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ABSTRACT 

Computer calculations of wellbore transient temperatures, using the 
geothermal wellbore thermal simulator code GEUI'EMP2, were made on four 
well models. The well models studied were from the Baca geothermal 
area, the East Mesa geothermal area, and a shallow and a deep well from 
the Salton Sea geothermal area. Calculations for one day of water cir- 
culation followed by one day of shut-in at flow rates of 100, 250, 500, 
and 1000 gpm were made to investigate the cooling effects produced by 
the circulation. Additional calculations were made using the Baca and 
Salton Sea well models. In the former, the effect on the cooling due to 
different soil thermal conductivity values and different circulating 
fluids (a high viscosity mud and air) were investigated. In the latter, 
the number of casings in the wellbore and the diameter of the tubing 
were modified. Plots of the calculated temperatures as a function of 
circulation and shut-in time and depth are given for each case. 

Some conclusions which may be drawn are: 

o Low flow rates, on the order of 100 gpm or less, are 
particularly ineffective at cooling the wellbore. 

o Low soil thermal conductivity values produce lower 
wellbore temperatures. 

o High viscosity fluids, such as drilling muds, give lower 

o Air or gas are ineffective as a cooling fluid. 

o For a purely conductive environment (i.e. no fluid 

wellbore temperatures. 

convection into the rock formation), temperatures tend 
to recover quickly following circulation. Mean tempera- 
tures are reached 3-5 hours following shut-in. 

o Downhole temperatures are not directly proportional to 
circulation time. 

o The shape of the undisturbed temperature profile has a 
significant effect upon the downhole temperatures. 

o An increased fluid velocity in the tubing tends to 
decrease the downhole temperatures in the wellbore. 
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1. INTRODUCTION 

. A large energy resource exists in the U.S. in the geothermal res- 
ervoirs which are primarily present in the western half of the country. 
However, developing these geothermal areas presents extreme problems for 
drilling and well logging operations due to the high temperatures reached 
down the hole. The maximum downhole temperature depends upon the specific 
geothermal area and the depth of the hole. For example, bottom-hole temper- 
atures near 330% are reached at a depth of 1800 m in the Baca KGRA (Known 
Geothermal-Resource Area) while the same temperature occurs at 1400 m in the 
Salton Sea KGRA. Bentonite-based drilling muds form a high viscosity gel in 
the temperature range of 120 to 230OC, while downhole logging equipment 
has a typical maximum temperature limit near 175% Many geothermal well 
operations require some form of downhole cooling in order to be effective 
due to the lack of high temperature materials. 

One method of wellbore cooling is circulating some fluid, such as water, 
mud or air, through the wellbore. Traeger, et a1 [l], performed a computer 
calculatip for circulation in a hypothetical well in a magmahydrothemal 
region. They found that it was possible to cool the wellbore to below 
200°C at a depth of 4.5 km, but the minimum attainable temperature in- 
creased as the well depth increased. 

In this report the cooling effects due to fluid circulation in four 
well models are studied using the geothermal wellbore thermal simulator com- 
puter code GEoTEMp2 [3]. The well models used were slightly modified from 
those presented by Carson, Lin, and Livesay [2]. A brief description of the 
selected mll models and of the computer code GEOTEMP2 is presented in 
Section 2. Section 3 contains the results of the computations on the four 
well models and on a parametric study of two of the well models. Finally, 
Section 4 summarizes the results of the computations and presents the con- 
clusions 'obtained from this study. 

, 

2. WELL MODEL CALCULATIONS 

Four well models have been chosen in this study to observe the effects 
of cooling by circulation upon the downhole wellbore temperatures. The de- 
scriptions of all but the deep Salton Sea well were obtained from the report 
on representative well models by Carson, Lin, and Livesay [Z]. The four 
models are: 

1. Baca model - This model was designed for the Baca KGRA 
located at the Baca Ranch, Valles Caldera in northern 
New Mexico. This well model provides an example of a 
moderately deep and hot geothermal reservoir . 
Salton Sea Geothermal Field located near the south- 
eastern tip of the Salton Sea in southern California. 
An example of a shallow and hot reservoir is provided by 
this model. 

2. Salton Sea model - This model was designed for the 

1 



3. East Mesa model - The East Mesa model was designed for 
the East Mesa KGRA which is located 30 miles east of El 
Centro, California, on the eastern edge of the Imperial 
Valley sedimentary basin. This model is an example of a 
deep and moderately hot reservoir. 

4. Deep Salton Sea model - In this model a very deep and 
hot reservoir is simulated. 
5500 m (18,000 feet) with an estimated bottom hole 
temperature of 3OOOC ( 57OOF). 

For each of these well models a standard wellbore consisting of tubing 
to depth and four casing strings set to various depths with associated ce- 
mented and uncemented regions is described. The standard wellbore calcula- 
tion simulates a one day circulation period using circulation rates of 100, 
250, 500, 1000 gpm. For this standard case water was used as the circula- 
ting fluid. Following the one day circulation time at each water flow rate 
a shut-in (i.e. no flow) period of one day was implemented to observe the 
rate at which the wellbore warms. Computer calculations of the wellbore and 
soil temperatures for both circulation and shut-in periods were made at 1 
hour intervals up to a time of 10 hours, then at times of 12, 16, 20, and 
24 hours. Detailed descriptions of all the standard wellbores are presented 
in Section 3. 

The total hole depth is 

2 



I 2.1 GEUH3iP2 COMPUTER CODE 

The GEUI'EW2 computer code was used in this study to simulate fluid cir- 
culation in the well models. This code and the fluid flow and heat transfer 
equations and correlations employed have been treated in detail elsewhere 
[3,7,8]. The ability of this code to accurately predict temperatures down 
the wellbore has been evaluated previously [E!]. Good agreement was found 
between the code predictions and field data. In this section only aspects 
of the code of special interest to this report will be discussed. 

- 
I 

GEUI'W2 employs a finite difference scheme to calculate heat transfer 
within and between the wellbore and the soil formation. A radial geometry 
is used by the code with the wellbore centerline as the origin of the coor- 
dinate system. Vertical grid size is constant and was set at 61 m (200 ft) 
for these calculations. The size of the grids in the radial direction is 
not constant but exponentially increases away from the wellbore centerline. 
Ten grids are used in the radial direction with the tenth grid set at a 
distance of 15 m (50 ft) from the centerline. This last grid defines the 
boundary conditions for the temperature and is set at the undisturbed tem- 
perature gradient of the specific geothermal area. The first three radial 
grids define the wellbore. The first grid contains the tubing, the second 
grid consists of the annulus, and the third grid contains the region con- 
sisting of all the casing, cemented intervals, and, finally, the beginning 
of the soil formation. 

