
INFORMATION TO USERS

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted.

The following explanation of techniques is provided to help clarify markings or 
notations whic!. may appear on this reproduction.

1.The sign or “target” for pages apparently lacking from the document 
photographed is “Missing Page(s)” . If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity.

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame.

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method o f “sectioning” the material has been followed. It is 
customary to begin filming at the upper left hand comer of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again-beginning below the first row and continuing on 
until complete.

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department.

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed.

Unlversi^
Micronlms

International
300 N. Zeeb Road 
Ann Arbor, Ml 48106





8404552

Bizanti, Mohamed Sadik

FLUID DYNAMICS OF WELL-BORE BOTTOM-HOLE CLEANING 

The University of Oklahoma PH.D. 1983

University
Microfilms

I ntern&ti0nel 300 N. zeeb Road, Ann Arbor, Ml 48106





PLEASE NOTE:

In all cases this material has been filmed In the best possible way from the available copy. 
Problems encountered with this document have been identified here with a  check mark V

1. Glossy photographs or pag es .

2. Colored illustrations, paper or print_____

3. Photographs with dark background ^

4. Illustrations are poor copy______

5. Pages with black marks, not original copy _

6. Print shows through as there is text on both sides of page.

7. Indistinct, broken or small print on several pages

8. Print exceeds margin requirem ents_____

9. Tightly bound copy with print lost in spine______

fp ^ e

10. Computer printout pages with indistinct print.

11. Page(s)____________lacking when material received, and not available from school or
author.

12. Page(s)____________seem  to be missing in numbering only as  text follows.

13. Two pages num bered____________ . Text follows.

14. Curling and wrinkled p ag es______

15. Other_________________________________________________________________ ____

University
Microfilms

International





THE UNIVERSITY OF OKLAHOMA 

GRADUATE COLLEGE

FLUID DYNAMICS OF WELL-BORE BOTTOM-HOLE CLEANING

A DISSERTATION 

SUBMITTED TO THE GRADUATE FACULTY 

in partial fuifillment of the requirements for the 

degree of 

DOCTOR OF PHILOSOPHY

By

MOHAMED SADIK BIZANTI 

Norman, Oklahoma 

1983



FLUID DYNAMICS OF WELL-BORE BOTTOM-HOLE CLEANING

A DISSERTATION 

APPROVED FOR THE DEPARTMENT OF 

PETROLEUM AND GEOLOGICAL ENGINEERING

V 'J -



ABSTRACT

A comprehensive series of tests were run on the University of Oklahoma 

drilling research laboratory rig investigating the variables which influence the 

ra te  of cutting removal. No rock cutting or penetration was done in these 

tests as the bit was held at a preselected height, above a packed column of 

cuttings. The parameters which were allowed to vary in the te st included 

nozzle diameter, chip size, cutting density, mud density, mud plastic viscosity, 

yield point, mud flow ra te , drill pipe RPM, bottom-hoie pressure, pressure 

drop through the nozzles, nozzle distance from bottom of hole, hydraulic 

diameter of annuius and bore hole inclination angle. A regression analysis of 

the data indicated how the rate of cutting removal was a function of the 

above variable expressed in terms of dimensionless parameters such as 

Reynolds number, Froude number, rotational Reynolds number, e tc . A study 

was also conducted on the effect of twelve different nozzle configurations on 

the rate of cutting removal.

The use of the curves and regression equations developed in this study 

should allow an engineer the opportunity to more closely optimize bottom-hoie 

cleaning and, therefore, improve the ra te  of penetration and minimize drilling 

cost per foot.
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CHAPTER I

INTRODUCTION 

Fluid Dynamics of Bottom-Hole Cleaning 

Bottom-hoie cleaning is a major factor affecting the ra te  of penetration. 

Usually a good bottom-hoie cleaning yields an increase in the ra te  of 

penetration. Most of the energy available a t the rig surface is expended a t the 

drill bit and, in order to  minimize the cost of drilling operations, both energy 

and time must be conserved.

Bottom-hoie cleaning is a function of the drilling fluid in removing 

cuttings from underneath the bit face in order to prevent bit-balling and 

floundering. At the bit face , fluid flows through the nozzles, across the 

bottom, and back to the surface through the annuius. The resu ltan t fric tion  and 

turbulence of mixing causes a great loss of energy. Efficient bottom-hoie 

cleaning must accomplish a t least three basic functions:

1. Washing a t the mud-rock in terface

2. Controlling "crossflow" and avoiding the regrinding of cuttings

3. Fast-lifting of cuttings around the bit face

The objective of this laboratory study is to  investigate th e  main 

param eters tha t control or effec t bottom-hoie cleaning, which is closely 

related  to the ra te  of penetration and to point out how each param eter is 

related  to bottom-hoie cleaning.



A better understanding of bottom-hoie cleaning should allow an engineer 

the opportunity to more closely optimize bottom-hoie cleaning and therefore 

improve the ra te  of penetration and minimize drilling costs per foot.

Background L iterature

It is widely accepted  th a t bit hydraulics has a major e ffec t on the ra te

of penetration. The actual ra te  of penetration is always equal to or less than

the ra te  which can be achieved if chips are removed as soon as they are 
1 2generated. ' Today's je t bits consume the hydraulic horsepower available at 

the bit by the fluid velocity tha t exists from the nozzles that are  located a t 

certain  distances from the bottom of the hole and which are comparable to the 

cone diameter. It has been established tha t extension of bit nozzles improved 

bottom-hoie cleaning. Sutko^ studied the effec t of extended nozzles on 

bottom-hoie pressures. Five nozzle extensions were used (o to  3.5 inches) and 

several velocities (90 to  321 ft/se c )  were used. It was observed tha t the 

pressure at large values of distance between the nozzle and hole bottom per 

nozzle diameter is extremely low and increases a t an increasing ra te . It was 

concluded tha t as the number of nozzles is decreased, the ra te  of penetration 

should increase. Je t hydraulics has been studied extensively by several authors. 

Kendall and G o i n s h a v e  presented hydraulics programs for maximum jet 

velocity, maximum jet impact, and maximum hydraulic horsepower. They did not 

point out or indicate which crite ria  had the greatest e ffec t on the ra te  of 

penetration.

Feenstra and VanLeeuween* have shown, in a full scale experiment on 

jets in impermeable rock drilling, th a t increasing jet velocity influences the 

ra te  of penetration more than increasing the flow rate .

Randall ^ presented the following guidelines for optimum hydraulics:



Flow ra te  -  30 to  50 gallons per minute per inch of bit diam eter. ]e t 
horsepower -  2-1/2 to 5 horsepower per square inch of bottom area. 
Maximum bit hydraulics 50% to 65% of available pump pressure across 
the bit je t nozzles. Impact is maximized when about 50% of the pump 
pressure is across the jets (i.e., 50% lost in the rest of the drill 
string). Two jets for smaller bits a t lower penetration rates; 
otherw ise, use three jets.^

8 9McLean ’ has w ritten on the improvement of je t bit hydraulics, 

suggesting maximizing cross flow velocity for maximizing hydraulic horsepower 

in curren t je t bit. He described the jet impingement action on the hole bottom 

and classified it as two mechanisms. One is an impact-pressure wave in the 

immediate area of the jet impingement. The second is crossflow which spreads 

across the  bottom away from the pressure wave. Equation (1.1) shows the
Q Û

expression developed. * for the cross-flow velocity a t the edge of the 

immediate area  of jet impingement:

...............................................(W,
D

where:

= across flow velocity 

= flow ra te  through the nozzle 

s fluid velocity a t the nozzle 

D = hole diameter 

K = constant.

Equation (1.1) was developed for three-nozzle jet bits. When one of the 

nozzles is blank, the flow ra te  of the other two nozzles will be increased by 

50%. The corresponding increase in cross-flow velocity is 22.5%, based on the 

square root of Q^V^, assuming the nozzle velocity is constant for either a two- 

or th ree -je t system. This increase in the cross-flow velocity will yield a higher 

chip force and, therefore, will result in improvement in bottom-hoie cleaning.



Sutko^ suggested tha t the crossflow velocity of a constant bit impact 

force could be Increased by blanking one or two nozzles. This corresponds to 

maximizing impact force per nozzle. The logic behind the above statem ent is as 

foilows;

JF = (pQ V ^/60g^).................................................................................. (1.2. A)

= 0.000516 QV^

= K QV„

= K .............................................................................

Where:

3F = hydraulic impact force

]F ^  = hydraulic impact force per nozzle

n = number of jet nozzles

Q = volume ra te  of flow, gpm

p = mud density, Ib/gai

= 32.17 (Ib^ - ft/lb f - sec^)

K = a proportionately constant including mud weight and the

conversion constant in equation (1.2.A)

= nozzle velocity, ft/sec  

By decreasing the number of nozzles (n), ]F^ increases and this, on the 

other hand, will increase the cross-flow velocity which is equal to the square 

root of QpV^.

E c k e l , t h r o u g h  his microbit drilling study, has shown that the ra te  of 

penetration - other conditions being constant - can be described as an 

exponential function of a Reynolds number function involving flow ra te , mud



density, nozzle diam eter, and bit or bottom-hoie viscosity:

R '   (1.3)

Where: R = ra te  of penetration

Q = flow ra te  

p = fluid density

d = nozzle diameter n

p = bit viscosity

Figure (1-1) shows the results of Eckel's microbit study. Figure (1-2) 

shows how apparent viscosity changes by shear ra te . Figure (1-3) shows the 

sensitivity of Reynolds number to viscosity under the fixed conditions of a

field te s t. William and B r u c e , r e p o r t e d  the following conclusions from their

laboratory experim ent on the carrying capacity of drilling muds:

1. Turbulent flow in the well annuius is most desirable from the

standpoint of removing cuttings.

2. Low viscosity and low gel strength are advantageous in removing 

cuttings.

3. Increase in mud weight is effective in increasing carrying capacity .

4. R otation of the drill pipe increases carrying capacity .

5. If turbulent flow  can be maintained, an annular velocity  slightly  

greater than the slip velocity of the largest cuttings to be transported  should 

keep the bore hole clean. According to  William and B r u c e , t h i s  implies

velocities of 100 to  125 fee t per minute rather than the presently used 175 to

225 fee t per minute.

12On the subject of je t bit hydraulic controversy Doiron and Deane have



Microbit studies gave these results

IflBL   , f  , r g ,H • • ‘ y v ,

S lo p «  = . S  
D rillin g  r a t i  «  R r ’

Figure (1-1) D rilling Rate-vs Reynolds number function 
(afte r Eckel ).

These shear rates apply to mud systems
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Figure (1-2) Viscosity vs Shear ra te  (a fte r  Eckel^°)



Reynolds No. vs. viscosity

Q = 350 gol/min .
 d=  11/32

P = 10 Ib/gol

Figure (1-3) Reynolds number vs Viscosity 
(a fte r Eckel ).



s ta ted  the following;

Most of the maximizing theories produce conditions near the maximum 
jet impact force and maximum hydraulic horsepower operating 
conditions. From the standpoint of designing hydraulic programs,
quibbling over maximum hydraulic horsepower or maximum jet impact 
does not appear to be justified.

K
From the derivation of bit hydraulics presented by Kendall and Goins, it

appears tha t either param eter (maximum bit hydraulic horsepower and maximum

jet impact force) will be within about 92 percent of its maximum value when

the other is maximized. It has been shown^^' that the ra te  of penetration is

proportional to  the circulating ra te  and to the nozzie velocity and is,

therefore, proportional to  the product of these two quantities. It can be shown

that the fluid impact force is directly proportional to this product. Therefore,

it appears that the jet impact force should be maximized rather than hydraulic

horsepower when designing bit hydraulic criteria . Field results^^ have

confirmed the advantages of using two nozzle bits and indicated an average of

15 to  20 percent improvement in the ra te  of penetration by using two nozzle

bits. Warren and Winters^^ conducted a laboratory experiment with an 8-1/2

inch lADC series 6-1-7 bit to determine the area and magnitude of the jet

impact under realistic  flow rates and je t velocities. Their tests have indicated

that for the same flow ra te  through each nozzle, a smaller fraction of the jet

energy reaches the hole bottom for larger diameter jets than for smaller

diameter jets. Their tests  have also indicated that with two je ts, a larger

fraction of energy reaches the hole bottom than with three je ts. On the issue

of blanking one nozzle, Warren and W i n t e r s h a v e  stated  the following:

Examination of a bit hydraulics reveals tha t the available area for
fluid to return from under the bit is mostly to either side of the
nozzles because of the volume occupied by the cones and bit legs. The 
area open to  fluid return is approximately 15 percent of the to tal hole 

• cross-sectional area. This means tha t the jet is not issuing into a



9

stagnant mass of fluid, but is flowing into a nearly counterflowing 
fluid. This causes a tendency for the jet to be deflected toward the 
wall of the hole as well as to significantly increase the entrainment 
of fluid into the je t.

On the issue of the entrainment e ffect, Flatten and Keffer^^ have found 

the entrainment to be increased two to five times that of a single je t flowing 

into a stagnant fluid.

Warren and Winters have also conducted bottom-hoie erosion tests

using 8-1/2 inch lADC series 6-1-7 bit. Seven thousand pounds weight-on-bit

was applied and rotation was stopped when the bit had drilled approximately 8

inches. Their tests indicated tha t, for the same flow through each nozzle for

the same impact force, smaller diameter jets give more erosion. It was also

stated  tha t, a t the same energy level per nozzle, the two jet case gave more

bottom-hoie erosion than the three jet case. Their results indicated th a t there

is a detrimental interaction between the jets when the larger jets are used.

On the effect of drill pipe rotation speed on the rate of penetration. Black, e t 

18al, have conducted a laboratory study of shale drilling. They concluded tha t 

an increase in rotational speed showed a significant effec t on ra te  of

penetration for the 60 to  120 RPM range used in their study. Additionally,
19Pratt has tested  a new extended nozzle bit effect on the ra te  of penetration

and made the following statem ent:

A large percentage of the hydraulic force is required to transfer the 
energy from the nozzle to the bottom of the hole with the normal jet 
configuration. As the distance between the nozzle and the bottom of 
the hole is reduced, the fluid jet passes through less fluid. The energy 
required to  move the fluid is less, dispersion of the jet stream and 
mixing are reduced. Extended nozzles, by reducing the distance 
between the nozzle and the bottom of the hole, increases the 
hydraulic effect for better penetration.

Cholet, e t al^^* presented a unique bit design which improves

hydraulics and performance. Their drill bit shows a radical bit design in which
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two nozzles of a  three-cone bit were extended and the third nozzle was

diverted upward. The new bit provided better cleaning a t the b it 's  face

resulting in increased ra te  of penetration of up to  20 percent and a longer bit

life. Figure (1-4) shows the  principle of hydraulic concept for this new bit.

Figure (1-5) shows the advantages in bottom-hoie cleaning obtained by the new

bit over the standard jet bit. Figure (1-6) shows a  schematic diagram of the
22reverse jet bit. Townsend, in his M aster's Thesis, studied two-nozzle and 

three-nozzle drilling under simulated field conditions. It was concluded that 

less regrinding of chip occurs when drilling with two jets under all the

conditions of differential pressures and weight on bits investigated.
23Cunningham, in a paper published on rock bit selection, has s ta ted  the 

following:

Once the formation is broken loose from the undisturbed m aterial, it 
may stili be held a t the bottom by differential pressures. Two methods 
are available to clean the bottom: (1) use of high hydraulic horsepower 
jetting to blast the material from the bottom so tha t the tee th  can 
penetrate undisturbed m aterial and, (2) mud weight is reduced as much 
as possible but still consistent with safe blowout procedures. This will 
reduce the differential pressures to a minimum and make the cleaning 
job of the jets much easier.

Tibbitts e t al^^ studied the effects of bit hydraulics while drilling shale 

with a standard three-cone bit. Their investigations indicated that the  ra te  of 

penetration continually Increases with increasing hydraulic horsepower and 

weight on bit, and there are certain hydraulic horsepower levels, corresponding 

to the to tal nozzle flow area , at which effective bottom-hoie cleaning occurs. 

Figures (1-7) and (1-8) show the ra te  of penetration versus to tal flow area for 

various hydraulic horsepower.

It appears from the literatu re  cited  herein that the objective of bit 

hydraulic optimizing methods is the increase of energy needed at the bit face
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to  remove the cuttings, l e t  impact, bit hydraulic horsepower, and Reynold's 

number are all related  to  the  fluid velocity a t the nozzle. At the nozzle the 

fluid flow is accelerated  and a pressure drop occurs. This hydraulic energy 

conversion provides the hydraulic influence that cleans the bit and the bottom 

of the hole. Therefore, we are indeed looking for establishing hydraulic 

cleaning criteria  in which we will be able (1) to remove the cu ttings 'held  on 

the borehole by formation fluids, (2) transport the cuttings as soon as they 

are generated in order to  avoid regrinding (bit floundering), and (3) clean the 

bit face to prevent bit balling.



CHAPTER n

DIMENSIONAL ANALYSIS

Dimensional analysis Is simply a mathematical tool. To use It In any

25situation the engineer will need to  know the following;

1. The variables believed to be related  to a particular situation,

2. Dimensions of the  variables,

3. Fundamental algebra.

The benefits of the dimensional analysis are  to  save time, trouble and expense 

in the experimental investigation or a correlation of a problem.

Dimensional Analysis generates a relationship which can be w ritten as an 

equation which describes how the  dependent variable varies with the 

Independent variables.

The solution to  the problem a t hand will be performed by the 

Buckingham method. The Buckingham theorem states that the number of 

dimenslonless groups required to  specify completely the  relationship Is the 

number of variables (n) minus the number of dimensions (m) Involved In the 

variables. These dimenslonless groups are often called tr groups.

In order to apply the  Buckingham Tr theorem to the problem of predicting 

the mass ra te  of cuttings removed (M^), it Is postulated that the mass ra te  of 

cuttings removed would be expected to depend on the nozzle diameter (d^), the 

chip size (S), the cutting density (P^), the plastic viscosity (pp), the mud density

16
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(P|), the bit diameter (d|^), the mud flow ra te  (Q), the yield point of the drilling 

fluid (Ty), the drillpipe rotational speed (RPM), the bottom-hole pressure (Pg^), 

the pressure drop through the bit nozzles (Ap^), the nozzle distance from the 

bottom of hole (L), the hydraulic diameter of annulus (d^), and the bore hole 

inclination angle (g).

Thus:

Mj, = f(d^, S, Pp, Pj, dy; Q| Ty, RPM| Pgy, AP^i L, d^, g) -  - -  -  (2.1)

The dimensions of the variables, d^, S, P^, Pp, P^, dy, Q, Ty, RPM, P g^, 

j\P^, L, d^, and g, include length (L), force (F), and time (T). Thus, we have 

fourteen variables and three primary quantities. Therefore, there will be eleven 

dimenslonless groups.

Thus: n = 14, m = 3, tr's = n -  m = 11

Substituting the  dimensions of the variables in equation (2.1) yields the 

following:

FL‘ ^T = ( c f l  ( u f z  (FL'^T^)^^ (FL'^T)^'^ (FL'^T^)^^

(L)'^^(L^T"b*^^ (FL“^)^* (T"^)^^ (FL’^)^^° (FL"^)^^^

(L)^^^ (L)^^^ ( L T - ÿ ^ ^ .......................................................................(2 .2)

Equating the exponents of F, L, and T on both sides of equation (2.2)

1 = C3 + c^ + c^ + Cg + c^Q + c ^ j ....................................................(2.3)
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-1 = Cj + C2 - -  2c^ -  kc^ + Cg + 3Cy - 2cg

- 2c^q - 2C |i + Ci2 + Ci3 +  (2.‘f)

1 = 2 c^  + + 2Cj -  Cy -  (:g -  2 c ^ ^ ----------------------------------------- (2.5)

From equation (2.3)

s 1 “ Cj ” - Cg -  Cĵ Q -  C || -  - -  - -  - -  - -  - -  - -  - -  (2 .6)

From equation (2.5)

Cj  = 2 c j  + + 2 c j  - C g -  2c^^ - 1 .... - - - - - .................................(2.7)

Substitute equation (2.5) in (2.7)

c? = 2C3 + + 2 Cl -  C3 -  - Cg - c^Q - c^^] -Cg-2c^^-l

= 2C3 + c^ + 2 - 2C3 - 2c^ -  2Cg -  2c^Q -  2c ^  -  Cg -2c^^ - 1

-c^ -  2Cg - C g -  2C |q -  -  2c^^ + 1 - -  -(2.8)

From equation (2.4)

C) = - l  - C 2 + 4cg + 2c^ + 4c^ -  Cg -  3Cy + 2cg

+ 2c^Q + 2c^^ - c^2 ” c^3 - Cj  ̂ -  - -  - -  - -  - -  - -  - -  - -  -  (2.9)
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Substitute the values of and Cy in equation (2.9)

C) =-l -&2 + + 2c^ + 4 Cl-Cj - - Cg - Cĵ Q -

^6 " ^ *-"^4 " S '  2^10 - 2c i i  -  + 1]

+ 2Cg + 2Cjq + 2C jj - Cj2 - Ci3 -

Cf = -1 - C2 + 4Cg + 2c^ + 4 - 4ĉ  - 4ĉ  - 4Cg- 4C|q

- 4c^ - Cg + 3c^ + 6cg + 3cg + 6c q̂ + - 3

+ 2Cg + 2Cjq + 2C ii - Cj2 -  c ^3 -

Cl = -  C2 + c* -  Cg + 4Cg + 3cg + 4ciq + 4Cii

• =12- =13 + ̂ =14 (2.10)

Substitute equations (2.6), ( 2.8) and (2.10) in equation (2.1)

Me = /  (d )"''2 + (=4 - =6 + *"=8 + 3=9 + 4=10+ *=11 " =12 '  =13 + <̂̂ 4 (g^=2

=3, =4 ,„v^"=3 "=4 -=8 "=10 -=11,j  =6
(%.) -X W_) ( 1%) '(db)
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( P g / ' "  ( p / “  ( u ' ‘ 2 ( d / ‘3 , : ) = "

“ c =  /
- s '2 ^3

Pc "n d ."  T y ^ ' RPW '
9

P,Q _ ^ n Pf P,Q d„ P ; Q :  Q

^n
* i p ‘ “

n
d ; * 3

P fQ ^ P fO f "n d„ q 2

“ c =  f
~  S Pc ^n ^ db d „ \p M

PfQ ^ ^ n Pf PfQ d„ P fQ ' Q

(2.11)

"n" Pn

PfQ PfQ'

L A
d dn n

k - -  (2.11^)

The le ft hand side term is the mass flow ra te  of cutting  per mass flow ra te  of 

drilling fluid, the LHS is a dimensioniess term .

Simplify equation (2-11 ^  by manipulating RHS term s as follows;

d.'^ Pn n_ /  n

P .Q ^  /  Pf () '

BH

BH
(2 . 12)

d^^RPM / d_̂  ̂ T

/ e pf Q

RPM Qp.
(2.13)



2 1

( " ( " d T ) ...................................................................n /  n D

Substituting equations (2.12), (2.13) and (2.14) in equation (2.11)

M

RPM Q Pf /  = .RPM Q P f ........................................................... (2.16)

Substitute equation (2.16) in equation (2.15)

M S p L d p RPM Q pf 6 P_ d_^ g

or;

M S P  L PfQ RPM Q Pf A P d j  g

SOLUTION APPROACH 

From the final form of dimensional analysis;

M. S p L PfQ RPM Qp f AP„ d /  g

A simplified solution approach can be w ritten in the following forms;

M S
I T  = f  ..............................................................................(2-19)I n
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By varying the chip size (S) only, a relationship between mass ra te  ratios and 

can be investigated without affecting the rest of the variables tha t appear
n

in  equation (2.18). Similarly, the following relations can be w ritten as:

M

f

(2.20)

Where is the variable param eter:

Mf
(2 .21)

Where L is the variable param eter:

%
c  = /  R P M Q p j

(2 .22)

Where RPM is the variable param eter:

f s  = f  ( i l l . )

Where g is the variable parameter:

-(2.23)

M

%
Ç  = / (2.24)

Where Q and d^ are the variable parameters.
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Geometric similarity in this research was not satisfied due to the usage 

of flat bottom bits. It is felt that geometric similarity is not important from 

the point of view of the relative amount of cutting material removed by the 

fluid jet action. The amount of cuttings removed from underneath the simu­

lated bit equipped with one, two, or three nozzles appears to be relatively 

similar to the amount that is removed under a tri-cone shaped bit equipped 

with one, two, or three nozzles.

The kinematic similarity which signifies the similarity of motion^^ is 

also not satisfied, since the velocity vectors and the acceleration vectors of 

the fluid motion underneath and around the simulated bit are going to be 

different from the velocity and acceleration vectors underneath and around a 

tri-cone shaped bit.

A model and a prototype will be similar when the prediction equations 

are similar. Therefore, all that is necessary is to make the corresponding 

terms equal. The scaling similarity with Reynolds number can be Illustrated by 

observing that

(NR)_ .  (NR)„ =
dnpWp

Assuming the density is constant for these to be equal 

V n p ^ P  =

where P indicates the prototype and m the model

y p
3 - ^  = 4 (scale ratio used) = —— 10 (scale ratio used)'

"m

Therefore, 40 = Qp.
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From the eleven dimenslonless groups obtained by the Buckingham tr 

method, the nozzle diameter variable appeared in ten dimensioniess groups. 

Only a few of the dimensioniess groups that appeared among the eleven 

groups were familiar. Therefore, it is difficult to relate the other groups to 

the actual field conditions. In Equation (2.12) the division of the two dimen­

sioniess groups gave a new dimensioniess group which contains only —), 

which is a more realistic term to relate to the mass rate cleaning function. 

This new dimensioniess group ( plus one of the two groups used in the 

division should appear in the final set of dimensioniess groups.^^’^^’^^’^^ For 

the purpose of simplicity, only the new product of the division is shown and 

investigated in this research. This procedure was repeated four times for the 

same purpose.

In summary, reducing the dimensioniess groups was done on the basis of 

eliminating the interdependency between the dimensioniess groups, to investi­

gate only the important dimensioniess groups that are fe lt to be the most 

influential. Three of the four divisions performed on the dimensioniess groups 

were done to eliminate the nozzle diameter which can be studied in one 

dimensioniess group commonly known as the Reynolds number. The division of 

these dimensioniess groups yielded familiar products. From the beginning, it 

was felt that these familiar products would have an important influence on 

the well-bore bottom-hole cleaning.

The set of dimensioniess groups used in this study are not unique, but 

they were judged by the author as a useful set that encompasses all of the 

important parameters. It should be noted that in this study geometric and 

kinematic similarity were not met.



CHAPTER n i

EXPERIMENTAL APPARATUS AND 

EXPERIMENTAL TECHNIQUE 

The experimental research was conducted on the University of 

Oklahoma Drilling Research Laboratory Rig. The drilling simulation model 

consists of an Acker Drilling Unit powered hydraulically, capable of 22,000 

pounds of force on the bit with a variable bit rotation ra te  of up to  500 

revolutions per minute. The force on the bit as well as the rotation speed are 

governed by electronic controls. A schematic diagram of the experimental 

equipment used is shown in figure (3-i).

Data acquisition equipment includes a Geolograph Drilling Recorder 

which records footage, bit rotation speed, torque, pump pressure, and weight 

on the bit, all as a function of time. Mud pump pressure and bit rotational 

speed readings are double checked by means of pressure gauge and electronic 

digital reader.

A circulating mud system consists of a fifty-five gallon mud tank, mud 

pump, flow m eter, and mud mixing unit.

Mud Pump Unit

The mud pump used for this research is a Halliburton Model No. 9000 

BC6 worm pump equipped with Western Manufacturing gearbox. The gearbox 

has four gear ratios; 1.2:1, 1:1:, 1.9:1, and 1.5:1. A maximum discharge ra te

25
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Figure (3-1) SCHEMATIC DIAC31AM OF TOE 
CIRCULATING MUD SYSTEM

Pressure Gauge

Flow Meter Transducer Mud Tank
Mud Flow Line

Return Line

Choke
Kelly Hose

Riser
3/4" Drill Pipe

Annulus

Drill Bit

Cuttings

Pressure Gauge
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provided by the pump is 60 gallons per minute. The mud pump is powered by a

Halliburton motor with the following characteristics;

G. E. Induction Motor 

Model No. 99E50G1 

22V 

47A
875-1750 rpm 
3 phase, 60 cycle 

20 Hp continuous

The mud pump was tested  under various pressures and the corresponding 

flow rates were recorded. The procedure was repeated for all four gears in 

order to establish the desired operating conditions. Figure (3-2) shows the mud 

pump characteristics.

Flow Meter

A Halliburton Model No. 458.80001 Turbine Flow Meter which is a 

rugged, versatile instrument capable of handling a wide variety of liquids, 

including many types of slurries and suspensions, is installed in the mud flow 

line. Flow rates were recorded using Halliburton Flow Totalizer instrument.

Well Bore Configuration 

The bore hole was simulated by using clear plexiglas tubes of 1-1/2 and 

1- 6/8 inches inside diameter, 2 inches outside diam eter, and 61 inches long. 

Cast iron pipe of 3/4 inches inside diam eter, one inch outside diameter, and 

76 inches long was used to simulate a drill pipe. A 1-1/4 inch fiat-bottom  

surface, no water courses were simulated; bits made of cast iron were used to 

simulate drill bits. The bits were designed to fit the lower end of the drill 

pipe similar to screw type configuration. Figure (3-3) shows a side view of the 

drilling simuiation model used in this research.
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Experimental Technique

An experimental run time was determined by trial and error procedure. 

After the cutting material was deposited a t the bottom of the annulus, plexi­

glas tube, the bottom surface of the simulated drill bit was set a t one inch 

above the cutting material surface except in the experiment where the nozzle 

distance above the cutting material was variable. The mud pump was started 

and run for three seconds. Hence, all run times were three seconds. The 

amount of cutting removal by the nozzle's jet action was observed by record­

ing the decrease in the cuttings column level immediately at the end of the 

run time. A measuring tape around the clear plexiglas tube was used for this 

purpose. Cutting heights were measured to the nearest 1/8 of an inch. Several 

observations were made for each data point collected and a mean value of the 

observations taken to improve the accuracy of data acquisition.

The decrease in the sand cuttings column level is then converted to 

grams of cuttings removed by a conversion factor. The conversion factor was 

determined in a separate experiment where, with the use of an identical 

plexiglas tube, the weight of one inch of wet column cuttings was determined.

The three seconds run time was determined by a triai and error pro­

cedure. Longer run time (greater than three seconds) showed that the amount 

of sand particles removed was less affected by the jet stream action due to 

the decrease in the sand column in the annulus underneath the bit face. The 

jet intensity is lower as the distance between the nozzles and bottom hole 

increases.
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The one inch spacing was selected since it represents an average value 

of the amount of cutting removal. This average value was taken from the low 

and high extreme values of amount of sand removed a t the corresponding 

large and small spacing values tried.



CHAPTER IV

EXPERIMENTAL RESULTS 

Six different experiments were conducted to study the relationships 

among the dimensioniess groups tha t are related to the mass flow ra te  of 

cuttings per the mud mass flow ra te .

Experiment Number 1

(4.1)

To study the effec t of chip size per nozzle diameter on the mass flow 

ra te  of cuttings per mass flow ra te  of drilling fluid, the chip sizes used were 

6 , 10, 12, and 20 U.S. Series mesh. The corresponding chip sizes in inches are 

listed in Table (4.1).

Experimental Data

Run Time = 3 seconds

Flow R ate = 6 gallons per minute

BMP = 6.3 psig

Annulus Size = 1-3/4 inches (ID)

Pump Pressure = 360 psig

Bit Size = 1-1/4 inches

Drill Pipe = 3/4 X  1 inch diameter

32
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TABLE (4.1) STANDAED SIEVE OPENINGS

STANDARD SIEVE OPENINGS

U.S. Series Sieve Opening
Mesh Inches

4 0.187
6 0.132
8 0.0937

10 0.0787
12 0.0661
14 0.0555
16 0.0469
18 0.0394
20 0.0331
25 0.0280
30 0.0232
35 0.0197
40 0.0165
60 0 0098
70 0.0083

100 0.0059
170 0.0035
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Spacing Between Nozzles and Top of Cuttings = 1 inch 

Nozzle Sizes = 3 x 3/32 inches 

Fluid = Water

Sand C ^vera inn  F a c o r  ,  M M  —

Gear Used = number 4 

Table (4.2) shows the experimental data. The terms th a t appear in Table (4.2) 

are explained in Appendix (B).

Experiment Number 2

M, qZ
(*.2)

To investigate the relationship between the mass ra te  ratios and reciprocal of 

the Froude number:

Q :

the bore hole angle of inclination was allowed to vary in th ree  positions, 

perpendicular, horizontal, and 45 degree angle, while other variables were 

kept constant tnroughout the experiment. Figures (4.1) and (4.2) show a 

picture of zero and 45 degree angles set up.

Experimental Data:

Run Time = 3 seconds 

Flow Rate = 4.75 gallons per minute 

BMP = 2.5 psig in the horizontal position 

BMP = 4 psig in the vertical position 

BMP = 3.2 psig a t 45“ angle



TABLE ( 4 . 2 )  CHIP SIZE RESULTS
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ÙËS tIESU S Ohs IbCUES Q BBP

1 6  0 .  13 20 0 . 1 6 2 3 7 2 . 5 6 6 . 3
2 b 0 . 1 3 2 0 0 . 1 6 2 3  7 2 . 5 6 6 . 3
3 6 0 . 1 3 2 0 0 .  16237 2 . 5 6 6 . 3
4 6 0 . 1 3 2 0 0 . 1 6 2 3 7 2 . 5 6 6 . 3
5 b 0 . 1 3 2 0 0 .  16237 2 . 5 6 6 . 3
b 1 0 0 . 0 7 8 7 0 . 1 6 2 3 7 2 . 5 6 6 . 3
7 10 0 . 0 7 8 7 0 .  16237 2.  5 6 6 . 3
a 10 0 . 0 7 6 7 0 . 1 6 2 3 7 2 . 5 6 0 . 3
9 10 0 . 0 7 8 7 0.  1u237 2 . 5 6 6 . 3

10 10 0 . 0 7 8 7 0 . 1 6 2 3 7 2 . 5 6. 6 . 3
11 12 O . Ob â l 0 . 1 6 2 3 7 2 . 5 6 6 . 3
12 12 O.CbbI 0 . 1 6 2 3 7 2 . 5 6 6 . 3
13 12 0 . 0 8 6 1 Ü . 16237 2 . 5 6 6 . 3
14 12 0 . 0 6 6 1 0 . 1 6 2 3 7 2 . 5 6 6 . 3
15 12 0 . 0 6 6 1 0 .  16237 2 . 5 6 6 . 3
1b 20 0 . 0 3 3 1 0 . 1 0 ^ 3 7 2 . 5 6 6 . 3
17 20  0 . 0 3 3 1 0 .  16237 2 .  5 6 6 . 3
1b 20  0 . 03 3 1 0 .1b . : 37 2 . 5 6 6 . 3
19 20  0 . 0 3 3 1 0 .  16237 2 . 5 6 6 . 3
20 20  0 . 0 3 3 1 0 . 1 o 2 3 7 2 . 5 6 6 . 3

UBS SSfbO GUibS BOOT NBOOI BATlOa

1 0 . 8 1 2 9 5 8  150 6 . 6 1 3 9 5 0 . 0 4 0 . 1 3 2 1 7 2
2 0 . 8 1 2 9 5 6  150 6 . 6 1 3 9 5 0 . 0 4 0 . 1 3 2 1 7 2
3 0 . 8 1 2 9 5 8  150 6 . 6 1 3 9 5 0 . 0 4 0 . 1 3 2 1 7 2
4 0 . 8 1 2 9 5 8  150 0 . 6 1 3 9 5 0 . 0 4 0 . 1 3 2 1 7 2
5 0 . 8 1 2 9 5 8  150 6 . 6 1 3 9 5 0 . 0 4 C . 132172
6 0 . 4 8 4 6 9 5  150 0 . 0 1 3 9 5 0 .0 4 0 .  132172
7 0 . 4 8 4 o 9 5  150 6 . 0 1 3 9 5 0 . 0 4 0 . 1 3 2 1 7 2
8 0 . 4 8 4 6 9 5  150 0 . 6 1 3 9 5 0 .04 0 . 1 3 2 1 7 2
9 0 . 4 8 4 6 9 5  150 6 . 6 1 3 9 5 0 . 0 4 0 . 1 3 2 1 7 2

1U 0 . 4 8 4 6 9 5  150 6 . 6 1 3 9 5 0 .0 4 0 . 1 3 2 1 7 2n 0 . 4 0 7 0 9 5  150 6 . 6 1 3 9 5 0 . 0 4 C . 132172
12 0 . 4 0 7 0 9 5  150 6 . 6 1 3 9 5 0 .04 0 . 1 3 2 1 7 2
13 0 . 4 0 7 0 9 5  150 6 . 6 1 3 9 5 0 . 0 4 C. 132172
14 0 . 4 0 7 0 9 5  150 6 . 6 1 3 9 5 0 .04 0 . 1 3 2 1 7 2
15 0 . 4 0 7 0 9 5  150 6 . 6 1 3 9 5 0 . 0 4 0 . 1 3 2 1 7 2
1b 0.  203 855 150 6 . 6 1 3 9 50 . 0 4 0 . 1 3 2 1 7 2
17 0 . 2 0 3 8 5 5  150 6 . 6 1 3 9 5 0 .0 4 0 . 1 3 2 1 7 2
IB 0 .  203855  ISO 6 . 6 1 3 9 5 0 . 0 4 0 . 1 3 2 1 7 2
19 0 . 2 0 3 8 5 5  150 0 . 0 1 3 9 5 0 .  04 C. 132172
20 0.  203855  150 6 . 6 1 3 9 5 0 .04 0 . 1 3 2 1 7 2
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Figure (4-1) Top: Horizontal Set Up 
Figure (4^2) Bottom: 45 degrees Angle Set Up
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Annulus Size = 1-1/2 inches (ID)

Pump Pressure = 430 psig 

Bit Size = 1-1/4 inches 

Drill Pipe = 3 / 4 x 1  inch diameter 

Spacing = 1 inch 

Nozzle Sizes = 3 x 5/32 inches 

Fluid = water 

sand conversion Facror 

Sand Size = 12 mesh 

Gear Used = Number 3 

Table (4.3) shows the experimental data . Appendix (B) contains information on 

the terms appearing in Table (4.3).

Experiment Number 3

(4.3)

To study the e ffec t of nozzle spacing, distance between bit nozzles and 

top layer of cuttings, on the mass flow ra te  of cuttings per mass flow ra te  of 

drilling fluid, the experiment was conducted by varying the nozzle spacing 

(0.125 to  3.0 inches) while other param eters were kept constant throughout 

the experiment.

Experimental Data:

Run Time = 3 seconds

Flow Rate = 3 gallons per minute

BMP = 5.3 psig

Annulus Size = 1-3/4 inches (ID)



TABLE (4,3) RECIPROCAL FROÜDE'S NUMBER RESULTS
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ÙBZ Anùi.£ IÜLHE5 02 ;  BUP

0 0 . 0 0 0 0 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  2 . 5
2 0 0 . 0 0  00 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  2 . 5
j 0 0 . 0 0 0 0 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  2 . 5
4 0 0 . 0 0  00 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  2 . 5
5 0 C . ÛÛCO 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  2 . 5
D 45 2 2 . 7 b 8 d 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  3 . 2
7 45 2 2 . 7 o 6 6 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  3 . 2
8 45 2 2 . 7 o 8 d 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  3 . 2
9 45 2 2 . 7 6 8 8 3 . 2 5 0 . 2 7 0 o 3 4 . 7 5  3 . 2

lu 45 2 2 . 7 8  88 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  3 . 2n 90 32.20CU 3 . 2 5 0 .2 7 0 6 3 4 . 7 5  4 . 0
12 90 3 2 . 2 0 0 0 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  4 . 0u 90 3 2 . 2 0 0 0 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  4 . 0
14 90 3 2 . 2 0  00 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  4 . 0
15 90 3 2 . 2 0 0 0 3 . 2 5 0 . 2 7 0 6 3 4 . 7 5  4 . 0

OBS GBAAS BOOT An 001 BAIIUA BFkOUOB

1 13 9 . 7 5 6 . 1 6 1 9 5 3 9 . 6 1 5 0 . 1 5 5 5 4 6 C . 000000 00
2 1 3 9 . 7 5 6 . 1 6 1 9 5 3 9 . 0 1 5 0 . 1 5 5 5 4 6 0 . 0 0 0 0 0 0 0 0
3 139.  75 6 . 1 6 1 9 5 3 9 . d 1£ 0 .  155546 C.OOOOOOOO
4 1 3 9 .7 5 6 . 1 6 1 9 5 3 9 . 6 1 5 0 . 1 5 5 5 4 6 0 .0 0 0 0 0 0 0 0
5 1 3 9 . 7 5 6 .  16195 3 9 . 6 1 5 0 . 1 5 5 5 4 6 C.OOOOOOOO
0 139 .7 5 6 . 1 6 1 9 5 3 9 . 0 1 5 0 . 1 5 5 5 4 6 0 . 0 0 1 4 6 4 9 8
7 1 3 9 . 7 5 6 .  16195 3 9 . 6 1 5 0 .  155546 C . 00146498
0 13 9 . 7 5 6 .  I d 1 95 3 9 . 6 1 5 0 . 1 5 5 5 4 6 0 . 0 0 1 4 6 4 9 8
9 1 3 9 . 7 5 0 .  16195 3 9 . 6 1 5 0 . 1 5 5 5 4 0 C .0 01 46 49 8

10 13 9 . 7 5 6 . 1 6 1 9 5 3 9 . 0 1 5 0 . 1 5 5 5 4 6 0 .0 0 1 4 6 4 9 8
11 1 3 9 .7 5 6 . 1 6  195 3 9 . 6 1 5 0 . 1 5 5 5 4 6 C .00207 180
12 1 3 9 . 7 5 6 . 1 6 1 9 5 3 9 . 0 1 5 0 . 1 5 5 5 4 6 0 .0 0 2 0 7 1 0 0
13 1 3 9 . 7 5 6 . 1 6 1 9 5 3 9 . 6  15 0 . 1 5 5 5 4 6 0 .0 0 2 0 7 1 8 0
14 1 3 9 .7 5 6 . 1 6 1 9 5 3 9 . 6 1 5 0 . 1 5 5 5 4 6 0 . 0 0 2 0 7 1 8 0
15 1 3 9 . 7 5 6 . 1 6 1 9 5 3 9 . 6 1 5 0 . 1 5 5 5 4 6 C .0Û207180
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Sand Size = 6 mesh (0.132 inch)

Bit Size = 1-1/4 inch

Drill Pipe = 3/4 x 1 inch diameter

Nozzle Size = 3 x 3/32 inches

Fluid = Water

Pump Pressure = 380 psig

Conversion Factor .  1 2 j ^ T w : t  t L " l m n  

Gear Used = number 4 

The experimental data  are shown in Table (4.4). Appendix (B) shows an 

explanation of the term s appearing in Table (4.4).

