
Bureau of Mines Report of Investigations/1978 

Electromagnetic Technique 
for Locating Boreholes 

UNITED STATES DEPARTMENT OF THE INTERIOR 



Report of Investigations 8302 

Electromagnetic Technique 
for Locating Boreholes 

By H. Kenneth Sacks 

U N I T E D  S T A T E S  D E P A R T M E N T  O F  T H E  INTERIOR 
Cecil D. Andrus, Secretary 

BUREAU OF MINES 



This publication has been cataloged as follows: 

Sacaks, II  l ictinrth 

Electromagnetic technique for locating boreholes / by H. 
Kenneth Sacks. [Washington] : U.S. Dept. of the Interior, 
Bureau of Mines, 1978. 

1.1 p. . i l l . ,  (l iagrs. ; 27 cnl .  (Report of  investigations - I3orcau of 

Sl incs  ; 8302) 

I .  \lint r c s c u c  work - I-quipmcnt and supplies. 2. I%oring. 3. 
I<Icctrc~magnc.tic rncasuremcnts. I .  Ilnitcci S tutrs .  13~1rcau of 

hl incs .  11. l ' i t l c .  1 1 1 .  S e r i e s :  Ilnitcd S t a t c s .  13urr;iu of . \ l ines .  
Itcport of invcsrigat ions ; 8 3 0 2 -  

TN23.U7 no. 8302 622.06173 

li-S. I)c,pt. of rhc Int. I.ihr;~ry 



CONTENTS 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A b s t r a c t  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I n t r o d u c t i o n  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Acknowledgments 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Trapped miner l o c a t i o n  equipment 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Transmi t t e r  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Nul l  d e t e c t i o n  technique 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  F i e l d  t e s t  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Conclusions 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Appendix A.--Transmit ter  c o i l  de s ign  
Appendix B.--Coil  t i l t  e r r o r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

ILLUSTRAT IONS 

Trapped miner t r a n s m i t t e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Trapped miner r e c e i v e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Borehole t r a n s m i t t e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 
Transmi t t e r  disassembled . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 
Plan view of t r a n s m i t t e r  i n  borehole  and t u n n e l  . . . . . . . . . . . . . . . . . . .  5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Receiver  c o i l  mounted on t r a n s i t  6 
. . . . . . . . . . . . . . . . . . . . . . . . . .  Resu l t s  of f i e l d  t e s t  a t  F t  . R i t c h i e ,  Md 7 

. . . . . . . . . . . . . .  Coordinate  system wi th  t h e  t r a n s m i t t e r  a t  t h e  o r i g i n  11 
Plane view of t he  c o i l  i n  the  n u l l  d i r e c t i o n  . . . . . . . . . . . . . . . . . . . . . .  11 

. . . . . . . . . . . . . . . . . . . . . . . . . .  E f f e c t  of c o i l  t i l t  on l o c a t i o n  accuracy 13 
E f f e c t  of moving t r a n s m i t t e r  above and below tunne l  c e n t e r  l i n e  

on l o c a t i o n  accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

TABLE 

. . . . . . . . . . . . . .  . 1 Minimizing e r r o r  by measuring above and be low tunne l  13 



ELECTROMAGNETIC TECHNIQUE FOR LOCATING BOREHOLES 

by 

H. Kenneth Sucks 1 

ABSTRACT 

The Bureau of Mines h a s  developed hardware f o r  e l e c t r o m a g n e t i c  (EM) d e t e c -  
t i o n  and l o c a t i o n  of miners  t r a p p e d  i n  underground c o a l  mines .  Th i s  r e p o r t  
d e s c r i b e s  a  t e c h n i q u e  f o r  u s i n g  t h e  developed equipment f o r  l o c a t i n g  uncased 
b o r e h o l e s  underground.  R e s u l t s  of  s e v e r a l  f i e l d  and l a b o r a t o r y  exper iments  
a r e  d e s c r i b e d .  