As with any computer code, certain assumptions and limitations are in- 
herent in the implementation of the code. Some of the assumptions and 
limitations of GEOTEMP2 are: 

1) Forced and natural convection of the fluid is only treated 
within the tubing and the annulus; only heat conduction is treated 
in the grids located in the soil formation. 

2) Only radial heat conduction is treated in the tubing and the 
annulus; vertical heat conduction is assumed negligible compared to 
convection because of the larger grid size in the vertical direc- 
tion compared to the radial direction. 

3) All casings are assumed to extend to the surface from the 
setting depth. 

4) The cemented interval outside of a casing is not required t o  
extend to the surface. Fluid is contained in the annuli between 
the casings where the casings are not cemented. This fluid was 
chosen to be the same as the circulating fluid for all the calcula- 
tions except for the gas circulation case in the Baca well model. 
For this case, water was placed in the uncemented casing annuli. 

3 



5) Radiative heat transfer in the wellbore and soil is assumed to 
be negligible. 

6) Initial conditions: Fluid temperatures in the tubing and annu- 
lus are initially set at the geothermal gradient temperature values. 

For turbulent flow in a pipe, the rate of heat transfer between a 
flowing fluid and a solid is given by the general expression (111: 

Nu = C R@rn , (2-1) 

where C is a shape factor which depends on the geometry of the system, and m 
and n are constants, dependent on the system eometry, which typically lie 
in the range: 0.5 e m e 0.8 and 0.3 e n e 0.4 rg 111. 

Nu is the Nusselt number given by 

where h is the convection or heat transfer coefficient, d is the pipe 
diameter, and k is the thermal conductivity of the fluid. The Nusselt 
number is a measure of the rate of heat flow at a fluid/solid interface. 
The Reynolds number, Re, is given by 

where p is the fluid density, u is the fluid viscosity, and v is the flow 
velocity. Finally, the Prandtl number, Pr, which is the ratio of the veloc- 
ity to the temperature diffusion is given by 

where Cp is the specific heat capacity. The heat transfer coefficient, h, 
is thus a complicated function of the fluid properties and flow geometry. 
This point must be kept in mind when reviewing the results of the calcula- 
tions presented in this report. 

4 



3. WELL MODEL RESULTS 

. In this section the results of the calculations performed on the four 
well models are presented. Results are first discussed for the standard 
wellbore case which, for the Baca well model, also includes the effect of 
different soil thermal conductivities. Next, results are presented on any 
parametric study performed on the particular well model. 

3.1 BACp WELL MODEL 

The standard wellbore description and geothermal profile for the Baca 
well model is illustrated in Figure 3-1. Total well depth was 1830 m (6000 
ft). A 20-inch casing reached a depth of 61 m (200 ft) and was cemented to 
the surface. A 13-3/8-inch casing extended to 457 m (1500 ft) and was also 
cemented to the surface. A third casing of 9-5/8 inches reached a depth of 
914 m (3000 ft) and was cemefited from the bottom of the casing up to a depth 
of 762 m (2500 ft). Finally, the fourth 7-inch casing extended to the 
bottom of the hole at 1830 m (6000 ft). 5.5-inch tubing was used in this 
simulation. 

The undisturbed geothermal profile consisted of two linear temperature 
components [lo]. The first linear profile extends from the surface (set 
nominally at 21OC (7O0F) to a depth of 975 m (3200 ft) where the tem- 
perature was fixed at 26OOC 5000F). The second temperature profile 
begins at this depth and extends to the bottom of the hole where the tem- 
perature was set at 327OC (6200F). 

3.1.1 SANDARD WELLBORE CALCULATIONS AND RESULTS 

For the Baca KGRA three soil conductivities were used to observe the 
effect of different soil conductivity values on the rate of heat transfer 
and hence on the wellbore temperature profile. The soil conductivity, k, 
is a function of the rock type, rock porosity and water saturation, and tem- 
perature. A suitable r e for basalt is 0.4 to 1.5 Btu/ft hrOF (1.5 to 
6.0 x 10-3 cal/cm s C) 3. Calculations were done at three values of k: 
0.5, 1.0, and 2.0 Btu/ft hr OF. Figure 3-2 shows the results of the 
cpmputer calculations for the four flow rates and three soil 
conductivities. In this figure the temperatures plotted were those which 
were calculated for a point inside the tubing at the bottom of the hole. 
The temperature cooling due to circulation and the temperature warming 
following shut-in are illu 

The shut-in temperature p 3-4, and 3-5 for 
kt0.5, 1.0, and 2.0 Btu/ft respective1 t-in temperatures 
at the bottom of the hole 

are shown in F 

e the tubing are ed in Table 3-1. 
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WELLBORE GEOMETRY AND GEOTHERMAL GRADIENT 
FOR THE BACA KQRA 
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Figure 3-1. The wellbore geometry and undisturbed temperature gradient 
used in the Baca well model calculations. 
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Figure 3-4. The downhole temperature profiles inside the tubing at times of 0, 
2, 5, 10, 12, 16, and 24 hours following shut-in at four flow rates 
and a soil thermal conductivity of 1.0 Btu/ft hr OF for the Baca 
well model. The dashed line is the undisturbed temperature gradient. 
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Figure 3-5. The downhole temperature profiles inside the tubing at times of 0, 
2, 5, 10, 12, 16, and 24 hours following shut-in at four flow rates 
and a soil thermal conductivity of 2.0 Btu/ft hr OF for the Baca 
well model. The dashed line is the undisturbed temperature gradient. 



Table 3-1. Baca Geothermal Area. 
bottom of the hole for the standard wellbore case at 
circulation times of 1 and 20 days using water as the 
circulating fluid. The soil thermal conductivity, k, is 
in units of Btu/ft hr OF. 

Shut-in temperatures at the 
2 

Flow Rate Circ. Shut-in Temperatures, OC, at 
(gpm) Time k 0 1 2 5 10 16 24 (hrs.) 