Experiment Number 4

M RPM Q p .

To investigate the relationship between the mass flow ra te  ratios and 

the rotational Reynolds number ^  the drill pipe rotary speed was

allowed to vary (0 to  40 RPM), while the other param eters (Q, p^, d^, T^) 

were kept constant throughout the experiment.

Experimental Data:

Run Time = 3 seconds

Flow R ate = 8.5 gallons per minute

Annulus Size = 1-1/2 inches (ID)

Sand Size = 12 mesh 

Bit Size = 1-1/4 inches 

Hydraulic Diameter (d^) = 0.5 inch
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TABLE ( 4 .4 )  NOZZLE SPACING RESULTS

OBS L 08 INCHES Q BUP SPBD GBAUS MOOT 8H0CI BAIXÜM

1 3.  QUO 1 .2 5 C .250 3 5 . 3 2 . 4 1 5 . 0 0 . 6 6 1 3 9 2 5 . 0 2 0 . 0 2 6 4 3 4
2 3 . 0 0 0 1. 25 0 . 2 5 0 3 5 . 3 2 . 4 1 5 . 0 0 . 6 6 1 3 9 2 5 . 0 2 0 . 0 2 6 4 3 4
3 3 . 0 0 0 1 . 2 5 0 . 2 5 0 3 5 . 3 2 . 4 15 . 0 0 .6 C 1 39 2 5 . c : 0 . 0 2 6 4 3 4
4 3 . 0 0 0 1 .2 5 C.25U 3 5 . 3 2 . 4 1 5 . 0 0 . 6 6 1 3 9 2 5 . 0 2 0 . 0 2 6 4 3 4
5 2 . 5 0 0 1 .2 5 0 . 3 7 5 3 5 . 3 2 . 0 2 2 . 5 0 . 9 9 2 0 9 2 5 . c : 0 . 0 3 9 6 5 2
6 2 .  600 1 .2 5 0 . 3 7 5 3 5 . 3 2 . 0 2 2 . 6 0 . 9 9 2 0 9 2 5 . 0 2 0 . 0 3 9 6 5 2
7 2 . 5 0 0 1 . 2 5 0 . 3 7 5 3 5 . 3 2 . 0 2 2 . 5 0 . S 9 2 0 9 2 5 .  C2 0 . 0 3 9 6 5 2
8 2 . 5 0 0 1 .2 5 0 . 3 7 5 3 5 . 3 2 . 0 2 2 . 5 0 . 9 9 2 0 9 2 5 . 0 2 0 . 0 3 9 6 5 2
9 2 . 0 0 0 1 . 2 5 0 .5 0 0 3 5 . 3 1. b 3 0 . 0 1 .3 2 2 7 8 2 5 .  C2 0 . 0 5 2 8 6 9

10 2 . 0 0 0 1 . 2 5 C .500 3 5 . 3 1 .0 3 0 . 0 1 . 3 2 2 7 8 2 5 . 0 2 0 . 0 5 2 8 6 9
11 2 . 0 0 0 1 . 2 5 C.50Û 3 5 . 3 1 . 6 3 0 . 0 1 .3 2 2 7 8 2 5 .  C2 0 . 0 5 2 8 6 9
12 2 . 0 0 0 1 .2 5 C.50C 3 5 . 3 1 . 6 3 0 . 0 1 . 3 2 2 7 8 2 5 . 0 2 0 . 0 5 2 8 6 9
13 1 . 5 0 0 1 . 2 5 0 . 6 2 5 3 5 . 3 1 . 2 3 7 . 5 1 . 6 5 3 4 8 2 5 . 0 2 0 . 0 6 6 0 8 6
14 1 .5 0 0 1 . 2 5 0 . b 2 5 3 5 . 3 1 .2 3 7 . 5 1 . 6 5 3 4 8 2 5 . 0 2 0 . 0 6 6 0 8 6
15 1 . 5 0 0 1 . 2 5 0 . 6 2 5 3 5 . 3 1 . 2 37.  5 1 . 6 5 3 4 8 2 5 .  02 0 . 0 6 6 0 8 6
16 1 . 6 0 0 1 . 2 5 0 . 6 2 5 3 5 . 3 1 . 2 3 7 . 5 1 . 6 5 3 4 8 2 5 . 0 2 0 . 0 6 6 0 8 6
17 1 . 0 0 0 1 . 2 5 0 . 7 5 0 3 5 . 3 0 .  8 4 5 . 0 1 . 9 8 4 1 7 2 5 . 0 2 0 . 0 7 9 3 0 3
18 1 . 0 0 0 1. 25 0 .75C 3 5 . 3 0 . 8 4 5 . 0 1 . 9 8 4 1 7 2 5 . 0 2 0 . 0 7 9 3 0 3
19 1 . 0 0 0 1 . 2 5 0 . 7 5 0 3 5 . 3 0 .  8 4 5 . 0 1 . 9 8 4 1 7 2 5 . 0 2 0 . 0 7 9 3 0 3
20 1 . 0 0 0 1 . 2 5 C.75C 3 5 . 3 0 . 8 4 5 . 0 1 . 9 8 4 1 7 2 5 . 0 2 0 . 0 7 9 3 0 3
21 0 . 7 5 0 1 . 2 5 0 . 6 7 5 3 5 . 3 0 . 6 5 2 . 5 2 . 3 1 4 8 7 2 5 . 0 2 0 . 0 9 2 5 2 1
22 0 .  750 1.  25 0 . 8 7 5 3 6 . 3 0 . 6 5 2 . 5 2 . 3 1 4 8 7 2 5 . 0 2 0 . 0 9 2 5 2 1
23 U .75 0 1 . 2 5 0 . 8 7 5 3 5 . 3 O.b 52 .  5 2 . 3 1 4 8 7 2 5 . 0 2 0 . 0 9 2 5 2 1
24 0 . 7 5 0 1 .2 5 0 . 8 7 5 3 5 . 3 0 . 6 5 2 . 5 2 . 3 1 4 8 7 2 5 . 0 2 0 . 0 9 2 5 2 1
25 0 . 6 2 5 1 . 2 5 1 . 00 0 3 5 . 3 0 . 5 6 0 . 0 2 . 6 4 5 5 6 2 5 . 0 2 0 . 1 0 5 7 3 8
2b 0 . 6 2 5 1 .2 5 1 .0 0 0 3 5 . 3 0 . 5 oO.O 2 . 6 4 5 5 6 2 5 . 0 2 0 . 1 0 5 7 3 8
27 0 . 6 2 5 1 . 2 5 1 . 0 0 0 3 5 . 3 0 . 5 6 0 . 0 2 . 6 4 5 5 6 2 5 . 0 2 0 . 1 0 5 7 3 8
28 0 . 6 2 b 1 . 2 5 1 . 0 0 0 3 5 . 3 0 . 5 oO. 0 2 . 6 4 5 5 6 2 5 . 0 2 0 . 1 0 5 7 3 8
29 U.5Û0 1 . 2 5 1 ,1 2 5 3 5 . 3 0 . 4 6 7 . 5 2 . 9 7 6 2 6 2 5 . 0 2 0 . 1 1 8 9 5 5
30 0 . 5 0 0 1 .2 5 1.12E 3 5 . 3 0 . 4 6 7 . 5 2 . 9 7 6 2 b 2 5 . 0 2 0 . 1 1 8 9 5 5
31 0 . 5 0 0 1 . 25 1 . 1 2 5 3 5 . 3 0 . 4 6 7 . 5 2 . 9 7 6 2 6 2 5 . 0 2 0 . 1 1 8 9 5 5
32 0 . 5 0 0 1. 25 1 . 1 2 5 3 5 . 3 0 . 4 6 7 . 5 2 . 9 7 6 2 6 2 5 . 0 2 0 . 1 1 8 9 5 5
33 0 . 3 7 5 1 . 2 5 1 .2 5 0 3 5 . 3 0 . 3 7 5 . 0 3 . 3 0 6 9 5 2 5 . 0 2 0 . 1 3 2 1 7 2
34 0 . 3 7 5 1 .2 5 1 . 25 0 3 5 . 3 0 .3 7 6 . 0 3 . 3 0 6 9 5 2 5 . 0 2 0 . 1 3 2 1 7 2
35 0 . 3 7 5 1 .2 5 1 . 25 0 3 5 . 3 0 . 3 7 5 . 0 3 . 3 0 6 9 5 2 5 . 0 2 0 . 1 3 2 1 7 2
3b 0 . 3 7 5 1 .2 5 1 .2 5 0 3 5 . 3 0 . 3 7 5 . 0 3 . 3 0 6 9 5 2 5 . 0 2 0 . 1 3 2 1 7 2
37 0 . 2 5 0 1 . 2 5 1 . 5 0 0 3 5 . 3 0 . 2 9 0 . 0 3 . 9 6 8 3 4 2 5 . 0 2 0 . 1 5 8 6 0 7
38 0 . 2 5 0 1 .2 5 1 . 50 0 3 5 . 3 0 . 2 9 0 . 0 3 . 9 6 8 3 4 2 5 . 0 2 0 . 1 5 8 6 0 7
39 0 . 2 5 0 1 .2 5 1 . 5 0 0 3 5 . 3 0 . 2 9 0 . 0 3 . 9 6 8 3 4 2 5 . 0 2 0 . 1 5 8 6 0 7
40 U .25 0 1 . 2 5 1 .5 0 0 3 5 . 3 0 . 2 9 0 . 0 3 . 9 6 8 3 4 2 5 . 0 2 0 . 1 5 8 6 0 7
41 J .  125 1 . 2 5 2 . 0 0 0 3 5 . 3 0 .  1 1 2 0 . 0 5 . 2 9 1 1 2 2 5 . 0 2 0 . 2 1 1 4 7 6
42 0 .  125 1 . 2 5 2 . 0 0 0 3 5 . 3 0 . 1 1 2 0 . 0 5 . 2 9 1 1 2 2 5 . 0 2 0 . 2 1 1 4 7 6
43 0 . 1 2 5 1 . 2 5 2 . 0 0 0 3 5 . 3 0 .  1 1 2 0 . 0 5 . 2 9 1 1 2 2 5 . 0 2 0 . 2 1 1 4 7 6
44 0 .  125 1 . 2 5 2 . 0 0 0 3 5 . 3 0 .1 1 2 0 . 0 5 . 2 9 1 1 2 25 .  02 0 . 2 1 1 4 7 6



41

Pump Pressure = 400 psig

Drill Pipe = 3/4 x 1 inch diameter

Spacing = 1 inch

sand conversion Factor

Nozzle Size = 3 x 3/32 inches

Gear Used = Number 3

Fluid = water-base bentonite

Fluid Weight = 8.6 pounds per gallon

Apparent Viscosity = 5.5 cp

Plastic Viscosity = 5 cp

Yield Point = 1 lb/100 ft^

API F iltra te  Rate = 21 cc/30 min

A chemical product, "Dykem," is used for sand coloring in order to 

improve the visibility of the sand removai motion. The data are shown in 

Table (4.5). Appendix (B) shows an explanation of the term s appearing in 

Table (4.5).

Experiment Number 5

i ;  ■ '  <%<
 ̂  ̂ (4.5)

To study the effec t of cutting density per fluid density on the mass 

flow ra te  ratios, the cutting density was allowed to vary while other 

param eters were kept constant throughout the experiment. The cutting

materials used for the experiment were:

Sand:

Specific gravity = 2.5982 gm/cc 

Size = 6 mesh (0.132 inch)



42

Steel Shots;

Specific gravity = 7.763 gm/cc 

Size = 0.130 inch diameter 

Lead Shots:

Specific gravity = 10.539 gm/cc 

Size = 0.130 inch diameter

Experimental Data:

Run Time = 3 seconds

Flow R ate = 6.5 gallons per minute

Annuius Size = 1-3/4 inch (ID)

Bit Size = 1-1/4 inch

Pump Pressure = 360 psig

Drill Pipe = 3 / 4 x 1  inch diameter

Spacing = 1 inch

Nozzle Size = 3 x 3/32 Inch

Gear Used = number 4

Fluid = Water

sand conversion Pacior

Sreei conversion F a c t o r  .

Lead conversion Factor .

The data are  shown in Table (4.6). Appendix (B) shows an explanation of the 

terms appearing in Table (4.6).
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OËS nen INCHBS Q GBAMS 8001 881)01 BAllOd Bxa

1 0 1 . 7 5 0 6 . 5 7 5 . 2 5 0 3 . 3 1 7 9 7 7 3 . 1 0 . 0 4 5 3 8 9 5 0
2 0 1 . 8 7 5 8 . 5 8 0 . 0 2 5 3 . 3 5 4 9 7 73 .1 0 . 0 4 8 6 3 1 6 0
3 0 1 . 7 5 0 8 . 5 7 5 .  250 3 . 3 1 7 9 7 7 3 . 1 0 . 0 4 5 3 8 9 5 0
W Ü 1 .8 7 5 8 . 5 8 0 . 6 2 5 3 . 5 5 4 9 7 73 . 1 0 . 0 4 8 6 3  16 0
5 10 2 . 2 5 0 8 . 5 9 6 .  750 4 . 2 6 5 9 7 73 ,  1 0 . 0 5 8 3 5 8 0 1462
0 10 2 . 2 5 0 8 . 5 9 0 . 7 5 0 4 . 2 0 5 9 7 7 3 . 1 0.  05835 80 1462
7 10 2 . 2 5 0 8 . 5 9 6.  750 4 .  26 597 73 .  1 0 .  0 5835 30 1462
B 10 2 . 2 5 0 8 . 5 9 6 . 7 5 0 4 . 2 6 5 9 7 7 3 .1 0 . 0 5 8 3 5 8 0 1462
9 2u 2 . 3 7 5 8 . 5 102.  125 4 . 5 0 2 9 7 7 3 . 1 0 .  08 16001 2924

10 20 2 . 3 7 5 6 . 5 102.  125 4 . 5 0 2 9 7 7 3 . 1 0 . 0 6 1 6 0 3 1 2924
11 20 2 . 3 7 5 8 . 5 102.  125 4 . 5 0 2 9 7 7 3 .  1 0 . 0 8 1 6 0 0 1 2924
12 20 2 . 3 7 5 8 . 5 1 0 2 . 1 2 5 4 . 5 0 2 9 7 7 3 . 1 0 .0 6 1 6 0 0 1 2924
13 30 2 . 5 0 0 8 . 5 1 0 7 .5 0 0 4 . 7 3 9 9 6 7 3 .1 0 . 0 8 4 8 4 2 2 4366
It* 30 2 . 5 0 0 8 . 5 1 0 7 . 5 0 0 4 . 7 3 9 9 6 73 .1 0 . 0 6 4 8 4 2 2 4386
15 3U 2 . 5 0 0 8 . 5 107.  500 4 . 7 3 9 9 6 7 3 . 1 0 . 0 8 4 8 4 2 2 43 66
1b 30 2 . 3 0 0 6 . 5 1 0 7 . 5uO 4 . 7 3 9 9 6 7 3 . 1 0 . 0 6 4 8 4  22 4386
17 40 2 . 3 7 5 8 . 5 10 2 .  125 4- 50297 73 .  1 0 . 0 6 1 6 0 0 1 5848
18 40 2 . 3 7 5 6 . 5 1 0 2 . 1 2 5 4 . 5 0 2 9 7 7 3 .1 0 . 0 6 1 6 0 0 1 5848
19 40 2 . 3 7 5 6 . 5 102.  125 4 . 5 0 2 9 7 7 3 .1 0 . 0 8 1 6 0 0 1 5848
20 40 2 . 5 0 0 6 . 5 1 0 7 . 5 0 0 4 . 7 3 9 9 6 7 3 . 1 0 .0 6 4 8 4  22 5848
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o b s IBCUBS CUIDNSIÏ Ü GBAHS VULBATIC BATIOD

1 5 . 7 5 0 2  . 59 82 6 . 5  3 4 5 . 0 0 0 . 1 8 4 2 2 1 0 . 3 1 1 5 3
2 5 .8 7 5 2 . 5 9 8 2 6 . 5  3 5 2 . 5 0 0 . 1 8 8 2 2 6 0 . 3 1 1 5 3
3 5 . 7 5 0 2 . 5 9  82 6 . 5  34 5 .0 0 0 . 1 8 4 2 2  1 0 . 3 1 1 5 3
4 5 . 8 7 5 2 . 5 9 8 2 6 . 5  3 5 2 . 5 0 0 . 1 8 8 2 2 6 0 . 3 1 1 5 3
5 5 . 7 5 0 2 . 5 9 8 2 6 . 5  3 4 5 . 0 0 0 . 1 8 4 2 2 1 0 . 3 1 1 5 3
6 5 . 8 7 5 2 . 5 9 8 2 6 . 5  352.  50 0 .  188226 0 . 3 1 1 5 3
7 5 . 7 5 0 2 . 5 9  82 6 . 3  3 4 5 . 0 0 0 . 1 8 4 2 2 1 0 . 3 1 1 5 3
B 5 . 8 7 5 2 . 5 9 8 2 6 . 5  3 5 2 . 5 0 0 . 1 8 8 2 2 6 0 . 3 1 1 5 3
9 4 . 5 0 0 7 . 7 6 3 0 6 . 5  7 8 3 . 5 6 0 . 1 4 4 1 7 3 0 . 9 3 0 8 2

1J 4 . 6 2 5 7 . 7 6 3 0 6 . 5  805 .  33 0 . 1 4 8 1 7 6 0 . 9 3 0 3 2
11 4 . 5 0 0 7 . 7 6 3 0 6 . 5  7 8 3 . 5 6 0 . 1 4 4 1 7 3 0 . 9 3 0 8 2
12 4 . 6 2 5 7 . 7 6 3 0 6 . 5  8 0 5 . 3 3 0 .  14817E 0 . 9 3 0 8 2
13 4 . 5 0 0 7 .7 6 3 0 6 . 5  7 8 3 . 5 6 0 . 1 4 4 1 7 3 0 . 9 3 0 8 2
14 4 . 6 2 5 7 .7 6 3 0 6 . 5  8 0 5 . 3 3 0 .  148176 0 . 9 3 0 8 2
15 4 . 5 0 0 7 . 7 6 3 0 6 . 5  78 3 .5 6 0 . 1 4 4 1 7 3 0 . 9 3 0 8 2
IB 4 . 6 2 5 7 . 7 6 3 0 6 . 5  805 .  33 0 .  148176 0 . 9 3 0 8 2
17 3 . 7 5 0 1 0 .5 39 0 6 . 5  1 0 3 2 .7 5 0 . 1 2 0 1 4 4 1 . 2 6 3 6 7
IB 3 . 8 7 5 10 .5390 6 . 5  1 0 6 7 . 1 7 0 . 1 2 4 1 4 9 1 . 2 6 3 6 7
19 3 . 7 5 0 1 0 .5 39 0 6 . 5  1 0 3 2 .7 5 0 . 1 2 0 1 4 4 1 . 2 6 3 6 7
2u 3 . 8 7 5 10 .5390 6 . 5  1 0 6 7 . 1 7 0 . 1 2 4 1 4 9 1 . 2 6 3 6 7
21 3 . 7 5 0 10 . 5390 6 . 5  1 0 3 2 .7 5 0 . 1 2 0 1 4 4 1 . 2 6  367

UBS «001 «HOCI BAl IUa COTIVOL fL a i D 7 0L

1 1 5 .2 1 2 0 5 4 .2 1 0 . 2 8 0 6 1 2 1 3 .8 30 4 7 5 . 0 7 5
2 1 5 . 5 4 2 7 54 .21 0 . 2 8 6 7 1 2 14 .1 31 1 7 5 . 0 7 5
3 1 5 .2 1 2 0 54 .  21 0 . 2 8 0 6 1 2 1 3 . 8 3 0 4 7 5 . 0 7 5
4 15 .5 4 2 7 54.21 0 . 2 8 6 7 1 2 14 .1 3 11 7 5 . 0 7 5
5 15 .2 1 2 0 54 .  21 0 .  280612 1 3 . 8 3 0 4 7 5 . 0 7 5
6 1 5 .5 4 2 7 54 .21 0 . 2 8 6 7 1 2 14 .1 3 1 1 7 5 . 0 7 5
7 1 5 . 2 1 2 0 54 .  21 0 . 2 6 0 6  12 1 3 . 8 3 0 4 7 5 . 0 7 5
a 15 .5 42 7 54 .21 0 . 2 8 6 7 1 2 1 4 .1 31 1 7 5 . 0 7 5
9 3 4 . 5 4 9 4 5 4 . 2 1 0 . 6 3 7 3 2 5 1 0 . 8 2 3 8 7 5 . 0 7 5

1U 3 5 . 5 0 9 1 54 .21 0 . 6 5 5 0 2 8 1 1 . 1 2 4 5 7 5 . 0 7 5
11 3 4 . 5 4 9 4 5 4 .2 1 0 . 6 3 7 3 2 5 1 0 . 8 2 3 8 7 5 . 0 7 5
12 3 5 . 5 0 9 1 54 .21 0 . 8 5 5 0 2 8 1 1 .1 2 4 5 7 5 . 0 7 5
13 3 4 . 5 4 9 4 5 4 . 21 0 . 6 3 7 3 2 5 1 0 .8 2 3 8 7 5 . 0 7 5
14 3 5 . 5 0 9 1 54 .21 0 . 6 5 5 0 2 8 1 1 . 1 2 4 5 7 5 . 0 7 5
15 3 4 . 5 4 9 4 5 4 . 21 0 . 6 3 7 3 2 5 1 0 .8 2 3 8 7 5 . 0 7 5
1b 3 5 . 5 0 9 1 54 .21 0 . 6 5 3 0 2 8 1 1 . 1 2 4 5 7 5 . 0 7 5
17 4 5 . 5 3 6 7 5 4 .2 1 0 . 8 4 0 0 0 6 9 . 0 1 9 8 7 5 . 0 7 5
IB 4 7 . 0 5 4 6 54 .21 0 . 8 6 8 0 0 6 9 . 3 2 0 5 7 5 . 0 7 5
19 4 5 . 5 3 6 7 5 4 . 21 0 . 8 4 0 0 0 6 9 . 0 1 9 3 7 5 . 0 7 5
20 4 7 . 0 5 4 6 54 .21 0 . 8 6 8 0 0 6 9 . 3 2 0 5 7 5 . 0 7 5
21 4 5 . 5 3 6 7 5 4 . 2 1 0 . 8 4 0 0 0 6 9 . 0 1 9 8 7 5 . 0 7 5
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OBS IBCUES CUTDNSIY Q GMliS VOLiAIIC BAIIOD

22
23
24

3 . 8 7 5  
3 . 7 5 0
3 . 8 7 5

10 .5 3 9  
10 . 53S
1 0 . 5 3 9

6 . 5  1 0 6 7 . 1 7
6 . 5  1 0 3 2 .7 5
6 . 5  1 0 6 7 . 1 7

0 . 1 2 4 1 4 9  
0 . 1 2 0 1 4 4  
0.  124149

1. 26367  
1. 26357 
1 . 2 6 3 6 7

OBS a o o l «MO CI s i i i o a CUITVOL EX.UIbVOL

22
23
24

4 7 . 0 5 4 b
4 5 . 5 3 b 7
4 7 . 0 5 4 6

54 .21
54 .2 1
54 .21

0 .8 6 8 0 0 6
0 . 8 4 0 0 0 6
0 . 8 6 8 0 0 6

9 .3 20 49  
9 .0 1 9 8 3  
9 .3 2  04 9

7 5 . 0 7 5
7 5 . 0 7 5
7 5 . 0 7 5
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Experiment Number 6

TTj w ) >
'  " P t t . 6)

The experiment was conducted to investigate the effects of Reynolds 

number and the ratio of the pressure drop through the nozzles and bottom 

hole pressure on the mass flow rate ratios. Four different flow rates were 

used, 4.75, 8.5, 12, and 16 gpm, and five nozzle sizes were used, 4/32, 5/32, 

6/32, 7/32, and 8/32 Inches. The rest of the parameters were kept constant 

throughout the te st.

Experimental Data:

Run Time = 3 seconds 

Annulus Size = 1-3/4 Inches (ID)

Bit Size = 1-1/4 Inches

Drill Pipe = 3 / 4 x 1  Inch diameter

Spacing = 1 Inch

Gear Used = number 3

Sand Size = 6 mesh (0.132 Inch)

Fluid = water (8.34 ppg)

Room Temperature = 78“F 

pp = 0.8904 cp

It Is assumed that the water viscosity Is equal to  the plastic viscosity. 

The experimental data are shown In Table (4.7). Appendix (B) shows an 

explanation of the terms appearing In Table (4.7).



TABLE ( 4 . 7 )  RESULTS OF EXPRIMENT NUMBER 6
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ÜBS DH 0 INCÜES B8P DE GBias

1 0 . 1 2 5 0 0 4 . 7 5  2 . 250  4 . 1 0 . 2 1 6 5 0 1 3 5 . 0
2 0 . 1 2 5 0 0 4 . 7 5  2. 250 4 . 1 0 . 2 1 6 5 0 1 3 5 . 0
3 0 . 1 2 5 0 0 4 . 7 5  2 . 25 0  4 . 1 0 . 2 1 6 5 0 13 5 .0
4 0 .1 2 5 0 0 4 . 7 5  2. 250 4 .1 0 . 2 1 6 5 0 1 3 5 . 0
5 0.  12500 4 .  75 2 , 250  4 .1 0 . 2 1 6 5 0 1 3 5 .0
6 0.  12500 8 . 5 0  2. 750 4 . 8 0 . 2 1 6 5 0 1 6 5 . 0
7 0 . 1 2 5 0 0 8 . 5 0  2 . 75 0 4 . 8 0 . 2 1 6 5 0 1 6 5 . 0
8 0 . 1 2 5 0 0 8 .5 0  2. 8 75  4 . 8 0 . 2 1 6 5 0 1 7 2 . 5
9 0.  12500 8 . 5 0  2 . 875 4 . 8 0 . 2 1 6 5 0 1 7 2 . 5

10 0 .1 2 5 0 0 8 .5 0  2 . 750 4 . 8 0 .2 1 6 5 C 1 6 5 . 0
11 0 . 1 2 5 0 0 1 2 . 0 0  3 . 750 6 . 5 0 . 2 1 6 5 0 2 2 5 . 0
12 0 . 1 2 5 0 0 1 2 . 0 0  3. 750 6 . 5 0 . 2 1 6 5 0 2 2 5 . 0
13 0 .  12500 1 2 . 0 0  3 . 875 6 . 5 0 . 2 1 6 5 0 23 2 .  5

OBS BDOI BHOÛT B11 l u a POBOP BITIOP

1 5 . 9 5 2 5 3 9 . b 1 5 0 . 1 5 0 2 5 9 1 2 . 7 7 3 3 . 1 1 5 3
2 5 . 9 5 2 5 3 9 . 6 1 5 0 . 1 5 0 2 5 9 1 2 . 7 7 3 3 . 1 1 5 3
3 5 . 9 5 2 5 3 9 . 6 1 5 0 . 1 5 0 2 5 9 12 . 77 3 3 . 1 1 5 3
4 5 . 9 5 2 5 3 9 . 6 1 5 0 . 1 5 0 2 5 9 1 2 . 7 7 3 3 . 1 1 5 3
5 5 . 9 5 2 5 3 9 . 6 1 5 0 . 1 5 0 2 5 9 12 .7 7 3 3 . 1 1 5 3
b 7 . 2 7 5 3 7 0 . 8 9 0 0 . 1 0 2 6 2 8 4 0 . 9 0 1 8 . 5 2 1 1
7 7 . 2 7 5 3 7 0 . 8 9 0 0 . 1 0 2 6 2 8 4 0 . 9 0 1 8 . 5 2 1 1
8 7 . 6 0 6 0 7 0 . 8 9 0 0 . 1 0 7 2 9 3 4 0 . 9 0 1 8 . 5 2 1 1
9 7 . 6 0 6 0 7 0 . 8 9 0 0 . 1 0 7 2 9 3 4 0 . 9 0 1 8 . 5 2 1 1

10 7 . 2 7 5 3 7 0 . 8 9 0 0 . 1 0 2 6 2 8 40 .9 0 1 8 . 5 2 1 1
11 9 . 9 2 0 9 10 0 .0 8 0 0 . 0 9 9 1 2 9 8 1 .5 1 9 1 2 . 5 4 1 4
12 9 . 9 2 0 9 1 0 0 . 0 8 0 0 . 0 9 9 1 2 9 8 1 .5 1 9 1 2 . 5 4 1 4
13 1 0 . 2 5 1 5 1 0 0 . 0 8 0 0 .  102434 8 1 . 5 1 9 1 2 . 5 4 1 4

OBS BUP I I JF HE PBOOCT

1 0 . 0 3 5 4 0 0 . 0 3 6  8156 2 .  64 76 44976 140114
2 0 .0 3  540 0 . 0 3 ô6 1 5 d 2 .  6476 44976 140114
3 0 . 0 3  540 0 . 0 3 6 8 1 5 6 2 . 6 4 7 6 44976 140 114
4 0 . 0 3 5 4 0 0 . 0 3 6 8 1 5 6 2 . 6 4 7 6 44976 140114
5 0 . 0 3  540 0 . 0 3 b 81S6 2 . 6 4 7 6 44976 140114
b 0 . 2 0  284 0 . 0 3 6 8 1 5 6 8 . 4 7 8 2 80483 685804
7 0 . 2 0 2 8 4 0 . 0 3 6 8 1 5 6 8 . 4 7 8 2 80483 685804
8 0 . 2 0 2 8 4 0 . 0 3 6 8 1 5 6 8 . 4 7 8 2 80483 685804
9 0 .2 0  284 0 .0 3 6 8 1 5 6 8 . 4 7 8 2 804 83 68580 4

10 0 . 2 0 2 8 4 0 . 0 3 6 8 1 5 6 8 . 4 7 8 2 80483 685804
11 0 . 5 7 0 7 3 0 . 0 3 6 8 1 5 6 1 6 .8 9 7 6 113623 1425000
12 0 .5 7  073 0 . 0 3 6 8 1 5 6 1 6 . 8 9 7 6 113623 1425000
13 0 . 5 7  073 0 .0 3 6 8 1 5 6 1 6 .8 9 7 6 113623 1425000
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OBS DB Q laCUSS BHP D£ SB A MS

14 0 . 1 2 5 0 0 1 2 . 0 0  3. 875 6 . 5 0 . 2 1 6 5 0 2 3 2 . 5
15 0 . 1 2 5 0 0 12 .0 0  3. 750 6 . 5 0 . 2 1 6 5 C 2 2 5 . 0
16 0 .  12 500 1 6 . 0 0  4 . 625 8 . 0 0 . 2 1 6 5 0 2 7 7 . 5
17 0 . 1 2 5 0 0 16 .0 0  4. 750 8 . 0 0 . 2 1 6 5 0 2 8 5 . 0
18 0 . 1 2 5 0 0 1 6 . 0 0  4. 500  8 . 0 0 . 2 1 6 5 0 2 7 0 . 0
19 0 . 1 2 5 0 0 1 6 .0 0  4. 750 8 . 0 0 . 2 1 6 5 0 2 8 5 . 0
20 0 . 1 2 5 0 0 1 6 . 0 0  4 . 750 8 . 0 0 . 2 1 6 5 0 2 8 5 . 0
21 0 .  15625 4 . 7 5  3. 25u 4 . 0 0 . 2 7 0 6 3 1 9 5 .0
22 0 .  15625 4 . 7 5  3 . 375 4 . 0 0 . 2 7 0 6 3 2 0 2 . 5
23 0 . 1 5 6 2 5 4 . 7 5  3. 125 4 . 0 0 . 2 7 0 5 3 1 8 7 . 5
24 0 .  15 625 4 . 7 5  3 . 250  4 . 0 0 . 2 7 0 6 3 1 9 5 . 0
25 0 . 1 5 6 2 5 4 . 7 5  3. 250 4 . 0 0 . 2 7 0 5 3 1 9 5 . 0
26 0 . 1 5 6 2 5 8 . 5 0  3 . 500 4 . 4 0 . 2 7 0 6 3 2 1 0 . 0

UBS BOOT HHDOT BAIlOd PDBÛP BATIOP

14 1 0 . 2 5 1 5 1 0 0 . 0 8 0 0 . 1 0 2 4 3 4 8 1 . 5 1 9 1 2 . 5 4 1 4
15 9 . 9 2 0 9 1 0 0 . 0 8 0 0 . 0 9 9 1 2 9 8 1 . 5 1 9 1 2 . 5 4 1 4
16 1 2 . 2 3 5 7 133 .4 40 0 . 0 9  1695 1 4 4 . 9 2 3 1 8 . 1 1 5 4
17 1 2 . 5 6 6 4 1 3 3 . 4 4 0 0 . 0 9 4 1 7 3 1 4 4 . 9 2 3 1 8 . 1 1 5 4
18 1 1 . 9 0 5 0 133 .4 40 0 . 0 8 9 2 1 6 1 4 4 . 9 2 3 1 8 . 1 1 5 4
19 1 2 . 5 6 6 4 1 3 3 . 4 4 0 0 .0 9 4 1 7 3 1 4 4 . 9 2 3 1 8 . 1 1 5 4
20 1 2 . 5 6 6 4 133 .4 4 0 0 . 0 9 4 1 7 3 1 4 4 . 9 2 3 1 8 . 1 1 5 4
21 8 . 5 9 8 1 3 9 . 6 1 5 0 .2 17 041 . 5 . 2 3 1 1 . 3 0 7 8
22 8 . 9 2 8 8 3 9 . 6 1 5 0 . 2 2 5 3 8 9 5 . 2 3 1 1 . 3 0 7 8
23 8 . 2 6 7 4 3 9 . 6 1 5 0 .2 0 8 6 9 3 5 . 2 3 1 1 . 3 0 7 8
24 8 . 5 9 8 1 3 9 . 6 1 5 0 . 2 1 7 0 4 1 5 . 2 3 1 1 .3 0 7 8
25 8 . 5 9 8  1 3 9 . 6 1 5 0 .2 17 041 5 . 2 3 1 1. 3078
26 9 . 2 5 9 5 7 0 . 8 9 0 0 . 1 3 0 6 1 7 1 6 . 7 5 2 3 . 8 0 7 3

OBS aaf TA JP HB PBOBCX

14 0 . 5 7 0 7 3 0 . 0 3 o 8 1 5 6 16 . 8 9 7 6 113623 1425000
15 0 . 5 7 0 7 3 0 . 0 3 6 8 1 5 6 1 6 .8 9 7 6 113623 1425000
16 1 . 3 5 2 8 4 0 .0 3 6 8 1 5 6 3 0 . 0 4 0 3 151498 27 444 45
17 1 .3 5  284 0 . 0 3 6 8 1 5 6 3 0 . 0 4 0 3 151498 27 444 45
18 1 .35  2 8 4 0 . 0 3 6 8 1 5 0 3 0 . 0 4 0 3 151498 27 4 44 45
19 1 . 3 5  234 0 . 0 3 6 8 1 5 6 3 0 . 0 4 0 3 151498 27 44 44 5
20 1. 3 5284 0 . 0 3 6 8 1 5 6 3 0 . 0 4 0 3 151498 27 4 44 45
21 0 . 0 1 4 5 0 0 . 0 5 7 5 2 4 4 1 . 6 9 4 5 35981 47057
22 0 . 0 1 4 5 0 0 .0 5 7 5 2 4 4 1 .6 9 4 5 35981 47057
23 0 . 0 1 4 5 0 0 . 0 5 7 5 2 4 4 1 . 69 4 5 35981 47057
24 0 . 0 1 4 5 0 0 . 0 5 7 5 2 4 4 1 . 6 9 4 5 35961 47057
25 0 . 0 1 4 5 0 0 . 0 5 7 5 2 4 4 1 . 6 9 4 5 35981 47057
26 0 . 0 8 3 0 8 0 .0 5 7 5 2 4 4 5 . 4 2 6 0 64387 245136
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OBS DN Q INCHES BHP DE CBABS

27 0 . 1 5 6 2 5 8 . 5 0  3. 3 75  4 . 4 0 . 2 7 0 6 3 2 0 2 . 5
28 0 . 1 5 6 2 5 8 . 5 0  3. 375  4 . 4 0 . 2 7 0 6 3 2 0 2 . 5
29 0 .  15625 8 . 5 0  3 . 750  4 . 4 0 . 2 7 0 6 3 2 2 5 . 0
30 0 . 1 5 6 2 5 8 . 5 0  3. 625 4 . 4 0 . 2 7 0 6 3 2 1 7 . 5
31 Q. 15625 1 2 . 00  4 . 250 5 . 2 0 . 2 7 0 6 3 2 5 5 . 0
32 0 . 1 5 6 2 5 1 2 .0 0  4. OOÜ 5 .2 0 . 2 7 0 6 3 2 4 0 . 0
33 0 . 1 5 6 2 5 1 2 . 0 0  4 . 125 5 . 2 0 . 2 7 0 6 3 2 4 7 . 5
34 0 . 1 5 6 2 5 1 2 . Ou 4. 25ü 5 . 2 0 . 2 7 0 6 3 2 5 5 . 0
35 0 . 1 5 6 2 5 1 2 .0 0  4 . 26 0  5 . 2 0 . 2 7 0 6 3 2 5 5 . 0
36 0 . 1 5 6 2 5 1 6 .0 0  5 . 250 6 . 2 0 . 2 7 0 6 3 3 1 5 . 0
37 0 . 1 5 6 2 5 1 6 .0 0  5 . 2 5 0  6 . 2 0 . 2 7 0 6 3 3 1 5 . 0
38 0 . 1 5 6 2 5 1 6 . 0 0  5 . 250 6 . 2 0 . 2 7 0 6 3 3 1 5 . 0
39 0 . 1 5 6 2 5 1 6 . 0 0  5 . 500 6 . 2 0 . 2 7 0 6 3 3 3 0 . 0

OBS BDOI BBOÜI BAXIOa POBOP B i l I O P

27 8 . 9 2 8 8 7 0 . 8 9 0 0 . 1 2 5 9 5 2 16 .7 5 19 3 . 8 0 7 2 5
28 8 . 9 2 8 8 7 0 . 8 9 0 0 .1 2 5 9 5 2 16 .7519 3 . 8 0 7 2 5
29 9 . 9 2 0 9 7 0 . 8 9 0 0 . 1 3 9 9 4 7 16 .7 51 9 3 . 8 0 7 2 5
30 9 . 5 9 0 2 7 0 . 8 9 0 0 .1 3 5 2 8 2 16 .75 19 3 . 8 0 7 2 5
31 1 1 .2 4 3 6 1 0 0 . 0 8 0 0 . 1 1 2 3 4 6 3 3 . 3 8 7 9 6 . 4 2 0 7 5
32 10 .5 8 2 2 1 0 0 .0 8 0 0 .1 0 5 7 3 8 3 3 .3 8 7 9 6 . 4 2 0 7 5
33 1 0 . 9 1 2 9 1 0 0 . 0 8 0 0 .  109042 3 3 . 3 8 7 9 6 . 4 2 0 7 5
34 1 1 .2 4 3 6 1 0 0 . 0 8 0 0 .  112346 3 3 . 3 8 7 9 6 . 4 2 0 7 5
35 1 1 .2 4 3 6 1 0 0 . 0 8 0 0 .  112346 3 3 . 3 8 7 9 6 . 4 2 0 7 5
36 1 3 .8 8 9 2 1 3 3 .4 4 0 0 .1 0 4 0 8 6 5 9 . 3 5 6 2 9 . 5 7 3 5 8
37 1 3 . 8 8 9 2 1 3 3 .4 4 0 0 . 1 0 4 0 8 6 5 9 . 3 5 6 2 9 . 5 7 3 5 8
38 1 3 . 8 8 9 2 1 3 3 . 4 4 0 0 . 1 0 4  086 5 9 .3 5 6 2 9 . 5 7 3 5 8
39 1 4 . 5 5 0 6 1 3 3 .4 4 0 0 . 1 0 9 0 4 2 5 9 .3 5 6 2 9 . 5 7 3 5 8

OBS BHP 11 JP NE PBOOCT

27 0 . 0 8 3 0 7 5 0 .0 5 7 5 2 4 5 . 4 2 6 0 64387 245136
28 0 . 0 8 3 0 7 5 0 . 0 5 7 5 2 4 5 .4 2 6 0 64387 245136
29 0 . 0 8 3 0 7 5 0 . 0 5 7 5 2 4 5 .4 2 6 0 64387 245136
30 0 . 0 8 3 0 7 5 0 . 0 5 7 5 2 4 5 .4 2 6 0 64387 245135
31 0 . 2 3 3 7 5 4 0 . 0 5  7524 1 0 . 8 1 4 5 90899 58 3637
32 0 . 2 3 3 7 5 4 0 . 0 5 7 5 2 4 10 .8 1 45 90899 583637
33 0 . 2 3 3 7 5 4 0 . 05 7 5 24 1 0 . 8 1 4 5 90899 ' 5836 37
34 0 . 2 3 3 7 5 4 0 . 0 5 7 5 2 4 10 .8 1 45 90899 583637
35 0 . 2 3 3 7 5 4 0 .  05 7 5 24 1 0 . 6 1 4 5 90899 583637
36 0 . 5 5 4 0 8 4 0 .  057524 19 . 225 8 121198 1160301
37 0 . 5 5 4 0 8 4 0 . 0 5 7 5 2 4 1 9 . 2 2 5 8 121198 1 16030 1
38 0 . 5 5 4 0 8 4 0 . 0 5 7 5 2 4 19 .22 58 121198 1 160301
39 0 . 5 5 4 0 8 4 0 .  05 7524 19 .2 25 8 121198 1 16030 1



TABLE ( 4 .7 )  Cont'd

50

OBS

uo
41
42
43
44
45
46
47
48
49
50
51
52

OBS

40 
4 1
42
43
44
45
46
47
48
49
50
51
52

OBS

40
41
42
43
44
45
46
47
48
49
50
51
52

08

0 . 1 5 6 2 5  
0 . 1 8 7 5 0  
0 .  18 750 
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 .  18750

BOOT

1 3 . 5 5 8 5
1 0 . 5 8 2 2
1 0 . 5 8 2 2
1 0 . 5 8 2 2
1 0 . 5 8 2 2
1 0 . 5 8 2 2
1 3 . 5 5 8 5
1 3 . 5 5 8 5
1 3 . 5 5 8 5
1 3 . 5 5 8 5
1 3 . 5 5 8 5
1 5 . 2 1 2 0
1 5 . 2 1 2 0

H8P

0 . 5 5 4 0 8 4  
0 . 0 0 6 9 9 1  
0 . 0 0 6 9 9 1  
0 . 0 0 6 9 9 1  
0 . 0 0 6 9 9 1  
0 . 0 0 6 9 9 1  
0 . 0 4 0 0 6 1  
0 . 0 4 0 0 6 1  
0 . 0 4 0 0 6 1  
0 . 0 4 0 0 6 1  
0 . 0 4 0 0 6 1  
0 . 1 1 2 7 2 3  
0 .  112723

16 . 0 0
4 . 7 5
4 . 7 5
4 . 7 5
4 . 7 5
4 . 7 5
8 . 5 0
8 . 5 0
8 . 5 0
8 . 5 0
8 . 5 0

12 .00 
12 .00

HBDÜI

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

1 0 0 . 0 8 0
1 0 0 . 0 8 0

T i

0 . 0 5 7 5 2 4  
0 .  08263 5  
0 . 0 8 2 8 3 5  
0 . 0 8  2835 
0 . 0 8 2 8 3 5  
0 . 0 8 2 8 3 5  
0 . 0 8 2 8 3 5  
0 . 0 8  28 35 
0 . 0 8 2 8 3 3  
0 . 0 8 2 8 3 5  
0 . 0 8 2 8 3 5  
0 . 0 8 2 8 3 5  
0 . 0 8 2 8 3 5

IHCBBS BHP DE GBias

5 . 1 2 5 6 . 2 0 . 2 7 0 6 3 3 0 7 . 5
4 . 0 0 0 3 . 9 0 . 3 2 4 7 6 2 4 0 . 0
4 . 0 0 0 3 . 9 0 . 3 2 4 7 6 2 4 0 . 0
4 . 0 0 0 3 . 9 0 . 3 2 4 7 6 2 4 0 . 0
4 . 0 0 0 3 . 9 0 . 3 2 4 7 6 2 4 0 . 0
4 . 0 0 0 3 . 9 0 . 3 2 4 7 6 2 4 0 . 0
5 . 1 2 5 4 . 0 0 . 3 2 4 7 6 3 0 7 . 5
5 .  125 4 . 0 0 . 3 2 4 7 6 3 0 7 . 5
5 . 1 2 5 4 . 0 0 . 3 2 4 7 6 3 0 7 . 5
5 .  125 4 . 0 0 . 3 2 4 7 6 3 0 7 . 5
5 . 1 2 5 4 . 0 0 . 3 2 4 7 6 3 0 7 . 5
5 . 7 5 0 4 . 9 0 . 3 2 4 7 6 3 4 5 . 0
5 . 7 5 0 4 . 9 0 . 3 2 4 7 6 3 4 5 . 0

B&IIOd PDBOP BiTIOP

0 . 1 0 1 6 0 7  
0 . 2 6 7 1 2 7  
0 . 2 6 7 1 2 7  
0 . 2 6 7 1 2 7  
0 .  267127  
0 . 2 6 7 1 2 7  
0 . 1 9 1 2 6 1  
0 . 1 9 1 2 6 1  
0 . 1 9  1261 
0 . 1 9 1 2 6 1  
ü .  19 1261 
0 . 1 5 1 9 9 8  
0 . 1 5 1 9 9 8

JF

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

5 9 . 3 5 6 2
2 . 5 2 2 7
2 . 5 2 2 7
2 . 5 2 2 7
2 . 5 2 2 7
2 . 5 2 2 7
8 . 0 7 8 3
8 .0 7 8 3
8 . 0 7 8 3
8 . 0 7 8 3  
8. 0783

1 6 . 1 0 0 6
1 6 . 1 0 0 6

HB .

