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BOREHOLE TEMPERATURE SURVEY ANALYSIS 
HOT DRY ROCK GEOTHERMAL RESERVOIR 

Bert R. Dennis 
- 1  Hugh 0. Murphy 
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10s ALAMOS, NEW MEXICO 87545 

ABSTRACT B 
The Los Alamos Scient i f ic  Laboratory (LASL) 

has been act ive ly  investigating the potent ia l  f o r  
extract ing geothermal energy f r o m  hot dry  rock. A 
man-made geothermal reservoir has been formed a t  
the Fenton H i l l  Test S i te  i n  northern New Mexico.’ 
The 10-MI (thermal) prototype energy extraction 
c i rcu la t ion loop has been completed and has been 
continuously operating since January 28 o f  t h i s  
year. The performance o f  the Phase I 1000-h 
c i rcu la t ion experiment would establ ish technolog- 
i c a l  assessment o f  the par t icu lar  hot dry  rock 
geothermal reservoir. The major parameters o f  
in terest  include equipment operations, geochemistry , 
water loss, and reservoir thermal drawdown. 

Tenperature measurements have been used exten- 
s ive ly  as one method to  study the man-made geother- 
mal reservoir. The temperature probe i s  one o f  the 
less complex wellbore survey tools tha t  i s  readi ly  
f ielded t o  allow on-line analysfs o f  changing 
conditions i n  the hydraulic-fracture system. Sev- 
era l  downhole temperature instrinnents have been 
designed a d fabricated f o r  use i n  the GT-2/EE-1 
we11bores.J 

DOWNHOLE TEMPERATURE SURVEY MEASUREMENTS 

ment u t i l i z e s  a thin-walled stainless s tee l  thenn- 
i s t o r  probe as the sensor. The thermistor i s  
essential ly a semi-conductor t ha t  behaves as a 
temperature-sensitive e lect r ica l  resistance whlch 
provides a high degree o f  resolut ion not avai lable 
i n  other transducers. Thermistors are wel l  suited 
f o r  continuous measurements i n  temperature environ- 
ments exceeding 300%. The resistance-temperature 
response Is. however, quite non-linear and varies 
fron one type o f  themistor  t o  another. 
temperature probe must be carefu l ly  calibrated. 
The borehole temperature sonde presently i n  use a t  
Fenton H i l l  i s  shown I n  Fig. 1. The sonde contains 
a themistor  probe i n  a 1/8-in.-0.d. stainless s tee l  
sheath (Conax TH15-SS6-E-TI-MK .062). The probe 
has been carefu l ly  calibrated i n  an o i l  bath a t  s i x  
discrete temperatures ranging from O°C to 205’C. 
The temperature-resistance characterist ics are l i n -  
earized by the function: 

A pract ica l  borehole temperature survey instru- 

Each 

T = ‘1 - C3 
. -  
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Fig. 1. 
Borehole temperature sonde. 

The coeff icients are determined from the cal ibra- 
t i o n  data by a l eas t  squares f o r  the above equa- 
tion. The method o f  solut ion i terates on C l  u n t i l  
the standard er ror  I n  T converges t o  a minlmun 
value. 

ture environment o f  the geothermal borehole, no 
electronics are used i n  the sonde. Instead. a 
constant current source i s  used t o  excite the 
thermistor over the long l ines as shown i n  Fig. 2. 
The constant current supply provides 500 II amps 
through a nominal 1000 n series resistor. A 
precision 10,000 n resistance i s  connected i n  par- 
a l l e l  with the thermistor resistance t o  l i m i t  the 
range o f  voltage generated across the thermistor 
allowing a higher constant current exc i ta t ion f o r  
greater sens i t i v i t y  a t  the higher temperatures 
thus lower resistance values. 

the HP9830 calculator from the l lnearized equation 

For long-term residence i n  the high-tempera- 

The lneasured temperature i s  then computed I n  
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Fig. 2. 
Schematic diagram o f  borehole temperature measurement. 

f o r  T where RT I s  derived from the constant current 
measured through R1 and the voltage drop across the 
thermistor R . The maximum error  i n  the system i s  
0.26OC and t i e  temperature resolut ion i s  0.01OC. 

