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INTRODUCTION

Drilling costs can be influenced by many variables.
The relationship of those variables to the costs are
strictly noanlinear and therefore difficult to firmly
establish., With techniques from the geometric programming
optimization methods, bounds can be placed on the
percentage cost contributiqn of each of these variables.
With this knowledge, an engineer can better determine which
variables to change, if any, in order to improve the
drilling costs,

E. M. Galle and H, B. Woods of Hughes Tool Company
have established equations to find the optimal constant
weight and rotary speed assuming proper attention is given
to the other variables such as bit selection, drilling
fluids and hydraulics(2,3), The problem has been
formulated from their equations into geometric programming
format to aid in obtaining cost percentage boundaries on
the constant bit weight and rotary speed variables,

Because the problem contains a necessary integration,
consideration is given to three cases based upon bit wear:

1) flat crested bit tooth wear /p = 1.0/
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'2) ‘tungsten carbide studded bits which have 1ittle
tooth wear during the bit 1life /p = 0.0/, and

3) self-sharpening or chipping type bit tooth
wear /p = 0.5/.
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PROPLIM STATEMENT

Galle and Woods have formulated the cost per foot
(expressed in rig hours per foot) of a bit run /G/ and
have multiplied it by the formation drillability parameter
[Cs7 to arrive at a dimensionless objective function /K/.
Since Cy is a constant for the formation being drilled,
minimizing K will result in a minimum cost per foot for
the bit run,

The objective functlion is composed of three variable ,

1) Dp (final bit tooth dullness, measured between
0.0 and 1.0),

2) W (equivalent 7-7/8" bit weight used in drilling
allowed to run between O and 79 thousand pounds), and

3) N (rotary speed, RPM),

The problem in its simplest form will have an
objective function to be minimized subjJect to the followin-;
five constraints,

1) Df must be less than 1,

2) The bearing life expended is a function of D¢, ¥
and N and i1s measured between O and 1. Thus, the final

fraction of bearing 1life expended must be less than 1.
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3) As D¢ increases from O to 1, K initially decreases
and then increases as the drilling slows down because of a
dull bit, The bit should be pulled from the hole and
replaced before K begins to rise, This occurs where the
slope of the curve on a graph of Dy versus K is non positive
(i.e., JK/dDs < 0).

4) W must be less than or equal to 79 thousand pounds.

5) Dp, W, and N must be nomnegative values for an
optimal solution,

To ease the burden of computation, first the general
case will be introduced and rearranged as much as possible
before developing the three cases, In the general case,
the constants and common polynomials will be replaced with
"c" and "R" subscripted terms, respectively, to reduce the
size of the problem.

In each of the three cases, the problem will be
reduced to this format!,

To N b,
Minimize K = t§1 Ay E Xn

subject to the constraints

Tm N dgnn
0= 3 Cup [T Xy <1 5m=1+c0 M
t=1 n=1

1For further explanation of the format of a geometric
programming problem, consult Duffin and others, 1967.
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where
X is a variable
N is the number of variables
M is the number of constraints
To is the number of terms in objective equation
‘Pm is the number of terms in constraint "m"
"A" and "C" are coefficlients
"o" and "d" are exponents

An example using this format would be

. _ 2 3
Minimize K = 3X1X2 + 2X1X2_
Subject to-

2
-2 4
£
N
X1, X2 >0,

To force each of the three cases into this format,
the integrations must be performed and logarithmic,
exponential, and some other functions must be approximated

by a variable raised to a power.
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GENERAL CASE

The general form of the problem can be expressed as

Minimi ze

(1359, 1-1646, 11n¥)
X = + 5. 3.
(N+4,348%X10 “N7)

D¢
j(o.928125n2+6,on+1)dn]/

2
[( 1359 1- 1646, 11nT) () 5( o~ 199/7%)

(k. 348%10728°)

% 2 1-
j(o.928125n +6,0D+1) '"P4p

o

Subject to

1) Dp £ 1

2) [(N)(1359.1-1646.11n?f?) /
-012w+013)(N+4.348X10-5N3):|

D,

¥
j(0.928125D2+6.0D+1)dD£ 1 2
o

3) JK/9D, £ O

2In the paper by Galle and Woods (1960a), a tabulated
function of W, which they called L, appeared in the denomina-
tor of constraint 8. I have approximated this tabulated
function by (cC,e” 12W, 013). h
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4) W <1719
5) Dps N, W20,

As a simplification, for each numerical constant

introduce a subscripted "C".