121198
29984
29984
29984
29984
29984
53655
53655
53655
53655
53655
75749
75749

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

PBOOCT

1160301
19395
19395
19395
19395
19395

108361
108361
108361
108361
108361
248899
248899



TABLE ( 4 . 7 ) Cont'd

51

oas
53
54
55
56
57
58
59
60 
61 
62
63
64
65

OBS

53
54
55
56
57
58
59
60 
61 
62
63
64
65

OBS

53
54
55
56
57
58
59
60 
61 
62
63
64
65

SB
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 1 8 7 5 0  
0 . 2 1 8 7 5  
0 . 2 1 8 7 5  
0 . 2 1 8 7 5  
0 . 2 1 8 7 5  
0 . 2 1 8 7 5

HOOT

1 5 . 2 1 2 0
1 5 . 2 1 2 0
1 5 . 2 1 2 0
1 5 .8 7 3 4
1 5 .8 7 3 4
1 5 . 8 7 3 4  
1 5 . 3 7 3 4
1 5 . 8 7 3 4
1 0 . 2 5 1 5

9 . 9 2 0 9
1 0 . 2 5 1 5

9 . 9 2 0 9  
9 . 5 9 0 2

HHB

0 . 1 1 2 7 2 3  
0 . 1 1 2 7 2 3  
0 . 1 1 2 7 2 3  
0 . 2 6  7195  
0 . 2 6 7 1 9 5  
0 . 2 6  7195  
0 .  26 7195  
0 . 2 6 7 1 9 5  
0 . 0 0 3 7 7 4  
0 . 0 0 3 7 7 4  
0 . 0 0  3774 
0 . 0 0 3 7 7 4  
0 . 0 0 3 7 7 4

Q INCHES BUP OB GBiMS

1 2 .0 0 5 . 7 5 0 4 . 9 0 . 3 2 4 7 6 3 4 5 . 0
1 2 .0 0 5 . 7 5 0 4 . 9 0 . 3 2 4 7 6 3 4 5 . 0
1 2 .0 0 5 . 7 5 0 4 . 9 0 . 3 2 4 7 6 3 4 5 . 0
1 6 . 00 6 . 0 0 0 5 . 4 0 . 3 2 4 7 6 3 6 0 . 0
1 6 . 0 0 6 . 0 0 0 5 . 4 0 . 3 2 4 7 6 3 6 0 . 0
1 6 . 0 0 6 . 0 0 0 5 . 4 0 . 3 2 4 7 6 3 6 0 . 0
16 . 00 6 . 0 0 0 5 . 4 0 . 3 2 4 7 6 3 6 0 . 0
16 . 00 6 . 0 0 0 5 . 4 0 . 3 2 4 7 6 3 6 0 . 0

4 . 7 5 3 . 8 7 5 3 . 9 0 . 3 7 8 8 8 2 3 2 .  5
4 . 7 5 3 - 7 5 0 3 . 9 0 . 3 7 8 8 8 2 2 5 . 0
4 . 75 3 . 8 7 5 3 . 9 0 . 3 7 8 8 8 2 3 2 . 5
4 . 7 5 3 . 7 5 0 3 . 9 0 . 3 7 8 8 8 2 2 5 . 0
4 .7 5 3 . 6 2 5 3 . 9 0 . 3 7 8 0 3 2 1 7 . 5

HHOOT BiTIOH POBOP BiTIOP

1 0 0 . 0 8 0
1 0 0 . 0 8 0
1 0 0 .0 8 0
1 3 3 . 4 4 0
1 3 3 .4 4 0
1 3 3 . 4 4 0
1 3 3 . 4 4 0
1 3 3 . 4 4 0

3 9 . 6 1 5
3 9 . 6 1 5
3 9 . 6 1 5
3 9 . 6 1 5
3 9 . 6 1 5

T i

0 . 0 6 2 8 3 5  
0.  082835  
0 . 0 8 2 8 3 5  
0 . 0 8  2835 
0.  082635 
0 . 0 8  28 35 
0 . 0 8 2 8 3 5  
0 . 0 8 2 8 3 5  
0 .  112746 
0 .  1127 48 
0 .  112748 
0 .  112748 
0 .  1127 46

0 . 1 5 1 9 9 8  
0 . 1 5 1 9 9 8  
0 .  151998  
0 . 1 1 8 9 5 5  
0 .  118955 
0 . 1 1 8 9 5 5  
0 . 1 1 8 9 5 5  
0 . 1 1 8 9 5 5  
0 . 2 5 8 7 7 9  
0 . 2 5 0 4 3 2  
0 . 2 5 8 7 7 9  
0 . 2 5 0 4 3 2  
0 . 2 4 2 0 8 4

JP

7 . 51 01
7 .5 1 0 1
7 . 5 1 0 1

1 3 . 3 5 1 2
1 3 .3 5 1 2
1 3 . 3 5 1 2
1 3 .3 5 1 2
1 3 . 3 5 1 2  

0 . 8 6 4 5  
0 . 8 6 4 5  
0 . 8 6 4 5  
0 . 8 6 4 5  
0 . 8 6 4 5

16 .1 0 0 6
1 6 . 1 0 0 6
1 6 .1 0 0 6
2 8 . 6 2 3 3
2 8 . 6 2 3 3
2 8 . 6 2 3 3
2 8 . 6 2 3 3
2 8 . 6 2 3 3

1 .3 6 1 8  
1 . 3 6 1 0
1 . 3 6 1 8
1 . 3 6 1 8
1 .3 6 1 8

Hfi

75749
75749
75749

100998
100998
100998
100998
100998
25701
25701
25701
25701
25701

3 . 2 8 5 8 4
3 . 2 8 5 8 4
3 . 2 8 5 8 4
5 . 3 0 0 6 1
5 . 3 0 0 6 1
5 . 3 0 0 6 1  

' 5 . 3 0 0 6 1
5 . 3 0 0 6 1  
0 . 3 4 9 1 8  
0 . 3 4 9 1 8  
0 . 3 4 9 1 8  
0 . 3 4 9 1 8  
0 . 3 4 9 1 8

PBODCX

2483 99
2 4 8 8 9 9
2 4 88 99
535354
53 53 5 4
53 53 5 4
53 53 54
535 354

8974
8974
8974
3974
8974
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OBS 06

66 0 . 2 1 8 7 5
67 0 . 2 1 8 7 5
68 0 . 2 1 8 7 5
69 0 . 2 1 8 7 5
70 0 . 2 1 8 7 5
71 0 . 2 1 8 7 5
72 0 . 2 1 8 7 5
73 0 . 2 1 8 7 5
74 0 . 2 1 8 7 5
75 0 . 2 1 8 7 5
76 0 . 2 1 8 7 5
77 0 . 2 1 8 7 5
78 0 . 2 1 8 7 5

OBS 8D0T

6b 1 1 . 2 4 3 6
67 1 0 . 9 1 2 9
68 1 1 . 2 4 3 6
69 1 0 . 9 1 2 9
70 1 0 . 9 1 2 9
71 1 1 . 5 7 4 3
72 1 1 . 9 0 5 0
73 1 2 . 2 3 5 7
74 1 1 . 9 0 5 0
75 1 2 . 2 3 5 7
76 1 2 . 8 9 7 1
77 1 3 . 2 2 7 8
78 1 2 . 8 9 7 1

ÜBS aup

66 0 . 0 2 1 6 2 6
67 0 . 0 2 1 6 2 6
68 0 . 0 2 1 6 2 6
69 0 . 0 2 1 6 2 6
70 0 . 0 2  1626
71 0 . 0 6  0849
72 0 . 0 b 0 8 4 9
73 0 . 0 6 0 8 4 9
74 0 . 0 6 0 8 4 9
75 0 . 0 6 0 8 4 9
76 0 .  14 42 36
77 0 . 1 4 4 2 3 6
78 0 .  1 44 23 6

8 . 5 0
8 . 5 0  
8 . SU
8 . 5 0
8 . 5 0  

12 .00 
12.00 
12.00
12 . 00
12 .00 
1 6 . 0 0  
1 6 .0 0
1 6 . 0 0

«aOOT

70 .89 U
7 0 . 8 9 0
7 0 . 8 9 0
7 0 . 8 9 0
7 0 . 8 9 0  

1 0 0 . 0 8 0  
1 0 0 . 0 8 0
1 0 0 . 0 8 0
1 0 0 . 0 8 0
1 0 0 . 0 8 0
1 3 3 .4 4 0
1 3 3 . 4 4 0
1 3 3 . 4 4 0

Z i

0 .  112748 
0 .  112748 
0 .  112748 
0. 112748 
0 .  112748 
0 .  112748 
0 . 1 1 2 7 4 6  
0 . 1 1 2 7 4 8  
0 .  1127 48 
0 .  1127 48 
0 .  112746 
0 .  1127 48 
0 .  112748

INCÜES BBP DE SBiSS

4 . 2 5 0 4 . 0 0 . 3 7 8 8 8 2 5 5 . 0
4.  125 4 . 0 0 . 3 7 8 8 8 2 4 7 . 5
4 . 2 5 0 4 . 0 0 . 3 7 8 8 3 2 5 5 . 0
4.  125 4 . 0 0 . 3 7 8 6 8 2 4 7 . 5
4 . 1 2 5 4 . 0 0 . 3 7 8 8 8 2 47 .  5
4 . 3 7 5 4 . 3 0 . 3 7 8 8 8 2 6 2 . 5
4 . 5 0 0 4 .3 0 . 3 7 8 8 6 2 7 0 . 0
4 . 6 2 5 4 . 3 0 . 3 7 8 8 8 2 7 7 . 5
4 . 5 0 0 4 .3 0 . 3 7 8 8 8 2 7 0 . 0
4.  625 4 .3 0 . 3 7 8 8 5 2 7 7 . 5
4 . 8 7 5 4 . 8 0 . 3 7 8 8 8 29 2 . 5
5 . 0 0 0 4.  0 0 . 3 7 8 6 6 3 0 0 . 0
4 . 8 7 5 4 . 8 0 . 3 7 8 8 8 2 9 2 . 5

B i l lOf i PDBOP BiTIOP

0 .  158607 
0 . 1 5 3 9 4 2  
0 . 1 5 8 6 0 7  
0 . 1 5 3 9 4 2  
0 .  153942 
0 . 1 1 5 6 5 1  
0 . 1 1 8 9 5 5  
0 . 1 2 2 2 5 9  
0 .  118955 
0 . 1 2 2 2 5 9  
0 . 0 9 6 6 5 1  
0 . 0 9 9 1 2 9  
0 . 0 9 6 6 5 1

JP

2 . 7 0 8 3 8
2 .  76838
2 . 7 6 8 3 8
2 . 7 6 8 3 8
2 . 7 6 8 3 8
5 . 5 1 7 6 0
5 . 5 1 7 6 0
5 . 5 1 7 6 0
5 . 5 1 7 6 0
5 . 5 1 7 6 0
9 .8 0 9 0 6
9 . 8 0 9 0 6
9 .8 0 9 0 6

4 . 3 6 0 7
4 . 3 6 0 7
4 . 3 6 0 7
4 . 3 6 0 7
4 . 3 6 0 7
8 . 6 9 1 3
8 . 6 9 1 3
8 . 6 9 1 3
8 . 6 9 1 3
8 . 6 9 1 3

1 5 . 4 5 1 2
1 5 . 4 5 1 2
1 5 .4 5 1 2

Ufi

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

1 . 0 9 0 1 9
1 . 0 9 0 1 9
1 . 0 9 0 1 9
1 . 0 9 0 1 9  
1 . 0 9 0 1 9
2 . 0 2 1 2 4
2 . 0 2 1 2 4
2 . 0 2 1 2 4
2 . 0 2 1 2 4
2 . 0 2 1 2 4
3 . 2 1 9 0 1
3 . 2 1 9 0 1
3 . 2 1 9 0 1

PBOOCT

5 01 38  
53138  
50 138 
50 138  
50138  

131234 
131234 
131234 
131234 
131234 

' 2 7 86 70  
27 867 0  
2 78 67 0



TABLE ( 4 .7 )  Cont'd

53

OBS Dk Q INCHES BHP DE GBAMS

79 0 . 2 1 8 7 5 16 . 0 0 5 .  125 4 . 8 0 . 3 7 8 8 6 3 0 7 . 5
80 0 . 2 1 8 7 5 16 .0 0 5 . 0 0 0  4 . 8 0 . 3 7 8 6 6 3 0 0 . 0
81 0 . 2 5 0 0 0 4 .7 5 3 . 2 5 0  3 . 7 0 . 4 3 3 0 1 1 9 5 . 0
82 0 . 2 5 0 0 0 4 . 7 5 3 . 0 0 0  3 . 7 0 .4 3 3 C 1 1 8 0 . 0
83 0 . 2 5 0 0 0 4 . 7 5 3 . 1 2 5  3 . 7 0 . 4 3 3 0 1 1 8 7 . 5
84 0 . 2 5 0 0 0 4 . 7 5 3.  250 3 . 7 0 .4 3 3 C 1 1 9 5 . 0
85 0 . 2 5 0 0 0 4 . 7 5 3 . 2 5 0  3 . 7 0 . 4 3 3 0 1 1 9 5 . 0
86 0 . 2 5 0 0 0 8 . 5 0 3 . 7 5 0  3 . 9 Û.433C1 2 2 5 . 0
87 0 . 2 5 0 0 0 8 . 5 0 3 . 5 0 0  3 . 9 0 . 4 3 3 0 1 2 1 0 . 0
88 0 . 2 5 0 0 0 8 . 5 0 3 .  625 3 . 9 0 . 4 3 3 0 1 2 1 7 . 5
89 0 . 2 5 0 0 0 8 . 5 0 3 . 7 5 0  3 . 9 0 . 4 3 3 0 1 2 2 5 . 0
90 0 . 2 5 0 0 0 8 . 5 0 3 . 7 5 0  3 . 9 0 . 4 3 3 0 1 2 2 5 . 0
91 0 . 2 5 0 0 0 1 2 . 0 0 4 . 0 0 0  4 . 0 0 . 4 3 3 0 1 2 4 0 . 0

OBS 8001 H80OX BATICIK PDBOP BAIIOP

79 1 3 . 5 5 8 5 1 3 3 . 4 4 0 0 .  101607 1 5 . 4 5 1 2 3 . 2 1 9 0 1
80 1 3 . 2 2 7 8 1 3 3 . 4 4 0 0 . 0 9 9 1 2 9 1 5 . 4 5 1 2 3 . 2 1 9 0 1
81 8 . 5 9 8 1 3 9 . 6 1 5 0 . 2 1 7 0 4 1 0 . 7 9 8 2 0 . 2 1 5 7 4
82 7 . 9 3 6 7 3 9 . 4 1 5 0 . 2 0 0 3 4 5 0 . 7 9 8 2 0 . 2 1 5 7 4
83 8 . 2 6 7 4 3 9 . 0 1 5 0 . 2 0 8 6 9 3 0 . 7 9 8 2 0 . 2 1 5 7 4
84 8 . 5 9 8 1 3 9 . 6 1 5 0 . 2 1 7 0 4 1 0 . 7 9 8 2 0 . 2 1 5 7 4
as 8 . 5 9 8 1 3 9 . 6 1 5 0 .  217041 0 . 7 9 8 2 0 . 2 1 5 7 4
86 9 . 9 2 0 9 7 0 . 8 9 0 0 . 1 3 9 9 4 7 2 . 5 5 6 1 0 . 6 5 5 4 1
87 9 . 2 5 9 5 7 0 . 8 9 0 0 . 1 3 0 6 1 7 2 . 5 5 6 1 0 . 6 5 5 4 1
88 9 . 5 9 0 2 7 0 . 8 9 0 0 . 1 3 5 2 8 2 2 . 5 5 6 1 0 . 6 5 5 4 1
89 9 . 9 2 0 9 7 0 . 8 9 0 0 . 1 3 9 9 4 7 2 . 5 5 6 1 0 . 6 5 5 4 1
90 9 . 9 2 0 9 70 .89U 0 .1 3 9 9 4 7 2 . 5 5 6 1 0 . 6 5 5 4 1
91 1 0 . 5 8 2 2 1 0 0 . 0 8 0 0 . 1 0 5 7 3 8 5 . 0 9 4 5 1 . 2 7 3 6 2

OBS UHP TA JF HB PBOOCT

79 0 .  1 44 23 6 0 . 1 1 2 7 4 8  9 . 8 0 9 0 6 8 6 5 7 0 . 1 27867 0
80 0 . 1 4 4 2 3 6 0.  112743 9 .  80906 8 6 5 7 0 . 1 278670
81 0 . 0 0 2 2 1 2 0 . 1 4 7 2 6 2  0 . 6 6 1 9 0 2 2 4 8 7 . 9 4651
82 0 . 0 0 2 2 1 2 0 .  147262 0 .  66190 2 2 4 8 7 . 9 4851
83 0 . 0 0 2 2 1 2 0 .  147262 0 .661  90 2 2 4 8 7 . 9 4851
84 0 . 0 0 2 2 1 2 0 .  147262 0 .  66190 2 2 4 8 7 . 9 4851
85 0 . 0 0 2 2 1 2 0 . 1 4 7 2 6 ^  0 . 6 6 1 9 0 2 2 4 8 7 . 9 4851
86 0 . 0 1 2 6 7 6 0 .  147262  2 .  11954 4 0 2 4 1 . 6 26375
87 0 . 0 1 2 6 7 6 0 . 1 4 7 2 6 2  2 . 1 1 9 5 4 4 0 2 4 1 . 6 2637 5
83 0 . 0 1 2 6 7 6 0 .  147262  2 .  11954 4 0 2 4 1 . 6 26375
89 0 . 0 1 2 6 7 6 0 . 1 4 7 2 6 2  2 . 1 1 9 5 4 4 0 2 4 1 . 6 26375
90 0 . 0 1 2 6 7 6 0 .  147262 2 .  1 1954 4 0 2 4 1 . 6 26375
91 0 . 0 3 5 6 6 7 0 . 1 4 7 2 6 2  4 . 2 2 4 4 1 5 6 3 1 1 . 6 7235 7



54
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OBS 08 0 IBCHES BUP DE GBIMS MOOT MMDOT BiTIOM

92 0 . 2 5 12 4 . 0 0 0 4 . 0 0 . 4 3 3 0 1 2 4 0 . 0 1 0 . 5 8 2 2 1 0 0 . 0 8 0 .1 0 5 7 3 8
93 0 . 2 5 12 4 . 1 2 5 4 . 0 0 . 4 3 3 0 1 2 4 7 . 5 1 0 .9 12 9 1 0 0 . 0 8 0 .1 0 90 42
94 0 . 2 5 12 4 . 1 2 5 4 . 0 0 .4 3 3 0 1 2 4 7 . 5 1 0 .9 1 2 9 1 0 0 . 0 8 0.  109042
95 0 . 2 5 12 4 . 0 0 0 4 . 0 0 . 4 3 3 0 1 2 4 0 . 0 1 0 . 5 8 2 2 1 0 0 . 0 8 0 . 1 05 7 3 8
96 0 . 2 5 16 4 . 5 0 0 4 . 5 0 .4 3 3 0 1 2 7 0 . 0 1 1 . 9 0 5 0 1 3 3 .4 4 0 . 0 8 9 2 1 6
97 0 . 2 5 16 4 . 5 0 0 4 . 5 0 . 4 3 3 0 1 2 7 0 . 0 1 1 . 9 0 5 0 1 33 .4 4 0 . 0 8 9 2 1 6
98 0 . 2 5 16 4 . 5 0 0 4 . 5 0 .4 3 3 0 1 2 7 0 . 0 1 1 . 9 0 5 0 1 3 3 . 4 4 0 . 0 8 9 2 1 6
99 0 . 2 5 16 4 . 5 0 0 4 . 5 0 . 4 3 3 0 1 2 7 0 . 0 1 1. 90 50 1 3 3 .4 4 0 .0 8 9 2 1 6

100 0 . 2 5 16 4 . 5 0 0 4 . 5 0 .4 3 3 0 1 2 7 0 . 0 1 1 . 9 0 5 0 1 3 3 . 4 4 0 .0 8 9 2 1 6

UBS POBOP BITIOP HUP T i J P HB PBOOCT

92 5 .0 9 4 4 9
93 5 .0 9 4 4 9
94 5 .0 9 4 4 9
95 5 . 0 9 4 4 9
96 9 .0 56 87
97 9 . 0 5 6 8 7
98 9 .0 56 87
99 9 . 0 5 6 8 7  

100 9 . 0 5 6 8 7

1 .2 7 3 6 2
1 . 2 7 3 6 2
1 . 2 7 3 6 2
1 .2 7 3 6 2
2 . 0  1264
2 . 0 1 2 6 4
2 . 0 1 2 6 4
2 . 0 1 2 6 4
2 . 0 1 2 6 4

0 . 0 3 5 6 6 7 4  
0 .  C356674 
0 .  0356674  
0 . 0 3 5 6 6 7 4  
0 . 0 8 4 5 4 4 9  
0 . 0 8 4 5 4 4 9  
0 . 0 8 4 5 4 4 9  
0 . 0 8 4 5 4 4 9  
0 . 0 8 4 5 4 4 9

147262  
147262 
147262 
14 7262 
147262 
147262 
147262 
147262 
147262

4 .2 2 4 4 1
4 .2 2 4 4 1
4 .2 2 44 1
4 .2 24 41
7 . 5 1 0 0 6
7 . 5 1 0 0 6
7 . 5 1 0 0 6  
' 7 . 51006
7 . 5 1 0 0 6

5 6 8 1 1 .6
56 81 1 .6  
568 11.6 
568 11.6
7 5 7 4 8 .9
7 5 7 4 8 .9
7 5 7 4 8 . 9
7 5 7 4 8 .9
7 5 7 4 8 .9

72357
72357
72357
72357

152455
152455
152455
152455
152455
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Nozzle Configuration Experiment

The purpose of this experiment was to determine the e ffec t of nozzle 

configuration, number of nozzles, nozzle orientation, and nozzle size on the 

ra te  of cutting removal. Twelve bits with different nozzle configuration were 

investigated. No water courses were simulated. Description of the twelve bit 

configurations are shown in Table (4.8). Figure (4-3) shows the bits used.

A piexiglas tube, 61 inches long and 1-1/2 x 2 inches in diameter, was 

used to  simulate the borehole. Sand size of 12 mesh was used to simulate the 

cuttings. A 3/4 x 1 inch diameter drill pipe was used to conduct the drilling 

fluid to  the drill bit. The spacing between the bits and cutting surface was 

consistently kept a t one inch throughout the entire experiment. Mud pump 

gear Number 3 was selected to pump the drilling fluid (water) a t four 

different flow rates (4.75, 8.5, 12, and 16 gallons per minute). The procedure 

for determining the amount of cutting removal is similar to the procedure 

used in the previous experiments. The results of the mass flow rates of 

cutting removal for each bit nozzle configuration for the various flow rates 

used are shown in Tables (4.9), (4.10), (4.11), and (4.12). The terms appearing 

in these tables are  shown in Appendix (B).



56

TABLE 4.8 

NOZZLE CONFIGURATION

Bit Number Description

1 3 X 5/32 nozzles directed downward

2 Two nozzles downward with area equal to  area of
3 X 5/32 nozzles

3 One nozzle downward with an area equal to area
o f 3 X 5/32 nozzles

4 Two nozzles downward, each is 5/32

5 One corner nozzle directed downward with
diameter equal 5/32

6 One center nozzle directed downward with
diameter equal 5/32

7 Two small and one large nozzle, all directed
downward

8 Two large and one small nozzle all directed
downward

9 3 X 5/32 nozzles pointing 45 degrees outward

10 3 X 5/32 nozzles pointing 45 degrees outward and
60 degrees sideward

11 3 X 5/32 nozzles with one nozzle pointing upward

12 3 X 5/32 nozzles with two nozzles pointing upward
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Figure (4-3) BIT OONFIOJRATION USED

c n



TABLE ( 4 . 9 )  CLEANI NG A C I I G N  t s ï  VAH i ü U S  HüZZLE CÜMUINATICN5
MASS KAT£ GF CUTI IWG 

ü =
HEHGV Lt 
4 . 7 5  GPM

(LP/.ilN) VS B I I  NO

UÜS B1 I'hU KBR I w CHFS G H Ail S ilûûT

1 1 4. 7b 3 .25Ü 1 3 9 .7 5 0 6. 1620
2 2 4. 7b 4.  500 193. 500 E.5319
3 3 4 . 7 b 3 . 5 0 0 1 5 0 .5 0 0 6 .6 3 3 9
4 4 4. 75 4. 500 193. 500 E. 5319
6 5 4. 75 9 . 0 7 5 4 2 4 .6 2 5 10. 7229
5 b 4. 7b b.OüÜ 2 5 0 . 0 0 0 11. 3759
7 7 4. 7b 5 .  125 2 2 0 .3 7 5 9 .7169
ü B 4. 75 3.  750 16 1. 250 7. 1099
9 9 4. 7b 3 . 0 0 0 1 2 9 .0 0 0 5 .6 8 8 0

1U 10 4. 7b 3.  125 134. 375 5. 9250
11 11 4. 75 4 . 0 0 0 1 7 2 .0 0 0 7. 58 39
12 12 4. 75 3. 125 134. 375 5. 9250

Ln
00



TABLE ( 4 . 1 0 )  CLEANING ACTION Dï V A h l ü U S  NOZZLE COMBINATIONS 
MASS RATE ÜF CUTTING REMOVED (LB/MIN)  VS B I T  NO

OBS BITNUMBR

Q=8.

Q

50 GPM 

INCHES GRAMS MOOT

1 1 j  . b 3. 750 16 1. 250 7. 1099
2 2 8. 5 5. 250 225. 750 9.9539
3 3 8 .5 3 .6 2 5 155 .875 6 .87  29
a <1 0 .  5 5.  375 2 3 1 .1 2 5 10. 1909
5 5 8 .5 1 0 .0 0 0 4 3 0 .0 0 0 18.9599
6 6 8 . 5 6.  750 2 9 0 .2 5 0 12.7979
7 7 8 .5 5 .5 0 0 2 3 6 .5 0 0 10.4279
8 8 8 . 5 4 . 0 0 0 172.000 7 .5839
9 9 8 . 5 3 .  125 1 3 4 .375 5 .9250

10 8 . 5 3.  250 139 .750 6. 1620
11 1 1 8 .5 4 . 7 5 0 2 0 4 .2 5 0 9.0059
12 12 8 . 5 3 .  750 161. 250 7. 1099

LnVO



TABLE ( 4 .1 1 )  L LEA Ni NG ACTION BY VARIOUS NOZZLE C0*1iil NATIC N5
HASS hATE OF CUT'llNli

U=
HErtuV EE 
1 2 .0  GPM

iLD/dlH) VS a n  NO

OBS BITNUhBh w INCHES GfcAllS :ii)OT

1 1 12 <4. 00 • 172.00 7 .5039
2 2 12 b. 75 247 .25 10.9019
3 3 12 4 .2  5 182.75 3 .0579
t| 4 12 b. 50 27 9 .5 0 12.3239
5 7 12 b.üO 2 5 8 .0 0 11.3759
ti . 8 12 4. 50 193.50 e .5 3 1 9
7 9 12 3 . 2 5 139.75 6 .1620
8 10 12 3. 50 150.50 6 .6359
9 11 12 5 . 2 5 225 .75 9 .9 5 3 9

10 12 12 4. 7 5 204. 25 5 .0059

o



TABLE ( 4 . 1 2 )  C L E A N I N G  AC T I ON fcY V A h I u ü S  NULZLZ COMB I NAT I ONS  
MASS RAT E  O F  C U T T I N G  REMOVED ( L u / M I N )  VS B I T  NO

C = 1 b . ü  GFM

UDS BIIN ÜMËR V* x N C I i E S GRAMS MDoI

1 1 lb 4 . 7 b 0 2 0 4 .2 5 0 9.0059
2 2 l b b.OOU 2 5 8 .0 0 0 1 1.3759
3 3 l b 5 . 0 0 0 2 1 5 .0 0 b 5.4799
4 a lb 7 .0 0 0 301 .000 13.2719
5 7 1b b .  500 2 79 .500 12.3239
b a l b 4 .7>0 2 0 4 .2 5 0 9.0059
7 9 l b 3 -5 0 0 150 .500 Û.6359
8 10 lb 4 . 0 0 0 172.000 7.5839
9 11 1b b.OOO 2 5 8 .0 0 0 11-3759

10 12 lb 5 . b / > 2 41 . 875 lG.bb49



CHAPTER V 

STATISTICAL ANALYSIS

Discussion of Method Used:

Experimental data is usually plotted to see if there  is any type of 

relation th a t exists among the variables. This type of relation Is commonly 

referred to as the correlation of the data . The word "correlation" refers to 

the degree of association between the variables involved in the study 

performed.

The solution to  the final equation generated by the dimensional analysis

method discussed in Chapter II can be written in the following manner:

B, B B.
TT = A( TT p  ( TT ................. (%%)   (5-1)

in which it, ^2’ ’ ' ’ dimensionless groups and A, B^, . . .B ^

are constants to be estim ated. For simplification, equation (5-1) can be
27transposed into the standard logarithms:

Log ^ = Log A + Bĵ  Log ^ I + B j Log ^ 2"̂ . . . + B|  ̂ Log k ” ~ ” (5-2)

If Y = Log IT , Xj = Log Xg = Log %2 ' '  ' %k = ^

and B^ = Log A, then equation (5-2) can be written as:
k

Y = B^ + B|X^ + B2X2 + . . . + B|^X|  ̂ - — - “(5-3)
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The values of B ^ . . . remain to be determined by the

method of least squares. The least square method assists in the prediction of 

a response variable from a function of regressor variables and param eters and 

adjusting these param eters until equation (5-3) is optimized. Adjusting the

parameters means minimizing the sum of the squares of the difference

28between the actual response value and the value predicted by the equation. 

The optimizing procedures is performed as follows;

n 2 " 2
SS = 2 E. = Z (y, -  b -  b.X . -  -  -  - b, X ..) - - -(5-4)

i=l '  1=1 ' °  1 ^

Where E is the error term, and b^,  , bĵ  are the values for B^,

Bj - - -, and Bĵ  tha t minimize the sum of squares.

The result of the regression program is then converted to the form of

equation (5-1) by taking the antiiog of B^. A computer program called REG,

which is a part of the Statistical Analysis Systems Package available in the

University of Oklahoma, was utilized to perform the regression analysis for

this study. Details of the program and its output format are listed in Appendix
29(A). The main sta tistica l parameters which are considered important in 

terms of analyzing the regression results are: 1) R-Square, and 2) F-Vaiue.

Discussion of these param eters will be included in Chapter V I I I .



CHAPTER VI

THEORETICAL SCOURING MODEL

The removal of cuttings from the bottom of a well hole is similar to  the

30removal of sediment from stream beds. The movement of sediment in alluvial

streams is such a complex problem that it may never be completely subject to 

rational solution. It represents, in fac t, the most extreme degree of unsteady, 

nonuniform flow, since the streambed as well as the w ater's surface may be 

continuously changing in form. With the current information, an approximate 

understanding of the general transport mechanism can be obtained only by 

isolating particular details or by so simplifying the boundary conditions that 

only the most significant variables need to  be considering.
• ■■ 31

The scouring criteria can be analyzed as follows: Consider a plain, 

stationary bed of cuttings consisting of loose particles of uniform size with 

liquid flowing over it .  As soon as the liquid starts  flowing, hydrodynamic forces 

are exerted upon the solid particles. A further increase in the flow intensity 

causes an increase in the magnitude of these forces. Hence, for a  particular 

stationary bed, a  condition is eventually reached a t which particles in the 

movable bed are unable to resist the hydrodynamic forces and, thus, begin to 

be dislodged and eventually to  s ta rt to  move. This movement is not an 

instantaneous one for all particles of a given size resting in the top layer. In 

fac t, a t any given hydrodynamic condition, some move and some do not. This is

64
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due to the statistical nature of the problem which implicitly brings out the 

fac t tha t the flow is usually turbulent. The condition of the "initial movement 

of the bed" is determined by observation; therefore, its definition is a very 

subjective one.

The initial movement of the bed, frequently described by civil engineers 

as the  critica l condition of the  initial scour, will be explained by the critical 

velocity equation, considering the impact of the liquid on the particles. 

Condition of Incipient Motion:

The condition of incipient movement for an assembly of loose solid 

particles (spheres) is described in terms of the forces acting on the particles 

by:

tan (j) Z t

Flow direction

F,

x-direction

W

(6 . 1)

where = parallel forces to the angle of repose

F^ = normal forces to  the angle of repose

(j, = angle of repose

tan (j) = coefficient of friction
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and are results of the hydrodynamic drag F^, the lift, force F^, 

the buoyant force F^, and the submerged weight W. The condition of incipient 

movement under the action of these forces becomes, according to Equation 

(6.1):

tan A= ^d______  (6.2)
W - Fg - F̂ ^

In the usual way, drag, buoyant force, and lift force are expressed by

2

(6.3)

F g  = (6.4)

F^ = Kj d̂  Pf ^b^

Where the weight of the particle is expressed as

W = K3 Pg - ~ g d ^  (6.6)

Where:

Vĵ  = fluid velocity a t the bottom of fluid layer

Cg, = drag and lift coefficient, respectively

d = particle diameter

K p K^, K3 = particle shape factors (equal 1 for sphere)

= liquid density 

Pg = particle density

g = acceleration of gravity



67

Introducing Equations (6.3), (6.4), (6.5), and (6.6) into Equation (6.2) yields:

Cj. 1/2 p . d^ 
tan 4) = --------- ---------- -----------

" s f  -  c , .  A

C .  1/2 p. d^ 
tan <p = ------------ --------- ----------

(P s - P [ ) i g d 3 . c , d 2 P ^

Solving for critical V a t the bottom, (V̂ )̂̂  ̂ yields:

Pf (V b /
ÏÏ

(P - ^ ) -T  g d tan*  Cjj + tan *

n 2 ( p - p j  g d tan (j)
( V /  = ^ ^ -----  (6.7)

pf (Cg + tan * )

with (V|^)^  ̂ as the critical bottom velocity a t which, according to Equation

(6.1) incipient particle motion takes place.

From Equation (6.7), high drag forces or high lift forces seem to lower

the critical velocity a t which encipient particle motion takes place.

Equation of Motion:

Once the cutting is swept off the bottom, its motion with respect to the 

fluid velocity is described by Newton's second law:
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W
x - d i r e c t i o n

(6.8)

Mass X Acceleration = SF (assuming no lift or weight forces in the 

x-direction.

( p i
 ̂ 6 • d t

C d l/2Pf(Vj.v/-|d2

K_ = 1/2 Pf 2L

Thus, Kj 5  .  C g K; (V, -  v f

C g K j dt
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In te g r a tin g  th e above eq u ation :

T - ^ L a . c  [ '
J  ” h j

S o lv in g  fo r  V^:

(6 .9 )

I t  appears from Equation (6 .9 )  th a t h igh  drag c o e f f i c i e n t s  cause the  

p a r t ic le  to  approach th e f lu id  v e lo c i t y  f a s t e r .  T h erefore, i t  can be 

s ta te d  th a t once th e c u tt in g  i s  swept o f f  th e  bottom , i t  would seem th at 

high v e lo c i t y  i s  h e lp fu l  in  th a t i t  w i l l  a c c e le r a te  th e c u tt in g  and im­

prove bottom hole c le a n in g .

I t  has been e s ta b lish e d ^ ^ ' th a t  drag c o e f f i c i e n t  i s

alm ost in v e r s e ly  p ro p o rtio n a l to  Reynolds number fo r  Reynolds number 

below 1 .0 .

From th e  con cepts o u tlin e d  in  th is  ch a p ter , i t  appears th a t i f  the  

f lu id  v e lo c i t y  near th e  bottom o f the p a r t i c l e  i s  near z e r o , the drag 

fo r c e  in  t h is  case  i s  a fu n c tio n  o f Reynolds number which i s  d efin ed  as
PfVfd

(---------) .  Once th e c u tt in g  i s  swept o f f  th e  bottom , th e drag fo r ce  in
Vg-V

th is  ca se  i s  a fu n c tio n  o f Reynolds number w hich i s  d efin ed  as p^(— - —- ) d .  