INTRODUC T  LON 

I n  many i n d u s t r i a l  s i t u a t i o n s ,  mining b e i n g  a  prime example ,  s m a l l -  
d i a m e t e r  h o l e s  a r e  d r i l l e d  from t h e  s u r f a c e  t o  i n t e r s e c t  a n  underground t u n n e l  
o r  room. The c o r r e c t  s t a r t i n g  p o i n t  on t h e  s u r f a c e  i s  u s u a l l y  de te rmined  by 
s t a n d a r d  s u r v e y i n g  t e c h n i q u e s .  However, because  of t h e  tendency of s m a l l -  
d i a m e t e r  d r i l l  h o l e s  t o  d r i f t ,  t h e  t r u e  l o c a t i o n  of t h e  bot tom o f  a  deep h o l e  
may be many f e e t  from t h e  e x p e c t e d  c o o r d i n a t e s .  Of ten  t h e  t r u e  l o c a t i o n  w i l l  
be de te rmined  by d r i l l i n g  s m a l l ,  h o r i z o n t a l .  p i l o t  h o l e s  from w i t h i n  t h e  under-  
ground opening i n  a n  e f f o r t  t o  i n t e r s e c t  t h e  b o r e h o l e .  Depending on t h e  diam- 
e t e r  of t h e  o r i g i n a l  b o r e h o l e ,  t h e  n a t u r e  of t h e  r o c k ,  and t h e  l u c k  of  t h e  
d r i l l e r ,  s u c c e s s  may r e q u i r e  c o n s i d e r a b l e  t ime and expense .  

I n  p r e v i o u s  work" sys tem was d e s c r i b e d  f o r  l o c a t i n g  b o r e h o l e s  e l e c t r o -  
m a g n e t i c a l l y  which depends upon a  known r e c e i v e r  s e n s i t i v i t y  and f i e l d  
s t r e n g t h .  I n  p r a c t i c a l  s i t u a t i o n s ,  t h e  f i e l d  s t r e n g t h  i s  a  f u n c t i o n  of t h e  
e l e c t r i c a l  p r o p e r t i e s  of t h e  s u r r o u n d i n g  r o c k ,  which i s  g e n e r a l l y  unknown. 

The t e c h n i q u e  t o  be d e s c r i b e d  i n  t h i s  Bureau of Mines r e p o r t  e l i m i n a t e s  
t h i s  problem and i t  has  proved t o  be a c c u r a t e .  

' s u p e r v i s o r y  e l e c t r i c a l  e n g i n e e r ,  P i t t s b u r g h  Mining and S a f e t y  Research 
C e n t e r ,  Bureau of Mines , P i t t s b u r g h  , Pa. 

' ~ e r r v ,  R .  L. , and L.  T i r r u l .  L o s t  a Borehole  R e c e n t l y .  Can. Min. J .  , 1973 ,  
pp.  56-58. 
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TRAPPED MINER LOCATION EQUIPMENT 

Under the Bureau's pos t  d i s a s t e r  rescue and s u r v i v a l  program, hardware 
was developed f o r  d e t e c t i n g  and l o c a t i n g  miners t rapped i n  underground c o a l  
mines. Experiments by the Bureau have shown the  equipment t o  be e f f e c t i v e  i n  
overburden depths up t o  1,000 f e e t .  

The hardware i s  shown i n  f i g u r e s  1-2. Reports desc r ib ing  t h e  equipment 
and techniques a r e  a ~ a i l a b l e . ~  For purposes of t h i s  r e p o r t ,  a b r i e f  func- 
t i o n a l  d e s c r i p t i o n  w i l l  be given.  Figure 1 i s  the  t rapped miner t r a n s m i t t e r .  
It i s  powered by t h e  miner ' s  cap lamp b a t t e r y  and when connected t o  a 90-f t -  
long ,  h o r i z o n t a l  wi re  loop ,  i t  genera tes  a 0.1-sec-duration tone b u r s t  of low 
frequency (630 t o  3,030 Hz) c u r r e n t  of about 5 amp r o o t  mean square (RMS) w i t h  
a r e p e t i t i o n  r a t e  of once per  second. The tone-burst  frequency i s  c r y s t a l  
c o n t r o l l e d  and f ixed .  Experimentation and theory has shown t h a t  s i g n a l s  lying 

3 ~ o l l i n s  Radio Group, Rockwell I n t e r n a t i o n a l .  Waveform Generator f o r  (EM) 
Locat ion of Trapped Miners (Research Contract  H0133045). BuMines Open F i l e  
Rept. 9-75, 1974, 25 pp. ;  a v a i l a b l e  from National  Technical Information 
S e r v i c e ,  S p r i n g f i e l d  , Va. , PB 240 481/AS. 

