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CHAPTER 2. 
APPENDIX I. 

TECHNICAL DATA ON THERMAL LOGGING APP.2RATUS 

The thermal logging apparatus used in this study consists of a 

DR-789 digital temperature meter and well probe, or thermistor, manu- 

factured by GISCO (Geophysical Instrument and Supply Company - 
4665 Joliet Street; Denver, Colorado 80239). 

The thermistor (thermo-resistor) technique involves comparison be- 

tween a temperature varying resistor (temperature dependent) and a control 

resistor (temperature independent). The difference, in resistance, be- 

tween the temperature dependent resistor and the control, as measured in 

the well probe, is converted to absolute temperature by the digital 

temperature meter at the surface and displayed numerically in degrees 

Celcius or Fahrenheit to the nearest tenth. The thermistor is contained 

in an aluminium sheath which is a GISCO design. 

Company specifications maintain a total response time for the probe 

and meter of 10 to 15 seconds and instrument accuracy to greater than 

+0.2 - degrees for both temperature scales. This relationship between 

actual temperature and time of response of the instrument is a logarith- 

mic one. In other words, the final temperature reached varies logarith- 

mically with total time of measurement. The temperature scales range 

from 0.0 to 100.0 OC and -22 .0  to 212.0 OF. 

During operation, the well probe is attached to a 183 meter 

(600 foot; marked off in feet) reel of 1 / 4  inch cable. This cable is 

steel armored (breaking strength of 320 pounds), four conductor, elec- 
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t r i c a l  c a b l e  w i t h  a neoprene o u t e r  c o a t i n g  t h a t  i s  r e s i s t a n t  t o  w a t e r  and 

o i l .  A second ree l  of c a b l e  was provided  so  t h a t  wells could b e  logged 

t o  a t o t a l  d e p t h  of  366 meters. 

from an  i n t e r n a l  12 v o l t  DC s o u r c e .  However, because t h e  c u r r e n t  r e q u i r e -  

ment (1400 mi l l iamps)  exceeded company s p e c i f i c a t i o n s  of  400 mil l iamps ,  

it was n e c e s s a r y  t o  use  an  e x t e r n a l  s o u r c e  ( e . g . ,  c a r  b a t t e r y )  i n  t h e  

f i e l d .  

The a p p a r a t u s  was des igned  t o  o p e r a t e  

BASIC OPERATION 

The well probe  and c a b l e  were lowered by hand i n t o  a we l l  and temp- 

e r a t u r e  measurements were t a k e n  a t  t h e  predetermined depth  i n t e r v a l s .  A 

p u l l e y  system was designed t o  guide  t h e  probe i n t o  t h e  e x a c t  c e n t e r  of 

t h e  wel l  ( F i g u r e  1-11. 

a t u r e  readings  ( i . e . ,  a s  t h e  probe was lowered t o  t h e  n e x t  i n t e r v a l )  t o  

p r e v e n t  o v e r h e a t i n g .  I n  a i r - f i l l e d  h o l e s  a t  d e p t h s  l ess  t h a n  30 meters 

t h e  meter  was o f t e n  i n  cont inous  o p e r a t i o n  f o r  a s  much a s  30 minutes  a t  

each  d e p t h  i n t e r v a l  b e f o r e  a s t a b i l i z e d  tempera ture  r e a d i n g  could b e  

t a k e n  ( a  response  time of 10 t o  15 seconds does not apply t o  z i r - f i l l e d  

h o l e s ) .  

s e a s o n ,  we d i s c o v e r e d  t h a t  o u r  instrument overhea ted  a f t e r  approximate ly  

t h r e e  hours of cont inous  use (i-e., t h e  i n t e g r a t e d  c i r c u i t s  used i n  t h e  

meter reached tempera tures  exceeding t h e i r  range of  r e l i a b l e  o p e r a t i o n  

which was 32 t o  95 OF). 

o v e r h e a t i n g  i n  a i r  f i l l e d  h o l e s ,  we modif ied o u r  t e c h n i q u e ,  e x p l o i t i n g  

t h e  l o g a r i t h m i c  r e l a t i o n s h i p  between tempera ture  and response  t ime.  