Minimize
(02-C3an) % o
K= [Cy + /((059 +0gD+1)dD
(N+c4N3% A
G, =100/82 gg ~100/N2
[(CE-GBInW)(W) T(e N P40 ( 1-e ))
2 1-p
J’(CSD +C6D+1) dDJ
Subject to
1) D. £ 1

£

D,

(N)(Co=C=1nT) (C,n)
2) 2 3 12 (05D2+06D+1)dn £

(cye~C12%40,5) (Wac,N3)

3) 0K/9D, £ 0
4) (o )W)
5) Dey, N, 20

IN

Perform the integration appearing in the numerator of

the objective function and in constraint 2,
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De
c c
2 536,20 . o3 2
(CgD +c61>+1)<11).--3--1):f +-2--1)f +Dp = €, 5Dp7+C, (Dp“+Dp

Selectively, common polynomials in the problem can be
replaced by a subscripted "R". Later, the values of the "R"
terms will be brought into the minimilzation,

Minimi ze
. c1+(R1)(32)'1(015Df3+c161)f2+nf)
(R,)(?f)c7(122)"1(33) )’Df (0592+069+1)’“Pdn
Subject to
1) D, £ 1 o
2) (I (Ry)(Cy5) (R,) (Rg) |
(q"e-C12W+c13).

3) JK/9Dy £ 0
4)  (Cuy) (W) £ 1
5) Dpy N, W20

Constraint 2 can be reduced to two constraints in order
to remove the exponential term. This is accomplished by
using the relafionship

et = 1im (1 + u/t)e.
E—»o00 '

C1oW

- £
This justifies the replacement of e with (1~012W 81) L

where €, is sufficiently large.
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'Introducing a new varlable t1 =1 - C1éﬁ 81, e—C1éW

can be replaced with (t1)£1. This necessitates imposing
"another constraint 1 - 0123/21 < t1 which i1s equivalent to
(t)7" = (g7 e ) (67 1T £ 1,

Constraint 2, with the introduction of t4, is

-1
(1)(R))(0,) (R (R)

< 1.

(6 (6T + (0,5)

Rearranging, this becomes
() (R, )0, JR)R) £ (6.)(4,) T+(C. ), then
173907 2 Mgt T MV e 13°?

. -q 81

(010)(N)(R1)(R2) (RS)-(C13)5(C“)(t1) s then
B - & (o) 72

(010)(0") (N)(R1)(R2) (RS)(t1) -(C,)7 (G (%21,

and finally, after defining new constants,

-1 -
(C,.) (W) (R (R, (R 1

-&, ,,
(8 )7 51-(0 ) (8)7 141,

Also present will be the additional constraint
t -(C t W) € 1.
(%,) =( 19)( 1) (W)

The gené:al statement of the problem is then reduced to

Minimize
-1 3 2
‘. (C1)+(R,)(Ry) (0151)f +C, cD. “+D;)
B =, C -1 De 2 1=
(31)(w) 7(R2) (RB) S (CSD +CgD+1) P4ap
o
Subject to

1) Dp £ 1t
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2) (0, ) (N(R) (R (Re) (8,07 51-(0, ) (8,)" 121

(C47
3) (5)7(0y)(5,) 7 (M

4) JK/9Dp <0
5)  (Cy4)(W) £ 1

6) Dp, N, W, t, 20

This 1s the simplest statement of the general case
problem., For each of the three cases (p=0, .5, and 1.0), the
term in the objective function must be integrated, constraint
4 must be reduced, and bounds must be placed on the "R"

polynomials.
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CASE I

p = 1.0 (FLAT CRESTED BIT TOOTH WEAR)

Performing the integration in the denominator of the

objective function,

1)f De
2 1-p - _

j (051) +C6D+1) dD-j dD = D, -

0 0

The objective function will be

-1, 3 2
(01)+(R1)(R2) (015Df_+c16nf +Dg)

=, C =1 S
R)(W) "T(Ry) ™ (Rg) (Dg)

y OT,

K =

rearranging,
K = (¢,)(Dp)" (M™T(&)"(R,) (R5)!
+ (0p)” (M%7 (Rg) ™ (Rg)

Constraint 4 from the general case would be
ar/an: =[x, 1M (=) (R,) () (R,) (Ry)7(R,)
[(o,)+(R, )<R 1<R5 )] @) rr>c7<R2) (z,)]
/[‘R V27297 3, 2(33)2<nf)2] £ o,
The denominator is positive and may be removed without

changing the sense of the inequality. From the numerator,
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factor (R1)(§T)c7(R2)-1(R3).