F a r s t a d ,  A .  J. Electromagnet ic  Locat ion Experiments i n  a Deep Hardrock Mine 
(Research Cont rac t  H0242006). BuMines Open F i l e  Rept.  28-74, 1973, 54 pp. ;  
a v a i l a b l e  from National  Technical Information S e r v i c e ,  S p r i n g f i e l d ,  Va . ,  
PB 232 808/AS. 

F a r s t a d ,  A .  J., C .  F i s h e r ,  R.  F. L i n f i e l d ,  R .  0 .  Maes, and B. Lindstrom. 
Trapped Miner Locat ion and Communication System Development Program. 
Volume 1. Development and Tes t ing  of an  Electromagnet ic  Locat ion System 
(Research Cont rac t  H0220073). BuMines Open F i l e  Rept. 41(1)-74, 1973, 
181 pp.; a v a i l a b l e  from National  Technical  Information Se rv i ce ,  S p r i n g f i e l d ,  
Va. , PB 235 6 0 5 / A ~ .  

The preceding open f i l e  r e p o r t s  a r e  a v a i l a b l e  f o r  c o n s u l t a t i o n  a t  the  
Bureau of Mines f a c i l i t i e s  i n  Denver, Co lo . ,  Twin C i t i e s ,  Minn., P i t t s b u r g h ,  
P a . ,  and Spokane, Wash.; a t  t h e  Department of Energy f a c i l i t y  i n  Morgantown, 
W .  Va. ;  and a t  t h e  National  Library  of Natura l  Resources,  U.S. Department 
of t h e  I n t e r i o r ,  Washington, D .C . 

Powell,  J. A .  An Electromagnet ic  System f o r  Detec t ing  and Locating Trapped 
Miners.  BuMines R I  8159, 1976, 15 pp. 
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t h e  Off ice  of t h e  A s s i s t a n t  Director--Mining, Columbia P laza ,  Washington, 
D . C .  ; a t  t h e  Nat iona l  Library  of Natura l  Resources,  U.S. Department of the 
I n t e r i o r ,  Washington, D . C .  ; and from the  National  Technical  Information 
S e r v i c e ,  S p r i n g f i e l d ,  Va. , PB 208 267. 



FIGURE 1. - Trappcr l  m ner t ransmit ter .  

FIGURE 2. - T ~ u ~ p t c ?  r~ i i r ic r  rcceivcr.  
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i n  t h e  low audio range (<2,000 Hz) propagate b e s t  through t h e  e a r t h .  By spac- 
i ng  the  tone-burst  f requencies  midway between t h e  harmonics of 60 Hz ( t h a t  i s ,  
810,  870,  930, 990, 1,050, e t c .  ) i n t e r f e r e n c e  from powerlines i s  g r e a t l y  reduced. 

The c u r r e n t  i n  t he  wi re  loop produces a magnetic f i e l d  t h a t  can be 
de t ec t ed  a t  t h e  s u r f a c e  w i t h  t h e  r ece ive r  shown i n  f i g u r e  2.  The r e c e i v e r  can 
tune t o  any one of t he  predetermined f requencies  produced by t h e  t r a n s m i t t e r s .  
I t s  channel  bandwidth i s  25 Hz and i t  has a s e n s i t i v i t y  of b e t t e r  than  
0 .1  microamp/m a t  1 ,000 Hz. The narrow bandwidth and high s e n s i t i v i t y  al lows 
weak s i g n a l s  t o  be de t ec t ed  i n  t he  presence of background no i se .  These two 
u n i t s  form the  b a s i c  components of t h e  borehole l o c a t i o n  technique.  