EE-1 YELLBORE TEMPERATURE SURVEYS 

A review o f  selected wellbore temperature sur- 
veys i n  EE-I w i l l  be presented. Data obtained 
during the temperature surveys emphaslzes the 
changing conditions I n  the borehole where the hy- 
draul ic fracture connections in tersect  the wellbore. 
Several surveys, ident i f ied as background, were 
made j u s t  p r i o r  t o  flow experiments. The experi- 
ments were conducted a t  t ime  in terva ls  spaced t o  
allow thermal recovery from each f l o w  test. Post- 
f l o w  o r  post - f lu id  in ject ion surveys were taken 
short ly a f t e r  the experiment i n  which the tempera- 
ture anomalies are masked by the cooling ef fects  o f  
the f l o w  tests. 

The region o f  greatest In terest  i n  the EE-1 
wellbore i s  from a depth o f  2400 m (so00 ft) t o  
2950 m (9800 ft). The results o f  the selected 
surveys are p lo t ted i n  Fig. 3. The upper curve Is 
a temperature survey taken j u s t  a few d a p  a f t e r  
i n i t i a t i n g  the f i r s t  hydraulic fracture i n  EE-I. 
This survey was taken during an early f l o w  experl- 
w n t  when water was being pumped i n t o  6T-2 through 
the i n i t i a l  reservoir system and up EE-1. The 
temperature anomaly fdent f f ied as No. 1 a t  2925 m 
(9590 ft) corresponds with the depth o f  the bottom 
o f  the casing I n  EE-1 and was assumed t o  be the top 
o f  the fracture intersection i n  EE-1. The second 
curve from the top shows a post-flow survey follow- 
Ing the EE-1 i n jec t i on  experiment. During t h i s  
f l o w  tes t  the surface pressure i n  the EE-1 wellhead 
reached a ?eve1 o f  700 bars (1450 psi) which cxce- 
eded the pressure estimated to I n i t i a t e  new frac- 
tures o r  extend old ones. This survey shows some 
new anomalies t h a t  suggest new connectlons above 
the bottom o f  the c a n t e d  casing. 

bars (1650 ps i )  a t  f low rates up t o  13.5Usec 
On Chrch 5, 1976. EE-1 was pressurized to 115 

(5 bbl/min). The t h i r d  curve i s  a background log 
taken several months l a t e r  c lear ly  showing the 
results o f  t h i s  high-pressure tes t  where additional 
fracture t o  wellbore intersections are evident 
above the bottom o f  the cemented casing. It was 
believed a t  t h i s  time, tha t  the cement between the 
casing and rock formation had deteriorated several 
hundred feet  up the wellbore due t o  the high temp- 
eratures, thereby allowing water t o  penetrate 
through the resul t ing annulus and i n t o  the forma- 
t l o n  a t  the depths indicated a t  these new connec- 
tions. Deteriorat ion o f  the cement was confinned 
by several cement bond logs and the f l o w  paths were 
confinned by an Iodine tracer log. 

Fig. 3. 
Temperature surveys EE-1. 



Another high-pressure. high-flow rate tes t  was 
performed i n  EE-1 p r i o r  t o  r e d r i l l i n g  6T-26. This 
t i m e  the wellhead was pressurized t o  128 bars (1850 
ps i )  a t  a f l o w  ra te  o f  27 Qsec (10 bbl/min). The 
results o f  t h i s  f l o w  experiment are shown i n  the 
bot- curve, p lo t ted from a temperature survey 
conducted one m n t h  later. A new major connection 
appears a t  2650 m (8700 ft) with smaller connec- 
tions a t  2525 m (8290 ft) and 2480 m (8145 ft). 
This survey also indicates that  very l i t t l e  water 
i s  flowlng i n t o  the f i r s t  €E-1 fracture which may 
have p a r t i a l l y  sealed. 

IDENTIFICATION OF 6T-2B FLOW CONNECTIONS 

The high Impedance t o  f l o w  i n  the EE-1/6T-2 
fracturCsystem resulted i n  a decision t o  r e d r i l l  
i n  6T-2. A new path, 6T-2B. was targeted a t  the 
EE-1 fracture to improve the fracture system con- 
nections. The r e d r i l l i n g  was successfully comple- 
ted I n  Hay o f  1977. To detennine the intersections 
with the 6T-2B wellbore and the re la t i ve  f l o w  paths 
a t  these intersections. a number o f  temperature 
surveys were made while continuously pumping i n t o  
6T-2. The resul ts  o f  the surveys are shown I n  
Fig. 4. The upper survey i s  a background log  taken 
with the borehole shut I n  (no f low) .  Two strong 
anomalies appear a t  depths o f  2700 m (8860 ft) and 
2670 m (8755 ft) wi th  a re la t i ve l y  small anomally 
a t  2640 m (8630 ft). These anomalies are the 
resul t  o f  pumping i n t o  €E-1 while 6T-2 was vented. 

