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ABSTRACT

A comprehensive series of tests were run on the University of Oklahoma
drilling research laboratory rig investigating the variables which influence the
rate 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 test included
nozzle diameter, chip size, cutting density, mud density, mud plastic viscosity,
yield point, mud flow rate, drill pipe RPM, bottom-hole pressure, pressure.
drop through the nozzles, nozzle distance from bottom of hole, hydraulic
diameter of annulus and bore hole inclination angle. A regression analysis of
the data indicated how the rate of cutting removal was a function of the
cbove variable expressed in terms of dimensionless parameters such as
Reynolds number, Froude number, rotational Reynolds number, etc. 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-hole

cleaning and, therefore, improve the rate of penetration and minimize drilling

cost per foot.
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CHAPTER |

INTRODUCTION

Fluid Dynamics of Bottom-Hole Cleaning

Bottom-hole cleaning is a major factor affecting the rate of penetration.
Usually a good bottom-hole cleaning yields an increase in the rate of
penetration. Most of the energy available at the rig surface is expended at the
drill bit and, in order to minimize the cost of drilling operations, both energy
and time must be conserved.

Bottom-hole 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 annulus. The resultant friction and
turbulence of mixing causes a great loss of energy. Efficient bottom-hole
cleaning must accomplish at least three basic functions:

1. Washing at the mud-rock interface

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 the main
parameters that control or effect bottom-hole cleaning, which is closely

related to the rate of penetration and to point out how each parameter is

related to bottom-hole cleaning.
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A better understanding of bottom-hole cleaning should allow an engineer
the opportunity to more closely optimize bottom-hole cleaning and therefore
improve the rate of penetration and minimize drilling costs per foot.

Background Literature

It is widely accepted that bit hydraulics has a major effect on the rate
of penetration. The actual rate of penetration is always equal to or less than
the rate which can be achieved if chips are removed as soon as they are
generated.l’2 Today's jet bits consume the hydraulic horsepower available at
the bit by the fluid velocity that exists from the nozzles that are located at
certain distances from the bottom of the hole and which are comparable to the
cone diameter. It has been established3 that extension of bit nozzles improved

4

bottom-hole cleaning. Sutko® studied the effect of extended nozzles on

bottom-hole pressures. Five nozzle extensions were used (o to 3.5 inches) and
several velocities (90 to 32! ft/sec) were used. It was observed that the
pressure at large values of distance between the nozzle and hole bottom per
nozzle diameter is extremely low and increases at an increasing rate. It was
concluded that as the number of nozzles is decreased, the rate of penetration

should increase. Jet hydraulics has been studied extensively by several authors.

5

Kendall and Goins,” have presented hydraulics programs for maximum jet

velocity, maximum jet impact, and maximum hydraulic horsepower. They did not
point out or indicate which criteria had the greatest effect on the rate of
penetration.

Feenstra and VanLeeuween6 have shown, in a full scale experiment on
jets in impermeable rock drilling, that increasing jet velocity influences the
rate of penetration more than increasing the flow rate.

Randall 7 presented the following guidelines for optimum hydraulics:



Flow rate - 30 to 50 gallons per minute per inch of bit diameter. Jet
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 jet 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 at lower penetration rates;
otherwise, use three jets.’

McI..eang’9 has written on the improvement of jet bit hydraulics,
suggesting maximizing cross flow velocity for maximizing hydraulic horsepower
in current jet 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

3,9

expression developed. for the cross-flow velocity at the edge of the

immediate area of jet impingement:

0.5
V. = K(Qn vn)

C =~ e e et ac e (1.1)
D
where:
Vc = across flow velocity
Qn = flow rate through the nozzle
v n = fluid velocity at the nozzle
D = hole diameter
K = constant,

Equation (l.l) was developed for three-nozzle jet bits. When one of the
nozzles is blank, the flow rate 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 an Y’ assuming the nozzle velocity is constant for either a two-
or three-jet system. This increase in the cross-flow velocity will yield a higher

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



Sutkol* suggested that 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 statement is as

follows:
JF = (0QV /60g) = === =cecacmiemaim e (1.2.A)
= 0.000516 QV_
= KQv,
=K =2 :
JFn =K n R (1.2.B)
Where:
JF = hydraulic impact force
JFn = hydraulic impact force per nozzle
n = number of jet nozzles
Q = volume rate of flow, gpm
0 = mud density, 1b/gal
2
8 = 32,17 (b - fwt/lbf - sec”)
K = a proportionately constant including mud weight and the
conversion constant in equation (1.2,A)
Vo = nozzle velocity, ft/sec

By decreasing the number of nozzles (n), JFn increases and this, on the

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

root of ann'

Eckel,lo through his microbit drilling study, has shown that the rate of

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

exponential function of a Reynolds number function involving flow rate, mud



density, nozzle diameter, and bit or bottom-hole viscosity:

Where:

rate of penetration

R
Q

flow rate
p = ﬂu'id density
dn = nozzle diameter
B = bit viscosity

Figure (l-1) shows the results of Eckel's microbit study. Figure (1-2)
shows how apparent viscosity changes by shear rate. Figure (1-3) shows the
sensitivity of Reynolds number to viscosity under the fixed conditions of a
field test. William and Bruce,“ reported the following conclusions from their
laboratory experiment on the carrying capacity of drilling muds:

. Turbulent flow in the well annulus 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. Rotation 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 Bruce,“ this implies
velocities of 100 to 125 feet per minute rather than the presently used 175 to

225 feet per minute.

On the subject of jet bit hydraulic controversy Doiron and Dezme12 have
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stated 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.

From the derivation of bit hydraulics presented by Kendall and Goins,5 it
appears that either parameter (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 shown13 » 14 that the rate of penetration is
proportional to the circulating rate and to the nozzle 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 resultsw have
confirmed the advantages of using two nozzle bits and indicated an average of
15 to 20 percent improvement in the rate of penetration by using two nozzle
bits. Warren and Winters16 conducted a laboratory experiment with an 8-1/2
inch IADC series 6-1-7 bit to determine the area and magnitude of the jet
impact under realistic flow rates and jet velocities. Their tests have indicated
that for the same flow rate 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 jets, a larger
fraction of energy reaches the hole bottom than with three jets. On the issue
of blanking one nozzle, Warren and Winters'® have stated the following:

Examination of a bit hydraulics reveals that 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 total hole
- cross-sectional area. This means that the jet is not issuing into a



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 jet.

On the issue of the entrainment effect, Platten and Keffer"7 have found
the entrainment to be increased two to five times that of a single jet flowing
into a stagnant fluid.

Warren and Winters16 have also conducted bottom-hole erosion tests

using 8-1/2 inch IADC 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 that, for the same flow through each nozzle for
the same impact force, smaller diameter jets give more erosion, It was also
stated that, at the same energy level per nozzle, the two jet case gave more
bottom-hole erosion than the three jet case. Their results indicated that 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, et
a_l,la have conducted a laboratory study of shale drilling. They concluded that
an increase in rotational speed showed a significant effect on rate of
penetration for the 60 to 120 RPM range used in their study. Additionally,
Prat'c19 has tested a new extended nozzle bit effect on the rate of penetration
and made the following statement:

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.

