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ABSTRACT

The high temperatures existing within a geo-
thermal well preclude the use of most
logging instrumentation which 1is necessary
to study the wellbore and surrounding rock
matrix. Possible solutions to this problem
include cooling the wellbore and the sur-
rounding rock by circulating fluid in the
wellbore and by injecting fluid directly
into the rock matrix. The latter method,
however, is not preferred since it contami-
nates the formotion a considerable distance
from the wellbore. The potential cooling
effects of both these methods are investi-
gated using the computer code, GEOTEMPZ,
which simulates heat transfer from the well-
bore to the surrounding rock formation. Two
different wells from the Salton Sea Known
Geothermal Resource Area (XKGRA) are simu-
lated. The first is a shallow, kot well
having a depth of 1400 m and a bottom-hole
temperature of 330°cC. The second 1is a
deep well of depth greater than 3000 = and a
bottom hole temperature of 380°c. Circu—
lation of several different fluids for one
day at flow rates of 16, 32, 47, and 63 1l/s,
followed by a shut-in period, is simulated
to study the effect of different fluid prop-
erties and flow rates. Also, the tempera-
tures obtained by using two different flow
rates, each for one day, are compared to the
temperatures found when using only the lower
flow rates. Finally, the temperature re-
covery in the wellbore is investigated when
fluid injection occurs at the bottom of the
hole.

Heat conduction is the only heat transfer
mechanism considered to warm the wellbore.
Following steady-rate circulation. the well-
bore temperatures were found to warm quickly
after shut-in, approaching the undisturbed
formation temperature within one day. Tem-
perature recovery had a half-life on the
order of six hours. Furthermore. the use of
a higher initial flow rate did not signifi-
cantly reduce the temperatures below those
for the lower flow rate alone. Injecting
fluid a relatively short distance into the
formation was found to substantially de-
crease the rate of warming in the wellbore
following injection.

INTRODUCTION

A large energy resource existsg in the U.S.
in the geothermal reservoirs wpich are pri-
marily present in the westernm half of the
country. However, develaping these
geothermal areas presents extteme problems
for drilling and well logging dperations due
to the high temperatures reiached in the
well. Maximum downhole temperiatures, which
depend upon the specific geothgqrmal area and
the depth of the hole, Canl‘ixcoed 330¢c.
Bentonite-based drilling muds ' form a high
viscosity gel in the temperature range of
120 to 230°C while downhole 1pgging equip-
ment has a typical maximum temgecature limit
near 17s°¢, Many geothermal,well opera-
tions require some form of downhole cooling
to overcome the lack of high temperature
materials.

One method of wellbore ecooling 1S circu-
lating a fluid, such as water, mud, or air,
through the wellbore. Several studies have
attempted to calculate the downhole tempera-
tures obtained when circulatirg water or mud
through the wellbore. mnd (1969)
calculated the transient temperature pro—
files of a circulating mud colum. He found
that a true steady-state t§;rature was
never reached, but the tempe ¥ure did not
change much after only one or two mud circu-
lations. The fluid was found to warm
quickly after circulation was stopped,
reaching within 10% of the undfisturbed geo-
thermal gradient after 16 hours Holmes and
Swift (1970) used a steady-stake analytical
model to calculate the circulating mud tem-
peratures in the wellbore. They found that
decreasing the diameter of the drill pipe
decreased the fluid temperaturds within the
annulus. Increasing the fluid flow rate was
also found to produce cooler temperatures.
Keller, et al (1973) used a two-dimensional
transient heat transfer model which also in-
cluded the contribution due to several
casing strings around the wellbore and the
effect of additional energy sources in the
system. Traeger, et al (1981), performed a
computer calculation for circulation in a
hypothetical well in a magma-hydrothermal
region. They found that it was possible to
cool the wellbore to below 200°C at a
depth of 4.5 &m, but the minimum attainable
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temperature increased as the well depth in-
creased. In a previous study (Duda. 1984},
wellbore temperatures were calculated for
four geothermal well models using several
flow rates, different fluid types, soil
thermal conductivities, and tubing diame-—
ters. The results of these calculations
agreed with the earlier work especially con-
firming the rapid increase in temperature
following shut-in reported by Raymond (1969).

