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COMPARISON OF ROTARY AND IN-HOLE MOTOR TECHNIQUES 
FOR DRILLING HORIZONTAL BOREHOLES IN COAL 

By S. J. K r a v i t s , '  A. s a i n a t o r 2  and G. L. ~ i n f i n c ~ e r ~  

ABSTRACT 

T h i s  Bureau of Mines r e p o r t  d e s c r i b e s  and compares t h e  p rocedures ,  
c a p i t a l  i n v e s t m e n t s ,  and o p e r a t i n g  c o s t s  of r o t a r y  and in-hole  motor 
d r i l l i n g  t echn iques  used t o  d r a i n  methane gas  from t h e  P i t t s b u r g h  Coal- 
bed i n  an underground mine l o c a t e d  i n  sou thwes te rn  Pennsylvania .  A 
t imes tudy  was conducted d u r i n g  t h e  d r i l l i n g  of each  of two b o r e h o l e s ,  
and t h e  d a t a  were c o l l a t e d  t o  s e r v e  a s  a  base  f o r  comparing d r i l l i n g  
p rocedures  and o p e r a t i n g  c o s t s .  

F ind ings  i n d i c a t e  t h a t  d r i l l i n g  w i t h  an in -ho le  motor o f f e r s  f o u r  ad- 
v a n t a g e s  over  r o t a r y  d r i l l i n g ;  namely, an i n c r e a s e  i n  d r i l l i n g  produc- 
t i v i t y ,  fewer worker-hours r e q u i r e d ,  e a s e  of m a i n t a i n i n g  v e r t i c a l  and 
h o r i z o n t a l  b i t  t r a j e c t o r y ,  and l e s s  expens ive  d r i l l i n g  c o s t  pe r  f o o t  of 
boreho le .  

'Mining e n g i n e e r .  
2 ~ i n i n g  e n g i n e e r i n g  t e c h n i c i a n .  
3 ~ u p e r v i s o r y  g e o l o g i s t .  
P i t t s b u r g h  Research C e n t e r ,  Bureau of Mines, P i t t s b u r g h ,  PA. 



INTRODUCTION 

Methane c o n t r o l  by dra inage  i s  general-  
l y  accepted w i t h i n  t h e  c o a l  mining indus- 
t r y ' a s  a means of reducing exces s ive  gas  
emissions i n t o  t h e  mine environment (1- 
2,  pp. 1 4 - 1 6 ) ~ ~  The Bureau of Mines has  - 
demonstrated t h a t  methane d ra inage  by 
h o r i z o n t a l  boreholes  is  a s a f e  and e f f ec -  
t i v e  method of removing methane i n  ad- 
vance of mining and of c o n t r o l l i n g  meth- 
ane  emissions dur ing  mining (1-4). -- Im- 
p lementat ion of t h i s  technology has  
c o n s i s t e n t l y  lowered emissions a t  a c t i v e  
f a c e s  by a t  l e a s t  50 pc t .  Although t h e  
Bureau has  r o t a r y - d r i l l e d  h o r i z o n t a l  
boreholes  t o  depths  g r e a t e r  t han  2,500 
f t ,  t h e  technique  has  no t  been univer-  
s a l l y  accepted. The major d e t e r r e n t s  t o  
r o t a r y  d r i l l i n g  have been t h e  d i f f i c u l t y  
i n  main ta in ing  v e r t i c a l  b i t  t r a j e c t o r y  
w i t h i n  t h e  coalbed and t h e  l ack  of con- 
t r o l  i n  t h e  h o r i z o n t a l  plane. V e r t i c a l  
b i t  t r a j e c t o r y  i s  maintained by vary ing  
combinations of b i t  r o t a t i o n ,  t h r u s t ,  and 
placement of c e n t r a l i z e r s  on t h e  d r i l l  
s t r i n g .  S t r a t e g i c  placement of c e n t r a l -  
i z e r s  on t h e  d r i l l  s t r i n g  r e s u l t s  i n  a 
f o r c e  being app l i ed  v e r t i c a l l y  on t h e  
d r i l l  b i t ,  which determines t h e  d i r ec -  
t i o n  t h e  d r i l l  b i t  w i l l  cu t .  However, 
exces s ive  l o s s e s  i n  d r i l l i n g  t ime can 

r e s u l t  from changing t h e  d r i l l  s t r i n g  
con f igu ra t i on  each time a c e r t a i n  con- 
f i g u r a t i o n  has  been found t o  be i ne f f ec -  
t i v e  i n  maintaining t r a j e c t o r y  w i t h i n  t h e  
coalbed. U n t i l  t h e  d r i l l e r  determines 
through t r i a l  and e r r o r  which configura-  
t i o n  i s  most e f f e c t i v e ,  l o s s e s  i n  d r i l l -  
i n g  t i m e  w i l l  occur.  

Within t h e  l a s t  5 y r ,  experience has 
increased  i n  us ing  in-hole  motors t o  
d r i l l  h o r i z o n t a l  boreholes .  I n  1979, t h e  
Bureau used Smith I n t e r n a t i o n a l ' s  Dyna- 
  rill^ ( in-hole  motor) t o  d r i l l  t h r e e  
h o r i z o n t a l  boreholes  i n  t h e  P i t t sbu rgh  
Coalbed from a d i r e c t i o n a l  s u r f a c e  
borehole  (2j. V e r t i c a l  and h o r i z o n t a l  
d r i l l  b i t  t r a j e c t o r y  was maintained wi th  
r e l a t i v e  e a s e  compared wi th  t r a j e c t o r i e s  
of p rev ious  in-mine, r o t a r y - d r i l l e d  ho r i -  
zon ta l  boreholes  . 

This  r e p o r t  de sc r ibes  and compares t h e  
techniques of r o t a r y  and in-hole  motor 
d r i l l i n g ,  t h e  t imestudy d a t a ,  and t h e  
equipment and ope ra t i ng  c o s t s  f o r  t h e  two 
h o r i z o n t a l  boreholes .  Deta i led  in-hole  
motor d r i l l i n g  in format ion  is  provided i n  
appendixes A and B. 
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TEST SITE 

The t e s t  s i t e  was an  11-entry s e c t i o n  
of an  underground mine i n  t h e  P i t t sbu rgh  
Coalbed i n  southwestern Pennsylvania 
( f i g .  1 ) .  Mining of t h e  s e c t i o n  was 
abandoned 12 y r  ago because of exces s ive  
g a s  and water  problems t h a t  s e v e r e l y  hin- 
dered c o a l  production. Two h o r i z o n t a l  
boreholes  were d r i l l e d  from t h e  o u t s i d e  
e n t r i e s  of t h e  s e c t i o n  i n  a d i r e c t i o n  

p a r a l l e l  t o  t h e  f u t u r e  development. 
These boreholes  o u t l i n e d  t h e  advancing 
s e c t i o n  f o r  more than  1,200 i t ,  s h i e l d i n g  
i t  from methane emissions.  Polyethylene 
p i p e l i n e  was used t o  t r a n s p o r t  methane 
s a f e l y  from t h e  boreholes  t o  t h e  v e r t i c a l  
borehole  dur ing  t h e  d r i l l i n g  and d ra inage  
phase by us ing  t h e  app rop r i a t e  gas han- 
d l i n g  equipment (4) .  - 

4 ~ n d e r l i n e d  numbers i n  pa ren theses  re -  5 ~ e f  e rence  t o  s p e c i f i c  equipment does 
f e r  t o  i tems i n  t h e  l i s t  of r e f e r e n c e s  n o t  imply endorsement by the  Bureau of 
preceding  t h e  appendixes.  Mines. 
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FIGURE 1. - Mine map. 

ROTARY BOREHOLE DRILLING 

EQUIPMENT AND PROCEDURES 

Drill bit thrust and rotation were sup- 
plied by a Longyear hydraulically oper- 
ated drill (fig. 2). The power unit for 
the drill was located 100 ft outby in a 
fresh air entry and was equipped with a 
30-hp, 440-Vac motor (fig. 3). 

The primary objective during rotary 
drilling is to maintain bit trajectory 
within the coalbed by keeping bit incli- 
nation to within 1' of coalbed dip. Four 
rotary drill string configurations were 
used to drill the first horizontal bore- 
hole (fig. 4). The performance of the 
four rotary configurations and drilling 
parameters used, including their effects 
on bit trajectory, are summarized in 
table 1. Initially, the standard drill 

string configuration (fig. 4A) was used, 
but it was found to be ineffective in 
maintaining bit inclination. Consequent- 
ly, three other rotary drill string con- 
figurations were used to complete the 
borehole. 

The drill string that proved to be the 
most effective in maintaining vertical 
borehole trajectory was the modified 
drill string shown in figure 4B. This 
configuration uses only the front cen- 
tralizer and the drill collar. Removing 
the rear centralizer tilts the configura- 
tion 0.1' upward in the borehole, reliev- 
ing the weight of the drill collar from 
the blades of the drag bit. Drilling 
with the modified configuration caused 
inclination to build slightly, at about 
1' per 100 ft, eventually resulting in 



FIGURE 2. - Longyear dr i l l .  



FIGURE 3. - Power unit. 



TABLE 1. - Performance of va r ious  r o t a r y  d r i l l  s t r i n g s  

D r i l l  s t r i n g  
con f igu ra t i on  

E f f e c t  on b i t  t r a j e c t o r y  

t h e  borehole  t r a j e c t o r y ' s  i n t e r c e p t i n g  
t h e  roof rock. Continuous e f f o r t s  t o  
drop borehole t r a j e c t o r y  by reducing 
b i t  t h r u s t  and inc reas ing  b i t  r o t a t i o n  
f a i l e d .  To drop t r a j e c t o r y ,  t h e  reaming 
d r i l l  s t r i n g  con f igu ra t i on  was used ( f i g .  
4C). This  con f igu ra t i on  was a l s o  used t o  
s i d e t r a c k  o r  s t a r t  new boreholes  s l i g h t l y  
below e x i s t i n g  ones ( f i g  . 5A). 

Pene- 
t i o n  
r a t e ,  - 

Standard long-hole 
( f i g .  4A). 

Do................... 
DO................... 

Modified ( f i g .  4B)..... 
Reaming ( f i g .  4C): 

Drop angle........... 

S t a r t i n g  new borehole 
Maximum bu i ld  ( f i g .  40) 

A ,,,,, lO.in cen~rolizers, 3 / ~n ,, D r I  casing, 2 q 6 - n 0 ~  'Ii BI~,  3'/..-1n OD, , 14-fl  collar, 2%- in  OD 

The maximum bu i ld  d r i l l  s t r i n g  config- 
u r a t i o n  ( f i g .  40) was used t o  b u i l d  o r  
recover  borehole t r a j e c t o r y  a t  a  r a t e  
of 3" per 100 f t  a f t e r  t r a j e c t o r y  had 
devia ted  by more than l o  below coalbed 
d ip .  

'procedure n e c e s s i t a t e s  slow pene t ra t ion .  