Transmi t te r  

An uncased borehole ,  f o r  t h e  purpose of t h i s  r e p o r t ,  i s  any hole  wi thout  
a m e t a l l i c  ca s ing  i n  t he  v i c i n i t y  of t h e  underground opening. Holes cased i n  
concre te  or ho le s  w i th  metal  l i n i n g s  t h a t  do not  extend down t o  the under- 
ground opening a r e  considered uncased. 

For t he  borehole l o c a t i o n  system, t h e  t r a n s m i t t e r  of f i g u r e  l w a s  pack- 
aged i n  a 2-3/4-in-diam p l a s t i c  con ta ine r  a s  shown i n  f i g u r e s  3 -4 .  A non- 
conducting m a t e r i a l  must be used f o r  the  conta iner  t o  prevent  e lec t romagnet ic  
s h i e l d i n g  which g r e a t l y  reduces the  rece ived  f i e l d .  The c o i l  i s  tuned t o  the  
tone-burst  frequency. Appendix A g ives  t he  d e t a i l s  f o r  t he  c o i l  des ign .  To 
conserve b a t t e r y  power, t he  b a t t e r y  i s  connected t o  t he  t r a n s m i t t e r  and the  
package i s  s ea l ed  j u s t  before  the u n i t  i s  lowered i n t o  the  borehole .  The 
10-pct du ty  cyc l e  of t h e  t r a n s m i t t e r  ( 0 . 1  s e c  on,  1 s e c  o f f )  a l lows a b a t t e r y  
l i f e  i n  excess  of 20 h r .  

Null  Detec t ion  Technique 

Figure  5 i s  a p lan  view of t h e  t r a n s m i t t e r  lowered down the  ho le .  The 
magnetic f i e l d  l i n e s  from the  t r a n s m i t t e r  c o i l  a r e  r a d i a l .  When t h e  plane of 

'. \ i i ,- 
\ \  \ I I ,' 

. \ \ I /  

TRANSMITTER 

, / I '  ', , / I \ , , \  \. , I I , I I '\ , , I 
'\ . , . FIGURE 5. - P lan v i e w  of transmitter in  bore- , I  . 

TUNNEL WALL hole and tunnel, 

RECEIVER LOOP NULLED ALONG 
RADIAL MAGNETIC FIELD LINES 



t h e  r e c e i v e r  c o i l  i s  v e r t i -  
c a l  and a l i n e d  w i t h  t h e  
r a d i a l  f i e l d  l i n e s ,  t h e  
r e c e i v e d  s i g n a l  i s  a  minimum 
o r  " n u l l e d . "  This  s i g n a l  
n u l l  i s  g e n e r a l l y  v e r y  s h a r p ;  
t h a t  i s ,  a  s l i g h t  change i n  
t h e  r e c e i v e r  c o i l  azimuth 
g i v e s  a  l a r g e  s i g n a l  i n c r e a s e .  
I f  t h e  r e c e i v e r  c o i l  i s  
moved t o  a n o t h e r  s p o t  a l o n g  
t h e  t u n n e l  and n u l l e d  a g a i n ,  
t h e  p o s i t i o n  of t h e  boreho le  
can  be found by t r i a n g u l a -  
t i o n .  To a i d  i n  t h i s  scheme, 
t h e  r e c e i v e r  c o i l  i s  mounted 
on a  s u r v e y o r ' s  t r a n s i t  
( f i g .  6 )  which a l l o w s  pre-  
c i s e  measurement o f  t h e  c o i l  
a n g l e  w i t h  r e s p e c t  t o  a  
r e f e r e n c e  l i n e  f o r  u s e  i n  
de te rmin ing  t h e  h o l e  l o c a t i o n .  

It i s  impor tan t  f o r  t h e  
t r a n s m i t t e r  c o i l  n o t  t o  be 
a t  t h e  t u n n e l  l e v e l ,  because  
t h e  magnet ic  f i e l d  w i l l  t h e n  
have only a  v e r t i c a l  compo- 
n e n t  a t  t h e  r e c e i v e r  and t h e  
r e c e i v e d  s i g n a l  w i l l  be a t  a  
minimum f o r  a l l  az imutha l  
o r i e n t a t i o n s .  I f  t h e  d i s -  

FIGURE 6. - Receiver coil mounted on transit. t a n c e  i n t o  t h e  r o c k  t o  t h e  
t r a n s m i t t e r  were known, t h e n  
an  optimum h e i g h t  above o r  

below t h e  t u n n e l  would be  e q u a l  t o  t h i s  d i s t a n c e  ( s e e  appendix B).  