120, 21

Cholet, et a 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 at the bit's face
resulting in increased rate 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-hole cleaning obtained by the new
bit over the standard jet bit. Figure (1-6) shows a schematic diagram of the
reverse jet bit. ‘I'cwnsend,?'2 in his Master's Thesis, studied two-nozzle and
three-nozzle drilling under simulated field conditions. It was concluded that
lessvregrinding of chip occurs when drilling with two jets under all the

conditions of differential pressures and weight on bits investigated.

23

Cunningham,”” in a paper published on rock bit selection, has stated the

following:

Once the formation is broken loose from the undisturbed material, it
may still be held at 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 that the teeth can
penetrate undisturbed material 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 et alza studied the effects of bit hydraulics while drilling shale
with a standard three-cone bit. Their investigations indicated that the rate of
penetration continually increases with increasing hydraulic horsepower and
weight on bit, and there are certain hydraulic horsepower levels, corresponding
to the total nozzle flow area, at which effective bottom-hole cleaning occurs.
Figures (1-7) and (1-8) show the rate of penetration versus total flow area for
various hydraulic horsepower.

It appears from the literature 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. Jet impact, bit hydraulic horsepower, and Reynold's
number are all related to the fluid velocity at 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 cuttings 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 11

DIMENSIONAL ANALYSIS

Dimensional analysis Is simply a mathematical tool. To use It in any
situation the engineer will need to know the following:25

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 written as an
equation which describes how the dependent variable varies with the
independent variables.

The solution to the problem at hand will be performed by the
Buckingham T method. The Buckingham T theorem states that the number of
dimensionless groups required to specify completely the relationship is the
number of variables (n) minus the number of dimensions (m) involved in the
variables. These dimensionless groups are often called T groups.

In order to apply the Buckingham T theorem to the problem of predicting
the mass rate of cuttings removed (M c)’ it is postulated that the mass rate of
cuttings removed would be expected to depend on the nozzle diameter (d), the

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

16
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(pf), the bit diameter (d,), the mud flow rate (Q), the yield point of the drilling
fluid (T y)’ the drillpipe rotational speed (RPM), the bottom-hole pressure (PBH),
the pressure drop through the bit nozzles (APn), the nozzle distance from the

bottom of hole (L), the hydraulic diameter of annulus (dh), and the bore hole
inclination angle (g).

Thus:
Mc = f(dn, S, pc, l"p’ Df, db’ Q, Ty, RPM, PBH' APn, L, dh’ g - ---(2.1)

The dimensions of the variables, dn’ S, Dc, “p’ pf, db’ Q, Ty, RPM, PBH’

APy Ly dp, and g, include length (L), force (F), and time (T). Thus, we have
fourteen variables and three primary quantities. Therefore, there will be eleven

dimensionless groups.
Thus: n = 14, m = 3, T's=n-m=1]

Substituting the dimensions of the variables in equation (2.1) yields the
following:
o= 0 W2 Gt eLtnt eLted)
W S Th 7 ELA @) w0 gL
W28y ... 2.2)

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

1=c3+c4+c5+c8+cm+c11 --------------- (2.3)
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‘1=C1+C2-4CB-2C4-4C5+c6+BC7"2C8

-2y -2 +C,+ Cig+Cppm=m-==-=-=-=-=-- (2.4)
l = 2c3 +cy + 2¢5-Cy=Cg -2~ === ------- (2.5)
From equation (2.3)
Cs=l-cy-¢ -cgmCg=Cmmmmmmmnammnnnns (2.6)
From equation (2.5)
............. (2.7)

c7=2c3+c4+2c5-c9-2c14-1

Substitute equation (2.5) in (2.7)

=2c3+c4+2-2c3-2c4-2c8—2c10-2c11 -G -2c14-1

= -Cq - 2C8 - C9 - Zcm - 2cll - 2clq_ tlemecacaanaaa (2'8)
From equation (2.4)
¢y =-l-c,+ beg + 2, + heg - cg - 3cy + 2¢q
................ (2.9)

*2 g+ 20y -C)p-C 13- ¢y



Substitute the values of Cs and ¢y in equation (2.9)
¢y =l -cy+bey+2c, +4 tll-c3 -C, -Cg-Cp - ¢!
-cg-3 [—c# -2cg - €g = 2€q = 2€| - 2y, + 1]

¢ = -1 - c, + lsc3 + 2<:4 +4 - 4c3 - l}c4 - 4c8- ltcw
- l.tc“ -Cg * 3c4 + 6c8 + 3c9 ¥ 6cw + 6(:11 + 6Cm -3

c = -c2+c4-c6+4c8+3c9+4c10+4c“

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

~Cqy + Cy = C, + 4Cq + 3Cq + U, n+ 4Cy, ~Cy,y = Cy4 + 5C
Mc:f(dn)z b 76 8 9 107 711 T €12 7 C13 4

3

c c l-c, =C, =Cq ~C,n =C
3 4 3 74 8 10 “l)
() “Cu) ™ (%) (d,)

@
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~C, ~2Co=-Cq~2C, n~2C, ,~2C,, +1 c c
Q) 4 =8 79 °T10 Tl “Tl4 (Ty) 8(RPM)9

10 €11 .12, .13, C1u
(P — (P W " (d) (@

C C C [of (o4 (of
2 3 4 6 4 .. 8 3 9
Mo gl 3% e d, Hy dy d’ T, d ° RPM
p.Q d p 2
f n f pr dn P Q Q
b, 10 4, C11 12 13 5 C1y
4, Pay d, 8P, L d d,"8 - - (2.11)
o o2 Y Y d d_ Y
4 3
M. g Pe dy by dy d T, d. RPM
0:Q d 2
4 4 5
4. Pay d’ P L dy e |
s 3 —_— —n 5= b= - 2.100)
pr pr dn dn Q

The left hand side term is the mass flow rate of cutting per mass flow rate of

drilling fluid, the LHS is a dimensionless term.

Simplify equation (2-111) by manipulating RHS terms as follows:

4

d, Pn/ b Fan = _ P (2.12)
7 2 Pay 7T '
pr pr BH
3 4
d’RPM , 4 *T = RPM Qp,
2y e " e e e e m .- (2.13)

n-y



)/( 3 —) (———) ------------------- (2.14)

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

5

d
E‘_S s f{(ds ).zpc) \d )w \R:M_Q.%_) \P ddh)t( nzg)}- - (2.15)
RPM Q p RPM Qop
f IR 2.16)
/ ) |
h 'y
Substitute equation (2.16) in equation (2,15)
5
f{—'( ) cxk '“ =) € ) =) - - -2u17)
@ ¥ Cq T, o &
or:
b
M S »p L pQ RPM Qp AP d" g
T PEHD D ) e G- e
Mf dn ‘Df / db \dnpp th \pBH QZ

SOLUTION APPROACH

From the final form of dimensional analysis:

T ey ey, (M AP“Md—“j—g)} (12.13)
CARRA KA AT R N A (PBH o2 .

A simplified solution approach can be written in the following forms:

21
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By varying the chip size (S) only, a relationship between mass rate ratios and

g can be investigated without affecting the rest of the variables that appear
n

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

R - (2.20)
M P .

f f

Where Pe is the variable parameter:

L
- = f (d'g') ........................ (2.21)

Where L is the variable parameter:

M RPM Qo

T (2,22)
: ( N Ty )

Where RPM is the variable parameter:

5
M d
c=f(ng) ........................ (2.23)
2
M Q

Where g is the variable parameter:

L TR

n
G L (U (2.24)
M, \in up) ( Pay )

Where Q and dn are the variable parameters.