The d i g i t a l  meter was t u r n e d  o f f  between temper- 

Due t o  extreme s u r f a c e  tempera tures  of  t h e  1980 summer f i e l d  

Because we began t o  have t r o u b l e  w i t h  t h e  meter 
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We t o o k  f i v e  t e m p e r a t u r e  r e a d i n g s  a t  two minute i n t e r v a l s  f o r  each d e p t h  

( u s u a l l y  4.6  meters  ( 2 5  f e e t ) )  and e s t i m a t e d  t h e  a c t u a l  tempera ture  graph-  

i c a l l y .  A t  d e p t h s  g r e a t e r  t h a n  30 meters, i n  a i r - f i l l e d  h o l e s  tempera ture  

r e a d i n g s  were t a k e n  d i r e c t l y  and a s t a b i l i z e d  r e a d i n g  was u s u a l l y  

o b t a i n e d  in t h r e e  t o  s i x  minutes .  

-3-  
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AE'PENDIX 11. 

LOGGING METHOD: TOP-DOW VERSES BOTTOM-UP 

Misener and Back (1960, p .13)  s u g g e s t  t h a t  logging  from t h e  top-down 

i s  p r e f e r a b l e  t o  l o g g i n g  from t h e  bottom-up t o  "avoid s t i r r i n g  up the  f l u i d  

a t  t h e  p o i n t  of measurement". 

I n  t h e  f o l l o w i n g  s i m p l i f i e d  s i t u a t i o n  ( F i g u r e  11-1) t h e  d i s t u r b a n c e  

caused by l o g g i n g  a h o l e  from t h e  top-down verses t h e  bottom-up i s  ana lyzed  

( d a t a  i n  Table  11-1). I n  a l l  c a s e s  it i s  assumed t h a t :  

1) t h e  e f f e c t  o f  t h e  c a b l e  i s  n e g l i g i b l e  

2)  t h e  probe i s  lowered i n t o  p o s i t i o n  i n  t h e  w e l l  
i n s t a n t a n e o u s l y  

3 )  i n  t h e  mass t r a n s f e r  s i t u a t i o n  (Case 3 ;  F i g u r e  11-2) 
t h e  volume o f  w a t e r  d i s p l a c e d  by t h e  probe  i s  
t r a n s f e r r e d  t o  t h e  new p o s i t i o n  i n s t a n t a n e o u s l y  

4 )  s p e c i f i c  h e a t  of  b a k e l i t e  and d e n s i t y  of  r e s i n  
a r e  used f o r  t h e  i n s u l a t e d  p o r t i o n  of  t h e  probe  

5 )  c a s i n g  d iameter  of t h e  wel l  e q u a l s  f o u r  i n c h e s  

6 )  t empera tures  based on  a geothermal  g r a d i e n t  o f  35 OC/Km 

0 7 )  s u r f a c e  tempera ture  o f  35 c ( 9 5  OF) 
(extreme c o n d i t i o n )  

8 )  water  l e v e l  i s  15 meters below s u r f a c e  a t  a 
t empera ture  o f  13.3 OC. 

I n  each  c a s e  t h e  e f f e c t  o f  t h e  probe  on t h e  w a t e r  column w i l l  be  examined 

f o r :  

a )  a volume o f  w a t e r  e q u i v a l e n t  t o  t h e  volume 
d i s p l a c e d  by t h e  probe  ( g r e a t e s t  d i s t u r b a n c e )  
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b)  a volume of water  e q u i v a l e n t  t o  t h e  e n t i r e  volume 
o f  w a t e r  i n  t h e  well  ( l e a s t  d i s t u r b a n c e )  

e )  a volume e q u i v a l e n t  t o  a one meter column of  
. water  sur rounding  t h e  probe  ( b e s t  approximation 

t o  r e a l  s i t u a t i o n ,  i n  my o p i n i o n ) .  