F i e l d  T e s t  

I n  t h e  f a l l  o f  1975,  t h e  U . S .  Army Corps of Engineers  r e q u e s t e d  t h e  
~ u r e a u ' s  a i d  i n  l o c a t i n g  a  10-in-diam f r e s h  w a t e r  w e l l  i n  t h e  v i c i n i t y  of an  
underground t u n n e l  a t  F t .  R i t c h i e ,  Md. The Bureau used t h e  equipment and t ech-  
n iques  j u s t  d e s c r i b e d  t o  accomplish t h e  t a s k .  F i g u r e  7  shows t h e  l a y o u t  of 
t h e  t u n n e l  and f i e l d  r e s u l t s .  A 5 0 - f t  b a s e l i n e  was l a i d  o u t  a long  t h e  t u n n e l  
and n u l l  measurements were t a k e n  a t  s i x  p o s i t i o n s .  M u l t i p l e  r e a d i n g s  were 
t a k e n  t o  i n c r e a s e  t h e  conf idence  of t h e  r e s u l t s .  The shaded a r e a  r e p r e s e n t s  
t h e  most l i k e l y  a r e a  o f  t h e  h o l e .  



BOREHOLE LOCATION 
/ A T  D E P T H  OF T U N N E L  

FIGURE 7, - Results o f  f ie ld  test at 

Ft. Ritchie, Md, 

LSURVEY BASELINE 

TUNNEL FLOOR 

The Corps of Engineers  proceeded t o  d r i l l  a  s e r i e s  of 2- in  p i l o t  ho les  on 
8 - i n  c e n t e r s  s t a r t i n g  a t  t h e  suggested l o c a t i o n ,  and on t he  11 th  h o l e ,  wate r  
was s t r u c k  a t  t he  l o c a t i o n  shown. The l o c a t i o n  e r r o r  of approximately 4 .5  f t  
could have been caused by s e v e r a l  f a c t o r s  i nc lud ing  me ta l  s t r u c t u r e s  i n  t h e  
t u n n e l ,  a  l a r g e  d i e s e l - e l e c t r i c  gene ra to r  100 f t  away, o r  t i l t  of t he  c o i l  i n  
t h e  h o l e .  The e f f e c t  of c o r e - t i l t  c an  be q u i t e  s i g n i f i c a n t  ( see  appendix B 
f o r  a n a l y s i s ) ,  bu t  i t  can be minimized by us ing  a  smal l -diameter  t r a n s m i t t e r  
t o  i n s u r e  t h a t  i t  hangs v e r t i c a l l y  and by t a k i n g  two s e t s  of readings--one 
w i th  t h e  t r a n s m i t t e r  above t he  t unne l  and t he  o t h e r  w i th  t he  t r a n s m i t t e r  an  
equa l  d i s t a n c e  below t h e  t u n n e l .  The a r e a  enc losed  by t he  t r i a n g u l a t i o n  p l o t  
w i l l  inc lude  t h e  borehole .  

The e f f e c t s  of conduct ing bodies  a r e  g e n e r a l l y  impossible  t o  p r e d i c t ,  bu t  
they  a r e  no t  a  problem un l e s s  they  l i e  very c l o s e  t o  t he  t r a n s m i t t e r  o r  
r e c e i v e r .  

C ONCLUS IONS 

A technique  has  been desc r ibed  f o r  l o c a t i n g  boreholes  i n  underground 
tunne l s  u s ing  equipment developed under t h e  ~ u r e a u  ' s  t rapped  miner program. 
Theo re t i c a  1 ca l c u l a t  ions  and f i e l d  measurements have demonstrated t h a t  accu- 
r a c i e s  of t he  o rde r  of l o  a r e  p o s s i b l e  i n  t h e  f i e l d .  