1000 1 day 2.0 78 131 174 251 293 306 310 
1.0 54 89 121 192 257 290 307 
0.5 39 59 79 131 193 240 276 

500 1 day 2.0 159 194 223 275 304 313 316 
1.0 113 141 166 222 272 298 311 
0.5 77 94 112 157 211 269 283 

250 1 day 2.0 244 262 276 301 316 320 321 
1.0 204 220 234 266 295 311 318 
0.5 157 169 181 211 248 288 297 

100 1 day 2.0 301 306 311 318 323 324 325 
1.0 289 293 298 308 317 321 324 
0.5 269 273 277 287 299 313 316 

1000 20 days 2.0 66 106 139 198 233 245 251 
0.5 37 53 70 112 163 202 232 

250 20 days 2.0 226 241 254 277 291 296 298 
0.5 139 149 160 188 221 257 266 

I 

In Figure 3-2 it is evident that the cooling effect increases as the 
flow rate increases and as the soil conductivity decreases. The shapes of 
both the cooling and warming curves change as k decreases tending to become 
much more gradual in their approach to an asymptotic limit. The figures all 
show that the 100 gpm flow rate is ineffective in cooling the wellbore at 
all soil conductivities. The 250 gpm flow rate cools the bottom-hole below 
2OOOC only for k=O.5 Btu/ft hr OF, while the 500 and 1000 gpm flow rates 
are effective in cooling the wellbore to a reasonably low value at all soil 
conductivities. 

For kcO.5 Btu/ft hr OF shown in Figure 3-3, all of the flow rates 
except for 100 gpm have bottom-hole temperatures slightly above or below 
2OOOC up to 5 hours after shut-in. The bottom-hole temperatures for both 
the 1000 gpm and 500 gpm flow rates remain below about 2OOOC after 10 
hours. Only the 1000 gpm flow rate produces a bottom-hole temperature less 
than 2600C (5OOOF) after 20 hours of shut-in. 

The downhole temperature profiles for k4.0 Btu/ft hr OF are shown in 
Figure 3-4. The bottom-hole temperatures for 250, 500, and 1000 gpm are all 
less than or equal t o  about 23OOC (446OF) after 2 hours. At 5 hours the 
bottom-hole temperature for the 1000 gpm flow rate is still below 2OOOC 
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while the 500 gpm flow rate shows a temperature somewhat above 2OOOC 
having a value of 222% (432OF). After 10 hours of shut-in, all the 
flow rates have bottom-hole temperatures above 250OC (4820F) and only . 
the temperatures for the 1000 gpm and 500 gpm flow rates are near 260OC 
(5000F). 

In Figure 3-5, which shows the temperature profiles down the hole after 
shut-in for k=2.0 Btu/ft hr OF, only a flow rate of 1000 gpm cools the 
well below 200% after 2 hours. At 5 hours after shut-in, the bottom-hole 
temperature approaches 260OC (50OOF). For the 500 gpm flow rate, the 
temperature is just below 2OOOC after 1 hour and warms to 275OC 
(5279) after 5 hours of shut-in. 

The results shown here demonstrate that the most effective cooling is 
obtained for high flow rates and low soil thermal conductivity. The soil 
thermal conductivity was considered to be a constant in this analysis. In 
reality k depends on the rock type, temperature, rock permeability and 
porosity and the thermal conductivity of the saturating fluid. In general, 
the thermal conductivity of rocks would be expected to decrease with 
increased temperatures [13]. It should be noted that only heat conduction 
was treated in the soil formation. The presence of convective transport 
processes will alter the temperature distributions. 

The water return temperature a t  the surface through the annulus is pre- 
sented in Figure 3-6. The temperature of the fluid at the surface in the 
annulus is a function of the flow velocity, the heat transfer rate, and the 
temperature difference between the fluid in the annulus and the fluid in 
tubing and the temperature of the surrounding soil. 
and flow rates of 250 and 500 gpm, the same steady-state temperature is 
reached while a lower temperature, almost as low as for the 1000 gpm flow 
rate, is reached for a flow rate of 100 gpm. It does appear that as k de- 
creases, the curves begin to approach an expected pattern, i.e. a pattern 
where lower steady-state temperatures are acheived at higher flow rates. 
This is probably due to the fact that the lower soil thermal conductivity 
allows less heat to be transferred from the soil to the fluid. Hence, the 
fluid temperature at higher flow rates would be reduced. Note that the 
curves for the 100-gpm flow do not change significantly as k is changed. 
This implies that the amount of heat absorbed at this flow rate has reached 
a steady-state value. 

For k=2.0 Btu/ft hr OF 
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Figure 3-6. The return temperatures at the surface in the annulus at four flow 
rates and three soil thermal conductivities for the Baca well model. 



3.1.2 PARAMETRIC STUDY OF THE BACA WELL MODEL 

In the standard wellbore calculations, the soil thermal con-. 
ductivity was varied to observe its effect upon the computed downhole tem- 
peratures. In this section the results of the variation of the water circu- 
lation time and circulating fluid are discussed. A circulation time of 20 
days, rather than one day as in the preceding section, was used with flaw 
rates of 250 and 1000 gpm. Two changes were made in the circulating fluid. 
First, a mud with a viscosity of 15 cp (water has a viscosity of 1 cp) but 
w i t h  the same density as water was used .in calculations at the same flow 
rates and soil conductivities as the previously described calculations with 
water. Second, air was used as the circulating fluid with mass flow rates 
comparable to water flow rates of 250 and 1000 gpm. 

20 DAY CIRCULATION TIME 

The temperatures at bottom hole after shut-in are compared for water 
circulation times of 1 and 20 days at flow rates of 250 and 1000 gpm and 
soil conductivities of 0.5 and 2.0 Btu/ft hr OF in Figure 3-7. The 
corresponding downhole temperatures after shut-in for E=0.5 and 
k=2.0 Btu/ft hr OF are illustrated in Figures 3-8 and 3-9, respectively. 
As expected, cooler temperatures are observed for the longer circulation 
time. Table 3-1 summarizes the temperatures at selected times following 
shut-in. Note that the minimum temperature after Circulation is surpris- 
ingly similar for both the 1 and 20 day circulation times. After 1 day of 
circulation, the final temperatures for a flow rate of 1000 gpm are 78 and 
39% at kX2.0 and k=O.5 Btu/ft hr OF, respectively, compared to values 
of 66 and 37% for the 20-day circulation time. Somewhat greater dif- 
ferences are observed for the lower flow rate of 250 gpm. Here, final tem- 
peratures are 244 and 157OC at k=2.0 and k=O.5 Btu/ft hr OF, respec- 
tively, at 1000 g p m  versus 226 and 139OC at 250 gpm. 