23

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 witn 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 motion54 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
m (NR), = _pl’_u_oﬁ_

u d
nL m nPP

(NR)m =

Assuming the density is constant for these to be equal

Qd yug=0Qud "m
min an

where P indicates the prototype and m the model

d
n M -
?-2 = 4 (scale ratio used) = TE 10 (scale ratio used)™
n m
m

Therefore, 40 Qm = QP'
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From the eleven dimensionless groups obtained by the Buckingham T
method, the nozzle diameter variable appeared in ten dimensionless groups.
Only a few of the dimensionless 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-

sionless groups gave a new dimensionless group which contains only (PPn )y
‘ BH

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

This new dimensionless group ;) plus one of the two groups used in the

54,55,56,57

e
division should appear in the final set of dimensionless 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 dimensionless groups was done on the basis of
eliminating the interdependency between the dimensionless groups, to investi-
gate only the important dimensioniess groups that are felt to be the most
influential. Three of the four divisions performed on the dimensionless groups
were done to eliminate the nozzle diameter which can be studied in one
dimensionless group commonly known as the Reynolds number. The division of
these dimensionless 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 dimensionless 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 1II

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 rate of up to de
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 (3-1).

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 meter, and mud mixing unit,

Mud Pump Unit

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

BC6 worm pump equipped with Western Manufacturing gearbox. The gearbox

has four gear ratios: l.2:1, l:l: 1.9:1, and 1.5:1. A maximum discharge rate

25
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Figure (3-1) SCHRMATIC DIAGRAM OF THE
CIRCULATING MID SYSTEM
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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
Mode! No. 99E50G!
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 diameter, and 6l inches long.
Cast iron pipe of 3/4 inches inside diameter, one inch outside diameter, and
76 inches long was used to simulate a drill pipe. A 1-1/4 inch flat-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 simulation 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 at the bottom of the annulus, plexi-
glas tube, the .bottom surface of the simulated drill bit was set at 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 trial 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 at the corresponding

large and small spacing values tried.



CHAPTER IV

EXPERIMENTAL RESULTS
Six different experiments were conducted to study the relationships
among the dimensionless groups that are related to the mass flow rate of

cuttings per the mud mass flow rate.

Experiment Number 1

(4.1)

To study the effect of chip size per nozzle diameter on the mass flow
rate of cuttings per mass flow rate 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 Rate = 6 gallons per minute
BHP = 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 | inch diameter

32



TABLE (4.1) STANDARD 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

33
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Spacing Between Nozzles and Top of Cuttings = 1 inch
Nozzle Sizes = 3 x 3/32 inches

Fluid = Water

60 grams of dry material

Sand Conversion Factor = Inch of wet sand column

Gear Used = number &

Table (4.2) shows the experimental data. The terms that appear in Table (4.2)

are explained in Appendix (B).

Experiment Number 2

(4.2

To investigate the relationship between the mass rate ratios and reciprocal of
the Froude number:

dn g

2

Q

the bore hole angle of inclination was allowed to vary in three positions,
perpendicular, horizontal, and 45 degree angle, while other variables were
kept constant inroughout 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

BHP = 2.5 psig in the horizontal position
BHP = 4 psig in the vertical position
BHP = 3.2 psig at 45° angle
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TABLE (4.2) CHIP SIZE RESULTS

HESH
6

- o o B o b o P a
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[NE SN SR N
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S

0.1320
0.1320
0.1320
0.1320
0.1320
0.0787
0.0787
0.0767
0.0787
0.0787
0.0661
0.Cob!
0.0661
0.0661
0.0661
0.0331
0.0331
V.03
0.0331
0.03N

SSPND

0.812958
0.81295€
0.812958
0.812958
0.812958
Ve 484 6SS
Q0. 484095
0. 484695
Vo 484695
0. 484695
0.407095
0.40G7055
0.407095
0.407055
0.407095
0., 203€55
V. 203855
0. 203855
0.203855
0. 203855

GHAHS

150
150
150
150
150
150
154
150
15y
150
150
150
150
150
150
150
150
150
15¢
150

DhE

0.16237
0.16237
0.16237

. 018237

0.16237
0010237
e 16237
0.18237
0. 16237
0a16237
0.10237
0.10237
0. 10237
0.16237
0.16237
0.10c37
Ue 18237
0.16237
0.16237
Veo10437

4DCT

6.8139
6.6139
6.6139
0.b139
beb139
0.0139
6.0139
0.6139
6. 6139
6.6139
0eb139
b.6139
be 6139
b.b139
be. 6139
beb139
b. 6139
6.6139
0.b139
6.6139

INCHES

2.5
2.5
2.5
245
2e

8 & 6 8 8 o

bJMNNNNNyNMMNI\)NN
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M¥DQT

SOQ 0“
50404
50404
50,04
50.04
50.04
50.04
50404
50.04
50.04
50.04
50.04
50.04
50.04
50.04
50.04
50. 04
50.04
50. 04
50404

oo OOV O n OOy O

[-1]
8 & & 8 ¢ 8 4, 06 5 8 3 8 4 0 =
L]

oo oo OO OOV O Oh O O O O OV O
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BATIOH

0.132172
0.132172
C.132172
0.132172
€.132172
0.132172
0.132172
0.132172
0.132172
0.132172
€.132172
0.132172
€. 132172
0.132172
0.132172
0.132172
0.132172
8.132172
€.132172
0.132172
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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 | inch diameter
Spacing = | inch

Nozzle Sizes = 3 x 5/32 inches

Fluid = water

43 grams of dry sand

ion F =
Sand Conversion Factor inoh of wet sand column

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

ic = f (_L.)
Mg dy

(4.3)

To study the effect of nozzle spacing, distance between bit nozzles and
top layer of cuttings, on the mass flow rate of cuttings per mass flow rate of
drilling fluid, the experiment was conducted by varying the nozzle spacing
(0.125 to 3.0 inches) while other parameters were kept constant throughout
the experiment.

Experimental Data:

Run Time = 3 seconds

Flow Rate = 3 gallons per minute

BHP = 5.3 psig

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



TABLE (4.3) RECIPROCAL FROUDE'S NUMBER RESULTS

C:
o
(%

-—
CUmIO ME LN =

- d ok = o2
[S JJF - U \ VRN

(<]
[+]
s

— s e ph eh b
Crlwn—20Wwo ~No UE LN —

>
=
G,
P
[ o1}

[~ XY o)

45
45
45
45
45
90
90
S0
90
S0

GRANS

139. 75
139.75
139.75
139.75
139.75
139.75
139.75%
139,75
135+ 75
139.75
139.75
138.75
134,75
139.75
139%.75

g

0.0000
0.0000
0.0000
0.0000
€.000C0
22.7u88
déeT0EB
22.708¢8
22.7688
22,7688
32.20Cu
32,2000
32.2000
32.2000
32.20C0

MDOT

6.16195
b.161S5
b. 16195
6.16195
6.16195
6.16195
be 16145
b.l0135
be 16145
6.16185
6.16195
6.16195
6.16155
6.101%5
b.161%5

