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A r e l i a b l e  s t a t i c  fo rmat ion  temperature i s  v a l u a b l e  i n  d e t e r m i n i n g  
cas ing  depths,  e s t a b l i s h i n g  geothermal g r a d i e n t s ,  a n a l y z i n g  logs and 
e s t i m a t i n g  f , l u i d  p o t e n t i a l  for  geothermal r e s e r v o i r s .  The convent iona l  
d r i l l i n g  mud f l u i d  systems assoc ia ted  w i t h  geothermal w e l l  d r i l l i n g  d i s t o r t  
t h e  s t a t i c  fo rmat ion  temperature near t h e  w e l l b o r e  because t h e  c i r c u l a t i n g  
mud temperature i s  normal ly  much l e s s  than t h e  s t a t i c  f o r m a t i o n  temperature.  
As a r e s u l t ,  a w e l l b o r e  temperature recorded d u r i n g  d r i l l i n g  o p e r a t i o n s  does 
n o t  r e f l e c t  t h e  s t a t i c  f o r m a t i o n  c o n d i t i o n .  

The use o f  a Horner- type temperature b u i l d u p  p l o t ,  s i m i l a r  to  t h e  
convent iona l  p ressure  b u i l d u p  method, has been suggested ( ' ) f o r  e s t i m a t i n g  
s t a t i c  f o r m a t i o n  temperature.  The method has proven s a t i s f a c t  r i n  a 
number of o i l  and gas f i e l d  cases. Recent ly ,  Dowdle and Cobb 92y i n v e s t i -  
ga ted  the c o n d i t i o n s  under which t h e  Horner temperature p l o t  can be used t o  
y i e l d  r e p r e s e n t a t i v e  s t a t i c  f o r m a t i o n  temperatures.  They concluded t h a t  
t h e  method i s  r e l i a b l e  i f  b o t h  t h e  w e l l b o r e  temperature g r a d i e n t  changes 
v e r y  s l o w l y  and t h e  mud c i r c u l a t i o n  t i m e  i s  s h o r t .  However, i n  geothermal 
o p e r a t i o n s ,  temperature g r a d i e n t s  a r e  u s u a l l y  more extreme and longer  
c i r c u l a t i o n  t imes a r e  r e q u i r e d  t o  coo l  t h e  w e l l b o r e  s u f f i c i e n t l y  f o r  logg ing .  
There fore ,  t h e  method has proved t o  be l e s s  r e l i a b l e .  

As an a l t e r n a t e  s o l u t i o n ,  d imension less Horner temperature t y p e  
curves have been developed for  d e t e r m i n i n g  r e l i a b l e  s t a t i c  fo rmat ion  
temperatures under normal geothermal d r i l l i n g  c o n d i t i o n s  i n  t h e  Imper ia l  
V a l l e y ,  C a l i f o r n i a .  

Bas ic  TemDerature Eauat ion 

The temperature d i s t r  
i n  t h e  f o l l o w i n g  d i f f e r e n t  

a T  + ar' 

b u t i o n  near h w e l l b o r e  a t  any t i m e  i s  descr ibed 
a1 equat ion  t 3 e  : 

1 aT P- c p  aT - - =  
r a r  K a t  

Sub jec t  t o  t h e  assumptions of  conduct ive  heat  f l o w  i n  t h e  h o r i z o n t a l ,  
c y l i n d r i c a l l y  symmetr ica l ,  homogeneous medium surrounding t h e  w e l l b o r e ,  
t h e  s o l u t i o n  t o  t h e  above equat ion  i s  dependent on a s e t  o f  boundary 
c o n d i t i o n s .  U n l i k e  t h e  " d i f f u s i v i t y "  equat ion  used i n  d e s c r i b i n g  pressure  
behavior ,  t h e  i n n e r  boundary c o n d i t i o n  i s  n o t  cons tan t  because t h e  w e l l b o r e  
temperature g r a d i e n t  i s  changing d u r i n g  c i r c u l a t i o n .  

Edwardson -- e t  a l .  (4)  n u m e r i c a l l y  so lved t h e  above equat ion  a t  
v a r i o u s  d i s t a n c e s  f rom t h e  w e l l b o r e  f o r  a K/Cppr2 parameter v a l u e  
o f  0.4. T h i s  number i s  d e r i v e d  f rom t h e  f o l l o w i n g  es t imates  f rom l ime-  
stone, sandstone and s h a l e  hydrocarbon r e s e r v o i r  p r o p e r t i e s :  K = 1.303 
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Btu/hr- f t -OF;  Cp = 0.21 Btu/lb-OF; and p = 144 l b s / c u  f t .  The w e l l b o r e  
d iameter  was assumed t o  be 7.875 inches. The numerical  s o l u t i o n  i n  t h e  
form o f  a d imension less Horn r temperature t y p e  curve  i s  shown i n  F i g .  1 
f o r  rD  = 1.  Dowdle and CobbT2)demonstrated t h a t  t h e  n o n l i n e a r i t y  o f  these 
Horner temperature curves i s  due t o  t h e  s low change i n  w e l l b o r e  temperature 
g r a d i e n t  d u r i n g  t h e  mud c i r c u l a t i o n  p e r i o d .  