To c la r i f y  fu r th e r , l i f t  fo r ce  and drag fo r c e  are d iscu ssed  below .

L if t  F o rc e : The p a r t ic le s  on th e  bed are  l i f t e d  when th e upward hydrau­

l i c  fo r c e ,  th e  l i f t  fo r c e ,  exceed s the submerged w eight o f  th e  p a r t ic le .  

When th e  p a r t ic le s  r e s t  on th e  bed , th e v e lo c i t y  a t  the bottom  i s  zero; 

w h ile  th e - v e lo c i t y  a t  th e top o f the p a r t ic le  i s  g rea ter  than zero . As
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a r e s u l t ,  th ere  i s  a h igh  p ressu re  under th e p a r t ic le  and low p ressu re  a t  

th e top (B e r n o u ille  P r in c ip le ) .  T his p ressu re  d if fe r e n c e  c r e a te s  an up­

ward fo r c e .  As th e  p a r t ic le s  t r a v e l  upward, the v e lo c i t y  d if fe r e n c e  

between th e  top  and bottom o f th e p a r t ic l e s  w i l l  redu ce, thereby reducing  

th e  l i f t .  A fter  th e  p a r t ic le s  reach  a c e r ta in  h e ig h t ,  th e  l i f t  fo r c e  

becomes sm a ller  than th e  submerged w eigh t and th e p a r t ic le s  b eg in  to  f a l l .  

Drag F o rce : The drag fo r c e  i s  th e  fo r c e  component crea ted  by a moving

f lu id  on any o b je c t  submerged in  th a t f l u i d .  The d ir e c t io n  o f th e  fo r c e  

i s  th e  same as th a t o f the fr e e  stream  o f f lu id .



CHAPTER Vn

DISCUSSION OF THE EXPERIMENTAL RESULTS 

In Chapter IV the experimental data was presented In a tabular form. In 

order to simplify the evaluation, the experimental results are presented in 

graphic form in this C hapter. An attem pt will be made to describe some of 

the finer points observed in the experimental runs.

The experimental data relating to chip size are plotted versus mass 

flow ra te  of cuttings per mass flow ra te  of drilling fluid as shown in Figure 

(7-1). Figure (7-1) shows tha t the mass flow ra te  of cuttings per mass flow 

rate of drilling fluid is independent of the cutting size for the sizes tested . 

The cuttings tested  in the experiments ranged in size from 20 to 6 U.S. sears 

mesh (0.0331 to 0.132 inches). This independency between the small sizes of 

cuttings and the mass flow ra te  of cuttings per mass flow ra te  of drilling 

fluid, did occur under the same turbulent jet flow condition, same annular 

velocity, same pump flow ra te , and same borehole configuration.

Sutko^* has shown tha t for chip sizes of 0 to 0.02 inches, the chip 

removal force remains very small and no significant change in the chip 

removal force was observed. It appears that the flow pattern in the vicinity 

of the chip is consistent for the range of the chip size tested .

The experimental data relating to  Froude number is plotted versus mass 

flow ra te  of cuttings removed per mass flow ra te  of drilling as shown in
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Figure (7-2). Figure (7-2) shows th a t reciprocal Froude's number, including the 

gravity term, has no e ffec t on the mass flow ra te  of cuttings removed per 

mass flow ra te  of drilling fluid. The reciprocal Froude's number (-%— ) when 

multiplied and divided by pA , is a ratio  of weight to dynamic (or inertial) 

fo rce . Therefore, th e  results would Indicate tha t the dynamic force Is more 

dominant than the weight. One could Infer from this th a t the angle of 

borehole inclination in deviated hole does not a ffec t the mass rate of cutting 

removed.

Cheatham and Yarbrough^^ conducted an experimental investigation of

the jetting action of a  single cen tral je t in removing loose particles from the

bottom of a  cylindrical hole. They have found th a t the ratio  of inertial forces
2

to  gravitational forces given by a modified Froude number, (-—Q——), is more 
. . .  gAprr

significant than the ratio  of inertial to  frictional forces given by Reynolds

P Qnumber, The reason for the contradiction in Froude number e ffec t IS

th a t Cheatham and Yarbrough have included the density ratio  term in their 

modified Fro.xie number whereas, in this study, the  modified Froude number 

does not include the density term .

In other words, Cheatham and Yarbrough have investigated the e ffec t 

of the following term :

gP^ Ao
P

Which is equal to

• ^ 2 ^  — = g _ ^ ( — - 1)  (7 .1 )
Pj Pf
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whereas, in this research, ^ . and —  have been investigated separately;
or

Cheatham and Yarbrough have found that the product of the terms appearing

in Equation (7.1) have an effect in the removal of loose particles from the

bottom of a cylindrical hole. In this research, it has been shown th a t —
Q

had no e ffec t on the mass ra te  of cutting removed. It will be shown shortly
Pg

herein tha t the term —) does have a strong e ffec t on the mass ra te  of
Pf

cuttings removed.

Figure (7-3) shows the dimensionless mass flow ra te  (mass flow ra te  of

cuttings removed per mass flow rate  of drilling fluid) as a function of the

dimensionless length (off bottom spacing per bit diameter). The experimental

data shows tha t for a large value of spacing per bit diam eter, the mass ra te

ratios (mass flow ra te  of cutting removed per mass flow ra te  of drilling fluid)

are extremely low and increase at an increasing ra te . As the nozzles move

toward the bottom of the hole, t ^ )  decreasing, the jet works its way through
o

less fluid to  reach the bottom of the hole. Thus, the amount of mixing and

energy loss is minimized. This finding agrees with tha t of Van Lingen^ whose

laboratory drilling in impermeable Belgian limestone, showed a 20 percent

increase in penetration ra te  a t reduced hydraulic horsepower and a 30 percent

increase for unchanged power resulted with nozzles close to  bottom. The

finding also agrees with Feenstra's findings^ which resulted from his full scale

experiments on jets in impermeable rock drilling. Feenstra made the following

statem ent regarding those experiments:

At high bit load, bottom-balling limits the penetration of 
insert-type bits. In this case bottom scavenging is required, which is 
most effectively  performed with velocity jets from nozzles extended 
close to bottom. As a result of this measure, penetration may 
Improve 70 percent in non-friable rock, and less in friable rock.
This will make the insert-type bit more versatile.
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Feenstra also indicated, th a t further intensification of bottom hole 

scavenging, obtained by extension of the nozzles to within an inch of the 

bottom did not improve tooth scavenging but did provide, even a t moderate 

horsepower, higher fluid velocities in that bottom area  which tends to ball-up. 

For the above reasons, it was recommended th a t extended nozzles with 

insert-type bits be utilized due to  the fac t tha t such bits provide more space, 

available between bit matrix and formation bottom, than any other three-cone 

bits.
0

These findings were also found to coincide with those of McLean who 

conducted a "cross-flow and impact under je t bits" study in which he 

conciuded tha t the extended nozzles will diminish the impact a rea . From the 

edge of this smaller impact a rea  to the edge of the non-extended nozzles 

impact area the velocity of the cross-flow will be higher. Therefore, an 

increase in the sweeping capacity  of the cuttings along the hole bottom will 

resu lt. Experiments by Pekarek e t ai. also confirmed and agreed with our 

findings. They observed th a t the power of a submerged jet stream  decreases

with respect to distance from the nozzle primarily because of the

uncontrollable divergence of the stream . The power of the je t stream

decreased with distance to  a value a t which the  jet stream  ceases to remove

the cuttings. This value of power was referred  to  as "threshold power of 

specific formation m aterial."
RPM Qpf

Figure (7-4) shows an increase in rotational Reynolds number, ^ —; ^ ) ,Ug ly

yields an increase in mass flow ra te  ratios (mass flow ra te  of cuttings per

mass flow ra te  of drilling fluid), up to  a rotary speed of 30 RPM where the 

mass flow ra te  ratios tend to  level off. This agrees in part with Maurer 

whose laboratory observations indicated th a t the drilling ra te  is directly
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proportional to the rotary speed. The experimental observations seem to 

correlate  with the study performed by Outmans in which he observed that 

the drilling ra te  to be increasing with the rotary speed, but the higher the 

rotary speed, the smaller the incremental response. Gray e t al.^*  ̂ indicated 

tha t the rotation of the drill pipe improves the cutting transport ratio 

because it imparts a helical motion to the cuttings in the vicinity of the drill 

pipe. VanLingen,^ G a t l i n , M o o r e , C u n n i n g h a m , ^ ^  and Brantley^^ have all 

found th a t an increase in the rotary speed results in an Increase of rate  of 

penetration.

The experimental data relating to cutting density is plotted versus mass 

ra te  ratios (mass flow rate  of cuttings per mass flow rate  of drilling fluid) as 

shown in figure (7-5). Figure (7-5) shows tha t increasing the cutting density 

increases the mass flow ra te  ratios. As the specific gravity of cuttings 

increases from 2.39 to  7.76 to  10.53 (sand to steel to  lead) per the same unit 

of mass of drilling fluid, the mass flow ra te  of cuttings per mass flow rate  of 

drilling fluid is expected to  increase sharply due to the increase in the 

cutting density.

The relationship between the volume of cuttings removed per volume of 

fluid circulated and the density ratio (cutting density per fluid density) 

appearing in Figure (7-6) indicate th a t doubling the cutting density results in 

a 2 percent reduction in volume of cutting removal. For all practical 

purposes, the cutting volume is considered constant regardless of the cutting 

density since the cutting density experienced in drilling operations hardly 

changes by this magnitude.

The experimental data relating to  Reynolds number and the ratio of 

pressure drop through the nozzles and the bottom hole pressure are plotted
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versus mass flow ra te  of cutting removed as shown in Figure (7-7). Figure 

(7-7) shows tha t as the product of Reynolds number and the ratio of pressure 

drop through the nozzles and the bottom-hole pressure increases, the mass 

flow ra te  of cutting removed Increases for all the different bits used. The 

Increase In the mass flow ra te  of cutting removed Is a ttribu ted  to the higher 

values of Reynolds number (higher je t velocities) and to the correspondingly 

higher pressure drop through the nozzles. The jet action was for some time 

believed to  merely Improve the transport of cuttings from bottom to annulus, 

resulting In a  clean hole bottom. Memorial I n s t i t u t e s h o w e d ,  however, tha t 

jet velocities of the order 40 f t/se c  sufficed to clear even large (0 - 0 . 4  

Inch) chips from bottom in the time between two successive tooth actions.

The above finding seems to  correlate with the work of Feenstra and 

Van Leeuween* who have shown, through their full scale experiments on jets 

in Impermeable rock drilling, tha t the penetration ra te  tends to  Increase 

with nozzle velocity. They have sta ted  that this favorable action of the jets 

would Intensify bottom scavenging as the result of Increased fluid velocity 

along the bottom. Measurements of the vertical distribution of the cross-flow 

velocity a t several positions beneath a 4-3/4 Inch trleone jet bit In a
g

laboratory model showed th a t the maximum velocity In the cross-flow Is 

directly proportional to  the square root of the  product of the ra te  of flow
O

and the velocity of the jets through the nozzles. The data also showed th a t 

maximizing the product of the ra te  of flow and the velocity of the jets 

through the nozzles maximizes velocities In the cross-flow beneath a 

conventional je t bit. This action maximizes the drag on the cuttings which 

protrude from the bottom.
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2
Since the drag forces are proportional to pV A, therefore, maximizing

the product of Reynolds number and the pressure drop through the nozzles
2 3 2which is proportional to p V A , will tend to maximize the drag on the 

cutting. An increase in the drag forces would seem to enhance the sweeping 

action of the particles.

Cunningham and Eenink^^ have concluded, through their laboratory 

study, that the drilling rates are improved with increased jet velocities and 

decreased pressure differential (hydrostatic minus formation pressure). This 

increase in je t velocities which agrees in part with data related to the 

product of Reynolds number and the pressure drop through the nozzles, helps 

remove the layers of cuttings as soon as they are generated and, thus, 

minimize the recutting by the bit. This will allow the rock bit tee th  to 

penetrate relatively undamaged formations.

The dimensionless mass flow ra te  ratios (mass flow rate of cuttings per 

mass flow rate of drilling fluid) are plotted versus the product of Reynolds 

number and the ratio of pressure drop through the nozzles and bottom-hole 

pressure as shown in Figure (7-8).

Figure (7-8) shows tha t a t higher values of (NR x ), the mass ra te

ratios tend to stabilize or become constant. The mass rate of cuttings per 

mass ra te  of drilling fluid is proportional to particle velocity per fluid 

velocity. Equation (6.9) shows that a t high v a lu e s  of fluid velocities the 

particle velocity to the fluid velocity approaches a constant value. A possible 

explanation for the lower end of the curve can be explained by Equation (6.7) 

which shows that critical velocity will be less a t small fluid velocity. Since 

small fluid velocity is associated with small Reynolds number and higher drag 

coefficient, more particles are picked up for that particular Reynolds number.
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Figures (7-9) and (7-10) show the e ffec t of Reynolds number on the 

mass flow rate ratios and the mass flow ra te  of cutting removal. An increase 

in Reynolds number tends to increase the sweeping particle action. As s ta ted  

in Chapter VI, Equation (6.9), once the cutting is swept off the bottom, it 

would seem tha t high fluid velocity associated with high Reynolds number is 

helpful In that it will accelera te  the cutting and improve bottom-hole 

cleaning.

The increase in the mass ra te  of cutting removal with Reynolds number 

agrees in part with the microbit study conducted by E c k e l . E c k e l  has shown 

tha t the ra te  of penetration, other conditions being constant, can be 

described as an exponential function involving flow ra te  and density, nozzle 

diam eter, and bit or bottom-hole viscosity.

Figures (7-11) and (7-12) show the e ffec t of ratios of pressure drop 

through the nozzies and bottom-hole pressure on the mass flow ratios and the 

mass flow ra te  of cutting removal. The trend of Figures (7-11) and (7-12) are 

similar to  the trends observed in Figures (7-7), (7-8), (7-9), and (7-10) due to 

the common factor tha t exists among these figures which is the fluid velocity. 

The higher the fluid velocity through the bit the higher the pressure drop 

through the bit nozzles.

Numerous authors^’ have shown that the drilling ra te  is

dependent upon the hydraulic effec t of the bit. The rotary bit hydraulic jet
19system performs two functions a t the bit: (1) preventing bit-balling —

keeping the  bit clean so th a t it does not lock up when the area between the 

tee th  becomes clogged with cuttings and, (2) bottom-hole cleaning — removing 

the formation chip from the bottom before the next cone gets to it so tha t 

the te e th  do not have to redrill the chip.
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Figures (7-13) and (7-14) show an increase in the mass ra te  of cu tting  

removai with the hydraulic horsepower and the hydraulic impact force. Bit 

hydraulic horsepower and je t impact are re la ted  to the fluid velocity a t  the 

nozzle. A t the nozzle, the  fluid flow Is accelera ted  and a pressure drop 

occurs. This energy conversion provides the hydraulic influence tha t cleans 

th e  bit and th e  bottom of the hole. Generally, an increase in either bit 

horsepower or impact will increase the drilling ra te . The primary purpose of 

e ither is to clean the bottom of the hole and to prevent regrinding of 

cu ttings.

The je t impact force is proportional to pV , therefore maximizing the 

jet impact force will tend to maximize the drag forces exerted on the cutting 

since drag forces are also proportional to  pV .

The hydraulic horsepower available a t the bit is proportional to pV^j 

hence, it appears tha t also increasing the hydraulic horsepower will tend to  

improve the drag forces required to  dislodge and carry the cutting  particles 

off the bottom.

Sufficient flow ra te  is needed to clean the bit and tha t jet velocity is

49needed to free the drilled chip held by d ifferential pressure to the bottom 

of the hole. This jet velocity has a g reater e ffec t on penetration ra te  than 

the  flow ra te  alone; however, for a given hole size, there  is a limited range 

of flow rates th a t can be used for hole cleaning. Therefore, je t velocity for a 

given hole size is somewhat dependent upon the hydraulic horsepower a t  the 

bottom of the hole. Early investigation^^ has shown th a t penetration ra te  is 

dependent upon the circulation ra te  and also upon the  jet velocity. This 

requirement gave rise to the maximum (QV^) program commonly called "jet 

impact" program, justified by its proponents who believe that cutting removal
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is dependent upon the blasting effec t of the jet striking the bottom of the 

hole. Later Investigators, who were concerned primarily with down hole mud 

operated devices, chose to  consider hydraulic horsepower which has a greater 

physical significance to oilfield engineers than jet impact. The term "bit 

hydraulic horsepower" came into usage and was justified by its proponents 

who believed th a t cutting removal Is dependent upon the amount of fluid 

energy expended at the bit.

Figures (7-15) and (7-16) show how the mass flow ra te  ratio (mass flow 

rate of cuttings removed per mass flow ra te  of drilling fluid) related to 

hydraulic horsepower and hydraulic impact force. The trends were similar to 

the one observed with Reynolds number, but the magnitude effects  are 

d ifferent. The magnitude effects in terms of the correlation of these 

parameters with the mass flow ra te  ratios set forth in Chapter VIII.



Mc
M,

M
A
S
S
R
R
T
E
R
R
T
I
0
S

ü.  30-

0.25-J

O.ZOn

0. 15-

ü .  1 0 -

G.Ü5-i

«

I I %t-r l'j -I I 

0 . 0  0 . 2
I I i I i-i-rr“t-i-i 1-I r-i r r-»—.-r i-1 | rx-i i i i i i i j r *-

0.4 O.G 0.8 1.0
HYDRAULIC HORSEPOWER

i-T-j-i-r

1 . 2 1.4

LEGEND: du ( In )  +-* +  0.125
“  -e— fr - e -  ü.21875

e - a - B  0.15625 
I I- - H  0.25

A — a A 0. 1875

F ig u re  (7 -1 5 )  lïASS RATE RATIOS VS HYDRAULIC HORSEPOWER

VOLn



Mc
Mf

0 . 3 0

M
A 0.25- 
S
Ü :

R 0.20-
fl
T

0. 15-
R
A
I
0
S

0.05
0 205 15ÎO 25 30

HYDRAULIC IMPACT FORCE
LEGEND: d ( In )  + - 4 - ^  0.125

^ -0 0- 0.21875
G -G- a  ü .  1 5 6 2 5  
4— i— h 0. 2 5

A—6 —A  0 . 1 8 7 5

F ig u re  (7 -1 6 )  MASS RATE RATIOS VS HYDRAULIC IMPACT FORCE

VOON



CHAPTER Vra

REGRESSION ANALYSIS

Regression procedures were conducted on the experimental data to

obtain the nature of the relation between variables. With two variables tha t

can be correlated  linearly, the regression coefficient is the slope of the line

used to  correlate  the variables. If a higher-order correlation is used, there are

regression coefficients for each of the ordered terms relating to  the variables.

If more than two variables are  Involved in the correlation, there are regression

coefficients for each order of each of the variables used to > predict the

variation in some other variables.

The degree of association between one variable and another, or between

one variable and several others, is referred to as the correlation. A correlation
27coefficient is defined as the measure of the amount of relation between 

variables. In regression analysis, a whole function is estimated (the regression 

equation), but correlation analysis yields only one number — an index designed 

to give an immediate picture of how closely two variables move together. 

Although correlation is a less powerful technique than regression, the two are 

so closely re la ted  that correlation often becomes a useful tool in interpreting 

regression.
51 7

Private consultations with professional statisticians indicated tha t R -

and F-values are good measures of the correlation significance.

97



98

2
R -  Square is a measure tha t indicates the portion of the (corrected) 

to tal th a t is a ttrib u ted  to  the fit rather than left to residual error. It is called 

the coefficient of multiple determination. It is the  square of the multiple 

correlation: In other words, it is the square of the correlation between the 

dependent variable and the predicted values. It is also referred  to as a measure 

of the proportion of the to tal variation of the mean, y, explained by the 

regression. A coefficient of multiple determination of unity implies a perfect 

association between the  variables, or the regression fit, and will explain 100 

percent of the variation in the dependent variable. A zero coefficient refers to

no association among the v ariab les ..
52 2The resulting R indicates how well the model fits the data . The data

will always d ic ta te  which is the best model, as the model cannot d ic ta te  the

data . R , though, is not artificially  inflated by the increase in sample size.

Increasing sample size merely produces a more stable and closer estim ate of

the population R^ value. This is one of the reasons tha t researchers have been 
2

reporting R values along with their indices of statistical significance.

29The coefficient of multiple determination can be calculated as follows:

H A  _  2
Z  ( Y i  -  Y )^

p2 _ sum of squares due to  regression__________  = i  = i
to ta l sum of squares corrected  for the mean n

Z  ( Y i  -  Y )^
1 =  1

Where;
A
Yi = is an estim ated value of y for an observed value of Y i

Y = overall mean

Yi = observed value
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When there  is a perfect correlation between the variables, there is no residual 

between the variables; there is no residual deviation of Y from Y and R =

1.0. When there is no correlation and more of the sum of squares of deviation

2 2 is removed by a linear relationship and R = 0.0, sometimes R is referred  to

as the fraction of the sum of squares of deviation th a t is removed by the

correlation.

F-Value; F -test is conducted for significance of the model. F-value can be 

calculated as follows:

F =

n A  _  „
E (Yi -  Y)2

= 1 =  1___________

n A  9
E (Y i -  Yi)^ 

i  = 1___________

n  -  K

Where: ^ ^ re g  “ mean square due to regression
2

S = Mean square due to residual

n = number of observations

From F-tables, with probability levels of (1 - * )  and (K,N-K-1) degree of 

freedom, a c ritica l F-value is obtained. The K and N imply the number of 

variables and the  number of observations. From the comparison between the 

calculated and the  critica l F-value, the following can be deduced:

1. If, F (calculated) > F (critical), then is significant a t « level 

running a risk of less than = percent being wrong.

2. If, F (calculated) > F (critical), then we re ject the null hypothesis 

tha t the param eter (slope) is equal to  zero running a risk of less than “  

percent of being wrong.
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Null Hypothesis;

H : B, = o0  1

: B  ̂ f  0

This hypothesis reiates to the significance of regression. Failing to  reject ; 

b | = 0 , implies tha t there is no linear relationship between the dependent and 

the independent variable. It may also imply tha t the independent variable Is of 

little  value in explaining the variation in the dependent variable. A lternatively, 

K H g : Bj = 0  is re jected , this implies that X is of value in explaining the 

variability in Y.

Remember, deciding th a t (slope) B̂  = o is a very important conclusion 

tha t Is only aided by the F -tes t. The inability to show that the slope is not

statistically  different from zero may not necessarily mean tha t V and X are

unrelated. It may simply mean th a t our ability to detect this relationship has 

been obscured by the variance of the measurement process or, th a t the range 

of values of X is inappropriate. A great deal of non-statistical evidence and 

knowledge of the subject m atter in the field is required in order to make the 

conclusion tha t B̂  = o.

Results of the regression analysis conducted on the experimental data

are summarized as shown in Tables (8.1) and (8.2). Tables (8.1) and (8.2) show

tha t the chip size and Froude number have a slop of zero (for all practical

purposes) with respect to the mass flow rate  of cuttings removed per the mass

2flow rate of drilling fluid. P erfect R -values are obtained with chip size and 

reciprocal Froude number experiments. Repeated observations are the reasons 

for such high R^-values.

In the chip size experiment, there are twenty observations which occur 

in four groups each of five repeats. There are, effectively, four pieces of
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information, represented by four mean values, and sixteen error degrees of

freedom for pure error, four a t each repeat point. If the slope, = 0, then
2 2 

R = 1 .0  and this is the special case where R value can be 1.0. Therefore, the

statistics of chip size and Froude number experiments indicate tha t the chip

size and Froude number (regression coefficients equal zero) are not related  to

the mass flow ra te  ratios.
51 2Private consultations indicated tha t R -value greater than 0.9 is

reasonable for physical data, where R -value lower than 0.3 is considered poor

correlation. The mass flow ra te  ratio was found to be strongly dependent upon

Reynolds number (regression coefficient equals - 0.9583), nozzle height above

bottom of hole (regression coefficient equals (0.60067).The mass flow ra te  ratio

was also found from the regression analysis, to be weakly dependent upon

(nozzle pressure drop/bottom-hoie pressure) ratio  (regression coefficient equals

0.1708) and on the rotational number (regression coefficient equals 0.03438).

Results of the correlation conducted on the derived dimensionless groups

effecting the dimensionless mass flow ra te  ratio (mass flow ra te  of cutting

removed per mass flow rate of drilling fluid) is defined in tables (8.1) and (8.2).

The relationship developed between the chip size and the mass flow rate

ratio is supported by Sutko's^^ work, although Sutko did not show the

magnitude e ffec t of chip size on the forces acting on a chip removal.

The relationship developed between the reciprocal Froude number and

the mass flow ra te  ratios is in disagreement with the work done by Cheatham 
37and Yarbrough. The reason for the  difference is tha t they included the 

density term in the Froude number whereas, in this study the density effect 

was trea ted  separately. The degree of association between the off-bottom 

spacing per bit diameter and the mass flow ra te  ratios is supported by the
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0.699089 0.7777
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S td  E rro r 
R es id u a l

BHP
5820.576 -0 .9583  0.1708 0 .7818 173.76 0.068207

a -  a ,
= a i(" R )  ,APn,

iBHP/ 0.000109 1.02555 -0 .3408 0.5899 69.749 0.066588

M a,(N R )
61.55268 -0 .55088 0.7352 272.04 0.0767

= a^ (NR) 0.95988 0.21924 0.2258 28.581 0.090995

= *1 ,
M, (SHP ) 0.123376 -0 .19104 0.5476 118.622 0.09759



T A B L E  8 .2  (continued)

M A S S  F L O W  R A T E  R A T I O  C O R R E L A T I O N S

F-Value
Std Error 
Residual

M
“ 1 A ) '

IBHPJ 11.0323 0.0463 0.0636 6.659  0.10024

a .
a , ( ] F )

0.212929 -0 .27704 0.7352 272.041 0.07467

M a , ( ] F ) 9.03618 0.10962 0.2258 28.581 0.091148

Mx

a^(HHP)
0.0869 -0.163158 0.6749 203.408 0.082741

= a^CHHP) 12 .5747 0 .055979 0 .1558 18 .093 0 .095166

oLn
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3 6 8 38work conducted by Van Lingen, Feenstra, McLean, Pekarek e t al, and

Sutko et al.^ However, none of the above researchers have Indicated the

degree of association between the nozzle extension and bottom-hole cleaning

on ra te  of penetration. The degree of association between the rotational

Reynolds number which includes the RPM term and mass flow ra te  ratios is

lower than the degree of association between the rotational speed and the rate
53of penetration indicated by Wardroup and Cannon. Wardroup and Cannon 

showed that the ra te  of penetration obtained in Carthage marble Is related to 

the weight on bit and the rotary speed by the following relationship:

R = aWN°*'^

where: R = ra te  of penetration

W = weight on bit

N = rotary  speed 

a = constant

The above relationship was developed under a wide range of bit weight (0 to 

1500 lbs) and rotary speed (o to 90 RPM) whereas, in this research bit weight 

was not simulated and the range of RPM was zero to forty . The degree of 

association between Reynolds number and the mass flow ra te  ratio  seems to 

correlate well with the work conducted by E c k e l E c k e l  has shown in a 

microbit study that ra te  of penetration is related to Reynolds number raised to 

half power.

Two other significant findings can be shown from the correlation study. 

First, the mass flow ra te  ratio correlates more closely with Reynolds number 

than with jet impact or hydraulic horsepower. Second, the significant use of 

dimensionless parameters in performing the correlation analysis. The statistical 

criteria , R^-value, was favorable when the correlation was conducted on
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dimensionless function while it was less favorable when the correlationsM X
were conducted on non-dimensionless function (M^).

Figure (8-1) shows the experimentally determined ratio of cutting-mass 

flow ra te  per mud-mass flow ra te  as a function of the semi-empirical equation 

(N R )® 2(-^g^) which represents the calculated mass flow ra te  ratio . A 

best line was drawn through the experimental and calculated values. The slope 

of the line was observed to  be nearly equal 1.0 and the standard error between 

the experimental and calculated points is 0.068207 which is associated with 

R^-value of 0.7818.

Figure (8-2) shows the experimentally determined mass flow ra te  ratio as
a -

a function of the semi-empirical equation A^(NR) , which represents the

calculated mass flow ra te  ratio . The standard error between the experimental

and calculated values is 0.0767 which is associated with R^-value of 0.7352.
#

Figure (8-3) shows the experimentally determined mass flow ra te  ratio as
.P a -

a function of the semi-empirical equation A^( " ^ —) , which represents the 

calculated mass flow rate ratio . The Standard error between the experimental 

and calculated values is 0.09759 which is associated with R^-value of 0.5476.

Figure (8-4) shows the experimentally determined mass flow ra te  ratio as a 

function of the semi-empirical equation A^(3F) , which represents the calcu­

lated mass flow ra te  ratio . The standard error between the experimental and 

the calculated values is 0.07467 which is associated with R^-value of 0.7352.
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Finally, Figure (8-5) shows the  experimentally determined mass flow ra te
a -

ratlo as a function of the semi-empirical equation A^(HHP) , which represents 

the calcuiated mass flow ra te  ratio . The standard error between the 

experimental and the calculated values is 0.082741 which is associated with 

-value of 0.6749.

Figures (8-1) through (8-5) show the significance of R -value in terms of
2

the degree of association between the variables. The closer R -value to unity 

the be tte r (closer) the association.
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CHAPTER IX

COMPARISON OF BIT NOZZLE CONFIGURATION

From the  litera tu re  surveyed it is evident tha t nozzle geometry has an 

e ffec t on the penetration rates of tricone bits. The hydraulic conditions under 

a typical tricone bit are quite com plicated. Several bit configurations were 

tested  in the laboratory under similar conditions to understand the e ffec t of 

bit nozzle configurations on the mass flow ra te  of cutting removal.

Warren and W i n t e r s h a v e  sta ted  tha t the jets on the bit are aimed 

toward the corner of the bottom of the hole with a slight inclination of 

approximately ten  to  fifteen degrees. The flow field of the  jet may be 

influenced by the well bore wall, bottom of the hole, cones on the bit, and 

returning fluid from under the bit, as well as stagnation zones under the bit 

due to the e ffec t of adjacent je ts.

Twelve different nozzle configurations (discussed in Chapter IV) were 

tested  a t four different flow rates (4.75, 8.5, 12, and 16 gallons per minute).

Laboratory results were plotted as mass flow ra te  of cutting removal 

versus bit number. Figures (9-1), (9-2), (9-3), and (9-4) show these results.

Bits number five (one corner nozzle directed downward with diameter 

equal 5/32) and six (one center nozzle directed downward with diameter equal 

5/32) were te sted  under the lower two flow rates only because of current 

equipment lim itations. These two bits have shown better bottom-hole cleaning

114
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than the rest of the  bit nozzle configurations tested . This improvement in 

bottom-hole cleaning was attribu ted  to the higher hydraulic jet impact and 

hydrauiic horsepower associated with these two bits. The higher hydraulic jet 

impact and hydraulic horsepower were due to higher nozzle velocities. 

According to Equation (6.9), the higher the fluid velocity, the particie 

approaches the fluid velocity fas te r. Figures (9-5) and (9-6) show the 

improvement of mass flow ra te  of cutting removal (Ib/min) as a function of 

the hydraulic jet impact force and hydraulic horsepower for bits one through 

six.

Bit number two (two nozzles downward with an area equal area  of 3 x 

5/32 nozzles) and bit number four (two nozzles downward each is 5/32) have 

also shown an improvement in bottom-hole cleaning over the standard bit (3 x 

5/32 nozzles d irected downward). However, this improvement was less than 

the improvement obtained by bit number five and bit number six.

Bits number one and number two have the same hydraulic jet impact 

force and the same hydraulic horsepower. However, use of bit number two 

resulted in improved bottom-hole cleaning, in agreement with Sutko's^^ work. 

The reason for the improvement in bottom-hole cleaning with one or two jets 

is parallel to  the reason given by Sutko in which he sta ted  tha t with one or 

two nozzles operating the fluid passes over the bottom-hole and moves into 

the annulus through the space where the blanked-off nozzle or nozzles are. 

This is a relatively "easy" path as compared to three-nozzle case where the 

fluid hits the hole bottom and must return to the annulus past the flow 

coming from the nozzles.

Bit number th ree  (one nozzle with area equal area of 3 x 5/32 nozzles) 

generally has an improvement over the standard bit. The improvement is also
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attributed  to  better flow pattern  underneath the bit face.

The results of th e  second set of bit configurations (bit numbers 7 

through 12) are  p lotted  [Figures (9-7) and (9-8)] as a function of mass flow 

rate of cutting  removed versus the hydraulic jet impact and hydraulic 

horsepower.

Bit number nine (3 x 5/32 inch nozzles pointing 45° outward) and bit 

number ten (3 x 5/32 inch nozzles pointing 45® outward and 60® sideward) 

have not showed an improvement in bottom-hoie cleaning over the standard 

bit. On the contrary, they have generally shown a reduction in bottom-hoie 

cleaning. A possible explanation for the reduction in bottom-hole cleaning 

associated with bits number nine and number ten is tha t part of the jet 

impacts near the wall of the hole before it reaches the bottom. Therefore, 

the intensity of the impact force is unable to dislodge as many cuttings from 

the bottom of the hole.

Bit number seven (two small and one large nozzle) and bit number eight 

(two large and one small nozzle) showed an improvement in the amount of 

cutting removal over the standard bit. Bits number seven and eight had higher 

values of hydrauiic je t impact force than the standard bit. The higher values 

of jet impact force seems to  be the reason for the improvement in 

bottom-hole cleaning.

Another interesting observation is the bottom-hole cleaning ability of 

bit number eleven (one nozzle pointing upward and two nozzles directed 

downward) has shown an improvement of about tw enty-five percent in the 

amount of cutting mass flow rate removed over bit number one (standard bit).

The hydrauiic jet impact force is lower in bit number eleven. The 

improvement in bottom-hole cleaning might possibly be attribu ted  to the
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b e tte r washing a t the bottom of the bit face and to the reduction in

bottom-hole pressure caused by the upward je t action. The upward jet action

crea tes a vacuum region above the bit which tends to  transport the cutting

particles away from the bit faster. This finding, associated with bit number

eleven, correlates well with the field results obtained by a recent bit design 
20by Cholet e t al . At least a fifteen percent increase in ra te  of penetration 

was obtained by this bit design and it is shown in figure (9-9).

Finally, bit number twelve (two upward nozzles and one directed 

downward) has shown a slight improvement In bottom-hole cleaning over the 

standard b it. The improvement that appeared in spite of the lowered je t 

forces associated with bit number twelve could be explained by the favorable 

flow pattern  and to the reduced fluid mixing tha t existed underneath the bit 

face .

These te s t results show tha t large impact forces or bit hydraulic 

horsepower are not the primary factors required for good bottom-hole 

cleaning, but good tangential sweeping velocities across the face of the 

bottom of the hole and possible bottom-hole pressure reductions due to 

upward jets can play a large part in cleaning the hole.
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CHAPTER X 

CONCLUSIONS

This is the first time a param etric analysis was conducted of all the 

fluid dynamic param eters which affec t bottom-hole cleaning. Several definite

conclusions may be made from the experimental study of the important 

parameters th a t influence bottom-hole cleaning.

1. The ratio of (cutting-mass flow rate/mud-mass flow rate) was found to

be strongly dependent upon Reynolds number, nozzle height above the

bottom of the hole and cutting density, while it was weakly dependent

on (nozzie-pressure drop/bottom-hole pressure) ratio  and rotational 

Reynolds number.

2. No dependency was found with chip size per n o z z le  d iam eter and Froude number.

3. The best nozzle configuration for bottom-hole cleaning was a single 

nozzle and two blank nozzles.

4. 25 percent improvement in bottom-hole cleaning was obtained with a bit 

equipped with one nozzle pointing upward and two nozzles directed 

downward compared to a bit with three nozzles pointing downward.

127
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5. From the regression analysis conducted on the experimental results, it is

shown tha t the hydraulic impact force correlates better than the

hydraulic horsepower with the ratio of (cutting-mass flow rate/mud-mass 

flow rate).

6. The regression analysis showed tha t the ratio  of cutting-mass flow

rate/mud-mass flow ra te , correlated be tte r with Reynolds number than 

je t Impact or hydraulic horsepower.

7. This study showed tha t many variables contribute to bottom-hole

cleaning and that merely varying a single param eter such as hydraulic 

horsepower or jet impact force will not optimize bottom-hole cleaning.



CHAPTER XI

RECOMMENDATIONS FOR FUTURE RESEARCH 

In order to gain fu ture insight into the parameters th a t a ffe c t the

bottom hole cleaning, additional investigations are needed.

1. Simulate formation pore pressure and investigate its variation e ffec t on

bottom-hole cleaning.

2. Use a microbit to  study the effect of bit face w ater courses.

3. Study th e  e ffec t of tem perature, other than room tem perature, on 

bottom-hole cleaning.

4. Investigation of jet angle e ffec t on bottom-hole cleaning.

5. Use polymers to study the effec t of drilling fluid viscosity on bottom-hole 

cleaning.

6. More investigations are needed for bit number 5 (one corner nozzle 

d irected downward) and bit number 11 (one nozzle pointing upward and 

two pointing downward) since these bits show a promising improvement in 

bottom-hole cleaning over the standard 3-jet bits.

7. Drill actual samples and investigate the e ffec t of weight-on-bit on the 

generation of cuttings and cutting removal.
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APPENDIX A 

Regression Programs 

Listings



1 3 6

NOIE:  S kS O t l I O N S  S c c C I f X i J  ÂaE:  
s o a : = 4

1 O â l I G N  I AG cS 1 Z E = 5 e L l u £ E I l £ = 0 4  NC^AIE KCACaûEu;
2 DAIA Ï S I ;
3 INPUT QN s; INCHES oUP üE ;
4 B H E = E i i £ + i a . 7  :
5 u S A a S =I M CH E S * e ü ;
6 H 0 C I = G E A N S « 2 0 / 4 5 3 . 3 N ;
7 J H D ü I = 6 . 3 4 » û ;
8 h A I I G E = H E C V B f l C O I ;
9 PDBOP= ( l W * » 2 * 8 . 3 4 ) / t 7 4 J U * . S 5 * * i * U ; - , * * . 4 )  ) ;
10 H A I I C P = P C B ü P / a H P ;
11 HHP= ( I E K C E * C ) / 1 7 1 4 ;
12 T A = [ : 3 . l 4 l o * 3 ) / 4 ) * : D N * * 2 | ;
13 J c = ( 0 . Ü ü 0 5 1 8 * ü . 3 4 * 0 * » 2 ) / ' i A :
14 Nb= ( 3 7 9 - 0 8 4 9 * 8 .  j 4 * i 0 / 3 ) / ( 0 - a 9 ü 4 * E N )  J ;
15 P K O O C I * N B * a A l i û P ;
1b CANES;

NOTE: UAIa s e t  WOâE.HSI  HAS 100 OHSEaVATICNS ANE 1o V A a ï A ô I E S .  1 
44 ü B S / I a K
NOIE:  THE DATA STATEMENT USEE 0 . 1 b  SECONDS ANE S2K.

117 PBOC PRINT DATAS MSI;

NOTE: THE PROCEDURE PRINT USEE 0 . 5 0  SECCNCS AND 1 4 4 f  
ANE P RI N TE a  PAGES 1 IC 8 .

118 DATA MS7;
119 SET MSI ;

NOTE: UATA SET N0RK.MS7 HAS 100 CHSEâVATICNS ANE 16 U N I A s I E S .  1 
44 o a s / i s K
NOTE: THE j ATA STATEMENT USEE O . u b  SaCuNES AuJ  c 4 K .

120 PROC SORT D A T As aS I ;
121 d ï  EN 0 ;

NOTE: 4 C Ï E IN E EE S  EYNAHICALIE AEIuCAIEO CN SYSEA : 0 E  EAoli CE 3 S 
OBT WORK OAIA SETS
NOTE: DATA SET WORK.MSI HAS 100 ObSSRVAIICNS ANC 1b 7ARI AEIES .  1 
44 OBS/T’RK



1 3 7

o A o 1 L Ü OS a i ô  6 2 .  V S ^ / S V S  .003 3AJ1K

NOTE; I 3 E  PKCCEOÜtE SCSI  USEÜ v . z o  S iCOSCS A.SÛ 152K.

122 rnOC KEANS;
123  d i  DU 0 ;
121 VAS n A l l O e  S A U C E  Hu PSÜÙL:  dUCI u d i  J E ;
1 2 5  OüIPU' l  CUI=S1AIS ÜEAN^ SAI lCd ü  S A l l O P d  NSK P S 0Ô CI 3  3DC
i f l  a a p i i  JEM;
12 6  S ï a B U L I  1=JCIN V- S I A S  C=3 ;
127 SÏMB0L2 I = J O I N  V=S\,UAS2 0 = 3 ;
128 SÏMBCL3 l = J 0 1 n  V= I 'S l Ai i JS£  C=3;
129 SYMbOLl 1 = J 0 I N  V=UXAMCNO 0 = 3 ;
130  SYMBOLS I = J C l a  V=BLUS C = j ;

NOIE:  OAl'A S E l  NCSK.STAIS HAS 20 O c S E E V A I l O J S  AND S U S i A B L ù S .  2 
50  O B S / I S r i
NOIE:  I H E  BSoCEDUSE MEANS USEO v . 2 7  S i Co Ni . 3  AJO 150K 

AND P S I N I E D  PAUES 3 IC 1 3 .

