PREDICTION OF FINAL TEMPERATURE

Gary W. Crosby
Phillips Petroleum Company

Introduction

The engineering necessity of achieving maximum cooling of the
horehole during drilling and logging operations ¢n geothermal wells
prohibits the determination of egquilibrium 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
sequilibrium temperature can he made while the rig is still over the
berehole. 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
drllllng of a confirmation well.

Several methods have been worked out to predict equilibrium
temperatures; all are based on (1) rebound follewing the physical law
of logarithmic decay, and (2) rebound being by conductive processes.
Perhaps the most sophisticated method 1s 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 wused device. Thts mathematical
expression in 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 Hormer 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.

During the drilling of geothermal wells the drilling fluids serve
the additional purpose of cocling the rocks adjacent to the hore in
order to prolong the 1life of bits and drill string, and to conbrol
potential blowouts. The temperature of the fluid changes 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 fractures 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.

T

Line Source Solution

The well bore closely approximates a line source heat sink during
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 © = to, produces rebound according to:

. 1 -
e -1y = K £ -t b2 by &

where Ty is final equilibrium temperature, Ty is temperature measured
at some time after tg, and K is thermal conductivity. The quantlty t is
time since the drill bit first wreached the depth in question.

But cooling at a given depth is applied not instantaneously bub
over a period of time, usuwally irregularly Rebound is obtained by

T, - T = ﬁfﬁ H—E-:E)dt tys (2)

where gt} 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) ig a constant, or is averaged and applied during time s,
that is, d(t) = s, then the solution of the integral is
— t -
AT = 7 - S S e
o Te =T, lurKlntn-s] tr»s (3)

Graphical golution

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 Tp's, Ty, ﬁ T3++-+, are plobtted against the
“log term, to graphlcally solve for the

final temperature, Tf-



_ After the first maximum borehole temperature, Tq is obtained, from
the first logging run, a convenient bemperature 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 1n tn/tn = 5 as 1t becomes available with each
logging run.

The last tool to go into the hole is ordinarily a contimious 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-
mm reading thermomsters, 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 similtaneously, should. be
‘clamped onto the Agnew and Sweet wire line 3C ft. above the botiom of
the tool. This is the approximate average height of the thermometers
above the base of the Schlumberger sondes. '

After all the temperatures are plobted, 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 peints may plot into the
upper part of the graph. This is of nc consequence.

The intersection of the line with the 1n tp/tp— s = O ordinate
gives the predicted final temperature, Tp. -

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 =z little less accuraie, however.

The graph is desigmed for two further cperations. With a parallel
ruler the best fit Iine 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 interpclated value of the
gaideline that coincides with the plotted line is then determined. This
guideline value is the ratio, 3s/K, in equation (3). If either value
of the quotient.is known, the other can be determined. This alseo can
be solved graphically with the small graph in the upper right corner..

Knowledge of the term Gs is of no particuler intrinsic value, but
“thermal conductivity, K, is. No convenient method for determining Gs
can be outlined at this time; however, the duration of the disturbance,
5, is known and it is possible that q can be estimated 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 laheled 5O
and the other 1°. These lines indicate the times when the well has
rebounded 40 within 5°C and 1°C respectively of the final. equilibrium
temperature. These specific rebound times can be determined by pick-
ing the in tn/tn- s value where the plotted line intersects the 5° or
19 line, whichever is of interest, say the 5° line. With this ln &/
tp~ 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 - 5, in hours, and moving
to the right scale gives t — s in days.

Enowledge of rebound time to temperatures within 50 and 1° of
complete rebound is helpful in plamning followup temperature surveys.
Without this knowledge more surveys may be run than are necessary,
and each cost bhetween $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 aboub the
best fit straight line is not large, and probably reflects, in the
main, small inaccuracies in time and temperature measurements.

The 1ine projects to 186.300 at In tn/tnf g = 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 scheme predicted a final temperature
below steady sbate 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 through
the "origin" of the family of curves, the interpolated value for
9s/K is 508. Making use of the diagram in the upper right corner,
the quantity s is 508 when K = 1, 254 when K = 2, 169 when K = 3,
and so on. The units of G are calories per unit depth per second



times 3.6 X 103 Flow 11ne temperature during drilling and coring at ;
this dépth averaged 50 G, but they are unknown during circulation to
condition the hole. A core was obtained a few feet below the point
of temperature measurements; namely, in the interval 152/4~1525.5m.
" Thermal conductivity measurements on recovered granodiorite produced
a X value of 4.77. In this case, where K and s are known, g 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 g through flow line temperatures.

