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ABSTRACT

T h i s  t h e s i s  d e v e l o p s  a g e n e r a l  model  f o r  o i l  w e l l  d r i  l -  

l i n g  a t  mi n i mum c o s t .  The  s t a t e - o f - t h e - a r t  i n d r i l l i n g  

o p e r a t i o n s  i s  r e v i e w e d  and t h e  need f o r  e f f i c i e n c y  i s  d i s ­

c u s s e d .  A model  i s  d e v e l o p e d  u s i n g  t h e  G a i l e  and Woods  

e q u a t i o n s ,  and t h e  a s s u m p t i o n s  f o r  t h e  d e v e l o p m e n t  a r e  p r e ­

s e n t e d .  Some a p p r o x i m a t i o n s  a r e  i n t r o d u c e d ,  v e r i f i e d ,  and 

t h e  model  i s  a l t e r e d  t o  r e f l e c t  t h e  a p p r o x i m a t i o n s .  Geome­

t r i c  P r o g r a m m i n g  and t h e  t h e o r y  o f  c o n d e n s a t i o n  a r e  b r i e f l y  

i n t r o d u c e d  and a p p l i e d  t o  t h e  m o d e l .  A c o m p u t e r  p r o g r a m  

i m p l e m e n t i n g  G e o m e t r i c  P r o g r a m m i n g  i s  d i s c u s s e d  and t h e  

r e s u l t s  o f  e x a m p l e s  a r e  i n t e r p r e t t e d  w i t h  r e g a r d  t o  a c c u ­

r a c y  and s i g n i f i c a n c e .  T he  c o n t r i b u t i o n  t h i s  p a p e r  has  

made i n t h e  a r e a  o f  o p t i m a l  d r i l l i n g  i s  p r e s e n t e d  a n d ,  f i ­

n a l l y ,  a r e a s  o f  f u t u r e  r e s e a r c h  a r e  d i s c u s s e d .
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I n t r o d  u c t  i on

Mode r n  o i l  w e l l  d r i l l i n g  i n v o l v e s  o u t l a y s  o f  c a p i t a l  

a t  v i r t u a l l y  each s t e p  i n t h e  o p e r a t i o n .  S o p h i s t i c a t e d ,  

o f f - s h o r e  d e e p - w a t e r  d r i l l i n g  p l a t f o r m s  can e x c e e d  $ 1 0 0 , 0 0 0  

i n  c o s t  p e r  d a y ,  w h e t h e r  t h e  r i g  i s  d r i l l i n g  o r  n o t .  D r i l ­

l i n g  t a r g e t s  a r e  r a p i d l y  i n c r e a s i n g  i n d e p t h ,  so t h a t  t h e  

c o s t  c o n t r i b u t i o n  o f  t h e  a c t u a l  d r i l l i n g  i s  s t e a d i l y  r i s ­

i n g .  E f f i c i e n c y  has become a b y wor d  a g a i n  r a t h e r  t h a n  a 

s e c o n d a r y  o b j e c t i v e .

T h i s  p a p e r  i s  a s t u d y  o f  o p t i m a l  d r i l l i n g  t e c h n i q u e  

v i a  a m a t h e m a t i c a l  m o d e l .  The  p a r a m e t e r s  t h a t  a d r i l l i n g  

e n g i n e e r  c o n t r o l s  a r e  used t o  d e v e l o p  a c o m p u t e r  p r o g r a m  

t h a t  c a l c u l a t e s  t h e  o p t i mu m v a l u e s  o f  t h e  p a r a m e t e r s  t h a t  

y i e l d  t h e  mi n i mum . cos t -  p.er f o o t .

One p u r p o s e  o f  t h i s  p a p e r  i s  t o  e x p l o r e  t h e  a p p l i c a ­

t i o n  o f  G e o m e t r i c  P r o g r a m m i n g  t o  a model  o r i g i n a l l y  d e v e l -  

i n 1 9 6 0  by G a l l e  and Woods o f  Hughes  T o o l  Company .  The  

r e s u l t i n g  model  w i l l  t h e n  be t e s t e d  a g a i n s t  p r o b l e m s  f r o m  

t h e  l i t e r a t u r e  and f r o m t h e  f i e l d .  F u r t h e r ,  a mor e  f i e l d  

o r i e n t e d  p r o g r a m  w i l l  be d e v e l o p e d  f o r  a p p l i c a t i o n  on o p ­

e r a t i n g  d r i l l i n g  p l a t f o r m s .

T h i s  p a p e r  i s  i n t e n d e d  f o r  any r e a d e r  i n t e r e s t e d  i n  

t h e  l a t e s t  m a t h e m a t i c a l  t e c h n i q u e  i n o p t i m i z a t i o n  and i t s
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a p p l i c a t i o n  t o  a l a b o r a t o r y  d e v e l o p e d  and f i e l d  t e s t e d  model  

o f  o p t i m a l  d r i l l i n g .  Th e  r i g o r  e mp l o y e d  t o  d e v e l o p  t h e  

model  i s  s u f f i c i e n t  t o  c h a l l e n g e  t h e  r e a d e r  w i t h o u t  b e ­

c o mi n g  i n c o m p r e h e n s i b l e  t o  t h e  n o n - m a t h e m a t i c i a n .

To i n t r o d u c e  t h e  r e a d e r  t o  a g e n e r a l  i d e a  o f  t h e  v a r ­

i o u s  o p e r a t i o n s  i n v o l v e d  i n  d r i l l i n g ,  a b r i e f  d e s c r i p t i o n  

o f  d r i l l i n g  w i l l  be g i v e n  w i t h i n  t h i s  I n t r o d u c t i o n .  T h e n ,  

t h e  i n t u i t i v e  model  d e s c r i b e d  i n t h e  I n t r o d u c t i o n  w i l l  be 

m o d i f i e d  w i t h  t h e  e q u a t i o n s  d e v e l o p e d  by G a l l e  and Woods.  

S u b s t i t u t i o n s  s h a l l  be e x a m i n e d  and e mp l o y e d  i n t h e  m o d e l .  

F o l l o w i n g  t h e  a b o v e ,  t h e  o p t i m i z a t i o n  t e c h n i q u e ,  G e o m e t r i c  

P r o g r a m m i n g ,  w i l l  be b r i e f l y  i n t r o d u c e d ,  as w e l l  as t h e  

c o n d e n s a t i o n  t e c h n i q u e  t h a t  i s  a p p l i e d  t o  t h e  m o d e l .  A 

c o m p u t e r  p r o g r a m  s h a l l  t h e n  be d i s c u s s e d ,  t h a t  e m p l o y s  t h e  

f u l l y  d e v e l o p e d  m o d e l ,  as t o  i t s  s p e e d ,  a c c u r a c y ,  and a p ­

p l i c a b i l i t y  t o  c u r r e n t  d r i l l i n g  p r o c e d u r e .  A s h o r t  c o s t  

a n a l y s i s  f e a t u r e  o f  G e o m e t r i c  P r o g r a m m i n g  w i l l  be i n c l u d e d .  

F i n a l l y ,  t h e  r e s u l t s  and c o n t r i b u t i o n s  o f  t h i s  p a p e r  w i l l  

be c o n s i d e r e d ,  and a r e a s  o f  f u r t h e r  r e s e a r c h  and d e v e l o p ­

me nt  s h a l l  be p r e s e n t e d .

To i n t r o d u c e  t h e  r e a d e r  t o  d r i l l i n g ,  i t  i s  assumed  

t h e  p r o b l e m s  o f  o p t i m a l  r i g  p l a c e m e n t C i n  t h e  c a s e  o f  m u l ­

t i p l e  w e l l  c o m p l e t i o n s ) ,  g e o l o g i c a l  and g e o p h y s i c a l  

d a t a  i n t e r p r e t a t i o n , and t h e  a v a i l a b i l i t y  o f  p e r s o n n e l

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES

GOLDEN, COLORADO 80401
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and e q u i p m e n t  r e q u i r e m e n t s  h a v e  been d e a l t  w i t h .  The  

d r i l l i n g  e n g i n e e r  i s  f a c e d  w i t h  t h e  f o l l o w i n g  p r o b l e m .  

S u p p o s e  a d r i l l i n g  t a r g e t  i s  a t  a d e p t h ,  c a l l  i t  D ( t ) .

What  w o u l d  be t h e  mi n i mum c o s t  a s s o c i a t e d  w i t h  d r i l l i n g  t o  

t h e  t a r g e t  d e p t h ?  C o s t  i s  g e n e r a t e d  by s e g me n t s  o f  d r i l ­

l i n g  a c t i v i t y  f o l l o w e d  by i n t e r v a l s  o f  b i t  r e t r i e v i n g  and  

c h a n g i n g  - o p e r a t i o n s  -  c o mmonl y  c a l l e d  a 11 r o u n d  t r i p " .

The  e n g i n e e r  can m i n i m i z e  t o t a l  c o s t  p e r  f o o t  d r i l l e d  by  

m i n i m i z i n g  t h e  c o s t  o f  ea c h  b i t  r u n ,  wh i c h  i s  composed o f  

t h e  c o s t  o f  t h e  b i t  i t s e l f ,  t h e  c o s t  o f  t h e  r o u n d  t r i p  f o r  

t h a t  b i t ,  and t h e  c o s t  o f  t h e  d r i l l i n g  i t s e l f .  A me a s u r e  

o f  e f f i c i e n c y  w o u l d  t h e n  be t h e  c o s t  o f  each b i t  r u n  d i v i ­

ded by t h e  f o o t a g e  a t t a i n e d  d u r i n g  t h e  b i t  r u n .  Th e  a b o v e  

i s  an e x t r e m e l y  s i m p l i f i e d  d e s c r i p t i o n  o f  t h e  p r o b l e m .

D r i l l i n g  o p e r a t i o n s  a r e  s t i l l  an a r t  i n t h e m s e l v e s .  

E v e r y  w e l l  d r i l l e d  w i l l  be u n i q u e ,  e v e n  i n t h e  same g e o l o g ­

i c a l  a r e a .  U n d e r  t h e  w o r s t  o f  c i r c u m s t a n c e s ,  a model  o f  

t h e  t y p e  t o  be d e v e l o p e d  i n  t h i s  p a p e r  w i l l  p r e s e n t  t h e  

d r i l l i n g  e n g i n e e r  w i t h  a g u i d e l i n e  t h a t  can be m o d i f i e d  

t o  s u i t  t h e  u n e x p e c t e d  c i  r c u m s t a n c e s .  U n d e r  t h e  b e s t  o f  

c o n d i t i o n s ,  t h e  model  w i l l  g i v e  t h e  e n g i n e e r  t h e  b e s t  

p o s s i b l e  d r i l l i n g  p r o c e d u r e .
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C h a p t e r  Two

The  me t h o d  t h a t  w i l l  be used t o  d e v e l o p  a d r i l l i n g  

p r o g r a m  u s i n g  c o n s t a n t  b i t  w e i g h t  and r o t a r y  spe e d  w i l l  

g i v e n  i n  t h i s  s e c t i o n .  T h i s  w i l l  be f o l l o w e d  by t h e  a s s u mp ­

t i o n s  used i n  t h e  m o d e l ,  t h e  d e v e l o p m e n t  o f  t h e  model  and  

some t e c h n i q u e s  p r e v i o u s l y  used t o  s o l v e  t h e  c o n s t a n t  b i t  

w e i g h t  and r o t a r y  s p e e d  p r o b l e m .  T h e n ,  t h e  p r o c e d u r e  used  

i n t h i s  p a p e r  t o  s o l v e  t h e  p r o b l e m  s h a l l  be d i s c u s s e d  and  

t h e  model  w i l l  be f u r t h e r  r e f i n e d .

T h i c k ,  h o mo g e n e o u s  g e o l o g i c a l  f o r m a t i o n s  a r e  e n c o u n t e r e d  

f r e q u e n t l y  i n o i l  w e l l  d r i l l i n g .  T h e s e  f o r m a t i o n s  r e q u i r e  

n u me r o u s  d r i l l  b i t s  t o  p e n e t r a t e .  Th e  p r o b l e m  f a c i n g  t h e  

d r i l l i n g  e n g i n e e r  on an o i l  r i g  i s  t o  d e t e r m i n e  t h e  d r i l l i n g  

p a r a m e t e r s  t h a t  he c o n t r o l s  so as t o  m i n i m i z e  t h e  c o s t  

p e r  f o o t  d r i l l e d  p e r  b i t .  T he  p r o b l e m  can be a p p r o a c h e d  

by t a k i n g  i n f o r m a t i o n  f r o m t h e  i n i t i a l  b i t ' s  d r i l l i n g  r un  

i n  t h e  f o r m a t i o n .  Fr om t h i s  i n f o r m a t i o n ,  t h e  o p t i mu m o r  b e s t

d r i l l i n g  w e i g h t ,  r o t a r y  s p e e d ,  and f i n a l  b i t  d u l l n e s s  may be

c o mp u t e d  f o r  t h e  n e x t  b i t  r un  v i a  a m o d e l .  T h i s  p r o c e s s  

can be r e p e a t e d  t h r o u g h  t h e  f o r m a t i o n ,  t h u s  m i n i m i z i n g  

t o t a l  c o s t .  I t  i s  seen t h a t  t h e  c u r r e n t  d r i l l  b i t  i s  

p r o v i d i n g  new i n f o r m a t i o n  f o r  t h e  n e x t  b i t  r u n ,  wh i c h  i s  

d e s i r a b l e  s i n c e  g e o l o g i c a l  f o r m a t i o n s  a r e  r a r e l y  " h o mo g e n e o u s "
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i n  t h e  s t r i c t  s e n s e  o f  t h e  w o r d .  The  a b o v e  s y n o p s i s  d e f i n e s  

i n g e n e r a l  t h e  p r o b l e m  and t h e  me t h od  t h a t  w i l l  be d e v e l o p e d  

t o  p r o v i d e  t h e  o p t i mu m p a r a m e t e r s  f o r  mi n i mum c o s t  d r i l l i n g .