INCHES

Je 25
3. 25
3.2
3.25
3.25
3.25
3.25
3.25
3.25
3a 25
3.25
3.25
.25
3.25
3.25

M u0l

39.615
39.015
39,018
3%.0615
5. L1158
39.015
39.61%
39.¢c15
Jy.0615
39.015
39.61%
3%.015
JY.b15
49.615
39.61¢

bE

0.27063
0. 27063
0.27063
0.27063
0.27063
0.27063
0.27063
0. 27063
027003
0. 27063
0.27063
0.27063
0.27063
0.27003
0. 27063

RATIUA

0.155545
0.1555u6
0. 155540
G.155546
0.155546
Q.155546
0. 155548
0.155548
0.15554q
0.155546
U. 155540
0.155546
0. 155546
0.15554¢6
3.155546

- 8P

4.75
4275 25
4.75 2.5
4.7¢
§.75
4.7%
4.7%
4.7¢
4475
4.3¢
4.75
4.7¢
4.75
4.75
.75

[N SH S [N
s o 0 N
wn

L]
CQooOocormNNIMUBLIWL

EoreresrsbLbLWL
L]

8FalUds

€.0000J000
0.00330000
€.00000000
0.00Q000000
C.00000G00
0.d0146498
C.00146498
003146492
C.001406498
0.00145498
C.0023718C
0.00207180
€.00207180
0.90207180
€.00237180
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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

60 grams of dry sand

Sand Conversion Factor = neh of wet sand colomn

Gear Used = number &4
The experimenta! data are shown in Table (4.4). Appendix (B) shows an

explanation of the terms appearing in Table (4.4). |

Experiment Number 4

MC - f RPM pr

W, (T (5.4

To investigate the relationship between the mass flow rate ratios and

the rotational Reynolds number RPM Q Pt the drill pipe rotary speed was
d T
h 'y
allowed to vary (0 to 40 RPM), while the other parameters (Q, P dh’ Ty) )

were kept constant throughout the experiment.

Experimental Data:
Run Time = 3 seconds
Flow Rate = 8.5 gallons per minute
Annulus Size = 1-1/2 inches (ID)
§and Size = 12 mesh
Bit Size = 1-1/4 inches

Hydraulic Diameter (dh) = 0.5 inch



TABLE (4.4)‘ NOZZLE SPACING: RESULTS

0BS L DB INCHES Q bHP SPBD GRANMS NDOT  MMDCT RATIUH
1 3,000 1.25 €.250 3 5.3 2.4 15,0 0.66139 25.02 0.025434
2 3.000 1425 0.250 3 5.3 2.4 15.0 0.66139 25.02 0.026434
3 3.000 1.25 0.250 3 5.3 2.4 15.0 0.66139 25.(z 0.026434
4 3,000 1.25 (.250 3 5.3 2.4 15.0 0466139 25.02 0.026434
5 2.500 1425 04375 3 5.3 2.0 22.5 0.99209 25.07 0.039652
b 24500 1,25 0.375 3 5.3 2.0 22.5 0.99209 25.02 0.039652
7 2.500 1425 04375 3 5.3 2.0 é2e5 0459209 25.02 0.039652
8 2.500 1.25 0.375 3 5.3 2.0  22.5 0.99209 25.02 0.029652
9 2,000 1.25 0.500 3 5.3 1.0  30.0 1.32278 25.(z 0.052865
10 2.000 1425 €.500 3 5.3 1.6 30.0 1.32278 25.02 0.052869
11 2.000 1.25 G.500 3 5.3 1.6 30.0 1.32278 25.(Zz 0.052869
12 2,000 1,25 C.50C 3 5.3 1.6  30.0 1.32278 25.02 0.052869
1J 1.500 1,25 0.625 3 5.3 1.2 37.5 1,65348 25,02 0.06608¢
14 1,500 125 6.e25 3 5.3 1.2 37.5 1.65348 25.02 0.066086
15 1,500 1.25 0.625 3°5.3 1,2 37.5 1.65348 25.(Z 0.065086
16 1.500 1.25 0.625 3 543 1.2 37.5 1.65348 25.02 0.066086
17 1.000 1.25 0.750 3 5.3 0.8  45.0 1.98417 25.C% 0.079303
18 1.000 1.25 (.75C 3 5.3 0.8 45.0 1.98417 25,02 0.079303
19 1.000 1,25 0.750 3 5.3 0.8  45.0 1.9B8417 25,0z 0.079303
40 1,000 1.25 C.75C 3 5.3 U.8 45,0 1.98417 25.02 0.079302
21 U.750 1.25 0.675 3 5.3 0.6 5Ze5 2431487 25402 0.092521
242 0,750 1.25 0.875 3 5.3 0.6 52,5 2.31487 25,02 0,092521
23 Ua750 1425 0.B75 3 5.3 Ueb 5245 2431487 25.C% 0.092521
24 0.750 1.25 04875 3 5.3 0.6 52.5 2.31487 25.02 0.052521
25 U.625 1.25 1,000 3 5.3 u.S5 60.0 2.64556 25.C2 0.105738
26 0.625 1.25 1,600 3 5.3 u.% ©00.0 2.64556 25.02 0.105738
27 0.625 1.25 1.000 3 5.3 u.5 60,0 2.64556 25.0Z 0.105738
28 0.645 1425 1.000 3 5.3 0.5 00,0 2.64556 25,02 0,1057238
29 Ve300 1.25 1,125 3 5.3 da.u 67.5 2.97626 25.6Z7 0.118355
30 0.500 1.25 1,125 3 5.3 Ja4 67.5 2.97620 25402 0.118955
31 0500 1,25 1,125 3 5.3 0.4 6745 2497626 25.(02 04118955
32 9.500 1.25 1.125 3 5.3 0U.4 67.5 2.,97626 25.02 0.118955
33 0.375 1.25 1,250 3 5.3 0.3  75.0 3.30695 25.CZ 0.132172
36 04375 1.245 1,250 3 5.3 0.3  75.0 3.30695 25.02 0.132172
35 0.375 1.25 1,250 3 5.3 u.3 75.0 3430095 25.C2 0,132172
36 0.375 1.25 1.250 3 8.3 0.3 75.0 3.30695 25,02 0.132172
37 0.250 1.25 1.500 3 543 Us2 90,0 3.96834 25.(Z 0.1568607
348 04450 1.25 1.500 3 5,3 0.2 90.0 3.96834 25.02 0.158607
39 0.250 1.25 1,500 3 5.3 V.2 90.0 3.95834 25.C2 0.158607
40 U.250 1.25 1.500 3 5.3 0.2 90.0 3.96834 25,02 0.158607
41 J.125 1,25 2,000 3 5.3 0.1 120.0 5.29112 25,02 0,211476
42 0.125 1.25 2,000 3 5.3 0.1 120.0 5.29112 25.0Z 0.211476
43 0.125 1.25 2,000 3 5.3 0.1 120.0 5.29112 25.03 0.211476
44 0.125 1.25 2.000 3 5.3 0.1 120.0 5.29112 25.02 0.211476
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Pump Pressure = 400 psig
Drill Pipe = 3/4 x | inch diameter

Spacing = 1 inch

43 grams of dry sand
inch of wet sand column

Nozzle Size = 3 x 3/32 inches

Sand Conversion Factor =

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 1b/100 ft2

API Filtrate Rate = 21 ¢c/30 min

A chemical product, "Dykem," is used for sand coloring in order to
improve the visibility of the sand removal motion. ‘fhe data are shown in
Table (4.5). Appendix (B) shows an explanation of the terms appearing in
Table (4.5).