The primary effect of longer circulation time is the delay experienced 
in warning the wellbore. In Figure 3-7 and from Table 3-1, the temperatures 
after 24 hours of shut-in are noticeably cooler for the 20-day circulation 
time. At a flow rate of 1000 gpm the temperature difference is near 40OC 
while at 250 g p m  the difference is 20 to 30OC. Table 3-2 shows how the 
curve shape has changed with circulation time by tabulating the midpoints of 
the shut-in temperature curves (i.e. the temperatures and times corres- 
ponding to: (T(24 hrs) + T(O hrs))/2; this temperature corresponds to the 
mean temperature of the fluid during the 24-hour shut-in period). Note that 
the curve midpoints for the 20-day circulation time occur at lower 
temperatures but at about the same times as in the 1-day circulation case. 

For k=O.5 Btu/ft hr OF and a 1000-gpm flow rate , the bottom-hole 
temperature is 202OC (3960F) at 16 hours after shut-in for the 20-day 
circulation time and is only 232OC (450OF) after 24 hours. For the flow 
rate of 250 gpm, temperatures are significantly warmer with temperatures 
less than 2OOOC (3920F) at 5 hours following shut-in and less than 
260% (SOOOF) at 20 hours. 
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Figure 3-7. Comparison of the bottom-hole temperatures following shut-in for 
circulation times of 1 and 20 days at flow rates of 250 and 1000 gprn 
and soil thermal conductivities of 0.5 and 2.0 Btu/ft hr OF. The 
dashed lines are the temperatures for the 20-day circulation time. 
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Figure 3-8. Comparison of the downhole temperatures inside the tubing at times 
of 0, 2, 5, 10, 12, 16, and 24 hours following shut-in at circula- 
tion times of 1 and 20 days for flow rates of 250 and 1000 gpm and a 
soil thermal conductivity of 0.5 Btu/ft hroF for the Baca well 
model. The dashed line is the undisturbed temperature gradient. 
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Figure 3-9. Comparison of the downhole temperatures inside the tubing 
at times of 0, 2, 5, 10, 12, 16, and 24 hours following 
shut-in at circulation times of 1 and 20 days for flow 
rates of 250 and 1000 gpm and a soil thermal conductivity 
of 2.0 Btu/ft hr OF for the Baca well model. 
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Table 3-2. Comparison of midpoints of shut-in temperature curves 

The soil conductivty, k, is in units of 
for the Baca geothermal area for circulation times of 1 
and 20 days. 
Btu/ft hr OF. 

Flow Rate Circ. Mid-point temp. Approx. time 
(gpm) Time k (OC) (hrs.) A 

1000 1 day 2.0 
20 days 

1 day 0.5 
20 days 

250 1 day 2.0 
20 days 

1 day 0.5 
20 days 

194 
159 

158 
135 

283 
262 

227 
203 

3 
3 

7 
7 

2 
3 

8 
8 

For a soil conductivity of 2.0 Btu/ft hr OF and a 1000-gpm flow rate, 
the temperature is slightly less than 2OOOC (3920F) after 5 hours of 
shut-in. At 10 hours, the temperature is 233OC (451oF) compared to 
293OC (559OF for a 1-day circulation time. The differences between 1 
and 20-day circulation times is only on the order of 2OOC for the 250-gpm 
flow rate. 

Radial temperature profiles are shown at selected depths for 1 and 20 
days of circulation at flow rates of 250 and 1000 gpm for k = 0.5 
Btu/ft hr OF in Figure 3-10 and for k = 2.0 Btu/ft hr OF in Figure 
3-11. As expected, cooler soil temperatures are obtained at a greater 
distance from the wellbore for the 20-day circulation time. At a distance 
*of only 3 m, the soil temperature is at about the undisturbed value even for 
the 20-day calculations. Reducing the soil thermal conductivity, as can be 
observed by comparing Figures 3-10 and 3-11, reduces the penetration 
distance of the cooling effect due to the circulating fluid. 

MUD AS THE CIR(XILAT1NG FLUID 

The circulation and shut-in temperatures calculated for the Baca Well 
Model using a mud with a viscosity of 15 cp and the same density as water 
are plotted in Figure 3-12. The corresponding downhole temperature profiles 
for k=l.O Btu/ft hr OF are presented in Figure 3-13. Comparing these 
plots with Figures 3-2 and 3-4 for the corresponding water circulation case, 
it is quite obvious that the larger mud viscosity has a pronounced effect 
upon the downhole temperatures. Table 3-3 lists the bottom-hole 
temperatures after shut-in for mud circulation. 
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Figure 3-10. Comparison of the radial temperature profiles for circulation 
times of 1 and 20 days at flow rates of 250 and 1000 gpm and a 
soil thermal conductivity of 0.5 Btu/ft hr OF. Temperatures are 
plotted at depths of 610 m (2000 ft), 914 m (3000 ft), 1220 m 
(4000 ft) , and 1830 m (6000 ft). 
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Table 3-3. Baca Geothermal Area. 
bottom of the hole for the standard wellbore case 
with mud as the circulating fluid. 

Shut-in temperatures at the 

4 

Flow Rate Shut-in Temperatures ,OC, at 
(gpm) k 0 1 2 5 10 16 24 (hrs.) 

1000 2.0 54 101 146 229 283 302 309 
1.0 41 70 102 175 244 283 303 
0.5 32 49 68 120 183 232 271 

500 2.0 98 137 175 245 290 306 312 
1.0 69 96 124 190 253 287 306 
0.5 48 64 83 132 191 237 274 

250 2.0 163 192 218 268 300 312 316 
1.0 119 142 164 217 267 295 310 
0.5 82 97 113 156 208 249 281 

100 2.0 244 258 271 296 313 319 322 
1.0 206 219 232 263 292 308 317 
0.5 159 169 181 210 246 273 296 

The mud tends to be cooler than the water under similar conditions. The 
reason for this is apparent by inspecting Eqn. 2-1, which relates the 
Nusselt number to the Reynolds and Prandtl numbers for turbulent flow. The 
heat transfer coefficient (which is contained within the dimensionless 
Nusselt number) depends on the fluid viscosity in a complicated manner. 
Careful analysis of this expression shows that as the viscosity increases 
the heat transfer rate decreases. Hence, the high viscosity m d  is less 
effective at removing heat from the soil than water and as a result has a 
lower temperature than water. This conclusion can be demonstrated by 
looking at the radial temperature profiles for mud and water at the four 
flow rates as shown in Figure 3-14. Water is shown to produce lower 
temperatures in the formation especially at the lower flow rates. This 
effect does not extend a significant distance away from the wellbore. 