Additional cooling within the wellbore may
be obtained by fluid injection into the rock
formation. Injection zones have been shown
to warm less rapidly than the rock either
above or below these zones (Smith and
Steffensen, 1970, 1975), and this can result
in a substantial decrease in the rate of
warming of the wellbore fluid. In this
study the effects of both fluid circulation
and injection into the rock formation on
wellbore cooling are investigated. Two
wells from the Salton Sea KGRA are simu-
lated. In each well, the effect of changing
the fluid flow rate and fluid properties
upon the wellbore temperatures, in particu—
lar the bottom-hole temperatures, are
studied for the case of heat transfer by
conduction within the rock formation. Fin—
ally, the rate of warming of the fluid at
the bottom of the hole after shut-in, when
injection is simulated, is compared to the
circulation case.

CALCULATIONS

Two hypothetical wells from the Salton Sea
RGRA were simulated. The first well. called
the shallow well, extended to a total well
depth of 1400 m (4600 T©). The casing
program, described by Carson, et al (1983),
and used in a previous paper (Duda, 1984),
consisted of a 20-inch casing set to a depth
of 183 m (600 ft) and cemented to 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 was
set at a depth of 914 m (3000 ft) and was
cemented from 335 m (1100 £t) to the bottom
of the casing.

The undisturbed geothermal profile consisted
of two linear temperature components (Riney,
et al, 1978). The first linear profile ex-
tended from the surface (set nominally at
21°C (709F)) to a depth of 747 m (2450
ft) where the temperature was fixed at
2880C  (550°F). The second temperature
profile begins at this depth and extends to
the bottom of the hole where the temperature
was set at 332°C (630°F).

The second well, called the Elmore well. ex-
tended to a total well depth of 3050 m
(10,000 ft). The casing program was identi-
cal to that for the shallow well to a depth
of 914 m (3000 ft). In each case the hole
was completed without casing from 914 m to
its total depth. Also both cases used a

2-7/8-inch tubing which extended to the
bottom of the hole for fluid injection/
circulation.

The undisturbed geothermal profile for the
Elmore well consisted of two linear tempera-
ture components (Helgeson, 1968). The first
linear profile extended from the surface
(set nominally at 21°C (70°F) to a depth
of 900 m (2950 £t) where the temperature was
fixed at 300°C (572°9F). The  second
temperature profile begins at this depth and
extends to the bottom of the bole where the
temperature was set at 360°9C (6BOOF).

The soil thermal conductivity of the Salton
Sea  KGRA is reported near 0.0041
cal/em s OC (1.0 Btu/ft hr °F) (Riney,
et al, 1978) which 1is the value used in
these calculations.

For the circulation study, four flow rates
and four fluids were used in the calcula-
tion. The flow rates used were 250. 500,
750, and 1000 gpm (16, 32, 47, and 63 1/s).
For each flow rate, downhole temperatures
were calculated for two days of circula-
tion. Then, the effect of an initial high
flow rate followed by a lower flow rate was
studied. One day of circulation at a flow
rate of 1000 gpm was followed “by one day of
circulation at flow rates of 250, 500, and
750 gpm. Calculations were made using four
fluid types whose properties are given in
Table 1. Fluid 1 is water while Tfluids 2
through 4 cover a range of mud types.

Injection was simulated by setting the first
four radial grid blocks extending from thej
wellbore at the bottom of the hole equal to!
the fluid temperature after one day of cir-
culation. The center of the fourth grid
block was 0.76 m (2.5 ft) from the wellbore!
centerline for the shallow well and 0.55 m
(1.8 £t) from the wellbore centerline for
the Elmore well. Setting the temperatures
in the formation equal to the fluid tempera-
ture 1is not strictly correct since some
heating will occur due to the injection
process and will warm the fluid and rock
above the minimum bottom-hole temperature

Table 1. Fluids used in the pure conduction
circulation study.

Fluid Densityl Plastic Yield
NO- Viscosity Point
(g/cm3) (cp) (1bm/100 £t2;
1 1.00 (8.34) 1 [}
2 1.20 (10.0) 19 8
3 1.68 (14.0) 38 12
4 2.16 (18.0) 59 18 }

lyumbers in parentheses have units of lbm/gal.:
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of the fluid (Smith and Steffenson. 1970,
1975). However this temperature increase is
small and was ignored for this study. After
one day of circulation. the well is shut-in
and the wellbore temperatures calculated as
a function of time for the first day after
shut-in. WNote that following shut-in. heat
conduction is considered to be the only heat
transfer process. Similar calculations were
done for the circulation case to compare the
computed temperatures with those for the
injection case.