Experiment Number 5

M

—_c= f(p_c.
My Py

(4.5)

To study the effect of cutting density per fluid density on the mass
flow rate ratios, the cutting density was allowed to vary while other
parameters were Kkept 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)
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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 Rate = 6.5 gallons per minute
Annulus Size = 1-3/4 inch (ID)
Bit Size = 1-1/4 inch
Pump Pressure = 360 psig
Drill Pipe = 3/4 x | inch diameter
Spacing = | inch
Nozzle Size = 3 x 3/32 inch
Gear Used = number 4

Fluid = Water

60 grams of dry sand

Sand Conversion Factor = inch of wet sand colamn

174,125 grams of dry steel
inch of wet steel column

Steel Conversion Factor =

. _ 275.4 grams of dry lead
Lead Conversion Factor = neh of wet lead column

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

terms appearing in Table (4.6).



43

TABLE (4.5) ROTATIONAL REYNOLDS NUMBER RESULTS

0B85 K&PM INCHES Q GRAMS 4D01 440OT BATIOH RNR
1 0 1.750 6.5 75.250 3.31797 73.1 0.0483895 0
2 ¢ 1.875 8.5 80.025 3.35497 73.1% 0.0486316 0
3 0 1.750 8.5 75.250 3.31797 73.1 0.0453895 ]
4 0 1.875 8.5 80.625 3.55497 73.1 0.04863 16 0
5 10 2.250 8.5 96,750 4.26597 73,1 0.0S€358)0 1462
o 10 2.250 8.5  H0.790 4.28597 73.1 0.0583580 1462
7 10 2.250 8.5 96.750 #4.26537 73.1 0.0€€3580 1462
8 10 2.250 8.3 95.750 4.26597 73.1 0.0583580 1462
9 20 2.375 8.5 102.125 4.50297 73.1 0.0€16001 2924
10 20 2,375  E.5 102.125 4.50297 73.1 0.0616031 2924
11 20 2,375 8.5 102,125 4.50297 73.1 0.0€16001 2924
12 20 2,375  B.5 102.125 4.5C297 73.1 0.0610001 2924
13 30 2.500 8.5 197.5u0 4.73996 73.1 0.0€48422 4386
14 30 2.500 8.5 107.500 4.739% 73.1 0.0648422 4386
15 30 2.500 6.5 107.5U0 4.73996 73.1 0.0€46422 43E6
1o 30 4.500 6.5 W7.500 4.73996 73.1 0.0648422 4386
17 40 2,375  B.5 WZ.125 4.50297 73.1 0.0€16001 sS8u48.
18 40 2,375 8.5 102.125 4.50297 73.1 0.0616001 SBu4d
19 49 2,375 8.5 W2.125 4.50297 73.1 0.0€16001 5848
20 40 2.50C 6.5 1U7.500 4.73996 73.1° 0.0648422 58438
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TABLE (4.6) CUTTING DENSITY RESULTS

INCHES CUTIDNSTY

5.750 2.5982
5.875 2.5982
5.750 2.5982
5.875 2.5982
5.750 2,596
5.875 2.5982
5. 750 2.5982
5.875 2.5982
4.500 7.7630
4,625 7.7630
44500 7.7630
4.625 7.7630
4,500 7.7630
4ab25 7.763v
4.500 7.7630
4.625 7.7630
3.759 10.5390
3.874 10.5395u
3.750 10,535
3.875 10.539y
3.750 10.5350

NDO1 #4DCT

15.2120 54,21
15.5427 S4.21
15.2120 544 21
1545427 54. 21
1542120 54,21
15.5427 S4e21
15.2120 S4. 21
15.5427 S4.21
34.5494 S4. 21
35.5091 S4.21
34,5494 54.21
35.5091 54,21
45494 544 21
35.5091 54.21
35.5494 54.21
35.5091 S4. 21
45.5367 544 21
47.0546 54.21
45.5367 54. 21
47.0546 S4.21
45.5367 54. 21

GRAHS

[ =

345.00
352.50
345,00
352. 50
345.00
352, 50
345,00
382.50
783.56
805. 33
783.56
805,33
783.56
805.33
783.56
805. 33
1032.75
1067.17
1032.75
1067.17
1032.75

[ <~ A e o~ Al Y o N - SO . - - - - - e - L -

e ¢ o *

RATIUA

0. 28Ub12
0.2686712
U. 280612
Je280712
0.280012
0.266712
U. 280612
0.286712
0.b3732%
0.b655028
0.63732%
0.655028
0.637325
0.655048
0.63732¢5
0.655028
0.840006
0.868006
0.840006
0.8080Q6
U.B840VUS

VOLBATIC

0.184221
0.18822¢
0.184221
0.18822¢
0.184221
0.18822¢
0.184221
0.18322¢
0.144173
0.14817¢
0.144173
0.14817¢
0.144173
0.14817¢
0.144173
0.14817¢
0.720144
0. 124145
0.120144
0. 124145
0.120144

RATIOD

0.31153
0.31153
0.31153
0.31153
0.31153
0.31153
0.31153
0. 31153
0.93082
0.93082
0.9%3082
0.93082
0.93082
0.93082
0.93082
G.93082
1.26367
1. 26367
1.26367
1.26367
1. 26367

COTTVOL FLUIDVAL

13.8304

RLPRERE

13.8304
14.1311
13.8304
4,131
13.8304
14,1311
10.8238
11.1245
10.3238
11.1245
10.8238
11.1245
10.8238
11.1245

9.0198

9.3205

9.0193

9.3205

9.0198

75.075
75.075
75.075
75.075
75.075
75.075
75.075
75.075
75.075
75.075
75.075
75.075
75.075
75.075
75.075
75.075
75,075
75.075
75.075
75.075
75.075

&4



TABLE (4.6)Cont'd

0Bs INCHES  CUTDNSTY
22 3.875 10.53¢
23 3.750 10.53S
24 3.875 10.539
0BS 4DI1 MMDOT
22 47.0540 S4,21
23 45.5307 54, 21
a4 47.0540 54, 21

Q GhA 45
b.5 1067.17
6.5 1032.75
be5 1067.17

RATION

0.8080006
V. 840006
0.868000

43

VOLRATIC BRATIOD
0.124149
0.120144
0. 124149

1. 26367
1. 26367
1.26367
CurITVOL FLUILVOL
75.075
75.075
75.075

9.32049
3.01983
9.32049
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Experiment Number 6

n-p (4.6)

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 test.