A l though t h e  d imensionless curves i n  F i g .  1 a r e  based on t h e  K/C p r  
p w  

t o  r e s e r v o i r s  w i t h  d i f f e r e n t  thermal p r o p e r t i e s  Ef i?t) . The va lues  o f  c i r c u l a t i o n  t i m e  ( t k )  i n  
va lue  o f  0.4, t h e i r  ad 
has been demonstrated 
F i g u r e  1 can s imp ly  be rep laced w i t h  va lues corresponding t o  another  s e t  o f  
c o n d i t i o n s .  
hours i n  F ig .  1 would be redesignated t ' k  = 1.2 hours. E m p i r i c a l  da ta  
determined d u r i n g  d r i l l i n g  o p e r a t i o n s  can be p l o t t e d  on F ig .  1 and a 
r e p r e s e n t a t i v e  K/C p r  2 va lue  f o r  the  system can be determined. 

For a case o f  K/Cpprw2 equal t o  0.8, the  curve  f o r  t k  = 2.4 

P W  

F i g u r e  2 shows a c t u a l  da ta  p o i n t s  c o l l e c t e d  d u r i n g  I m p e r i a l  V a l l e y  
d r i l l i n g  o p e r a t i o n s  p l o t t e d  on t h e  t h e o r e t i c a l  Horner b u i l d u p  curves fo r  
K/Cpprw2 eqyal  t o  0.4. 
would be r e q u i r e d  t o  d e f i n e  t h e  K/Cpprw2 
i n  F ig .  1 .  

C l e a r l y ,  a c i r c u l a t i o n  t i m e  i n  excess o f  14 hours 
v a l u e  o r  t o  use t h e  curves shown 

C i r c u l a t i o n  t imes on t h i s  o r d e r  a r e  excess ive and c o s t l y .  For these 
t h e o r e t i c a l  t y p e  curves t o  be u s e f u l  i n  I m p e r i a l  V a l l e y  geothermal 
r e s e r v o i r s ,  t k  va lues  down t o  0.052 would need t o  be generated. 

Development o f  E m p i r i c a l  Type Curves 

Rather than expanding t h e  numerical  s o l u t i o n s  presented by Edwardson 
-- e t  a l . ,  s u f f i c i e n t  temperature da ta  has been c o l l e c t e d  f rom t h e  d r i l l i n g  
o p e r a t i o n s  i n  more than one geothermal area o f  t h e  Imper ia l  V a l l e y  t o  
c o n s t r u c t  an e m p i r i c a l  s e t  o f  Horner temperature b u i l d u p  curves.  Var ious 
scheduled o p e r a t i o n s  d u r i n g  d r i l l i n g  p rov ided o p p o r t u n i t i e s  t o  measure 
d i r e c t l y  w e l l b o r e  temperatures a t  v a r i o u s  depths and t imes a f t e r  mud 
c i r c u l a t i o n  was stopped. For instance,  m u l t i p l e  maximum r e c o r d i n g  
thermometers were run during logging operations and also during hole 
d e v i a t i o n  surveys. I n  a d d i t i o n ,  Amerada-type temperature recorders  were 
r u n  a t  v a r i o u s  depths and c i r c u l a t i o n  h i s t o r i e s .  

Wel lbore  temperature change w i t h  t ime a f t e r  c i r c u l a t i o n  stopped was 
recorded i n  severa l  w e l l s  a t  v a r i o u s  f o r m a t i o n  depths f o r  a wide range 
o f  c i r c u l a t i o n  t imes.  F o l l o w i n g  complet ion,  a h i s t o r y  o f  temperature 
g r a d i e n t  surveys d e f i n e d  t h e  s t a t i c  f o r m a t i o n  temperature a t  any p a r t i c u l a r  
depth.  Having measured t h e  s t a t i c  f o r m a t i o n  temperature and r e c o r d i n g  t h e  
w e l l b o r e  temperature changes w i t h  t i m e  a f t e r  v a r i o u s  c i r c u l a t i o n  p e r i o d s ,  
t h e  curves i n  F i g .  3 were cons t ruc ted .  