The observed temperature differences between the mud and water circula- 
tion cases are most pro at the lower flow rates of 100 and 250 gpm. 
The downhole temperature e 100-gpm rate for mud, shown in Figure 3-13, 
are less- than 300OC (572OF) up to 10 hours a t-in, whereas the 

r circulation. 

The return temperatures a surface for mud circulation are plotted 
in Figure 3-15. Note that temperatures follow the expected trend; 
higher flow rates produce 1 urface temperatures. This is in sharp 
contrast to the confusing situation observed for water circulation in Figure 

tures remain below 300OC only up to 2 hours 

3-6. 
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Figure 3-13. The downthle temperature profiles inside the tubing at times of 0, 
2, 5 ,  10, 12, 16, and 24 hours following shut-in at four flow 
rates and a soil thermal conductivity of 1.0 Btu/ft hr OF for 
the Baca well model using mud as the circulating fluid. The 
dashed line is the undisturbed temperature gradient. 
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Figure 3-14. Comparison of the radial temperature profiles for circulation with 
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Figure 3-15. The return temperatures at the surface in the annulus at four flow 
rates and three soil thermal conductivities for the Baca well 
model using mud as the circulating fluid. 



AIR AS THE CIRCULATING FLUID 

Air was tested as a cooling agent by simulating circulation in the well- 
bore. Figure 3-16 summarizes the results of the computer calculations usihg 
air at flow rates of 1090 scfm and 270 scfm which correspond to the mass 
flow rates of water at 1000 gprn and 250 gpm, respectively. The standpipe 
pressure was set to 1500 psi in order to obtain the desired mass flow 
rates. Figure 3-16 clearly shows that air is a very ineffective fluid for 
wellbore cooling. The bottom-hole temperatures are significantly higher, 
greater than 320OC (6080F), than for the corresponding water case which 
had temperatures less than lOOOC for the 1000-gpm flow rate and less then 
250% for the 250-gpm flow rate at shut-in. A lower soil thermal 
conductivity also has little effect on the downhole temperatures. 

' 
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Figure 3-16. Bottom-hole temperatures during circulation and following shut-in 
for air circulation in the Baca well model. 
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3.2 SALTON S A  WELL MODEL 

The standard wellbore description and geothermal profile for the Salton 
Sea well model is illustrated in Figure 3-17, Total well depth was 1379 m 
(4500 ft). A 20-inch casing reached a depth of 183 m (600 ft) and was ce- 
mented t o  the surface, A 13-3/8-inch casing extended to 396 m (1300 ft) and 
was also cemented to the surface. A third casing of 9-5/8 inches reached a 
depth of 914 m (3000 ft) and was cemented from the bottom of the casing up 
to a depth of 335 m (1100 ft). Finally, the fourth 7-inch casing extended 
to the bottom of the hole at 1370 m (4500 ft). 5.5-inch tubing was used in 
this simulation, 

The undisturbed geothermal profile consisted of two linear temperature 
components 141. The first linear profile extends from the surface (set 
nominally at 21OC (70OF) to a depth of 747 m (2450 ft) where the 
temperature was fixed at 288OC (55OOY;). The second temperature profile 
begins at this depth and extends to the bottom of the hole where the 
temperature was set at 332OC (630OF). 

3.2.1 STANDARD WELLBORE CALCULATIONS AND RESULTS 

The soil thermal conductivity at the Salton Sea KGRA is near 1.2 
Btu/ft hr OF [4], therefore, only a value of k=1.0 Btu/ft hr OF has 
been used in the calculations, The temperatures during water circulation 
and following shut-in are shown in Figure 3-18 for the four flow rates of 
100, 250, 500, 1000 gpm. The shut-in temperature profiles are given in 
Figure 3-19. These figures show that, as in the case for the Baca well 
model, the cooling effect of the circulating fluid increases as the flow 
rate is increased. The 100-gpm flow rate seems particularly ineffective in 
providing any cooling compared to all the higher flow rates. 

Table 3-4 lists the bottom-hole temperatures at various times after 
shut-in. The flow rate of 250 gpm cools the fluid inside the tubing to 
178OC (352OF) after 1 day of circulation, however, the water quickly 
warms to greater than 260OC (5000F) 5 hours after shut-in. For both the 
flow rates of 500 and 1000 gpm, the fluid temperatures remain below 250% 
(482OF) at 5 hours after shut-in. At 10 hours following shut-in, the 
fluid temperatures are still below 29OOC (5540F). The shut-in tempera- 
tures observed here are similar to those obtained for the Baca well model 
for k=1.0 Btu/ft hr OF except that the minimum temperature acheived at the 
bottom of the hole is less than for the corresponding Baca case and the tem- 
peratures tend to rise more rapidly, Both of these results can be attri- 
buted to the shallower well depth used for the Salton Sea model compared to 
the Baca well model. 

The water return temperature in the annulus at the surface is presented 
in Figure 3-20. These temperatures show behavior similar to that found for 
the Baca well model in Figure 3-6. Both the 100-gpm and 250-gpm flow rates 
reach the same steady-state temperature at the surface. The lowest return 
temperature of near 27OC (8OOF) is observed for the 1000-gpm flow rate. 
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WEUBORE GEOMETRY AND QEOTHERMAL GRADIENT 

Figure 3-17. 
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The rcrellbore geometry and undisturbed temperature gradient 
used in the Salton Sea well model calculations. 
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Figure 3-19. m e  downhole temperature profiles inside the tubing at times 
of 0, 2, 5, 10, 12, 16, and 24 hours following shut-in at four 
flow rates for the Salton Sea well model. The dashed line is 
the undisturbed temperature gradient. 
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Table 3-4. Salton Sea Geothermal Area. Shut-in. temperatures at 
the bottom of the hole for three cases: 

A - Standard Wellbore 
B - Three Casing Strings 
C - Reduced mbing Diameter 

3 

Flow Rate Shut-in Temperatures, OC, at 
Case (gpd 0 1 2 5 10 16 24 (hrs.) 