The Bureau i s  p r e s e n t l y  working on a n  advanced technique  u s ing  frequen-  
c i e s  below 20 Hz i n  con junc t i on  w i t h  a  magnetometer. Pre l iminary  r e s u l t s  
i n d i c a t e  t he  system w i l l  f i n d  cased ho l e s  a t  d i s t a n c e s  i n  excess  of 100 f t .  
A complete d e s c r i p t i o n  w i l l  be a v a i l a b l e  when t h e  c o n t r a c t  i s  completed,  
p o s s i b l y  by l a t e  1978. 



APPENDIX A . --TRANSMITTER C.OIL DE S I G N  

The o b j e c t  of  t h e  t r a n s m i t t e r  c o i l  d e s i g n  i s  t o  maximize t h e  c o i l  mag- 
n e t i c  moment M = I N A  f o r  a  g i v e n  package s i z e ,  w e i g h t ,  and a v a i l a b l e  t r a n s -  
m i t t e r  power. For  conven ience ,  t h e  f o l l o w i n g  terms a r e  d e f i n e d :  

I = C o i l  c u r r e n t ,  RMS. 

N = C o i l  t u r n s .  

A = C o i l  a r e a ,  s q u a r e  m e t e r s .  

D = C o i l  d i a m e t e r ,  m e t e r s .  

= Wire r e s i s t a n c e ,  ohms p e r  m e t e r .  

a = Wire d e n s i t y ,  k i lograms  p e r  c u b i c  m e t e r s .  

Ro = T r a n s m i t t e r  i n t e r n a l  r e s i s t a n c e .  

Vo = T r a n s m i t t e r  open c i r c u i t  v o l t a g e ,  r o o t  mean s q u a r e .  

R, = T o t a l  c o i l  r e s i s t a n c e ,  ohms. 

M = I N A ,  ampere-square m e t e r .  

Pw = Wire r e s i s t i v i t y ,  ohm-meters . 

W = C o i l  w e i g h t ,  k i l o g r a m s .  

d  = Wire d i a m e t e r ,  m e t e r s .  

I f  t h e  c o i l  i s  tuned t o  t h e  t r a n s m i t t e r  f requency s o  t h a t  t h e  c o i l  
c u r r e n t  i s  l i m i t e d  on ly  by i t s  d i r e c t  c u r r e n t  ( d c )  r e s i s t a n c e ,  t h e  f o l l o w i n g  
r e s u l t s  w i l l  be a c h i e v e d :  

I f  t h e  w i r e  d i a m e t e r  from A-3 and A-4 i s  e l i m i n a t e d ,  a  r e l a t i o n s h i p  
between N and W w i l l  r e s u l t  



Using t h i s  exp re s s ion  f o r  N i n  t h e  equa t i on  f o r  M t he  fo l lowing  i s  ob ta ined :  

By d i f f e r e n t i a t i n g  A-6 w i th  r e s p e c t  t o  % and s e t t i n g  equa l  t o  z e r o ,  t h e  
optimum wi re  r e s i s t a n c e  f o r  a  g iven  c o i l  weight and d iameter  i s  found. This  
procedure g ive s  

Using equa t i ons  A-2 and A-5, t h e s e  exp re s s ions  can be r e w r i t t e n  a s  

That i s ,  f o r  a  g iven  we igh t ,  t h e  b e s t  c o i l  i s  one t h a t  matches t h e  t r a n s -  
m i t t e r  f o r  optimum power t r a n s f e r .  The magnetic moment i s  g iven  by 

For t he  p r e sen t  t r a n s m i t t e r  and package No. 18 enameled w i r e  was used 
which g ives  

R, = 0.77 ohm, 

f o r  No. 18 copper w i r e ,  

P, = 1.72  x lov8 ohm-m, 

and D = 0.064 m. 

ThenW = 0.27 kg (0 .6  l b ) ,  

and N = 184 t u r n s .  



