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Introduction 

The engineering necessity of achieving maximum cooling of the 
borehole during drilling and logging operations on geothermal wells 
prohibits the determination of equilibrium temperature in the sub­
surface before virtual rebound from the drilling disturbance some 
months after operations cease. Clearly, substantial economic bene­
fits would accrue, in many cases, if a reasonable prediction of 
equilibrium temperature can be made while the rig is still over the 
borehole. Certain flow tests are desirable when commercial tempera­
tures are known to be present in the reservoir. The manner in which 
the well is to be completed depends on its anticipated uses in the 
fUture. Before the rig is released a decision must be made as to the 
drilling of a confirmation well. 

Several methods have been worked out to predict equilibrium 
temperatures; all are based on (1) rebound follGwing the physical law 
of logarithmic decay, and (2) rebound being by conductive·processes. 
Perha~s the most sophisticated method is one worked out by Albright 
(1975); unfortunately, the amount of data required to apply the method 
is not generated in the course of normal drilling operations. Since 
temperature rebound follows the same logarithmic decay law as does 
pressure buildup following a reservoir flow test, a Horner plot is 
suggested as a graphical method of predicting equilibrium temperature, 
and the Horner plot is a commonly used device. Its mathematical 
expression jn several forms is given as the Lachenbruch-Brewer equa­
tions (1959, p. 79) which are applied herein. 

The purpose of this brief report is to provide an abbreviated 
explanation of the physical principles of temperature rebound and 
provide a convenient plotting method similar to the Horner plot in 
order to standardize temperature prediction in Geothermal Operations. 
It has the fUrther purpose of outlining methods to determine an approxi­
mate thermal conductivity value for reservoir rocks and rebound times 
after drilling from the nature of the rebound curve. 

furing the drilling of geothermal wells the drillin;; fluids serve 
the additional purpose of cooling the rocks adjacent to the bore in 
order to prolong the life of bits and drill string, and to control 
potential blowouts. The temperature of the fluid c:hanges with cooling 
variations of the mud on the surface and with depth as the wallrock 
temperature changes. 
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Fluids moving in or out of the borehole via fracttcres transfer 
heat by nonconductive processes; and, if such fluid movements involve 
large volumes at or near the depth where equilibrium temperature is to 
be predicted, the conductive methods treated here are not applicable. 
If the well trys to produce, however, a relatively short flow test makes 
possible an approximate determination of reservoir temperature. 

Line Source Solution 

The well bore closely approximates a line source heat sink dwing 
drilling operations. All subsequent temperature measurements are made 
on this line, usually during multiple log runs. 

Assuming the rock intersected by the bore is homogeneous, heat 
(cooling) of strength Q, applied instantaneously along the axial line 
at time t = t 1 produces rebound according to: 

0 

T - T f n 
1 ---t - t n o 

t ,t 
n' o 

(1) 

where Tf is final equilibrium temperature, Tn is temperature measured 
at some time after t 0 , and K is thermal conductivity. The quantity t is 
time since the drill bit first -reached the depth in question. 

But cooling at a given depth is applied not instantaneously but 
over a period of time, usually irregularly. Rebound is obtained by 

T - T = ....9..._. 1 g ( 0 t) dt t )' s (2) 
f n 471K t -,o.t o n 

where q(t) is a continuous source in units of heat per unit time per 
unit depth and s is the time elapsed since the bit reached the depth in 
question to the time drilling (circulation) ceased. Ordinarily s, like 
t, is different for each depth. 

If q(t) is a constant, or is averaged and applied during time s, 
that is, q(t) =·qs, then the solution of the integral is 

- t 
- t;,T "' T - T ~ ~ ln n t )' s (3) 

f n 41TK t - s 
n 

Graphical solution 

The last equation forms the basis for the graphical solution of 
final temperature (Fig. 1); it was solved repeatedly to produce the 
graph. In practice the Tn 's, T1 1 T2 1 T3· • • •, are plotted against the 
log term, to graphically solve for the final temperature, Tf· 
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After the first maximum borehole temperature, T1 is obtained, from 
the first logging run, a convenient temperature value is chosen and 
labeled on the bottom line. This value, in general, is a multiple of 
ten next below T1• After·this datum value is chosen, the ordinate is 
labeled at the same scale as the upper part of the graph. Each tempera­
ture is plotted against ln tn/tn - s as it becomes available with each 
logging run. 

The last tool to go into the hole is ordinarily a continuous tem­
perature log. This run provides an opportunity to determine the depth 
of the maximum temperature, which is not always at T.D. The same maxi­
mum reading thermometers, clamped in turn onto the Schlumberger logging 
line, should be placed onto the wire line of the temperature sonde in 
order to check the correlation between the two tools. The maximum read­
ing thermometers, usually two or three run simultaneously, should be 
·clamped onto the Agnew and Sweet wire line 30 ft. above the bottom of 
the tool. This is the approximate average height of the thermometers 
above the base of the Schlumberger sondes. 