700-1,500 

1,500-2,000 
>2,000 

2,000-3,000 

1,000-1,500 

700-1,000 
>2,000 

BOREHOLE SURVEYING 

The NL Sperry-Sun permiss ib le  s ing l e -  
s h o t  survey instrument  was used t o  d e t e r -  
mine borehole  i n c l i n a t i o n  during r o t a r y  
d r i l l i n g  ( f i g .  6). To determine t h e  in-  
c l i n a t i o n  of t h e  b i t ,  t h e  t i m e r  of t he  
survey instrument  is s e t  and t h e  i n s t r u -  

500-600 

200-500 
100-200 
100-200 

250-500 

500-700 
100-200 

ment i s  loaded wi th  a  f i l m  d isk .  The 
loaded survey instrument  is placed i n  
i t s  p r o t e c t i v e  ca s ing ,  which is then in-  
s e r t e d  i n s i d e  the  d r i l l  rod and pumped, 
u s ing  water ,  t o  t he  end of the  borehole.  
A t  t h e  p r e s e t  t i m e ,  t h e  f i l m  d i s k  is  

c ,,,,Io-ln cenl~ol~zer, 3 T 6  I" OD exposed, a f t e r  which t h e  instrument  is 
(Dr~ll cosing, 23(6 inOD 

14 - f l  collar, z34 In OD "t,3'/i1n0? r e t r i e v e d  by a  wi re  l i n e  a t tached  t o  
t h e  p r o t e c t i v e  casing.  Subsequently,  t h e  
f i l m  d i s k  i s  removed, developed, and 

No1 fa scale read  (6)  - . 

Downward o r  dropping angle .  

... do...................... ... do...................... 
Slowly bu i ld ing  angle...... 

Sharply dropping angle  
(-0.06" per f o o t  d r i l l e d ) .  ........... Dropping angle.. 

Sharply bu i ld ing  angle  
( t0 .03" per f o o t  d r i l l e d ) .  

D 
,,,D~~,I casing, 2 3 6 - l n ~ ~  10-10 centr A s  p rev ious ly  mentioned, t h e r e  i s  no 

h o r i z o n t a l  c o n t r o l  on borehole t r a j e c t o r y  
du r ing  r o t a r y  d r i l l i n g ;  t h e r e f o r e ,  t h e  
borehole  was surveyed f o r  bear ing  a f -  

f  t /min  
1.0-2.0 

2.0-4.0 
4.0-5.0 
1.0-1.5 

.5-1 .O 

.3- .5 
1.0-2.0 

ter  borehole completion ( f i g .  7); The 
FIGURE 4. - Various rotary d r i l l  str ing conf ig- borehole arced in the right-hand or 

urations: A, Standard longhole; B,  modified; Cr clockwise d i r ec t i on ,  a s  have the m a j o r i t y  
reaming; D, maximum build. of previously ro t a ry -d r i l l ed  boreholes .  
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IN-HOLE MOTOR BOREHOLE DRILLING 

IN-HOLE MOTOR DESCRIPTION used to drill the second borehole. The 
Navi-Drill hydraulically rotates the 

In conjunction with the Longyear drill drill bit without rotating the drill 
and power unit used to provide bit string (7). The major components of the 
thrust, a Christensen Diamin Products Navi-~riil in-hole motor are identified 
Navi-Drill 2-314-in-OD in-hole motor and in figure 8. When drilling fluid is 
a 3-112-in-OD tricone roller bit were pumped through the 2-314-in in-hole motor 

FIGURE 6. - Survey instrument. 

In- hole motor borehole 
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FIGURE 7. - Plan view of boreholes. 
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FIGURE 8. - Nuvi-Dri l l  in-hole rr~otur, 2-3/4-in OD. 

at flow rates of 40 to 70 gal/min and 
pressures of 100 to 650 psig, the helical 
steel rotor rotates inside the rubber- 
molded stator. Rotation of the drive 
shaft, positioned within the upper and 
lower bearing assemblies, is transmitted 
by the universal joint, converting the 
eccentric rotary motion of the rotor to 
concentric motion. The drive sub is con- 
nected to the drive shaft and is the only 
rotating external component of the in- 
hole motor. Both horizontal and vertical 
borehole trajectories can be maintained 
when in-hole motors are used. 

DEFLECTION SHOE DESCRIPTION 

A deflection shoe developed by Conoco 
(8) and Christensen Diamin Products (7) 
was used to maintain desired borehole dT- 
rection (fig. 9). Other control devices, 
such as bent housings positioned over the 
universal joint, are also applicable for 
maintaining borehole trajectory (5). - The 
deflection shoe is a positive, unidi- 
rectional, constant-wall-contact device 
positioned on the lower bearing housing 

(fig. 9C). While drilling, there is con- 
tinuous contact between the deflection 
side of the shoe and the wall of the 
borehole. Bevel springs in the deflec- 
tion side of the shoe push the shoe away 
from the lower bearing housing. The 
known side force exerted by the springs 
against the wall of the borehole can be 
adjusted by varying the number of springs 
used (between 11 and 14) and/or by using 
springs of varying stiffness (table 2). 
Because coal is a relatively soft mate- 
rial, minimum deflection rates were de- 
sired, and therefore, lightweight springs 
were used. The resultant reaction of the 
side force exerted on the wall of the 
borehole is a force exerted on the bit 
180" away from the deflection side of the 
shoe (fig. 10). The direction of the 
force exerted on the bit is called tool 
face direction or borehole direction. 
Tool face direction can be positioned to 
drill up, down, left, or right by manu- 
ally turning the drill string clockwise 
with a pipe wrench. The driller must at 
all times be aware of tool face direc- 
tion to achieve desired horizontal and 

TABLE 2. - Bevel springs used with deflection shoe 
to exert side force 

Spring type 
or weight 

Light weight..... 
Medium weight.... 
Heavy weight..... 

Load per 
spring, lb 

49 
64 
7 6 

Deflection 
per spring, in 

0.0069 
.0078 
.0073 

Stress to flatten, 
lo3 psi 
133 
138 
136 
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FIGURE 9. - Def lect ion shoe. A, Description; H; exploded view; C, shoe pos i t ioned on 

lower bearing housing of in-hole motor. 
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FIGURE 10. - Def lect ion shoe side force. 

v e r t i c a l  borehole t r a j e c t o r y .  Various 
t o o l  f a c e  s e t t i n g s  and t h e i r  e f f e c t s  on 
borehole t r a j e c t o r y  a r e  shown i n  f i g u r e  
11. 

BOREHOLE SURVEYING 

The NL Sperry-Sun magnetic d i r e c t i o n a l  
s ingle-shot  survey instrument  was used t o  
determine i n c l i n a t i o n ,  bear ing ,  and t o o l  
f a c e  d i r e c t i o n  during d r i l l i n g  wi th  t h e  
in-hole motor. A d e t a i l e d  explana t ion  of 
t h e  procedures  f o r  reading Sperry-Sun d i -  
r e c t i o n a l  f i l m  d i s k s  (9 )  and a l i g n i n g  t h e  
survey hardware, o r i e n t i n g  sub, and de- 
f l e c t i o n  shoe is given i n  appendix A. 

F i f t y  f e e t  of s t a i n l e s s  s t e e l  d r i l l  rod 
( f i v e  10-ft  j o i n t s )  w a s  used d i r e c t l y  
behind t h e  in-hole motor t o  prevent mag- 
n e t i c  i n t e r f e r e n c e  of t he  survey d i rec-  
t i o n a l  compass. The surveys were taken 
30 f t  behind t h e  d e f l e c t i o n  shoe, wi th  
t h e  survey instrument  placed wi th in  t h e  
second and t h i r d  s t a i n l e s s  s t e e l  rods  be- 
hind t h e  in-hole motor. 

The procedure f o r  completing a survey 
while  d r i l l i n g  wi th  an  in-hole motor i s  
g iven  i n  appendix A. Af t e r  a survey was 
completed, the  i n c l i n a t i o n ,  bearing (a f -  
t e r  c o r r e c t i n g  f o r  magnetic d e c l i n a t i o n ) ,  
and d i s t a n c e  from t h e  previous survey 
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FIGURE 11. - Various tool face settings and their effects on borehole traiectory. 

were en tered  i n t o  a " rad ius  of curvature" 
c a l c u l a t o r  program adapted f o r  a Hewlett- 
Packard 34C c a l c u l a t o r  ( c a l c u l a t o r  pro- 
gram and r e s u l t s  a v a i l a b l e  upon reques t ) .  
New v e r t i c a l  and ho r i zon ta l  borehole sur-  
vey l o c a t i o n s  were determined and p l o t t e d  
on s e c t i o n  and p lan  view p l o t s .  Before a 
new t o o l  f a c e  d i r e c t i o n  was s e t  (appendix 
A), t h e  a c t u a l  b i t  l o c a t i o n  (30 f t  ahead 
of  t h e  survey l o c a t i o n )  w a s  projected.  
P r o j e c t i n g  b i t  pos i t i on  was a process  
t h a t  depended on a knowledge of the  es- 
t a b l i s h e d  d e f l e c t i o n  r a t e s  and one- and 
two-step b i t  p ro j ec t ion  techniques. 

ESTABLISHING DEFLECTION RATES 

The d e f l e c t i o n  r a t e  is  t h e  r a t e  a t  
which borehole d i r e c t i o n  (azimuth) and/ 
o r  i n c l i n a t i o n  w i l l  d e f l e c t  o r  change 
while  d r i l l i n g .  I d e a l l y ,  t he  v e r t i c a l  
and ho r i zon ta l  d e f l e c t i o n  r a t e  components 

corresponding t o  t o o l  f ace  s e t t i n g s  
should be determined by f i e l d  measure- 
ments c o l l e c t e d  during d r i l l i n g .  Because 
only one borehole was t o  be d r i l l e d  us- 
i ng  t h e  in-hole motor, t h e  average de- 
f l e c t i o n  r a t e  magnitude, 0.10" per f o o t ,  
was determined during the  f i r s t  300 f t  of 
d r i l l i n g .  The d e f l e c t i o n  r a t e  magnitude 
a p p l i e s  d i r e c t l y  t o  t o o l  f ace  s e t t i n g s  of 
0 ° ,  180°, and 90" r i g h t  and l e f t .  For 
t hese  four  s e t t i n g s  the re  is e i t h e r  a 
v e r t i c a l  o r  a h o r i z o n t a l  component, but  
no t  both. With a l l  o t h e r  t o o l  f ace  s e t -  
t i n g s ,  t he re  a r e  changes during d r i l l -  
i n g  i n  both i n c l i n a t i o n  and azimuth, a s  
shown i n  t a b l e  3. A rule-of-thumb method 
explained i n  appendix B was used t o  break 
down the  d e f l e c t i o n  r a t e  magnitude i n t o  
v e r t i c a l  and ho r i zon ta l  components, i n  
o rde r  t o  have the  c a p a b i l i t y  of accurate-  
l y  p ro j ec t ing  the  b i t  pos i t i on  from the  
survey depth. 



TABLE 3. - Calcu la ted  d e f l e c t i o n  r a t e s  (us ing  0.10" per foo t  
a s  d e f l e c t i o n  r a t e  magnitude) 

Tool f a c e  s e t t i n g  
( r i g h t  o r  l e f t )  

l o s t  o r  dropped angle  s l i g h t l y  because of t h e  e f f e c t s  of g r a v i t y  and because c o a l  i s  
a s o f t  ma te r i a l .  