131 PBOC GPLCl  DAIA=£XA'1S;
132  PLOT r A l l C a M * h a P f l = 2 N / a S £ i = 1 . 4 VSEE=C. 3C 1 P 0 3 = : 2  a ? C 3 =  
7 0 ;
133  I I I L E  . a = 1  . C = 2  MASS SALE S A I I O S  VS HYDBACLIC 3 0 0 E E P S
WEB;
13 1  LABEL aBPH=aYDSAULIC BOfiacPoHEB;
135  LABEL BAIIOMM=MASS BALE u A l l C S ;

NOTE: i a £  PBOCEDUBE GPLCl  USED 0 . 5 0  SECCNCS AND 1 1 6 K .

136 PaUC GELCI DA1A=SI AIS ;
1 37  PLOI E A I I C « a » J ? M = L a / H a £ f = 3 s  V E E E = 0 . 3 0  VPCS=22 HP0S=7C

138 I I I L E  . H=1  . C = 2  MASS u Al E  S A I I U S  VS BYDBACLIC IMPACT
FOHCE;
139  LABEL JFa=HYCSAULIC IMPACi fUSCE;
110 LABEL SAIIOMM=MA£S BATE s A l I C S ;

NOTE: I H E  PSOCECUBE GPLCI USED J . l O  SECONDS AND o 2 4 B .

111 PBOC GPLCI DAXA=SIA1S;
112  PLOI KCCIB*HHPa=E»/ t iSEi '=1 .  1 V S £ f  = 1 7 . 5  VP0S=22  3 P 0 3 = 7 C

113 I I I L E  . 8 = 1  . 0 = 2  MASS BATS OF C U I I I N O  BEMC1ED VS HYD2A 
ULXC aoaSEPOWEB;
111 LABEL aaPM=MYD0AULIo BoBSE PCWEB;
115 LABEL HDOIM=MASS BAIE OF v G I I I N O  3EMCVED;

a O I E :  IHE PBCCEDUFE GPLCI USED 0 . 4 o  SECOuDS AND o 2 1 E .



1 3 8

o A 3 L O G  OS SAS b ^ i . t o  VSi / . 1VS GCÔ SACiK

14b <>bOC GELCI CAI A= £L AI S;
1 4 7  E L C l  e C C I u * J î c i = ù K / H n t J i = 3 5  V£i£f  = 1 7 . 5  V E C S ' U  i l ^ 0 S = 7 C ;
148 n i l 2 . 1 = 1  . C = 2  BASS ixAlS OF O üI L I aG SFBCVc O VS aXCSA 
u n e  l aEACT f o r c é ;
14U L A b l l  JFH=HYDRAULj.O l ü V AC I  FORCÉ;
150 l A b E L  M10ia=MASS RAIE OF O L I I I N Ù  S ÉAC VEl ;

NOIE:  l U R  FROCRD'OEE G P l O l  USf ù  U . 4 3  Sx.CONlS ANE Ô É 4 F .

151 FROC G E I C I  CATA=SIAi 'S;
152 F l o I  i i A l Iû t i a *E R ûE C L a = C N / R R £F = £6 0 0 0 UO  V 2 R f = Ü . J j  V?0S=2
2 HP0S=7Ü;
153 n i l E  . K = 1  . 0 = 2  MASS RAIE RA I I OS  VS N i *  J i l r u / j ô F J  ;
154 L A b E l  E b ü D C i a = U S *  IbPD/oHF)  ;
155 l Ab EL EAÏlC(IH=HAaS a a l t  R A I I O S ;

NOIE:  IHR PRuCEbüEE G P l C l  USÉE U . 3 b  ScCOuES ARE 6 2 4 K .

15b PBÜC G P l C l  OA' lA=bAAIb;
157 PLOT a A T I 0 . 1H * N i a = E N / n i l É F = 1 b O û ü û  ï 8 E F = 0 - j ù  Ï ? C S = 2 2  HPO 
5=7 0 ;
158 I l I L E  . U = 1  . 0 = 2  BASS a AI E EAIXCS VS E EY J CI C3  RUBEE3;
159 LAbEL NEa=REYNOR:S NUMbER;
160 LAbEL £AI10i ' lH=HASS RA'i'k R A I I O S ,

NOTE: THÉ PSCOEDUEE GPLCI  USÉE 0 . 3 9  SEOONES ANE 8 2 4 8 .

161 PROO G P L ü I  E A I A = S I A I S ;
162 ? i , ûT  HDûia*NEa=BN/H«EF=1bOOÛO V R E F= 1 7 . 5  Ï E C S = 2 2  HPCS= 
7 0 ;
163 I I I L E  . 1 = 1  . 0 = A  BASS RAIE C f  C UI I IN Ü  E E E C i S J  VS HEÏNC 
LOS NUBBER;
164 LAbEL NRB=REYNULES NUBbÉR;
165 LABEL BECia=MASS a A I E  u F OUTI I bG bÉBOVEO;

NOIE;  l U i  PRüOEDUHE GPLCI  USEE 0 . 4 3  S éOUUES AGE 6 2 4 K .

166 PROO GPl O I  D A I A = S I A I 3 ;
167 P L Ü l  R A I I 0 a a » S A X i Û P M = E N / a a E F = 1 9  V E É F = 0 . 3 0  V?CS=22 HïO 
S=7U;
168 i m E  . 1 = 1  . 0 = 2  BASS RAIE R A I I 03 VS PRESSURE S A I I C S ;
169 LABEL EAIICHH=dAS3 a AI E  R A I I O S ;
170 LAbEL B A I I OP B= NP D/ b HP ;

NOIE:  I HE  PROCEDURE GPLOI  USEE 0 . 3 8  SECONDS AND b 2 4 F .

171 PROO GPLCl  D A I A =S I AI S ;
172  PLOT ï C C i a * B A I i ù E a = D N / a a t t = 1 3  V R É F = 1 7 . 5  » 5 u S = 2 2  aPOS= 
7 0 ;
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S A S  t  C G OS SAS Ï S i / J V S  GCj  SACIK

173 riiL£ . H = 1  . C = 2  MASS hAl 'h Or C ü I I i J Ù  VS 2 5 3 3 3
USE n A I l Ü S ;
174 LABEL BLCl a=BASS SAI E uE C U S H u ü  E E d UV E J ;
175 LAbEL E A1 1 02 H = MP U/ Bn 2;

NOIE:  I H t  FàUCEJ UEE GPLCI  USED 0 . 4 3  SECCNCS ANC 6 2 4 » .  

i 7 o  p a c e  G t i c i  c a i a = s ; a x s ;
177 PLOI  t C C i a * P E Ü û C I d = L à / H a £ E = 2 8 C 0 J 0 0  V 2 E E = 1 7 . 5  V ? 0 3 = 2 2
H P ü S = 7 û ;
176 I I I L E  . U = 1 . 0 = 2  MASS 5 AIE uE C U I I I N G  E i d C f S C  VS 4 5 * 1 3  
P C / B üP )  ;
179 LABEL KDCIS=BASS BAIE U î  C UI I ING EEdÜVEO;
180 LABEL P k O Ü C I « = N â * [ N P D / B B P ) ;

NOIE:  I HE  PkÜCEOUBE GP LC l  USED Ù.4Ü SECCNCS AND 6 2 4 » .

181 PnCC E E I N l  CAIA=f iS7j

N o I E :  I HE  PHOCbDUBE P 5 1 N I  USED 0 . 4 9  SECUNcS ANC 4 24X 
ANC P E I N I E D  PAGES 14 1 0  2 1 .

182 JATA NS7;
183 S E l  M S I ;

NOTE: C à l A  SET WCEK.HS7 BAS 100  OBSEBVAIIUNS ANC 16 VA5IABLES.  1 
4 4  ÜBS/T5K
NOIE:  I HE  CATA S I A I E H Z N I  USED 0 . 0 7  SECONDS AND 4 2 4 K .

184 PaCC SCKl  D » l A = a S 1 ;
1 85  B ï  0 CE;

NOIE:  DATA S E l  NOBK. HS1 BAS 100 OBSEBVAIICa S ANC 16 VARIABLES.  1 
44  Û B S / I à K
NOIE:  I HE PbOCECUNE SCBX USED 0 . 1 4  SECONDS AuD 4 2 4 K .

186 PBOC MEANS; . .

187 o ï  0 CE;
186 VAB E A T l C e  a COI CN;
189 OUTPUl  0 U I = F I C » a E A N = B A i i c a a  a c c i a  d n m ;
190 SÏMBC11 I = J C I i » V=S1AH C = j ;
191 SYMB0L2 I = J O I N V=SgUABE C = 3 ;
192 SXHBCL3 l = J C I ù V = ï  a i  ANGLE c=j;
193 S Ï K B 0 L 4  I = J O I N V=DIAMUNC 0 =3  ;

NOIE:  DAIA SET NOSE.ELOW HAS 2 0  OBSEBVAIICNS ANC 5 VALÂABLES. 43 
3 Ü BS / Ï R K
NOTE: THE PaOCEOUBE MEANS USED 0 . 2 1  SECCNCS AND 4 4 2 »
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Ü A s  I C G  OS SAS U ^ . 2 a  VS2/SVS CCu SASIK

ASU ? B I A I E [  fAGëS 2 2  l o  2 4 .

194  PKOC GPI OI  O A I A = t L O « ;
195 fLOT R A U a d a « D 2 t t = ^ / i i i i E f = 0 . 2 5 Û  V a L ? = 0 . 3 0  V tC S = 2 2  iiSC3= 
7 0 :
19b I I T i . E  . «  = 1 . 0 = 2  SASS a A I E  f iAI I CS  VS h C Z Z l i  CIAâEXzE ;
197 LABEL EAXIOHfi=bASS EAIE a A ' l i U S ;
198 LABEL DBS=D1AS£IEE CF l USEE E' .UAL SCZZIES ;

S CI E :  THE PBOCEDUBE GPLCI  USED 0 . 3 5  SEOCSDS ASD 6 2 4  P.

199 PÙÙO GPLCI OATA=ELOW;
2 0 0  PLOI t C C î K * D S a = w / h â £ t = 0 . 2 5  V a E z = 1 7 . 5  V ? o £ = 2 2  HP 0S =7 C;
201 l i l L S  . 8 = 1  . 0 = 2  BASS BATE CF CUTTING 5EHCVED VS NCZ2L 
S DIAHEIEB :
20 2  LABEL HDOIH = BASS BATE UF OUIXING BEHOVED ;
20 3  LABEL CNB=DIABEIE£ OF I H B c E  E . J A L  N0D2LEE;

NOTE: THE PBOCEDUBE GPLCI  USED U. 4Ü SECONDS AND 6 2 4 %.

2 0 4  PBOC PRINT DAXA=HS7;

NOIE:  THE PBOCEDUBE PBINT USED 0 . 4 9  SECONDS AND 4 241 
AND P B I N I E E  PAGES z 5  TO 3 2 .

2 0 5  DATA BS2 ;
20 6  SET HS1 ;
2 0 7  PBODCI=PECDCI;
2 0 8  BATI0B=LOG10 (BAUCH)  ;
2 0 9  BATIC£=LCG10 (BAXICP) ;
2 1 0  NB=LCG10 (NB) ;

NOTE: DATA SET K0BK.HS2 HAS 1O0 CBSEHVAIICNS AaD 16 VASIABLSS.  1 
44  OBS/TBK
NOTE: THE DATA STAIEHENT USED 0 . u 9  SECONDS ADD 4 24%.

211 PBOC PBINT DAiA=HS2;

NOTE: THE PBOCEDUBE PBINT USED 0 . 4 z  SECONDS AND 4 2 4 1  
AND PBXNTEC PAGES S3 TO 3 3 .

2 1 2  PBOC BEG CATA=aS2;
2 1 3  MODEL BATIOM=NB BATTOP/ALL CC LL Ia  P A B I I A L ;
2 1 4  OUTPUT CUT=C P=PB£D;

NOTE: D«XA SET WOBK.C HAS ICO UBSEBVAIICNS AND 17 VAEIAE. .ES.  136 
OBS/TBK

NOIE:  THE PBOCEDUBE BEG USED J . 7 4  SECONDS AND 4A4K
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s  A à  L O G  Ob bAS d ^ . ^ b  V b 2 / J V j  : C3  OAZIX

Abu S £ I b l £ i ;  PAGES J d  I C  5 1 .

2 1 5  e a o c  GPLOI DAXA=C;
2 1 b  PLOT 8 A I I C a * P R E 0 / V ? 0 S = 2 2  i i£OS =7 0 ;
2 1 7  à ï a B ü L I  I = a L  V = S I A i  C=3 ;
2 1 3  LAbEL H A I 10 H - i . 0 a  MASS 8 A I E  S A I I C b ;
2 1 9  LABEL EBEC=LCU { A 1 (bH) **A2 Ji iAI IOP)  **A j )  ;
22 0  I I I L E  . 8 = 1  . C = 2  EEPEbxUENIAL l i kSS  5AI E E A j l O i  7b  CALC
ULATED;

b O I E :  IHE PBOCEDUBE GPLCI USED O . b J  SECObDS <ibD 6 2 6  K

221 DATA RS3 ;
2 2 2  bEBGE MS2 C;
2 2 3  rtCDEL= 1 0 *»PBEbJ
22b S X P E a i = 1 C * * H A l X 0 H ;
2 2 5  P h 0D C l =E BC D CI ;
2 2 b  LABEL EXPBMI 'üASb  BAIE B A I I C S ;

NCTE: DATA S E I  W0BK.SS3 HAS 1UU C o SEBVAI lCb S ADD 13 VAAEAsLES.  1 
2 2  OBS/TBK
NOTE: THE DAIA S I A I E H E N I  USED 0 . 1 1  SECObDS ADD G32K.

2 2 7  p a c e  2 E I H I  DAIA=Hb3;

BOTE: THE PBOCEDUBE EBIHI  USED 0 . 5 b  SECOHLS AGO 42UK 
AMD P a l b l E C  PAGES 52 1 0  5 9 .

2 2 d  PaOC GPLOI 0 AI A= HS 3;
2 29  PLOT EXtHMT*aOD£L/VPOS=b2 HP0S=7U HB E E =0 . 2 3  7 ù E E = 0 . 3 ;
2 3 0  S l a b C L I  I =BL C = 3 ;
231 LAbEL EXPBHI=HASS BAIE BAIXGS;
2 3 2  LABEL BCDEL= A 1 (H 6) **A2 * ( HAIIOP)  * * A J  j
23 3  T I TLE  . 8 = 1  . C = 2  EXPEEXHEblAL HASS AAIE BAIXOS VS CALC
ULATED;

NOTE: THE PBOCEDUBE GPLCI  USED 0 . 4 3  SECCbLS A3D o2 6  ü .

2 3 4  DATA HS5;
2 3 5  SET f l S I ;
2 3 6  PBODCI =PECDCI ;
2 3 7  BAIXUa=LOG10 (BAIXOH) ;
2 3 8  a A T l o P =L C G1 0  EBAXIOP) ;
2 3 9  bB=LCG10 (HB) ;

NOTE: DATA SET Ï O B K . HS5 HAS 100 OdbEBVAIXCbS AHD 16 U a i A B ^ E S .  1 
4 4  OBS/ IBX
NOTE: THE DAIA SIATEHSNT USED O . u d  SECObDS AbD 4 2 4 K .
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à  & à  L C G u S  o : . z c  V a 2 / . u V S  J u ü  à 2 J I R

24Ü P&Ol  P B I N I  DA' iA=Mb5;

NOIE:  I HE  PhüCEDUSE PEINT USED 0 . 4 3  SECCN23 AND 4 2 4 »  
k n ü  P E I M E C  PAGES bU l ü  b b .

241 PhüC EEÜ I A T A = a à : ;
2 4 2  MODEL EAI I 0M=NB/ A1L COLLIN P A B i l A ^ ;
2 4 3  OUTPUT OUT=0 P=PEED;

NOIE:  DAIA S E I  «OEK.D HAS ICO OBSEBVATICMS AND 17 V A t l A E L E S .  136
C BS/ IL f t

NOTE: I HE  PBOCEDUBE NES USED O . b l  SECONDS AND 424K 
AND P E I N T E !  PAGES bb TO 7 7 .

2 4 4  PBOC GPlOT DAIA=C;
2 4 b  PLOT h A T I C a * p a £ D / V P U S = ^ 2  ü « C S = 7 0 ;
2 4 6  S ï f l B u L I  I =B L  V=3IAB C=3;
2 4 7  LABEL BAIIOM-LOO MASS BAIE S A I I C S ;
2 4 8  LABEL EBEC= LCG ( A1 INB) **A2)  ;
249  I I I L E  . H= 1 . 0 = 2  EXPEBIHEN'IAL MASS BATE B A U C S  VS CALC 
ÜLATEO;

NOTE: I HE  PBOCEDUBE GPLCI  USED 0 . 4 2  SECONDS AND 6 2 6  A.

2 5 0  DATA MS6;
251  MEBGE MES 0 ;
25 2  a ü D E L = 1 0 * * P E E û ;
2 5 3  EX? BM1 = 1 0 ** BAUOM;
2 5 4  PBGDCI=PBC3CI ;
2 5 5  LABEL E2PBai =MASS BAIE u A I I C S ;

NOIE:  UAIA SET WÜBK.MSb BAS 10 0  UBSEBVAIICNS AND 19 V A I I a B L E S .  1 
2 2  GBS/ IBK
NOIE:  THE DAIA STATEMENT USED 0 . U  SECONDS AND 4 3 2 X .

25o  PBOC"PEINT DAlA=MSb;

NOIE:  THE PBOCEDUBE PBIB' I  USED O . s S  SECONDS AND 424K 
ANS P à I N T S C  PAGES 78 l U  W5.

2 5 7  PHUL GPLOI DAIA=MSo;
2 5 8  P kOI EXPBMT*M0DE1/V?0S=22 Ht CS = 70  H B £ E = 0 . 2 4  ï à S r = 0 . 3 ;
2 5 9  S ï f l S C L I  I =B L  C = j ;
2o0 LABEL EXPRMT=MASS BATE B A U C S ,
2 61  LABEL MCCEL=A1[NE) * * A 2 ;
2 6 2  I I T L E  . H= 1  . 0 = 2  EXPEBIMENIAL MASS BATE BATIOS VS CALC 
ULAIEO;



143

S A S  L O G  US SAS S / . A a  V S 2 / S Ï S  GCo SALIK

NO I E :  I H c  PROLLDUSL GBLCl  Ü££S U.<«3 SiCCNLS A.1D 62 6  f .

2 6 3  DAIA e S 7 ;
2 b 4  S E I  S S I ;
2 6 5  a A H C K = L Q 6 1 0  {EAi Iu r t )  ;
2 b o  a A I 1 0P = LG G 1 0  (AAI i Oe )  ;

NOTE: DAIA SEX U0EK. HS7 HAS 10 0  OBSEEVAIICNS AND 16 VAAIa ELES.  1 
4 4  OBS/XnK
NOTE: Xn£ DAIA S I A I E N E N I  USED O.UB S EC u ALi  AAD 4 2 4%.

2 6 7  PEUC P E i N I  DAIA=HS7;

NOTE: I HE  PnOCEDUBE P f i l NI  USED 0 . 4 3  SECONDS AND 4 24 »  
and P E I NI E D  PAGES 6b IC 4 1 .

2 6 8  PEOC EEC DATA=aS7;
2 6 9  SODEL E A l ' I0 M = 6 A I I 0 P / A L j .  CoL l III P A B i l A L ;
2 7 0  OUTPUI 0U1=E ?=>PBED;

NOTE:  DATA S E I  WOkk.E HAS ICO UbSEEVAIXCNS AND 17 V i i l A u i Z S .  136
C S S / I H K

NOTE: THE PBOCEDUBE EES USED u . o s  SECONDS AND 4 2 4 K 
AND PBIN' lEC PAGES 9 2  TO 1 0 3 .

2 7 1  PBOC GPLOI DAIA=£;
2 7 2  PLOI  a A I I C a * E B E D / V P O S = 2 2  a P O S = 7 0 ;
2 7 3  SÏHBCL1 I =BL V=SIAE C=3 ;
2 7 4  LABEL BAIIOH-LOG HASS BATE B A I I C S ;
2 7 5  LABEL EEEI=LCG (A 1 l E A I I U P )  * *A2j  ;
2 7 6  I I T L E  . H = 1  . 0 = 2  E x P E EI S EN IA L  EASS BATE B A U D S  Ï S  CALC
ULAIEO;

NOTE: THE PBuCEOUEE GPLCI USED 0 . 4 3  SECONDS AND 6 2 6 » .

2 7 7  DAIA BSb;
2 7 8  dEEGE NS7 2 ;
2 7 9  .1CDEL=10**?BEC;
280 EXpKai = 1C**BAU0H;
NOTE: DAIA S E I  NOEK.aSB HAS 100 CbSEEVAI ICNS AND 19 VABIAo^ES.  1 
2 2  QBS/TEK
NOTE: I HE  DAIA S I A I E R E N I  USED 0 . 1 1  SECONDS AND 4 3 2 K .

2 8 1  PBOC PEINT DAIA=BS8;

NOTE: IHE PBOCEDUBE P E I N I  USED 0 . 5 5  SECONDS AND 4 2 4 X
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a À à L C, G Oâ SAS h2..Z\i VSJ/dVS CCS SAi:iK

kaO t a ï a i é Z  I k C l S  104 1 0  1 1 1 .

2 8 2  p a c e  GPLOI D i U ^ H o d ;
2 8 3  PLOT E X p a a I * H 0 0 E i / V P U â = 2 i  ÜPCS=7ù n L E J = ü . : 3  ï a Z f = 0 . 3 ;
2 8 4  S ï a B O L I  I=RL V - S l A o  C = 3 ;
285  LAbEL £ XP h f l I* a A S £  RAIE R A l l C S ;
2 8 6  LABEL H C 0 L L = A 1 ( â i l I c P ) « « A i ;
2 8 7  I I I L E  . 8 = 1  . C = 2  EXPEBAMEWIAL 8 A3 3 SAI E E A I I u S  VS CALC
ULAIED:

8 0 I E :  I H E  PHcCECÜEE GPLCI USEE 0 . 4 3  SECOAJS A.‘iO b 2 ô f .

2 8 8  OAIA ES9;
289 SET 3 S 1 ;
290  à A l l c e = L C G 1 U  [ R A I I c d )  ;
2 9 1  JP=LUÛ1C ( J f )  ;

NOTE: DATA S E I  AUaK.aSR RAS 100 Cu SERVAI lCNS ANE 16 VARIABLES.  1
4 4  CBS/TEK
NOTE: T8B DAIA S I A I E R E N I  USED 0 . 0 8  SECONDS A30 4 2 4 K .

2 9 2  PEOC P E I N l  DAIA=f lSs ;

NCTE: 1 8 E  PRÜCEOUËE PEINT USED 0 . 4 2  SECONDS AaD 4 2 4 K
AND P E I N I E D  PAGES 112 TU 1 1 7 .

2 9 3  PEUC EEÜ CAIA=US9;
2 9 4  aOOEL EATIOa=OP/ ALL CULLXN P A E I I A L ;
2 9 5  ÜUTPUI  o O I = f  P=PEEL;

NOTE: DATA SET WCEK. p HAS l ü u  uSsEEVA' IXUuS . 3 0  17 VASXAbLES.  136 
OBS/ ToK

NOIE:  THE PEOCEDUEE EEG USEE 0 . 5 7  SECONDS AND 424K 
an d  PEXNIEB PAGES 118 10  1 2 9 .

2 9 6  PBOC G P l C l  DAIA=E;
297  PLOT E A T X C a * P E E Û / Ï P 0 S = 2 i  HPuS=70,
298  SYMBOL 1 I=BL V=SIAE C=3;
299 LABEL EATICa=LOG MASS EAl E  RAIIOS;
300 LABEL P E E C = L C G [ A i ; j P ) * * A 2 ) ;
301 I I I L E  . b = 1  . 0 = 2  EaPBEXMENIAL RASS BAI E RAI I OS  VS CALC
ULAIEO;

NOIE:  THE PBOCEDUBE GPLCI  USED û . 4 2  SECONDS AND 6 2 6 X .

3 0 2  DATA a S I C ;
3 0 3  HËEQE ES9 f ;
30 4  aODEL = 1U* *P Bi D;



1 4 5

i  A s  L C 0 3  a  A3 à i . i c .  VS2/ . - l \S JoO à A j I K

3 0 5  E X P K a i = 1 û * * a A l I 0 f l ;

30XE:  UAIA S E I  UCÔK.KSIO UA3 100  U c a a S V A I I C E 3  AAU 13 VAAIAEIES.  
122 Û E S / I BK
NOIE:  I HE UAIA S IA IE ME NI  USED 0 . 1 1  SECONDS AND K32X.

3 0 6  PhCC E c I N l  CAIA=HS10:

NOIE:  TUE HEOCEDUEE EBXNT USEE 0 . 5 4  SECONDS AND 424K
ANC P E I N I E D  PACES U O  l u  1 3 7 .

3 0 7  PKOC GPLOI DAIA=KS10;
3 0 8  PLOT cXPBMI*MüDEi /VP03=i i2  HPC3=70 n H £ E = 0 . 2 4  V a î f = 0 . 3 ;
3 0 9  SXHBCL1 I =BL V=SlAB C=3 ;
310  LABEL EXPBSI=aASE BAIE B A U C S ;
311 LABEL e C D E L = A 1 J J E ) * « A 2 ;
3 1 2  I I I L E  . H = 1  . 0 = 2  EXPESINEBIAL NA3S BAIE B A I i u S  VS CALC
ULAIED:

NOIE:  IHE PBOCEDUBE GPLCI  USED 0 . 4 3  SECONDS AND 6 2 6 E .

3 1 3  DAIA E S 1 1 ;
314 SEI  a s i ;
3 1 5  R AI ICI !=LC610  ( Ô A I I o d )  :
31b  HUP=LCG10 <HHP) ;

NOTE: DATA S E I  WORK.MS11 HAS lUU OaSEBVAIIoNS AND 16 VAal AcLES.  
144 OBS / I BK
NOIE:  I HE DAIA S IA IE ME NI  USED 0 . 0 9  SECONDS AND 4 2 4 K .

3 1 7  PBOC P E I N I  DAIA=MS11;

NOIE:  TUE PBOCEDUBE BBINi  ÜSEL 0 . 4 2  S fC u üDS  oNU 424K
AND P B I N I E C  PAGES 138 1 0  1 4 3 .

3 18  PBOC BEG DAIA=MS11;
319  MODEL BAI l Ca =H HP /A LL  CULLLN EABI IAL;
3 2 0  OUI PU I  CUI=G P=PEED;

NOIE:  OAIA S E I  «CEK. G HAS 100 OBSEBVAIIuNS AND 17 VABIABLES.  136 
O BS/ IBK

NOIE:  I H E  PBOCEDUBE BEG USED 0 . o1 SECONDS AND 424K
AND P B I N I E C  PAGES 144 10  1 5 5 .

321 PBOC GE IC I  DAIA=G;
3 2 2  P LC I  2A1I CM*EBED/ VP0S=22  HPUS=70;
32 3  SÏMB0L1 I =RL V=SIAB C = j ;
3 2 4  LABEL BAIICM=LOG HASS a A I E  BA' i lOS;
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3 A s  L L G u 3  3 A3 d ^ .  z k  Vi 2/ i1VS GüB Sa ^ I K

3 2 5  i .ABEi  FEED=LCG10 (Al  :HHB)**A3J ;
3 2 b  I I I L E  . U= 1  . C=2 E AB E âl a E b l A L  «ASb EAIE S A 3 I 0 S  VE CALC
ULAIEC;

NOTE: I HE  PBCCEBüEE GPLCI  UEEL U . 4 l  SECCL23 iliS  b 2 6 i .

3 2 7  LAIA E S 1 2 ;
3 2 8  aERGE ESI  1 G;
329  a ODEL=l C» »PB £ D;
33Ü E I ? n i ' l I = 1 0 » * E A I l ü f l i

NOTE: DAIA S E I  , CBK.  ES 12 HAS l u u  oc SE EV A I I O NJ  AaD 1S VARIABLES.  
122 OB S / I BK
HOTE: I HE  DATA S I A IEMENI  J a ï B  D.  11 SECuNDà AaD <J32K.

331 PltbC P B I UI  DA1A=MS12;

NOIE:  TuE PUOCEODBE P B I N I  UEED 0 . 5 5  SECCNLS AND 4 2 d t
AND P BI NI EC PAGES 15o l u  1 o 3 .

3 3 2  PBOC GPLCI D â I A = M S l 2 ;
3 3 3  PLUI £ XE EM I *B Uû El / V? U S =2 2 HPü S=7 0 HBEF=Q. 24  V B E f = 0 - 3 ;
3 3 4  S Ï B f c O t l  I =B L  M=S1AB 0 = 3 ;
3 3 5  LABEL EXPBMI=MASS HAIE H A I i OS ;
3 3 b  LABEL tIODEL=A 1 (UHP) **A2 ;
3 3 7  I I I L E  . H = 1 . C=2 EXPEEIMENIAL a k S S  H a I E  BA I I OS  VS CALC
OLAIED;

NOIE:  THE PROCEDURE GPLCI  USED 0 . 4 3  SECONDS AND 6 2 â X .

33 8  DATA ME15;
3 39  S E I  MSI ;
34 0  MD0I=LUG1C (HDOI) :
3 41  BAIICE=LCG1G (BAIIUi f )  ;
3 4 2  NB=LCG1D (LE) ;

NOIE:  DATA S E I  '«'CRX. MS1S HAS 1UÜ Cd SE iVAI l UN S  AND 16 VALLABLES. 
144 OB S / I BK
NOIE:  I H E  DATA SIAIEMENI  USED 0 . 0 9  SECONDS AND 4 2 4 K .

3 4 3  PROO EEÜ CAIA=r l315;
3 4 4  MODEL MOOI=NB/ALL OCLLIN P A B I I A L ;
3 4 5  OUTPUI CUT=T P=PBED;

NOIE:  DAIA S E I  NCEK. I  HAS 100 oBSEBVAIIONS AuD 17 V A D I u d . E S .  136 
OBS/ IBK

NOIE:  I HE PROCEDURE EEG USE!  0 . 6 1  SECONDS ANu 424K
ANC P BI NI EC PAGES 1b4 l O 1 7 5 .
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5 A Ü L U U  OS Sa s  VSL/SVS OCu aACLX

3«o UAIA ? . £1b ;
3<*7 S £ I  HS1;
J 4 d  S 0 U I = L 0 G 1 C ( » 0 U I ) ;
3 4 9  X A I l C t = L C G 1 0 ' L A I i U P )  :

NOIE:  Ua IA S S I  WCEK. MS16 HAS 1UU u b S E B V A l l u S S  AiiU 16 VALLASLES.  
144 UBS/ IRK
NOIE:  T U i  OAIA S IA I E M E N I  USED U. Ü9  SiCOULS AAU 4 2 4 K .

3 5 J  BBUC BEG LAIA=MS1o;
351  MODEL MDOI=BAIIOE/ALL OCLLIN E AE I I AL ;
3 5 2  O U I PU I  CU1=X t = ? B £ S ;

NOIE:  DAI* S E I  WOEK.X HAS 100  OBSEBVAIIuNS ANJ 17 7 A 5 I A B . E S .  136
O BS/ IRK

NOIE:  IKE PBOCLCUEE EEG US EL U . S i  SECuNES AND 424K
ANC P B I N I E C  PAGES 17b 10 1 S 7 .

3 5 3  DATA E S 1 7 ;
3 5 4  S E I  MSI ;
3 5 5  MD 0 I= L U G 1 C ( M D 0 I ) ;
3 5 6  JF=LCG10  CJl' l ;

NOIE:  DAIA SEX WCBK.MS17 HAS 100 uBSEBVAIIONS AND 16 VAB1«BL£S.
144 OBS/TBK
NOIE:  IHE OAIA S IA IE ME NI  U S fL  0 . u 9  SECuNCS AND 4 2 4 K .

3 5 7  PBOC BEG LAIA=MS17;
358  MODEL M D O I = J f / A L I  COLLIN P ABI IAL;
3 5 9  OU I PU I  C U I = Ï  P=Pf l£C;

NOIE:  DAIA SET VCEK.X HAS 1Ü0 u ES E B V* I lC N S  AND 17 VA3 IA5 LES.  136 
0 B 3 / I H K

NOIE:  I HE  PBOCEDUBE BEG USEC O . S l  SECONDS AND 424K
AND P B I N I E C  PAGES 188 l u  1 9 9 .

360  DATA ME18;
361 S E I  MSI ;
3 6 2  MDOI=LOG1C(MDOI) ;
3 6 3  HHP=LCG10 iHHE) ;

NOTE: OAIA SET WCEK. MS 18 HAS 100 OESEBVAllOBS AND 16 VAb Xb B L ES .
144 O BS/ IBK
NOTE: THE DAIA S IA IE ME NI  USEC 0 . 0 9  SLCONCS AND 4 2 4 K .

3 6 4  PBOC BEG CATA-HS18;
3S5  MODEL MDUI=KHP/*1L CCLLIN P ABI IAL;
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y A ü L c  ü Uà SAS b ^ . 2 6  VS2/ÜVS CCd J h J I K

J b o  U UI PUI  LU1=2 r =PB EE;

NOIE:  DAIA o £ I  VCEK. 2 HAS 1UU Ob SEi iVAÎ lUù S ANJ 17 V A 5 I A c i . J S .  136 
Of lS/ INK

NuT£:  TUE PEOCEDUBE BEQ USEE J . 61 SECONDS AND Ui4X
AND P E I N I E D  PAGES 2U0 10 A i l .

3 6 7  DATA E E 1 3 ;
3 6 8  S E I  « S I ;
3 6 9  a DüT=LûG 1C{HDÜl) ;
3 7 0  E A I l o £ = L C G 1 0 ( dA I I C P ) ;
3 7 1  NE=L0G1C (NE) ;

NOIE:  DAIA SET W0EK.NS13 HAS 100  UBSa SVAI x CNS ANJ 16 VAuIAEi .ES.  
144  ÜBS/ IHK
NOTE: THE DATA S IA IEMENI  USED 0 . 0 9  SECONDS AND 4 2 0 K .

37 2  PBOC BEG DAIA=MS1j ;
3 7 3  HODtL MDCI=NE E A I l O P / A L L  COuLIN P A D i I A i ;
3 7 4  O U I P Ü l  CUI =S P=PBED;

N O I E:  DATA SET NOEK.S HAS ICC OSSEBUAUCNS AND 17 VAB IA E IE S.  136
C B S / I E K

NOTE: THE PEÜCEDUEE BEG USED 0 . 7 o  SECONDS AND 4 24K
AND P E I N I E D PAGES 2 1 2  1 0  2 2 4 .

NOTE: SAS USED 626K KEHGhX.

NOIE:  SAS I N S TI TU T E INC.
SAS CIBCLE
PC UOX au 00
C AB Ï ,  N . C .  2 75 1 1 - Eu OÜ
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MAÜÜ âAX£ OF O U I I I N Ü  g&.IOVED ilJ ÜCZI^Z ÿ X i X l l i S

X ' X

I t iTEECEP
NE
B AI IUE
BAIIvM

M0D21 CBGSSFbÜQUClS i ' X  X ' ï  ï ' ï  

l E I I h C E P  ü a  E A I : Û P

10U
W7E.52Z6
- 2 4 . 3 8 2 2
- 8 t . 2 1 Ê 8

4 7 8 . 5 ^ 2 8  
2 2 9 4 . 8 2 5  
- 1 0 4 .  8 6 5  
- 4 1 5 . 3 4 2

- 2 4 . 3 6 2 2
- 1 0 4 . 8 6 5
3 7 . 2 1 6 3 8
1 5 . 0 4 7 6 3

BAIICH

- 6 6 . 2 1 6 8  
- 4  1 5 . 3 4 2
1 5 . 0 4 7 6 3  
7 0 . 4 2 1 1 2

SEQU2NIIAL 2AnA.1£'I££t ES31MA2ES 

I 8T E H C E ?  - , d o 2 1 d £
NE
B A I I OP

INVEESE

INIEBC EP
NE
B AU OE
BATIOa

. 1 . 7 8 9 2 5  - .  5 5 4 0 6 8  
3 . 7 0 4 = 7  - . 5 5 8 2 6 3  C . 1 7 0 8 1 O

X ' X  I N V i E S E ,  a ,  SSE

I NI E E C EE  NE

4 4 . 7 6 2 1 8  
- 9 .  17522  
3 . 4 7 2 5 0 5  
3 . 7 6 4 5 6 6

- 9 . 1 7 5 2 2  
1 . 8 8 1 2 1  

- 0 . 7 1 0 3 7 5  
- 0 . 9 5 8 2 d3

n A I I U P

3 . 4 7 2 5 0 5  
- C . 7 1 0 3 7 5  
C . 3 0 0 2 2 4 8  
0 .  1 7 0 8 1 6 2

EAIIOA

3 . 7 6 4 9 6 6  
- 0 . 9 5 8 2 6 3  
C . 1 7 0 6 1 6 2  
0 . 4 5 4 8 0 5 3
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aASS hàZi  C f  CÜ1IX.NG a i a C V i û  Va KCZZ. â  Ù I A £ i I £ â  

0 £P  VibiÀBLâ:  h A I I ü a

SOUKCE DF
s u a  Cf

SvUABES

aCDEL 2 1 . 6 2 9 4 8 U
EEUOH 9 7 0 . 4 5 4 8 0 5
C I C I A L 99 2 . 0 8 4 2 6 5

a o ü x MSB 0 . 0 6 8 4 7 4
OEr  ;KEAN - 0 . 8 6 2 1 8 8
C . V . - 7 . 9 4 1 9 1

VAEXAELE OF
PABAHEIEB

ESTIHATE

X8IE8CEP 1 3 . 7 6 4 9 6 6
HB 1 - 0 . 9 5 8 2 6 3
HAIXGP 1 Ü. 1708 16

VAS XA EXE OF l ï P E  X S£

INIEBCEP 1 7 4 . 3 3 6 8 3 1
HB 1 1 . 5 3 2 2 9 2
B AI IOP 1 0 . 0 9 7 1 6 8

VABIAELE DF ICIEEAHCE

XNIEBCEP 1
HB 1 0 . 1 0 8 5 0 7
BAIXOP 1 0 .  1 0 6 5 0 7

CUVfi

I N T â à C E P
NB
BAIXCP

dZÂil
iwUABE

U . 8 1 4 7 4 0  
C . 0 0 4 6 8 8 7 1 4

B - S l i ü A L ü  
ACJ 0 - 8 %

f  VAXU2 

1 7 3 . 7 8 6

0 . 7 3 1 3
0 . 7 7 7 3

S T A a O A i O  Z fCf i  HO;  
BBBüH P A B A . 1 2 I E 3  = 0

0 . 4 5 8 1 3 3
0 . 4 8 3 9 1 7
0 . 0 3 7 5 1 9

a . 318
■ 1 0 . 2 0 3

4 . 5 5 3

àXAHOAâOXXED 
l ï P H  XX S£  E S I X 2 A I 2

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

0 . 0 0 0 0 0 0  
■ 1 . 4 8 2 6 5 4  

0 . 0 8 1 6 o 5

COVAfiXANCE Of  EHIXHAIES 

X KI Ef CEP  wB

Ü . 2 U 9 8 7 7 1
- 0 . 0 4 3 0 2

0 . 0 1 6 2 8 1 5 9

- 0 . 0 4 3 0 2
0 . 0 0 8 8 2 0 4 5 8
- 0 . 0 0 3 3 3 0 7 4

t â C E > f

0 . 0 0 0 1

PHu3  > l î i

0.0001 
0 . 0 0 0  1 
0.0001

aAIXCP

0 . 0 1 6 2 8 1 5 9  
- 0 . 0 0 3 3 3 0 7 4  
C . 0 0 1 4 0 7 6 6 8



1 5 1

MASS t A I r  L :  CUI I I J iG à i a o V Ê L  \ S  S C Z Z i i  C i A S i l i E

CUBEE

IBXSBCEP
NB
E AI I C P

COBBEAAIIUN OE ESI IBAXES 

I K TE i CE F  Afi

1.0UÛÛ
■ 0 . S 9 9 9

Ü . 9 4 7 2

• 0 , 9 9 9 9
1.0ÜOO

-C.SI ISZ

B A i l C ?