In Cases 1 and 2 t h e  s t e a d y  s t a t e  s i t u a t i o n  i s  ana lyzed  u s i n g  Equat ion  11-1 

(Sears  and Zemansky, 1967)  below. Mass t r a n s f e r  i s  ana lyzed  i n  Case 3 

w i t h  Equat ions  11-1 and 11-2 ( S e a r s  and Zemansky, 1967) .  I n  t h e  f o l l o w i n g  

f o r m u l a t i o n  a d o t  i s  used t o  denote  s c a l a r  m u l t i p l i c a t i o n :  

m c (T1 - T ) = in * c (TZw, - T2) (Eqn. 11-11 

- TI) (Eqn. 1 1 - 2 )  
P P  2P w W 

(TZwl' rn * c (T2 - Tlw2') = mwl cwl w2 w2 

where,  m and c a r e  t h e  mass and s p e c i f i c  h e a t  o f  t h e  probe 

and cw a r e  t h e  mass and s p e c i f i c  h e a t  o f  t h e  water  

and $he s p e c i f i c  h e a t  of t h e  water  d i s p l a c e d  

P P 
m 

m 
av2z 

m 
by a ,  b o r  c ,  above minus t h e  volume e q u i v a l e n t  t o  t he  
p r o b e ' s  volume i n  i t s  i n i t i a l  p o s i t i o n ,  and t h e  s p e c i f i c  
h e a t  of t h e  w a t e r  

W 

and cw 

2 

and cwl a r e  t h e  mass computed from a volume s p e c i f i e d  

a r e  t h e  mass of  w a t e r  d i s p l a c e d  by t h e  probe  

W l  

TI and T '  a r e  t h e  i n i t i a l  and f i n a l  tempera tures  of t h e  
probe ,  r e s p e c t i v e l y  2 

T 
a% water  s p e c i f i e d  by a ,  b o r  c ,  above 

and TZwf a r e  t h e  f i n a l  t empera tures  of t h e  probe 

T and Tlw2, a r e  t h e  f i n a l  t empera tures  of t h e  water  
a&"&th z 
by t h e  pro&e ( a s  s p e c i f i e d  
tempera ture  of  t h e  water  occupying t h e  i n i t i a l  p o s i t i c n  
of  t h e  probe .  

sur rounding  t h e  volume i n i t i a l l y  occupied 
by a ,  b o r  e ,  above) and t h e  



Equat ion  11-1 r e l a t e s  t h e  probe t o  t h e  water b e i n g  h e a t e d  by t h e  probe a f t e r  

i t  i s  lowered t o  some depth  z2. Equat ion  11-2 r e l a t e s  t h e  mass of  w a t e r  d i s -  

p l a c e d  by t h e  probe  a t  z t o  t h e  mass of  water  a t  z ( F i g u r e  11-21. 1 2 

0 Case 1: TOP-DOhX - probe  i s  lowered from s u r f a c e  (T = 35 C ,  z1 = Om) t o  
1 - -  

d e p t h  2 (T2 = 13.8 O C ,  z2 = 30m), i n s t a n t a n e o u s l y .  

a .  5 8 . 4  0.341 (35-T ) = 49.2 * 1.000 - (T2wl-13.8)  
2P 

1376.0 = 19.9T + 49.2T2w1 
2P 

l e t  T 2 p t  - - T2wl  = T = 19.9 O C .  
eq 

(Eqn. 11-11 

b .  58.4 * 0.341 * (35-T ) = 1197937.6 * 1.000 * (T2wl-13.8)  (Eqn. 11-1) 
2P l 

16532235.9 = 19.9T2pl + 1197937.6T2w1 

l e t  T 2 p 7  - - T Z w l  = T = 13.8 O C .  
eq 

C .  5 8 . 4  0.341 (35-T , )  = 8107.3 * 1.000 (T2wl-13 .8)  (Eqn. 11-1) 2P 
112577.7 = 19 .9T  + 8107.3T2w, 

2P 
let T 2 p t  - - T2w1 = T = 13.9 O C .  