1

Tt is important to know how far from complete rebound the well

.was on July 14, 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 £it line, with qs/K 508,
intersects the 5 and 1° dashed lines at 1n tn/t -8 = .13, and = .03,
respectively. Entering the %raph in the lower right corner with these
values the. well was within 5°C of final temperature in about 5 days,
and within 1° in about 22 days. Thus, the temperature on the run of
July 14 was probably less than 1°C from equlllbrlum
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RECIPROCALS, CIRCUMFERENCES, AND AREAS OF CIRCLES
i
|
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919 1,088 139 o B887.124 663 315.7 969 1.031 992 3 (44,203 737 458.2
920 1.086 957 0 g90.2656 BB 761 .0 970 1,030 928 3 047.345 738 981.1
g21 1.085 776 2 893.407 666 206.9 871 1.029 866 3 050.486 740 5058.6
922 1,084 589 2 835.548 §67 654.4 972 1.028 807 3 053.628 - 742 031.6
923 1.083 424 2 893,690 #69 103.5 $ 873 1.027 749 3 056.770 743 559.2
924 1.082 251 2 902,832 5§70 554.1 974 1,026 684 3 059,911 745 083.4
925 1,081 08l 2 906,973 572 006.3 a7s 1.025 641 3 063.063 746 §19.1
926 1.079 914 2 g09.115 673 460.1 976 1,024 580 3 0B6.194 748 151.4
927 1.078 743 2 512.256 674 915.4 977 1.023 541 3 069,336 743 BE5.J
928 1,077 586 2 915.398 575 372.3 973 1.022 495 3 072.478 751 220.8
929 1.076 426 2 g1g.540 677 $30.8 a79 1,021 450 3 075.819 752 7a7.B
930 1.075 269 2 021,681 679 290.9 380 1.020 408 3 078.761 754 206.4
931 1,074 114 - 2 824,823 680 752.5 981 1.019 368 3 081.902 755 836.6
932 1,072 961 2 927.964 682 215.7 582 1.018 330 3 085.044 757 378.3
a3 1.071 81l 2 931.106 683 680.8 983 i.017 294 3 088.188 758 821.6
934 1,070 664 2 534.248 £85 146.8 984 1.016 260 3 081,327 760 468.5
935 1.089 519 2 937.388 586 A14.7 985 1.015 228 3 094,469 752 012.8
936 1,068 376 2 940, 531 G688 084.2 986 1.014 199 3 097.810 763 561.0
937 1.067 236 2 943,672 §89 535.2 987 1.013 171 3 100.752 765 110.5
938 1.066 098 2 946.814 6591 027.9 4988 1.012 146 3 103.894 766 661.7
939 1.064 963 2 945,950 692 502.1 989 1.011 122 3 107.035 768 214.4
949 .1.063 B30 2 953,097 603 977.8 980 1.010 101 3 110,177 769 768.7
941 1.062 698 2 §55.239 £95 455.2 991 1.008 082 3 113.318 771 324.8
Q42 1.061 571 2 9549.380 606 934.1 992 1.008 062 3 116.460 772 8821
843 1,060 445 2 962,522 598 414.5 993 -1.007 049 3 116.602 774 241.1
944 1.05% 322 2 965.683 599 896.6 994 1,006 036 3 122.743 776 001.7
945 1.058 201 2 968.805 701 380.2 995 1.005 025 3 125.885 777 563.8
9456 1.057 082 2 971,957 702 B65.4 936 1.004 016 3 129,026 779 127.5
947 1,085 966 2 975.088 704 352.1 997 1,003 009 3 132.168 gD 692.8
948 1.054 852 2 078.230 705 840.5 298 1.002 004 3 135.309 782 259.7
948 §.053 741 2 981.371 707 330.4 939 1.00% 001 3 138.451 783 §28.2
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AMAX EXPLORATION, INC.
Geothermal Group

TIME-TEMPERATURE OBSERVATION FORM

(For use with the Crosby method)

Date Field
Well . Observer
State Anaiysis

County Depth

Comments:

true . temp. temp. tn : Ln tn

time t event. °C °F tn-s to~s

bit arrival

circulation ceases

observation




AMAX EXPLORATION, INC.
-Geothermal Group

TIME-TEMPERATURE OBSERVATION'FORM

(For use with the Crosby method)

Well A 14

State ijQQ
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County j:

Comments:

Field
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Analysis

Depth

true temp. temp. _tn In tn
time t event °C °F tn-s tn-s
bit arrival
circulation ceases
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AMAX EXPLORATION, INC.
Geothermal Group

TIME-TEMPERATURE OBSERVATTION FORM

{(For use with the Crosby method)

Field -
Observer
Analysis
- /
v R I S
County B Depth fng o L
Comments: 5 / @%%.ﬁ. f ‘ s
true temp. temp. tn Ln tn
time event °C °F tn-s tn-s
o bit arrival
circulation ceases
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