0 . 9 H 7 2  
- 0 . 9 4 5 2

1.ÜCCC

CCL1.1NEAÔ1XY OIAGNCSIXCS VABIABCE P Bu Pu EI I C N E

CUNOIIXUN 2 C E I I C N  iICBIION PC51X03
IN SEE EIOENVALUE XNOEi XAI EaCEP BE B i l l C i

1 2 . 2 2 2  1I .OuC O.OÛOO 0 . 0 0 0 0 0 . 0 0 0 4
2 0 . 7 & 7 4 9 6  11 . 7 05 O.OÙ00 0 . 0 0 0 0 C . C 9 7 9
3 . 0 0 0 1 1 3 6 0 2  14C: . 1 8 2 0 . 9 9 9 9 0 . 9 9 9 9 0 . 3 9 5 7

EEECI CI 3TL  EBB i . û 4 EB 9 5 â UPgEB95% LCE3B95*
OBS ACTUAL VALUE BBELICX BEAa 3EA8 EBa OXCX

1 - . 8 2 3 1 5 9 - . 7 2 2 4 8 8 O . o  1 6619 - . 7 5 5 4 7 2 - . 6 8 9 5 0 5 -  . 6 6 2 3 3 6
2 - . 8 2 3 1 5 9 - . 7 2 2 4 8 8 C . O I 6 0 I 9 - . 7 5 5 4 7 4 - . 0 8 9 5 0 5 - . 8 6 2 3 3 0
3 - . 8 2 3 1 5 9 - . 7 2 2 4 8 8 0 . 0 1 6 6 1 9 - . 7 5 5 4 7 2 - . 6 8 9 5 0 5 - . 8 6 2 3 3 6
4 - . 8 2 3 1 5 9 - . 7 2 2 4 8 8 0 . 0 1 6 6 1 9 - . 7 5 5 4 7 2 - . 6 8 9 5 0 5 - . 8 6 2 3 3 5
5 - . 8 2 3 1 5 9 - . 7 2 2 4 8 8 0 .  0 1 6 6 1 9 - . 7 5 5 4 7 2 - . 6 8 9 5 0 5 - . 8 5 2 3 3 6
6 - . 6 6 3 4 5 9 - . 6 9 5 4 4 8 0 . 0 1 3 1 3 5 - . 7 2 1 5 1 6 - .6 09 37 9 - . 3 3 3 8 2 8
7 - . 6 4 7 0 6 8 - . 0 9 5 4 4 8 0 . 0  1 3 135 - . 7 2 1 5 1 6 - . 6 6 9 3 7 9 - . 8 3 3 8 2 6
8 - . 6 8 0 4 9 2 - . 6 9 5 4 4 8 0 . 0 1 3 1 3 5 - . 7 2 1 5 1 6 - . 6 6 9 3 7 9 - . 8 3 3 8 2 8
9 - . 0 6 3 4 5 9 - . 6 9 5 4 4 8 0 . 0 1 3 1 3 3 - . 7 2 1 5 1 6 - . 0 0 9 3 7 9 - . 8 3 3 8 2 3

10 - . 6 6 3 4 5 9 - . 6 9 5 4 4 8 0 . 0 1 3 1 3 5 - . 7 2 1 5 1 6 - . 6 6 9 3 7 9 - . . 8 3 3 8 2 6
11 - . 5 7 3 2 8 2 - . 6 7 3 2 7 9 0 . 0 1 2 3 2 6 - . 6 9 7 7 4 4 - . 6 4 8 8 1 4 - . 3 1 1 3 6 7
12 - . 5 7 3 2 8 2 - . 6 7 3 2 7 9 u . O  1 2 32 6 - . 6 9 7 7 4 4 - . 6 4 8 6 1 4 - . 8 1 1 3 6 7
13 - . 5 7 3 2 8 2 - . 6 7 3 2 7 9 U . 0 1 2 3 4 6 - . 6 9 7 7 4 4 - . 6 4 3 8 1 4 - . 3 1 1 3 6 7
14 - . 5 7 3 2 8 2 - . 6 7 3 2 7 9 u . O 1 2 32 6 - . 6 9 7 7 4 4 - . 6 4 8 8 1 4 - . 8 1 1 3 6 7
15 - . 5 7 3 2 8 2 - . 6 7 3 2 7 9 0 . 0 1 4 3 2 b - . 6 9 7 7 4 4 - . 0 4 8 8 1 4 - . 8 1 1 3 6 7
1b - . 5 8 7 0 7 0 - . 6 5 4 8 6 4 •1.0 1 3 38 7 - . 6 6  1433 - . 6 2 8 2 9 4 - . 7 9 3 3 3 9
17 - . 0 0 1 3 1 1 - . 6 5 4 6 0 4 0 . 0 1 3 3 8 7 - . 0 8 1 4 3 3 - . 0 2 8 2 9 4 - . 7 9 3 3 3 9
18 - . 5 8 7 0 7 0 - . 6 5 4 8 6 4 0 . 0  1 3 38 7 - . 6 8 1 4 3 3 - . 6 2 8 2 9 4 - . 7 9 3 3 3 9
19 - . 0 0 1 3 1 1 - . 6 5 4 6 6 4 0 . 0 1 3 3 8 7 - . 6 8 1 4 3 3 - . 6 2 8 2 9 4 - . 7 9 3 3 3 9
20 - . 6 1 6 0 3 4 - . 6 5 4 8 6 4 O . u  1 3 3 87 - . 6 8 1 4 3 3 - . 6 2 6 2 9 4 - . 7 9 3 3 3 9
21 - . 6 6 3 4 5 9 - . 6 3 8 1 1 7 0 . 0 1 5 3 4 9 - . 0 6 8 5 8 1 - . 6 0 7 6 5 3 - . 7 7 7 3 9 2
22  - . 6 9 8 2 2 1 - . 6 3 8 1 1 7 0 . 0  1Sj 49 - . 6 6 8 5 8 1 - . 6 0 7 6 5 3 - . 7 7 7 3 9 2
23  - . 6 8 0 4 9 2 - . 6 3 8 1 1 7 0 . 0 1 5 3 4 9 - . 6 6 8 5 8 1 - . 6 0 7 6 5 3 - . 7 7 7 3 9 2
24  - . 6 0 3 4 5 9 - . 6 3 8 1 1 7 0 . 0  15349 - . 6  6 8 5 8 1 - . 6 0 7 6 5 3 - . 7 7 7 3 9 2



CASS R A I '  CF CUTIIi ' tG d i d u V h C  VS i Z A d i i l 2

1 5 2

f n R D l C I S I C  LRk L 0 . E â 9 5 Â U 2 2 £ a S 5 3 l ( « 2 a 3 5 A
OBS ACTUAL VALUE P E E D I C I  eSAS 8EAR t î t O i C I

25 6 6 3 4 5 9 - . 6 3 8 1 1 7 0 . 0 1 5 3 4 9  - . 0 0 6 5 3 1 - . o 0 7 o 5 3 - . 7 7 7 3 9 2
2b - . 9 8 8 7 3 5 - . 8 8 1 0 3 8 0 . 0 1 3 0 8 6  - . 9 0 7 0 1 0 - . 6 5 5 ( 6 6 - 1 . 0 1 9
27 - . 9 8 8 7 3 5 -  . 6 6 1 0 3 6 0 . 0 1 3 0 8 6  - . 9 0 7 0 1 0 —. 8 5 5 0 6 6 - 1 . 0 1 9
28 - . 9 6 9 4 2 9 - . 8 8 1 0 3 8 0 . 0 1 3 0 8 6  - . 9 0 7 0 1 0 - . 6 5 5 ( 6 6 - 1 . 0 1 9
29 - . 9 6 9 4 2 9 - . 6 8 1 0 3 8 0 . 0 1 3 0 8 6  - . 9 0 7 0 1 0 - . 8 5 5 0 6 6 - 1 . 0 1 9
30 - .  9 8 6 7 3 5 - . 8 8 1 0 3 8 0 . 0  1 3 0 8 6  - . 9 0 7 0 1 0 - . 8 5 5 ( 6 6 - 1 . 0 1 5
31 - . 6 8 3 9 9 9 - . 6 5 2 6 5 6 C . 0 C 8 4 O 2  - . 8 6 9 6 5 0 - . 3 3 o 0 o 2 - . 9 8 9 7 9 3
32 - . 8 9 9 7 9 3 - . 8 5 2 8 5 6 0 . 0  0 8 4 6 2  - . 6 o 9 6 5 0 - . 6 3 6 0 6 2 - . 5 8 9 7 9 3
33 - . 6 9 9 7 9 3 - . 6 5 2 6 5 6 C . 0 C 8 4 6 2  - . 8 0 9 6 5 0 - . 3 3 6 0 6 2 - . 9 3 9 7 9 3
34 - .  6 5 4 0 3 6 - . 8 5 2 8 5 6 0 . 0 0 6 4 6 2  - . 8 o 9 6 5 0 - . 3 3 6 ( 6 2 - . 5 8 9 7 5 3
35 - . 6 6 8 7 5 9 - . 6 5 2 6 5 6 C . 0 C 6 4 6 a - . 8 o 9 o 5 0 - . 3 3 6 0 6 2 - . 9 3 9 7 9 3
3 b - . 7 1 8 3 7 3 - . 6 2 9 5 1 5 O. UG 7 0 68  - . 8 4 3 5 4 3 - . 6  1 5 48 7 — . 5 6 6 1 4 0
3 7 - . 7 1 8 3 7 3 - . 6 2 9 5 1 5 C . 0 C 7 0 O 8  - . 8 4 3 5 4 3 - . 8 1 5 4 3 7 - . 9 6 o 140
38 - . 7 1 8 3 7 3 - . 8 2 9 5 1 5 0 . 0 0 7 0 6 8  - . 8 4 3 5 4 3 - . 8 1 5 4 3 7 - . 5 6 6 1 4 0
39 - . 7 1 8 3 7 3 - . 6 2 9 5 1 5 C . U C 7 0 o 8  - . 8 4 3 5 4 3 - . 8 1 5 4 8 7 -  . 9 6 6  140
40 - . 7 1 8 3 7 3 - . 8 2 9 5 1 5 0 . 0 0 7 0 6 8  - . 8 4 3 5 4 3 - . 6 1 5 4 3 7 - . 5 6 o 140
41 - . 7 9 9 6 7 8 -  . 6 1 1 1 0 0 c . 0 C 6 o 4 0  - . 8 ^ 6 2 4 7 - . 7 9 3 9 5 2 -  . 9 4 3 0 3 0
42 - . 8 1 2 6 4 3 - . 8 1 1 1 0 0 0 . 0 0 8 6 4 0  - . 8 2 6 2 4 7 - . 7 9 3 9 5 2 - . 5 4 8 0 6 0
43 - . 7 9 9 6 7 8 - . 6 1 1 1 0 0 O . O C 6 6 40  - . 8 2 8 2 4 7 - . 7 9 3 9 5 2 - . 9 4 3 0 3 0
44 - . 3 1 2 6 4 3 - . 8 1 1 1 0 0 0 . O 0 8 O 4 0  - . 8 2 6 2 4 7 - . 7 9 3 9 5 2 - . 5 4 3 0 8 0
45 - . 6 1 2 6 4 3 - . 6 1 1 1 0 0 C . 0 C 8 o 4 0  - . 8 2 3 2 4 7 - . 7 9 3 9 5 2 - . 9 4 3 0 3 0
46 - . 8 5 4 0 3 6 - . 7 9 4 7 5 7 0 . 0 1 1 3 5 0  - . 8 1 7 2 8 3 - . 7 7 2 2 3 1 - . 5 3 2 5 1 4
4 7 - . 8 8 3 9 9 9 - . 7 9 4 7 5 7 C . U 1 1 3 5 0  - . 3 1 7 2 8 3 - . 7 7 2 2 3 1 - . 9 3 2 5 1 4
48 - . 3 6 3 7 5 9 - . 7 9 4 7 5 7 0 . 0 1 1 3 5 0  - . 8 1 7 2 8 3 - . 7 7 2 2 3 1 - . 5 3 2 5 1 4
49 - . 8 5 4 0 3 6 - . 7 9 4 7 5 7 C . 0 1 1 3 5 0  - . 8 1 7 2 8 3 - . 7 7 2 2 3 1 - . 3 3 2 5 1 4
50 - .  8 5 4 0 3 6 - . 7 9 4 7 5 7 0 . 0 1 1 u 5 0  - . 8 1 7 2 8 3 - . 7 7 2 2 3 1 - . 5 3 2 5 1 4
51 - 1 . 0 0 4 - . 9 7 9 5 8 7 0 . 0 1 2 8 8 2  - 1 . 0 u 5 - . 9 5 4 0 2 0 - 1 .  113
52 - 1 . 0 0 4 - . 9 7 9 5 8 7 0 . 0  1 2 8 8 2  - 1 . 0 0 5 - . 9 5 4 ( 2 0 - 1 . 1 1 8
53 - . 9 8 9 5 3 8 - . 9 7 9 5 8 7 C . 0 1 2 8 8 a - 1 . 0 0 5 - . 3 5 4 0 2 0 - 1 .  113
54 - . 9 8 9 5 5 8 - . 9 7 9 5 8 7 0 . 0 1 2 8 8 2  - 1 . 0 0 5 - . 9 5 4 0 2 0 - 1 . 1 1 8
55 -  1 . 0 Û 4 - . 9 7 9 5 8 7 0 . 0 1 2 8 8 2  - 1 . 0 0 5 - . 9 5 4 0 2 0 - 1 .  113
56 - .  9 4 9 4 4 1 - . 9 4 8 2 4 8 Ü . Û 0 8 9 4 0  - . 9 6 5 9 9 1 - . 9 3 0 5 0 5 - 1 . 0 8 5
57 - . 9 7 5 7 7 0 -  . 9 4 8 2 4 8 0 . 0 ( 8 9 4 0  - . 9 6 5 9 5 1 - . 9 3 0 5 0 5 - 1 . 0 8 5
58 - .  9 6 24 Ü 6 - . 9 4 8 2 4 8 0 . 0 0 8 9 4 0  - . 5 6 5 9 9 1 - . 9 3 0 5 0 5 - 1 . 0 8 5
5 9 - . 9 4 9 4 4 1 - . 9 4 6 2 4 8 C . 0 ( 8 9 4 0  - . 9 0 5 9 9 1 - . 9 3 0 5 0 5 - 1 . 0 3 5
bO - . 9 4 9 4 4 1 - . 9 4 8 2 4 8 O . O C 8 9 4 0  - . 9 c 5 9 9 1 - . 9 3 0 5 0 5 - 1 . 0 8 5
b1 - . 8 1 8 1 6 a - . 9 2 5 3 5 0 ( . 0 0 7 8 1 3  - . 9 4 0 8 5 7 - . 9 0 9 8 4 3 - 1 . 0 6 2
62 - . 8 1 8 1 6 2 - . 9 2 5 3 5 0 0 . 0 0 7 8 1 3  - . 9 4 ( 6 5 7 - . 9 0 9 6 4 3 - 1 . ( 6 2
b 3 - . 8 1 8 1 6 2 - . 9 2 5 3 5 0 0 . 0 ( 7 8 1 3  - . 9 4 ( 8 5 7 - . 9 0 9 8 4 3 - 1 . 0 6 2
64 - .  8 18 1 62 - . 9 2 5 3 5 0 0 . 0 0 7 8 1 3  - . 9 4 ( 6 5 7 - . 9 0 9 8 4 3 - 1 . 0 6 2
6 5 - . 8 1 8 1 6 2 - . 9 2 5 3 5 0 ( . 0 ( 7 8 1 3  - . 9 4 ( 8 5 7 - . 9 0 9 8 4 3 - 1 . 0 6 2
66 - . 9 3 0 8 5 1 - . 9 0 4 6 2 8 0 . 0 0 9 1 5 0  - . 9 2 2 7 8 6 - . 8 6 6 4 6 5 - 1 . 0 4 2
67 - .  9 2 4 6 1 7 - . 9 0 4 6 2 8 0 . 0 ( 9 1 5 0  - . 9 2 2 7 8 8 - . 3 8 6 4 6 3 - 1 . 0 4 2
6 o - . 9 1 2 7 1 8 - . 9 0 4 6 2 8 0 . 0 0 5 1 5 0  - . 9 2 2 7 8 8 - . 8 6 6 4 6 5 - 1 . 0 4 2
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ef i ï DI CT STC EBB LÜWÎ295X UB?£BS5iJ L C . 3 B 3 5 3
OBS ACTUAL VALUE f ô f ü l c i MEAü 5BAE E BE0 2 0:

6 9 - . 9 Z 4 6 1 7  - . 9 C 4 6 2 8 0 . 0 0 9 1 5 0 - . 9 2 2 7 8 8 - . 8 3 6 4 8 9 - 1 . 0 4 2
70 - . 9 1 2 7 1 8  - . 9 0 4 6 2 8 O . U 0 9 1 5 0 - . 9 2 2 7 8 8 - . 6 6 6 4 6 6 - 1 . 0 4 2
71 - . 9 7 5 7 7 0  - . 6 6 7 5 0 3 0 . 0 1 1 5 9 3 - . 9 1 0 5 1 2 - . 3 6 4 4  93 - 1 . 0 2 5
7 2 - . 9 7 5 7 7 0  - . 8 8 7 5 0 3 0 . 0 1 1 5 9 3 - . 9 1 0 5 1 2 - . 6 8 4 4 9 3 - 1 . 0 2 5
73 - . 9 o 2 4 Ü 6  - . 6 6 7 5 0 3 0 . 0 1 1 5 9 3 - . 9 1 0 5 1 2 - . 3 6 4 4 9 3 - 1 . 0 2 5
71 - . 9 62 4 Ü 8  - . 8 8 7 5 0 3 0 . 0 1 1 5 9 3 - . 9 1 0 5 1 2 - . 6 6 4 4 9 3 - 1 . 0 2 5
75 - . 9 7 5 7 7 0  - . 6 6 7 5 0 3 0 . 0 1 1 5 9 3 - . 9 1 0 5 1 2 - . 8 6 4 4 9 3 - 1 . 0 2 5
76 - 1 . 0 3 8  - 1 - 0 6 2 0 . 0  1 4555 - 1 . 0 5 1 - 1 . 0 3 3 - 1 . 2 0 1
77 - 1 . 0 ^ 6  - 1 . 0 6 2 0 . 0  14533 - 1 . 0 9 1 - 1 . 0 3 3 - 1 . 2 0  1
78 - 1 . 0 5 0  - 1 . 0 6 2 0 . 0 1 4 5 5 5 -  1 . 0 9 1 - 1 . 0 3 3 - 1 . 2 0 1
79 - 1 . 0 ^ 6  - 1 . 0 6 2 0 . 0 1 4 5 5 5 - 1 . 0 9 1 - 1 . 0 3 3 - 1 . 2 0 1
8 0 - 1 . 0 2 6  - 1 . 0 6 2 0 . 0  1 4555 - 1 . 0 9 1 -  1 . 0 3 3 - 1 . 2 0 1
81 - . 9 8 2 6 0 9  - 1 . 0 2 9 0 . 0 1 1 4 ^ 7 - 1 . 0 5 2 - 1 . 0 0 6 - 1 .  167
82 - . 9 8 2 6 0 9  - 1 . 0 2 9 0 . 0  11427 - 1 . 0 5 2 - 1 . 0 0 6 - 1 . 1 6 7
83 - . 9 6 2 6 0 9  - 1 . 0 2 9 0 . 0 1 1 4 Z 7 - 1 . 0 5 2 - 1 . 0 0 6 - 1 .  167
84 - . 9 û 2 4 0 o  - 1 . 0 2 9 0 . 0  11427 - 1 . 0 5 2 - 1 . 0 0 6 - 1 . 1 6 7
35 - . 9 9 3 0 7 4  - 1 . 0 2 9 0 . 0 1 1 4 ^ 7 - 1 . 0 5 2 - 1 . 0 0 6 - 1 .  167
86 - . 9 2 4 8 1 7  - 1 . 0 0 4 0 . 0  10612 - 1 . 0 2 5 - . 9 6 3 1 9 9 - 1 .  142
87 - . 9 2 4 6 1 7  - 1 . 0 0 4 0 . 0 1 0 u 1 2 - 1 . 0 2 5 - . 9 8 3 1 9 9 - 1 .  142
8 8 - . 9 2 4 6 1 7  - 1 . 0 0 4 U.O 10612 - 1 . 0 2 5 - . 5 6 3 1 9 5 - 1 . 1 4 2
89 - . 9 2 4 6 1 7  - 1 . 0 0 4 0 . 0  10812 - 1 . 0 2 5 - . 9 8 3 1 9 9 - 1 .  142
90 - . 9 2 4 6 1 7  - 1 . 0 0 4 0 . 0  10612 - 1 . 0 2 5 - . 9 6 3 1 9 5 - 1 . 1 4 2
91 - 1 . 0 1 5  - . 9 6 3 5 9 6 0 . 0 1 1 6 2 2 - 1 . 0 0 7 - . 9 6 0 5 3 0 - 1 .  121
9 2 - 1 . 0 0 4  - . 9 8 3 5 9 6 0 . 0 1 1 6 2 2 - 1 . 0 0 7 - . 9 6 0 5 3 0 - 1 . 1 2 1
9 3 - 1 . 0 1 5  - . 9 8 3 5 9 6 0 . 0 1 1 6 2 2 - 1 . 0 0 7 - . 9 6 0 5 3 0 - 1 .  121
94 - . 9 9 3 0 7 4  - . 9 8 3 5 9 6 U . O 11622 - 1 . 0 0 7 - . 9 6 0 5 3 0 - 1 . 1 2 1
95 - 1 . 0 0 4  - . 9 6 3 5 9 6 0 . 0 1 1 6 2 2 - 1 . 0 0 7 - . 9 6 0 5 3 0 - 1 .  121
9 6 - 1 . 0 5 0  - . 9 6 6 5 0 1 0 . 0  13853 - . 9 9 3 5 9 8 - . 9 3 9 4 0 4 - 1 . 1 0 5
97 - 1 . 0 5 0  - . 9 6 6 5 0 1 0 . 0 1 3 8 5 3 - . 9 9 3 5 9 8 - . 9 3 9 4 0 4 - 1 .  105
98 - 1 . 0 5 0  - . 9 6 6 5 0 1 0 . 0  13653 - . 9 9 3 5 9 6 - . 9 3 9 4 0 4 - 1 . 1 0 5
99 - 1 . 0 5 0  - . 9 6 6 5 0 1 C . 0 1 3 6 5 3 - . 9 9 3 5 9 8 - . 9 3 9 4 0 4 - 1 . 1 0 5

100 - 1 . ü 5 0  - . 9 6 6 5 0 1 O . o  13853 - . 9 9 3 5 9 8 - . 9 3 9 4 0 4 - 1 . 1 0 5

UP P EB 9 5 i S I S  EEB 3IU0EBX
OBS P8EUXCT EESiOÜAL BESIOÜAL BESIOUAI - 2 - 1 - 0 1 2

1 - .  5 8 2 6 4 0  -  . 1 0 0 6 7 1 0 . 0 6 6 4 2 7 - 1 . 5 1 b 1 * • * ! i
2 - . 5 8 2 6 4 0  - . 1 0 0 8 7 1 u .  0 6 8 4 2 7 - 1 . 5 1 6 1 * * * i J
3 - . 5 8 2 6 4 0  - . 1 0 0 6 7 1 0 . 0 6 8 4 2 7 - 1 . 5 1 6 1 1
4 - . 5 8 2 8 4 0  - . 1 0 0 6 7 1 0 .  Ü 6 8427 - 1 - 5 1 6 1 * * * i i
5 - . 5 8 2 8 4 0  - . 1 0 0 6 7 1 0 .  0 6 8 42 7 - 1 . 5 1 6 J ♦ ♦ ♦ ! J
6 - . 5 5 7 0 6 7  0 . 0 3 1 9 8 9 c . 067203 0 . 4 7 6 1 1 1
7 - . 5 5 7 0 6 7  0 . 0 4 8 3 8 0 0 . 0 6 7 2 0 3 0 . 7 2 0 1 J * 1
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.IASS HAIE Cf  C U I I I o G  ohrfCVci,  VS S I A . J i i i S

S I U  i â h 3 I U 2 E H I
OSS t>aSDICT he S l DUAL ÛESJ0  UAO 8 £ S I OUAi - 2 —1 - 0 1 2

8 - . 3 5 7 Û 0 7 0 . 0 1 4 9 5 6 0 . 0 6 7 2 0 3 0 . 2 2 3
S - . 5 5 7 0 ü 7 0 . 0 3 1 9 8 9 0 .  0 6 7 2 0 3 0 . 4 7 6

10 - . 5 5 7 0 6 7 0 . 0 3 1 9 8 9 0 . C 6 7 2 Ü 3 0 . 4 7 6
11 - . 5 3 5 1 9 2 0 . 0 9 9 9 9 7 0 . 0 6 7 3 9 0 1 . 4 3 5 * ♦
12 - . 5 3 5 1 9 2 0 . 0 9 9 9 9 7 0 . 0 6 7 3 5 6 1 . 4 8 5 $*
1 J - .  5 3 5 1 9 2 0 . 0 9 9 9 9 7 0 . 0 6 7 3 5 6 1 . 4 8 5 * *
14 - . 5 3 5 1 9 2 C . 0 9 9 9 9 7 0 . 0 e 7 3 5 o 1 . 4 8 5 «4
15 - .  5 3 5 1 9 2 0 - 0 9 9 9 9 7 0 . 0 6 7 3 5 6 1 - 4 8 5 * *
1b - . 5 1 6 3 8 8 0 . 0 6 7 7 9 3 0 . 0 6 7 1 5 3 1 . 0 1 0 * 4

17 - . 5 1 6 3 8 8 0 . 0 5 3 5 5 3 0 . 0 6 7 1 5 3 0 . 7 9 7 «
I S - . 5 1 6 3 8 3 0 . 0 6 7 7 9 3 Ü . Û 0 7 1 5 3 1 . 0 1 0 *  4

19 - . 5 1 0 3 8 8 0 . 0 5 3 5 5 3 0 . 0 6 7 1 5 3 0 . 7 9 7 «
20 - . 5 1 6 3 8 8 0 . 0 3 8 8 3 0 0 . 0 6 7 1 5 J 0 . 5 7 8 *
21 - . 4 9 8 8 4 1 - . 0 2 5 3 4 2 0 . 0 6 6 7 3 2 - 0 . 3 8 0
2 2 - . 4 9 8 8 4 1 -  . 0 6 0 1 0 4 0 . 0 6 6 7 3 2 - 0 . 9 0 1 *
2 3 - . 4 9 3 8 4 1 - . 0 4 2 3 7 5 0 . 0 6 6 7 3 2 - 0 . 6 3 5 *
2 4 - . 4 9 8 8 4 1 - . 0 2 5 3 4 2 0 . 0 6 6 7 3 2 - 0 . 3 3 0
2 5 - . 4 9 8 8 4 1 - . 0 2 5 3 4 2 0 . 0 o o 7 3 2 - 0 . 3 8 0
2b - . 7 4 2 6 7 6 - . 1 0 7 6 9 6 0 . 0 6 7 2 1 2 - 1 . 6 0 2 « * *
27 - . 7 4 2 o 76 - . 1 0 7 6 9 6 0 . 0 6 7 2 1 2 - 1 .  oC2 « « «
28 - . 7 4 26  7b - . 0 8 8 3 9 1 O . o  6 7 2 1 2 - 1 . 3 1 5 **
29 - . 7 4 2 6 7 6 - . 0 8 8 3 9 1 0 . 0 6 7 2 1 2 - 1 . 3 1 5 «*
3 0 - .  7 4 2 6 7 6 - . 1 0 7 6 9 6 0 . 0 6 7 2 1 2 - 1 - 6 0 2 « « «
31 - .  7 1 5 9 1 9 - . 0 3 1 1 4 3 0 . 0 6 7 9 4 9 - 0 . 4 5 8
32 - . 7 1 5 9 1 9 - . 0 4 6 9 3 7 0 . 0 6 7 9 4 9 - 0 . 6 9 1 *
3 3 - . 7 1 5 9 1 9 - . 0 4 6 9 3 7 0 . 0 6 7 9 4 9 - 0 . 6 9 1 *
3 4 - . 7 1 5 9 1 9 - . 0 0 1 1 8 0 0 . 0 6 7 9 4 9 - 0 . 0 1 7
3 5 - . 7 1 5 9 1 9 - . 0 1 5 9 0 3 0 . 0  6 7 9 4 9 - 0 . 2 3 4
3 6 - . 6 9 2 8 9 0 0 . 1 1 1 1 4 2 0 . 0 6 8 1 0 8 1 . 6 3 2 * 4 4

3 7 - . 0 9 2 8 9 0 0 . I l l  142 0 . 0 6 8 1 0 8 1 . 6 3 2
38 - . 6 9 2 8 9 0 0 . 1 1 1 1 4 2 0 . 0 6 8 1 0 8 1 . 0 3 2 * 4  4

39 - . 0 9 2 8 9 0 0 . 1 1 1 1 4 2 0 .  0 6 8 1 0 8 1 . 6 3 2 * * *
>*0 - . 0 9 2 8 5 0 0 . 1 1 1 1 4 2 0 . 0 6 8 1 0 8 1 . 6 3 2 * 4 4

41 - . 0 7 4 1 1 9 0 . 0 1 1 4 2 1 0 . 0 6 7 9 2 7 0 .  168
4 2 - . 6 7 4 1 1 9 - . 0 0 1 5 4 4 Û . ü b 7 9 a 7 - 0 . 0 2 3
43 - . 0 7 4 1 1 9 J . 0 1 1 4 2 1 0 . ü e 7 9 a 7 0 .  166
4 4 - . 6 7 4 1 1 9 - . 0 0 1 5 4 4 0 . 0 6 7 9 2 7 - 0 . 0 2 3
4 5 - . 6 7 4 1 1 9 - . 0 0  1 544 0 . 0 6 7 9 2 7 - 0 . 0 2 3
4 b - . 6 5 7 0 0 0 -  . 0 5 9 2 7 9 0 . 0 6 7 5 2 7 - 0 . 8 7 8 *
4 7 - .  6 5 7 0 0 0 - . 0 8 9 2 4 2 0 . 0 6 7 5 2 7 - 1 . 3 2 2 m*
48 - . 6 5 7 0 0 0 - . 0 7 4 0 0 2 0 . 0 6 7 3 2 7 - 1 . 0 9 6
49 - . o 5 7 o 0 0 - . 0 5 9 2 7 9 0 . 0 6 7 5 2 7 - 0 . 8 7 8 *
50 - . o 3 7 0 0 0 - . 0 5 9 2 7 9 C . 0 6 7 5 2 7 - 0 . 8 7 8 *
51 - . 3 4 1 3 0 0 - . 0 2 4 2 1 1 0 . 0 6 7 2 5 2 - 0 . 3 6 0
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iiAis h i i ' i  CF cuTiiflC- H i a c v i t  Ï3 ttCi6i.i

UfFEB95% S I D  SOB SIUEBaX
OBa P i L D I C I i l S i a  UAL BBSID UAL a s s i D U A i

5a - . 8 4 1 3 0 0 - . C 2 4 2 1 1 0 . 0 6 7 2 5 2 - 0 . 3 6 0
53 - . 8 4 1 3 0 Ü - . 0 0 9 9 7 1 u . 0 0 7 2 5 2 - 0 .  148
54 - . 8 4 1 3 0 0 - . C C 9 S 7 1 0 . 0 0 7 2 5 2 - 0 . 1 4 8
55 - . 8 4 1 3 0 0 - . 0 2 4 2 1 1 0 . Ü O 7 2 5 2 - 0 . 3 6 0
5b - . 6 1 1 1 9 2 - . C Û 1 1 5 2 0 . 0 6 7 8 8 8 - 0 . 0 1 8
57 - . 6 1 1 1 9 2 - . 0 2 7 5 2 1 Ü . 0 6 7 8 S 8 - 0 . 4 0 5
58 - . 6 1 1 1 9 2 - . 0 1 4 1 5 7 0 . 0 6 7 8 8 8 - 0 . 2 0 9
59 - . 8 1 1 1 9 2 - . 0 0 1 1 9 2 0 . 0 6 7 8 8 8 - 0 . 0 1 6
60 - . 6 1 1 1 9 2 - . 0 0 1 1 9 2 0 . 0 0 7 8 8 8 - 0 . 0 1 8
b1 - . 7 8 8 5 6 5 0 . 1 0 7 1 3 9 0 .  0 6 8 0 2 7 1 . 5 7 6
63 - .  7 8 8 5 6  5 0 . 1 0 7 1 8 9 0 . 0 6 8 0 2 7 1 . 5 7 6
03 - .  7 8 8 5 6 5 0 .  1 0 7 1 8 9 U . 0 6 b o 2 7 1 . 5 7 6
04 - . 7 8 3 5 0 5 0 . 1 C7 18 9 0 . Ü O 6 J 2 7 1 . 5 7 6
05 - . 7 8 8 5 6 5 0 . 1 0 7 1 8 9 0 . 0 6 8 0 2 7 1 . 5 7 6
6o - . 7 0 7 5 1 7 - . 0 3 2 2 2 3 0 .  0 6 7 8 o 0 - 0 . 4 7 5
67 - . 7 0 7 5 1 7 - . 0 1 9 9 8 9 0 . 0 o 7 8 qo - 0 . 2 9 5
68 - . 7 6 7 5 1 7 - . 0 0 8 0 9 0 0 . 0 6 7 8 0 0 - 0 . 1 1 9
69 - .  7 6 7 5 1 7 - . 0 1 9 9 8 9 0 . 0 6 7 8 0 0 - 0 . 2 9 5
70 - . 7 6 7 5 1 7 - . 0 0 8 0 9 0 0 . 0 6 7 8 6 0 - 0 . 1 1 9
71 - .  7 4 9 6 6 6 - . 0 8 8 2 6 7 0 . 0 6 7 4 3 o - 1 . 3 0 6
72 - . 7 4 9 6 6 0 - . 0 6 8 2 6 7 0 .  0 o 7 4 8 6 - 1 . 3 0 8
73 - . 7 4 9 6 6 6 - . 0 7 4 9 0 3 0 . 0 6 7 4 3 6 - 1 . 1 1 0
74 - . 7 4 9 0 6 0 - . 0 7 4 9 0 3 0 . 0 0 7 4 8 6 - 1 . 1 1 0
75 - . 7 4 9 6 0 0 - . 0 8 8 2 6 7 0 .  0 6 7 4 8 6 - 1 . 3 0 6
70 - . 9 2 2 7 6 0 0 . 0 2 4 0 4 3 0 .  0 6 6 9 0 9 0 . 3 5 9
77 - . 9 2 2 7 6 0 0 . 0 3 5 6 2 5 0 . 0 6 6 9 0 9 0 . 5 3 2
78 - . 3 2 2 7 6 0 0 . 0 1 2 1 4 4 0 . 0 6 6 9 0 9 0 . 1 8 2
79 - . 9 2 2 7 o 0 0 . 0 3 5 6 2 5 J .  0 0 6 9 0 9 0 . 5 3 2
80 - . 9 2 2 7 o 0 0 . 0 3 5 6 2 5 0 . 0 6 6 9 0 9 0 . 5 3 2
81 - . 6 9 1 1 4 4 0 . 0 4 6 3 1 7 0 . 0 6 7 5 1 4 0 . 6 6 6
82 - . 8 9 1 1 4 4 Û . C 4 0 3 1 7 0 . 0 6 7 5 1 4 0 . 6 8 6
83 - . 8 9 1 1 4 4 0 . 0 4 6 3 1 7 0 . 0 6 7 5 1 4 O . o S b
84 - . 8 9 1 1 4 4 0 . 0 6 6 5 2 1 0 . 0 6 7 5 1 4 0 . 9 6 5
85 - . 6 9 1 1 4 4 0 . 0 3 5 6 5 2 0 . 0 6 7 5 1 4 0 . 5 3 1
86 - .  8 6 o 7 3 5 0 . 0 7 9 6 4 3 0 . 0 6 7 6 4 7 1 . 1 7 7
87 - .  8 6 o 7 3 5 0 . 0 7 9 6 4 3 0 . 0 6 7 6 4 7 1 . 1 7 7
88 - .  8 6 6 7 3 5 0 . 0 7 9 6 4 3 0 . 0 6 7 6 4 7 1 . 1 7 7
89 - .  6 6 0 7 3 5 0 . 0 7 9 6 4 3 0 . 0 6 7 6 4 7 1 . 1 7 7
90 - .  8 6 6 7 3 5 0 . 0 7 9 6 4 3 0 . 0 6 7 6 4 7 1 . 1 7 7
91 - . 8 4 5 7 5 0 - . 0 3 1 1 3 7 0 . 0 6 7 4 8 1 - 0 . 4 6 2
92 - .  8 4 5 7 5 0 - . 0 2 0 2 0 2 0 . 0 6 7 4 8 1 - 0 . 2 9 9
93 - . 6 4 5 7 5 0 - . 0 3 1 1 9 7 0 . 0 6 7 4 8 1 - 0 . 4 6 2
94 - . 8 4 5 7 5 0 - . 0 0 9 4 7 8 0 . 0 6 7 4 8 1 - 0 . 1 4 0
95 - . 8 4 5 7 5 0 - . 0 2 0 2 0 2 0 . 0 6 7 4 8 1 - 0 . 2 9 9

-i-1-û 1 2

$* 
$ $ 
*$
*$
$*
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MASS h A I £  UF C U I i l t i G  kSMUlihD VS C l A S F I z ü

U Î F E 2 9 3 * S I L  £2 8 S I U C 2 S I
OBS ^ h E O l C I h i Sl OUAl . E£S JCU ku SSSAiUJu, - 2 - 1 - 0  1 2

90 - . 0 2 7 9 2 S - . 0 8 3 0 5 9 O . 0 6 7 0 9 9 - 1 . 2 3 8  1 ♦♦J i
97 - . 8 2 7 9 a 3 - . C 8 3 C 5 9 0 . 0 6 7 0 9 9 - 1 . 2 3 8  J * * l 1
98 - . 8 2 7 9 2 3 - . 0 6 3 0 5 9 u . 0 b 7 u 9 9 - 1 . 2 3 8  1 *♦1 1
99 - . 8 2 7 9 2 3 - . C 6 3 L 5 9 0 . 0 6 7 0 9 9 - 1 . 2 3 8  1 1

1 0 0 - . 8 2 7 9 2 3 - . 0 6 3 0 5 9 0 . 0 6 7 0 9 9 - 1 .  z 3 8  J 1

CUUK'S
OBS 0

1 0 . 0 9 6
2 0 . 0 9 8
3 0 .  0 9 8
9 0 . 0 9 8
5 0 . 0 9 6
0 0 . 0 0 3
7 0 . 0 0 7
8 U . 0 0 1
9 0 . 0 0 3

10 0 . 0 0 3
11 0 . 0 2 5
12 0 . 0 2 5
13 0 . 0 2 5
19 0 - 0 2 5
15 0 . 0 2 5
1b 0 . 0 1 9
17 0 . 0 0 3
18 0 . 0 1 9
19 0 . 0 0 8
2 0 0 . 0 0 9
21 0 . 0 0 3
22 0 . 0 1 9
23 0 . 0 0 7
29 0 . 0 0 3
25 0 . 0 0 3
26 0 . 0 3 2
2 7 0 . 0 3 2
28 0 . 0 2 2
29 0 . 0 2 2
3 0 0 . 0 3 2
31 0 . 0 0 1
32 0 . 0 0 2
33 0 . 0 0 2
34 0 . 0 0 0
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1 5 8

â k S S  K k l k  L i  C U I I I N Ü  À&aUVüD \iS XCZi i .2  C I A K I I Z â  

CCQK'S
OBS D

79 0 . 0 0 4
3 0 0 . 0 0 4
81 0 . 0 0 4
82 0 . 0 0 4
33 0 . 0 0 4
84 0 . 0 0 9
85 0 . 0 0 3
8 b 0 . 0 1 1
8 7 0 . 0 1 1
88 0 . 0 1 1
89 0 . 0 1 1
9 0 0 . 0 1 1
91 0 . 0 0 2
92 0 . 0 0 1
93 0 . 0 0 2
94 U.OoO
95 0 . 0 0 1
96 0 . 0 2 1
97 0 . 0 2 1
98 0 . 0 2 1
99 0 . 0 2 1

100 0 . 0 2 1

s u a  O f  &ZSXQUALS 1 . 1 3 6 3 6 E - 1 2
s u a  Of  s c u A a s v  b e s i c u a l s  o. 45148053
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EXP t f , I E £ l . X / L  MaiS LATE L A i l ü S Vj  CALLU.AIEL

DEP VARIABLE: EAl ICf l

SUM CF MEAN
SOURCE DF SCUABEa àwOABF F VALUE ?f iCE>F

MODEL 1 1 . 5 5 2 2 S 2 1 . 5 3 2 ^ 9 2 2 7 2 . 0 4 1 0 . 0 0 0 1
ERROR 93 0 . 5 5 1 9 9 3 0 . 0 o 5 b 3 2 5 3 2
C TOTAL 99 2 . 0 E 9 2 6 5

BCCT MSE 0 . 0 7 5 0 5 1 B—SwU ABE 0 . 7 3 5 2
OEP ;ÜEAN - C . E 6 2 1 E 6 ALJ  E - s ; 0 . 7 3 2 5
C . Ï . - 8 .  7 0 4 6 b

FAEAHETE6 S T A B L A i l I  FOE KO;
VABIAELE DF ESTIMATE EBROs PAEAM£IES=0 FaCS > i l l

IMTEBCEP 1 1 . 7 6 9 2 4 7 C . 1 6 0 9 3 0 1 1 . 1 1 8 0 . 0 0 0  1
BB 1 - 0 . 5 5 4 0 6 8 0 . 0 3 3 5 9 4 -  1 6 . 4 5 4 C . C CC l

S lAB. .AaDIE£D
VABIAELE DF T ÏP E I  £5 TYPE I I  55 E 5 I I MA I E

IBTEBCEF 1 7 4 . 3 3 6 8 3 1 O . b 9 o t 6 5 0 . 0 0 0 0 0 0
BB 1 1 . 5 3 2 2 9 2 1 . 5 3 2 2 9 2 - 0 . 6 5 7 4 1 7

VABIAELE DF TCLEEAhCE

I BTEBCEF 1
NB 1 l .OCQOCC

CUVB

lUX&BCEP
NR

c o v â a x a k C E  u £  t s i x a a i i s

INXEfiCER

d .  j 2 3 8 9 a < 4 2  
-O.CdStUUdS

- O . C C 3 i l O C : S
0 . 0 0 1 1 2 3 5 5 5
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S X P E B I i l E b l H l  MASS B n I E  nATICS VS C A l C U l A I i l  

DEP VABIAELE:  EAIILM

SUM Cl ME A4
SOURCE DF SQUARES SwUABE F VALUE ESCE>E

MODEL 1 1.  1 4 1 3 5 4 1 . 1 4 1 3 5 4 1 1 8 . 6 2 2 C . C 00 1
EBRuR 98 C . 9 4 2 9 3 2 C . U u 9 o 2 1 7 5 1
C TOTAL 99 2 . 0 8 4 2 6 5

BOOT MSE c . c s e c s i b - s l u a b e 0 . 5 4 7 6
DEP MEAB - 0 . 8 6 2 1 8 8 ADJ B-Stf 0 . 5 4 3 0
C . V . - 1 1 . 3 7 8 9

PAEAMEIEa STA4DABC :  FOE 8 0 :
VABIAELE DF ESTIMATE ELBOB 2 4 B A 3 E I E a = 0 PRÜB > i l j

IBTEBCEP 1 - 0 .  9 0 8 7 6 8 0 . 0 1 0 7 0 1 - 8 4 . 9 2 5 Û.0CC1
a  AT 10 P 1 - 0 . 1 9 1 C 3 9 0 . 0 1 7 5 4 0 - 1 0 . 3 9 1 0 . 0 0 0 1

STAMOABDIEED
VABIAELE DF T I E E  I  SS TYPE 1 1  SS E S I I MA I S

INTEBCEP 1 7 4 . 3 3 6 3 3 1 6 9 . 3 9 4 3 2 5 O.CCCOCO
BAI IOP 1 1 . 1 4 1 3 5 4 1 . 1 4 1 3 5 4 - Û . 7 4 0 0 0 U

VARIABLE DF ICLEBAMCt

IMIEECEP 1
BATIOP 1 1 . 0 0 0 0 0 0

COVB

I MTEECEÎ
BAI IÛE

C0VABIAEC2 UE ESI IMA:

mUeCZS
0.CÜU1i4Soa 

. a 0 U U 7 S 0 1 S V 5

â A I l C l

. 0 0 0 0 7 5 0 1 5 7 5
C . J J u i Q ; 6 £ “
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E I P E a l MENTAL MASS RATE RATIOS VS CA-CULATEL

Dèi f  V i R l i d L t :  à i I ICM

SUM OF MEAN
SCUBCÂ OF SQUARES S u UaBE f  VALUE PBC3>F

HOO£L 1 1 . 5 J 2 J S 2 1 . 5 3 2 2 9 2 2 7 2 . 0 4 1  0 . 0 0 0 1
£&BOB 93 0 . 5 5 1 9 9 3 0 . 0 0 5 6 3 2 5 8 2
C TOT Ai. 99 X . 0 6 4 2 E 5

BCUI MS 2 0 . 0 7 5 0 5 1 U-SÛOAAE 0 . 7 3 5 2
0 £ P  1»EAN - 0 . £ 6 2 1 6 8 AOJ f i - S , 0 . 7 3 2 5
C . V . - 8 . 7 0 4 6 0

PARAMETER 31 Ait LAB C I  FOB 8 0 :
VABIAELE OF ESTIMATE EBRCR 2ABAM£T£8=0 PBCE 3 | T j

lATEBCEP 1 - C . £ 7 1 7 64 0 . 0 1 3 7 7 0 - 4 8 . 7 8 4  0 . 0 0 0  1
JF 1 - 0 . 2 7 7 0 4 4 0 . 0 1 6 7 9 7 - 1 6 . 4 9 4  C.CCC1

STANOAKOIZEO
VABIAELE OF TYPE I  SS TYPE I I  SS ESTIMATE

IBI EB CEE 1 7 4 . 3 3 6 8 3 1 1 3 . 4 0 4 7 2 5 0 . 0 0 0 0 3 0
JF 1 1 . 5 3 2 2 9 2 1. 5 3 2 2 9 2 - 0 . 8 5 7 4 1 7

VABIAELE OF TOLERANCE

INIEBCEP 1
J F 1 1.0COOCO

COVABIANCE OF ESTIMATES

COVE l i tTEECEP JF

INTEBCEP U.uUU 1 3 9 3 1 9 5 - 0 . 0 0 0 1 9 3 9 2 6
J F - 0 . C 0 0 1 9 3 9 2 6 0 . 0 0 0 2 3 2 1 3 8 8
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CEP VABIAELE:  LAI I CB

SOUBCE a s

MODEL 1
BEBOB 98
C I C I  AL 99

BCOX MSB 
DEE dEAB 
C . V .