A 1000 44 99 145 228 278 293 299 
500 90 137 176 246 288 301 306 
250 178 208 233 278 306 314 317 
100 285 294 302 316 326 328 329 

B 1000 
500 
250 
100 

C 1000 
500 
250 
100 

47 
93 
177 
278 

28 
44 
93 
217 

78 108 172 233 
121 145 199 250 
196 212 247 279 
285 291 302 313 

64 101 179 249 
80 114 188 255 
124 152 213 268 
232 245 274 301 

267 
279 
298 
319 

286 
288 
2 96 
314 

287 
29 6 
309 
323 

303 
304 
309 
321 

3.2.2 MODIFIED WELLBORE CALCULATIONS AND RESULTS 

Two changes were made to the standard wellbore to observe the effect 
on the downhole temperature calculations. ?'hese changes were: 1) the re- 
moval of the fourth casing (the 7-inch liner) so that only three casings 
were present in the wellbore; and 2) the reduction of the dimensions of the 
5.5-inch tubing to one-half its previous value while keeping all four of the 
casing strings as in standard wellbore calculations. Both of these changes 
would be expected to have an effect on the heat transfer rate between the 
soil and the wellbore. 

The wellbore was 
bottom of the hole was open allowing direct interaction between the circu- 
lating fluid and the soil. The circulation and shut-in temperatures at the 
four flow rates are plotted as a function of time in Figure 3-21. The cor- 
responding down-hole temperature profiles after shut-in are shown in Figure 
3-22. And, finally, the midpoints of 'the warming curves for the three-casing 
case are compared to the standard'wellbore case in Table 3-5. 
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The downhole temperature profiles inside the tubing at times 
of 0, 2, 5, 10, 12, 16, and 24 hours following shut-in at four 
flow rates for the Salton Sea well model using three casings 
in the wellbore. The dashed line is the undisturbed 
temperature gradient. 
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Table 3-5. Comparison of the midpoints of the shut-in temperature 
curves for the Salton Sea geothermal area well model 
for three cases: , 

A - Standard Wellbore 
B - Three Casing Strings 
C - Reduced Tubing Diameter 

Case Flow Rate Mid-point temp. Approx. time 
(gpm) (OC) (hrs. ) 

A 1000 
5 00 
250 
100 

B 1000 
500 
250 
100 

C 1000 
500 
250 
100 

172 
198 
248 
307 

167 
194 
243 
301 

166 
174 
202 
2 69 

3. 
3. 
3. 
3.5 

5. 
5. 
5. 
5. 

4.5 
4.5 
4.5 
4.5 

Comparing these figures to Figures 3-18 and 3-19 for the standard well- 
bore case and comparing the bottom-hole temperatures tabulated in Table 3-4 
for the two cases, it is apparent that removal of the 7-inch casing has pro- 
duced little or no effect on the minimum bottom-hole temperature after 1 day 
of circulation. However, the shapes of the cooling and warming curves are 
significantly different for the two cases. Table 3-5 shows that the mid- 
point temperatures of the curves for the three-casing and standard wellbore 
case are siuiilar. However, the standard wellbore case is observed to warm 
significantly faster than the three-casing case. Note also that a 
pronounced cooling effect is observed above 914 m (3000 ft) at the higher 
flow rates. 

REDUCED TUBING SIZE 

The second modification made to the wellbore was reducing the diameter 
of the tubing to about one-half its value in the standard wellbore case. 
The calculations were made with all other features of the standard wellbore 
unchanged; specifically, the use of four casing strings was maintained. 
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The temperatures during circulation and following shut-in obtained from 
the calculations on this case are plotted in Figure 3-23. The corresponding 
downhole temperature profiles are shown in Figure 3-24. Comparing these 
?figures with Figures 3-18 and 3-1s and the data tabulated in Tables 3-4 and 
3-5, several observations can be made. Both the minimum bottom-hole tem- 
peratures during circulation and the shape of the cooling and warming 
curves are affected. The maximum temperatures reached after shut-in are not 
changed due to the reduced tubing diameter. Note that in contrast to the 
three-casing case, the mid-point temperatures, given in Table 3-5, are re- 
duced for all but the 1000-gpm flow rate while the mid-point times are es- 
sentially unchanged compared to the three-casing case but longer than the 
standard case. The highest flow rate is not significantly affected by the 
change in tubing dimensions. 

The downhole temperature profiles show a significant cooling effect when 
compared t o  the standard wellbore calculations. The cause of this cooling 
effect is quite complex. Figure 3-25 plots the temperatures after 1 day of 
circulation at '1220 m (4000 ft) for the first five radial grids extending 
roughly to 1.3 m (4.3 ft) into the soil formation from the wellbore center- 
line. Note that the soil in the immediate vicinity of the wellbore has 
cooled signicantly for the reduced tubing diameter case. However, analysis 
of Eqn. 2-1 shows that the heat transfer coefficient, h, for the 
fhid/casing interface in the annulus is about three times larger in the 
standard wellbore case than in the reduced diameter case. On the basis of 
this, the standard well e case should be producing lower temperatures in 
the soil than the reduced diameter case. Since the volume flow rates for 
the two cases are identical, the velocities within the tubing and annulus 
must be different in the two cases. The fluid velocity in the tubing is 
about a factor of five larger for the reduced tubing diameter case. What 
this does is to get the fluid down the tubing faster in the smaller diameter 
tubing and, the ore, the fluid will be much cooler at the bottom of the 
hole than for t The heat transferred the fluid to 
the soil (or the casing) is proportional not only to h but also to the 
temperature difference between the two. Hence, the fluid down the well- 
bore is cooler due to  its higher velocity and is thus able to transfer more 
heat from the surrounding soil to the fluid. This effect becomes more impor- 
tant as the flow rate decreases as is shown in Figure 3-25. 

arger diameter tubing. 
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Figure 3-23. Bottom-hole temperatures as a function of time during circula- 
tion and following shut-in at four flow rates for the Salton 
Sea well model using a reduced tubing diameter in the wellbore. 
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'Ihe downhole temperature profiles inside the tubing at times 
of 0, 2, 5, 10, 12, 16, and 24 hours following shut-in at four 
flow rates for the Salton Sea well model using a reduced 
tubing diameter in the wellbore. The dashed line is the 
undisturbed temperature gradient. 
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3.3 EAST MESA WELL MODEL 

*- The standard wellbore description and geothermal profile for the East 
Mesa well model is illustrated in Figure 3-26. Total well depth was 2320 m 
(7600 ft). A 20-inch casing reached a depth of 30 m (100 ft) and was ce- 
mented to the surface. A 13-3/8-inch casing extended to 516 m (1700 ft) and 
was also ceffiented to the surface. A third casing of 9-5/8-inches reached a 
depth of 1680 m (5500 ft) and was cemented from the bottom of the casing up 
to a _depth of 457 m (1500 ft). Finally, the fourth 7-inch casing extended 
to the bottom of the hole at 2320 m (7600 ft). 5.5-inch tubing was used in 
this simulation. 