Experimental Data:
Run Time = 3 seconds
Annulus Size = !-3/4 inches (ID)
Bit Size = 1-1/4 inches
Drill Pipe = 3/4 x ! inch diameter
Spacing = | inch
Gear Used = number 3
Sand Size = 6 mesh (0.132 inch)
Fluid = water (8.34 ppg)
Room Temperature = 78°F
up = 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).
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TABLE (4.7)RESULTS OF EXPERIMENT NUMBER 6

DN

0.12500
0.12500
0.12500
0.12500
0.12500
0.12500
0.12500
0.12500
0.12500
0.12500
0.12500
0.12500
0.12500

ADOT

5.9525
5.9525
5.9525
5.9525
5.9525
7.2753
7.2753
7.6060
7.6060
7.2753
9.9209
9.9209
10.2515

HHP

0.03540
0.03540
0.03540
0.03540
0.03540
0.20284
0.20284
0.20284
0.20284
0.20284
0.57073
0.57073
0.57073

Q INCHES BHP
4.75 2,250 4.1
4.75 2. 250 4.1
4.75 2.250 4.1
4.75 2. 250 4.1
4.75 24250 4o
8.50 2.750 4.8
8.50 2.750 4.8
8.50 2.875 4.8
8.50 2,875 4.8
8.50 2.750 4.8

12.00 3,750 6e5
12.00 3.750 6.5
12.00 3.875 6.5
H4DOT BAT ION
39.615 0. 150259
39.615 0.150259
39.615 0. 150259
39.615 0.150259
39.615 0. 150259
70.890 0.102628
70.890 0.102628
70.890 0.107293
70.890 0.107293
70.890 0.102628
100.080 0.099129
100.080 0.099129
100.080 0.102434
1A JP
0.0368150 2.6470
0.0368150 2.6476
0.0368156 2.6476
0.0368156 2. 6476
0.0328150 2.6476
0.0368156 8.4782
0.03681586 8.4782
0.0368156 8.4782
0.0368156 8.4782
0.0368156 8.4782
0.0368150 16.8976
0.0368156 16.8978
0.0308156 16.8976

DE

0.21650
0.21650
0.21650
0.21850
0.21650
0.216¢0
0.21650
0.216%0
0.21650
0.216%5C
0.21650
0.21650
0.21650

PDROP

12.773
12.773
12.773
12.773
12.773
404901
40.901
40.901
40.901
40.901
81.519
81.519
81.519

NR

44976
44976
44976
44976
44976
80483
80483
80483
80483
80483
113623
113623
113623

GRANS

135.0
135.0
135.0
135.0
135.0
165.0
165.0
172.5
172.5
165.0
225.0
225.0
232.5

RATIOP

3.1183
3. 1153
3.1153
3. 1153
3.1153
8.5211
8.5211
8.5211
8.5211
8.5211
12.5414
12.5414
12,5414

PRODCT

10114
140114
140114
14G114
w0114
685804
685804
685804
685804
685804
1425000
1425000
1425000

47



TABLE (4.7) Cont'd

0BS

14
15
16
17
18
18
20
21
22
23
24
25
26

UB3

14
15
16
17
18
19
20
21
22
23
24
25
26

08s

14
15
16
17
18
19
20
21
22
23
24
25
26

DN

0.12500
0.12500
0.12500
0.12500
0.12500
0.32500
0.12500
0.15625
0.15625
0.15625
0.15625
0.15625
0.15625

8DOT

10.2515
9.9209
12.2357
12.5664
11.9050
12.5664
12.5664
8.5981
8.9288
8.2674
8.5981
8.5981
9.2595

HHP

0.57073
0.57073
1. 35284
1.35284
1. 35284
1.35284
1. 35284
0.01450
0.01450
0.01450
0.01450
0.01450
0.08308

(]

Q

12.00
12.00
16.00
16. 00
16.00
16.0v
16.00
4e75
.75
4.75
4.7
4.75
8.50

MM DOT

100.080
100.080
133.440
133.440
133.440
133.440
133.440
39.615
39.615
39.615
39.615
39.615
70.890

TA

0.0308156
0.03081586
0.0368150b
0.0368156
0.0368150
0.0368156
0.0368156
0.0575244
0.0575244
0.0575244
0.0575244
0.0575244
0.0575244

INCHES BHP

3.875
3.750
4.625
4,750
4.500
4.750
4.750
3. 25u
3.375
3.250
3.250
3.500

ErfFoEfrroooOoom®®oOn
.
FoOoOOOOOo0OCODoOoOoOOoOWULIUN

BAT 104

0. 102434
0.099129
0.09 1695
0.094173
0.089216
0.094173
0.094173
0.217041
0.225389
0.208693
0.217041
0.217041
0.130617

JP

16.8976
16.8976
30.0403
30.0403
30,0403
30.0403
30.0403
1.6945
1.6945
1. 6945
1.0945
1.8945
5.4260

DE

0.21650
0.2165¢
0.21650
0.216¢5¢
0.216590
0.2165C
0.216590
0.27063

«27063
0.270¢E3
0.27063
0.270¢€2
0.27063

PDROP

81.519
81.519
144,923
144,923
184.923
144,923
144,923
«5.231
5.2
5.231
5.231
5.231
16.752

NB

113623
113623
151498
151498
151498
151498
151498
35981
35981
35981
35981
35981
64387

GRANMS

232.5
225.0
277.5
285.0
270.0
285.0
285.0
195.0
202.5
187.5
195.0
195.0
210.0

BATIQP

12.5414
12.5414
18. 1154
18. 1154
1841154
18. 1154
18. 1154
1.3078
1.3078
1.3078
1.3078
1. 3078
3.8073

PRODCT

1425000
1425000
2744445
2744445
2744445
2744445
2744445
47057
47057
47057
47057
47057
245136



TABLE (4.7) Cont'd

QBS

217
28
29
30
31
32
33
u

36
37
38
39

QBS
27

295
30
a
32
33
34
35
36
37
38
39

08s

27
28
29
30
31
32
33
34
35
36
37
38
39

Dy

0.15625
0.15625
0.15625
0.15625
0.15625
0.15625
0.15625
0415625
0.15625
0.15625
0. 15625
0.15625
0.15625

4D0T

8.3288
8.9288
9.9209
9.5902
11.2436
10.5822
10.9129
11.2436
11.2436
13.8892
13.8892
13.8892
14,5506

HEP

0.083078
0.083075
0.08307%
0.083075
0.233754
0.233754
0.233754
0.233754
0.233754
0.554084
0.554084
0.554084
0.554084

Q

8.50
8.50
8.50
8.50
12.00
12.00
12.00
12.0v
12. 00
16. 00
16.00
16.00
16. 00

LY.DIvhy

70.890
70.890
70.890
70.890
100.080
100.080
100.080
100.080
100.080
133.440
133.440
133.440
133.440

Ta

0.057524
0.057524
0.057524
0.057524
0.057524
0.057524
0.057524
0.057524
0.057524
0.057524
0.057524
0.057524
0.057524

INCHES BEP

3.375
3. 375
3.750
3.625
4,250
4.000
4.125
“e 250
4,250
5. 250
5.250
5.250
5.500

oot e & &
[SENESENYSFRY NN SE NIy gy gy

BATION

0.125952
0.125952
0.139347
0.135282
0.112346
0.105738
0. 109042
0.1123u46
0. 112346
0.104086
0.104086
0.104086
0. 109042

JF

5.4260
5.4260
5.4260
5.4260
10.8145
10.8145
10.8145
10.8145
10.6145
19.2258
18,2258
19.2258
19.2258

DE

0.270613
0.27063
0.27063
0.270¢€3
0.27063
0.270¢€3
0.27063
0.270¢€3
0.27063
0.270¢€3
0.27063
0.270¢€3
0.27063

PDROP

16.7519
16.7519
16.7519
16.7519
33.3879
33.3879
33.3878
33.3879
33.3879
59.3562
59.3562
59.3562
59,3562