APPENDIX B . --COIL TILT ERRORS 

The t r a n s m i t t e r  c o i l  may not  hang v e r t i c a l l y  i n  the borehole.  E i t h e r  t he  
cy l inde r  may be cocked i n  t he  hole  o r  i t  may be r e s t i n g  a g a i n s t  t he  s i d e  of 
t he  hole  which i s  not v e r t i c a l  . 

The purpose of t h i s  exe rc i se  i s  t o  c a l c u l a t e  t he  probable e f f e c t  of c o i l  
t i l t  on l o c a t i o n  accuracy a s  we l l  a s  t o  minimize i t .  Consider a  s p h e r i c a l  
coord ina te  system wi th  the  t r a n s m i t t e r  a t  t h e  o r i g i n  a s  shown i n  f i g u r e  B - 1 .  

The c o i l  i s  t i l t e d  i n  t h e  d i r e c t i o n  and has a  magnetic moment k. 
A 

Assume t h e  tunne l  runs p a r a l l e d  t o  t h e  X a x i s .  The r e c e i v e r  c o i l  i s  
l oca t ed  a t  t he  coord ina tes  x ,  y  , z  i n  t h e  tunne l .  

The problem i s  t o  f i n d  the  d i r e c t i o n  of minimum magnetic f i e l d  i n  the  
XY plane and determine the  d i r e c t i o n  i n  which the  c o i l  w i l l  po in t .  F igure  B-2 
shows a  plane view of the c o i l  i n  t he  n u l l  d i r e c t i o n .  

A t  n u l l ,  t he  p lane  of the  c o i l  i s  a l i n e d  w i t h  the  component of the  
H f i e l d  i n  the  XY p l a n e ,  o r  

t a n  y = 2 .  
H, 

(B-1) 

The re fo re ,  t o  f i n d  the  n u l l  d i r e c t i o n  the  X and Y components of t he  magnetic 
f i e l d  a r e  found. 

I n  the  fol lowing a n a l y s i s ,  i t  i s  assumed t h a t  rock c o n d u c t i v i t i e s  a r e  low 
enough t o  use t h e  s t a t i c  f i e l d s  of a  magnetic d ipo le .  

The t i l t e d  d ipo le  can be represented  a s  t h r e e  d ipo le s  a l i n e d  wi th  t h e  X ,  
Y ,  and Z axes a s  fo l lows:  

MZ = M cos ? o  , (B-2) 

M, = M s i n  no cos d o ,  (B-3 

a  nd % = M s i n  ri0 s i n  (*, , (B-4) 

where M2 = M~~ + M~~ + M ~ ,  . 03-5) 

The s t a t i c  f i e l d s  due t o  each d ipole  component can be w r i t t e n  a s  
fo l lows ;  A t  the  r e c e i v e r  c o i l  ( x , y , z )  i t  i s  found t h a t  

and 

where r" = x" i- y" + z 2 .  
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Each of t he se  f i e l d s  has  x  and y  components. 

By combining t h e  x  and y  components, H, and H, a r e  found a s  

Then from equa t ion  B-1, 

- 14_ - 3  y y z  + 3% x y - q  (x2 + z2 - zY2)  
t a n  - - 

H, 3  q x z  + 3% xy-M, (y': + 2" - 2 x 9 '  

I t  can be s een  t h a t  i f  0, = 0  then  M, and M, = 0 (no t i l t ) ,  and t a n  \Y = = t a n @  
a s  expec t ed ,  where @ i s  t he  t r u e  ang l e .  

I f  = @ + + i s  allowed i n  equa t i on  B - 1 1  where 6 @ i s  e r r o r  i n  ang le  
caused by c o i l  t i l t  and convert  t o  c y l i n d r i c a l  coo rd ina t e s  by l e t t i n g  

X = p  cos $I, 

y  = p s i n  6 ,  

p 2  = x2 + y 2 .  

Then i t  can be shown t h a t  

( p 2  + z") t a n  a, s i n  (@ - @, ) 
tan 

@ = 3pz + (zp2  - z 2 )  t a n  P, cos (6 - a, 1. 