[z, 20| {1027 (RY)
- [(c,) + (R1)(R2)'1(R5)]} £0

-, C -
(Ry ) (W) 7, (R5) 1, and (R3) are positive and may be

removed without changing the sense of the inequality.
ra -1 - -1 Z
(D) (R (R,) (R,) - (01) (R1)(R2) (Rs) £0

Expand R4 since 1t does not appear in the objective
function.

-1 2
(Df)(R1)(R2) (05D.f+06Df+1) - (01)
-1
Perform the multiplication in the first term,

(65) (D) (R (R ™" + (0g) (D) %(R ) (R )

. -1 -1 P
+ (De)(R(Ry) T - (C)) - (R)(R) (R) <0

12

Add C1 to both sides of the inequality and then divide both

sides of the inequality by 01.

-1 3 =1 -1 2 -1
(01) (05)(Df) (R1)(R2) +(G1) (06)(Df) (R1)(R2)

+ () o) - (7R (R TR

By defining new constants, reduce constraint 4 to
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3 -1 2 -1
(021)(Df) (R1)(R2) + (022)(Df) (R1)(R2)
-1 -1 <
+ (020)(Df)(31)(R2) - (020)(R1)(R2) (RB) £ 1,

The "R" polynomial terms must be bounded by the
introduction of a comstraint for each.

R1 must be maximized to he1§ minimize the objective
function., Therefore, Ry must have an upper bound to help
ensure a bounded objective function.

- C,InW> R

Cy - C3 1

This can be rewritten as
T £
R1 + C3an < 02.

If 82 is sufficiently small, 1nW can be approximated by
=1,z €2 -1
(52) (W) < - (&) .

Substituting,
s - —8 -
(Ry) + (0 )/16)7 (M2 - (69717 = (0,).

Expanding,

€
(2)) + (05)(€)71 (M ®

- (0506, £ (0p)
Add the constant (03)(82)"1 to both sides.

- E -

(Ry) + (05)(€,)7 (M 22 (cp) + (c5) (€~

Divide both sides by the quantity (C,) + (03)(62')'1 and

define new constants,
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)
(Cpz) (Ry) + (Cgy) (W) 2 £ 4

R, must be minimized to help minimize the objective
function and must have a lower bound to obtain a feasible

solution to the probdlem,
N + Cj> £ Ry
This can be rewritten as
(M) ()" + () (R £ 1,

R, must be maximized to miﬁimize the objective function

5
and must have an upper bound.

(e)=100/4% ()08 | (09),(N)(1~e"1OO/N2) = R3

Expanding,

2
(e)=190/M%(5)% 4 (0g) (W) - (0g) (M) ()™ 10N » gy

Using the same procedure as on the bearing life

2
100/N can be replaced

constraint in the general case, (e)
by (1 - 1oo/N2/8 3)83, where 53 is taken to be sufficiently
large., Define a new variable t, = 1 = 100/N2 83 and
introduce the new constraint ()" + (€5)7'(-100) (1) ~3(4,)""
< 1.

The R3 conséraint is then
£3 Cg E
(tp) 2(N)™ + (Co)(N) = (Co)(W)(tp) > 2R3,

rearranging,
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83 Cg 63 <
(Rg) = (1) 3(N) © 4 (Gg)(M)(1,) 3 € (cg)(N),
and by dividing both.sides by (09)(N),

-1 08’1

- - [ £
(69)7 () ™ (R3) - (o) M8 (1) 3 4 (1) 3 £ 1.