S e v e r a l  a s s u m p t i o n s  must  be made i n o r d e r  t o  d e v e l o p  

t h e  mode l  t h a t  s h a l l  be u t i l i z e d :

1 .  P r o p e r  a t t e n t i o n  has been g i v e n  t o  b i t  s e l e c t i o n ,  

d r i l l i n g  f l u i d  and t h e  h y d r a u l i c s  o f  t h e  c l e a n i n g  

a c t i o n  and l u b r i c a t i o n  o f  t h e  b i t . ( l )

2 .  Maxi mum w e i g h t  on t h e  d r i l l  b i t  w i l l  n o t  be d i c ­

t a t e d  by t h e  u p p e r  p a t h  o f  t h e  d r i l l  h o l e . ( 2 )

3 . R o t a r y  s p e e d  may be v a r i e d  o v e r  a w i d e  r a n g e  w i t h o u t  

a d v e r s e l y  a f f e c t i n g  t h e  h y d r a u l i c s  o f  t h e  c l e a n i n g  

a c t i o n  and l u b r i c a t i o n  o f  t h e  b i t . ( 3 )

4 .  A s i m i l a r  d r i l l i n g  f l u i d  w i l l  be used f o r  t h e  n e x t  

b i t .

5 .  The  p r e v i o u s  b i t  r u n  was o p e r a t e d  a t  c o n s t a n t  b i t  

w e i g h t  and r o t a r y  s p e e d  d u r i n g  t h e  d r i l l i n g .

The  a b o v e a s s u m p t i o n s  r e p r e s e n t  t h e  mi n i mum c r i t e r i a  t h a t  

must  be met  u n d e r  t h e  v a r i e d  c o n d i t i o n s  t h a t  a r e  e n c o u n t e r e d  

i n  d r i l l i n g  o p e r a t i o n s  t o  use  t h e  f o l l o w i n g  m o d e l .

The  p a r a m e t e r s  t h a t  a d r i l l i n g  e n g i n e e r  can c o n t r o l

a r e :

1 .  W e i g h t  on t h e  b i t ,  s y m b o l i z e d  as W, i n  t h o u s a n d s  

o f  p o u n d s .
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2 .  R o t a r y  s p e e d  o f  t h e  b i t ,  s y m b o l i z e d  as N,  i n R . P . M .

3 .  D u l l n e s s  o f  t h e  b i t ,  s y m b o l i z e d  as D,  wh i c h  i s  

d i mens i on I e s s .

T h e s e  t h r e e  p a r a m e t e r s  s h a l l  be t h e  i n d e p e n d e n t  v a r i a b l e s  

o f  t h e  model  t o  f o l l o w .  T h e  model  i s  a m a t h e m a t i c a l  d e ­

s c r i p t i o n  t h a t  e x p r e s s e s  t o t a l  c o s t  p e r  f o o t  d r i l l e d  p e r  

b i t  r un  as a f u n c t i o n  o f  t h e  i n d e p e n d e n t  v a r i a b l e s  f o r  a 

g i v e n  d r i l l i n g  f l u i d  and f o r m a t i o n .

The  f o r m o f  t h e  model  t h a t  w i l l  be d e v e l o p e d  i s :

( 1 )  PH i = ( C ( B ) + C ( T ) C ( R ) ) / F , wh e r e

PH1= O p e r a t i o n a l  v a r i a b l e  ( D o l l a r s  p e r  f o o t  p e r  b i t )  

C ( B )  = R e n t a l  o r  p u r c h a s e  p r i c e  o f  t h e  b i t  ( D o l l a r s )  

C ( T ) =  C o s t  o f  a r o u n d  t r i p  o f  t h e  b i t  ( D o l l a r s )

C C R ) 31 C o s t  o f  r o t  a t  i ng ( dr  i I I i ng ) t h e  b i t  ( D o l l a r s )

F= T o t a l  f o o t a g e  d r i  I I e d  by t h e  b i t  ( F e e t  p e r  b i t  )

The  r e n t a l  o r  p u r c h a s e  p r i c e  o f  each b i t  i s  known e x p l i ­

c i t l y .  The  c o s t  o f  a r o u n d  t r i p  f o r  t h e  b i t  i s  c a l c u l a t e d  

a c c o r d i n g  t o  t h e  f o r m u l a :

( 2 )  C ( T ) =  ( 0 . 6 ) DEPTH( CRt  G / 2 4 ) ,  wh e r e

( 0 . 6 ) =  C o n v e r s i o n  f a c t o r  ( H o u r s  p e r  t h o u s a n d  f e e t )  

DEPTH= C u r r e n t  d e p t h  o f  t h e  h o l e  ( T h o u s a n d s  o f  f e e t )  

CRI G= D a i l y  o p e r a t i n g  c o s t  o f  t h e  r i g  ( D o l l a r s  p e r  d a y )  

( C R I G / 2 4 ) =  Hour  I y  c o s t  o f  t h e  r i g  ( D o l l a r s  p e r  h o u r )  

C o s t  i t e m s  such as l a b o r ,  d e p r e c i a t i o n ,  f u e l  c o s t ,  d r i l l i n g
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f l u i d  c o s t  and so o n ,  a r e  i n c l u d e d  i n t h e  CR1G t e r m .  The  

c o s t  o f  r o t a t i n g  t h e  b i t  i s  e x p r e s s e d  a s :

( 3 )  C ( R ) =  ( C R I G / 2 4 ) T ( f ) ,  wh e r e

T ( f ) =  F i n a l  o r  t o t a l  r o t a t i n g  t i m e  o f  t h e  b i t  ( H o u r s )

The  e q u a t i o n s  t h a t  a l l o w  e x p r e s s i o n s  f o r  T ( f )  and F t o  be

d e r i v e d  s h a l l  be i n t r o d u c e d  n e x t .

The  f o l l o w i n g  e q u a t i o n s ( 4 )  we r e  d e v e l o p e d  by G a l l e  

and Wo o d s :

( 4 )  D r i l l i n g  r a t e  e q u a t i o n :  d F / d t  = ( C ( f ) W ^ r  ) /  a

( 5 )  D u l l i n g  r a t e  e q u a t i o n :  d D / d t  = ( 1 / A ( f ) ) ( i / a m )

( 6 )  B e a r i n g  l i f e  e q u a t i o n :  d B ( x ) / d t  = N/ SL

T h e  i n t e r e s t e d  r e a d e r  i s  d i r e c t e d  t o  t h e  L i s t  o f  S y m b o l s ,  

w h i c h  g i v e s  c o m p l e t e  d e f i n i t i o n s  f o r  t h e  n o t a t i o n  used i n  

E q u a t i o n s  ( 4 ) ,  ( 5 )  and ( 6 ) .  Th e  a b o v e  d i f f e r e n t i a l

e x p r e s s i o n s  we r e  d e v e l o p e d  t h r o u g h  l a b o r a t o r y  wor k  and 

m o d i f i e d  t o  c o n f o r m  w i t h  f i e l d  a p p l i c a t i o n  and e x p e r i e n c e  . ( 5 )  

An e x p r e s s i o n  f o r  f i n a l  r o t a t i n g  t i m e  T ( f )  c a n  be d e r i v e d  

f r o m t h e  r e c i p r o c a l  o f  E q u a t i o n  ( 5 ) :

( 7 )  d t / d D  = A ( f ) ( a m / i )

M u l t i p l y  b o t h  s i d e s  o f  t h e  e q u a l i t y  by t h e  d i f f e r e n t i a l  dD.

( 8 )  d t  = A C f ) ( a m / i ) d D

I n t e g r a t e  t h e  l e f t  hand s i d e  ( LHS)  t o  T ( f )  and i n t e g r a t e  

t h e  r i g h t  hand s i d e  ( RHS)  t o  f i n a l  d u l l n e s s .
,  DCf)

( 9 )  d t = A ( f ) ( m / i ) \  a d D o r ,
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.o^>
( 1 0 )  T ( f ) = A ( f ) ( m / i ) ) a dD

o

An e x p r e s s i o n  f o r  t o t a l  f o o t a g e  F can  be d e r i v e d  f r o m  

t h e  p r o d u c t  o f  E q u a t i o n  ( 4 )  and t h e  r e c i p r o c a l  o f  E q u a t i o n

( 5 )  :

( 1 1 )  ( d F / d t ) ( d t / d D )  = ( A ( f  ) C ( f ) W k r m a ' ~ p ) / i  

S i m p l i f y i n g  t h e  LHS y i e l d s :

( 1 2 )  d F / d D  = ( A < f > C (  f ) W k r ma ' ~ p ) / i

M u l t i p l y  b o t h  s i d e s  o f  E q u a t i o n  ( 1 2 )  by t h e  d i f f e r e n t i a l  

dD.  T h e n ,  i n t e g r a t e  t h e  LHS t o  f i n a l  f o o t a g e  F and i n t e g r a t e  

t h e  RHS t o  f i n a l  d u l l n e s s  D ( f ) :
f orip)

( 1 3 )  F ( f ) = A ( f ) C ( f ) W k r ( m / i  ) \  a ' “ p dD

W i t h  t h e  a b o v e  e x p r e s s i o n s  f o r  T ( f )  and F ,  E q u a t i o n  ( 1 )  

can be e x p r e s s e d  a s :

E q u a t i o n  ( 1 4 )  i s  now i n t e r m s  o f  t h e  t h r e e  i n d e p e n d e n t  

v a r i a b l e s  o f  w e i g h t ,  r o t a r y  s p e e d  and d u l l n e s s  o f  t h e  b i t .

One c l a s s i c a l  t e c h n i q u e  f o r  f i n d i n g  t h e  mi n i mum o f  t h e  

c o s t  f u n c t i o n  r e p r e s e n t e d  by E q u a t i o n  ( 1 4 )  w o u l d  be t o  a p p l y  

p a r t i a l  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  e a c h  o f  t h e  i n d e ­

p e n d e n t  v a r i a b l e s .  The  r e s u l t i n g  s e t  o f  e q u a t i o n s  wo u l d  

be s e t  e q u a l  t o  z e r o  and t h e n  s o l v e d  t o  d e t e r m i n e  t h e  v a l u e s  

o f  t h e  i n d e p e n d e n t  v a r i a b l e s  a t  t h e  m i n i m a .

( 1 4 )  PHI
C ( B ) + C ( T ) + ( C R I G / 2 4 ) A ( f ) ( m / i ) a dD

-  L. /0(f) ,_D
A ( f ) C ( f ) W k r ( m / i ) \ a 1 p dD
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A n o t h e r  t e c h n i q u e  t o  f i n d  t h e  mi n i ma  o f  E q u a t i o n  ( 1 4 )  

wo u l d  be t o  use  t h e  C a l c u l u s  o f  V a r i a t i o n s .  G a l i e  and Woods  

used t h i s  t e c h n i q u e  i n  t h e i r  p r e s e n t a t i o n s  o f  t h e  v a r i a b l e  

w e i g h t  and r o t a r y  s pe e d  m o d e l ( 6 )  and t h e  c o n s t a n t  b i t  w e i g h t  

and r o t a r y  s pe e d  m o d e l . ( 7 )  I n b o t h  a r t i c l e s  g r a p h s  w e r e  

used t o ' s u m m a r i z e  s e v e r a l  t y p e s  o f  t y p i c a l  f o r m a t i o n  d r i l l i n g  

s i t u a t i o n s .  The  r e a d e r  ma t c h e d  t h e  a p p r o p r i a t e  g r a p h  t o  t h e  

c u r r e n t  d r i l l i n g  s i t u a t i o n  and r e a d  t h e  o p t i m a l  v a l u e s  o f  

b i t  w e i g h t ,  r o t a r y  s p e e d ,  f i n a l  d u l l n e s s  and r o t a t i n g  t i m e  

f r o m t h e  g r a p h .  The  p r o c e d u r e s  t o  d e t e r m i n e  t h e  o p t i m a l  

d r i l l i n g  p r o g r a m  i n b o t h  p a p e r s  by G a l l e  and Woods a r e  com­

p l e x  and r e q u i r e  a h i g h  o r d e r  o f  s o p h i s t i c a t i o n  by t h e  u s e r .  

I n f a c t ,  one  t h e  r e a s o n s  f o r  t h i s  t h e s i s  i s  t o  p r o v i d e  a 

mor e i n t u i t i v e  me t h o d  f o r  f i e l d  u s e .

A r e l a t i v e l y  r e c e n t  and p o w e r f u l  d e v e l o p m e n t  i n m a t h e ­

m a t i c a l  p r o g r a m m i n g  a l l o w s  a s t r a i g h t  f o r w a r d  a l g o r i t h m  

t o  be d e v e l o p e d  t o  d e t e r m i n e  t h e  m i n i m a - o f  E q u a t i o n  ( 1 4 )  

and t h e  a s s o c i a t e d  v a l u e s  o f  t h e  i n d e p e n d e n t  v a r i a b l e s .

T h e  t e c h n i q u e ,  G e o m e t r i c  P r o g r a m m i n g ,  w i l l  be d i s c u s s e d  

i n  g e n e r a l  and a p p l i e d  t o  t h e  r e s u l t s  o f  t h e  c u r r e n t  c h a p ­

t e r  i n  C h a p t e r  T h r e e .  Th e  r e m a i n d e r  o f  t h i s  c h a p t e r  

w i l l  be d e v o t e d  t o  t h e  f u r t h e r  r e f i n e m e n t  o f  E q u a t i o n  ( 1 4 )  

so t h a t  an a l g o r i t h m  may be d e v i s e d  t h a t  w i l l  y i e l d  an o p t ­

i ma l  d r i l l i n g  p r o g r a m .  S e v e r a l  key  s u b s t i t u t i o n s  w i l l  be
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p r e s e n t e d ,  t h e  model  w i l l  be m o d i f i e d  a c c o r d i n g l y  and a 

g e n e r a l  d e s c r i p t i o n  o f  t h e  a l g o r i t h m  w i l l  be g i v e n  t h a t  

w i l l  be d e v e l o p e d  f u l l y  i n C h a p t e r  T h r e e .