I degree  per  f o o t  

NOTE.--These d e f l e c t i o n  r a t e s  a r e  no t  n e c e s s a r i l y  a p p l i c a b l e  t o  o t h e r  coalbeds o r  

Hor izonta l  component: 
Turn, ho le  d i r e c t i o n ,  

even t o  o the r  c o a l  mines ope ra t i ng  i n  t h e  P i t t s b u r g h  Coalbed. Also,  t he se  r a t e s  were 

V e r t i c a l  component -- 
Build v e r t i c a l  ang l e ,  1 Drop v e r t i c a l  ang l e ,  

degree per foo t  

exper ienced u s ing  a d e f l e c t i o n  shoe ,  a 3-112-in-OD t r i c o n e  r o l l e r  b i t ,  and BQ s i z e  
(2-3116-in-OD) wi re  l i n e  d r i l l  rod. Usage of o t h e r  assembl ies  might r e s u l t  i n  d i f -  

degree per  f o o t  
QUADRANT 1 OR 2 (FIG. 11) 

f e r e n t  d e f l e c t i o n  r a t e s .  

oO. . . . . . . . . . . . .  
lo0. . . . . . . . . . . . .  
20°. . . . . . . . . . . . .  
30°. . . . . . . . . . . . .  
40°. . . . . . . . . . . . .  
50°. . . . . . . . . . . . .  
60°. . . . . . . . . . . . .  
70°. . . . . . . . . . . . .  
80°. . . . . . . . . . . . .  
9001.. . . . . . . . . . .  

ONE- AND TWO-STEP BIT PROJECTIONS 

During a one-step v e r t i c a l  p r o j e c t i o n ,  
t h e  d e f l e c t i o n  r a t e  v e r t i c a l  component 
was used t o  c a l c u l a t e  t h e  p ro j ec t ed  
change i n  i n c l i n a t i o n  from survey t o  b i t  
depth and t o  p r o j e c t  t h e  v e r t i c a l  posi-  
t i o n  of t he  b i t .  During a one-step ho r i -  
z o n t a l  p r o j e c t i o n ,  t h e  h o r i z o n t a l  compo- 
nen t  was used t o  p r o j e c t  t h e  coo rd ina t e s  
of t h e  b i t  (appendix B). Borehole t r a -  
j e c t o r y  i n  t he  v e r t i c a l  plane was of p r i -  
mary importance; t h e r e f o r e ,  only a few 
one-step h o r i z o n t a l  p r o j e c t i o n s  were 
made. Examples of one-step v e r t i c a l  b i t  
p r o j e c t i o n s  a r e  provided i n  appendix B 

0.000 
.010 
.022 
.033 
.044 
.056 
.067 
.078 
.089 
. l o0  

and p l o t t e d  on f i g u r e  5B. Although one- 
s t e p  v e r t i c a l  p r o j e c t i o n s  increased  t r a -  
j e c t o r y  c o n t r o l ,  they d id  not provide t he  
necessary  in format ion  on b i t  p o s i t i o n  f o r  
t h e  end of t h e  next  d r i l l i n g  i n t e r v a l .  
Consequently,  two types  of two-step ver-  
t i c a l  p r o j e c t i o n s  were implemented i n  t h e  
d r i l l i n g  plan.  

QUADRANT 3 OR 4 (FIG. 11) 

Type A two-step v e r t i c a l  p r o j e c t i o n s  
were used when the  next  d r i l l i n g  i n t e r v a l  
a p p l i e d  t h e  same t o o l  f a c e  s e t t i n g  a s  
t h a t  used i n  t h e  previous i n t e r v a l ,  and 
t h e r e f o r e ,  t he se  were e s s e n t i a l l y  one- 

0.100 
.089 
.078 
.067 
.056 
.045 
.033 
.022 
.010 
.OOO 

loo0.. . . . . . . . . . . .  
l l O O . . . . . . . . . . . . .  
120°. . . . . . . . . . . . .  
130°. . . . . . . . . . . . .  
140°. . . . . . . . . . . . .  
145"... . . . . . . . . . .  
150°. . . . . . . . . . . . .  
160". ............ 
17 0" ............. 
180°.... . . . . . . . . .  

s t e p  p r o j e c t i o n s  extended from t h e  cur- 
r e n t  survey depth t o  t h e  end of t h e  next  

NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 

yap Not app l i cab l e .  
A t  90" r i g h t  o r  l e f t ,  the  in-hole  motor d id  no t  hold v e r t i c a l  ang le  but  i n s t e a d  

0.089 
.078 
.067 
.056 
.044 
.039 
.033 
.022 
.010 
.OOO 

NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 

0.010 
.022 
.033 
.044 
.056 
.06 1 
.067 
.078 
.089 
. lo0  



planned i n t e r v a l .  Type B two-step v e r t i -  
c a l  p r o j e c t i o n s  were used when d r i l l i n g  
proceeded w i th  a  changed t o o l  f a c e  s e t -  
t i n g .  F i r s t ,  t h e  s t anda rd  one-step ver- 1,000 
t i c a l  p r o j e c t i o n  from t h e  survey t o  t h e  
c u r r e n t  b i t  dep th  was c a l c u l a t e d .  Then, 
u s ing  t h e  p ro j ec t ed  i n c l i n a t i o n  f o r  t h e  
c u r r e n t  b i t  dep th  and t h e  d e f l e c t i o n  r a t e  
v e r t i c a l  component of t h e  new t o o l  f a c e  
s e t t i n g  ass igned  t o  t h e  nex t  d r i l l i n g  
i n t e r v a l ,  t h e  v e r t i c a l  b i t  p o s i t i o n  f o r  
t h e  end of t h e  nex t  i n t e r v a l  was calcu-  
l a t e d .  Exampales of both t ypes  of two- 
s t e p  v e r t i c a l  b i t  p r o j e c t i o n s  a r e  in -  
c luded i n  appendix B. 

Of t h e  36 one-step v e r t i c a l  projec-  
t i o n s  made, 29 were w i t h i n  0.30 f t  of t h e  
p l o t t e d  borehole  t r a j e c t o r y ,  and 20 of 
t h e  30 two-step p r o j e c t i o n s  were w i t h i n  
0.50 f  t. Although two-step p r o j e c t i o n s  
were n o t  a s  a c c u r a t e  a s  one-step projec-  
t i o n s ,  they  se rved  a s  u s e f u l  t o o l s  i n  30 1 
provid ing  f u t u r e  b i t  p o s i t i o n ,  r e s u l t i n g  
i n  i nc r ea sed  d r i l l i n g  p r o d u c t i v i t y .  F i f -  
t e e n  s h i f t s  of t h e  l a s t  22 were produc- 
t i v e  (60  f t  o r  more d r i l l e d )  a f t e r  imple- 
menting two-step p r o j e c t i o n s .  By com- 
pa r i son ,  only 6  of t h e  f i r s t  17 d r i l l i n g  
s h i f t s  were produc t ive  u s ing  only one- 
s t e p  p r o j e c t i o n s .  

DRILLING PARAMETERS AND 
PENETRATION RATES 

MOTOR SPEED, r/min 
The second borehole  was d r i l l e d  u s ing  

BQ (2-3116-in OD) s i z e  wi re  l i n e  d r i l i  
rod  w i t h  t h r u s t  l e v e l s  rang ing  from 2,000 
t o  6,000 l b  and b i t  r o t a t i o n  speeds of 120- 
690 t o  770 r/min. When t o o l  f a c e  d i r ec -  
t i o n  was changed by more t han  90°,  t h r u s t  + 100- 
l e v e l s  i nc r ea sed  t o  a s  much a s  6,000 l b  0 

t 

i n  c o a l ,  which was probably caused by t h e  - 80- 
bending of t h e  BQ rod immediately behind d 3 

t h e  in-hole  motor. B i t  t h r u s t  was pro- 0 (r 60- 
vided  by t h e  Longyear h y d r a u l i c  d r i l l ,  o I- 

whi l e  t h e  b i t  was d r iven  by water  f o r ced  - 

under p r e s su re  supp l i ed  by two t r i p l e  
p i s t o n  pumps. The pumps supp l i ed  water  - 

from a  250-gal ho ld ing  t ank  t o  t h e  in -  
h o l e  motor a t  60 t o  65 ga l lmin ,  which 0 100 2 0 0  3 0 0  400 5 0 0  600 700 
r o t a t e d  t h e  b i t  a t  speeds of 690 t o  770 PRESSURE DROP, psig 
r lm in  ( f i g .  12).  A t  690 t o  770 r lmin ,  
t h e  motor could gene ra t e  approximately 20 FIGURE 12. - D r i l l i n g  parameters of in-hole 

hp. Water p r e s su re  t o  t h e  in-hole  motor mot or. 



was maintained between 500 and 700 p s i g ,  
p rov id ing  a  b i t  t o rque  between 95 and 
135 f t e l b f .  These parameters  were used 
throughout  borehole  completion. D r i l l  
borehole  e f f l u e n t  (wate r  and c u t t i n g s  i n  
suspens ion)  were d i scharged  i n t o  a  l a r g e  
sump and removed by a  low-pressure,  high- 
volume d i s cha rge  pump i n t o  a  d i s cha rge  
p i p e l i n e .  

D r i l l i n g  p e n e t r a t i o n  r a t e s  i n  c o a l  
ranged from 0.3 t o  1.0 f t / m i n ,  averaging 
approximately 0.7 f t /min .  P e n e t r a t i o n  
r a t e s  would decrease  a t  t h e  s t a r t  of 
d r i l l i n g  w i th  a  new t o o l  f a c e  s e t t i n g .  
Lower p e n e t r a t i o n  r a t e s  of 0.3 t o  0.4 f t /  
min were e s p e c i a l l y  n o t i c e a b l e  dur ing  
d r i l l i n g  i n t e r v a l s  of 10 t o  30 f t  immedi- 
a t e l y  a f t e r  t h e  t o o l  f a c e  s e t t i n g  had 
been changed by more than  90". However, 
a n  average  p e n e t r a t i o n  r a t e  of 0.7 f t /  
min (10 f t  pe r  14 min) was more than  

s a t i s f a c t o r y  s i n c e  t h e  o b j e c t i v e  of t h i s  
s tudy  was no t  t o  maximize p e n e t r a t i o n  
r a t e  pe r  d r i l l  rod bu t  r a t h e r  t o  maxi- 
mize t h e  t o t a l  foo tage  d r i l l e d  pe r  s h i f t  
through t h e  e l im ina t i on  of t r a j e c t o r y  
c o n t r o l  problems. 

SIDETRACKING 

It was p o s s i b l e  t o  s i d e t r a c k  o r  s t a r t  a  
new borehole  below t h e  p r e sen t  one whi le  
d r i l l i n g  w i th  an in-hole motor. Five 
s i d e t r a c k s  were completed, a t  measured 
dep ths  of 241, 421, 821, 1,187, and 1,427 
f t ,  t o  r e t u r n  t h e  borehole  back i n t o  t h e  
coalbed a f t e r  t h e  roof o r  f l o o r  s t r a t a  
had been i n t e r c e p t e d  ( f i g .  5B). The pro- 
cedure of s i d e t r a c k i n g  w i th  an in-hole  
motor and an example p r o j e c t i n g  t h e  e f -  
f e c t s  of s i d e t r a c k i n g  a r e  inc luded  a s  a  
s e c t i o n  i n  appendix B. 