Defining new constants, the two constraints become

£ £
(Co0) (M)~ 1(Rs) - (Co5) (M) 926(12) 3 + (1,) 3 4 1,
and

(3)7" = (Cpp) (M) 73(1,)"1 2
7 2

R5 must be minimized to minimize the objective function

and must have a lower bound.
(C,=) (Do) + (0,e) (D)2 & (Do) < R
1573 4¢ 16/V ¢ £/ = %5
Divide both sides by RS.
(6, ) (0) (R + (0, ) (D3R + (Dp)(R)T 2 1
15/\"f 5 16/ V¥ 5 b 5 =

With these additional constraints and variables, Case
I (for p = 1.0) will have 24 terms and 9 variables, resulting
in a minimization problem with a degree of difficulty of 14.
The full problem for p = 1.0 is
Minimize
K = (¢,)(0,)” (M ™°T(r,) 1 (R,) (Ry) ™!

+ (0g) (M~ T(r5) ™" (Rs)

Subject to
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1) Dy €1
2) (017)(N)(R,)(Rg)"(RB)(t1)€' - (018>(t,f€‘ss1
3) (807 = (Cy)(8)7 (W) £ 4
) (Cp)(De) (R (R 4+ (Cpp) (D) (R ) (R,
+ (Cp0) (D) (R (R
- (C) (R)(RYTHR) < 1
5)  (Cyy) (W) £ 1
6) (03)(R,) + (Cpu) (M2 2 1
7 MRy + (o) 3Ry £ 1
8) (Cp5)(N~1(Rs) - (C,s) (1) 26 1)53 4 (tf3 < 1
9) (1)1 = (Cap) (M) "3(5)7" £ 4
10)  (045)(Dg)>(Rs)™" + (0y)(Dp) 2(Rg)™"
+ (Dp)(Rg) ™ £ 1

t t.> 0,

11) Dfs N, W, R19 R2’ RB’ R 1’ 2

5’
The dual function for this problem is
d d d -d
— 1 2 4
K = (c,/a,) 1 (1/4,)72 (¢,,/4,) 4(C,g/d) 5

(1/86)%6 (0,9/a7)7%7 (05,/5)% (0pp/05)%

(020/d10)d10 (020/d11)-d11 (014)d12(023/d13)d13
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diy dy5 416 (¢ sa Y417
(024/d14) (1/d15) (c,/ d16) ( 25/ 17)
=418 (174,419 (1/4,.)%20 (¢, /a,,)" %21
(Cx5/dyg (1/d49 (1/d59 27/ 921
a d d dy-d
(015/d5p)722 (C16/d3) 723 (1/85) 2% (84=d5)"7%5
(d6+d7)d6+d7 (d8+d9+d10-d11)d8+d9+d10‘d11
dyz+d dye+d
(dy5+d ) 1344 (a,cedg) 15+216

(d17_d18+d19)d17‘d18+d19 (d20'd21)d20-d21
(dpotdpgrdpy)doatdaztdas |
The normalization condition is
dy + dp = 1,
and the orthogonality condition 1s

=07d4=Cpdp-dy+dyo+pdyy = 0
~-d{+dp+d3+3dg+2dg+dqo+3dpop+2doz+doy = O
d4+dq5+3d16-dq7-Co6dsgraday = 0
-d1+d4+d8+d9+d1o-d”+d13 =0
-d,-d;~dg=dg-d  +d, =d =d o= 0
-dy-dp+dy7 = O

d2+d4-d11-d22-d23-d24 =0

-€,dy+€ ds-dgrdy = 0

€3d g+E3d g=dpg=dpy = O.
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CASE II

p = 0,0 (TUNGSTEN CARBIDE STUDDED BITS)

Working with the general case, perform the integration
in the denominator of the objective function,
Df De
j (C5D2+C6D+1)1'pdD =j (05D2+C6D+1)dD

(o] (o]
05/3 Df3 + 06/2 Dp° + D,

3 2

The objective function will be

(2,) () °T(R,) " (R5) (0,5D,74C , 6Dg 24D

K

or, rearranging,

X = (60 (M™07(R)7(R) (R,)7 (R +(T0T(2) ",

Constraint 4 from the general case would be

dK/dD; = -(01)(W)-c7(R1)-1(R2)(R3)-1(R4)-(Rs)"2 £o.