I n  order to detennine the re la t i ve  amounts o f  
water f lowing i n t o  these connections, the well  was 
surveyed a t  various times a f t e r  the s t a r t  o f  pumping 
in to  6T-2B. I n  sequence the results o f  these sur- 
veys are presented as the f i r s t  through the fourth 
flowing survey. The cooling o f  the well. as well  
as, the convective flow-induced dispersion o f  the 
anomalies are readi ly  apparent. The r a t i o  o f  the 
f l o w  rates a t  two par t icu la  depths, denoted as 
depths 1 and 2. i s  given by 5 

where the ef fect ive average gradient I s  

ge = % (t) 9 ( t )  

Temperature gradients are evaluated as g - aT/ar, 
where T and z are tenperature and depth respec- 
t ively. 
par t icu lar  depth. say zl,  are denoted as Q and 
AT . The parameter A I s  related to the p d r t i e s  
of'the rock and water. For f l o w  perfods o f  several 
hours o r  m r e  i t  i s  found tha t  A i s  small enough 
t o  be neglected. 

ed per eq. (1) 8nd the resul t ing f l o w  rates. normal- 
ized t o  the surface in jected rates are shown I n  

Flow rates and m e r a t u r e  changes a t  a 

The temperature results o f  Fig. 4 were analyz- 
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Fig. 4. 
Temperature surveys 6T-26. 

i n  Ftg. 5. It i s  apparent that 22% o f  the pumped 
f low enters the formation o f  GT-2B connection 1. 
78% a t  connection 2. and a negligible amount a t  3. 

TEMPERATURE DRAWDOWN 67-28 

A program t o  survey the temperature I n  6T-2B 
during the Phase I 1000-h c i rcu la t ion experiment 
was undertaken wi th  some concern for downhole 
equipment performance. The area t o  be surveyed 
was a t  a depth of 2400 m (8000 ft) t o  2700 m (8900 
ft). The temperature sonde would be lowered i n t o  
the 6T-2 wellbore through a pressure lock which 
would allow re t r ieva l  of the too l  should fa i lure 
occur I n  the instrument, o r  more l i k e l y  i n  the 
associated cable-head assembly. The cable head 
was designed and fabricated a t  LASL speci f ica l ly  
f o r  long-term residence i n  the h i  h-temperature, 
high-pressure environment (Flg. 67. The tempera- 
ture survey was taken over the in te rva l  of in te r -  
est  every 4 h during loop start-up. 
in terva l  was increased u n t i l  a logging schedule o f  
once per day was established. The sonde was posf- 
t loned a t  a depth o f  2600 m (8550 ft) between each 
survey and data continuously sampled a t  t h i s  sta- 
t ionary depth throughout the Phase I operation. 
The temperature sonde and associated cable head 
met a l l  the performance c r i t e r l a  f o r  a t o t a l  of 
1056 h i n  the bottom of the borehole. 

Several temperature surveys, shown I n  Fig. 7, 
were taken during the 1000-h test. The p lo t s  show 
the trend of the reservoir drawdown as well  as the 
various Intersections where water Is entering the 
6T-28 wellbore. A large f l o w  path near the bottom 
of the wellbore results i n  re la t i ve l y  cool water 
entering the system. A number of addit ional in te r -  
tect lons show the f l o w  o f  much hot ter  f lu id .  The 
connection system as shown by t h i s  temperature 

This time 
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data i s  now qu i te  cMIplex wi th the numerous in te r -  
sections and flow-induced dispersion. 
the re la t i ve  amounts o f  f low through each connection 
w i th  the wellbore would be very d i f f i c u l t  without 
the addi t ional  information tha t  might be obtained 
with a f l u i d  ve loc i ty  survey. A f l u i d  veloci ty 
survey tool t ha t  w i l l  survive the geothermal bore- 
hole environment has. therefore, become a high 
p r i o r i t y  development program t o  add t o  the ref ine- 
ment o f  the  reservoir  assessment f o r  the Fenton 
H i l l  Hot Dry Rock Geothermal System. 
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Temperature survey GT-2B reservoir drawdown. 

Fig. 6. 
High-temperature cable-head assembly. 