TIME STUDY COMPARISON 

A t imestudy of r o t a r y  and in-hole  motor 
d r i l l i n g  (provided i n  appendix C) showed 
t h a t  49 p c t  of t h e  t o t a l  t ime t o  complete 
each  borehole  was occupied by downtime 
and t r a v e l i n g  p o r t a l  t o  p o r t a l .  D r i l l -  
i n g ,  changing t h e  d r i l l  s t r i n g ,  and su r -  
veying consumed t h e  o t h e r  51 pc t .  These 
l a s t  t h r e e  ope ra t i ons  c o n s t i t u t e  a v a i l -  
a b l e  d r i l l i n g  time. Of t h e  a v a i l a b l e  
d r i l l i n g  t ime i n  completing t h e  r o t a r y  
borehole ,  d r i l l i n g  consumed 42 p c t  and 
changing t h e  d r i l l  s t r i n g  c o n f i g u r a t i o n ,  
35 p c t  ( t a b l e  4  and f i g u r e  13) .  Conse- 
quen t ly ,  35 p c t  of t h e  d r i l l i n g  t ime was 

l o s t  i n  changing t h e  d r i l l  s t r i n g  config-  
u r a t i o n  i n  o r d e r  t o  main ta in  v e r t i c a l  
borehole  t r a j e c t o r y .  I n  completing t h e  
second borehole ,  d r i l l i n g  consumed 77 p c t  
of t h e  a v a i l a b l e  d r i l l i n g  time. The in -  
h o l e  motor d i d  no t  need t o  be p u l l e d  
ou t  of t h e  borehole  t o  main ta in  v e r t i -  
c a l  and h o r i z o n t a l  t r a j e c t o r y .  Surveying 
took t h e  23-pct ba lance  of t h e  a v a i l a b l e  
d r i l l i n g  t ime f o r  both d r i l l i n g  methods. 
There were 21 produc t ive  d r i l l i n g  s h i f t s  
of g r e a t e r  than  60 f t  u s ing  t h e  in-hole  
motor and on ly  11 dur ing  r o t a r y  d r i l l i n g .  
The foo tage  d r i l l e d  dur ing  t h e  in-hole  

TABLE 4. - Timestudy comparison of t h e  two d r i l l i n g  methods 

NAp Not app l i cab l e .  
'60 f t  o r  more d r i l l e d  pe r  s h i f t .  

Ava i lab le  d r i l l i n g  t ime,  pc t :  
Dr i l l ing . . . . . . .  ...................... 
Surveying............................ 
Changing r o t a r y  d r i l l  s t r ing. . . . . . . . .  ..................... Produc t ive  s h i f  t s l  

Average d r i l l e d  per  sh i f t . . . . . . . . . . f t . .  
Worker-hours: 

Setup................................ 
Borehole completion.... . . . . . .  ........ .................. F i n a l  depth... . . .  f t . .  

Rotary 

42 
23 
35 
11 

31.35 

108 
1,248 
1,242 

In-hole motor 

77 
23 

NAP 
2  1 

57.79 

156 
676 

1,557 



Rotary drilling ~n-nole moTor arllllng 

77 pct 

a71 Surveying 
FIGURE 13. - Ava i l ab le  d r i l l i n g  t ime. 

motor and r o t a r y  d r i l l i n g  p r o d u c t i v e  r e s p e c t i v e l y .  The worker-hours r e q u i r e d  
s h i f t s  t o t a l e d  1 ,750 and 780 f t ,  respec-  t o  s e t  up t h e  equipment and t o  complete  
t i v e l y .  The a v e r a g e  d r i l l e d  f o o t a g e  p e r  e a c h  boreho le  and t h e  b o r e h o l e  f i n a l  
s h i f t  f o r  r o t a r y  and in -ho le  motor d r i l l -  d e p t h s  a r e  provided i n  t a b l e  4. 
i n g  was 31.35 and 57.79 f t  p e r  s h i f t ,  

DRILLING COST COMPARISON 

The c o s t  of i n i t i a l  c a p i t a l  equipment c o n s i d e r e d  i n  t h e  c o s t  e f f e c t i v e n e s s  c a l -  
i n c l u d i n g  t h e  d r i l l ,  power u n i t ,  and c u l a t i o n .  Equipment c o s t s  unique t o  each  
d r i l l  rods  amounted t o  $125,000 ( t a b l e  d r i l l i n g  method a r e  shown i n  t a b l e  6. 
5 ) .  Th i s  equipment was common t o  b o t h  The c o s t  comparison of r o t a r y  and in -ho le  
d r i l l i n g  methods and consequen t ly  n o t  motor d r i l l i n g  i s  e x h i b i t e d  i n  t a b l e  7. 

CONCLUSIONS 

In-ho le  motor d r i l l i n g  of h o r i z o n t a l  
b o r e h o l e s  f o r  methane d r a i n a g e  i n  c o a l  
o f f e r e d  many advantages  compared w i t h  ro- 
t a r y  d r i l l i n g .  I n h e r e n t l y ,  d r i l l i n g  pro- 
d u c t i v i t y  was g r e a t e r  f o r  in -ho le  motor 
d r i l l i n g  because  i t  was n o t  n e c e s s a r y  t o  
p u l l  t h e  d r i l l  s t r i n g  o u t  of t h e  b o r e h o l e  
t o  change b o r e h o l e  d i r e c t i o n  o r  t o  s i d e -  
t r a c k .  A s  a  r e s u l t ,  35 p c t  more of t h e  
a v a i l a b l e  d r i l l i n g  t ime  was occupied by 

d r i l l i n g .  Th is  r e s u l t e d  i n  11 more pro- 
d u c t i v e  d r i l l i n g  s h i f t s  and an a v e r a g e  of 
26 f t  more d r i l l e d  p e r  s h i f t .  It a l s o  
took  572 fewer worker-hours t o  complete  
t h e  second boreho le  u s i n g  t h e  i n - h o l e  mo- 
t o r .  A f t e r  p r o r a t i n g  t h e  c o s t  of t h e  
low-maintenance p i s t o n  pumps needed t o  
supp ly  wate r  t o  t h e  in -ho le  motor ,  t h e  
in -ho le  motor d r i l l i n g  c o s t  was $4 .22 / f t  
l e s s  t h a n  t h e  c o s t  of r o t a r y  d r i l l i n g .  



TABLE 5 . . Initial drilling equipment costs. both rotary and in-hole motor 

Longyear drill and power unit ................................... 
BQ flush joint drill rod. 10 ft ea .............................. 
BQ stainless steel drill rod. 10 ft ea .......................... 
Hydraulic hose. 1-in ID. 100-ft sections ........................ 

Cost 
Drilling equipment costs: 

BQ water swivel ................................................. I 1 I 344  

Quantity 

................................................. BQ fishing tool 
BQ box. NQ pin subs ............................................. ............................................. NQ box. BQ pin subs ......... Miscellaneous: Handtools. air line. hydraulic oil. etc 

Total ..................................................... 
Grouting standpipe. each borehole: 
Sandpiper (low pressure and high flow) .......................... 
4-in-OD by 22-ft-long standpipe ................................. 
Thor handheld air drill. grout mixer ............................ 
6-in-OD reamer .................................................. I 1 I 747 
Miscellaneous: Grout batch. wooden plug. low-pressure hose. 1 I 
1-in valve. etc ................................................ ..................................................... Total 

Gas handling. each borehole: 
During drilling: 
Bureau-designed gas-water separator ........................... I 1 1  207 
4-in-high pressure manual valve ............................... 
BQ or 2-3116-in-ID stuffing box ............................... 
8-in-ID. 20-ft-long vent tubing ............................... 
Pipe fittings ................................................. 

After hole completion. putting borehole on production: I I 
Tank. gas-water separator ..................................... I 1 I 159 . 

4-in-high pressure manual valve ............................... I I 301 ...................................... Pneumatic valve. 2-in ID 
Venturi meter. 2-in ID ........................................ 
Float valves .................................................. 
Pipe fittings ................................................. 

Total ..................................................... / NAP 
Grand total ........................................ 

NAp Not applicable . 



TABLE 6. - Rotary and in-hole  motor d r i l l i n g  equipment c o s t s  

Rotary d r i l l i n g  equipment: 
18- f t  NQ d r i l l  collar........................................... 
3-7116-in-OD centralizer........................................ 
3-112-in-OD 3-bladed d rag  b i t  ( inserts) . . . . . . . . . . . . . . . . . . . . . . . . .  
Drag b i t  l ock ing  bowl, shank,  and sub........................... 
BQ 1-way check valve............................................ 
Lease Sperry-Sun survey  ins t rument  ............................. 

Quant i ty  Cost 

Miscellaneous................................................... 
Total...................................................... 

In -ho le  motor d r i l l i n g  equipment: 
Pumping system: 

Kerr  t r i p l e x  pump wi th  motor.................................. 
High-pressure r e l i e f  v a l v e s ,  c o n t r o l  v a l v e s ,  p u l s a t o r s ,  e tc . . .  
High-pressure mechanical wate r  flowmeter...................... 

Total...................................................... 
D r i l l i n g  acces so r i e s :  I * 7 

N Q  1-way check valve.......................................... 
3-112-in-OD t r i c o n e  r o l l e r  bits............................... 

D e f l e c t i o n  shoe.. ............................................. 1 2 mo 1 600 

Lease Sperry-Sun survey ins t rument  ........................... 
Lease Sperry-Sun ex t ens ion  b a r s ,  1-112-in-OD.................. 

Total...................................................... 
Leasing Navi-Dri l l  and acces so r i e s :  

2-314-in Navi-Dri l l  in-hole  motor............................. 

1,892 

2 mo 11,000 

TABLE 7. - Cost comparison of t h e  two d r i l l i n g  methods 

Or i en t i ng  s u b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mule shoe..................................................... 

Total...................................................... 
NAp Not app l i cab l e .  ' Inc ludes  mechanical d e v i c e ,  camera, p r o t e c t i v e  case .  

2 mo 
2 mo 

NAP 

D i r e c t  c o s t s :  

D r i l l i n g  and maintenance labor.............................. 18,249 
P a y r o l l  overhead4..  ......................................... 1 9,490 / 

120 
80 

11,800 

D r i l l i n g  equipment1 ......................................... 
Lease Navi-Dril l  and a c c e s s o r i e s  ( 2  mo)..................... 
Recondi t ioning equipment,  parts............................. 

power. ...................................................... 1 354 1 718 

Rotary 

$7,511 
NAP 

1,375 

I n d i r e c t  c o s t s 5  .............................................. 
T o t a l  cost............................................... 

T o t a l  drilled.............................................ft.. 
Cost pe r  f o o t  d r i l l e d 6 . .  ...................................... $25.99 $21.77 

In-hole motor 

- - - -  - - - - - - - 

NAp Not a p p l i c a b l e .  ' ~ n c l u d e s  only equipment unique t o  e a c h  method. 
 h he in-hole  motor equipment c o s t  was c a l c u l a t e d  by d i v i d i n g  t h e  c o s t  of t h e  pump- 

i n g  system (shown i n  t a b l e  6 )  by i t s  minimum u s e f u l  l i f e  of f i v e  boreholes  and adding 
t h e  c o s t  of t h e  d r i l l i n g  a c c e s s o r i e s .  

3$7,371 t o  r e c o n d i t i o n  2 Navi-Dri l ls  and $1,000 t o  r e p a i r  e l e c t r o h y d r a u l i c  d r i l l .  
4 ~ n c l u d e s  a l l  miner b e n e f i t s .  
515 p c t  of d r i l l i n g  and maintenance l a b o r  and r econd i t i on ing  equipment c o s t s .  
6 ~ n i t i a l  d r i l l i n g  equipment c o s t s  provided i n  t a b l e  5 a r e  no t  included.  
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APPENDIX A.--SURVEYING PROCEDURES 

READING FILM DISKS A 

The methodology for reading film disks Vertical lines 

for inclination, bearing, and tool face 
direction when surveying with NL Sperry- 
Sun's 120' single-shot directional survey 
instrument is as follows: 

1. Reading survey disk for inclination 
and bearing at survey depth: 

A. Read inclination from horizontal ' Horizontal inclination lines 

inclination lines at bull's-eye. Each 'lncllnation numbers 

horizontal inclination line represents 2" 
(fig. A-L4). 