The undisturbed geothermal profile consisted of two linear temperature 
components [SI. The first linear profile extends from the surface (set 
nominally at 21% (70OF) to a depth of 625 m (2050 ft) where the tem- 
perature was fixed at 152OC (305OF). The second temperature profile 
begins at this depth and extends to the bottom of the hole where the tem- 
perature was set at 204OC (400OF). 

3.3.1 STANDAKD WELLBORE CALCULATIONS AND RESULTS 

'Ihe soil thermal conductivity of the East Mesa KGRA is reported to be 
in the range of 0.75 to 1.02 Btu/ft hr OF [SI. For these calculations a 
value of 1.0 Btu/ft hr OF has been chosen. The temperatures obtained for 
water circulation and following shut-in are presented in Figure 3-27 for the 
four flow rates of 100, 250, 500, and 1000 gpm. The shut-in temperature 
profiles are shown in Figure 3-28 and the bottom-hole temperatures at 
several times after shut-in are given in Table 3-6. 

Table 3-6. East Mesa Geothermal Area. Shut-in temperatures a t  
the bottom of the hole. 

Flow Rate Shut-in Temperatures,oC, at 
(8Pm) 0 1 2 5 10 16 24 (hrs.) 

1000 59 80 98 136 166 179 186 
500 112 126 137 161 
250 166 171 176 186 
100 193 194 196 198 201 202 203 
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As in the previous well models, the flow rate of 100 gpm is ineffective 
in cooling the wellbore. Even though the maximum temperature is only 
204OC (4OO0F), the bottom of the wellbore tends to be wanner than either 

a the Baca or the Salton Sea standard wellbore at the flow rates of 500 and 
1000 gpm but cooler than these at the lower flow rates of 100 and 250 gpm. 
At the higher flow rates the warmer temperatures are undoubtedly due to the 
greater depth of the well; the water is in contact with high temperatures a 
longer period of time and thus has a better opportunity to equilibrate at 
these _higher temperatures. The relatively cooler temperatures at the lower 
flow rates is due to the lower bottom-hole temperature associated with this 
well model compared to either the Baca or the Salton Sea well model. 
Obviously, because of the lower bottom-hole temperatures the wellbore 
temperatures are not very hot, however, as Figure 3-27 clearly shows, the 
wellbore warms quite fast. At a flow rate of 1000 gpm, the temperature is 
near lOOOC at 2 hours after shut-in and by 8 hours approaches 1500C. 
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3.4 DEEP SALTON SEA WELL MODEL 

The standard wellbore description and geothermal profile for the Deep 
Salton Sea well model are illustrated in Figure 3-29. Total well depth was 
5490 m (18,0000 ft). A 24-inch casing reached a depth of 100 m (320 ft) and 
was cemented to the surface. A 16-inch casing extended to 975 m (3200 ft) 
and was also cemented to the surface. A third casing of 11-3/4 inches 
reached a depth of 2440 m (8000 ft) and was cemented from the bottom of the 
casing up to a depth of 975 m (3200 ft). Finally, the fourth 8-5/8-inch 
casing extended to 3660 m (12,000 ft). No casing was present in the hole 
from 3660 m to the bottom. 5.5-inch tubing was used in this simulation. 

~ 

The undisturbed geothermal profile consisted of two linear temperature 
components. The first linear profile extends from the surface (set nominal- 
ly at 21% (70OF)) to a depth of 1600 m (5250 ft) where the temperature 
was fixed at 250OC (48OOF) [SI. The second temperature profile begins 
at this depth and extends to the bottom of the hole where the temperature 
was set at 3OOOC (570OF). 

3.4.1 STANDARD VJELLBORE CALCULATIONS AND RESULTS 

As for the Salton Sea well model, the soil thermal coductivity used 
in the calculations was 1.0 Btu/ft hr°F. The temperatures obtained during 
water circulation and and following shut-in are illustrated in Figure 3-30. 
The corresponding downhole temperature profiles at selected times after 
shut-in are shown in Figure 3-31. The bottom-hole temperatures after 
shut-in are tabulated in Table 3-7 below. 

Table 3-7. Salton Sea Geothermal Area Deep hell. Shut-in 
temperatures at the bottom of the hole. 

Flow Rate Shut-in Temperatures,OC, at 
(gpm) 0 1 2 5 10 16 24 (hrs.) 

1000 221 232 241 262 278 286 290 
500 278 281 283 288 293 296 297 
25 0 291 291 292 294 297 297 298 
100 294 295 296 297 298 298 298 
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WELLBORE GEOMETRY AND OEOTHERMAL GRADIENT 
FOR THE SALTON SEA KQRA DEEP WELL 
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Figure 3-29. The wellbore geometry and undisturbed temperature gradient 
used in the Deep Salton Sea well model calculations. 
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Figure 3-30. Bottom-hole temperatures as a function of time during circula- 
tion and following shut-in at four flow rates for the Deep 
Salton Sea well model. 
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The temperatures obtained from these calculation are the hottest of all 
the well models studied. The flow rates of 100, 250, and 500 gpm, as evi- 
denced by Figures 3-30 and 3-31, are very ineffective at cooling the do*- 
hole environment. For example, the minimum temperature obtained for the 
500-gpm flow rate was 278OC (532OF). The flow rate of 1000 gpm cools 
the bottom of the hole to 2210C (430OF), but the temperature quickly 
rises to over 250OC (482OF) at a time of only 4 hours after shut-in. 