(cy), (M7, (31)-1,(R2),(R3)'1, (Ry), and (Rg)™2 are al1
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positive and the constraint can be removed because it is
not binding,

As in Case I, Ry must be maximized, R2 minimized, and
R3 maximized to help ensure minimizing the objJective
function, Since R5 appears in the objective function with
a negative subscript, it must be maximized. Thus_R5 has

an upper bound if the objective function is to be bounded.

(0,5)(D,)%+(C, () (D,)%(D,) = R

5
Rearranging the terms,
(Rg)=(C,5)(Dg)~(06)(D)% £ Dg

Dividing both sides by Df,
(Rg) (D)™ '=(C, ) (Dg)P=(C,6) (Dy) £ 1.

Case IT (for p = 0.0) will have 20 terms and 9
variables, resultiné in a minimlzation problem with a degree
of difficulty of 10,

The full problem for p = 0.0 is
Minimize

K = (00)(M 7)™ (R, (R (R) ™ 14(M~T(R5)!

Subject to
1) Dy £ 1

£ ¢
2) (Cyp) (M(RXR,) (R (1) T=(0 g)(6) = 1
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3)

4)

5)

6)

7)

8)

9)

10)

20

..1_ -1 -
(t1) (019)(t1} (W) = 1

(0, (W) =1

- £2
(Ca3) (R D+(0,, W) = 1

(M) (R, Ta(o,, M (W(R )™ = 4

-1 Co64 1E3, 4 13 <
(C g M) H(Ry)=(0, ) (M) 720( %) “4(t,) 7 = 1

-1 -2 -1 -
(4,7 (0 (M)73(5,)7" = 1

-1 2 -
(RS)(Df) -(015)(Df) -(016)(Df) < 1

p,NW,R,R,R, R, t,t 20
f 2 3 5 1 2

The dual function for this problem is
d d d -d
= 1 2 4 5
K = (Cy/a,)7" (1/a,)72 (C,./4, )% (0,0/4;)

d -d dg d
(1/36)70 (0,5/a, )T (0,170 (0p5/25)™9
(054/2,0) 110 (172, )11 (0, /8 Y112 (o, /a )13
(0p5/2,5)" 014 (1/2,)%15 (172, M6 (0yp/a )77
(1/d18)d18 (015/d19)'d19 (016/d20)"d20

dy- d d.+d +d
(4,=a5)"% 55 (agra,)%6%9T (agea ) %9010

(d. . +d 2)d11+d12 (d13-d +d )d13-d14+d15
1

11 14" 15

(d16-d17)d16'd17 (d,g-d )d18=d19=dop

197920
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The normalization conditlion is

and the orthogonality condition is

=07d,=Cqd =d_+dor€d = O

7

d-d,g-2d

3 197 %0 =

d,+d +3d -d ~C 4 +24d
47791 12 13 26 14 17

-d1+d4+d9 =0

Q,=d4,-d =d =
774 711 T2 0

.d1-d2+d13 =0

-d1+d4+d18 =0

£ ad E.d d + 0
£9,+ & mdrd, =

-£3d14+£3d -d 6+d17 = 0,

]

)

21
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CASE III

p = 0.5 (SELF-SHARPENING OR CHIPPING TYPE BIT TOOTH WEAR)

Working with the general case, perform the integration
in the denominator of the objective function.
Df Df
J (cgD?+0 D+ 1) 1"PaD =J (05D2+06D+1)%dn
o

(o)

[('e><05><nf>+(c6z7<34>%+ (4)(05)-(0g)°
() (05) (8)(cy) (0g)*

1 2 (Ce) (Cg)
1n [ (Ry)"+(C5)=(D,)+ W:I - 6L
( > (4)(cg)

2
. [(4)<c5>-<c6> ( (Cg) >
i in 1 + %
(8)(05)(c5)* (2)(0,)
() () (Ry) B4 (00) (Ry) B4(0p0) 10/1R) R4 030 B+ €5 Y
+(C5p)

The objective function will be
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(c)+(Ry)(Ry)"1(RS)
T (MO7(R,)(Ry)=1(Ry)= R

5
K = (6,)(M)7°T(r,)7"(R,) (R,)" (R )"

+ (M7 (R5)7 (R, (Rg)™

Constraint 4 from the general case would be
3x/30; = -[le )T ) 1) @) "I (7)) R ) ()
()4 () ™ (12060600 240090,
HD,eR,) " [(26 )0 +(0,6)] +
{[( NPk, -%BQ)(05)(Df)+(06)] +( 029)(030)] /
ER4) b 0,0, )+(Co, )]}jé 0.