B. Read bearing from vertical bear- 
ing lines at bull's-eye. These are the 
single-digit vertical lines 1 through 9 
(10" through 90") with SW, SE, NW, or NE 
designation (fig. A-1A) . Correct for 
magnetic declination. 

2. Reading survey disk for tool face 
direction during in-hole motor drilling 
(remember, survey instrument was aligned 
with deflection shoe so that scribe line 
would correspond directly with tool face 
direction) : 

A. Place survey disk on reader 
scale (fig. A-lB), with the thinnest 
copper margin facing up (fig. A-16'). 

B. Position disk so that bull's-eye 
circle is centered in reader circle with 
crosshairs lined up with hole direction 
line. 

C. Rotate disk until highest marked 
inclination line is located on top por- 
tion of reader circle toward the hole di- 
rection arrow. 

D. Finally, move disk up or down so 
that crosshairs are lined up with 90" 
left and right. 

E. Read tool face direction by ex- 
tending scribe line to reader scale, 0' 
to 180" left or right. (To correct for 
photographic effects of the survey 

HOLE DIRECTION 

HOLE DIRECTION 

F IGURE A-1. - Reading fi lm d i s k s .  



ins t rument  camera, l e f t  i s  r i g h t  and 
r i g h t  is l e f t  on t h e  r eade r  c i r c l e . )  In  
f i g u r e  A-lC, t o o l  f a c e  d i r e c t i o n  i s  about  
67" l e f t .  

PROCEDURE FOR ALIGNING SURVEY HARDWARE, 
ORIENTING SUB, AND DEFLECTION SHOE TO 

READ TOOL FACE DIRECTION DIRECTLY 

To survey f o r  t o o l  f a c e  d i r e c t i o n  d i -  
r e c t l y ,  t h e  survey hardware, o r i e n t i n g  
sub ,  and d e f l e c t i o n  shoe must be a l i g n e d  
s o  t h a t  t h e  s c r i b e  l i n e  and t o o l  f a c e  d i -  
r e c t i o n  correspond. The survey hardware 
i nc ludes  t h e  survey ins t rument ,  w i r e -  
l i ne -a t t ached  p r o t e c t i v e  ca se ,  o r i e n t i n g  
snubber,  t h r e e  6-ft-long, 1-318-in-OD ex- 
t e n s i o n  rods ,  and mule shoe (f i g .  A-2) . 
To o b t a i n  t h e  d e s i r e d  r e l a t i o n  between 
t o o l  f a c e  d i r e c t i o n  and s c r i b e  l i n e ,  t h e  
in-hole  motor i s  f i r s t  l a i d  on c r i b s  w i th  
t o o l  f ace  d i r e c t i o n  a t  0' o r  f a c i n g  
up. Then t h e  o r i e n t i n g  sub i s  threaded 
on t h e  back end o r  top  end of t h e  in-hole  
motor hand-t ight .  The snubber i s  epoxied 
and threaded t o  t he  female end of t h e  a l -  
ready epoxied and threaded ex t ens ion  
rods.  The mule shoe is then threaded 
on to  t h e  male end of t h e  ex tens ion  rods  
hand-t ight .  The T-head o r  arrowhead on 

t h e  snubber i s  a l i gned  wi th  t he  key s l o t  
i n  t h e  mule shoe,  which i n  t u r n  l o c a t e s  
t h e  s c r i b e  l i n e  (9).1 - 

To survey f o r  t o o l  f a c e  alignment 
( s c r i b e  l i n e ) ,  t h e  Sperry-Sun survey in-  
s t rument  is  f i t t e d  on to  t h e  snubber han- 
ge r  o r  arrowhead and is  placed i n  t h e  
p r o t e c t i v e  ca se ,  which i s  then  threaded  
on to  t h e  snubber ( f i g .  A-3). I f  t h e  a r -  
rowhead on t h e  snubber and t h e  key s l o t  
on t h e  mule shoe a r e  f a c i n g  up o r  a t  0" 
t hen  t h e  s c r i b e  l i n e  on a developed d i s k  
would correspond t o  0'. Next, t h e  o r i -  
e n t i n g  sub i s  threaded f a r t h e r  on to  t h e  
in-hole motor u n t i l  t h e  key i s  f a c i n g  up 
( f i g u r e s  A-4 and A-5). 

S l i g h t  adjustments  a r e  made on t h e  
mule shoe and o r i e n t i n g  sub u n t i l  t h e  
s c r i b e  l i n e  on t h e  survey d i s k  corre-  
sponds e x a c t l y  wi th  t h e  t o o l  f ace  a t  0". 
I d e n t i f y i n g  marks a r e  then  placed on t h e  
o r i e n t i n g  sub and t o p  sub,  and on t h e  
mule shoe and t h e  ex tens ion  rod i t  is  
threaded onto. The components a r e  then  

Underlined numbers i n  pa ren theses  re- 
f e r  t o  i t e m s  i n  t h e  l i s t  of r e f e r ences  
preceding  t h i s  appendix. 

u 
Scale, in 

FIGURE A-2. - Survey hardware. Protective case (top), snubber (bottom left), mule shoe (bottom 

right). (Not shown are extension rods and survey instrument.) 

FIGURE A-3. - NL Sperry-Sun protective case, survey instrument, and snubber (left to  right). 



FIGURE A-4. - Orienting s u b .  A, E n d  view, key; K ,  arrow showing key orientotion. 

0 2 4  
!- 
Scale, in 

FIGURE A-5. - Alignment of snubber, mule shoe, orienting sub, and deflection shoe (left to r i g h t ) .  

unthreaded,  epoxied, and then  threaded 
back toge the r  wi th  t h e  i d e n t i f y i n g  marks 
i n  l i n e .  Four surveys a r e  made a f t e r  ro- 
t a t i n g  t h e  in-hole motor ( t o o l  f ace )  from 
0' t o  360" a t  90" increments t o  v e r i f y  
t h a t  t h e  s c r i b e  l i n e  c o r r e l a t e s  e x a c t l y  
w i t h  t o o l  f a c e  d i r e c t i o n .  The alignment 
of t h e  snubber,  mule shoe,  o r i e n t i n g  sub,  
and d e f l e c t i o n  shoe used t o  survey f o r  
t o o l  f a c e  d i r e c t l y  is given i n  f i g u r e  
A-5. The method of assembling and t h e  
f i n a l  alignment of t h e s e  components may 
vary  according t o  t h e  p r a c t i c e  of t h e  
d r i l l e r .  The main p o i n t  i s  t o  determine 
t h e  r e l a t i o n  of t h e  d e f l e c t i o n  shoe and 
t h e  s c r i b e  l i n e  (9 ) .  - 

2. Prepare t h e  survey instrument  ( s e t  
t i m e r  and load instrument  wi th  f i l m  d i s k )  
and f i t  onto snubber. Then p l a c e  wire- 
l ine-a t tached  p r o t e c t i v e  case  over survey 
instrument  and thread  onto snubber ( f i g .  
A-3). Pump t h e  surveying package down 
t h e  d r i l l  rods.  

3. Remove t h e  survey package from t h e  
borehole  a t  t h e  predetermined t i m e .  Look 
f o r  a key impr in t  l e f t  on t h e  t a t t l e t a l e .  
This  i n d i c a t e s  t h a t  a good survey was 
completed ( f i g .  A-6) and t h e  survey d i s k  
can be developed. F i n a l l y ,  r ep l ace  t h e  
t a t t l e t a l e  w i th  a new l e a d  t a t t l e t a l e  f o r  
t h e  next  survey. 

BOREHOLE SURVEYING SETTING TOOL FACE DIRECTION USING 
THE TOOL FACE SETTING GUIDE 

1. F i t  a l e a d  t a t t l e t a l e  (1/4-in OD, 
3/4-in i n  l eng th )  i n t o  t h e  h o l e  l o c a t e d  1. Remove t h e  chalk l i n e  on t h e  d r i l l  
i n  t h e  s l o t  of t h e  mule shoe ( f i g .  A-6). rod (0° ,  a s  i n  paragraph 3,  below), 



( Before 

After 
0 4 A 

Scale, in 

FIGURE A-6. - Lead tattletale before and after completing a borehole survey. A, New tattletale 

instal led before survey; R, survey (mule shoe) impacts orienting sub during survey; C ,  key 

imprint from orienting sub left  on tattletale after survey is  completed. 



r e f e renc ing  t h e  previous t o o l  f a c e  s e t -  
t i n g ,  and t r a n s f e r  t h e  previous t o o l  f a c e  
s e t t i n g  marked on t h e  t o o l  f a c e  s e t t i n g  
guide  (0° t o  180° l e f t  o r  r i g h t )  onto t h e  
d r i l l  rod ( f i g .  A-7). 

2. Mark the  new t o o l  f a c e  d i r e c t i o n  
on t h e  t o o l  f a c e  s e t t i n g  guide. Using 
t h e  t o o l  f a c e  s e t t i n g  guide  a s  a  r e f e r -  
ence, r o t a t e  t h e  d r i l l  rod wi th  a  p ipe  
wrench clockwise ( so  a s  n o t  t o  loosen any 
d r i l l  rod j o i n t s )  t o  t h e  new t o o l  f a c e  
d i r e c t i o n  ( f i g .  A-7). 

3.  Run a chalk l i n e  dead c e n t e r  o r  
a t  0" t o o l  f a c e ,  down t h e  l eng th  of t h e  ,, 
d r i l l  rod. While d r i l l i n g ,  keep i n  I 

mind t h e  t o o l  f a c e  s e t t i n g  i t  repre- 
s e n t s .  The d r i l l e r  can monitor t h e  po- t i 

. . 
s i t i o n  of t h i s  chalk l i n e  much b e t t e r  
than  i f  i t  were placed on t h e  d r i l l  rod i 

\ 
a t  t h e  a c t u a l  t o o l  f a c e  (0" t o  180" l e f t  
o r  r i g h t ) .  The cha lk  l i n e  i s  placed 
only  a s  a  precaut ion  a g a i n s t  r e a c t i v e  
to rque  t h a t  might occur,  causing s l i g h t  
r o t a t i o n  of t h e  d r i l l  rods i f  m a t e r i a l  
o t h e r  than  c o a l  i s  encountered. 

0 I - 
Scale, in 

FIGURE A-7. - Tool  face setting guide. 