The steepness of the undisturbed temperature gradient has a substantial 
influence on the downhole cooling effect due to circulation. In the case 
shown here, the very steep initial gradient of near 0.160C/m warnis the 
fluid so that no cooling can take place below a depth of 1600 m where the, 
gradient of 0.013°C/m is much less. This effect is most pronounced at the 
lowest flow rates where the longer residence times allow the fluid to warm 
to near the undisturbed soil temperature. 
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4. SUMMARY AND CONCLUSIONS 

i Computer calculations of transient temperatures using the GEOTEMPZ com- 
puter code were made on four geothermal well models. The four well models 
studied were the Baca, Salton Sea, East Mesa, and a deep well in the Salton * 
Sea area. Calculations were done using the wellbore models at flow rates of 
100, 250, 500, and 1000 g p m  for a one-day circulation time and a one-day 
shut-in period using water as the circulating fluid. In addition to this, 
calculations were done for the Baca and Salton Sea well model using either 
fluids other than water or modified wellbore geometries. 

For the Baca well model, calculations using three values of the soil 
thermal conductivity, k, were made to observe the effect of k upon the down- 
hole temperatures, It was found that lower values of k produced lower tem- 
peratures down the well during circulation and delayed the warming of the 
fluid after shut-in. Calculations were made with a water circulation time 
of 20 days. It was found that downhole temperatures were cooler both during 
circulation and following shut-in. The observed temperature differences 
between 1 and 20 days were greatest for the highest flow rate while soil 
thermal conductivity had a smaller effect. At a flow rate of 1000 g p m  a 
temperature difference of 5OoC was obtained 5 hours after shut-in and this 
difference was maintained through the rest of the one-day shut-in period. 

In addition to water, two other circulating fluids were used in the Baca 
well'model. A mud with a viscosity of 15 cp and the same density as water 
was found to produce lower downhole temperatures during circulation and 
cooler temperatures at a specified time after shut-in than in the corn- 
parable case using. water. This difference was attributed to the reduced 
heat transfer rate of the mud with respect to water. Calculations were made 
using air as the circulating fluid at flow rates of 270 and 1090 scfm and a 
standpipe pressure of 1500 psi. The flow rates were chosen to correspond to 
the mass flow rates of the calculations made at water flow rates of 250 and 
1000 gpm. The results of the calculations showed that air is completely in- 
effective as a cooling agent since bottom-hole temperatures wre reduced 
less than lOOC from the undisturbed temperature at the highest flow rate. 

For the Salton Sea well model, calculations were made at four water flow 
rates using k = 1.0 Btu/ft hr OF. The results, as in the Baca well model, 
showed that the greater flow rates produced greater cooling. Bottom-hole 
temperatures tended to reach a value of one-half the difference between the 
undisturbed temperature and the minimum temperature achieved during circula- 
tion at a-time of approximately 3 hours after shut-in. 

Two modifications were made to the wellbore geometry of the Salton Sea 
well model. In the first modification, the fourth casing, which extended 
from the surface to the bottom of the hole, was removed. The calculations 
showed that the removal of the fourth casing did not alter the minimum 
bottom-hole temperatures obtained after one day of circulation. However, 
the shape of the warming curves was affected so that the bottom-hole tem- 
peratures reached a value of one-half of the difference between the un- 
disturbed temperature and the temperature after one day of circulation at a 
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time of 5 hours, rather than 3 hours as in the original calculations, fol- 
lowing shut-in. The second modification to the standard wellbore consisted 
of reducing the tubing diameter by a factor of about two. In these calcula- 
tions the downhole temperatures were found to be significantly cooler tKan 
for either the standard wellbore or the three-casing case, Cooler bottom- 
hole temperatures were found but the time required to reach a temperature of 
one-half the difference between the undisturbed value and the minimum value 
was comparable to the standard wellbore and the three-casing case. The much 
cooler temperatures were attributed to the greater fluid velocity within 
the tubing due to the reduced tubing diameter. The cooling effect for this 
case was more pronounced at the lower flow rates than at the higher flow 
rates. 

' 

For the East Mesa well model, four flow rates were studied using a soil 
thermal conductivity value of 1.0 Btu/ft hr OF. The flow rate of 100 gpm 
was found to be ineffective in cooling the wellbore in agreement with the 
results of the previous well model calculations. The warming times follow- 
ing shut-in were comparable to results from the other well models though the 
temperatures tended to be cooler due to the lower maximum undisturbed tem- 
perature compared to the Baca or Salton Sea well model. 

For the case of the deep Salton Sea well model, the downhole tempera- 
tures were found to be considerably higher than for the other well models. 
This result is due to the much greater depth, which allows the fluid more 
time to warm, and to the shape of the undisturbed geothermal gradient, which 
heats up the fluid at shallow depths thus reducing the potential cooling 
effect at greater depths. 

Some conclusions about the cooling effect of circulation can be made as 
a result of this study. It is necessary to note that the calculations re- 
ported here treated heat transport only by conduction within the soil forma- 
tion. In a real reservoir, other heat transport processes, such as convec- 
tion of the fluid away from the wellbore or the presence of substantial 
fluid flow in the reservoir, can significantly modify the temperatures ob- 
served in the wellbore. The conclusions which can be drawn from this report 
are : 

o Higher flow rates produce the greatest cooling within the 
we1 lbore. 

o Low flow rates, on the order of 100 gpm or less, are parti- 

o Low soil thermal conductivity values produce lower wellbore 

cularly ineffectve at cooling the wellbore. 

temperatures due to the reduced rate of heat transfer. 

o High viscosity fluids, such as drilling muds, give lower 

o Air or gas are ineffective as a cooling fluid. 

wellbore temperatures because of the lower heat transfer rate. 
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c F 

o The bottom-hole temperatures of deep wells tend to be much 
warmer than a shallow well during and after circulation, 
holding all conditions the same, due to the greater equili- 
bration time of the fluid in the wellbore. 

o Downhole temperatures are not directly proportional to circu- 
lation time; the minimum downhole temperature is asymptoti- 
cally approached as a function of time with short circulation 
times quickly approaching the limit. 

o The shape of the undisturbed temperature profile has a signi- 
ficant effect upon the downhole temperatures; high initial 
gradients tend to warm the fluid on the way down thus reducing 
the amount of cooling further down the hole. 

o An increased fluid velocity in the tubing, whether due to 
higher flow rates or a reduced tubing diameter, tends to 
decrease the downhole temperatures in the wellbore. 
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