LES

64387
64387
64387
64387
50899
90899
90895
90899
90899
121198
121198
121198
121198

GBANS

202.5
202.5
225.0
217.5
255.0
240.0
247.5
255.0
255.0
315.0
315.0
315.0
330.0

RATIOP

3.80725
J.80725
3.80725
3.80725
6.42075
6.42075
6.42075
6.42075
6.42075
9.57358
9.57358
9.57358
9.57358

PRODCT

245136
2451386
245136
245136
583637
583637
583637
583637
583637
1160301
1160301
1160301
1160301

49



TABLE (4.7) Cont'd

b |

0.15625
0.18750
0.18750
0.18750
0.18750
0.18750
0. 18750
0.18750
0.18750
0.18750
0.18750
0.18750
0.18750

H0QT

13.5585
10.5822
10.5822
10,5822
10.5822
10.5822
13.5585
13.5585
13.5585
13.5585
13.5585
15.2120
15.2120

HHP

0.554084
0.006991
0.006991
0.006991
0.006991
0.006991
0.040061
0.040061
0.040061
0.040061
0.040061
0.112723
0.112723

Q

16. 00
4.75
4.75
8. 75
4.7
4.75
8.50
8.50
8.50
8.50
8.50
12. 00
12.00

NuDOT

133.440
39.615
38.615
39.615
39.615
39.615
70.890
70.890
70.390
70.890
70.890
100.080
100.080

Ta

0.057524
0.082835
0.062335
0.082835
0.082835
0.082835
0.082835
0.082835
0.08283>
0.042835
0.082833
0.082835
0.062835

INCBES BHP

5.125
4,000
4.000
“. ouo
4.000
4.000
5.125
5. 125
5.125
5.125
5.125
5.750
5.750

Fhfrorfosuwbiouwoh
» e & o @
WOwOoOOoOOODOoOWVOVWLVLLN

BAT IO4

0.101607

0.2
0.2
0.2
0.2
°l2
0.1
0.1
0.1
0.1
0.1
0.1
0.1

1

67127
67127
67127
67127
617127
91261
91261
91261
91261
91261
51998
51998

JP

9.2258
1. 1767
1.1767
1. 1767
1.1767
1.1767
3.7681
3.7681
3.7681
3. 7681
3.7681
7.5101
7.5101

DE

0.270483
0.3247¢€
0.3247%6
0.3247¢
0.32476
0.3247¢
0.32476
0.32476
0.32476
0.3247¢
0.32478
0.3247¢
0.32476

PDROP

59.3562
2.5227
2.5227
2.5227
2.5227
2,5227
8.0783
8.0783
8.0783
8.07813
8.0783
16.1006
1641006

NR .

121198
29984
29984
25984
29984
29984
53655
53655
53655
53655
53655
75749
75748

GRANS

307.5
240.0
240.0
260.0
2490.0
240.0
307.5
307.5
307.5
307.5
307.5
345.0
345.0

BATIOP

9.57358
0.64685
0.64685
0.64685
0.64685
0.64685

2.01956 °
2.01956
2.01956
2.01956
2.01956
3.28584
3.28584

pRODC?

1160301
19395
19395
19395
19395
19395

1083351
108361
108351
108361
108361
2484899
248899



TABLE (4.7)Cont'd

0835

Du

0.18750
0.1875¢0
0.18750
0.18750
0.18750
0.18750
0.18750
0.18750
0.21875
0.21875
0.21875
0.21875
0.21875

4DOT

15.2120
15.2120
15.2120
15.8734
15.8734
15.8734
15.8734
15.8734
10. 2515
9.9209
10.2515
9.9209
9.5902

HEP

0.112723
0.112723
0.112723
0.267195
0.207185
0.267195
0.267195
0.267195
0.003774
0.003774
0.003774
0.003774
0.00377y

Q

12.00
12.00
12.00
16.00
16.00
16.00
16. 00
16.00
475
4.75
§.75
4.75
4.75

HHMDOT

100.080
100.080
100,080
133.440
133,440
133.440
133.440
133.440
39.615
39.615
39.615
39.615
39.515

T2

0.082835
0. 082835
0.082835
0.082835
0.082€35
0.082835
0.082835
0.082835
0. 112746
0. 112748
0.112748
0. 112743
0. 112748

INCHES aup

5.750
S5.750
5.750
6.000
6.000
6.000
6.000
6.000
3.875
3.750
3.875
3.750
J.625

LWwwrtLLnE =&
L]
WWOWWVOLWYHFEEELSOVOY

2ATIoH

0.151998
0.151998
0.151948
0.118955
0.118955
0.118955
0.118955
0.118955
0.258779
0.250432
0.258779
0.250432,
0.242084

JF

7.5101
7.5101
7.5101
13.3512
13.3512
13.3512
13.3512
13.3512
0.8645
0.8645
0.8645
0.8645
0.8645

)4

0.3247¢6
0.3247¢
0.32476
0.3247¢
0.3247¢
0.3247¢
0.32476
0.32476
0.37883
0.37888
0.37888
0.3788¢
0.37883

BDROP

16. 1006
16.1006
16.1006
28,6233
28.6233
28.6233
28,6233
26.6233
1.3618
1.3618
1.3618
1.3018
1.3618

NR

75749
75749
75749
100598
100998
100998
100998
130998
25701
25701
25701
25701
25701

GRANS

345.0
345.0
345.0
36040
Jo0.0
360.0
360.0
360.0
232.5
225.0
232.5
225.0
217.5

EATIOP

J.28584
3.28584
3.28584
5.30061
5.30061
5.30061

"5,30061

5.30061
0.345978
0.34918
0.34918
0.34%18
0.34918

PRODCT

248399
248899
248899
535354
535354
535354
535354
535354
8974
8974
8974
3974
8974

51



TABLE (4.7) Cont'd

0Bs

66
67
68
69

71
72
73
T4
73
76
77
78

0BS

6b
67
68
69
70
7
72
73
T4
75
76
77
78

0Bs

66
67
68
69
70
Ia!
72
73
74
75
76
77
78

Di

0.21875
0.21875
0.21875
0.21875
0.21875
0.21875
0.21875
0.21875
0.21875
0.21875
0.21875
0.21875
0.218758

4007

11.2436
10.9129
11.2436
10.9129
10.9129
11,5743
11.9050
12.2357
11.9050
12.2357
12.8571
13.2278
12.8971

HUP

0.021626
0.021626
0.021626
0.021626
0.021626
0.060849
0.000849
0.060849
0.060849
0.060849
0.144236
0.144236
0.14423¢

2

8.50
8.50
e- Su
8.50
8.5¢
12.00
12,00
12.00
12.00
14. 00
16.00
16.00
16.03

NRDQT

70.890
70.890
70.890
70.890
70.890
100,080
100.08¢
100.080

©100.080

100.080
133.440
133.440
133.440

TA

0.112748
0. 112748
0. 112748
0. 112748
0. 112748
0. 112748
0.112748
0. 112748
0. 112748
0.112748
0. 112748
0. 112748
0.112748

INCHES BiP

4.250
§.125
4.250
4. 125
4.125
4,375
4.500
4.625
4,500
4y 625
4,875
5.000
4.875

FErfFooosseedrfssdsacse
.
oDooowwwwwooooo

RATIOK

V. 158607
0.153942
0.158607
0.153942
0.153942
U.115651
0.118955
0.122259
V. 118955
0.122259
0.096651
0.099129
0.096651

JF

2.70838
2.76838
2.76838
2.76838
2.76838
5.51760
5.51760
5.51760
5.51760
5.51760
9. 80908
9.80906
9. 80906