The GEOTEMP2 computer code was used in this
study to simulate fluid circulation in the
well models. This code and the fluid flow
and heat transfer equations and correlations
employed have been treated in detail else-
where (Mondy and Duda. 1984; ¥itehell, 1982;
Uooley, 1980a). The ability of this code to
accurately predict temperatures down the
wellbore has been evaluated previously
(Wooley, 1980b). Good agreement was found
between the code predictions and field data.

GEOTEMP2 employs a finite difference scheme
to calculate heat transfer within and be-
tween the wellbore and the soil formation.
A radial geometry is used by 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
in the radial direction is not constant but
exponentially increases away from the well-
bore centerline. Ten grids are used in the
radial direction with the tenth grid set at
a distance of 15 m (50 ft) from the center-
line. 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 grids 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.

As with any computer code,
tions and limitations are inherent in the
implementation of the code. Some of the
assumptions and limitations of GEOTEMP2 are:

certain assump-

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 direction compared to the
radial direction.

3) All casings are assumed to extend to the
surface from the setting depth.
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4) The cemented interval outside of a
casing is not required to exténd to the sur-
face. 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 calculations. For this case, water was
placed in the uncemented casing annuli.

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

6) Initial conditions: Fluid temperatures
in the tubing and annulus were¢ initially set
at the geothermal gradient temperature
values.

RESULTS AND DISCUSSIOU

The effects on wellbore cooling of changing
the flow rates and fluid progerties for the
pure heat conduction case within the forma-
tion will first be discussed. Figure 1
shows the bottom-hole tempetatures inside
the tubing for the shallow wall using water
as the circulating fluid. ere IS a sub-
stantial cooling at higher flow rates. Uote
in Figure 1 that little difference existg
between the bottom—hole tempefature for thé
1000—-gpm and 750-gpm fTlow rates. Even the
500-gpm flow rate can cool the fluid to neaa
50°¢ in a relatively short time (about §
hours). The lowest flow rate used in the
calculations. 250 gpm, can ecodl the fluid to
about 1009C in the shallow well. In gen-
eral, It appears that a lowiflow rate can
substantially cool the wellbore in the
shallow well. The other point to note in
Figure 1 is that a high initial flow rate
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Figure 1. The bottom-hold temperatures

inside the tubing for the shallow Salton Sea
well at four flow rates using water as the
circulating fluid. The soli#d line IS thq¢
1000-gpm flow rate. The dottpd line is the
specified flow rate extending to two days of
circulation. The dashed 1line shows the
temperature when the flow raté is changed at
one day from 1000 gpm to the specified flow
rate.




shows no benefit since there exists little
difference between the two final tempera—
tures even at the lowest flow rate after two
days of circulation. The calculations for
the other three drilling fluids show similar
trends. The vresults are summarized in
Figure 2 which plots the bottom-hole tem-—
perature inside the tubing as a function of
the Reynolds number. The 1lines in the
figure connect points of the same fluid
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Figure 2. The bottom-hole temperatures in-—

side the tubing for the shallow Salton Sea
well as a function of the Reynolds number
for four flow rates and the four fluid types
given in Table 1. Lines connect points of
the same fluid type. The number 1 refers to
the temperature after 48 hours of circula-
tion using only one flow rate while the num-
ber 2 refers to the temperature at 48 hours
after one day of circulation at 1000 gpm
followed by one day of circulation at a
lower flow rate.

type. As the fluid number increases (thus
going to higher mud weights). the bottom-
hole temperature decreases as shown in
Figure 2, with the largest difference
between water and the different mud types.
The Jlower temperature calculated for the
drilling muds can in part be attributed to
the change in the heat transfer coefficient,
which decreases as the fluid viscosity in-
creases (Duda. 1934). Hote also in Figure 2
that, as for water, there is no benefit to a
higher initial flow rate for any of the
drilling muds.