S DM CF 
SCUABES

MEAB
üVUAEE

1 . 9 C b 6 C C I . KOb bCO 
0 . 6 7 7 6 8 5  0 . 0 0 6 9 1 5 1 5 8
2 . 0 E 4 2 8 5

0 . 0 8 3 1 5 7
- 0 . 8 6 2 1 8 8

- 9 . 6 4 4 9 3

n-SuUAttî 
AOo B - s ;

£ VALUE 

2 0 3 . 4  08

0 . 6 7 4 9
0 . O 7 1 5

PaCB>F
0 . 0 0 0 1

VABIAELE DE

I BTEf iCEf  1 
HHF 1

BAEAMEIEL
E SI i WA I E

- 1 . 0 6 0 8 7 2  
- 0 . 1 6 3 1 5 8

SIAbLABL
EBBCE

0 . 0 1 6 2 2 4  
0 . 0  1 1 4 4 0

I  £ o 3  EO: 
BABâMEIEE=0

- 6 5 . 3 6 9
- 1 4 . 2 6 2

Büûc > JTI
0 . 0 0 0 1  
C.0CC1

VABIAELE DF

Xl i lEf iCEP
BHP

l ï P E  I  ES

7 4 . 3 3 6 8 3 1
1 . 4 0 6 6 C Ü

SIANCABOIEED 
I V r E  I I  SE E S I I E A I E

2 9 . b b 7  Cb5 
1 . 4 0 6 6 0 C

U.OOOOOO
- 0 . 8 2 1 4 9 8

VARIABLE DF

l i l IZBC EP  
H HP

COVB

ICLEFAèICE

1 . 0 0 0 0 0 0

COVABIAACE UF E S U M A I E S  

I B l 'EEC E? EBP

INIEBCEP
UHP

Ü . 0 U o 2 o 3 2 2 0 5
0 . 0 C U 1 5 9 i o E 5

0 . 0 0 0 1 5 5 3 6 8 5
0 . 0 0 0 1 3 0 8 7 2 6
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E X f E S l K E h a ' «L MAEJ à AI E  t i A l IO E  VS CAi .CUi .AIf i  

OEP VAbi AELE:  HQCI

SCUBCE DF
soa Or 

SwUAEES
MEAN

SwUABE F VALUE PBOO>F

MODE! 
BEBOB 
C T OI  AI.

1
98
99

C . 2 À 98 S b
0 . 8 2 2 5 E 9
1 . 0 6 2 9 : 0

0 . 2 3 9 8 9 6
C . 0 U 8 3 9 3 9 0 9

2 8 . 5 8 1 0 . 0 0 0 1

BCOI n s s  
D i s  MEAN 
C . V .

0 . 0 9 1 6 1 6
1 . 0 3 1 3 2 1
8 . 8 8 3 2 3 1

H-SOUABE 
ADJ 8 - S „

0 . 2 2 5 8
0 . 2 1 7 9

VABIAELE DF
PABANEIEE

ESTIMATE
SIAN DABI 

ESRCE
I  EuB a O:  

PAEANEIEE-0 PACE )  i H

XNIBSCEP
NB

1
1

- 0 . Û 1 7 7 6 U
0 . 2 1 9 2 9 U

0 . 1 9 6 9 5 0
0 . Ü 9 1 O C S

- 0 . 0 9 1
5 . 3 9 6

0 . 9 2 3 1
0 . 0 0 0 1

VABIAELE DF TYPE I  SS TYPE I I  SS
SIANDABLI2ED

E S I I f i A I E

I N I E BC E P
NB

1
1

1 0 6 . 3 6 9
0 . 2 3 9 8 9 0

. C 0 0 U O 6 7 5 1 6 9  
9 . 2 3 9 8 9 6

0 . 0 0 0 0 0 0
0 . 9 7 5 1 T 5

VABIAELE DF ICLEEANCE

IN I EB C EP
NB

1
1 1.ÛC0CCC

COVB

I NIEBC EP
N3

COVABIANCE CE E S l I N A I i S

I N iB B C cP

ü . u j â 5 9 2 6 1  
- 0 . 0 0 8 0 9 7 9 1

NI

-Û.ÛÛCC97A1 
0 . 0 0 1 6 8  172
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E X P S a i K E M ' ; !  ËAjS à A : E  h A I l C i  V3 LAICULAIZ:  

0 £ F  VARIABLE:  RDCI

SOURCE DF
SOM Cf 

SV.UARES
MEAN

SwUARf r  VALUE ?BCS>F

MODEL 
ERROR 
C TOTAL

1
98
99

0 . 0 6 7 6 0 8  
Ü . 9 9 1 3 1 0  
1 . 0 6 2 1 5 0

0 . 0 b 7 t > 0 3
0 . 0 1 0 1 5 1

6 . 6 5 9 0 . 0  113

BOOT flSE 
DEP MEAN 
C . V .

Ü. 1 0 0 7 5 5  
1 . 0 3 1 3 3 1  
9 . 7 6 9 3 7 1

B-SwUABE 
AOJ R - S i

0 . 0 6 3 6
0 . 0 5 1 1

VARIABLE OF
PARAMETER

E SI I MA I E
STAdLABC

ERECE
I  FOB EC:  

fACAM£I£E=0 ê à û E  > H I

I NTEBCEP
RATIQE

1
1

1 . 0 1 2 6 6 8
Q . 0 l 6 l 9 l

G . 0 1 0 9 9 1  
0 . Û  1 8 01 7

9 1 . 8 6 2
2 . 5 6 1

0 . 0 0 0 1  
0 . C 1 1 3

VABIAELE OF TYPE I  EE TYPE 1 1  SS
STANb ABEIEES

E S I I f i A I E

I NTERCEP
RATIOP

1
1

1 0 6 . 3 6 1
0 . 0 6 7 6 0 3

9 1 . 3 5 0 3 0 0
0 . 0 6 7 6 0 3

0 . 0 0 0 0 0 0
0 . 2 5 2 2 5 0

VARIABLE OF T0LE8ANCE

INTEBCEP
RATIOP

1
1 1 . 0 0 0 0 0 0

CüVB'

INIE&CEF
ixAIIOP

COVABIANLE O f  E S I I S A I E S  

I R l ' E ô C I P J A I I C P

0 . 0 0 0 1 2 0 8 1 2 5  
. 0 0 0 0 7 9 1 1 * 5 8 8

. 0 0 0 0 7 9 1 1 8 8 8
0 . 0 0 0 8 2 1 6 0 1 8
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ü X c h & I C E M J t L  MASS ÔAIE o A I i C S  VS CAICUIAXEE

DEP VABIAELE:  HOCI

su a  CE MEAN
SOURCE DF SQBASES SwUAnE c VALUE PaCE)E

MODEL 2 U . 626686 0. 313343 6 S .7 4 9 0.0001
ERBOB 97 0.1135764 C . u U4 4 9^ 41
C I C I A L 99 1.0624=0

BÜOI MSE C.C67C25 a-sgüAB£ 0 .5 8 9 9
DEP MEAN 1.031331 ADJ B-Sû 0 .5 8 1 4
C . V . 6.4=6924

PABAMETEB STANDAfiC I FCE 80 :
VABIAELE DF ESIIMAIE EBBUB PABA3EIES=0 PEÜE > J I l

INTEBCEP 1 - 3 .9 5 9 2 4 2 U . 4 4 6 4 3  1 - 8 . 8 2 9 O.CCOl
NB 1 1.0255=0 O.Ü91930 11 .156 0 .000  1
RATIOP 1 -0 .3 4 0 7 7 0 0 .0 3 6 7 2 5 - 9 . 2 7 9 O.CCOl

SIANLABDI2ED
VABIAELE DF l ï P E  I  ' « l ïP E  i l  SE ESIIMAIE

INIEBCEP 1 1 06 .364 0 .3 50197 U.OOOOOO
NB 1 0 .2 3 9 8 9 6 U . 559083 2 .22 27 71
BATIOP 1 0.3667=0 0 .3 86790 -1 .8 4 8 3 2 0

VABIAELE DF ICLEBANCE .

INTERCEP 1
NB 1 U. 106507
HAIIOP 1 C. 106507

COVABIANCf 06 ESTIMATES

COVB INIEBCEP NB SAIICP

INIEBCEP 0 .2 0 1 0 9 0 1 - 0 . 0412189 0 .01559992
NB - C . 0412189 0 .008451168 - 0 . 0  3 319 13
BAIICP 0 .0 1 5 5 9 9 9 2 - 0 . 00319 13 C .001348733
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EXPEBIdEtlTAL MASS SATE RATIOS VS CALCULATED 

OLP VARIABLE: MOOT

SOURCE DF
SON OF 

SgOABES
MEAN 

SOU ABE F VALUE ?BOB>F

MODEL 
EBBOB 
C TOTAL

1
98
99

0 .2 39896
0 .8 2 2 5 5 4
1 .062450

0 .239896
0 .008393409

2 8 .5 8 1 0 .00 01

BOOT MSB 
DEP MEAN 
C.V.

0 .0 9 1 6 1 b
1.031331
8 .883231

B-SUU ABE 
ADJ a-SQ

0 .2 2 5 8
0 .2 1 7 9

VARIABLE DF
PABAMETEB 

ESTIMA IE
STANDARD

EBBOB
T FOB HO: 

PABAMETEB=0 PBOB > JTl

INTEBCEP
JF

1
1

0 .955985  
0 .  109620

0 .016 81 0  
0 .0 2 0  504

5 6 .8 7 1
5 .3 4 6

0 .0 0 0 1
0.0001

VARIABLE DF TtPE I  SS tIPE  I I  SS
SIANDABDI2ED

ESTIMATE

INTEBCEP
JF

1
1

106.364
0 .2 39 89 6

27 .147298
0 .2 3 9 8 9 6

0 .0 0 0 0 0 0
0 .4 7 5 1 7 9

VARIABLE DF ICLEBANCE

INIEBCEP
J F

1
1 1 .000000

COVB

INTEBCEP
J P

COVABIANCE Op ESTIMATES 

INIEBCEP JF

0.1} OU 28 25621 
- 0 .0 0 0 2 8 8 9 8

-0 .0 0 0 2 8 8 9 8
0 .0 0 0 4 2 0 4 3 0 1
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EXPEBIMENIAL BASS S AI E  RATIOS VS CA1 C 0 1AI E3  

DEP VARIABLE:  BOOI

SOURCE DT
SOM OP 

SQUARES
MEAN

SQUARE F VALUE PROB>P

BOOEL 
ERROR 
C lOXAL

1
98
9 9

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

0 . 1 6 5 5 7 8  
0 . 0 0 9 1 5 1 7 5 1

1 8 . 0 9 3 0 . 0 0 0 1

ROOT BSE 
DEP BEAN 
C . V .

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

B-SQUARE 
AOJ R-SQ

0 . 1 5 5 8  
0 . 1 4 7 2

VARIABLE OP
PARAMETER

ESTIMATE
STANDARD

ERROR
I  FOB HO: 

PABAM£TEH=0 PROS > H I

I NIEBCEP 
a  HP

1
1

1 .  0 9 9 4 9 9  
0 . 0 5 5 9 7 9

0 . 0 1 8 6 6 4
0 . 0 1 3 1 6 1

5 8 . 9 0 9
4 . 2 5 4

0 . 0 0 3 1
0 . 0 0 0 1

VARIABLE OP T I P E  I  SS TYPE I I  SS
STANDARDIZED

ESTIMATE

I NIEBCEP
BBP

1
1

1 0 6 . 3 6 4
0 . 1 6 5 5 7 8

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

0 .  0 0 0 0 0 0  
0 . 3 9 4 7 7 3

VARIABLE DP TOLERANCE

I NI E B C EP
BBP

1
1 1 . 0 0 0 0 0 0

COVB

I R I E R C E P
BBP

COVARIANCE OF E S I I B A I E S  

I NIEBC EP BBP

0 . 0 0 0 3 1 4 8 3 5 4  3 
0 . 0 0 0 2 1 0 9 1 3 5

0 . 0 0 0 2 1 0 9  135 
0 . 0 0 0 1 7 3 2 0 1 2
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NÙ I 2 :  SA2 OPTIONS S P E C I I I 2 C  AâS ;
SON 1=1*

1 OPTION PAGESIZ2=30  L I N 5 5 1 2 2 = 6 4  H03ATE NOSUHBSa;
2  DATA MSI;
3 INPUT MESH 3 ONE INCHES C J H P ;
I* SSPND=5/ CNE;
5 LAbEX. SSPND=CüTIING S I Z E  PEE NOZZLE OIAMEIEE;
6 GEAMS=1NCBES*bU;
7  B OO T =G B AMS « 20 / 43 3 .3 9 ;
8 MMOOT=8. 34*a ;
9 BATIOH=HOOT/HMOOT:
10  CARDS;

NOTE: UATA S S I  WORK.MSI HAS 20  OBSERVATIONS AND 11 VARIABLES.  2 0  
7 OBS/TEK
NOTE: THE DATA STATEMENT USED 0 . 0 9  SECONDS AND 9 2 K .

3 1  PBOC PRINT 0ATA=HS1;

NOTE: THE PROCEDURE PRINT USED 0 . 1 5  SECONDS AND 136K 
AND PRINTED PAGE 1.

3 2  DATA MS2;
3 3  SET MSI ;
3 4  a A I IO M =L O G1 0 (R A TI O M| ;
3 5  SSPND=LCG10(SSPNC)  :

NOTE: DATA SET WORK.MS2 HAS 2 0  OBSERVATIONS AND 11 VARIABLES.  20  
7 OBS/TEK
NOTE: THE DATA STATEMENT USED 0 . 0 7  SECONDS AND 8 4 K .

3 6  PBOC PRINT DATA =MS2;

NOTE: THE PROCEDURE PRINT USED 0 . 1 5  SECONDS AND 136R 
AND PRINTED PAGE 2 .

3 7  PBOC BEG CATA= MS2:
3 8  MODEL kAI IOM=SSPND/ALL CCLLIN PARTIAL;
3 9  OUTPUT OUT=C P=PRED;

NOTE: DATA SET WORK.C HAS 20 OBSERVATIONS AND 12 VARIABLES.  190  
OBS/TBK
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S A S  L O G  US SAS 8 2 . 7S2/ : 1VS JC3  3ADIK

NUIS:  l u s  PBUCLOUEE EEG J S 2 L  0 . J 2  ScCuNOS kHÙ 176K 
AND PBINTED PAGES J  I C  8 .

4 0  DATA MSj ;
41 UEBGE BS2 C;
4 2  MODEL=10**PBED;
4 3  EXPBaT=10»*BATIUM;
4 4  S SP BD=10**SSPND;  "
4 5  LABEL EXPBUT-UASS BATE BATIOS;

NOTE: DATA SET NüBK. HS3 HAS 20 OBSEBVATIONS AND 14 VASIA3LES.  16 
4 OBS/TBK
NOTE: THE DATA STATEHENT USED O.OU SECONDS AND 1 2 0 K .

4 6  PBOC PEINT DA1A=HS3;

NOTE: THE PBOCEDUBE PBI  NT USED 0 . 1 6  SECONDS AND 144K 
AND PBINTED PAGE 9 .

4 7  PBUC PLOT DATA=HS3;
4 8  PLOT EXPBMT*SS PNC='  A'  UUCEL*SSPND= ' PVOVEBLAZ;

NOTE: THE PBOCEDUBE PLOT USED 0 . 1 5  SECONDS AND 136K 
AND PRINTED PAGE 1 0 .

49  PBOC GPLCI ;
5 0  PLOT EXPBHT*SSPND HO D EL * SSPN D/ 0  V EBu A X HAXIS=0 TO 0 . 9
BZ 0 . 0 5  VAXIS=0 TO 0 . 2 8  BZ
51  U. 0 2  VEEP=0.  28 H B E F = 0 . 9  V P 0S =2 2  HPUS=70 ;
5 2  SZHB0L1 V=STAB C = 3 ;
53  SZHB0L2 1 = S PLI NE V=NüNE C=3 L =2 ;
5 4  TITLE .H=1 . 0 2  HASS BATE BAIL OS VS CHI P S I Z E  PER NOZ
ZLE DIAHETEB;

NOTE: THE PBOCEDUBE GPLCI USED 0 . 5 4  SECONDS AND 5 1 2 K .

5 5  PBOC PLOT DATA=C;
5 6  PLOT BATIOH*SSPND=' A'  ? E E D * S S P N D = * r ' / C V E E I A Z ;

NOTE: THE PBOCEDUBE PLOT USED 0 . 1 b  SECONDS AND 340%
AND PBINTED PAGE 11 .

5 7  DATA HS4;
5 8  SET f l S I ;
5 9  HDOI-LCS10 (HCOI) :
6 0  SS PND= LOG1 0 (S SP ND) ;

NOTE: DATA SET V0BK.HS4 HAS 20 OBSERVATIONS AND 11 7ABIABLES.  23 
7 OBS/TBK
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S A S  L C G e s  SAS d 2 .  V S 2 / S V S  JüB SAJIK

NOI E:  THE DATA STATEMENT USED Ü . 0 7  SECONj S AND 2 9 2 X .

6 1  ESOC EEG CAIA=MS4;
6 2  MODEL HDOT=SSeND/ALL CULUN 2ABTIAL;

NOTE: THE PBOCEOUEE BEG USES 0 . 2 9  SECONDS AND 512K 
AND PBINTED PAGES 12 TO 1t>.

NOI E:  SAS I NS TI TU T E INC.
SAS C i a C L E
PO BOX 8 0 0 0
C A B Ï ,  N . C .  2 7 5 1 1 - 6 0 0 0
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DhB VAHIABX.S: S&' IICH

SOUUCE

MODEL 
EBEÜH 
C I C I AL

DF

1
18
19

SUM OF 
SCUABES

0 . C 0 C 1
3 . 3 3 0 6 7 B - 1 5

0 . C 0 C 1

BOOI MSE 1 . 3 6 C 2 8 E - 0 8  
DEP MEAN - 0 . 8 7 8 8 6 0  
C . V .  - . 0 0 0 0 0 1 5 9 7 8

MEAN 
SOU ABE

0 .0 0 0 1
1 . 8 5 Û 3 7 E - 1 6

8-SwUABE 
ADJ B - S J

F VALUE 

9 9 9 9 9 9 . 9 9 9

1 . 0 0 0 0
1 . 0 0 0 0

P 2 0 B > f

0 .0 0 0 1

VABIABLE DF

I NI EB C EP
SSPND

PABAMETEB 
ESTIMAl E

- 0 . 8 7 8 8 6 0
9 . 8 0 7 3 6 E - 1 Ü

SIANDAbü
EHBOB

6 . 0 7 2 5 6 2 - 0 9  
1 . 9 1 5 3 0 2 - 0 8

I  FOB HO: 
PAüAMEIEB=0

- 9 9 9 9 9 . 9 9 9
0 . 0 0 0

PEoa > 
0 . 0 0 0  1 
1 . 0 0 0 0

VABIABLE DF

I NIE BC EP  1 
SSPND 1

TYPE I  SS
STANDARDIZED 

TYPE I I  S3 E S I I MA I E

1 5 . 9 9 7 8 8 1  3 . 8 7 5 7 3 9
2 .  9 6 5 1 9 E - 3 1  2 .  1 3 9 8 9 2 - 3 1

0 . 0 0 0 0 0 0
0 . 0 0 0 0 0 0

VABIABLE DF

I N IE B C E P  1 
SSPND 1

COVB

VABIABLE 
lOLEBANCE LABEL

INTEBCEPl
1 . 0 0 0 0 0 0  CUTTING S I Z E  PEE NOZZLE DIAMEIEH 

COVABIANCE OF ESTIMATES 

INTEBCEP

I N T E B C E P
S S P N D

3 .  6 8 7 6 O E - 17 
7 .  9 3 8 6 1 2 - 1 7

S 3 P N C

7 . 9 3 8 6 1 2 - 1 7
2 . 0 0 J 0 6 E - 1 6
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aASS BATE HAI IO S  VS CHIP S I Z E  PEE NOZZLE D I A I E I E B

DEP VABIABLE:  BOOT

SOD BCE

BOOEL 
EBBOB 
C TOTAL

OE

1
18
19

BOUT BSE 
DEP MEAN 
C . V .

SUB CF 
SjUABES

0 .0001
0

0 . 0 0 0 1

0 . 8 2 0 4  58 
0

BEAN 
SOU ABE

0 .0 00 1
0

B-SOUABE 
AOJ a - S O

E VALUE 

0 . 0 0 0

1 . 0 0 0 0
1 .0000

PBOE>E

0 .0 000

VABIABLE OE

INTEBCEP
SSPND

PABABETEB
ESTIMATE

1 0 . 8 2 0 4  58
1 - 9 . E 1 4 7 1 E - 16

SIANOABD I  FOB HO:
EBBOB PABABET£B=0 PBOB > H I

1 . 0 0 0 0
1 . 0 0 0 0

VABIABLE OF

INTEBCEP
SSPND

TYPE I  SS
SZANOABOXZEO 

I Ï P E  I I  SS E SI IMAI E

1 1 3 . 4 6 3 0 1 9  3 . 3 7 7 7 5 5
1 8 . 3 8 1 6 5 E - 3 1  6 . 5 3 9 5 8 E - 3 1

0 .0 00 00 0
- 0 . 0 0 0 0 0 0

VABIABLE OP

I NIEBC EP  1 
SSPND 1

COVB

VAfi lABLE 
ICLEBANCE LABEL

INTEBCEPT
1 . 0 0 0 0 0 0  C U I I I N S  SIZE  PEB NOZZLE CIABEIEB 

COVABIANCE OF ESTIMATES 

INTEBCEP

I N T E B C E P
S S P N D

SSPND

0
0
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1 Oc>IlÙN f A G £ S I Z £  = SO U ï i . S I ^ i l = 6 4  ÜUUATZ UOSUj BZH;
2 DATA « S I ;
3 INPUT ANGLE G INCHES CE C BHP;
4 Üh A«S = I NCHES*43 ;
5 N D C T= G f c A« S 42 0 / 4 53 . 5 9 ;
t> n«DOI = 6.34*Q;
7 B A I I O « = K C C T / n « C O I ;
a HFEODI3E=DE**5*G/C**2;
9 CABDS;

HÛTE: DATA SET HOEK. « S I  HAS 15 UBSEHVAIIONS AHi) 11 VARIABLES.  20
7 OBS/TRK
HOTE: THE DATA STATEMENT USED 0 . 1 1  SECONDS AND 9 2 X .

2 5  PEOC P bIN T DATA=MS1;

HOTE:  TUE PaOCEDUEE PEINT USED 0 . 1 4  SECONDS AND 136K 
AND P E I u T E C  PAGE 1.

2 6  DATA MS2;
2 7  SET MSI ;
2 3  E AI I O M= L OG 1 0 ( EA I I O M) ;
2 9  I F  EFECOOE HE 0 THEN EFEGUD£=LCG 1 0 (BFEOOCE) ;

HOTE: DATA SET WOEK.MS2 HAS 15 OBSERVATIONS AND 11 VARIABLES.  20
7 OBS/TEK
HOTE: THE DATA STATEMENT USED 0 . 0 8  S£CùHi/S AND 8 4 X .

3 0  PEOC PEI NT DATA = « S 2 ;

NOTE: THE PBOCEDUBE PEINT USED 0 . 16 SECONDS AND 136B 
AND PBINTED PAGE 2 .

3 1  PEOC EEG DATA= MS2;
3 2  MODEL EATIûM=aFBOUDE/ALL COLLIN PARTIAL;
3 3  OUTPUT OUT=C P =PEE£ ;

NOTE: DATA SET WOEK.C HAS IS  u BSEe VATIONS AND 12 VABIABLES.  190 
O E S / I E K
NOTE: THE PBOCEDUBE EEG USED 0 . 2 9  SECONDS AND 176K
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S A S  L O G  OS SAS â 2 . 22  V S 2 / 3 Ï S  JOB S i O I K

AdO P 5 I N I Z D  PAGES 3 1 0  3 .

3 4  DATA n S 3 ;
3 5 SLEGE MS2 C;
3 6  MO DEL-1 0« « PB £ 0;
3 7  EXPBMT=10**HA1ICM:
3 8  I F  BFBOUDE NE 0 IÜEN BFBCUDE=10**BFBOUOE;
3 9  LABEL EXPBMI=MASS BAIL B A I I O S ;

NOTE: DATA SET WOEK.MS3 HAS 15 OBSEBVATIONS AND 14 VABXABLES. 16
4 OBS/TBK
NOTE: THE DATA STATEMENT USED Ü.1Q SECONDS AND 1 2 0 X .

4 0  PBOC PEINT DATA=MS3;

NOTE: THE PBOCEDUBE PEINT USED 0 . 1 7  SECONDS AND 144%
AND PBINTED PAGE 9 .

4 1 PBOC PLOT- DATA=NS3;
4 2  PLOT EXPBMT*BFnOUDfi=*A'  MODEL*BFBOUDE= • P ' / C V E E L AÏ ;

NOTE: THE PBOCEDUBE PLOT USED 0 . 1 6  SECONDS AND 136K 
AND PBINTED PAGE 10 .

4 3  PBOC GPLOT;
4 4  PLOT EXPfiHT*BFBOUDE HUDEL«BFSOUDE/OV£BLAZ HAXIS=0 TO 
0 . 0 0 2 5  BZ U. Ü0 U5  VAXIS=
4 5  0 . 0  TO 0 . 3  BZ 0 . 0 5  VBEF=0 . 3  H B E F = 0 . 0 0 2 5  VECS=22 HPCS= 
7 0 ;
4 6  SZMB0L1 V=STAB 0 = 3 ;
4 7 SZMB0L2 I = S P L I N E  V=NONE C=3 L = 2 ;
4 8  T I T L E  . B = 1  . C = 2  MASS BATE BAI I OS  VS BECIPBCCAL FBOUDE 

NUHBEB;

NOTE: THE PBOCEDUBE GPLCI USED 0 . 5 5  SECONDS AND 5 1 2 K .

4 9  PBOC PLOT DATA=C;
5 0  PLOT EAIIOM*BFEOUDE='A* P B E D * E F 2 0 U D E = ' P ' / 0 V E B L A Z ;

NOTE: THE PBOCEDUBE PLOT USED 0 . 1 6  SECONDS AND 340K 
AND PBINTED PAGE 1 1 .

51  DATA MS4;
5 2  SET MSI ;
5 3  MDOT=LOG1C(MDOI) ;
5 4  I F  BFBCUDE NE 0 THEN EFBOUOE^LOG10 (BFBOUDE};

NOTE: DATA SET HOfiK. MS4 HAS 15 OBSEBVATIONS AND 11 V13I ABLES.  20 
7 OBS/TBK
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S A S  L O G  OS SAS 8 2 . 2 s  VS2/SVS JOB SA2LK

S O IE :  l U E  OAl'A S I  AI EN E S I  US £ii 0 . 0 7  SECONDS AND 2 9 2 K .

5 5  PEOC BEG CAIA=NS4;
5 6  NO DEL HDOI-BFEOUDE/ALL CCLLJLH P A B IIA L ;
5 7  O Ü IP U l  OUT=D P=PEED;

S O IE :  DATA SET WOEK.C HAS 15 OBSEBVATIONS AND 12 VABXABLES. 190
OES/XBK
NOTE: THE PBOCEDUBE EEG USEE 0 . 3 1  SECONDS AND 380K 

AND PBINTED PAGES 12 TO 1 7 .

NOTE: SAS I N S T I I U I E  IN C .
SAS CIBC LE
PO BOX 8 0 0 0
C A B Ï, N . C .  2 7 5 1 1 - 6 0 0 0
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DEP VAblABLE: KATICS

SOURCE

SOOEL 
SRRUb 
C lO IA L

Of

1
13
14

SUM Of 
SQUARES

0 .C 0C 1  
2 .  8 8 6 3 8 E -  13 

C.00C1

BCOX MSE 1 .4 9 Ù 1 2 E -Ü 8  
DEP MEAN - C . 8 0 8 1 4 1
C . Ï .  - . 0 0 0 0 0 1 8 4 3 9

MEAN
s q u a r e

0 . 0 0 0 1  
2 .  2 2 0 4 3 E -  16

R-SuUARE 
AOJ R - S J

f  VALUE

9 9 9 9 9 9 . 9 9 9

1 . 0 0 0 0
1 . 0 0 0 0

?aOB>F

0 . 0 0 0 1

VARIABLE Of

IN IE B C E P
BfBOUUE

PABAMEIEB 
ESIIMA IE

- 0 . 8 0 8 1 4 1
2 . 7 9 4 2 7 E - 1 6

SIANDARO
EBBCR

6 . H 3 9 0 3 E - 0 9
2 - 9 3 3 0 1 E - 0 9

I  FUR BO: 
PARA3EIEE=0

- 9 9 9 9 9 . 9 9 9
0 . 0 0 0

PROS > I T l

0 . 0 0 0 1  
1 . 0 0 0 0

VARIABLE DF

IN IE B C E P
BFBOUDE

I I P E  I  SS

9 . 7 9 6 3  86 
2 . 0 2 1 4 6 E - 3 0

STANDARDIZED 
IXPE I I  SS ESTIMATE

3 . 2 7 0 3 1 8
1 . 9 8 3 4 3 E - 3 0

0 .000000
0 . 0 0 0 0 0 0

VARIABLE DF

IN IEBC EP 1 
BfROUOE 1

COVB

ICLEBANCE

1 . 0 0 0 0 0 0

COVABIANCE Of E S I IM A IS S  

IN IEBC EP

IN IE B C E P
BFBOUDE

4 .  4 3 4 3 U E - 1 7  
1 . 6 d o 0 7 E —1 7

BFROUDE.

1 . 5 0 6 0 7 E - 1 7
8 . 7 3 2 Û 9 E - 1 8
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3 E P  VABIABLE: HDCl

SOURCE

MODEL 
ERROR 
C TOTAL

DF

1
13

ROOT MSB 
DEP MEAM 
C . V .

SUM CF 
SQUARES

0 . 0 0 0 1  
1. 1 1 D 2 2 E -1 5  

C .C 0 0 1

9 . 2 H 1 3 1 E -0 9  
0 . 7 6 9 7 1 8  

0 . 0 0 0 0 0 1 1 7 0 2

MEAN
SQUARE

0.0001
8 . 5 4 0 1 8 E - 1 7

R-SQUABE 
ADJ R-SQ

F VALUE

9 9 9 9 9 9 . 9 9 9

1 .0000  
1 .0000

?EOB>F

0 . 0 0 0 1

VARIABLE DF
PARAMETER 

ESTIMA TE

INTEBCEP
BFROUOE

1 0 . 7 8 9 7 1 8
1 - 2 . 7 9 4 2 7 E - 1 6

STANDARD T FOB HO: 
EBBCR PARAMETER=0

4 . 1 2 9 7 7 E - 0 9
1 . 8 3 2 b 2 £ - 0 9

9 9 9 9 9 . 9 9 9
- 0 . 0 0 0

PfiOB > I T l

0 . 0 0 0 1  
1 . 0000

VARIABLE OF

INTEBCEP
BFBOUDE

TYPE I  £S

9 . 3 5 9 8 2 6
2 . 0 2 1 9 6 E - 3 0

STANDARDIZED 
TYPE I I  SS E S I IM A IE

3 . 1 2 2 9 1 2
1 .9 8 5 4 5 E - 3 Û

0 . 3 0 0 0 0 0
- 0 . 0 0 0 0 0 0

VARIABLE OF

IN IE B C E P
BFROUDE

COVB

ICLEBANCE

1 . 0 0 0 0 0 0

COVABIANCE OF ESTIMATES 

INTEBCEP

I N I  ERCEP 
BFBOUDE

1. 7 0 5 5 Ü E -1 7  
6 .  1 7 7 1 9 E - 1 8

RFBOUOE

6 . 1 7 7 1 9 E - 1 6  
3 . 3 5 8 5 0 2 - 1 8
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UUXE: S A i  OPTIONS S P E C l f l S O  AHS:
SuAT=4

1 OPTION PAGESXZ£=50 L I N E S I 2 S = 64 NOOAIE NON0 3 8 E S ;
2 DATA MSI :
3 INPOT EPM INCHES Q;
4 ua AHS = INCHES«4 3 ;
5 d O û I = G B A M S * 2 Ü /4 5 3 .5 9 ;
6 MM 3 0 1 = 8 . 6 * 0 :
7 BATIOa=BDCT/MMDOT;
3 E N E s ( ( R P M * ü * 8 . 6 ) / i 0 . 5 * l . C ) )  ;
9 LABEL ENBs b o TATICNAL BEZNOLOS N0M3Z3;
1 0  CARDS;

NOTE: DATA SET WORK.MSI MAS 2 0  OBSERVATIONS AND 3 VARIABLES. 2 3 0  
OBS/TEK

NOTE: THE DATA STATEMENT USED 0 . u 9  SECONDS AND 9 2 K .

31 PEOC PRINT DATA=MS1;

NOTE: THE PRDCEDORE PRINT USED 0 . 1 6  SECONDS AND 132R  
AND PRINTED PAGE 1.

3 2  DATA HS2;
3 3  SET MSI;
3 4  RATIOH=LOG10(BAXIOH) ;
3 5  IE  RNE NE U THEN RNRsLoG 10 (BNE) ;

NOTE: DATA SET WOEK.MS2 MAS 20 OBSERVATIONS AND 3 VARIABLES. 23 0  
OBS/TEK

NOTE: THE DATA STATEMENT USED 0 . 0 7  SECONDS AND 8 4 K .

3 6  PBOC PRINT DATA =H S2;

NOTE: THE PRDCEDORE PRINT USED 0 . 1 5  SECONDS AND 1 3 2 3  
AND PRINTED PAGE 2 .

3 7  PBOC EEG CATA= MS2 ;
3 8  • MODEL RATION=ENE/ALL COLLIN PARTIAL; '
3 9  OUTPUT OUT*C P=PEED;

NOTE: DATA SET WORK.C HAS 20 OBSERVATIONS AND 9 VARIABLES. 2 5 0  0 
B S /IR K
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S A S  L ù li OS SAS 3 Z . 2 B  V S 2 /S V S  JC3 SACIK

NO'IB: IH E  3£UCS£UE£ ESC USEE ü .  Sa  SECÜÜES ASO 176K 
AND e a iN T E C  PAGES j  TO 8 .

<iO DAXAMS 3 ;
4 1  MEHGS (IS2 C;
4 2  dÜOEE = 1 0 w P R E ü ;
4 3  E X PE«T=10**B A TIO fl ;
4 4  U  SSB  NE 0 lUEN EN E=1ü**R N E;
4 5  LABEL EXPEMT=8ASS RATE R ATIOS;

NOTE: UATA SET WORK. NS3 HAS 2ü ÜESEEVATIOKS AND 11 VARIABLES. 20  
7 OBS/TEK
NOTE: THE DATA STATEMENT USED 0 . 0 9  SECONDS AND 1 2 0 K.

4 6  PR OC PEINT DATA=MS3;

NOTE: THE PROCEDURE PEINT USED 0 . 1 7  SECONDS AND 136K  
AND PRINTED PAGE 9 .

4 7 PROC PLUT DATA=MS 3 ;
4 8  PLOT EXPaMT*ENR=*A' M U 0 E L * E N R = 'P ' /O 7 E E L A T ;
4 9 T IT L E  .H =1 . C=2 MASS RAIE RATIOS VS ECTATIOHAL RE7N0L
DS NUMBER;
5 0  fOUTNOTE .H = 1  .P=DUPLEX . 0 = 2   “ REGRESSION;

NOTE: THE PROCEDURE PLOT USED 0 . 1 8  SECONDS AND 136K 
AND PRINTED PAGE 1 0 .

51  PROC GPLOT;
52  PLOT EXPBMT«ENR MOO£L*RNB/UVERLAZ HAXIS=C 10 6 0 0 0  Ht 
1 5 0 0  VAX1S=.Ü 4 TO
5 3  0 . 0 8 5  BY Û.Ü1 VR£F=Ü.U8 B E E P = 6000  7 P 0 S = 2 2  HPOS=80 VPO 
3 = 2 2  HPOS=70;
5 4  SÏMBOLI V=STAR C = 3 ;
5 5  S Ï 8 B 0 L 2  I= S P L IN E  V=NONE C=3 L = 2 ;

NOTE: THE PROCEDURE GPLOT USED O .o 5  SECONDS AND 5 1 2 K .

5 6  PBOC PLCT DATA=C;
5 7  PLOT EATIOM*RNR='A' P R E D » R N R = 'P ' /O V E R L A Y ;

NOTE: TUE PROCEDURE PLOT USED 0 . 1 7  SECONDS AND 344K  
AND PRINTED PAGE 1 1 .

5 8  DATA HS4;
5 9  SET MSI;
6 0  MDOT=LOG10(MDOT);
61 I F  RNE NE 0 THEN RNR=LOG10 (RURJ ;
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s  A u L L, S uS SAS  d 2 . 2 E  VS2/MVS JOB SAOIK

NOTE: DATA S E I  NCRK.MS4 UA3 20 OBSERVATIONS AND 8 VARIABLES. 230  
ObS/XRK

NOIE: TUE DATA STATENSNT JSEU 0 . 0 7  SECONDS AND 2 9 6 K .

6 2  BROC EEG CAIA=NS4;
6 3  MODEL MD0T=ENR/A1L COLLIN P A E T I A i ;
6 4  O U IP O I  CUX=D p sP ô E D ;

NO IE: DATA SET WORK.D HAS 2 0  GB5EHVAXIONS AND 9 VARIABLES. 2 5 0  0
B S /IR K
NOIE: TUE PROCEDURE BEG USED 0 . 3 5  SECONDS AND 384K 

AND PRINTED PAGES 12 10 1 7 .