I n n o r ma l  d r i l l i n g  p r a c t i c e ,  t h e  n o r m a l i z e d  w e i g h t  W 

on a d r i ' l l  b i t  l i e s  b e t w e e n  t w e n t y  and e i g h t y  t h o u s a n d  

p o u n d s . ( 8 )  F u r t h e r ,  t h e  r o t a r y  sp e e d  N a p p l i e d  t o  a b i t  

u n d e r  n o r ma l  c i r c u m s t a n c e s  l i e s  b e t w e e n  t h i r t y  and t wo  h u n ­

d r e d  r e v o l u t i o n s  p e r  m i n u t e ( RPM) . ( 9 )  U s i n g  t h e s e  r a n g e s  

o f  v a l u e s  as a b a s i s ,  d e v e l o p e d  f r o m y e a r s  o f  e x p e r i e n c e  

i n t h e  f i e l d  o f  d r i l l i n g  e n g i n e e r i n g ( 1 0 ) ,  s e v e r a l  t e r m s  o f  

t h e  G a l l e  and Woods model  w i l l  be e x a m i n e d  t o  d e t e r m i n e  i f  

s i m p l i f i c a t i o n  i s  p o s s i b l e  and j u s t i f i a b l e .

The  t e r m  r i s  d e f i n e d  f o r  h a r d  f o r m a t i o n s  as :

( 1 5 )  r  = e - |0o/n*  n -428 + 0 .  2N ( 1 -  )

E q u a t i o n  ( 1 5 )  i s  e q u i v a l e n t  t o :

( 1 6 )  r  = e ~ ,o0/'t jZ (N •4a® -  0 . 2 N )  + 0 . 2 N

F o r  s o f t  f o r m a t i o n s ,  r  i s  d e f i n e d  a s :

( 1 7 )  r  = e " 100̂ 2- H’75 + 0 . 5 N ( 1  -  e _ lo o /M 2  )

E q u a t i o n  ( 1 7 )  i s  e q u i v a l e n t  t o :

( 1 8 )  r  = e - ,00/NI* (  n -7S -  0 . 5 N )  + 0 . 5 N

D r .  B i l l y  J .  M i t c h e l l ,  P e t r o l e u m  E n g i n e e r i n g  D e p a r t m e n t ,  

C o l o r a d o  Sc h o o l  o f  M i n e s ,  p r o p o s e d  t h e  f o l l o w i n g  s i m p l i ­

f i c a t i o n s  f o r  E q u a t i o n s  ( 1 6 )  and ( 1 8 ) .  L e t ,

( 1 9 )  r = N *428 f o r  h a r d  f o r m a t i o n s ,  and
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( 2 0 )  r ^  N *75 f o r  s o f t  f o r m a t i o n s .

T h e  r e s u l t s  o f  a n a l y s e s  r un  on t h e  a p p r o x i m a t i o n s  r e p r e s e n t e d  

by E q u a t i o n s  ( 1 9 )  and ( 2 0 )  a r e  shown as A p p e n d i c e s  A and B,  

r e s p e c t i v e l y .  F u r t h e r  s u b s t i t u t i o n s  we r e  i n v e s t i g a t e d  

and t h e  f o l l o w i n g  a p p r o x i m a t i o n s  we r e  a r r i v e d  a t :

( 2 1 )  r  = n *43363 f o r  h a r d  f o r m a t i o n s .

( 2 2 )  r  = N f o r  s o f - j -  f o r m a t i o n s .

The  d a t a  and a n a l y s e s  a r e  shown as A p p e n d i c e s  C and D,  r e ­

s p e c t i v e l y .  I n b o t h  c a s e s  r e d u c t i o n  o f  t h e  a v e r a g e  and  

maxi mum e r r o r  r e s u l t e d  f o r  t h e  a p p r o x i m a t i o n s  r e p r e s e n t e d  

by E q u a t i o n s  (21 and ( 2 2 ) .

The  t e r m  m i s  d e f i n e d  a s :

( 2 3 )  m= 1 3 5 9 . 1  -  7 1 4 . 1 9 ( L o g l 0 ( W) ) .

A s u i t a b l e  a p p r o x i m a t i o n  t o  L o g 1 0 ( W ) was n e e d e d .  i n i t i a l l y ,  

a l i n e a r  a p p r o x i m a t i o n  was u s e d .  H o w e v e r ,  t h e  e r r o r  I n t r o ­

duc e d  w i t h  t h e  l i n e a r  a p p r o x i m a t i o n  was c o n s i d e r a b l e .
8

A n o t h e r  s u b s t i t u t i o n  was i n v e s t i g a t e d  o f  t h e  f o r m W .

A d i r e c t  s e a r c h  me t h o d  was e mp l o y e d  t o  d e t e r m i n e  t h e  p a r a ­

m e t e r s .  The  v a l u e s  o f  and w e r e  d e t e r m i n e d  t o  be :

c*  « 0 . 5 7 8 7 9 9 2 8 ,  and  

P  = 0 . 2 7 4 2 ,

o v e r  t h e  doma i n  o f  v a l u e s  f o r  W f r o m t w e n t y  t o  e i g h t y  

t h o u s a n d  p o u n d s .  A p p e n d i x  E i s  a c o m p a r i s o n  o f  t h e  a p p r o x ­

i m a t i o n  t h a t  shows t h e  maxi mum e r r o r  t o  be 1 . 1 4  % and
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t h e  a v e r a g e  e r r o r  t o  be 0 . 5 3 9  %. S u b s t i t u t i n g  f o r  L o g 1 0 ( W ) ,

( 2 4 )  m= 1 3 5 9 . 1  -  7 1 4  . 1 9 (  ( 0  . 5 7 8 7 9 9 2 8 ) W •a742 ) .

E q u a t i o n  ( 2 4 )  s i m p l i f i e s  t o :

( 2 5 )  m= 1 3 5 9 . 1  -  4 1 3 . 3 7 2 6 5 7 8 W •2 7 4 z  .

One f u r t h e r  s u b s t i t u t i o n  w i l l  be c o n s i d e r e d  w h i c h  i n ­

v o l v e s  t h e  t e r m  L .  G a l l e  and Woods used a t a b u l a t i o n  o f  

W and L i n  t h e i r  m e t h o d o l o g i e s . ( 1 1 )  A p p e n d i x  F shows  

t h e  r e s u l t s  o f  a m u l t i p l e  l i n e a r  r e g r e s s i o n  and t h e  d a t a  

on t h e  t e r m s  L o g 1 0 ( L )  and W. T he  on campus c o m p u t e r ' s  

l i b r a r y  s t a t i s t i c s  p r o g r a m  was u t i l i z e d  t o  r un  t h e  r e ­

g r e s s i o n  a n a l y s i s .  The  c o r r e l a t i o n  c o e f f i c i e n t  showed a 

h i g h  c o r r e l a t i o n  o f  . 9 9 6 3 .  Th e  r e g r e s s i o n  i n d i c a t e d  t h e  

f o l l o w i n g  e x p r e s s i o n  as an a p p r o x i m a t i o n  t o  L o g 1 0 ( L ) :

( 2 6 )  Log 1 0 ( L ) = 3 . 9 4 2 2 6 8 1  -  0 . 0 1  7 8 2 4 0 1  W.

T a k i n g  t h e  a n t i  l o g a r i t h m  o f  E q u a t i o n  ( 2 3 )  y i e l d s :

( 2 7 )  L = 8 7 5 5  . 2 4 0 8 9 6 (  1 0 "  0 - ° '782401 W

A g r a p h  s h o w i n g  t h e  o r i g i n a l  v a l u e s  o f  L and t h e  a s s o c i ­

a t e d  v a l u e s  o f  W and t h e  a p p r o x i m a t i o n  r e p r e s e n t e d  

by E q u a t i o n  ( 2 7 )  i s  i n c l u d e d  as F i g u r e  1 .

T h e  t h r e e  s u b s t i t u t i o n s  shown a b o v e  as E q u a t i o n s  ( 2 1 ) ,

( 2 2 ) ,  ( 2 5 )  and ( 2 7 )  r e p r e s e n t  t h e  n e c e s s a r y  c h a n g e s  i n t h e

o r i g i n a l  G a l l e  and Woods f o r m u l a t i o n  t o  a l l o w  G e o m e t r i c  

P r o g r a m m i n g  t o  be a p p l i e d  t o  t h e  m o d e l .
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FI GURE 1
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C h a p t e r  T h r e e

T h i s  c h a p t e r  w i !1 be d e v o t e d  t o  t h e  a p p l i c a t i o n  o f  

G e o m e t r i c  P r o g r a m m i n g  t o  t h e  model  d e v e l o p e d  i n C h a p t e r  

Two.  G e o m e t r i c  P r o g r a m m i n g ,  o r  f o r  b r e v i t y ,  GP,  w i l l  be 

d i s c u s s e d  b r i e f l y  and t h e n  a p p l i e d  t o  t h e  mode l  so t h a t  

a g e n e r a l i z e d  a l g o r i t h m  can be d e v e l o p e d .  T h i s  w i l l  be 

f o l l o w e d  by some e x a m p l e s  t a k e n  f r o m t h e  l i t e r a t u r e  and 

f i e l d  d a t a  t o  v e r i f y  t h e  t e c h n i q u e .

GP was f o r m a l i z e d  by D u f f i n ,  P e t e r s e n ,  and Z e n e r ( 1 2 ) .  

GP e x p l o i t s  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  a r i t h m e t i c  and  

g e o m e t r i c  me a ns :

( 2 8 )  Z w j U j '  ^ I T  ( Uj  / w j  )W*

i f  ZIw^* = 1 ,  t o  p r o v i d e  a r a p i d  me t h od  o f  d e s i g n i n g  f o r  

mi n i mum c o s t .

D e s i g n  p r o b l e m s  i n v o l v e  f i n d i n g  t h e  c o m b i n a t i o n  o f  

v a r i a b l e s  t h a t  f u l f i l l s  t h e  c o n s t r a i n t s  o f  t h e  p r o b l e m  a t  

mi n i mum c o s t .  T o t a l  c o s t ,  T C ,  can be e x p r e s s e d  as t h e  sum 

o f  c o mp o n e n t  c o s t s ,  U2* :

( 2 9 )  TC = z :  u 2-

Co mp o n e n t  c o s t  i s  o f t e n  e x p r e s s e d  as a p o we r  f u n c t i o n :

( 3 0 )  U2- = C i l X x f i i

wh e r e  t h e  c o e f f i c i e n t  c z* i s  a p o s i t i v e  c o n s t a n t ,  t h e  e x ­

p o n e n t s  a a r e  a r b i t r a r y  r e a l  c o n s t a n t s ,  and t h e  d e s i g n
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v a r i a b l e s  X̂ . a r e  p o s i t i v e .  Wi t h  t h e s e  c o n d i t i o n s ,  TC can  

be c a l l e d  p o s y n o m i a l ,  s h o r t  f o r  p o s i t i v e  p o l y n o m i a ! . ( ! 3 )  

E q u a t i o n  ( 2 9 )  r e p r e s e n t s  t h e  p r i m a l  f u n c t i o n  o f  t h e  GP f o r ­

m u l a t i o n  as i t  i s  i n t e r m s  o f  t h e  d e s i g n  v a r i a b l e s .

A du a l  f u n c t i o n  i s  d e v e l o p e d  f r o m  t h e  g e n e r a l i z e d  f o r m

o f  t h e  g e o m e t r i c  i n e q u a l i t y :

( 3 1 )  TC -  Z  T T ( c t- / w *  )Wi
i  } "

Wher e  i s  d e f i n e d  b y :

( 3 2 )  Dj  = I  I  w* a

N o te  t h a t  i f  a s e t  o f  can be f o u n d  suc h  t h a t  a i l  = 0 ,

t h e n  E q u a t i o n  ( 3 1 )  i s  i n t e r m s  o f  t h e  c o n s t a n t s  c 2 and 

t h e  w-£ a s s o c i a t e d  w i t h  t h e m .  D u f f i n ,  e t  a l ,  s h o w e d ( 1 4 )  t h a t  

i f  a s e t  o f  w2< c o u l d  be f o u n d  t h a t  s a t i s f y  t h e  c o n d i t i o n

t h a t  a i l  = 0 ,  t h e n  t h e  p r i m a l  f u n c t i o n ' s  v a l u e  w i l l  be

i d e n t i c a l  t o  t h e  d u a l  f u n c t i o n ^  v a l u e .  T h e  GP t e c h n i q u e  

r e s o l v e s  t o  f i n d i n g  a s e t  o f  w2* such t h a t :

( 3 3 )  Z  = 1 . 0  a n d ,

( 3 4 )  Z  Z w , a,-,  = 0 .
i  i

E q u a t i o n  ( 3 3 )  i s  c a l l e d  t h e  n o r m a l i t y  c o n d i t i o n ,  and E q u a ­

t i o n  ( 3 4 )  i s  c a l l e d  t h e  o r t h o g o n a l i t y  c o n d i t i o n .  I t  i s  seen  

t h a t  GP can s o l v e  c e r t a i n  t y p e s  o f  h i g h l y  n o n - l i n e a r  o p t i ­

m i z a t i o n  p r o b l e m s  by s o l v i n g  a s e t  o f  l i n e a r  e q u a t i o n s  i n 

a dua l  s p a c e .

Each t e r m  i n t h e  c o s t  f u n c t i o n  and c o n s t r a i n t s  g i v e s
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r i s e  t o  a Wg . The  c o n c e p t  o f  d e g r e e  o f  d i f f i c u l t y ,  DD,  

d e a l s  w i t h  t h e  u n i q u e n e s s  o f  a s o l u t i o n -  s e t  o f  ŵ  . DD 

i s  d e f i n e d  as :

( 3 5 )  DD = No.  o f  t e r m s  — No.  o f  v a r i a b l e s  -  1.