Figure 3 shows the bottom-hole temperature
as a function of circulation time for the
Elmore well. There is a substantial dif-
ference between these plots and those in
Figure 1. The deeper well causes the fluid
to warm more as it flows down the tubing
thus producing warmer bottom-hole tempera—
tures. The temperature after 48 hours of
circulation for a flow rate of 1000 gpm IS
only about 20°¢ lower than the temperature
calculated for a 250-gpm flow rate in the
shallow well. In addition, at the Ilower

flow rates the high initial flow rate has
produced lower temperatures after two days
of circulation. The temperature difference
is 109¢ at 500 gpm and 30°9¢ at 250 gpm.
Evidently, a higher initial circulation rate
followed by a lower rate can produce lower
wellbore temperatures than the lower rate
alone for deep wells. The higher initial
rate can more effectively cool the wellbore
since the fluid has less time tO warm in the
tubing than at a Jlower flow rate. The
results for all the fluids used in the cal-
culations for the Elmore well are summarized
in Figure 4 which plots the bottom-hole tem-
perature as a function of the Beynolds num-—
ber. In contrast to Figure 2, note that
there is a substantial diffenence in tem-
perature between the one and two Tlow rate
cases at low flow rates. Also note that the
temperatures plotted in Figuge 4 are much
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Figure 3. The bottom-hole temperatures

inside the tubing for the saltpn Sea Blmore
well at four flow rates using water as the
circulating fluid.

higher than in Figure 2. This is. of course
due to the greater well depthiwhich allows
the fluid a Jlonger contact with high

s00 . 1:01:2 q 1 LT Ty [
Fluid2 a1v2
- Fluid 3: m1e2
1 Fluid 4:,0 1 ¢2
-
2 200
35
L
o
e
1]
Q
£ wol \\
@
-
0 Lt il L Lol il

1 1
Reynolds Number

Figure 4. The bottom-hole temperatures in-
side the tubing for the saltan Sea Elmore
well as a function of the Reynolds number.
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temperatures. The curves shown in Figure 4
are more linear than the corresponding
curves in Figure 2. In Figure 2 the slope
of the curves at high Reynolds number. par-
ticularly for fluids 2. 3, and 4. decreases
much more than the slope of the corres-
ponding curves in Figure 4. This implies
that some improvement in wellbore cooling
may be realized in the deeper well by using
higher flow rates. but this tends to become
impractical both economically and due to the
limitations of equipment.

Even though circulation is an effective
method for wellbore cooling. temperature
will rapidly rise once circulation has
stopped (Raymond. 1969; Duda. 1984). The
problem is that the rock formation surround-
ing the wellbore 1is generally not cooled
very much by heat conduction when fluid is
circulating in the wellbore. The rock may
be cooled to a lower temperature at a
greater distance from the wellbore if the
fluid is injected or can be transported by
convection into the rock. The results of
calculations simulating injection at the
bottom of the hole are shown in Figure 5 for
the shallow well. After shut-in. the tem-
peratures rapidly increase for the

Trmiperatare (DC)
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Figure 5. The ©bottom-hole temperatures
inside the tubing for the shallow Salton Sea
well. The solid Ines show temperatures for
one day of circulation followed by shut-in
for the pure conduction case. The dotted
lines are the shut-in temperatures when
fluid was injected at the bottom of the hole.

circulation case, but for injection the
warming rate has been substantially slowed.
For example. the bottom-hole temperature for
the 250-gpm flow rate has increased only
30°c at one day following shut-in compared
to a temperature rise of 185¢¢ for the
conduction case.

Figure 6 shows the calculations for the
Elmore well. Qualitatively, the results are
similar to the shallow well case except for
the higher temperatures due to the greater

well depth. Fluid injection even a short
distance (less than 1 m) into the formation
is an effective method to maintain cool
wellbore temperatures for a reasonable time
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Figure 6. The bottom-hole temperatures

inside the tubing for the Salton Sea Elmore
well for circulation and shut-in for circu-
lation and injection.

after shut-in. It is important to note that
these calculations were done for fluid
injection only at the bottom of the well.
The fluid in the wellbore abave this point
was not affected by the injection and thus
warmed quickly after shut-in. Hence, to be
an effective cooling method, the fluid must
be allowed to infiltrate oved most of the
wellbore rather than over some small region.

CONCLUSTONS

In this study wellbore temperatures were
calculated for two Salton sea geothermal
wells using the computer codé GEOTEMP2 at
several flow rates and for four Tluid
types. Results of the calculations showed
that higher flow rates produce cooler well-
bore temperatures. high initial flow rates
may be effective in cooling the wellbore for
deep wells. mude tend to give lower wellbore
temperatures as the mud weight is increased,
and shut-in fluid temperatures rise rapidly
when the only cooling mechanism is circula-
tion. Injection into the ro¢eck fTormation
will decrease the rate of wellbore warming
after shut-in.
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