Place the terms over a common denominator,

Ix/ID = ~[6, )7 (R (3, ()"

(MR (R0 | ()2 [(3)(Ry)

+

(200,30 (D) (R, + (3)(05,)(Ry)?
!

+

(3)(05)(Dg)% + (3)(05) (0, (D) (Ry)

+

(3)(05) (05, ) (D) 3(R,)"2

+

(2)(06)(Dg) + (3)(Cg)(C50) (Dp)%(Ry)"2

+

(3)(Cg)(C5,) (Dp) (Ry)-2
(05)(Cog) (D) + (C5)(Cpg)(Cs0) ()2(R,)E

+



T-1506 o4

+ (05)(0,9) (05, (D) (R)™F + (3)(cg) (c )

+ (3)(0g) (Cpg) (6,0) (D) (R,)7E + (3)(0g) (Cog) (C5,)(Ry)
+ (05)(029)(Df)(n4)'% + (%)(<36>(<:29)(R4)“1lr

+ (09)(050)] [(RIE+(0,0) (D) 4(e, )] 7" £ o

The quantities 1201)(ﬁ)'c7(a1)"(32)(RB)" +
(M™T(R5)(R5)7, (Rg)™2, ana [lRy)E + (030)(De) + (G347~
are positive and may be removed without changing the

direction of the inequality. Regroup the remsining terms
@y + @iepEYt + @), )0 (ry)E
+ (3)(0g) (Cog) (05, ) (R)™F 4 (3)(C4) (0pg) (Ry)E
+ ()(06) (051 ) (D) (R,)™E & (0g)(0pg) (O ) (Dp)(R,)"2

+ (3)(06)(C,g) (050) (3) (R)™Z + (05) (0 0) (D) (R,

+

(3)(e5) (05,0 (2 2(R,) 7 4+ (3)(06) (030) () *(Ry)™

+

(05) (Go3) (050 Dg) *(Ry) 72

+

(3)(05) (635 (2 (%)% + (2)(0g) (Dg)

+

(35 (0,9)(3g) + (1)(65)(2)2 | (2)(Gg)Cpg)
+ '(C29)(C30)

Divide both sides by the right hand side and define new

constants,
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- (055)(R,) = (05,)(R,)E - (o5)(np) (R}
- (0,00 (B)"E - (05,0 (D) (R,)"E - (03g)(D,)2(R,) 2
= (059 (De)3(R,)™F = (00N (Dg) = (04, ) ()P = 1

As in Case I, R, must be maximized, R, minimized,
R3 maximized, and R5 minimized if the objective function
is to be minimized. R, will be maximized and must have an
upper bound,
C5 Dp2 + Cg Dp + 1 2 Ry,
Rearranged, this becomes

Rg mﬁst also be maximized and have an upper bound,

(2)() () + (08)(R)E 4 (0,0) 1m (Rp)
+ (032) > R’6

IfE 5 1is sufﬁcientiy small, 1n (Ry) can be approximated by
£ -
(€5)"(2y) 3 - (83).’ Substituting,
1 £
(300 (R4)? + (00 (R4 4(0z0) [ (€)1 (7p) 3

- (33)"}, (C35) 2 Rg .

Expanding,
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(200 (Ra)E & (000) (Ry)E + (Cog)(E5)"1(r)"3
~(Cog) (€3) + (Cxp) X Rg e

Rearranging the terms,
3 %
(3)(Dg)(Ry)® + (Cpg) (Ry)F = (Rg) - (Cpg)(€5)
() 2 (o) (€5 (RES,

Dividing both sides of the inequality by the terms on the

right side of the inequality and defining new constants,
. 1 _E 1 >
~(C4p) (D) (R)Z(RS)™73 = (Cy5) (Ry)Z(R,)™3
=€ =€

R7 must be maximized in order to maximize R6.
1
5 S
(R4)2 + (030)(Df) + (031) = R7.