APPENDIX B.--DEFLECTION RATE COMPONENTS AND BIT PROJECTIONS 

A RULE-OF-THUMB METHOD FOR CALCULATING 
DEFLECTION RATE COMPONENTS FROM AN 

ESTABLISHED DEFLECTION RATE MAGNITUDE 

A rule-of-thumb f o r  d e t e r m i n i n g  t h e  
b r e a k  down of t h e  d e f l e c t i o n  r a t e  magni- 
t u d e  f o r  q u a d r a n t s  1  and 2  ( t a b l e  B-1) 
was t o  c a l c u l a t e  t h e  r a t i o  of t h e  t o o l  
f a c e  s e t t i n g  w i t h  90" and t h e n  m u l t i p l y  
by t h e  d e f l e c t i o n  r a t e  magnitude. T h i s  
number e q u a l e d  t h e  h o r i z o n t a l  component 
( r i g h t  o r  l e f t )  of t h e  d e f l e c t i o n  r a t e  
magnitude.  The b u i l d  r a t e  o r  v e r t i c a l  
component t h e n  equa led  t h e  d e f l e c t i o n  

Examples of c a l c u l a t i n g  v e r t i c a l  and 
h o r i z o n t a l  components co r respond ing  t o  
t o o l  f a c e  s e t t i n g s  fo l low.  C o n d i t i o n s  
a r e  

I n t e r v a l  d r i l l e d . . . . . . . . .  337-367 f t  
Survey depth... . . . . . . . . . .  337 f t  
I n c l i n a t i o n  a t  s u r v e y  

depth... . . . . . . . . . . . . . . . .  87.7" 
Bear ing a t  s u r v e y  depth . .  S  84.5" W 
Tool face... . . . . . . . . . . . . .  130" r i g h t  
B i t  depth... . . . . . . . . . . . . .  367 f t  
M a t e r i a l  d r i l l ed . . . . . . . . .  Co a 1  

r a t e  magnitude minus t h e  h o r i z o n t a l  One-step v e r t i c a l  p r o j e c t i o n  of b i t  a t  
component. 367 f t :  

To c a l c u l a t e  t h e  h o r i z o n t a l  component 
of  t h e  d e f l e c t i o n  r a t e  magnitude f o r  t o o l  
f a c e  s e t t i n g s  i n  q u a d r a n t s  3  and 4 ,  t h e  
t o o l  f a c e  s e t t i n g  was s u b t r a c t e d  f rom 
180° ,  t h e n  d i v i d e d  by 9 0 ° ,  and f i n a l l y  
m u l t i p l i e d  by 0.10" p e r  f o o t .  The v e r t i -  
c a l  component of t h e  d e f l e c t i o n  r a t e  was 
s imply  t h e  h o r i z o n t a l  component sub- 
t r a c t e d  f rom t h e  d e f l e c t i o n  r a t e  magni- 
tude .  A t a b l e  of c a l c u l a t e d  d e f l e c t i o n  
r a t e s  co r respond ing  t o  t o o l  f a c e  s e t t i n g s  
c a n  be found i n  t h e  main t e x t  ( t a b l e  3 ) .  

E s t a b l i s h e d  d e f l e c t i o n  r a t e  v e r t i c a l  
component of t o o l  f a c e  a t  130" r i g h t  
= -0.044" p e r  f o o t  ( t a b l e  3 ) .  E f f e c t  on 
b o r e h o l e  t r a j e c t o r y  i n  v e r t i c a l  p l a n e  
f rom s u r v e y  d e p t h  t o  b i t  d e p t h  = -0.044" 
p e r  f o o t  x 30 f t  = -1.32". 

I n c l i n a t i o n  a t  s u r v e y  depth . .  87.70" 
Change i n  i n c l i n a t i o n ,  s u r v e y  

d e p t h  t o  b i t  depth. . . . . . . . . .  -1.32" 
P r o j e c t e d  i n c l i n a t i o n  a t  b i t  

depth....................... 86.38" 

TABLE B-1. - C a l c u l a t i n g  d e f l e c t i o n  r a t e  components 

Tool  f a c e  
s e t t i n g  

( f i g .  11) I H o r i z o n t a l  component I component I d e g r e e  I d e g r e e  

Quadrant 
No. 

I I p e r  f o o t  I p e r  f o o t  

. ............ - x 0.10.. / ~ 0 . 1 0  0.0331 0.033 r i g h t  / 0.067, b u i l d .  30' r i g h t .  / 1  1 

D e f l e c t i o n  r a t e  components 
C a l c u l a t i o n  - 

I V e r t i c a l  

NAp Not a p p l i c a b l e .  'DRHc = 
90 

x DR. 

30" l e f t . .  
145" r i g h t  
145" l e f t .  

NOTE.--TFS = t o o l  f a c e  s e t t i n g ;  DR = d e f l e c t i o n  r a t e  magnitude. 

H o r i z o n t a l  
component, 

V e r t i c a l  
component, 

T U C  

2  
4  
3  

Same a s  30" r igh t . . . . . . .  
3 [ ( 1 8 ~  - 145) /90]  x 0.10 
Same a s  145" r igh t . . . . . .  

NAP.......... 
20.10 - 0.039 
NAP.......... 

0.033 l e f t .  
0.039 r i g h t  
0.039 l e f t .  

0.067, b u i l d .  
0.061, drop.  
0.061, drop.  



Angle a v e r a g i n g  t o  p r o j e c t  change i n  v e r t i c a l  p o s i t i o n  from survey  d e p t h  t o  b i t  
dep th :  

V e r t i c a l  = sin ( [ ( i n c l i n a t i o n  a t  beg inn ing  - h o r i z o n t a l  i n c l i n a t i o n  
d e v i a t i o n  of i n t e r v a l  of 90" 

p r o j e c t e d  i n c l i n a t i o n  - h o r i z o n t a l  i n t e r v a l  
a t  end of i n t e r v a l  of 90" d r i l l e d  

= s i n  ( [ (87 .7"  - 90") + (86.38" - 9 0 ° ) ] / 2 )  x 30 f t  

= -1.54 f t .  

T h e r e f o r e ,  p r o j e c t e d  change i n  v e r t i c a l  p o s i t i o n  from survey  d e p t h  t o  b i t  d e p t h  i s  
-1.54 f t ,  drop.  (Refe r  t o  f i g u r e  5B i n  t h e  main t e x t ,  v e r t i c a l  d e v i a t i o n  p l o t  of 
b o r e h o l e  2.) 

One-step h o r i z o n t a l  b i t  p r o j e c t i o n  a t  a  d e p t h  of 367 f t :  

H o r i z o n t a l  component of d e f l e c t i o n  r a t e  of t o o l  f a c e  a t  130" r i g h t  = 0.056" p e r  
f o o t  r i g h t .  E f f e c t  on b o r e h o l e  t r a j e c t o r y  i n  h o r i z o n t a l  p lane  from survey  d e p t h  t o  
b i t  d e p t h  = 0.056" p e r  f o o t  x 30 f t  = 1.68" r i g h t .  

Bear ing a t  s u r v e y  depth... . . . . . . . . . . . . , . . . . .  S  84.5" W 
Change i n  b e a r i n g ,  su rvey  d e p t h  t o  b i t  d e p t h  +1.68" r i g h t  
P r o j e c t e d  b e a r i n g  a t  b i t  depth . . . . . . . , . . . , , .  S  86.18" W 

Angle averag ing :  

b e a r i n g  a t  beginning - west b e a r i n g ,  
Sin ( [( of i n t e r v a l  S  90" W 

p r o j e c t e d  b e a r i n g  - w e s t  b e a r i n g 3 ]  / 2) i n t e r v a l  
+ ( a t  end of i n t e r v a l  S  90" W 

X 
d r i l l e d  

= p r o j e c t e d  change i n  l a t i t u d e  from beg inn ing  t o  end of i n t e r v a l  

= s i n  ( [ (84.5"  - 90") + (86.2" - 9 0 ° ) ] / 2 )  x 30 f t  

= -2.43 f t ,  change i n  l a t i t u d e .  

P r o j e c t e d  change i n  d e p a r t u r e  = ( i n t e r v a l  l e n g t h 2  - change i n  l a t i t ~ d e ~ ) ~ / ~  

= -29.90 f t  (wes t  d e p a r t u r e  i s  n e g a t i v e ) .  



EXAMPLES OF TWO TYPES OF TWO-STEP VERTICAL BIT PROJECTIONS 

Type A two-step v e r t i c a l  p r o j e c t i o n  of 517 f t :  

A t ype  A two-step v e r t i c a l  b i t  p r o j e c t i o n  ( t o o l  f a c e  d i r e c t i o n  i s  no t  changed f o r  
n e x t  d r i l l i n g  i n t e r v a l )  i s  very  s i m i l a r  t o  a  one-step v e r t i c a l  p r o j e c t i o n  c a l c u l a -  
t i o n ,  a s  shown here .  Condi t ions  a r e  

I n t e r v a l s  d r i l l ed . . . . . . . , . . . .  437-467 f t ,  467-517 f t  
Survey depth. . . . . .  ........... 437 f t  
I n c l i n a t i o n  a t  survey depth. .  88.0" 
Tool face. . . . . . . . . . . . . . . . . . . .  65" l e f t  

D e f l e c t i o n  r a t e  v e r t i c a l  component f o r  t o o l  f a c e  of 65" l e f t  = 0.028" pe r  f o o t  
b u i l d  ( t a b l e  3 ) .  P ro j ec t ed  change i n  i n c l i n a t i o n  from 437 t o  517 f t  = +0.028" per 
f o o t  x 80 f t  = +2.24". 

I n c l i n a t i o n  a t  survey depth... . . . . . . .  88.0" 
P ro j ec t ed  change i n  i nc l i na t i on . . . . . .  +2.24" 
P ro j ec t ed  i n c l i n a t i o n  a t  517 f t . . . . . .  90.24" 

Change i n  v e r t i c a l  p o s i t i o n  from dep th  of 437 t o  517 f t  by angle  averaging:  

S i n  ( [ (88.0°  - 90") + (90.24" - 9 0 ° ) ] / 2 )  x 80 f t  

= -1.23 f t  d rop ,  437 t o  517 f t  ( f i g .  5B). 

Type B two-step v e r t i c a l  b i t  p ro i ec t i on :  

A t  a  b i t  dep th  of 717 f t ,  d r i l l i n g  s topped and an  i n c l i n a t i o n  of 89.1" a t  t h e  sur -  
vey dep th  of 687 f t  was determined. Using t h e  v e r t i c a l  d e f l e c t i o n  r a t e  of +0.022" 
p e r  f o o t  bu i l d  f o r  a  t o o l  f a c e  of 70" l e f t ,  t h e  p ro j ec t ed  i n c l i n a t i o n  a t  717 f t  was 
c a l c u l a t e d  t o  be 89.8". The one-step v e r t i c a l  p r o j e c t i o n  produced a  0.29-ft d rop  i n  
v e r t i c a l  p o s i t i o n  dur ing  t h e  a l r e a d y  d r i l l e d  i n t e r v a l  of 687 t o  717 f t .  The next  
borehole  i n t e r v a l  of 717 t o  757 f t  was t o  be d r i l l e d  w i th  a  t o o l  f a c e  s e t t i n g  of 110" 
l e f t .  Therefore ,  t h e  type  B two-step v e r t i c a l  p r o j e c t i o n  was c a l c u l a t e d  a s  shown: 

P ro j ec t ed  i n c l i n a t i o n  a t  717 ft . . . . . . . . . . . . .  89.80" 
P ro j ec t ed  change i n  i n c l i n a t i o n ,  

717 t o  757 f t  (0.022" per  f o o t  x 40 f t ) . . . .  -.88" 
P ro j ec t ed  i n c l i n a t i o n  a t  757 ft . . . . . . . . . . . . .  88-92" 

Change i n  v e r t i c a l  p o s i t i o n  from depth  of 717 t o  757 f t  by ang l e  averaging:  

S i n  ( [ (89.8"  - 90") + (88.9" - 9 0 ° ) ] / 2 )  x 40 f t  

= -0.45 f t  d rop ,  717 t o  757 f t  ( f i g .  5B). 



