penetration distances of 
f lu id  or, a l te rna t ive ly ,  cool temperatures in to  
the rock surrounding a wellbore. Three w e l l  
models were used i n  these calculat ions.  Two were 
from . the  Salton Sea g e o t h e m l  area, cal led the  
Shallow and the  Deep w e l l ,  and the th i rd  was from 
the  .East Xesa goethermal area. The calculat ions 
shown here indicate  - tha t  the  f lu id  in ,  a wellbore 
may be reduced t o  a reasonably low temperature 
e i ther  by c i rcu la t ing  f l u i d  . for  long times. o r  by 
inject ing cool f l u i d  in to  . the rock surrounding 
the wellbore. 

me following conclusions can be made from these 
calaulations: 
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1) 

21 

3) 

4) 

The 50-day circulation .time at a flow rate of 
500 gpm was found to decrease the warming 
rate of fluid in the wellbore. Increasing 
the circulation rate above 500 gpin would only 
be useful for the Deep well and of no .benefit 
for the Shallow well (Duda, 1985). 

Penetration distances greater than 0.6m were 
also found .to substantially reduce the 
watlning rate after shut-in. .Fluid invasion, 
or injection into the fonnation may require 
less time than circulation to produce a 
cooling effect, but the penetration .distance 
cannot be easily controlled. In addition, if 
the permeability and porosity of the. forma- 
tion varies considerably with, depth, the pen- 
etration distance will also vary,' producing 
large variations of fluid temperature with 
depth after' shut-in. Substantial fluid inva- 
sion into the formation .is not desired for 
most purposes. 

'Circulation . for short times (-1 day.) and 
small . fluid penetration or injection 
distances do not greatly decrease the warming 
rate of wellbore fluid. 

To keep a geothermal well cool for a signifi- 
cant time following shut-in in a conduction- 
.dominated system either long 'fluid circula- 
tion times are required o r  fluid must pene- 
trate some minimm distance from the wellbore 
to cool the surrounding formation. 

These calculations could be used 'to obtain a 
qualitative picture concerning formation condi- 
tions in a well. 'For instance, if fluid tempera- 
tures inside the wellbore increase very slowly 
when the well is shut-in after a short period of 
drilling or circulation, there has. probably been 
substantial.invasion of the formation by drilling 
fluids. Alternatively, if the warming rate is 
low after prolonged drilling or circulation in a 
well, the degree o f  Eluid invasion cannot be 
estimated €rom these results. Finally, note that 
all these calculations assumed a conduction- 
dominated system. This is the case. for many. 
systems,. but where flow in the formation is 
sighficant, these calculations are no longer 
applicable. 
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