G e o m e t r i c  P r o g r a m m i n g  c a n  b e s t  be used on p r o b l e m s  w i t h  

DD = 0 .  A p r o b l e m  o f  z e r o  -  DD i m p l i e s  t h a t  a u n i q u e  s e t  

o f  we- i s  a s s o c i a t e d  w i t h  t h e  m i n i m a .  I f  t h e  DD i s  p o s i t i v e ,  

t h e  v a l u e  o f  DD r e p r e s e n t s  t h e  number  o f  d i m e n s i o n s  t h a t  

must  be s e a r c h e d  t o  d e t e r m i n e  a f e a s i b l e  s e t  o f  w2* , i f  such  

a s e t  e x i s t s .

The  me t h o d  t o  s o l v e  t h e  mi n i mum c o s t  d r i l l i n g  p r o b l e m  

used i n t h i s  p a p e r  c o n s e c u t i v e l y  i t e r a t e s  on f i n a l  d u l l ­

n e s s ,  D ( f ) .  T h e n ,  t h e  o p t i mu m v a l u e s  f o r  b i t  w e i g h t  and 

r o t a r y  spe e d  a r e  c o mp u t e d  f o r  eac h  D ( f )  v i a  GP.  T h e  s e t  

o f  d r i l l i n g  p a r a m e t e r s  a s s o c i a t e d  w i t h  t h e  g l o b a l  mi n i mum  

o f  c o s t  p e r  f o o t  i s  c h o s e n  as t h e  b e s t  d r i l l i n g  p r o g r a m  

f r o m t h e  s e r i e s .  W i t h  t h e  a b o v e  u n d e r s t a n d i n g ,  t h e  mode!  

w i l l  be f u r t h e r  r e f i n e d  and GP w i l l  be a p p l i e d  t o  i t .  

E q u a t i o n  ( 1 4 )  a p p e a r s  a s :

I n E q u a t i o n  ( 3 6 )  t h e  o n l y  unknown v a l u e s  a r e  w e i g h t ,  r o t a r y  

s p e e d  and f i n a l  d u l l n e s s  o f  t h e  b i t .  Th e  a l g o r i t h m  use s  

t h e  v a l u e s  0 . 1  t o  1 . 0  f o r  D ( f )  i n  i n c r e m e n t s  o f  0 . 1  t o

( 3 6 )  PHI
C ( B ) + C ( T ) + ( C R I G / 2 4 ) A ( f )  ( m / i  ) a dD

A ( f ) C <  f ) W k r < m / i ) l _p dD



T - 1 94 8

g e n e r a t e  t h e  o p t i m a l  w e i g h t  and r o t a r y  spe e d  v a l u e s  f o r  

ea c h  D ( f ) .  The  r a n g e  and i n c r e m e n t s  we r e  s u g g e s t e d  by D r .  

B.  J . M i t c h e l l .  Assume a v a l u e  o f  D ( f )  has been c h o s e n .

L e t  t h e  f o l l o w i n g  c o n s t a n t s  be e s t a b l i s h e d :

( 3 7 )  K ( 1 )  = C ( B )  + C ( T )
« DCf)

( 3 8 )  K ( 2 )  = ( C R I G / 2 4 ) A ( f ) j  0 a dD
pDCt)

( 3 9 )  K ( 3 )  = A ( f ) C ( f ) j  a l _p dD 

T h e n ,  E q u a t i o n  ( 3 6 )  a p p e a r s  a s :

K ( 1 )  + K ( 2 ) ( m / i )
( 4 0 )  PHI  = ----- --------- — -------------------

K ( 3 ) W kr ( m / i )
L e t ,

( 4 1 )  K ( 4 )  = K ( 1 )  /  K ( 3 ) ,  and

( 4 2 )  K ( 5 )  = K ( 2 )  /  K ( 3 )  .

T h e n ,  E q u a t i o n  ( 4 0 )  b e c o me s :

( 4 3 )  PHI  = K ( 4 ) W ~k r ~ 1 ( i / m )  + K ( 5 ) W - k r - '

I n t r o d u c e  a n o t h e r  v a r i a b l e ,  V,  f o r  m and add a c o n s t r a i n t  

t o  t h e  t o t a l  c o s t  f u n c t i o n  r e p r e s e n t e d  by E q u a t i o n  ( 4 0 ) .  

S i n c e  PHI  i s  t o  be m i n i m i z e d ,  t h e  c o n s t r a i n t  must  be o f  

t h e  f o r m :

( 4 4 )  V -  m = 1 3 5 9 . 1  -  4 1 3 . 3 7 2 6 5 7 8  ( W ' 2T'f2 ) .

T h e n ,  E q u a t i o n  ( 4 4 )  b e c o me s ,

( 4 5 )  V + 4 1 3 . 3  7 2 6 5 7 8 ( W ’27^2 ) *  1 3 5 9 . 1

D i v i d e  b o t h  s i d e s  o f  E q u a t i o n  ( 4 5 )  by t h e  c o n s t a n t  on t h e

r i g h t :

( 4 6 )  ( 0 . 0  0 0 7 3 5 7 8 ) V  + ( 0 . 3 04  1 5 1 7 6  ) W •27t42 s 1 .0
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L e t ,

( 4 7 )  K ( 1 0 )  = 0 . 0 0 0 7 3 5 7 8  and

( 4 8 )  K ( 11 )  = 0 . 3 0 4 1 5 1 7 6 .

The  model  now a p p e a r s  a s :

( 4 9 )  M I N :  PHI  = K ( 4 ) W - k r - '  i V~'  + K ( 5 ) W ~ k r - l

( 5 0 )  SUBJECT TO : K ( 1 0 ) V + K ( 1 1 ) W-2742 4 1 . 0

L e t  B r e p r e s e n t  t h e  e x p o n e n t  on N i n t h e  s u b s t i t u t i o n  f o r

r  and e x p r e s s  i i n f u l l  f o r m .  E q u a t i o n  ( 4 9 )  b e c o me s :

( 5 1 )  MI N :  PHI  = K ( 4 ) W " k N - B ( N+ 4 . 3 4 8x  1 CT5 N3 ) V " 1 + K ( 5 ) W ~ k N-B 

L e t ,

( 5 2 )  K ( 6 )  = 4 . 3 4 8 x 1 0 ” 5

( 5 3 )  MI N :  PHI  = K ( 4 ) W~k V - 1 N >“ B + K ( 4 ) K ( 6 ) W - kN3~e> y -1 + K ( 5 ) W~k N- B

( 5 4 )  SUBJECT TO:  K ( 1 0 ) V  + K ( 1 1 ) W '2742* ^ 1 . 0

The  m o d e l ,  r e p r e s e n t e d  by E q u a t i o n s  ( 5 3 )  and ( 5 4 )  has  

t h e  f o l l o w i n g  d e g r e e  o f  d i f f i c u l t y :

( 5 5 )  DD = 5 - 3 - 1  = 1 .

To  r e d u c e  t h e  d e g r e e  o f  d i f f i c u l t y ,  c o n d e n s a t i o n  s h a l I  be 

used on t e r m s  1 and 2 i n  t h e  o b j e c t i v e  f u n c t i o n ,  E q u a t i o n  

( 5 3 ) .  C o n d e n s a t i o n  i s  a t r a n s f o r  m a t i o n  t h a t  i s  t h e o r e t i c ­

a l l y  ba s e d  on t h e  g e o m e t r i c  i n e q u a l i t y .  C o n d e n s a t i o n  a p -  

p o x i m a t e s  a m u l t i t e r m  p o s y n o m i a l  f u n c t i o n  w i t h  a mo n o mi a l  

f u n c t i o n .  B e i g h t l e r  and P h i  I l * p s ( 1 5 )  show t h a t  t h e  f e a s i ­

b l e  r e g i o n  f o r  t h e  o r i g i n a l  p r o b l e m  e n t i r e l y  c o n t a i n s  t h e
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f e a s i b l e  r e g i o n  o f  t h e  c o n d e n s e d  p r o b l e m .  T h e n ,  any f e a s ­

i b l e  s o l u t i o n  t o  t h e  c o n d e n s e d  p r o b l e m  w i l l  be f e a s i b l e ,  

b u t  n o t ’ n e c e s s a r i l y  o p t i m a l ,  f o r  t h e  o r i g i n a l  p r o b l e m .  

O p t i m a l i t y  f o r  b o t h  p r o b l e m s  o c c u r s  when t h e  o r i g i n a l  f e a s ­

i b l e  v e c t o r  a r o u n d  w h i c h  t h e  c o n d e n s a t i o n  t a k e s  p l a c e ,  i s  

e q u i v a l e n t  t o  t h e  o p t i m a l  v e c t o r  f o r  t h e  c o n d e n s e d  p r o b l e m .  

I n  s i m p l e  f o r m ,  t h e  c o n d e n s a t i o n  a l g o r i t h m  i s :

1 .  Ch o o s e  a f e a s i b l e  o r i g i n a l  v e c t o r .

2 .  D e t e r m i n e  t h e  o p t i m a l  c o n d e n s e d  v e c t o r .

3 .  Co mp a r e  t h e  v a l u e s  f r o m  S t e p s  1 and 2 ,  t h e n :

a .  I f  t h e y  a r e  e q u a l ,  STOP.

b.  O t h e r w i s e ,  l e t  t h e  o p t i m a l  c o n s e n s e d  v e c t o r  

be t h e  new f e a s i b l e  o r i g i n a l  v e c t o r .  GO TO 2 .

R o t a r y  s p e e d ,  N,  i s  t h e  p r i m a l  v a r i a b l e  used i n t h e  c o n ­

d e n s a t i o n .  T h e  c o n d e n s a t i o n  a l g o r i t h m  t e r m i n a t e s  when t h e  

f e a s i b l e  o r i g i n a l  v a l u e  o f  N i s  w i t h i n  + 0 . 0 0 1  o f  t h e  o p ­

t i m a l  c o n d e n s e d  v a l u e  f o r  N.  Th e  t e r m ,

K ( 4 )  + K ( 4 ) K ( 6 ) N 2 

s h a l l  be c o n d e n s e d  i n t h e  o b j e c t i v e  f u n c t i o n ,  E q u a t i o n  ( 5 3 ) .  

By t h e  g e o m e t r i c  i n e q u a l i t y ,

( 5 6 )  K ( 4 ) + K ( 6 ) N2 *  t K ( 4 ) /  X , ) 1 ( K ( 4 ) K ( 6 ) /  Xa) 

i f  and o n l y  i f  + X 2 = 1 ,  and X j , X  2 -  0 .

T h e n ,  can be d e s c r i b e d  a s :

( 5 7 )  1 -  X ,
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S u b s t i t u t i n g  i n t o  E q u a t i o n  ( 5 6 ) ,

( 5 8 )  K ( 4 ) + K ( 4 ) K ( 6 ) N2 -  ( K ( 4 ) /  X, ( K ( 4 ) K ( 6 ) /  1 -  X , ) ^ X| N

I f  a f e a s i b l e  v a l u e  o f  X j i s c h o s e n ,  t h e  t e r m ,

( K ( 4 ) /  X t) ( K ( 4 ) K ( 6 ) / 1 - X , ) ' - X ' 

i s  a c o n s t a n t ,  c a l l  i t  K ( 7 ) .

T h e n ,  E q u a t i o n  ( 5 4 )  b e c o me s :

( 5 9 )  M I N :  PHI  = K  ( 7 ) W V~'  N  3 - B - 2 X, + K ( 5 ) j j - k N - B

( 6 0 )  SUBJECT TO:  K ( 1 0 ) V + K ( t 1 ) W - 27‘+Z ^ 1 . 0

The  p r o b l e m  now has a d e g r e e  o f  d i f f i c u l t y  e q u a l  t o :

( 6 1 )  DD= 4 - 3 - 1  = 0 .

I f  a f e a s i b l e  s o l u t i o n  can be f o u n d  i n t h e  c o n d e n s e d  

p r o b l e m  r e p r e s e n t e d  by E q u a t i o n s  ( 5 9 )  and ( 6 0 )  t h a t  me e t s  

t h e  o p t i m a l i t y  c r i t e r i a  g i v e n  a b o v e ,  t h e n  t h e  o p t i m a l  c o n ­

d e n s e d  s o l u t i o n  e q u a l s  t h e  o p t i m a l  o r i g i n a l  s o l u t i o n .  L e t
11

wn r e p r e s e n t  t h e  w e i g h t  on t h e  n — t e r m .  Th e  n o r m a l i t y  

c o n d i t i o n  i s :

( 6 2 )  W| + w ^ =  1 . 0

The  o r t h o g o n a l i t y  c o n d i t i o n  f o r  W i s :

( 6 3 )  ( - k ) w ,  + ( - k ) w z + ( . 2 7 4 2 ) w 4 = 0 ;  wh i c h  i m p l i e s

( 6 4 )  w4 = ( 3  . 6 4 69  7 ) k .

The  o r t h o g o n a l i t y  c o n d i t i o n  f o r  N i s :

( 6 5 )  ( 3  -  B -  2 X ,  ) » ,  + ( - B ) wz = 0 .

E q u a t i o n  ( 6 5 )  s i m p l i f i e s  t o :

( 6 6 )  ( 3 -  2 X, )  w, = B .
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The  o r t h o g o n a l i t y  c o n d i t i o n  f o r  V i s :

( 6 7 )  - w,  + w3 = 0 o r

( 68  ) w , = w3 .

One o f  t h e  p r o p e r t i e s  o f  GP. ( 16 )  a l l o w s  t h e  f o l l o w i n g  e x ­

p r e s s i o n :

K ( 7 ) N 3 —2 X1 K ( 5 ) W " k N- B
( 6 9 ) ------   =--------------------------------

w, wa

S i m p l i f y i n g  E q u a t i o n  ( 6 9 )  y i e l d s :

K ( 7 ) N 3 ~ 2 - Xt V - '  K ( 5 ) K ( 5)
( 7 0 )    • =   = ----------

W ! W  2  1 -  W ,

K ( 7 ) ( t -  w, ) N 3 - 2 X '
( 7 1 )  V = --------   —

K ( 5 ) w,

A n o t h e r  p r o p e r t y  o f  G P ( I  7)  a l l o w s  t h e  f o l l o w i n g  ex  

p r e s s i o n :

( 7 2 )  w3 = K ( 1 0 ) V ( w 3 + w4 ) .