After all the temperatures are plotted, the best fit straight line 
is passed through the points. When the fit is difficult, the last few 
data obtained should be given more weight. This is because the short 
term fluctuations of temperature during drilling damp out early and the 
later measurements better follow the average heat sink temperatures 
assumed in construction of the graph. The line projected through the 
plots, and perhaps even some of the control points may plot into the 
upper part of the graph. This is of no consequence. 

The intersection of the line with the ln tn/tn- s = 0 ordinate 
gives the predicted final temperature, Tf. 

In the event tables or a calculator are not available for calcula­
ting the. natural logarithms, the ratio t/s, can be worked out by long­
hand and plotted using the logarithmic scale across the top of the graph. 
Plotting with a logarithmic scale is a little less accurate, however. 

The graph is designed for two further operations. With a parallel 
ruler the best fit line is moved into the upper part of graph to the 
position at which it passes through the "origin" of the family of guide­
lines, at the left side of the graph. The interpolated value of the 
guideline that coincides with the plotted line is then determined. This 
guideline value is the ratio, qs/K, in equation (3). If either value 
of the quotient is known, the other ·can be determined. This also can 
be solved graphically with the small graph in the upper right corner. 

Knowledge of the term qs is of no particular intrinsic value, but 
thermal conductivity, K, is. No convenient method for determining qs 
can be outlined at this time; however, the duration of the disturbance, 
s, is known and it is possible that q can be estj~ated empirically from 
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flow line temperatures or some other indicator, but fUrther work to 
demonstrate this is required. When K can be determined, the informa­
tion will aid in interpreting other temperature data on the prospect 
and will make possible a calculation of rebound time. 

Two dashed lines pass through the larger graph, one labeled 5° 
and the other 10. These lines indicate the times when the well has 
rebounded to within 5°C and 1 °C respectively of the finaJ_ equilibrium 
temperature. These specific rebound times can be determined by pick­
ing the ln tn/tn- s value where the plotted line intersects the 5° or 
10 line, whichever is of interest, say the 5° line. With this ln tn/ 
tn- s value, enter the graph in the lower right corner through the 
bottom scale and move vertically up to intersection with the appro­
priate s line, the duration of the temperature disturbance. Moving 
to the left scale gives the rebound time, t - s, in hours, and moving 
to the right scale gives t - s in days. 

Knowledge of rebound time to temperatures within 5° and 1° of 
complete rebound is helpful in planning followup temperature surveys. 
Without this knowledge more surveys may be run than are necessary, 
and each cost between $1000 and $2000. 

Example 

Roosevelt Hot Springs #9 - 1 data from Utah are tabulated and 
plotted in figure 2 to illustrate the method. The drilling history 
indicates that the duration of circulation, s, at a depth of 1518 m., 
prior to taking temperature measurements, was 15 hours, distributed 
in drilLing, coring and well conditioning. The scatter about the 
best fit straight line is not large, and probably reflects, in the 
main, small inaccuracies in time and temperature measurements. 

The line projects to 186.J°C at ln tn/tn- s = 0. After the 
logging runs that produced these temperature readings, Well #9 - 1 
was deepened to 2096 m., reaching this T.D. on April 8, 1975· Approxi­
mately three months later, on July 14, 1975, a continuous temperature 
log was run to T.D. This log shows a temperature of 192.8°C at depth 
1518 m. Thus, this prediction sr~eme predicted a final temperature 
below steady state equilibrium temperature by a minimum of 6.5°c: 

Moving the best fit line into the upper part of the diagram, 
using parallel rulers, to the. position at which it passes throur,h 
the "origin" of the family of curves, the interpolated value for 
qs/K is 508. Making use of the diagram in the upper right corner, 
the quantity qs is 508 when K = 1, 251, when K = 2, 169 when K = 3, 
and so on. The units of q are calories per unit depth per second 
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times 3.6 X 103 • Flow line temperature during drilling and coring at 
this depth averaged 50°C, but they are unknown during circulation to 
condition the hole. A core was obtained a few feet below the point 
of temperature measurements; namely 1 in the interval 1524-1525. 5m. 
Thermal conductivity measurements on recovered granodiorite produced 
a K value of 4·77· In this case, where K and s are known, q is re­
strained at 107. When enough data of these types are available, it 
may be possible to determine a reasonable value for thermal conducti­
vity by estimating q through flow line temperatures. 