eq 

Case 2: BOTTOM-UP - probe i s  lowered from s u r f a c e  (T = 35 OC, z I  = Om) 
1 t o  bottom of  h o l e  (T2 = 18.5 C ,  z2 = 163m), i n s t a n t a n e o u s l y .  0 - -  

a .  1607.2 = 19.9T + 49.2 TZwl 
2P 

-5- 



1 -  

b .  22162542.6 = 19.9T + 1197937.6T2w, (Eqn. 11-1) 2P 
l e t  T z p 1  = TZw, = T = 18.5 OC 

eq 

C .  150682.1 = 19.9T + 8107.3T2w, (Eqn. 11-1) 2P 
l e t  TZp1 = T2w, = T = 18.5 O C  

eq 

- -  Case 3: Probe i s  loweged from d e p t h  1 (T1 = 13.6 OC, z1 = 25m) t o  depth  
C ,  z2 = 30m) and mass o f  water  d i s p l a c e d  by probe  2 (T2 = 13.8 

is t r a n s f e r r e d  to .  i n i t i a l  p o s i t i o n  of t h e  p r o b e ,  i n s t a n t a n e o u s l y  
( F i g u r e  11-2) .  

a .  949.8 = 19.9T + 49.2TZw, (Eqn. 11-1) 2P ' 
l e t  T = T2w, = T = 13.7 OC 

2P eq 

49.2 - 1.000 (13.8-Tlw2,) = 49.2 * 1.000 *(Tlwll-13.6) (Eqn. 1 1 - 2 )  

1348.1 = 49.2Tlw2, + 49.2Tlw1, 

eq l e t  Tlwl, - - Tlw2, = T = 13.7 OC 

b. 16531809.7 = 19.9T + 1197937.6T2w, (Eqn. 11-1) 2P 
l e t  T = T2w, = T = 13.8 O C  

2P e q  

49.2 1.000 (13.8-Tlw,,) = 1197888.4 1.000 (Tlwl,-13.6) (Eqn. 5 )  

16291961.2 = 49.2TlW2, + 1197888.4Tlw1, 

where, 1197888.4 = 1197937.6 - 49.2 

- = T = 13.6 O C  
eq l e t  Tlwl' - TlwZI 

-7- 



C. 112151.6 = 19.9T + 8107.3T2w, 2P' 
let TZp, = T2w, = T = 13.8 OC 

eq 

(Eqn. 11-1) 

,-13.6) (Eqn. 11-2) (Tlwl 49.2 1.000 (13.8-Tlw2,) = 8058.1 1,000 

110269.1 = 49.2Tlw2, + 8058.1Tlw1, 

where, 8058.1 = 8107.3 - 49.2 
let Tlwl, - - Tlw2, = T = 13.6 OC eq 
All of the holes were logged from the top down, as suggested by Misener 

and Beck (1960). 

examined i n  the Rush County hole: 1RH2 - "WNE 6, T17S, R17E. 

were restricted to the water-filled interval (15 meters to 163 meters). 

The effect of  taking measurements from the bottom-up was 

Measurements 

Three logs of the well were aquired over a one and one-half hour time period 

The first two logs were obtained from the top of  the water column to the 

bottom of the hole; the third l o g  was obtained from bottom to the top o f  

the water column (Figure 11-31. 

1.5 meters. 

method (Appendix IV., p.223) indicates that there is no significant dif- 

ference between the geothermal gradient computed for each l o g .  

In each case the measurement interval was 

Comparison of the regression coefficients using the t-test 

Cases IC, 2c and 3c, from the hypothetical analysis of the logging 

method, are the most acceptable in my opinion, and are compatible with 

the field results. Therefore, the logging method (that is: top-down 

verses bottom-up), in holes that are water-filled; does not significantly 

effect the thermal logging data obtained. 
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FIGURE CAPTIONS 

FIGURE 1-1: Schematic diagram o f  t h e  b a s i c  o p e r a t i o n  o f  t h e  thermal  logging  
a p p a r a t u s .  

FIGURE 11-1: Schematic  diagram of thermal  l o g g i n g  s i t u a t i o n  a s  i t  a p p l i e s  t o  
Cases 1 and 2 i n  t e x t .  I n s e r t  shows dimensions and p h y s i c a l  
c h a r a c t e r i s t i c s  used i n  a n a l y s i s  of  l o g g i n g  method. 