E q u a t i o n  ( 7 2 )  i s  e q u i v a l e n t  t o :

w3
( 7 3 )  v  =  ----------------------------------------------

K ( 1 0 ) ( w3 + w4 )

S e t  E q u a t i o n s  ( 7 1 )  and ( 7 3 )  e q u a l .  T h i s  y i e l d s :

w,  K ( 7 ) ( t - w ,  ) N 3~2 |̂
( 7 4 )   - = ------------------------------------

K ( 1 0 ) ( w3 + w4  ) K ( 5 ) W|

E q u a t i o n s  ( 6 4 )  and ( 6 8 )  a l l o w  E q u a t i o n  ( 7 4 )  t o  be w r i t t e n
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K ( 7 ) ( 1 - w , ) N
5-2.X

w
( 7 5 )

K(  1 0)  ( w, + 3 . 6 4 6 9 7 k  ) K ( 5 ) w

S o l v i n g  f o r  N y i e l d s :

3-2k
K ( 5 ) w,2.

( 7 6 )  N
K ( 7 ) K ( 1 0 ) ( 1 - w , ) (w,  + 3 . 6 4 6 9 7 k )

E q u a t i o n  ( 7 6 )  i m p l i e s :

K ( 5 ) w
( 7 7 )  N

K ( 7 ) K ( 1 0 ) ( t - w . ) (w,  + 3 . 6 4 6 9 7 k )

E q u a t i o n  ( 6 6 )  e x p r e s s e s  w, as a f u n c t i o n  o f  X, . E q u a t i o n

( 7 8 )  e x p r e s s e s  N i n  t e r m s  o f  X , .

From B e i g h t l e r  and P h i l  I i p s ( 1 8  ) , d e f i n e  X , a s :

E q u a t i o n s  ( 7 7 )  and ( 7 9 )  r e p r e s e n t  t h e  i t e r a t i v e  a p p r o x i m a ­

t i o n  o f  t h e  c o n d e n s a t i o n .  A d i g i t a l  c o m p u t e r  p r o g r a m  

w r i t t e n  in FORTRAN i s  i n c l u d e d  as A p p e n d i x  G.  T h e  cod e  

b r i e f l y  i n t r o d u c e s  i t s  use  and l i m i t a t i o n s  t o  t h e  u s e r  and  

t h e n  a s k s  f o r  t h e  d a t a  i t  r e q u i r e s  f o r  c a l c u l a t i o n .  Due  

t o  t h e  n a t u r e  o f  t h e  r e l a t i o n  b e t w e e n  t h e  a l g e b r a i c  and  

g e o m e t r i c  me a n s ,  t h e  c o n d e n s e d  s o l u t i o n  t o  t h e  p r o b l e m  r e ­

p r e s e n t s  a l o w e r  bound on t h e  o p t i m a l  p r o b l e m / s s o l u t i o n .

A c o m p u t e r  c o d e ,  d e v e l o p e d  by D r .  B i l l y  J .  M i t c h e l l  and t h e

K( 4)
( 7 9 )  X

K ( 4 )  + K ( 4 ) K ( 6 ) N 2
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cod e  d e v e l o p e d  i n t h i s  p a p e r ,  c o n v e r g e  t o  d i f f e r e n t  v a l u e s  

o f  t h e  o p t i m a !  d r i l l i n g  p r o g r a m  f o r  a g i v e n  f i n a l  d u l l n e s s  

and i d e n t i c a l  i n p u t  p a r a m e t e r s .  T h i s  i s p r o b a b l y  due t o  

t o  t h e  d i f f e r e n t  s u b s t i t u t i o n s  f o r  r  and L o g 1 0 ( W )  used  

i n  t h e  d i f f e r e n t  c o d e s .

A summar y  o f  t h e  p e r f o r m a n c e  o f  t h e  t w o  c o d e s  in 

t e r m s  o f  c o s t  i s  p r e s e n t e d  i n T a b l e  1 .  Th e  c o l u m n  l a b e l e d  

"DUAL"  r e p r e s e n t s  t h e  l o w e r  bound on t h e  o p t i m a l  c o s t  due  

t o  t h e  n a t u r e  o f  t h e  c o n d e n s a t i o n  t e c h n i q u e .  T h e  e x p e c t e d  

p e r f o r m a n c e ,  u s i n g  t h e  o p t i m a l  p r i m a l  p a r a m e t e r s  g e n e r a t e d  

by t h e  cod e  d e v e l o p e d  i n t h i s  p a p e r ,  i s  s u m m a r i z e d  by t h e  

c o l u mn  l ab  l e d  " P R I M A L ” '. T h e  maxi mum d i f f e r e n c e  b e t w e e n  

t h e  p r i m a l  and d u a l  c o s t s  I s  1 . 6 9  % o c c u r r i n g  i n  C a s e  M .  

A p p e n d i x  H p r e s e n t s  t h e  i n p u t  d a t a  f o r  t h e  f o u r  c a s e s  used  

as t e s t s  f o r  t h e  t w o  c o d e s .  A p p e n d i x  1 p r e s e n t s  t h e  CPU 

t i m e  o r  t h e  t i m e  n e e d e d  t o  p e r f o r m  t h e  c a l c u l a t i o n s  t o  o p ­

t i m a l i t y  f o r  b o t h  c o d e s .  A p p e n d i c e s  J t h r o u g h  M p r e s e n t  

t h e  o p t i m a l  p a r a m e t e r s  c a l c u l a t e d  by each  c o d e  f o r  Ca s e s  

} t h r o u g h  I V ,  r e s p e c t i v e l y .

The p e r f o r m a n c e  o f  t h e  cod e  d e v e l o p e d  h e r e i n  i s  p r o ­

m i s i n g ,  as i t  g e n e r a t e s  v a l u e s  c l o s e  t o  t h e  co d e  d e v e l o p e d  

by D r .  M i t c h e l l ,  w h i c h  has been used i n f i e l d  o p e r a t i o n s  

s u c c e s s f u l  l y .
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TABLE 1 

COMPUTED OPTI MAL COSTS 

( D o l l a r s  p e r  F o o t  D r i l l e d )

Ca s e  I 

Ca s e  I I  

Ca s e  1 I 1 

Ca s e  IV

MI TCHELL  

4 . 9 5 0  

19 . 0 0 6  

2 4 . 6 6 8  

5 3 . 8 8 9

PRI MAL  

5 . 0 7 2  

1 8 . 8 6 5  

24 . 0 2 8  

5 2 . 5 4 8

DUAL 

4 . 9 9 7  

18 . 5 4 6  

2 3 . 9 1 5  

52 . 0 2 0
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CONCLUSION

A f u l l y  o p e r a t i o n a l  o p t i m a l  d r i l l i n g  p r o g r a m  has been  

d e v e l o p e d  and v e r i f i e d  i n  t h i s  t h e s i s .  The  c o m p u t a t i o n a l  

e f f i c i e n c y  and t h e o r e t i c a l  p e r f o r m a n c e  o f  t h e  t h e s i s 7 p r o ­

gram has been shown t o  be a t  l e a s t  as good as a p r o g r a m  

p r e v i o u s l y  d e v e l o p e d ,  u s i n g  t h e  same t h e o r e t i c a l  b a s i s ,  

and f i e l d  t e s t e d  by an e x p e r i e n c e d  c o n s u l t a n t  i n d r i l l i n g  

o p e r a t i o n s ,  D r .  B i l l y  J .  M i t c h e l l .

The  mode l  and a l g o r i t h m  d e v e l o p e d  i n  t h e  t h e s i s  need  

t o  be f i e l d  t e s t e d  f o r  v e r i f i c a t i o n  o f  t h e  GP t e c h n i q u e  

used t o  s o l v e  t h e  c o n s t a n t  b i t  w e i g h t  and r o t a r y  s p e e d  

p r o b l e m .  T h e  a c c u r a c y  o f  t h e  cod e  i s  a f u n c t i o n  o f  t h e  

c o n d e n s e d  s o l u t i o n  s p a c e  and t h e  v a l i d i t y  o f  t h e  o r i g i n a l  

G a i i e  and Woods e q u a t i o n s .  The  a p p r o x i m a t i o n s  i n t r o d u c e d  

a b o v e  u n d o u b t e d l y  i n f l u e n c e  t h e  s o l u t i o n ,  b u t  t h e  e r r o r s  

i n t r o d u c e d  by a l l  o f  t h e  s u b s t i t u t i o n s  w o u l d  be on t h e  

o r d e r  o f  5 % o r  l e s s ,  u n l e s s  t h e  e x t r e m u m  o f  t h e  r a n g e s  

f o r  b o t h  b i t  w e i g h t  and r o t a r y  s p e e d  w e r e  e n c o u n t e r e d  s i ­

m u l t a n e o u s l y .

T h i s  t h e s i s  has  b a s i c a l l y  e s t a b l i s h e d  a l o w e r  bound  

f o r  t h e  c o n s t a n t  b i t  w e i g h t  and r o t a r y  s p e e d  p r o b l e m .

I t  has a l s o  d e m o n s t r a t e d  t h a t  GP can be a p p l i e d  t o  a f i e l d  

t h a t  i s  known f o r  t h e  h i g h l y  n o n - l i n e a r  c h a r a c t e r i s t i c
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e q u a t i o n s  t h a t  d e s c r i b e  i t s  f u n c t i o n a l  r e l a t i o n s .

Some s u g g e s t e d  a r e a s  o f  f u r t h e r  r e s e a r c h  w o u l d  b e :

1 .  B e t t e r  s u b s t i t u t i o n s  f o r  t h e  t e r m s  r ,  L ,  and 

L o g l O ( W )  used a b o v e .

2 .  O t h e r  c o n v e r g e n c e  t e c h n i q u e s  a p p l i c a b l e  t o  Geo  

m e t r i c  P r o g r a m m i n g .

3 .  O t h e r  m a t h e m a t i c a l  f o r m s  o f  t h e  c o n s t a n t  b i t  

w e i g h t  and r o t a r y  s p e e d  p r o b l e m .

As a m e t h o d ,  t h i s  t h e s i s  and i t s  r e s u l t s  can p r o v i d e  g u i d e  

l i n e s  f o r  t h e  p r o b l e m  o f  mi n i mum c o s t  d r i l l i n g .  F u r t h e r  

l a b o r a t o r y  and f i e l d  d e v e l o p m e n t  s h o u l d  c o n t i n u e  t o  r e ­

f i n e  t h e  p r o b l e m  d e s c r i p t i o n  and s o l u t i o n .
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APPENDIX A

M I T C H E L L ' S  APPROX I MAT 1 ON TO R (HARD)

ROT SPEED R APPROX COL 3 / C O L
30 .OOOOOO 4 . 4 6 7 6 2 1 4 . 2 8 7 5 3 7 . 9 5 9 6 9 1
4 0 . 0 0 0 0 0 0 5 . 0 4 0 2 1 9 4 . 8 4 9 3 2 9 . 9 6 2 1 2 7
5 0 . 0 0 0 0 0 0 5 . 5 1 8 2 0 9 5 . 3 3 5 3 0 4 . 9 6 6 8 5 4
6 0 . 0 0 0 0 0 0 5 . 9 3 9 0 3 2 5 . 7 6 8 3 1 2 . 9 7 1 2 5 5
7 0 . 0 0 0 0 0 0 6 . 3 2 0 0 6 4 6 . 1 6 1 7 2 0 . 9 7 4 9 4 6
8 0 . 0 0 0 0 0 0 6 . 671  038 6 . 5 2 4 1 2 8 . 9 7 7 9 7 8
9 0 . 0 0 0 0 0 0 6 . 9 9 8 1 1 6 6 . 8 6 1 4 4 8 . 9 8 0 4 7 1

1 0 0 . 0 0 0 0 0 0 7 . 3 0 5 5 2 4 7 . 1  7 7 9 4 3 . 9 8 2 5 3 6
1 10 . 0 0 0 0 0 0 7 . 5 9 6 3 3 7 7 . 4 7 6 8 0 5 . 9 8 4 2 6 5
1 2 0 . 0 0 0 0 0 0 7 . 8 7 2 8 8 1 7 . 7 6 0 4 9 8 . 9 8 5 7 2 5
1 3 0 . 0 0 0 0 0 0 8 .1 3 6 9 7 7 8 . 0 3 0 9 6 5 . 9 8 6 9 7 2
1 4 0 . 0 0 0 0 0 0 8 . 3 9 0 0 8 2 8 . 2 8 9 7 7 6 . 9 8 8 0 4 5
1 5 0 . 0 0 0 0 0 0 8 . 6 3 3 3 8 8 8 . 5 3 8 2 1  4 . 9 8 8 9 7 6
1 6 0 . 0 0 0 0 0 0 8 . 8 6 7 8 8 5 8 . 7 7 7 3 4 8 . 9 8 9 7 9 1
1 7 0 . 0 0 0 0 0 0 9 . 0 9 4 4 0 5 9 . 0 0 8 0 7 8 . 9 9 0 5 0 8
1 8 0 . 0 0 0 0 0 0 9 . 31  3 6 6 0 9 . 2 3 1 1 6 7 . 9 9 1 1 4 3
1 9 0 . 0 0 0 0 0 0 9 . 5 2 6 2 5 8 9 . 4 4 7 2 7 4 . 9 9 1 7 0 9
2 0 0 . 0 0 0 0 0 0 9 . 7 3 2 7 3 2 9 . 6 5 6 9 6 9 . 9 9 2 2 1 6