Rearranging the terms,
N
(Ry) - (By)% = (035)(D;) £ 0Oy

Dividing both sides by 031,

1
(Cyg) (Ry) - (Cug) (Ry)* - (047)(Df) < 1.
Case III (for p = 0.5) will have 39 terms and 12
variables, resulting in a minimization problem with a

degree of difficulty of 26,
The full problem for p = 0,5 is
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Minimize

27

K = (00 (M7 T(R) ™ (R)) (7,)" (Rg)"!

Subject to
1)

2)

3)

4)

5)

6)

7).

8)

9)

10)

+ (M7 °7(Rg)~1(R5) (Rg) ™!

Dp £ 1

, =€
() N(R (R THR) (£)751 = (0,60 (80771 £ 1

(5071 = (0,9)(£)7 (W) = 1

~(055)(Ry) = (05,0 (R,)F = (035)() (R,)

- (036 (B ™% < (050 (D) (R (0,0) (0,)2(, )"
- (05)(0p) (R)E - (040) (2p)

- 0y (D)% £ 1

(014)J(W) <1

(Ga3)(R)) + (0,,) (M) 2% 4

(M (R + (¢) (M3 (r)™" £ 4

' - 4 Cog € £ =
(Co5) ()7 T(R3) = (0,5) (W) 720(1,) 73 + (,) 3 =1

-1 “2, -1
(107! = (0, 2" < 4

(Ry) - (C5)(2.)% = (Gg)(D,) £ 1
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1) (0,5)(2e)3(Rg)™" + (0,6)(Dg) (Rg) ™"
+ (D) (R5)™T £ 4
3. 453 3. 4-€
12) = (042)(Df)(R4) (37) - (043)(34) (R7) 3
£
+ (04) (R (R)=53 4 (0, ) (R)T3 € 1
13) (Cug)(Rg) = (C4g)(Ry)E = (0, ) (Dg) £ 4
14) W, N, ny R1’ R2’ R39 R,, R5’ R6’ R7’ t‘l’ t2’
ts 2 0,
The dual function for this problem is
K = (0,/a)% (1/4,)%2 (0,,/0,) % @, o/,)7% (1/a5)%
(019/87) ™% ©,/8)7% 34/29)7% (B55/a, )10
(C36/ayy) ™ 11 (05/a,,) 012 (056/a,5)7013
(039/d14)"d14 (C4o/d15)'d15 (041/d16)"d16
d . d d d
(C) 71T (055/d,) 710 (08150719 (1/d50) 720
(0,/850)%21 (0,5/0,5)%22 (0, /a,,)"%23
(1/854)%2% (1/855)25 (Cy/a,6)™"26 (1/agy) 2T
(C5/aq) %28 “’6/‘129)"(129 (C1S/d30')d3°

a a ;
(616/25,) P21 (1/255)°32 (0,5/a55)%33
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(043/d34)'d34 (044/d35)d35 (045/d36)d36
(046/d57) %37 (0,6/255)7 938 (0, /0,5)79

(d4-d5)d4'd5 (d6+d7)d6+d7

3
(~dg-dg=dyomy1=aypm23-dyamdys=ds6)”

8+d +d21

(a;g+d49) “18"19 (a55405) 720
(dgg-d23+d24)a22-d23+d24 (dpg-dpg) 225226
(ap7-og-pg) 12779287929 (45015 4d5,) 93079517952
(-d33-d34+d35+d3g) 1337 A34+35+d36

(d57-d5g-dzq) 4377438739

The normalization condition is

d1 + d2 = 1,
and the orthogonality condition is

-C7d1-07d2-d7+d17+ 2d19 =0
d3—.-d10-d1 =244 3—36.14—(115-2(116-2d28—d29+3d30+2d31
+d32— d33-d39 =0

d4+d20+3d21—d22—025d23+2d26 =0

3 "
Irepresents (-dg=dg-d;o=dyy=d;p=dyz-d4=dy5=d;g)
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-d1+d4+d18 =0
-d1-d2+d22 =0

—da=dd -1 1 1 1 1
d8 2d9 2d1o+gd11+gd12+2d13+,«d14+d

-1d,_-3d

27 °733 734

~¥d3g = 0
dp+dy=dzg=dzq=dzp = O
..d1--d2+d35 =0
Gas5rEa3u-E5a35-Esaz6rdsy = 0
~€,ay+€,d5-dgrdy = 0