SIDETRACKING WITH AN IN-HOLE MOTOR 
AND SIDETRACK PROJECTIONS 

The f i r s t  s t e p  t o  s i d e t r a c k i n g  i s  t o  
p u l l  t h e  in-hole motor back t o  a s u i t -  
a b l e  borehole depth where t he  s i d e t r a c k  
can begin. S ide t r acks  can be s t a r t e d  
where borehole i n c l i n a t i o n  i s  c l o s e  t o  
o r  g r e a t e r  than 90' and where t h e  bore- 
ho l e  is  c l o s e  t o  t h e  roof .  The s i d e t r a c k  
w i l l  be worn below t h e  e x i s t i n g  bore- 
hole .  Once t h e  in-hole motor i s  placed 
where t h e  s i d e t r a c k  i s  t o  begin,  i t  i s  
e s s e n t i a l  t o  take  a survey s o  t h a t  t h e  
t o o l  f ace  can be s e t  a ccu ra t e ly  a t  180'. 
S ide t r ack ing  is then begun by completing 
t h r e e  10-ft  reaming passes  from t h e  be- 
g inn ing  of t h e  s i d e t r a c k  t o  10 f t  i n t o  
t h e  s i d e t r a c k  o r  new borehole.  I n  o t h e r  
words, t he  f i r s t  10-ft pass  is  made, then 
t h e  d r i l l  rod i s  pul led  back, and the  
second pass is completed, followed by the  
t h i r d .  Each of t h e  t h r e e  passes  should 
t ake  about 30 min, i n  o rde r  t o  wear away 
t h e  bottom s i d e  of the  borehole  slowly 
and e f f e c t i v e l y .  The in-hole motor 
d r i l l i n g  parameters dur ing  reaming a r e  
700- t o  1,200-lb t h r u s t  and 700- t o  800- 
r /min r o t a t i o n .  These are comparable t o  
t h e  r o t a r y  d r i l l i n g  parameters during 
reaming ( t a b l e  1 i n  main t e x t ) .  From the  
beginning of t h e  f i r s t  reaming pass t o  
t h e  end of t he  t h i r d  pass ,  t h e r e  w i l l  be 
a gradua l  i nc rease  i n  the  volume of coa l  
c u t t i n g s  and a darkening i n  co lor  i n  t he  
d r i l l  e f f l u e n t .  The bottom s i d e  of t he  
borehole  is  being worn deeper and deeper ,  
f rom the  completion of t he  f i r s t  t o  t h e  
t h i r d  reaming pass ( f i g .  B-1). Af t e r  t he  
t h i r d  pass  has been completed, a d r i l l  
rod  is  added and the  f o u r t h  reaming pass 
can begin. Caution must be taken t o  ad- 
vance t he  in-hole motor slowly during the  
beginning of t he  f o u r t h  pass t o  prevent 
jumping over t he  kerf  t h a t  was worn dur- 
i n g  t h e  f i r s t  t h r ee  reaming passes. I f  
t h i s  does happen, t h e  f a c e  of t he  ker f  
w i l l  be rounded of f  and the  s i d e t r a c k i n g  
procedure might have t o  be repeated a t  
another  borehole depth. 

Five s i d e t r a c k s  were completed with the 
in-hole  motor. A s  experienced i n  d r i l l -  
i n g  t he  f i r s t  s i d e t r a c k  from a depth of 

HORIZONTAL BOREHOLE DEPTH, f t  
2 - - 

+-?I 

. Estimated too side ,-a* m03r, 14 ft long.~ncludes b~t, motor, 
borehole wear, pass I ' *zr :h I ~ I v e ,  and orlenllng sub 

2d reamlnq pass. 
227 lo 237 i t  
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Not lo scale borehole started 
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2 27 237 2 41 
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FIGURE B-1. - Sidet rack ing w i t h a n  in-hole motor. 

227 t o  241 f t ,  the  f o u r t h  pass needed t o  
be only 4 f t  long t o  complete t h e  s ide-  
t r a c k  ( f i g .  - Thrust l e v e l s  were 
increased  s u b s t a n t i a l l y  during the f o u r t h  
reaming pass  t o  maintain t he  pene t r a t i on  
r a t e s  of passes  one through three .  It i s  
be l ieved  t h a t  t he  decrease i n  pene t r a t i on  
r a t e  i n  t he  fou r th  pass r e s u l t e d  because 
t h e  l a s t  4 f t  of the  r e a r  end of t he  in- 
hole  motor were binding aga ins t  t h e  high 
s i d e  of t he  o ld  borehole ( f i g .  B-1). 
This r e s i s t a n c e  continued u n t i l  t h e  4-ft- 
long f o u r t h  reaming pass was completed 
and the  in-hole motor and b i t ,  which were 
14 f t  l ong ,  occupied the 14-ft s i d e t r a c k .  
Consequently, a maximum bending stress 
occurred on the  f i r s t  BQ rod d i r e c t l y  
behind the  in-hole motor where i t  was 
threaded i n t o  the  o r i e n t i n g  sub. 

By the  completion of t he  f o u r t h  reaming 
pass ,  t he  d r i l l i n g  e f f l u e n t  w i l l  c o n s i s t  
e n t i r e l y  of coa l  c u t t i n g s  i n  suspension. 



Before  d r i l l i n g  i s  resumed, a  f i n a l  check 
i s  made t o  e n s u r e  t h a t  t h e  s i d e t r a c k  
was s u c c e s s f u l .  A l l  r o t a t i o n  and t h r u s t  
a r e  s h u t  o f f .  Then t h e  in -ho le  motor 
i s  t h r u s t  s lowly  (abou t  400 t o  500 l b )  
forward.  I f  a  new boreho le  h a s  been 
s t a r t e d ,  t h e  end of t h e  new b o r e h o l e  w i l l  
b e  h i t  immediately and a  r a p i d  i n c r e a s e  
i n  t h r u s t  p r e s s u r e  w i l l  be observed a t  
t h e  d r i l l .  When t h e  t e s t  i s  s u c c e s s f u l ,  
backward t h r u s t  i s  a p p l i e d  immediately t o  
p r e v e n t  the d r i l l  rod from b r e a k i n g  i n  
t h e  boreho le .  

The f o l l o w i n g  a r e  examples of s i d e t r a c k  
p r o j e c t i o n s :  The i n c l i n a t i o n  a t  403 f t  
was p r e v i o u s l y  surveyed a s  89.8O. The 
i n c l i n a t i o n  a t  407 f t  was p r o j e c t e d  t o  
b e  90.0". When t h e  beg inn ing  o f  t h e  
s i d e t r a c k  occur red  between p r e v i o u s l y  
su rveyed  d e p t h s  o r  l o c a t i o n s ,  t h e  i n c l i -  
n a t i o n  was e s t i m a t e d  u s i n g  a  one-s tep 
p r o j e c t i o n  technique.  For t h e  14 f t  of 
completed s i d e t r a c k ,  t h e  v e r t i c a l  d e f l e c -  
t i o n  r a t e  of 0.10' p e r  f o o t  d rop  f o r  a  
t o o l  f a c e  of 180' was assumed, and t h e r e -  
f o r e ,  a  d r o p  i n  i n c l i n a t i o n  of -1.4' 
c o u l d  be expected.  Knowing t h e  i n c l i n a -  
t i o n  at  t h e  beg inn ing  of t h e  s i d e t r a c k  

and e s t i m a t i n g  t h e  i n c l i n a t i o n  a t  t h e  end 
of t h e  s i d e t r a c k  ( i n c l i n a t i o n  a t  be- 
g i n n i n g  of s i d e t r a c k  minus 1.4'),  t h e  e f -  
f e c t  of v e r t i c a l  p o s i t i o n  from t h e  s i d e -  
t r a c k  was determined.  Th is  p r o j e c t i o n  i s  
c a l l e d  a  one-s tep s i d e t r a c k  v e r t i c a l  pro- 
j e c t i o n .  The one-step s i d e t r a c k  p ro jec -  
t i o n  f o r  t h e  s i d e t r a c k  from 407 t o  421 f t  
was a  0.17-ft drop i n  v e r t i c a l  p o s i t i o n  
( f i g .  5B). The n e x t  d r i l l i n g  i n t e r v a l  of 
421 t o  437 f t  was go ing  t o  be d r i l l e d  
w i t h  a  t o o l  f a c e  s e t t i n g  of 120" l e f t .  
Using t h e  p r o j e c t e d  i n c l i n a t i o n  a t  421 
f t ,  a  two-step s i d e t r a c k  v e r t i c a l  p ro jec -  
t i o n  was made f o r  t h e  b i t  a t  437 f t  ( f i g .  
5B). D r i l l i n g  con t inued  t o  a  d e p t h  of 
437 f t ,  and a n o t h e r  su rvey  was t a k e n ,  
fo l lowed by one- and two-step v e r t i c a l  
p r o j e c t i o n  a t  437 and 467 f t .  The pre- 
v i o u s  one-s tep s i d e t r a c k  v e r t i c a l  p ro jec -  
t i o n  a t  421 f t  was found t o  be w i t h i n  one 
boreho le  d iamete r  of t h e  p l o t t e d  v e r t i c a l  
p o s i t i o n .  L a t e r ,  a s  d r i l l i n g  advanced, 
t h e  s i d e t r a c k  p r o j e c t i o n s  a t  437 f t  was 
determined t o  be 0.3 f t  from t h e  p l o t t e d  
t r a j e c t o r y .  The s i d e t r a c k  v e r t i c a l  pro- 
j e c t i o n  t echn ique  was used d u r i n g  e a c h  of 
t h e  t h r e e  remaining s i d e t r a c k s  a t  d e p t h s  
of 821, 1,187, and 1,427 f t  ( f i g .  5B). 



Footage 
d r i l l e d  

70 
70 
10 
36 
60 
60 
60 
40 
20 
30 
40 
40 
10 
20 
40 
40 

646 

20 
90 
60 
20 
30 
20 
50 

0 
30 

0 
80 
70 
30 
20 

0 
40 
20 
30 
10 
0 
0 

70 
690 

0 
90 

0 
10 
50 

0 
0 
0 
0 

20 
30 

200 

1. 536 

NAp 
NAp 

P o r t a l  
t o  

p o r t a l .  
min 

100 
120 
120 
100 
135 
90 

100 
100 
130 
105 
140 
140 
115 
105 
105 
105 

1. 810 

105 
9 5 

105 
125 
115 
90 

100 
9 5 
80 
9 0 
9 5 
9 0 

115 
105 
105 
130 
9 5 

105 
9 5 
7 5 

110 
100 

2. 220 

100 
9 5 

130 
115 
120 
100 
105 
9 5 

135 
9 5 

155 
1. 245 

5.  275 

NAp 
22.43 

Down- 
t ime.  
min 

135 
120 
140 
110 
135 
90 

13 5 
115 
130 
105 
160 
140 
335 
105 
105 
120 

2. 563 

40 
4 0 

135 
4 5 

155 
100 
80 
5 5 

120 
7 0 
6 5 
45 
3 0 

100 
7 5 

115 
60 

105 
9 5 

17 5 
370 

15 
1. 950 

380 
20 
9 0 
15 
4 0 
15 

110 
105 
180 
315 
120 

1. 615 

- - 

6.  268 

NAP 
26.65 

Ava i l ab l e  
d r i l l i n g  
t ime.  min 

145 
217 
325 
125 
215 
315 
245 

90 
27 5 
310 
300 
24 5 

10 
9 5 

265 
130 

3. 307 

335 
345 
240 
310 
210 
290 
300 
330 
280 
320 
320 
345 
335 
275 
300 
235 
325 
270 
290 
230 

0 
365 

6. 250 

0 
365 
260 
350 
320 
140 
265 
280 
165 

7 0 
20 5 

2. 420 

11. 977 

NAP 
50.92 

t o t a l  time . 