Figure  B-3 shows t h e  e f f e c t  of c o i l  t i l t  on l o c a t i o n  accuracy .  The 
va lues  of t he  t i l t  parameters  were taken  £ram t h e  F t .  R i t c h i e ,  Md., exper iment .  
S ince  t he  t r a n s m i t t e r  package d iameter  was n e a r l y  equa l  t o  t h e  w e l l  d i ame te r ,  
we assumed t h e  t r a n s m i t t e r  c o i l  was a l i n e d  w i t h  t h e  w e l l h o l e ;  i n  a d d i t i o n ,  t he  
we l lho l e  i s  assumed t o  be s t r a i g h t .  This  g ives  8, = 3.08O and @ = +16.2O. 
F igure  B-3 shows reasonable  agreement between t h e  t h e o r e t i c a l  c a l c u l a t i o n s  and 
t h e  measured d a t a .  

Minimizing t h e  E r r o r  

Usual ly  t a n  9,<<1, then  t h e  minimum va lue  of t he  t a n  6 ii: occurs  when 
z = 3 .  Since p i s  no t  known, t h i s  c o n d i t i o n  can  be met on ly  by u s ing  reason- 
a b l e  judgment when t h e  t r a n s m i t t e r  i s  pos i t i oned  i n  t h e  h o l e .  



EXPECTED LOCATION 
USING E S T I M A T E D  
H O L E  T I L T  7 

FIGURE 8-3. - Effect of coil tilt on location 
accuracy. 

TUNNEL FLOOR 
1 5 .  s 

When go < 56' and 112 < z I p  < 4 then  equat ion  B-12 can  be w r i t t e n  

p 2  + z2 
t a n  8 @ = t a n  0, s i n  (d - @, ) . 

302 
(B- 13) 

Equat ion B-13 i s  odd i n  z .  I f  t he  angle  Yl i s  measured when the  t r a n s -  
m i t t e r  i s  z ,  f t  above the  tunne l  and an angle  w 2  i s  measured a t  t h e  same h o r i -  
zon ta l  l o c a t i o n  when the  t r a n s m i t t e r  i s  z, f t  below t h e  tunne l ,  then  t h e  t r u e  
angle @ i s  found from the  average of Yl and Y2 a s  fol lows:  

(B- 14) 

This  i s  shown i n  t a b l e  B - 1  us ing  the  es t imated  ho le  t i l t  va lues  of the  f i e l d  
t e s t .  

TABLE B - 1 .  - Minimizing e r r o r  by measuring above and below tunne l  

( 0 ,  = 3.08' ,  @, = 16.Z0,  x = 29.5 f t ,  y = 48 f t ,  @ = 58.4') 

Z, y f t  

-1-5 
- 5 

+50 
-50 

Measured a n g l e ,  
degrees 

64.4 
47.4 

59 .8  
57 .O 

Net e r r o r ,  
degrees 

-2.5 

. O  

E r r o r ,  
degrees 

6 . 0  
-11.0 

1 . 4  
-1.4 

Average 

-I 
f 55.9 

J 

> 1 58.4 
2 



I n  t h i s  c a s e ,  t h e  i d e a l  va lue  f o r  z i s  approximately 50 f t ,  bu t  i t  can be 
seen  t h a t  over t h e  range of 10 t o  I ,  t h e  e r r o r  can be s i g n i f i c a n t l y  reduced. 

I n  any c a s e ,  the  measured angles  bracke t  t h e  t r u e  va lue  s o  t h a t  t h e  
a c t u a l  l o c a t i o n  w i l l  always be w i t h i n  t h e  ou t l i ned  quadrangle a s  long a s  

and lzl < p / t a n  8,. 

An example of t h i s  i s  shown i n  f i g u r e  B-4.  The s o l i d  l i n e s  a r e  t he  calcu-  
l a t e d  n u l l  d i r e c t i o n s  wi th  the  t r a n s m i t t e r  above and below t h e  r e c e i v e r .  The 
dashed l i n e s  a r e  der ived  from the  a r i t h m e t i c  average of t h e  two angular  read-  
ings of each h o r i z o n t a l  l o c a t i o n  and a r e  v i r t u a l l y  dead c e n t e r .  

FIGURE 8-4. - Effect of moving transmitter 
above and below tunnel cen- 
ter I ine on location accuracy. 
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