It is important to know how far from complete rebound the well 
. was on July 141 97 days after circulation ceased, when the last tempera­
tures were measured. The best answer can only be an approximation in 
this case because the well was deepened after the temperature measure­
ments were made, and thus s changed. Using the data available to 
complete the example, however, the best fit line, with qs/K ~ 503, 
intersects the 5° and 1° dashed lines at ln tn/t0- s ~ .13, and~ .03, 
respectively. Entering the graph in the lower rlght corner with these 
values the well was within 5 C of final temperature in about 5 days 1 

and within 1° in about 22 days. Thus, the temperature on the run of 
July 14 was probably less than 1 °C from equilibrium. 
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Table XIV ::51 

~5() NATURAL LOGARITHMS OF NL:'IlllERS--<l.OO to 5.99 
(Base e = .2.713 I 

RECIPROCALS, C!RCCIIFERK>CES, ~'"'!D AREAS OF CIRCLES 
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II 
of circle circle 
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- ---- - ~---
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3. 1 1.1 3140 3-:62 3733 4103 4422 4740 5057 5373 5688 6002 
3. 2 6315 6627 6938 7248 7557 7365 8173 8479 8784 9089 
3.3 9392 9695 9996 *0297 *0597 *0896 "'1194 *1491 *1788 *2083 
3.4 1.2 2378 2671 2964 3256 3547 3837 4127 4415 4703 4990 

3.5 5276 5562 5346 6130 6413 6695 6976 7257 7536 7815 
3.6 8093 8371 8647 8923 9198 9473 ' 9746 *'0019 *0291 *0563 
3:7 1.3 0833 1103 1372 1641 1909 2176 2442 2708 2972 3237 
3. B 35JO 3763 4025 4286 4547 4807 5067 5325 5584 5841 
3. 9 6098 6354 6609 6864 7118 7372 7624 7877 8128 8379 

4.0 8629 8879 9123 3377 '}624 9872 -0118 *0364 "061 0 ""0354 
4.1 1.4 1089 1342 1585 1823 2070 2311 2552 2792 3031 3270 
4.2 3508 3746 3984 4220 4456 4692 4927 5161 5395 5629 
4.3 5362 6091 6326 6557 6787 7018 7247 7476 7?05 7933 
4.4 8160~ 3387 8614 8840 9065 9290 9515 9739 9962 *0185 

4.5 1.5 0408 0630 0851 1072 1293 1513 1732 1951 2170 2388 
4.6 2606 2823 3039 3256 3471 3687 3902 4116 4330 4543 
4.7 4755 4969 5181 5393 5604 5314 6025 6235 6444 66!53 
4.8 6862 7070 7277 7485 7691 7898 8104 8309 8515 8719 
4.9 8924 9127 9331 9534 9737 9939 *0141 *0342 *0543 *074.;. 

5.0 1.6 0944 1144 1343 1542 1741 1933 2137 2334 2531 2728 
5.1 2924 3120 3315 3511 3705 3900 4094 4287 4481 4673 
5.2 4866 5053 5250 5441 5632 5823 6013 6203 6393 658'2 
5.3 6771 6959 7147 7335 7523 

I 

7710 789G 8083 8269 8405 
5.4 8640 8825 9010 9194 9378 9562 9745 9928 "'0111 "'0293 

5.5 1,7 0475 0656 0838 1019 1199 1380 1560 1740 1919 2098 
5.6 2277 2455 2633 2811 2988 3166 33-+2 3519 3695 3871 
5. 7 4047 4222 4397 4572 4745 

I 
4920 5094 5267 5440 5613 

5.8 5786 5958 6130 6302 6473 6644 6815 6985 7156 7326 
5.9 7495 7665 7834 8002 8171 8339 8507 8675 8842 9009 

--- -- -- -- ~·-- ! -- -- -- -
N 0 2 3 4 5 6 7 8 9 

logeO.lO ,_, 7.6lJ71l .J/)()70 -10 



AMAX EXPLORATION, INC. 
Geothermal Group 

TIME-TEMPERATURE OBSERVATION FORM 

(For use with the Crosby method) 
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AMAX EXPLORATION, INC. 
Geothermal Group 

TIME-TEMPERATURE OBSERVATION FORM 

(For'use with the Crosby method) 
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AMAX EXPLORATION, INC. 
Geothermal Group 

TIME-TEMPERATURE OBSERVATION FORM 

(For use with the Crosby method) 

Field. ____________________________ __ 

Observer __________________________ ___ 

State. __ ~(~.:_-LJ'~~L' ------------------- Analysis 

-7·· '1.-" ~ , I 
County _____ fL;~r_'L~L·~-~L·~--~L·t~··--------------~ Depth~-L--~L~L;L'_i~~L-----------------

C onnnen ts : __ L'.f._,-V'---',__i ~·=-.:-.__, ____ f2LLc-:~---_·_:n~cc-<:.' oc:.!'_' '_."'"/_'·'"'.· _,;w·--'fc:.. _)c.. ----~~-:":''-1 .c.·:'"')~~--------·_-,,~_·_·-_·_· -----------------

true. 
time t event 

bit arrival 

circulation ceases 

observation 
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" 
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