AVERAGE % ERROR = 1 . 8 5 9 9 7  %

MAX tMUM % ERROR = 4 . 0 3 0 9  %
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APPENDI X B 

M I T C H E L L ' S  APPROXI MATI ON TO R ( SOF T)

ROT SPEED R
3 0 . 0 0 0 0 0 0  1 3 . 0 4 8 0 0 7
4 0 . 0 0 0 0 0 0  1 6 . 1 5 3 4 9 2
5 0 . 0 0 0 0 0 0  1 9 . 0 4 6 0 0 2
6 0 . 0 0 0 0 0 0  21 . 7 8 9 5 1 3
7 0 . 0 0 0 0 0 0  24 . 4 1 8 6 1 9
8 0 . 0 0 0 0 0 0  26 . 9 5 5 0 3 9
9 0 . 0 0 0 0 0 0  29 . 4 1 3 7 2 7

1 00 . 0 0 0 0 0 0  31 . 8 0 5 6 3 2
1 10 . 0 0 0 0 0 0  34 .1 391 26
1 20 . 0 0 0 0 0 0  3 6 . 4 2 0 8 1 9
130  . 0 0 0 0 0 0  38 . 6 5 6 0 5 6
1 4 0 . 0 0 0 0 0 0  4 0 . 8 4 9 2 5 9
1 5 0 . 0 0 0 0 0 0  4 3 . 0 0 4 1 2 5
1 6 0 . 0 0 0 0 0 0  4 5 . 1 2 3 8 0 5
1 70 . 0 0 0 0 0 0  47 . 21  1 00 8
1 80 . 0 0 0 0 0 0  4 9 . 2 6 8 0 8 4
1 90 . 0 0 0 0 0 0  51 . 2 9 7 0 9 3
2 0 0 . 0 0 0 0 0 0  5 3 . 2 9 9 8 5 3

APPROX COL 3 / COL  2 
1 2 . 8 1 8 6 1  0 . 9 8 2 4 1 9
1 5 . 9 0 5 4 1 4  . 9 8 4 6 4 2
1 8 . 8 0 3 0 1 5  . 9 8 7 2 4 2
21 . 5 5 8 2 4 7  . 9 8 9 3 8 6
2 4 . 2 0 0 4 5 4  . 9 9 1 0 6 6
26 . 7 4 9 6 1 0  . 9 9 2 3 7 9
2 9 . 2 2 0 1 1 1  . 9 9 3 4 1 8
31 . 6 2 2 7 7 5  . 9 9 4 2 5 1
33 . 9 6 6 0 0 8  . 9 9 4 9 2 9
36 . 2 5 6 5 0 5  . 9 9 5 4 8 8
38 . 4 9 9 7 1  3 . 9 9 5 9 5 6
40 . 7 0 0 1  50 . 9 9 6 3 5 0
4 2 . 8 6 1 6 0 5  . 9 9 6 6 8 6
4 4 . 9 8 7 3 0 3  . 9 9 6 9 7 5
4 7 . 0 8 0 0 2 4  . 9 9 7 2 2 6
4 9 . 1 4 2 1 7 3  . 9 9 7 4 4 4
5 1 . 1 7 5 8 6 5  . 9 9 7 6 3 7
5 3 . 1 8 2 9 5 6  . 9 9 7 8 0 7

AVERAGE % ERROR = 0 . 6 5 9 4 5  %

MAXIMUM % ERROR = 1 . 7 5 8 1  %
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D A N I E L S 7 APPROXI MATI ON TO R ( HARD)

ROT SPEED R APPROX COL 3 / C O L
30 .OOOOOO 4 . 4 6 7 6 2 1 4 . 3 7 0 4 2 9 . 9 7 8 2 4 5
4 0 . 0 0 0 0 0 0 5 . 0 4 0 2 1 9 4 . 9 5 1 0 9 5 . 9 8 2 3 1 7
5 0 . 0 0 0 0 0 0 5 . 5 1 8 2 0 9 5 . 4 5 4 1  16 . 9 8 8 3 8 5
6 0 . 0 0 0 0 0 0 5 . 9 3 9 0 3 2 5 . 9 0 2 8 2 2 . 9 9 3 9 0 3
70 . 0 0 0 0 0 0 6 . 3 2 0 0 6 4 6 . 3 1 0 8 7 9 . 9 9 8 5 4 7
80  . 0 0 0 0 0 0 6 . 6 7 1 0 3 8 6 . 6 8 7 0 8 6 1 . 0 0 2 4 0 6
9 0 . 0 0 0 0 0 0 6 . 9 9 8 1  16 7 . 0 3 7 4 9 6 1 . 0 0 5 6 2 7

1 0 0 . 0 0 0 0 0 0 7 . 3 0 5 5 2 4 7 . 3 6 6 4 8 0 1 . 0 0 8 3 4 4
t 10 . 0 0 0 0 0 0 7 . 5 9 6 3 3 7 7 . 6 7 7 3 1 0 1 . 0 1 0 6 6 0
1 20 . 0 0 0 0 0 0 7 . 8 7 2 8 8 1 7 . 9 7 2 5  15 1 . 0 1 2 6 5 5
1 30 . 0 0 0 0 0 0 8 . 1 3 6 9 7 7 8 . 2 5 4 0 9 1 1 . 0 1 4 3 9 3
1 40 . 0 0 0 0 0 0 8 . 3 9 0 0 8 2 8 . 5 2 3 6 4 8 1 . 0 1 5 9 1 9
1 50 . 0 0 0 0 0 0 8 . 6 3 3 3 8 8 8 . 7 8 2 5 0 6 1 . 0 1 7 2 7 2
160  . 0 0 0 0 0 0 8 . 8 6 7 8 8 5 9 . 0 3 1 7 6 3 1 . 0 1 8 4 8 0
1 7 0 . 0 0 0 0 0 0 9 . 0 9 4 4 0 5 9 . 2 7 2 3 4 4 1 . 0 1 9 5 6 6
1 80 . 0 0 0 0 0 0 9 . 3 1 3 6 6 0 9 . 5 0 5 0 3 7 1 . 0 2 0 5 4 8
1 9 0 . 0 0 0 0 0 0 9 . 5 2 6 2 5 8 9 . 7 3 0 5 1 7 1 . 0 2 1 4 4 2
2 0 0 . 0 0 0 0 0 0 9 . 7 3 2 7 3 2 9 . 9 4 9 3 7 1 1 . 0 2 2 2 5 9

AVERAGE % ERROR = 1 . 3 7 8 7 4  56

MAXIMUM % ERROR = 2 . 2 2 5 9  %



T - 1 9 4 8 30

APPENDI X D 

D A N I E L S '  APPROXI MATI ON TO R ( SOFT)

ROT SPEED R APPROX COL 3 / C O L  2
3 0 . 0 0 0 0 0 0
4 0 . 0 0 0 0 0 0  
50 . 0 0 0 0 0 0
6 0 . 0 0 0 0 0 0
7 0 . 0 0 0 0 0 0
8 0 . 0 0 0 0 0 0
9 0 . 0 0 0 0 0 0

1 00 . 0 0 00 00  
1 10 . 0 0 0 0 0 0  
1 2 0 . 0 0 0 0 0 0
1 3 0 . 0 0 0 0 0 0
1 4 0 . 0 0 0 0 0 0  
1 50 . 0 0 0 0 0 0  
1 60 . 0 0 0 0 0 0
1 7 0 . 0 0 0 0 0 0
1 8 0 . 0 0 0 0 0 0  
1 90 . 0 0 0 0 0 0
2 0 0 . 0 0 0 0 0 0

AVERAGE %

MAX I MUM %

13 . 0 4 8 0 0 7  
1 6 . 1 5 3 4 9 2  
19 . 0 4 6 0 0 2  
2 1 . 7 8 9 5 1 3  
2 4 . 4 1 8 6 1 9  
26 . 9 5 5 0 3 9  
2 9 . 4 1 3 7 2 7  
3 1 . 8 0 5 6 3 2  
3 4 . 1 3 9 1 2 6  
36 . 4 2 0 8 1 9  
3 8 . 6 5 6 0 5 6  
40 . 8 4 9 2 5 9  
43 . 0 0 4 1 2 5  
45 .1 2 3 8 0 5  
4 7 . 2 1 1 0 0 8  
4 9 . 2 6 8 0 8 4  
5 1 . 2 9 7 0 9 3  
53 . 2 9 9 8 5 3

1 2 . 8 8 4 1  75  
1 5 . 9 9 3 6 6 8  
1 8 . 91  3 6 7 6  
21 . 6 9 1  055  
2 4 . 3 5 5 1 7 0  
2 6 . 9 2 6 0 1 6  
29 . 41 8 0 0 6  
31 . 8 4 1 9 7 3  
34 . 2 0 6 3 3 9  
36 . 5 1 7 8 0 8  
38 . 781  841 
41 . 0 0 2 9 6 1  
43 .1 8 4 9 6 5  
45 . 331  0 87  
4 7 . 4 4 4 1 1 5  
49 . 5 2 6 4 5 9  
51 . 5 8 0 2 3 7  
53 . 6 0 7 3 1 2

. 9 8 7 4 4 4  

. 9 9 0 1 0 6  

. 9 9 3 0 5 2  

. 9 9 5 4  81 

. 9 9 7 4 0 2  

. 9 9 8 9 2 3  
1 . 0 0 0 1  45 
1 . 0 0 1 1 4 3  
1 . 0 0 1 9 6 9  
1 . 0 0 2 6 6 3
1 . 0 0 3 2 5 4  
1 . 0 0 3 7 6 3  
1 . 0 0 4 2 0 5  
1 . 0 0 4 5 9 4  
1 . 0 0 4 9 3 8  
1 . 0 0 5 2 4 4  
1 . 0 0 5 5 2 0  
1 . 0 0 5 7 6 8

ERROR = 0 . 4 4 8 8 7  % 

ERROR = 1 . 2 5 5 6  %

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES

GOLDEN, COLORADO 804QI



APPENDIX E

APPROXI MATI ON TO L0G10 W-BAR

W-BAR L O G ! 0 ( W-BAR) APPROX COL 3 / C O L
2 0 . 0 0 1 . 3 0 1  0 3 0 1 . 3 1 6 0 4 4 1 . 0 1 1 5 4 0
2 5 . 0 0 1 . 3 9 7 9 4 0 1 . 3 9 9 0 8 2 1 . 0 0 0 8  t 7
3 0 . 0 0 1 . 4 7 7 1 2 1 1 . 4 7 0 8 0 3 0 . 9 9 5 7 2 3
3 5 . 0 0 1 . 5 4 4 0 6 8 1 . 5 3 4 3 0 4 0 . 9 9 3 6 7 6
4 0 . 0 0 1 . 6 0 2 0 6 0 1 . 5 9 1  523 0 . 9 9 3 4 2 3
4 5 . 0 0 1 . 6 5 3 2 1  3 1 . 6 4 3 7 6 2 0 . 9 9 4 2 8 3
5 0 . 0 0 1 . 6 9 8 9 7 0 1 . 6 9 1  9 4 2 0 . 9 9 5 8 6 4
5 5 . 0 0 1 . 7 4 0 3 6 3 1 . 7 3 6 7 4 2 0 . 9 9 7 9 2 0
6 0 . 0 0 1 . 7 7 8 1  51 1 . 7 7 8 6 7 7 1 . 0 0 0 2 9 6
6 5 . 0 0 1 . 8 1 2 9 1 3 1 . 8 1 8 1 4 6 1 . 0 0 2 8 8 6
7 0 . 0 0 1 . 8 4 5 0 9 8 1 . 8 5 5 4 7 0 1 . 0 0 5 6 2 1
7 5 . 0 0 1 . 8 7 5 0 6 1 1 . 8 9 0 9 0 5 1 . 0 0 8 4 5 0
8 0 . 0 0 1 . 9 0 3 0 9 0 1 . 9 2 4 6 6 5 1 . 0 1 1 3 3 7

AVERAGE % ERROR = 0 . 5 3 8 9 1  %

MAX I MUM % ERROR = 1 .1 540  %
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APPENDIX F

APPROXI MAT! ON TO L

WBAR L O G ! 0 ( L ) L APPROX
2 0 . 0 3 . 6 4 7 2 8 5 4 4 3 9 3 8 1 4  . 2
2 5 . 0 3 . 5 1 4 5 4 8 3 2 7 0 3 1 1 5 . 3
3 0 . 0 3 . 3 9 7 2 4 5 2 4 9 6 2 5 4 4 . 4
3 5 . 0 3 . 2 9 2 9 2 0 1 9 6 3 2 0 7 8  . 2
4 0 . 0 3 . 1 9 8 1 0 7 1 57 8 1 6 9 7 . 4
4 5 . 0 3 . 1 0 9 9 1 6 1 288 1 3 8 6  . 4
5 0 . 0 3 . 0 2 6 5 3 3 1 0 6 3 1 1 3 2 . 3
5 5 . 0 2 . 4 9 6 4 5 2 884 9 2 4 . 8
6 0 . 0 2 . 8 6 8 6 4 4 739 755  . 4
6 5 . 0 2 . 7 9 2 3 9 2 6 2 0 6 1 7 . 0
7 0 . 0 2 . 7 1 6 0 0 3 5 20 503  . 9
7 5 . 0 2 . 6 3 7 4 9 0 4 34 41 1 . 6

MUL T I PL E  CORRELATI ON C O E F F I C I E N T :  0 . 9 9 6 3 4

ESTI MATED CONSTANT TERM:  3 . 9 4 2 2 6 8 1

REGRESSI ON C O E F F I C I E N T :  - 0 . 0 1 7 8 2 4 0 !