OF 

d r i l l i n g  

Survey- 
i ng .  min 

100 
108 

29 
7 1 
6 3 
60 
6 0 
30 
35 
50 

175 
130 

0 
60 

110 
2 5 

1. 106 

6 5 
90 

100 
0 

7 0 
105 
6 5 
3 0 

100 
0 

14 5 
125 
120 
6 5 

0 
3 5 

130 
4 0 
3 0 

0 
0 

40 
1. 355 

0 
100 
40 

0 
7 0 
0 
0 
0 
0 
0 

3 5 
245 

- -- 

2. 706 
22.59 
11.51 

t ime . 

Date 

February:  
3 ........ 
4 ........ 
5 ........ 
8 ........ 
9 ........ 
10 ....... 
11 ....... 
16 ....... 
17 ....... 
18 ....... 
19 ....... 
2 2 ....... 
2 3 ....... 
2 4 ....... 
2 5 ....... 
26 ....... 

T o t a l  .. 
March: 

1 ........ 
2 ........ 
4 ........ 
5 ........ 
8 ........ 
9 ........ 
10 ....... 
11 ....... 
12 ....... 
15 ....... 
16 ....... 
17 ....... 
18 ....... 
19 ....... 
2 2 ....... 
2 3 ....... 
2 4 ....... 
2 5 ....... 
2 6 ....... 
2 9 ....... 
30 ....... 
3 1 ....... 

T o t a l  .. 
A p r i l :  

2 ........ 
5 ........ 
6 ........ 
7 ........ 
8 ........ 
9 ........ 
12 ....... 
13  ....... 
15 ....... 
16 ....... 
2 0 ....... 

T o t a l  .. 
Grand 

t o t a l  . 
p c t  of ADT' 
p c t  of TT' . 
NAp Not 

EACH BOREHOLE 

t imestudy 

S t a b i l i z e r  
p o s i t i o n  
change. 

m i  n 

0 
89 

290 
30 

0 
0 
0 
0 

185 
120 

0 
0 
0 
0 
0 
0 

7 14 

230 
90 

0 
28 0 

0 
0 
0 

300 
3 0 

320 
0 
0 
0 
0 

300 
0 
0 
0 

250 
230 

0 
180 

2. 210 

0 
0 

220 
225 

0 
140 
265 
280 
165 

0 
0 

1. 325 

4. 249 
35.48 
18.07 

2 ~ e r c e n t  of 

APPENDIX 

TABLE C.1 . 
Equipment 
o p e r a t i n g  

t ime.  h 

5.00 
5.00 
5.67 
5.50 
3.67 
6.50 
4.75 
5.75 
5.17 
5.17 
5.33 
5.00 . 42 
1.50 
5.75 
6.00 

76.18 

5.75 
6.25 
5.00 
5.75 
5.00 
5.00 
6.00 
6.00 
5.50 
6.00 
5.50 
6.00 
5.50 
6.00 
5.00 
5.75 
6.00 
6.00 
6.00 
6.00 . 00 
6.25 

120 

0 
6.25 
5.50 
6.00 
5.75 
3.00 
6.00 
5.00 
5.5 
2.0 
3.5 

48.5 

245 

NAP 
NAP 

a v a i l a b l e  

C.--TIMESTUDIES 

. Rotary  

Actual  
d r i l l -  

ing .  min 

4 5 
2 0 

6 
2 4 

152 
255 
185 
60 
55 

140 
125 
115 

10 
3 5 

155 
105 

1. 487 

4 0 
165 
140 
3 0 

140 
185 
235 

0 
150 

0 
175 
2 20 
215 
2 10 

0 
200 
19 5 
230 

10 
0 
0 

145 
2. 685 

0 
265 

0 
9 5 

250 
0 
0 
0 
0 

7 0 
17 0 
850 

5. 022 
41.93 
21.35 

d r i l l i n g  

Worker- 
hours 

24 
24 
24 
16 
16 
16 
16 
24 
24 
24 
24 
24 
16 
16 
24 
16 

328 

24 
24 
24 
24 
24 
32 
2 4 
16 
16 
32 
3 2 
32 
24 
24 
32 
24 
24 
32 
24 
32 
32 
3 2 

584 

24 
32 
32 
32 
32 
32 
24 
32 
32 
32 
32 

336 

1. 248 

NAp 
NAp 

of 

Work 
Length,  

min 

480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 

7. 680 
(16 s h i f t s )  

480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 

10. 560 
(22  s h i f t s )  

480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 

5. 280 
( 1 1  s h i f t s )  
. 

49 s h i f t s  

NAp 
NAp 

a p p l i c a b l e  . 

s h i f t  
Crew 
s i z e  

3 
3 
3 
2 
2 
2 
2 
3 
3 
3 
3 
3 
2 
2 
3 
2 

NAp 

3 
3 
3 
3 
3 
4 
3 
2 
2 
4 
4 
4 
3 
3 
4 
3 
3 
4 
3 
4 
4 
4 

NAp 

3 
4 
4 
4 
4 
4 
3 
4 
4 
4 
4 

NAp 

NAP 
NAp 
Nap 

' pe rcen t  



NAp Not a p p l i c a b l e  . ' p e r c e n t  of a v a i l a b l e  d r i l l i n g  t ime . 2 ~ e r c e n t  of t o t a l  t ime . 

aU.S.  GPO: 1985.505.019/20, 015 

Footage  
d r i l l e d  

5 5 
15 
45 
8 6 
7 4 
3 0 
5 0 
2 0 
3 0 

405- 

30 
7 0 
40 
7 0 
20 

0 
8 0 
3 0 
7 0 
9 0 
60 

120 
120 
7 0 

0 
8 70 

0 
2 0 
2 0 
7 0 

110 
120 

50 
60 
7 0 
20 
6 0 
9 0 

100 
6 0 

100 
950 

2. 225 

NAp 
NAp 

Down- 
t ime .  

min 

2 7 0 
0 

145 
100 
30 

120 
8 5 

185 
150 

1. 085 

205 
110 
9 0 
4 5 

310 
325 
165 
135 
2 0 

130 
135 
3 0 
50 
7 0 

390 
2. 210 

375 
225 
210 

8 0 
0 

40 
160 
2 15 

9 0 
260 
110 
8 0 
6 0 

0 
0 

1. 905 

3. 985 

NAP 
28.13 

Ava i l ab l e  
d r i l l i n g  
t ime .  min 

120 
180 
245 
275 
335 
240 
320 
160 
240 

2. 115 

185 
290 
300 
345 

7 5 
30 

225 
225 
355 
245 
255 
360 
315 
305 

0 
3. 510 

0 
150 
175 
305 
380 
345 
240 
16 5 
255 
115 
285 
295 
320 
385 
380 

3. 795 

9. 420 

NAP 
50.97 

P o r t a l  
t o  

p o r t a l .  
min 

90 
6 0 
9 0 

105 
115 
120 

7 5 
135 
90 

880 

9 0 
80  
90 
90 
9 5 

125 
9 0 

120 
105 
105 
9 0 
9 0 

115 
105 
9 0 

1. 480 

105 
105 
9 5 
9 5 

100 
9 5 
8 0 

100 
135 
105 
8 5 

105 
100 
9 5 

100 
1. 500 

5. 200 

NAp 
20.89 

Date 

December: 
7 ........ 
10 ....... 
13  ....... 
14 ....... 
15 ....... 
16 ....... 
17 ....... 
2 0 ....... 
2 1 ....... 

T o t a l  .. 
Janua ry  : 

3 ........ 
4 ........ 
5 ........ 
6 ........ 
7 ........ 
14 ....... 
17 ....... 
18 ....... 
19 ....... 
2 0 ....... 
2 1 ....... 
2 6 ....... 
2 7 ....... 
2 8 ....... 
3 1 ....... 

T o t a l  .. 
February  : 

1 ........ 
2 ........ 
3 ........ 
4 ........ 
7 ........ 
8 ........ 
9 ........ 
11  ....... 
14 ....... 
15 ....... 
16 ....... 
18 ....... 
2 2 ....... 
2 3 ....... 
2 5 ....... 

T o t a l  .. 
Grand 

t o t a l  . 
p c t  of ADT' 
p c t  o f  TT* . 

motor d r i l l i n g  

Survey- 
i n g .  min 

30 
3 0 
4 0 
9 5 

110 
4 0 

100 
6 0 
60 _ _  

565 

45 
7 0 
4 0 
7 0 
25 
30 
8 5 
7 5 
7 5 
7 5 
60 
6 5 
55 
70 

0 
840 

0 
4 0 
2 0 
5 5 
85 
7 0 
60 
3 5 
6 5 
3 5 
40 
6 5 
45 
9 0 
45 

750 

2. 155 

23.00 
11.66 

t imes tudy 

S t a b i l i z e r  
p o s i t i o n  
change. 

m i  n 

NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP-P . 

NAP 

NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 

NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAP 
NAp 

NAp 

NAp 
NAp 

In-hole  

Ac tua l  
d r i l l -  

i ng .  min 

90 
150 
205 
18 0 
225 
200 
220 
100 

1. 550 

140 
220 
260 
275 

50 
0 

140 
150 
280 
170 
19 5 
295 
260 
235 

0 
2. 670 

0 
110 
155 
250 
29 5 
275 
180 
130 
190 
8 0 

24 5 
230 
275 
295 
335 

3. 045 

7. 265 

77.00 
39.31 

C.2 . . 
Equipment 
o p e r a t i n g  

t ime.  h 

2.25 
3.00 
4.75 
5.25 
6.00 
4.00 
6.00 
3.00 
5.00 

39.25 

5.00 
5.00 
6.00 
6.00 
6.00 
4.50 
6 . 00 
6.00 
6.00 
4.00 
4.00 
6.00 
5.00 
6.00 
5.50 

81.0 

5.00 
5.00 
5.00 
5.00 
6.00 
6.00 
6.00 
6.25 
4.25 
2.00 
5.00 
5.25 
5.50 
6.00 
5.50 

77.75 

198 

NAP 
NAP 

TABLE 

Worker- 
hours  

24 
12 
2 4 
16 
16 
24 
16 
24 
24 

- 180 

16 
16 
16 
16 
2 4 
2 4 
16 
16 
16 
16 
16 
16 
16 
16 
16 

256 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 

240 

676 

NAP 
NAp 

Work 
Length.  

m i  n 

480 
240 
480 
480 
480 
480 
480 
480 
480 

4. 080 
( 9  s h i f t s )  

480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 

7. 200 
( 1 5  s h i f t s )  

480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
480 
4 80 
480 
480 
480 

7. 200 
( 1 5  s h i f t s )  

39 s h i f t s  

NAp 
NAp 

s h i f t  
Crew 
s i z e  

3 
3 
3 
2 
2 
3 
2 
3 
3 

N A ~  

2 
2 
2 
2 
3 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 

NAp 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

NAp 

NAp 

NAp 
NAp 