Accuracy o f  t h e  S t a t i c  Format ion Temperature E s t i m a t i o n  

The e m p i r i c a l  s e t  o f  curves i n  F i g .  3 was developed f rom data  ob ta ined 
over  a f o r m a t i o n  depth i n t e r v a l  i n  excess o f  4500 f e e t  i n  one area o f  t h e  
Imper ia l  V a l l e y .  The u n i f o r m  spacing o f  t h e  curves suggests t h a t  t h e r e  was no 
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a p p r e c i a b l e  change i n  t h e  r e s e r v o i r  thermal p r o p e r t i e s  w i t h  depth o r  
temperature v a r i a t i o n .  The curves i n  F ig .  3 have been q u i t e  a c c u r a t e  i n  
e s t i m a t i n g  s t a t i c  f o r m a t i o n  temperature as demonstrated i n  t h e  f o l l o w i n g  
examp 1 es . 
F i e l d  ExamDles o f  E s t i m a t i n a  S t a t i c  Format ion Temoerature 

Example 1 

The f o l l o w i n g  da ta  was ob ta ined a t  a s p e c i f i c  depth a f t e r  14 hours 
o f  c i r c u l a t i n g  ( t k ) .  

Datum c i r c u l a t i n g  mud temperature,  164OF. - 
Tm - 
A t  = Time s i n c e  c i r c u l a t i o n  stopped, 10.75 hours. 

T =  Datum s h u t - i n  temperature a t  t ime A t ,  282OF. ws 

Solve fo r  Horner d imension less t ime:  

14 + 10.75 = 2.30 
tk + A t  - 

A t  - 10.75 

= .446 W S  
From graph: Ti - T 

T. - T 
I m 

T. - 282 

Ti  - 164 = .446 I 

Ti = 377OF 

The s t a t i c  temperature recorded a t  t h i s  datum severa l  months a f t e r  comple t ion  
was 377OF. 

Example 2 

The f o l l o w i n g  da ta  was ob ta ined a t  a d i f f e r e n t  datum i n  another  w e l l  a f t e r  
2.22 hours o f  c i r c u l a t i o n  ( t k ) :  

T = 180°F 
m 

t = 6.62 hours 

= 225OF 
ws T 

tk + A t  

A t  = 1.335 
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From graph: T i  - 255 
= .50 Ti  - 180 

T. = 33OoF 
I 

The s t a t i c  temperature recorded a t  t h i s  datum more than 7 months a f t e r  
comple t ion  was 3 3 4 O F .  
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Nomenclature 

= Specific heat capacity, Btu/lb-OF. 

K = Thermal conductivity, Btu/hr-ft-OF. 

r = Radial distance, feet. 

r = Wellbore radius, feet. 

r = r/rw, dimensionless radius. 

tk = Circulation time, hours. 

At = Shut-in time since circulation, hours. 

W 

D 

= Static formation temperature, OF. Ti 
Tm = Datum circulating mud temperature, OF. 

T = Datum shut-in temperature at time At, OF. 

p = Density, lbs/cu ft. 
ws 
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FIGURE 1 .  
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HORNER TEMPERATURE BUILDUP 
COMPARISON OF NUMERICAL DATA 
WITH GEOTHERMAL EMPIRICAL DATA 

DATA ( t k ) =  

~ 0 . 4  cp P'W 

tk= 4.3 HOURS 

ICAL DATA ( t k )  

- 

1 I I I I I111  I I 
2 3 4 5 6 7 8 9 1 0  20 Jo 
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I I I I I I I  

x -  HORNER TEMPERATURE BUILD UP 

I-I- 

F F  

E E  

I I  

tK + At 
At 

tr =CIRCULATION TIME , HOURS 

Tm =DATUM CIRCULATING MUD 

TEMP, O F  

Tws=DATUM SHUT IN TEMP. AT 

TIME At,OF 

at =SHUT IN TIME, HRS. 

Ti  = STATIC FORMATION TEMP, * F  

ESTIMATION OF STATIC FORMATION 
TEMPERATURE 

PROCEWRE 

I. CALCULATE t k  + At 
A t  

2. ENTER GRAPH AT 
at 

AND PROCEED VERTICALLY TO 

THE INTERSECTION OF THE 

PROPER tr CURVE. READ THE 
VALUE FOR T i  - TwS ON THE 

ORDINATE SCALE CORRESPONO 

ING TO THE INTERSECTION 

Ti - Tm 

3. SOLVE FOR TI 

FIGURE 3 .  
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