AVERAGE % ERROR:  5 . 3 4 5  %

MAXIMUM % ERROR: 1 4 . 0 8 0  %
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APPENDIX G

c o p t i m a l  d r i l l i n g  p ar a m e t e r s  program 
c

C O M M O N / A l / A ,  B , CB I T , - B § t H E , . C R 1 6 , F F , D H O L E . T F , W E I G H T r XN,  
I F O R T Y P . X P H I  , O F , B X F .  WBAR, A X , BX, ;CX, i A  , 2 8 , Z C ,
1 Z L ,  HD F , HERO, CTR I P , ASUgF,  c SU b F , D S U 0 F « V 2 I N T , XK i , XK2 ,  XK3 ,  
l X K 4 , X K S , X K 6 , X K 7 , X K 8 , X K i 0 , X K l l l D l , X N S TAR,WSTAR,
1 T S U B F , XWSTAR 

DATA I N , 1 0 / 4 , 4 /
1 F O R M A T ! / '  DO YOU w a n t  INFORMATION ON T H I S  PROGRAM? » /

1 '  ENTER !' Y ES "  OR "NO” (CARRIAGE RETURN) ' , $ )
W R I T £ ! 4 , 1 )

2 FORMAT( A 3 )
R E A D ! I N , 2 )  ANS
I F < a NS , E Q .  ' Y E S ' 5 CALL INFO

3 FORMAT! / ,  > B I T  COST s * , $ J
4 F O R M A T ! ' B I T  S I Z E  = ' , $ )
5 FORMAT! '  RIG COST = ' , $ )
6 FORMATC FOOTAGE OR I L L ED  BY 8 I T  = ' , $ )
7 F ORMATC CURRENT DEPTH OF HOLE a ' , ! )
8 F ORMATC T I ME  ROTATING THE BTT a * r S }
9 FORMATC WEIGHT'  ON . BI T  ■ = • ' , $ )
13  FORMATC ROTARY SPEED OF B I T  :S ' , $ )
11 FORMATC FORMATION HARoNESS ^  ' , $ )
12  FORMATC TOOTH WEAR TYPE s ' , $ )
13 FO RM AT C DULLNESS OF B I T  s ' , $ )
14 FORMATC F I N A L  BEARING C O ND I T I ON  i  ' , , $ )
15  FORMATI  1 2 g )

W R I T E ! 1 0 , 3 )
R E AO ! 4 , 1 3 )  C B IT  
W R I T E ( I 0 , 4 )
READ< 4 , .15  ) 3 S I Z E  
W R I T E ! 1 0 , 5 )
REAO( 4 , 1 5 )  CRIG  
W R I T E ! 1 0 , 6 )
R E A 0 ( 4 , 1 5 )  FF 
W R I T E ! 1 0 , 7 )
READ < 4 , 1 5 )  DHOLE 
W R I T E ! 1 0 , 8 )
READ! 4 , 1 5 )  TF 
W R I T E ! 1 0 , 9 )
READ! 4 , 1 5 )  WEIGHT  
W R I T E ! 1 0 , 1 0 )
READ 1 4 , 1 5 )  XN 
WRI TE!  1 0 , 1 1 )
REAO< 4 , 1 5 )  FORTYP 
W R I T E ! 1 0 , 1 2 )
REAO( 4 , 1 3 )  XPHI
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W R I T E ( 1 0 i i 3 )
READ( 4 » 1 5 )  OF 
W R I T E ( 1 0 , 1 4 )
READ( -4, -15)  BXF

WEIGHT NORMALIZATI ON

WBARs 7 , 8 8 » W E I G H T / B S I 2 E  
CAUL, FORMa Y

00  J F < F Q R T Y P - 2 . 0 ) 1 0 1 , 1 0 2 , | 0 3
01  A * - 0 , 6

B= 3 , 7 5 1 5  
GO TO 1 0 5

02 A*  3 . 8 5  
8= 0 , 6 5  
‘GO TO 1 0 5

03 A*  1 . 0
B= 0 . 4 3 3 6 3  

3 5  CONTINUE

SUBROUTINE Z I N T  CONSTANTS

AX= 0 , 9 2 8 1 2 5  
BX = 6 , 0  
CX= 1 , 0

C T R I P  CALCULATION

C T R I P =  ( 0 , 6 * Q H 0 L E ) * f C R I G / 2 4  , 0 )
OFa 0 , 1  

00 CALL, OPT ICO 
CALL CONOEN

OPTI MA L- WE IG HT  CALCULATION

XWSTARs < { 3 , 6 4 6 9 7 * A ) / ( X K l t « t D i  *  ( 3 , 6 4 6 9 7 * A ) ) ) ) * * 3 , 6 4 6 9 7  
WSTAR= <XwS T A R * 3 S I 2 E > / 7 . 8 8

TOTAL ROTATING T I ME CALCULATION

URN* 1 3 5 9 , 1  » 7 1 4 , 1 9 * <  a LOG10«XWSTAR)  )
URFs < 0 , 3 0 9 3 7 5 ) * ! Q F » * 3 , 0 )  + 3 , 0 * ! Q F * * 2  , 0 )  *  DF 
URD= XNSTa R *  ( 0 , 0 0 0 0 4 3 4 8 * C X N S T A R 4 * 3 , 0 ) )
TSU3F = ( A S U B F * U R N * U R F ) / U R D

BEARING L I F E  F A IL U RE  T I ME CALCULATION

XL= ( 9 7 1 0 , 4 1 6 9 4 4 ) * < 2 , 7 1 8 2 8 1 8 2 e * » ( * 0 r 0 4 2 8 6 9 9 5 * W 8 A R ) )
S= ( T F * X N ) V ( B X F » X L )
X L S T A R = ( 9 7 1 0 , 4 1 6 9 4 4 ) * ( 2 . 7 1 8 2 a i 8 2 8 * * ( ' ” 0 . 0 4 2 8 6 9 9 5 * X W S T A R ) ) 
TSUBXa <S«X l S T AR ) 7  (XNSTAR)
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420

440

I F  CDF , G T ,  0 , 9 5 )  GO TQ 440
I F ( TSU8X , GT,  TSUBF)  GO TO 4 2 0
CALL APPROX
CALL OUTPUT
OF* .  OF*  0 , 1
GO TO 4 00
CALL OUTPUT
5 T0 P
END
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SUBROUTINE OPT I CO
C 0 M M 0 N / A l / A , B , C B I T , 8 S l i E , C R I G , F F . 0 H 0 l E , T F f WEIGHT,XN,  

1F0RTVP#XPHI»OF # 8XF # W0AR# AX# BX . CX# 2A (:2B» 2C» 
I Z U Z O F .H E R Q .C T R IP ,A S U B F , CSU8F, DSUBF, VZI  NTf X K l , XK2, Xk 3 , 
lX K 4 # X K 5 , X K 6 ,X K 7 .X K a r XKl0,XKl l , .Ol»XNSTAR»WSTAR.
1TSUSF # XWSTAR 

4 0 0  X K l s  C B I T  *  C T R I P
XK2 = ( C R l G / 2 4 ' , 0 ) » A S U i F « ( 0 . > 3 0 9 3 7 S « O F » * 3 . 0  + 3 . 0 * O F * * 2 . 0 * O F )  

I F ( X P H I  , 'EQ, 1 . 0 )  GO TO 4 1 0  
CALL Z I N T
XK3= AS UB F »C S UB F *V Z j N T  
GO TO 4 1 1

4 1 0  XK3= ASUBF*CSUBF»OF
4 1 1  CONTINUE  

XK4s X K 1 / X K 3  
XK5? X K 2 / X K 3  
XK6a 0 , 0 0 0 0 4 3 4 8  
XK10S 0 ,  0 0 0 7 3 5 7 8  
X K l l s  0 , 3 0 4 i 5 l 7 6  

-RETURN
ENO
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s u b r o u t i n e  CONOEN
C 0 M M 0 N / A l / A , B , C 8 I T , B S i H E , ; C R t G , F F , 0 H 0 1 . E , T F , W C I G H T , X N ,  

1 F O R T Y P . X P H I  , D F , B X F , H 8 A R , A X , B X , : C X , 2 A , ; 2 B , . 2 C ,
1 2 1 , , HOF,  HERO,  C T R I P ,  ASUb F . CSUg F , 0 S U S F , VHI  N T „ X K l , X K 2 , X K 3 , 
1 X K 4 ,  X K 5 , X K 6 , X K 7 » XKS, X K 1 0 , X K l l  , ;01 > XNSTAR, WSTAR.
i t s u b f . x w s t a r

XNBARs x n
6 0 7  ' XU AM8i a  X K 4 / C X K 4  *  X K 4 * X K 6 « C X N B A R » * 2 . 0 ) )

O t s  B / C 3 . 0  2 , 0 * X U M B i )
2 1 *  1 , 0 / 1 3 . 0  -  2 , 0 * X U A M B 1 )
O t s  1 , 0  -  XUAMB1
XK7= ( < X K 4 / X L A M B 1 I » « X L a M8 1 ) * ( < ; X K 4 « X K 6 / Q t >* * Q l )
XNUMs < X K S » t O l * * 2 , 0 ) ) * * 2 1
XQEN= ( X K l 0 « X K 7 * < 1 . 0 » O i ) t ( O l * ( ‘3 , 6 4 6 9 7 « A )  ) 1 * * 2 1  
XNSTARa XNUM/XDEN
I F ( a 8 S ( X N S T a R»XNBAR)  , l T ,  0 , 0 0 1 )  GO TO 6 3 0  
XNBARsXNSTAR  
GO TO 6 07  

6 3 0  RETURN
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6 0 0
6 0 1
6 0 2
6 0 3
6 0 4
6 0 5  
C
C
C
C
C

6 5 0
6 1 1

6 9 0
6 3 2

SUBROUTINE OUTPUT
C O M M O N / A l / A , B , C B I T , B S I Z E , C R t G , T P , Q H O U E , T F , : W E I C H T l X N 1 

1 F O R T Y P . X P H I  , D F , B X F , W B A R ,  AX , B X , C X , 2 A , 2 8 , HC. 
1 2 L , , . Z D F , Z E R 0 , C T R I R , , A S U b F . C S U 9 F , ;DSUBF i Vh i n T >XK1 , X K 2 , X K 3 »  
l X K 4 , X K 5 , X K 6 . X K 7 » X K 8 , X K i 0 , X K l l , D l , X N 5 T A R , W S T A R ,  
l T S U B F , XWSTAR

FORMATC/ '  
FORMATC 
FORMATC 
FORMATC 
FORMATC 
FORMATC

a »
WEI GHT s

ROTARY 
TOTAL, ROTATING T 
TOTAL FOOTAGE,  ' , , tX  
COST PER FOOTs t , 1 X  
F I N A L  S I T  DULLNESS!

l X , F . e . 2 , l X ,  ' THOUSANO POUNDS ' )
l X , F $ t 2 , . t x ,  ' R . P . M ,  • )  

t  ' . 1 X , F 6 » 2 , 1 X i  ' HOURS ' )  
, F 7 , : 2 i . 1 X , i  FEET  
• F 8 t 4 11 X # ' $

' » 1 X | F 5 . 3 >

' >
FT ' >

COST PER FOOT CALCULATION  

TOTAL b i t  FOOTAGE Ca LCUL a t  i o n  

0 2 =  1 . 0  -  O i
URNs 1 3 5 9 , 1 - 7 1 4 , 1 9 = ( ALOG10CXWSTAR>)
URD= XNSTAR *  ( 0 . 0 0 0 0 4 3 4 8 ) * C X N S T A R * * 3 , 0 )
DJPs CASUBF«CSUBF*URN»(XWSTAR#» a ) * C X N s T a R * * B ) ) / U R O
I F C X P H I  , EQ.  1 , 0 )  GO TO 6 5 0
CALL H I N T
FSUBF= 0 I P * V Z I  NT
GO TO 6 1 1
FSUBF*  D I P * O F
CONTINUE
0 4 =  3 . 6 4 6 9 7 * A
CPERP= C < X K 7 / D l I * « 0 i ! * C  <X K 5 / Q 2 ) * * 0 2 > * <  <X K 1 0 / D l > * * O l > 

1 * C < X K l i / Q 4 > * * 0 4 ) * C C D 1  -  0 4 ) * * ( 0 1  *  D 4 J )
DSU8F= OF
W R I T E ( 4 , 6 0 0 )  WSTAR 
WR I T E  < 4 ,  6 0 1 )  XNSTAR 
W R I T E ( 4 , 6 0 2 )  TSUBP 

■W R I T E ( 4 , 6 0 3  ) FSUBF  
W R I T E ( 4 , 6 0 4 )  CPERF 
W R I T E < 4 , 6 0 5 )  OSUBF
PCPF= CCBIT *  C T R I P  ♦ T S U B F # C C R I G / 2 4 , 0 )  I 7 F SU B F  
FORMATC' PRIMAL COST PER FOOT*  » , P 7 , 3 )
WRI TEC4 , 6 3 2 )PCPF  
RETURN
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SUBROUTINE 2-1 NT
C O M M O N / A t / A ,  B , CB I T , B S r 2 E , C R i G , T f \ Q H 0 t . E , T F , . H E I G H T E N .  

l F O R T Y P , . X P H I , 0 F , B X F , w 8 A R , A X , B X , : C X f 2 A , ; 2 B , 2 C , 2 l . , 2 0 F ,  
1HERQ,.CTR I p ,  ASUb F , CSUBF,  DSUBF* VZ t N T ,  X K l , XK2 ,  X K 3 ,
1 X K 4 , X K 5 , X K 6 , X K 7 , X K 8 , X K i 0 , X K l l , X N S T A R , W S T A R ,
1TSUBF,XWSTAR  

HAs < ' 2 , 0 # A X * O F  *  B X J / { 4 , 0 < * A X )
2 B -  < 4 < 0 * A X * C X  »■ ! 0 X * * 2 , 0 ) ) / t g  , 0 * A X *CSQ RT<AX) ) !
ZC = S Q R T C A X » ( O F * * 2 . 0 )  *  BX*QF *  CX)
2 1 =  AUOGIHC *  D F * < S Q R T ( A X ) ) B X / C 2 * I S Q R T < A X ) ) ) )
2DFa  2A«2C *  2B4HL
ZEROS C B X / < 4 * A X ) )  + : Z B * ( A L G G < i  *  B X / 5 2 * I SQRTCAX) ) ) ) )
VHI  NTs ZOF ZERO
RETURN
ENO
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s u b r o u t i n e  a p p r o x
C 0 M M Q N / A t / A , B , C B l T , B S i 2 E , C R I G , F F ,  OHQLE, TF  ,WE I G H T , XN,  