FIGURX 11-2: Schematic diagram of mass t r a n s f e r  s i t u a t i o n  (Case 3 ,  i n  t e x t ) ,  
where z1 and z 2  a r e  t h e  i n i t i a l  and f i n a l  p o s i t i o n s  of t h e  p r o b e ,  
r e s p e c t i v e l y  and m i s  t h e  volume s p e c i f i e d  by a ,  b o r  c 
( i n  t e x t )  minus t h e  volume e q u i v a l e n t  t o  t h e  p r o b e .  wl 

FIGURE 11-3: Temperature p r o f i l e s  o f  thermal  l o g g i n g  d a t a  f o r  h o l e  1RH2, 
o b t a i n e d  over  1.5 h o u r s .  
RUSH COUNTY 1 and 2 r e p r e s e n t  d a t a  o b t a i n e d  from l o g g i n g  t o p  - 
down. 
RUSH COUNTY 3 r e p r e s e n t s  d a t a  o b t a i n e d  from logging  bottom - up. 

TABLE CAPTION 

TABLE 11-1: Data f o r  a n a l y s i s  of thermal  logging  method. 
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APPENDIX 111”. 

TENPER4TURE PROFILES OF THERMAL LOGGING DATA 
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The following references were used to construct stratigraphic columns 

that are presented with some of the temperature profiles: 

lALl-(Miller, 1969) 
lBTl-(Latta, 1950) 
1BUZ-(Adkinson, 1963; Z e l l e r ,  1968) 
lCNl-(Keene et 2, 1969) 
lCDZ-(Bayne a n d  Walters , 1959) 
1CR2-(Abernathy, 1941; Pierce, 1938) 
1DCZ-(Hodson, 1969; Keene et al, 1969) 
lDC4-(Hodson, 1969; Keene et al, 1969) 
lED2-(McLaughlin, 1949) 
lEKl-(Bayne, 1958) 
lGO1-(Hodson and Wahl, 1960; 

Reene and Pabst, 1971) 
1GH1-(Prescott, 1955) 
1GH3-(Prescott7 1955) 
1HV2-(Lohman7 1940) 
1LB3-(Abernathy7 1941) 
1LG1-(Johnson71958; 

-- 

Keene and Pabst, 1971) 

lALZ-(Miller, 1969) 
lBUl-(Adkinson, 1963; Zeller, 1968) 
1CQ2-(Moore7 1937) 
1CD1-(Bayne and Walters, 1959) 
1CR1-(Abernathy, 1941; Pierce, 1938) 

lDCl-(Hodson, 1969; Keene et al, 1969) 
lDC3-(Hodson, 1969; Keene et e, 1969) 
1EDl- (McLaughlin, 1949) 
lEL2-(Leonard and Berry, 1961) 
lEWl-(Bayne et &, 1971) 
lG02- (Hodsonand Wahl, 1960 ; 

Keene and Pabst, 1971) 
1GH2- (Prescott , 1955) 
lHVl-(Lohman, 1940) 
lJWl-(Fishel, 1955) 
lLCl-(Berry, 1952) 
lLGZ-(Johnson,1958; 

-- 

Keene and Pabst, 1971) . 

-15- 



lMPl-(Lohman, 1940; Zeller, 1968) lMCl-(Hodson, 1959) 
lNTl-(Frye and Leonard, 1949) lNTZ-(Frye and Leonard, 1949) 
1NT3-(Frye and Leonard, 1949) 1NTS-(Frye and Leonard, 1949) 
lOBl-(Landes, 1930; Leonard, 1952) lOTl-(?lack, 1962) 

1RAl-(Walters, 1956; Keene et a1 1969) 1PN1- (McLaughlin, 1949) 
lRAZ-(Walters, 1956; Keene -I et al, 1969) 1RA3-(Walters, 1956; Keene et -- al, 1969) 
lRNl-(Cobb, 1980, pers. corn.) lRN2-(Cobb, 1980, pers. corn.) 

- - 7  

lRPl-(Wing, 1930; Zeller, 1968) 
1M3- (McNellis , 1973) 
lSA2-(Lee, 1949; Zeller, 1968) 
lSDl-(Bayne, 1956; Keene -- et al, 1969) 
lSHl-(Prescott, 1953; 
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