NOTE: SAS I N S X IT U IE  INC.
SAS CIRCLE
PO BOX 8 0 0 0
C A B Ï,  N . C .  2 7 5 1 1 - 6 0 0 0
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D£P V M i l i b l S t  E i& IlCa

SOURC£

MOOùL
EBROa 
C TOTAL

DF

1
18
19

SUtt CF 
SÜUAB ES

H EAU 
SUUABS

BüOT a S E  
D£P H£AN 
C .V .

0 . 0 4 7 5 6 6  0 . 0 4 7 5 6 6
0 . 0 0 3 1 1 2 9 7 9  U . 0 0 0 1 7 2 9 4 3 3  

0 . 0 5 0 6 7 9

0 . 0 1 3 1 5 1  
- 1 . 2 3 3 0 7 5  

-  1 . 0 6 6 5

B-SQÜASS 
ADJ B-SQ

F VALUS 

2 7 5 . 0 3 8

0 . 9 3 8 6
0 . 9 3 5 2

?aOE>F

0.0001

VABIABLE DF

IN IE B C E P  1 
BNB 1

PABAMEIEB
tSTlMATE

- 1 . 3 2 9 6 1 4  
0 . 0 3 4 3  60

SIANDaBD
EBBUB

0 . 0 0 6 5 2 1 7 1 4  
C . 0 0 2 0 7 3 0 5 3

I  FOB UO: 
PABAMEIEB=0

- 2 0 3 . 8 7 5
1 6 . 5 3 4

PBüB > 111

0 . 0 0 0 1  
0 .000 1

VABIABLE DF

IN IE B C EP
RNE

TYPE I  S3

3 0 . 4 0 9 4 6 4
0 . 0 4 7 5 6 6

SIANDABOXLED 
TYPE I I  SS E S I IM A IE

7 .  1 8 8 3 8 4  
0 . 0 4 7 5 6 6

0 . 0 0 0 0 0 0  
0 .  9 6 3 3 0 1

VABIABLE DF

IN IE B C E P  1 
BNB 1

COVB

VAB lABLE 
ICLEBANCE LABEL

IN T E B C E P l
1 . 0 0 0 0 0 0  BüIAXIONAL REYNOLDS NUMEEB 

CCVABIANCE OE ESIIMATES 

INTEBCEP BNB

IN IE B C E P
BNB

. 0 u 0 0 4 2 5 3 2 7 5
- . O 0 O Û 1 2 0 6 7 5

- . 0 0 0 0 1 2 0 6 7 5
. 0 0 0 0 0 4 2 9 7 5 5
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BASS BATE BATICS VS NOTAIIONAL xEZNOLOS JUBEEB

OEP VAUIAIiIE: 8DCT

SOUBCE DF
SUM OF 

SQUARES
BEAN 

SQU ABE F VALUE ?ROB>F

BOOEL 
EBBOB 
C TOTAL

1
16
19

0 . 0 1 7 5 b o  
0 . 0 0 3 1 1 2 9 7 9  

0 . 0 5 0 6 7 9

0 .U 1 7 5 6 Ô
0 . 0 0 0 1 7 2 9 1 3 3

2 7 5 . 0 3 8 0 . 0 0 0 1

BOOT BSE 
OEP BEAN 
C .V .

0 . 0 1 3 1 5 1
0 . 6 3 0 8 1 3
2 . 0 8 1 6 3 d

a -S ü U  ABE 
AOJ B-SQ

0 . 9 3 8 6
0 . 9 3 5 2

VABIAELE DP
PABAMETEB 

E S I IM A IE
STANOABO

ERBOB
I  FOB HO:

PARAB3TEB=0 PROS > | T j

INTEBCEP
BNB

1
1

0 . 5 3 1 3 0 3  
0 . 0 3 1 3  80

0 . 0 0 6 5 2 1 7 1 1
0 . 0 0 2 U 7 3 0 S 3

8 1 . 9 2 7
1 6 . 5 3 1

0 . 0 0 0 1
0 . 0 0 0 1

VARIABLE OF T ÏP E  I  SS TYPE I I  SS
SIANDAB0I2ED

ESTIMATE

INTEBCEP
BNB

1
1

7 . 9 5 9 2 5 0
0 . 0 1 7 5 6 6

1 . 1 6 0 7 9 6
0 . 0 1 7 5 6 6

0 . 0 0 0 0 0 0  
0 .  9 6 8 8 0 1

VARIABLE DF TOLERANCE
VARIA8L

LABEL
E

INTEBCEP
BNB

1
1 1.000ÜÜO

IN TE B C EPl 
ROT Ax ZONAL REYNOLDS NUBBEH

CÛVB

IN IË £ C E E

COVABIANCE OF E B IIN A IE S  

IN IEBC EP ESE

.0 û û û * » 2 5 J 2 7 b
- . U û ü 0 1 2 0 o 7 S

- . 0 0 0 0 1 2 0 6 7 5
. 0 0 0 0 0 1 2 9 7 5 5
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1 ÜPTIOH F 4 ü E S I Z ï ;=50 i l U E S  1 : 2  = 64 NUDAIE ; ;o ;<U33E2;
2  DAIA MS I ;
3 IMPOT 1 DE INCHES j  EUE;
4 S F b 0 = L / 0 ü :
5 U 6 E L  SPBC=S£ACXNij PER 5 1 2  CXAMEXEE;
6 GnA aS=IN C H ES*bC ;
7  H D ü I = G B A H S * 2 ü / 4 5 3 .5 9 ;
8 aaDo i=a .34 »Q :
9 EATXOflsHDCI/HMCUI;
10 CARDS;

S O I E :  DATA S E I  WOEK.MSI HAS 44  OBSEBVAIIONS AND 10 VAEXABXES. 2 2  
6 O B S /IB K
S O I E :  TUE DATA STAIEMENI USED 0 . 0 9  SECONDS AND 9 2 K .

5 5  PBGC PEINT 0 A I A = a S 1 ;

N O IE:  IH E  PROCEDURE PRINT USED 0 . 1 8  S2C0UDS AND 136K 
AND PRINTED PAGE 1.

5 6  DATA MS2;
5 7  S S I  MS I ;
5 8  B A IIO R =L0G 10 (BAIIOM) ;
5 9  SPBD=LOG10(SPBD) ;

S O I E :  DATA SET W0BK.MS2 BAS 44  OBSEBVAIIONS AND 10 7 A 5 IA B 1 E S .  22  
6  O B S /IB K
S O I E :  THE DATA STATEMENT USED 0 . 0 8  SECONDS AND 8 4 X.

6 0  PBOC PRINT DATA =MS2;

NOTE: IH E  PROCEDURE PRINT USED 0 . 1 8  SECONDS AND 136K 
AND PBINTED PAGE 2 .

6 1  PBOC REG DATA=MS2;
6 2  MODEL RAIXCM=SPbC/ALL COLLIN PARTIAL;
6 3  OUTPUT OUT=C P=PBSD;

NOTE: DATA S E I  WORK.C HAS 4 4  OBSERVATIONS AND 11 VARIABLES. 20 7  
O B S /IB K
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S A S  L C Q ÜS SAÔ a Z . l c  V S : / Ü 7 S  JOB 3A0XK

N O IE :  TUE PSUCEDUEE EES USED U .4 1  SECONDS AND 1 7 6 S  
AND BEI NIEE PAGES U XC 1 0 .

6 4  DATA a S 3 ;
6 5  aSBGE a S 2  C ;
6 6  aU D EL=10*«PR EO ;
6 7  E X P B a i = 1 0 * * a A I I O H ;
6 8  SPB D =10**SE B D ;
6 9  LABEL E X P â a i= a A S S  EAXE k A Z IO S ;

N O IE:  DATA S E I  U 0 B K .a S 3  HAS 4 4  OBSEBVAIIONS AND 13 VARIABLES. 17 
6 OBS/TBK
N O IE :  TUE DATA SIATENENT USED 0 . 1 0  SECONDS AND 1 2 0 K.

7 0  PBOC PEINT DATA=aS3;

NOTE: THE PBOCEDUBE P B IN I  USED 0 . 2 3  SECONDS AND 144K 
AND P B IN IE D  PAGES 11 Tu 1 3 .

7 1  PBOC PLOT DATA=aS 3 ;
7 2  PLOI E X P B a i* S P B D = 'A '  a 0 0 E L * S E B D * 'P ' / O Ï E B I A Ï ;

NOTE: THE PBOCEDUBE PLOT USED 0 . 1 8  SECONDS AND 136%
AND P B I N I E D  PAGE 1 4 .

7 3  PBOC G PLO I;
7 4  PLO I EX PB ai*SPBD  aOOEL*SPBD/OVEBLAÏ V B E P = 0 .26  HBEE=2.
4  7PO S=22 H PO S=70:
7 5  SYHB0L1 7=SIAB C » 3 ;
7 6  SXNB0L2 I = S P L I N £  7=N0NE C -3  L =2 ;
7 7  T IT L E  .H = 1  . C - 2  NASS BAIE BATI OS VS SPACING PEB BIT D
lA a E T E B ;

N O IE :  IH E  PBDCEOUBE GPLCI USED 0 . 5 7  SECONDS AND 5 1 2 R .

7 8  PBOC PLOT DATA=C;
7 9  PLOI k A T IO a * S ? B D = * A ' PB E D *S P B D = 'P * /O V E B L A Ï;

NOTE: THE PBOCEDUBE PLOT USED 0 . 1 6  SECONDS AND 3 4 4  X 
AND PB IN IED  PAGE 1 5 .

8 0  DATA H S4;
8 1  SET a s i ;
8 2  NDCI=LCG10 (NDOI) ;
8 3  S P B D = L 0 G 1 0 (S P B D ) ;

N O IE :  DATA SET U0BK.HS4 BAS 4 4  O8SEBVATX0NS AND 10 VARIABLES. 2 2  
6 OBS/TBK
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S A S  I C S  OS SAS S 2 . 2 E  VS2/AVS JOB SA 3IK

HOTE: THE DATA SIA IE M E N Ï USED Ü .Ü 7  SECONDS AND 2 9 6 K.

8 4  PBOC BEG CAIA=NS4;
8 5  MODEL MDCI=SPBD/AIL COLLIN PABTIAL;
8 6  O U IP U I  OUI=D P=PBED;

NOTE: DATA SET HOEK.D HAS 4 4  OBSEBVATIONS AND 11 V A E IA B IE S .  2 0 7
OBS/TBK
NOTE: THE PBOCEDUBE RES USED 0 . 4 4  SECONDS AND J 8 4 K  

AND PBINTED PAGES 16 TO 2 3 .

NOTE: SAS INSTITUTE I N C .
SAS CIBCLE
PO BOX 8 0 0 0
C A B Ï,  N .C .  2 7 5 1 1 - 8 0 0 0
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DEP VARIABLE; RATION

SON CF
SOURCE Df SQ UABES

MODEL 1 2 . 7 1 6 3 3 2
EBBOB 42 C . 1 6 6 1 6 8
C TOTAL 43 2 . 8 8 2 5 0 0

BOOT a s  S 0 . 0 6 2 9 0 0
DEP MEAN - 1 . 0 7 4 9 4 5
C .V . - 5 . 8 5 1 4 5

PARAMETER
VARIABLE DF ESTIMATE

INTEBCEP 1 - 1 . 1 9 9 1 7 6
SPBD 1 - C . 6 0 0 6 7 0

VARIABLE DF TYPE I  SS

INTEBCEP 1 5 0 . 8 4 2 2 5 8
SPBD 1 2 . 7 1 6 3 3 2

BEAN
SUUAE3

2 . 7 1 6 3 3 2
0 . 0 0 3 9 5 6 3 E Ê

H-SwUAB2 
AOJ a - s u

STANDARD
EBBOB

O . U 1 0 6 0 2
U .D 2 2 9 2 4

f  V&LDS 

6 8 6 . 5 6 9

0 . 9 4 2 4
0 . 9 4 1 0

I  FOB HO: 
FARABBTEB-0

- 1 1 3 .  111 
- 2 6 . 2 0 2

STANDABOIZZD 
T ÏB B  I I  SS ESTIMATE

PBOE>F

0 . 0 0 0 1

PBüB > J T l

0 . 0 0 0 1
0 . 0 0 0 1

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

0. 000000  
- 0 .  9 7 0 7 4  9

7ABIABLE DP

INTEBCEF 1 
SPBD 1

CüVB

VAB lA B IS  
TCLEEAMCE LABEL

INTEBCEPT 
1 .0 0 0 0 C O  SPACING PEB B IT  DIAMETEE

CCVABXANCE O f  ESTIMATES

I nIE B C E P SPED

INTEBCEP
SPBD

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

0 . 0 0 0 1 0 8 6 E E 5
0 . 0 0 0 5 2 5 5 1 8 8
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MAaS BAIE H A IIü S  Va âP Â C lN G  PEB B IT  DIAaSTEB 

DEP VARIABLE: HOCI

SUM OF MEAN
SOURCE DF SQUARES SQUARE F VALUE PROB>F

MODEL 1 2 . 7 1 6 3 3 2 2 . 7 1 6 3 3 2 6 8 6 . 5 6 9 0 . 0 0 0 1
ERROR R2 0 . 1 6 6 1 6 8 0 . U 0 3 9 5 o 3 S 6
C TOTAL R3 2 . 8 8 2 5 0 0

ROOT MSE 0 . 0 6  29 OU b -SQO ABE 0 . 9 4 2 4
DEP MEAN 0 . 3 2 3 3 4 3 AOJ a - S Q 0 . 9 4 1 0
C . V . 1 9 . 4 5 2 9 8

PARAMETER s t a n d a r d T FOB ao:
VARIABLE Df ESTIMATE ERROR PARAMETER=0 PBOB > J T l

INTEBCEP 1 0 . 1 9 9 1  11 0 . 0 1 0 6 0 2 1 8 . 7 3 1 0 . 0 0 0 1
SPBD 1 - 0 . 6 0 0 6 7 0 0 . 0 2 2 9 2 4 - 2 6 . 2 0 2 0 . 0 0 0 1

STANDARDIZED
VARIABLE DF TYPE I  SS TYPE i i  S3 ESTIMATE

INTERCEP 1 4 . 6 0 0 2 2 3 1 . 3 9 5 5 1 9 0 . 0 0 0 0 0 0
SPBD 1 2 . 7 1 6 3 3 2 2 . 7 1 6  3 3 2 - 0 . 9 7 0 7 4 9

VARIABLE
VARIABLE DP TOLERANCE LABEL

INTERCEP 1 INTERCEPT
SPBD 1 1 .0 0 0 0 0 Ü SPACING PER BIT  DIAMETER

COVB

I B IE E C E P
SPBD

COVARIANCE O f  ESTIMATES 

INTEBCEP SEED

0 . 0 U 0 1 1 2 J 9 7  
U .U O O 1 0 3 6 8 6 5

0 . 0 0 0 1 0 8 6 3 8 5
0 . 0 0 0 5 2 5 5 1 8 6
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1 OPTION PAGESIZE=5Ù 1.1Nl EZZ2 = 64  Nu DAIE UONUNSES;
2  DATA MSI ;
3 INPOT INCHES CUTCNSTT ü ;
H I F  C U T D N S T y - 2 . 5 9 8 i a  THEN GEAaS=INCHES*6 0 ;
5  I f  C U T C N S T T = 7 .7 6 3  THEN G B idS = IN C H 2S *  1 7 4 .  123;
6 I f  C U I D N S T Y = 1 0 .5 3 9  THEN G E A M S = IN C H 2 S * 2 7 5 .4 ;
7 LABEL VCLEATIUsVCLUME H A IIO S ;
8 LABEL B A T IO D C O IT IN G  DENSITY PEB FLUID DENSITY;
9 MDCT=GEAMS* 2 0 / 4 5 3 . 5 9 ;
10 M M D 0 T = 8 .3 4 * Q ;
11 BATIOM=MD(.T/MMDOI;
12 R A T IO D = C O ID N S T Y /8 .3 4 ;
13  LABEL BATICC=CUTIING DENSITY PEE FLOID DENSITY;
14 LABEL BAIIOM=HASS BATE E A I I O S ;
1 5  CUITVCL= ( IS C H E S * 3 .  1 4 1 6 / 4 )  * 1 . 7 5 * * 2 ;
16 FLUID VOL= 0 . 3  25 *  2 3 1 ;
17 VOLBATIO=COTIVOL/FLUIOVOI;
18  CABDS;

NOTE: DATA SET V0BK.MS1 HAS 24  OBSERVATIONS AND 11 VARIABLES. 20 
7 O B S /IB K
NOTE: THE DATA STATEMENT USED 0 . 1 1  SECONDS AND 9 2 K .

4 3  PBOC PRINT DATA=HS1;

NOTE: THE PBDCEDORE PRINT USED 0 . 1 7  SECONDS AND 136K 
AND PBINTEC PAGES 1 TO 2 .

4 4  PRCC GELOT;
4 5  PLOT V O L B A T IO *B A IIO D /U A Z IS= 0 .25  TO 1 . 3 5  EY 0 . 5 5  VAXIS 
= 0 .  11 TO 0 .  19 BY 0 . 0 1
4 6  V E E F = 0 .1 9  H H E F = 1 .3 5  V P 0S = 22  H PO S=70 ;
4 7  SYMBOLS I=RQ V=STAB C = 3 ;
4 8  T IT L E  .H = 1  . C=2 VOLUME RATIOS VS DENSITY RATIOS;

NOTE: THE PROCEDURE GPLOT USED 0 . 4 3  SECONDS AND 4 1 8 K .

4 9  DATA MS2;
5 0  SET MSI ;
5 1  RATIOM=LOG 10 (RATION) ;
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S A S  L C G OS SAS à i . . 2 b  7 S 2 / 3 7 S  ÙC3 SA3XS

5 2  BAIICC^LCGIO (BAIIOC) ;

ttUTE: 3A IA  S E I  aUBK. BS2 ÜAS 0 E 5 c S 7 A I I Ô S S  AS3 11 7AEIAÔLES. 20
7 OBS/THK
N O IE: TUE DATA S IA IE M EN I OSEE ü . 0 7  SECONSS ANS 2 9 6 K.

5 3  PBOC EEIMT DATA =BS2;

BOXE: THE PBOCEOÜBE PBIBT USED 0 . 1 b  SECONDS AhO 34SK 
AND P B I B I E D  PAGES 3 TC N.

5 4  PBOC a  EG DAIA=aS2;
5 5  MODEL BAIIOM=a AITOü/ALL COLLIS P A H IIA L ;
5 6  OUTPUT OUT=C P=PEED;

NOTE: DATA SET HOBK.C HAS 2 4  0BSEE7AXIONS AND 12 7 A a iA a L E S .  190 
O B S /IR K
BUTE: THE PBOCEOÜBE BEG USEE 0 . 3 5  SECONDS AND 334K

AND PBINTED PAGES 5 TO 1 1 .

5 7  PBOC EBINT DATA=MS2;

N O IE:  THE PBUCEDUBE PBINT USED 0 . 1 7  SECONDS AND 343%
AND P â lN T E D  PAGES 12 1 0  1 3 .

5 3  DATA HS3;
5 9  MEBGE MS2 C;
6 0  MODEL=10*«PBED;
6 1  E ZPB H T =10*«B AXIOM;
6 2  B A I I O D = 1 0 * * B A i I ü C ;
6 3  LABEL EXPBMT'MASS BATE BATXOS;

BOXE: DATA SET U0BK.MS3 HAS 2 4  OBSEBVATXONS AND 14 7ABXABLES. 16 
4 OBS/TBK
BOTE: THE DATA STATEMENT OSEO 0 . 0 9  SECONDS AND 3 2 4 % .

6 4  PBOC EBINT DATA-HS3:

NOTE: THE PBOCEDUBE PBINT USED 0 . 1 7  SECONDS AND 352%
AND PBINTED PAGES 14 1 0  15 .

6 5  PBOC PLOT DATA=NS3;
6 6  PLOT EXPBHT«BAT10D-'A* M 0 0 E L « B A T I0 0 = 'P * /C 7 E B L A T ;

NOIE: THE PBOCEDUBE PLOT DSED 0 . 1 b  SECONDS AND 344%
AND PBINTED PAGE 16.

6 7  PBOC GPLOT:
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S A S  I  C a  U3 S&S d 2 . 2 £  V32/ aVS JOB 3&3IK

b S  PLUT EXPRMI$BAIIOD aO ûE L*B A IIüD /C V E B L A Î 3 2 X 1 3 = 0 .2 5  1 0
1 . 3 5  B ï  0 . 5 5

6 9  VAXXS = 0 . 2 5  1 0  0 . 8 5  BX 0 . 1 0  V B £ F = 0 .8 5  a S S x = 1 . 3 5  7P 0 S = 2  
2 UP0S=7Ui
7 0  S ï a b O L I  7 = 3 1 AB C = J ;
71 3XHBOL2 I = 3 P L I B E  T=BOIiE 0=3  1 = 2 ;
7 2  T I I I E  .H = 1  . 0 = 2  BA33 BAIE B A C 0 3  V3 0 E N 3 I I Ï  BAI1 0 3  ; 

NOIE: IH E  PBOCEDUBE G PL C I U3EC 0 . 3 7  3EC0ND3 AND 5 1 2  K.

7 3  PBOC PLOT OAIA=C;
7 4  PLOT B A I I 0 a * B A I 1 0 D = 'A '  P B £ 0 * B A II 0 D = • P V 0 7 E E L A Z ;

NOIE: IH E  PBJCEDOBE PLOT USED 0 . 1 3  SECONDS AND 3 4 4 K 
AND P B IN IE C  PAGE 1 7 .

7 5  DATA 3 3 4 ;
7 6  3 E I  M S I ;
7 7  HDCX=IC610 (HOOI) ;
7 8  BATIOC=LOG10 (BAIIOO) ;

N OIE: DATA 3 E I  W0BK.M34 HAS 2 4  0B3EBVAI10N3 AND 11 7AEIABLE3. 20 
7 OBS/TBK
N O IE: IH E  DATA S IA IE M E N I USED 0 . 0 7  SECONDS AND 2 9 6 K.

7 9  PBOC BEG EAIA=MS4;
8 0  MODEL HD0X=BAI1GC/ALL COLLIN P A B IIA L ;
3 1  OUTPUT OUI=D P=PBED;

NOTE: DATA S E I  HOBK.O HAS 2 4  OBSEHVACONS AND 12 VARIABLES. 190 
O B S/IB K
N O IE: IH E  PBOCEDUBE BEG USED 0 . 2 9  SECONDS AND 3 8 4 K 

AND PBINTED PAGES 18 Tü 2 4 .

NOTE: SAS I N S I I I U I E  I N C .
SAS CIBCLE
PO BOX 8 0 0 0
CABY, N .C .  2 7 5 1 1 - 8 0 0 0
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DEP VARIABLE: R A U C H  HASS RAIE RATIOS

SOURCE

aODEL 
ERROR 
C TOTAL

OF

1

2J

sua OF
SQUARES

HEAR
SQUARE

0 . 9 6 9 5 4 4  0 . 9 8 9 5 4 4
0 . 0 0 2 1 9 1 6 8 8  . 0 0 0 0 9 9 6 2 2 1 8  

C . 9 9 1 7 3 6

ROOT HSE 
DEP HEAR 
C . V .

0 . 0 0 9 9 8 1 0 9 1
- 0 . 2 6 8 5 0 4

- 3 . 7 1 7 3

R-SQU ABE 
AOJ R-SQ

F VALUE 

9 9 3 2 . 9 6 7

0 . 9 9 7 8
0 . 9 9 7 7

PBOB>F

0 . 0 0 0 1

VARIABLE DF

IHTERCEP 1 
RATIOD 1

PARAMETER
ESTIMATE

- 0 . 1 5 5 4 6 7  
0 .  777 7  77

ST ABOARD T FOB HO:
ERROR PARAMEIER=0 PRUB > | I |

0 . 0 0 2 3 3 1 7 9 8
0 . 0 0 7 8 0 3 9 6 9

- 6 6 . 6 7 2
9 9 . 6 6 4

0 . 0001
0 .0001

VARIABLE DF

INTEBCEP
RATIOD

I Ï P E  I  SS

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

STANDARDIZED 
I I P E  I I  SS ESTIMATE

0 . 4 4 2  842 
0 . 9 8 9 5 4 4

0 .0 00 00 0
0 . 9 9 8 8 9 4

VARIABLE DF

INTEBCEP 1 
RATIOD 1

COVB

VARIABLE 
TOLERANCE LABEL

I N IE R C E P I
1 . 0 0 0 0 0 0  CUTTING DENSITY PER FLUID DENSITY 

COVARIANCE OF ESTIMATES 

INTEBCEP RAIICD

I  NT EECEP 
RATIOD

.00000543728
.00 00 08 85 10 8

. 0 0 0 0 0 8 8 5  103 

. 0 0 0 0 6 0 9 0 1 9 4
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DSP VABI ABLE: ttOCI

SOUBCE

HUOEL
EBBUa
C rO T A l

0?
1

22
23

SOM OF 
SCO ABES

MEAN 
SQUABE

0 . 9 8 9 5 4 4  0 . 9 8 9 5 4 4
Ü . 0 0 2 1 9 1 6 8 8  . 0 0 0 0 9 9 6 2 2 1 8  

C . 9 9 1 7 3 6

BOUI HSE 
DEP MEAN 
C .V .

0 . 0 0 9 9 8 1 0 9 1  
1 . 4 6 5 5 7 6  

0 . 6 8 1 0 3 5 5

B-SaOABE
AOJ a - s a

F VALUE 

9 9 3 2 . 9 6 7

0 . 9 9 7 8
0 . 9 9 7 7

PB0B>F

0 .00 01

VABIASLE OF

INTEBCEP 1 
BATIUO 1

PABAHETEB
ESTIMATE

1 . 5 7 8 6 1 3
0 . 7 7 7 7 7 7

5 1  AND ABO 
EBBCB

C. 0 0 2 3 3 1 7 9 3  
0 . 0 0 7 8 0 3 9 6 9

T FOB HO: 
PABAMSIEB=0

6 7 6 . 9 9 4
9 9 . 6 6 4

PH05 > J T l

0 .0 001  
0 .0001

VAB TABLE DF

INTEBCEP
BATIOD

TYPE I  SS

5 1 . 5 4 9 8 9 7
0 . 9 8 9 5 4 4

SIANDABDIZED 
TYPE I I  SS ESTIMATE

4 5 . 6 5 8 9 0 1
0 . 9 3 9 5 4 4

0.000000
0 . 9 9 8 8 9 4

VA&IAËLE DF

INTEBCEP
BATIOD

COVB

VABIABLE 
TOLBBANCE LABEL

IH IEB C EPT
1 . 0 0 0 0 0 0  CUTTINO DENSITY PEB FLUID DENSITY 

COVABIANCE OF ESTIMATES 

INTEBCEP BATICD

INTEBCEP
BATIOD

.00000543728
.0 00 0 0 8 8 5 1 0 8

. 0 0 0 0 0 8 8 5 1 0 8  
. 0 0 0 0 6 0 9 0 1 9 4



193

N O I E :  NAS O P T I O N S  S P E C I F I E D  A B E :
S 0 E I = 4

1 OPTION PAGESI2E=5û t I N E S I Z E = ô 4  NUJATE NONDaE EE ;
2 DATA FLCB1;
3 IN  PUT ËXTNONEE Q IN CH ES;
4 GRAMS=IKCHES*43;
5 NDCIsGEAHS * 2 0 / 4 5 3 .  5 9 ;
6 I I T L E 1  . a = 1  CLEANING A CIICN  BX VABIOUS NCZZLE CCHBINA 
I IU N S ;
7 X I I L E 2  .H * 1  . 0 * 2  MASS BA IE  OF COITXNG BEECV2D (LB/MIN 
) VS BIT NO;
a I I I L E 3  .H=1 . 0 = 2  0 = 4 . 7 5  GPM;
9 CAEOS;

NOTE: DATA S E I  NCBK. FLUU1 BAS 12  OBSEBVAXIONS AND 5 7AEIABLSS. 4 
3 3  OBS/TBK
NOTE: THE DATA SIA IEM EN I USED 0 . 0 9  SECONDS AND 3 4 K .

2 2  PBOC PBINT DATA* FLOU 1 ;

NOTE: THE PBJCEDOBE PEINT OSEO 0 . 1 4  SECONDS AND 132K 
AND PBINTED PAGE 1.

2 3  PBOC GCHABI CAIA=FLUU1 ;
2 4  VBAK BITNUMBf/IXPE= MEAN SUM7A£=MOOT GBOOP=BIINOHBR;
2 5  LABEL NDOT=MASS BAIS UF CUTTING BEMOVED;

NOTE: THE PUUCEDÜBE GCHABI USED 0 . 6 6  SECONDS AND 4 0 8 K .
NOTE: SAS USED 4Û8K MEMCBX.

NOIE: SAS I N S I I I U I E  IN C .
SAS CIBCLE
PO BOX 8 0 0 0
CABX, N .C .  2 7 5 1 1 - 8 0 0 0
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1 OPTION PAGES 122=  50 L X tiE S I22= 64  NOD AIE NONOaBEB;
2 DATA FLO8 2 ;
3 INPUT BITHUHBB ü  INCHES;
4 GBAHS=INCHES*43;
5 H D O T=G B A H S*20/453 .5 9 ;
6 T IT L E  1 . 2 = 1  CLEANING ACTION BX VABIOOS NCZZLE COHBINA 
TIONS;
7 T IT L E 2  . 2 = 1  .C = 2  NASS BATE OF COTTINS 3SB0TBD (L B /B IN  
) VS BIT  NO;
8 T IT LE S  . 2 = 1  .C = 2  ^ = 8 . 3 0  GPN;
9 CABDS;

NOTE: DATA SET H 0B K .FL 082  HAS 12 OBSEBVATIOHS AND 5 VARIABLES. 4 
3 3  OBS/TBK
NOTE: THE DATA STATEMENT USED 0 . 0 8  SECONDS AND 8 4 K .

2 2  PBOC PEINT D A IA =FL 082 ;

NOTE: THE PBOCEDUBE PEIN T  USED 0 . 1 4  SECONDS AND 132R 
AND PBINTED PAGE 1.

2 3  PBOC GCBABZ D A IA = fL 0 8 2 ;
2 4  VBAB BHHOHBB/TXPE= MEAN SU2VAB=HD0T SBOU?=BITNUMBB;
2 5  LABEL BOOT=HASS BATE OF CUTTING BEHOVED;

NOTE: THE PBOCEDUBE GCHIBT USED 0 . 6 7  SECONDS AND 4 0 8 R .
NOTE: SAS USED 4 0 8 K  BEHCBX.

NOTE: SAS IN STITU T E I N C .
SAS CIRCLE
PO BOX 8 0 0 0
CABX, N .C .  27  5 1 1 - 8 0  00
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N O Ië : s a s  o p t i o n s  S P E C IF IE D  ABE:
SUBI=4

1 OPTION P A G E SI2 E = 5 0  L IN E S IE E = 6 4  NODAIE NONUaBEB;
2 DATA FLOWS;
3 I NP Ul  51TNUHEB ü  INCHES;
B 3RAN S=IN C H ES*43;
5 N D C T= G B A M S * 2 0 /4 5 3 .5 9 ;
6 T IT L E  1 .a=1 CLEANING ACTION B ï  VABIOOS NCZZLE COMBINA 
TIONS;
7  T IT L E 2  .H = 1  . 0 = 2  MASS BAIE OP CUTTING SEECVED (L B /B IN  
) VS BIT NO;
a  I I T L E 3  . a = 1  .C = 2  0 = 1 2 . 0  GPM;
9 CARDS;

NOTE: DATA SET WCBK.FL0H3 MAS 10 OBSERVATIONS AND 5 VARIABLES. 4 
3 3  OBS/TBK
NOTE: TUE DATA STATEMENT USED 0 . 0 9  SECONDS AND 8 4 K.

2 0  PBOC FEINT DAIA=fLüW 3;

NOTE: THE PBOCEDUBE PBINT USED 0 . 1 i  SECONDS AND 132K 
AND PBINTBE PAGE 1.

21  PBOC GCBABT 0ATA=FL0W3;
2 2  VBAB B IT N U M B B /IÏP E=  MEAN SUaVA£=MOCI GBC 0E=B IINUSEB;
2 3  LABEL MDCT=MASS BAIE OF CUTTING REMOVED;

NOTE: THE PROCEDURE GCHABI USED 0 . 4 8  SECONDS AND 4 0 E K .
NOTE: SAS USED 406K MEMORY.

NOTE: SAS IN STITU T E  I N C .
SAS CIBCLE
PO BOX 8 0 0 0
CABY, N . C .  2 7 5 1 1 - 6 0 0 0
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N O I E :  S A S  O P T I O N S  S P E C I F I E D  i&i:
s o a i = 4

1 OPTION PA G E SIZ S=Sa  L IN E S IZ 2 = 6 4  NODAIE N0E3OSEE;
2 DATA FLCHU;
3 INPUT BITNUMBN U INCHES;
4 GaAHS=INCHES* 4 3 ;
5 H D Ü T = G E A H S * 2 0 /4 5 3 .S 9 ;
6 I I I L E 1  .H=1 CLEANING ACTION BY VABIOUS NCZZLE C0H3INA 
TIONS ;
7 T IT L E 2  . H=1 .C = 2  dASS BAIE OP CUTTING BEHOVED (LB/MIN 
) VS BIT NO;
8 T IT L E S  . a=1  . 0 = 2  0 = 1 6 . 0  GPH;
9 CAEOS;

NOTE: DATA SET WÜBK.FLOW4 HAS 10 ÔbSEBVATIONS AND 5 VAEIASLES. 4 
3 3 OBS/TRK
N OIE: THE DATA STAIEBENT USED 0 . 0 8  SECONDS AND 8 4 K .

2 0  PBOC PEINT DATA=£L0N4;

NOTE: THE PBOCEDDBE PEINT USED 0 . 1 4  SECONDS AND 1 3 2 8  
AND PBINTED PAGE 1.

2 1  PBOC GCHABT CATA=FL0W4;
2 2  VbAB BIIN U H BB /TY PEr dEAN SUdVAB=HDOT GBC0P=BITN0HBB;
2 3  LABEL H D 0I=dA SS BAIE OF CUTTING BBdOVED;

NOTE: THE PBOCEDUBE GCHABI USED O . b ?  SECONDS AND 4 0 8 8 .
NOTE: SAS USED 4 0 8 8  NEHCBY.

NOTE: SAS INSTITU TE I N C .
SAS CIBCLE
PO BOX 8 0 0 0
CABY, N .C .  2 7 5 1 1 - 8 0 0 0
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H O T E :  S &S  U P T I O N S  S P E C I F I E D  A B E :
3 û B I = 4

1 OPTION P & G ESI2E=5ü U H E S X 2 S - 6 4  NUOAXE NONOmBEâ;
2 DATA a s i ;
3 INPUT C B I IH C  POAOP UdP J f  INCSES;
4 SBAHS=INCHES«43;
5 a U Ü T - 6 E A a S * 2 0 / 4 S 3 . S 9 :
6 aaooT>e.34«Q;
7 BATIOasHOCT/BaOUT;
8 CABDS;

HOTE: DATA SET V O B K .aSI  HAS 2 4  OBSEBVATIONS AND 10 VAEIAsLES. 22  
6 OBS/TBK
NOTE: THE DATA STATEMENT USED U .1 0  SECONDS AND 92% .

3 3  PBOC PEINT DAIA=HS1;

HOTE: TUE PBOCEDUBE PEINT USED 0 . 1 8  SECONDS AND 136K 
AND PBINTED PAGES 1 TC 2 .

3 4  DATA MS7;
3 5  SET M S I ;

NOTE: DATA SET UCBK.MS7 HAS 2 4  OBSEBVATIONS AND 10 VABIA 3L ES. 22  
6 OBS/TBK
NOTE: THE DATA STATEMENT USED 0 . 0 7  SECONDS AND 8 4 K.

3 6  PBCC S CEI DAIA 'M SI ;
3 7  B ï  B I IN C  c ;
3 8  SYMBOL 1 I= JO IN  V=SIAB C = 3 ;
3 9  S ÏH B 0 L 2  I= JO IN  V=SüDABE C=3;
4 0  SXMB0L3 1=J O IN V=TBIANGLE C = 3 ;
41  SXMB0L4 I= J O I N  V=DIAMOND C=3;
4 2  SYMBOLS l ' J O I N  V=PLUS C = 3 ;
4 3  SYMBOLS I= JO IN  V=HASH C = 3 ;
4 4  LAbEL BATIOM=MASS BATE BATIOS;
4 5  LAbEL HBP=HÏDBAULIC UÙBSEPOUEB;
4 6  LAbEL JF 'HYDEA ULIC JE T  IMPACT FOBCS;
4 7  LABEL BITNO^EIT NUdBEB;
4 8  LAbEL MDOT=NASS BATE OF CUTTING BEHOVED;

NOTE: 4 CYLINDEBS DYNAMICALLY ALLOCATED ON SYSDA FOE EACH OF 3 S 
OBI UOBK DATA SETS
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S A S  L O G  0 5  SAS 8 2 . 2E 7 3 2 / 8 7 5  JOQ 5 A 3 IZ

NOIE: DATA S E I  NO&K.HSI HAS 2<4 ÜBSE&7AII0HS AND 10 VABxASLSS. 22  
6 O B S/IB K
NOIE: IH E  fSDCEDUSE SOBl USED O . J S  SECONDS AND 1 5 2 X .

1*9 PBOC GELOI DAIA=MS7;
5 0  PL01 M D ÜI*HHP=E1IN0/HBEP=1. 3  7E E F = 1 6  7 P 0 S = 2 2  HPOS^TO;
51  I I I L E 1  . H - 1  .C = 2  MASS BAIE OF C D IIIN G  BEKC7ED 7S H73B
A  u n e  HOaSEPuWEB;

NOIE: IHE PBOCEDUBE SELCI USED 0 . 5 6  SECONDS AND <*16K.

5 2  PBOC QPLOI DAIA=MS7;
5 3  PL0 1  M D 0 I* J F = b I I N 0 /H B E f= 7 C  7BEP=16 7 P 0 S = 2 2  HPOS=70;
5 4  I 1 I L E 1  . H=1 . 0 = 2  MASS HAIE OF C U II IN G  BEMC7S0 75 HIDB
AULXC IMPACI FOBCE;

NOIE: TUE PBDCEDOhE SPLOI USED 0 . 4 7  SECONDS AND 62 4  g.

5 5  PBOC G PL 01 DAIA=MS7;
5 6  P L 01 ÔAIXCM «HHP=E1INO/HB£F=0.6  7 B S F = 0 . 2 5  7PO5 = 2 2  HPOS 
= 7 ü ;
5 7  I I I L E 1  .  H=1 . 0 = 2  MASS BAIE BAIXOS 7S HZDBAULXC HOBSEP
O ÏEB ;

NOIE: IH E  PBOCEDUBE SPLO I USED U .4 3  SECONDS AND 6 2 4 B.

5 8  PBOC G PL 01 D AI A= MS 7 ;
5 9  PLOI BAIXÛM«JF=BXINO/UBEF=70 7 B £ F = 0 . 2 5  7 P 0 S = 2 2  U ?0 S = 7
0;
6 0  I X I L E 1 . 8 = 1  . 0 = 2  MASS BAIE BAIXOS 7S HIDBAULXC IMPACI

POBCE;

NOIE: TUE PBOCEDUBE SPLO I USED 0 . 4 3  SECONDS AND 6 2 4  B.
NOIE: SAS USED 6 2 4 K  MEMCBX.

NOIE: SAS I N S I I I U I E  I N C .
SAS CIBCLE
PO BOX 3 0 0 0
CABX, N .C .  2 7 5 1 1 - 8 0 0 0
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S = Chip size in inches

N = Number of nozzles

ON = Nozzle diameter in inches

ONE = Effective nozzle diameter

Inches = Inches of sand removed

Q = Flow ra te , gallons per minute

BMP = Bottom-hole pressure, psig

SSPND = Chip size per nozzle diameter

MOOT = Mass flow rate of cuttings, ib/mln (M )̂

MM DOT = Mass flow rate of drilling fluid, Ib/mln (Mg)

G = Gravity of acceleration, f t/se c

Angle = Bore hole angle of Inclination (zero angle means horizontal

position.

L = Nozzle spacing, Inches

DB = Bit diameter. Inches

RPM = Rotational speed, revolution per minute

RNR = Rotational Reynolds number, dlmenslonless

CBS = Observation

CUTDNSTY = Cutting density, gm/cc

DE = ONE

HHP = Hydraulic horsepower



PDROP = Pressure drop through the bit
2

TA = Total nozzle area , in

P = Fluid density, lb/gal

CALCULATION TECHNIQUE

201

ONE = / n
32

GRAMS 

MOOT 

MM DOT

Inches of sand removed x conversion factor ( inch

Grams x 60 sec x lb 
3 sec min 453.59 grams = Ib/min

= Q ( ^ )  x p ( ^ )  = Ib/min

RATIOM = M DOT/MM DOT

SPBD = L/DB

SSPND = S/DN

VOLRATIO = Cutting volume/fluid volume

Cutting Volume = Inches x x inside diameter of annulus squared 

Fluid Volume = Q ( - ^ )  x run-time ( 3 sec ) x ( ) x ( )

RATIOD = Cutting density/fluid density 

PQ^
.4PDROP

7430 X 0.95‘  X DE^ 

RATIOP = PDROP/BHP 

PRODCT = NR X RATIOP

HHP PDROP X 0  
1714



TA = ) X 3 X DN  ̂ 202

0.000518 X P X 
j r  = ŸÂ

NR = 379.0849 X P X ( - ^ )  /.8904 X DN

Hydraulic jet impact force in bit configuration study
2

= 0.000518 X P X q (through a single nozzle)/nozzle area 

Nozzle Area = DN^

Total Je t Impact = JF  x number of nozzles pointing downward