T-1506 31

CONCLUSION

Thg problem has been set up and analyzed by breaking
it into three cases based om the bit tooth wear. It has
been formulated in the geometric programming format
shown in the problem statement on page 4. The normality.
and orthogonality conditions were also written to check for
errors which would produce infeasible results. T¥With this
formulation as input, a geoﬁetric programming computer
code could now be used to obtaln the optimal values of Df,
N, and W for comparison with Galle and Woods and with field
results., Using the d's as cost coefficients, we could
better determine the contributions of the three variables

to the total cost,
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&
i

SUBSTITUTION POLYNOMIALS

(Co)-(C3)in(W)

(X)+(Cy) (N)7

(o)™ 100/%% 1) %8, (0, ) () (167 10/¥%)
(05)(Dp)2+(0g)(Dg)+1

(C45)(Dg)2+(Cyg) (De)2+(Dg)

(4)(22) (24)24(0,6) (2)3+(05)1m [ (R0 4(05) (D)

+(031)] +(03,)

() F4(C50) ()40, )

32
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0

11

SUBSTITUTION CONSTANTS

Ay

1359. 1
1646, 1

4,348 x 10™°
0.928125

6.0

k =
1.0, for most other formations

{?.6, for very soft formations
0,428, for hard formations

0.75, for soft formations

0.2, for hard formations

0.5, for soft formations

-1
Sy

18225.7637

33
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C = 0.075825
12
C = 548,3858
13
_ -1
C. = (79)
C15 = 05/3
= C /2
C16 6/
-1
c17 - (010)(011)
-1
C.g = (cH) (c 3)

" (e)

i

-1
(c,)""(c,)

—1 -

Ops = LOp+(£,)7 (05)7"]

Sou = [105)(E,)7 / [o,4(6,)7 (0,07



T- 1506 35

(4)(05)-(cg)2

- Q
i

T (a2
030 = (05)%
031 = (06)
(2)(0g)?
032 = -028+0291n( 1+031)

CC = (#)(Cg)(Cpg)+(Cng)(Cs4)

i

2
Cs3 = ¢0
o _ (%)(031)
34 ce
(o)
25 ~ oo

(2)(Cg)(Cog) (C34)+(%)(Cg)(Cng)

Q
i
(@)

]

ccC
037 - (%)(05)(031)"'(05)(028)(031)"‘(%)(06)(028)(030)"'(05)(022)
ccC
(3)(05) (05, )+(3)(Cg) (C50)+(C5) (Cg) (Osp)
(3)(C5)(C3)
C39 = 20

CC
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(2)(0g)+(05)(C,g)

cc

(3)(05)
cc

(0pg)(E)7"
3/0B

Cog
CB
1/CB

CB

1/C,

)

C34

36
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1)

2)

3)

4)

5)

6)

7)

BIBLIOGRAPHY

Duffin, R, J., Peterson, E, L., and Zener, C. M,, 1967,
Geometric programming: New York, John Wiley and Sons,
Inc., 278 p,.

Galle, E, M., and Woods, H. B., 1960a, Variable weight
and rotary speed for lowest drilling cost: presented
at the Annual Meeting of the AAODC, New Orleans,
Louisiana, 44 p.

1960b, How to calculate bit weight and rotary
speed for lowest cost of drilling, pt 1: 011l and Gas
Jour.’ V. 58’ no. 4‘6, po 167"176.

1960¢c, How to calculate bit weight and rotary
speed for lowest cost of drilling, pt 2¢ 0il and Gas
Jour., v. 58, no. 47, p. 160-166,

1963a, Best constant weight and rotary speed for
rotary rock bits: presented at the Spring Meeting
of the Pacific Coast District Division of
Production, Am. Petroleum Inst,, Los Angeles,
California, 36 p.

1963b, Best constant bit weight and rotary
Sgged: 0il and Gas Jour., v. 61, no. 41, p. 147-
166,

Kochenberger, G, A., 1969, Geometric programming —
extensions to deal with degrees of difficulty and
loose constraints—doctorate dissertation: University
of Colorado.