1 F 0 R T Y P , X P H I  i 0 P , B X P » W B A R , A X , B X , C X , 2 A » H B , . Z C ,  
1 1 U ( 2 D F . : Z E R 0 , C T R I P ,  A S y B F , C S U 0 F , . . O S U B F , V H I N T , X K l , X K 2 : , X K 3 ,  
1 X K 4 , X K 5 1 X K 6 i X K 7 1XK8 r X K 1 0 » X K l l i D l < X N S T A R . K s T A R ,
1TSUBF,XWSTAR  

7 1 0  DP -  0 . 9 8 * 0 F  
CALI.  OPT ICO 
CALL CONDEN

C
C OPTIMAL WEIGHT CALCULATION  
C
6 3 0  XWSTAR- < ( . 3 V 6 4 6 9 e * A ) / t X K i t » { Q l  *  C 3 , 6 4 6 9 7 * A > m * * 3 . 6 4 6 9 7  

WSTaR= ( X W S T A R * B S I Z E > 7 7 . a 8
C
c t o t a l  'Ro t a t i n g  t i m e  Ca l c u l a t i o n
c

URNS; 1 3 9 9 . 1  -  7 1 4 , 1 9 * ( A L O G 1 0 C X W S T A R ) )
URFs ( 0 , 3 0 9 3 7 9 ) * ( Q F * * 3  , 0 )  + 3 . 0 * < D P « * 2 , 0 )  *  OF 
URO= XNSTAR *  < 0 , 0 0 0 0 4 3 4 8 * C X N S T A R * * 3 > 0 ) )
TSUBF = ( A S U 8 F * U R N * U R F ) / U R O

Cc BEARING L I F E  FA ILU RE T I ME CALCULATION
c

X L -  ( 9 7 l 0 V 4 i 6 9 4 4 ) * < 2 . 7 i 8 2 8 1 8 2 S * » ( ’ 0 , 0 4 2 8 6 9 9 9 » W B A R ) )
Ss ( T F * X N ) / ( B X F * X L )
X L S T A R * ( 9 7 1 0 . 4 1 6 9 4 4  > * ( 2 . 7 1 8 2 8 1 8 2 8 * * { - 0 . 0 4 2 8 6 9 9 S » X W S T A R ) )  
TSUBX= C S * X L S T A R ) / C X N S T A R )
I F ( A B S ( T S U B X - T S U B F )  , L T .  0 . 1 )  GO TO 730  
GO TO 7 1 3  

7 3 0  OSUSFs OF
CALL OUTPUT

7 4 0  F O R M A T C / / !  WARNING! Do NOT EXCEED TOTAL ROTATING ' /
i '  t i m e  a s  SEARING f a i l u r e  i s  l i m i t i n g  t h e  ' /
1 '  D R I L L I N G  T I M E ,  THE LAST SET OF PARAMETERS I S  ' /
1 '  u s u a l l y  THE OPTIMAL D R I L L I N G  PROGRAM AT MINIMUM 1 /
1 '  COST,  CHECK THE OTHER PROGRAMS FOR LOWER COST,  i )  

W R I T E ( 4 , 7 4 0 )
STOP
e n d

ARTHUR CAKES LIBRARY
COLORADO SCHOOL of MINES

GOLDEN, COLORADO 80401
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SUBROUTINE FORMAT
COMMON/ At /A  » B » C B I T , B S I Z E  » C R I G , F F , OHQLE» T F . WE1GHT» XN.  

I F Q R T Y P . X P H I , D F i B X P i W 0 A R » A X . B X i C X » 2 A f 2 B # Z C ,
1 2 L ,  2 0 F , Z E R O , C T R I P , A S U B F , C S U B F . D S U B P . V Z I N T . X K l , X K 2 , X i < 3 ,  
l X K 4 , X K 5 , X K 6 , X K 7 , X K 8 , X K i 0 , X K l l , i D l . X N S T A R , W S T A R ,
1TSUBFiXWSTAR  

AX= 0 , 9 2 8 1 2 5  
BX= 6 . 0  
CX= 1 , 0

1 0 0  I ?  <FO RTY P- 2 ' , 0>  1 0 1 * 1 0 2 . 1 0 3
101 A? 0 , 6  

8 s 0 . 7 5  
GO TO 1 0 4

1 0 2  As 0 . 8 5  
Bs 0 , 6 5  
GO TO 1 0 4

1 0 3  As 1 , 0  
Bs 0 , 4 2 8

1 0 4  CONTINUE  
C
C ASUBF CALCULATION
C
2 0 0  XNUMs TF* C XN +  < 0 . 0 0 0 0 4 3 4 8 ) • C X N * * 3 , 0 ) 3 

X I A P s  1 3 5 9 . 1  7 l 4 . i 9 * A L O G 1 0 t  WBAR )
X I N T A F s  ( 0 , 3 0 9 3 7 5 1 * ( O F * * 3 . 0 )  •+ 3 , 0 *  CDP*«2  ,J0 > *  OF 
XOENOMs X I A P « X I N T A F  
ASUBFs XNUM/XOENOM 

2 1 0  FORMATC/ '  A SUB F *  • | P )
W R I T E ( 4 i 2 1 0 ) ASUBF

C
C CSUBF CALCULATION
C
3 0 0  X I s  XN + ( 0 , 0 0 0 0 4 3 4 6 ) » ( X N * * 3 , 0 J

XMs 1 3 5 9 , 1  7 1 4 , 1 9 » < A L O G 1 0 I W B A R ) )
I F C X P H I  ,EQ, '  1 , 0 )  GO TO 3 0 9  
CALL 2 I N T
CSUBF? C F F * X I ) / ( A S U B F * ( W B A R » * A l 4 ( X N * * g ) « X M * V 2 l N T >
GO TO 3 1 1

3 0 9  CSUBF? ( F F * X I  >7 CASUBF#( W B A R * * A > » < X N * * B ) «XM*QF )
3 1 3  FORMAT( / '  C SUB F s i > T )
3 1 1  W R I T E ( 4 , 3 1 0 ) CSU8F

RETURN 
END
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701

1 1 
l f 
l f 
l f 
l f 
1*

i f

SUBRQUT I'N£ I
FORMAT ( 7 1 T H I S  PROGRAM I S  DESIGNED TO CALCULATE THE *7

CONSTANT b i t  w e i g h t  and r o t a r y  s p e e d  t h a t  m i n i m i z e s  V
COST PER FOOT D R IL L E D  FOR TOOTHED b i t  RUNS,  T H I S  *7
p r o g r a m  t a k e s  d a t a  f r o m  t h e  p r e v i o u s  b i t  r u n  a n d  »y 
g e n e r a t e s  o p t i m a l --d r i l l i n g  w e i g h t  a n d  r o t a r y  s p e e d  *7
FOR
NEXT

THE
THE

BE

BI TS
B I T S
b i t s

AND COST,  V
m a n u f a c t u r e r ,

B I T ,  THE FOLLOWING I S ASSUMED ABOUT THE *7
V /
ARE THE S a me  s i h e  
a r e  f r o m  t wf  r a m e
OR VERY S I M I L A R  D R I L L I N G  F L U I D  WILL.' V

u s e d ;  »v
FORMATION t y p e  d o e s  n o t  c h a n g e  d r a s .  V  

t i c a l l y ;  * 7 /
I F  THESE BASI C ASSUMPTIONS :CAN n o t  0E 'MET,  T H I S  » /  
PROGRAM c a n n o t  GUARANTEE OPTIMAL D R I L L I N G  p r o c e d u r e .  U (  
t o  START A D R I L L I N G  PROGRAM USING T H I S  CODE YOU ' /
MUST HAVE THE FOLLOWING DATA IN THE I N D I C A T E D  U N IT S  » /  
FROM THE PREVIOUS S I T  RUN) * / /
B I T  COST DOLLARS >7
B I T  S I Z E  INCHES ' /
R I G COST DOLLARS
f o o t a g e  d r i l l e d  b y  b i t
T I ME  ROTATING THE B I T  
WEIGHT ON THE B I T  
ROTARY SPEED OF Th E B I T  
FORMATION HARDNESS: V

TOOTH WEAR TYPE

1 '  DULLNESS OF B I T  
1 '  F I N A L  BEARING CO ND IT IO N  
1 '  USE THE FOLLOWING TABLE  
1 '  NO WEAR 0
1< 1 / 8  0 , 1 2 5
1 ’ 1 / 4  0 , 2 5
1» 3 / 8  0 , 3 7 5
I 1 1 / 2  0 , 5  l / t
1 '  DO NOT INCLUDE.  D I MENSI ONS
1 '  t h e  m a c h i n e  I S  PROGRAMMED

W R I T E ! 4 , 7 0 1 )
RETURN
END

DAY '
' /

HOURS *7  
THOUSANDS 
R . P . M ,  V  
1 » SOFT

2 :s MEDIUM ' /
3 . *  HARO ' /

1 . 0 ? FLAT WEAR ' 7  
a^SsCHl 'P 'WEAR <7

{SEE BELOW)
{SEE iBELOW)

FOR THE LAST E N T R I E S !
5 / 8  0 , 6 2 5  ' 7
3 / 4  0 , 7 3  * /

0 , 8 7 5  V  
1 , 0  ’ /

' /
' / /

' 7 /

DATA ENTERED >7 
ACCEPT .NUMBERS ONLY.  >)
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APPENDIX H

TEST CASE DATA

PARAMETER CASE I CASE I 1 CASE I 1 1 CASE

B I T  COST 2 0 0 4 0 0 t 0 0 0 6 5 0

B I T  S I Z E 8 . 7 5 8 . 7 5 1 0 . 7 5 6 . 5

RI G COST 1 200 4 8 0 0 6 0 0 0 1 2 0 0 0

F I NAL FOOTAGE 2 0 0 2 00 235 1 30

DEPTH 1 0 12 8 1 5

ROTATI ON T I ME 1 2 1 0 1 7 7

WEI GHT 40 45 60 40

ROTARY SPEED 1 t o 90 100 1 20

FORMATI ON SOFT SOFT HARD HARD

PHI CH IP FLAT CH IP FLAT

F I NAL  DULLNESS 0 . 3 7 5 0 . 7 5 0 . 9 0 . 5

F I NAL BEAR INGS 0 . 7 5 0 . 3 7 5 0 . 7 5 0 . 6 7 5

FOR A SOFT FORMATI ON:  K = 0 . 6

B = 0 . 7 5

FOR A HARD FORMATI ON:  K = 1 . 0

B = 0 . 4 2 8

PHI  = 0 . 5  (FOR CHI P  WEAR)

= 1 . 0  (FOR FLAT WEAR)
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APPENDI X I

COMPUTATI ONAL T I ME  

(CPU T I M E ,  M l N : SE C)

CASE I 

CASE I I 

CASE I I I 

CASE IV

MI TCHELL,  

01 :2 0 . 2  6 

0 0 : 4 3 . 2 3  

0 3 : 1 5 . 9 3  

0 0 : 1 8 . 4 8

DAN 1 ELS 

0 0 : 0 2 . 6 0  

0 0 : 0 3 . 8 1  

0 0 : 0 1  . 7 4  

0 0 : 0 1  :7 1
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APPENDI X J

OPTI MAL VALUES FOR CASE I

MI TCHELL DANI ELS

COST PER FOOT 5 . 0 8 5 . 0 7

ROTATI NG T I ME 1 3 . 3 8 1 2 . 7 5

WEI GHT 4 3 . 3 1 4 4 . 2 4

ROTARY SPEED 1 1 5 . 0 0 1 1 6 . 6 2

B I T  DULLNESS 0 . 5 0 0 . 4 5

BEARING WEAR 1 . 0 1 . 0
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APPENDIX K

OPTI MAL VALUES FOR CASE 11

MI TCHELL DANI ELS

COST PER FOOT 1 9 . 0 2 1 8 . 8 8

ROTATI NG T I ME 1 1 . 3 9 1 0 . 2 4

WEI GHT 4 1 . 0 8 4 2 . 1 9

ROTARY SPEED

ooo
 

*—■ 
t— 1 0 1 . 0 4

B I T  DULLNESS 0 . 9 0 0 . 9 0

BEARI NG WEAR 0 . 4 5 N/ C

NOTE:  N/ C MEANS " NOT CALCULATED "

ARTHUR LAKES LIBRARY
COLORADO SCHOOL of MINES

GOLDEN, COLORADO 8Q4QI
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APPEND I X L

OPTI MAL VALUES FOR CASE M l

MI TCHELL DANI ELS

COST PER FOOT 2 4 . 6 7  2 4 . 0 3

ROTATI NG T I ME 1 9 . 5 4  1 8 . 8 5

WEI GHT 7 7 . 7 6  7 7 . 4 1

ROTARY SPEED 7 0 . 0 0  7 3 . 0 5

B I T  DULLNESS 1 . 0 0  1 . 0 0

BEAR!NG WEAR 1 . 0 5  N/ C

NOTE:  N / C  MEANS " NOT CALCULATED ,f
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APPENDI X M

OPTI MAL VALUES FOR CASE IV

MI TCHELL DANI ELS

COST PER FOOT 5 3 . 7 1  5 2 . 5 5

ROTATI NG T I ME 1 6 . 6 1  1 6 . 5 2

WEI GHT 4 5 . 3 7  4 4 . 2 0

ROTARY SPEED 4 0 . 0 0  4 2 . 8 2

B I T  DULLNESS 0 . 4 0  0 . 4 0

BEARI NG WEAR 0 . 7 1  N/ C

NOTE:  N / C  MEANS 11 NOT CALCULATED "
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