DE

0.37888
0.37888
0.37888
0.378€8
0.37888
0.37888
0.37888
0.37888
0.37883
0.37885
0.37888
0.378€¢€
0.37888

PDROP

4.3607
4.3607
4.3607
4.3607
4.3637
8.6913
8.6913
8.6913
8.6913
8.6913
15.4512
15.8512
15,4512

NR

45990.4
45990.4
45990.4
45990.4
45990.4
64927.6
64927.6
64927.6
64927.6
64927.6
86570.1
86570.1
86570.1

GRANS

255.0
247.5
255.0
247,5
247.5
262.5
270.0
277.5
270.0
277.5
292.5
300.0
292,5

RATIOP

1.09019

1.09019
1.09019"
1.09019
1.09019
2.02124
2.02124
2.02124
2.02124
2.02124
3.21901
3.21901
3.21901

PRODCT

50138
50128
50138
50138
50138
131234
131234
131234
131234
131234

1 278670

278670
278670
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TABLE (4.7) Cont'd

0BsS

79
80

82
83
84
as
86
87
as
89
90
91

0BS

19
8d
81
82
83
84
85
8¢é
87
88
89
90
91

0Bs

79
80
81
82
83
84
85
86
87
8d
89
90
91

Db

0.21875
0.21875
0.25000
0.25000
0.25000
0.25000
0.25000
0.25000
0.25000
0.25000
0.25000
0.25000
0.25000

HMDOT

13.5585
13.2278
8.5981
1.9367
8.2674
8.5981
8.5981
9.9209
9.2593
9.5902
9.9209
9.9209
10.5822

HHP

0.144236
0.144236
0.002212
0.002212
0.002212
0.002212
0.002212
0.012676
0.01267€
0.012676
0.01267¢€
0.012676
0.035667

Q INCHES BHP
16.00 S. 125 he.8
16.00 5.000 h.8

4.75 3.250 3.2
§4.75 3.000 3.7
4475 3.125 3.7
4.75 3.250 3.7
4.75 3.250 3.7
8.50 3,750 3.9
8.50 3.500 3.9
8.50 3.625 3.9
8.50 3,750 3.9
8.50 3.750 3.9
12.00 4,000 4.0
Ma00T BATICH
133.440 0.101607
133.440 0.099129
39.615 0.217041
39.015 0.200345
39.015 0.208633
39.615 0.217041
39.615 0. 217041
70.890 0.139947
70.8590 0. 130617
70.890 0.135282
70.890 0. 139947
70.89u 0.1399%7
100.080 0.105738
TA JF
0.112748 9.8090Q6
0.112748 9, 80906
0.147262 0.66190
0. 147262 0.66190
C0.147282 0.66180
0. 147262 0.66190
O0e1472b¢ 0.66190
0. 147262 2. 11954
0.147262 2.11954
0. 147262 2. 11954
0.1472262 2411954
0. 147262 2. 11954
0.147262 4.22441

DE

0.3788¢&
0.37BEE
0.43301
0.4330)
0.43301
0.433C1
0.43301
0.4833C01
0.43301
0.43301
0.43301
0.433¢C1
0.43301

2DROP

15,4512
15.4512
0.7982
0.7982
0.7982
0.7982
0.7982
2.,55¢€1
2.5561
2.5561
2,5561
2.5561
5.0945

HR

86570.1
86570.1
22487.9
22487.9
22u87.9
22487.9
22u87.9
40241.6
40241.6
40241,6
40241,.6
40241.6
56811,6

GEANS

307.5
300.0
195.0
180.0
187.5
195.0
195.0
225.0
210.0
217.5
225.0
225.0
240.0

RATIOP

3.,21901
3.21901
0.21574
0.21574
0.21574
0.21574
0.21574
0.65541
0.65541
0.65541
0.85541
0.65541
1.27362

PRODCT

278670
278670
4851
4851
4851
4851
4851
26375
26375
26375
263175
26375
72357
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TABLE (4.7) Cont'd

uBs

92
93
94
95
96
97
98
99
100

GBS

92
93
94
95
96
87
98
99
100

Dy 9

0.25 12
0.25 12
0.25 12
0.25 12
0.25 16
0.25 16
0.25 16
0.25 16
0.25 16

PDROP

5.09449
5.09449
5.09449
5. 09449
9.05687
9.05687
9.05687
9.05687
9.05687

INCHES

4.000
4.125
4. 125
§8.000
4.500
4.500
4.500
4.500
4.500

DE

0.43301
0.4330
0.43301
0.43301
0.43301
V.43301
0.43301
0.43301
U4 3301

sEESEFEFEEE
.
nmuLLLEOEDCO

BATIOP

1.27362
1.27362
1. 27362
1.27362
2.01264
2.01264
2.01264
2.01264
2.01264

HHP

0. 0356674
0. C356674
0.0356674
0.0356674
0. 0845449
0.0845449
0.0845u49
0. 0645449
0.0845449

GBAMS MOOT

10. 5822
10. 9129
10.9129
10. 5822
11,9050
11.5050
11.9050
11. 9050
11.9050

240.0
24745
247.5
240.0
270.0
270.0
270.0
270.0
270.0

TA

0.147262
0.147262
0.147262
0.147262
0.147262
0.147262
0.147262
0.147262

JE

422441
4.22441
4.22441
422041
7.51006
7.51006
7.51006
7.51006

0.147202 7.51006

HMDOT

100.08
100.0¢8
100.08
100.0¢8
133.44
133.44
133.44
133. 44
133.44

B}

56811.6
56811.6
56811.6
56811.6
75748.9
7574849
75748.9
75748.9
75748.9

BATION

0. 105738
0.109042
0. 109042
0.105738
0.08921¢
0.089216
0.089216
0. 089216
0.089216

PRODCT

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 effect of nozzle
configuration, number of nozzles, nozzle orientation, and nozzle size on the
rate 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 plexiglas tube, 6l 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 at one inch throughout the entire experiment. Mud pump
gear Number 3 was selected to pump the drilling fluid (water) at 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).



Bit Number

10

11

12

56

TABLE 4.3

NOZZLE CONFIGURATION

Description

3 x 5/32 nozzles directed downward

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

One nozzle downward with an area equal to area
of 3 x 5/32 nozzles

Two nozzles downward, each is 5/32

One corner nozzle directed downward with
diameter equal 5/32

One center nozzle directed downward with
diameter equal 5/32

Two small and one large nozzle, all directed
downward

Two large and one small nozzle all directed
downward

3 x 5/32 nozzles pointing 45 degrees outward

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

3 x 5/32 nozzles with one nozzle pointing upward

3 x 5/32 nozzles with two nozzles pointing upward



Figure (4-3) BIT CONFIGURATION USED

LS



TABLE (4.9) CLEANING ACI1GN vY VAKLOUS HOZZLE COMBINATICNS

ubs

WCEeENOCUEWN-

10
11
12

B1 TnU KBK

WCEdOoC nEWN=

4.75
4. 75
4.5
4.75
4.75
4. 75
4.75
4.75
4. 75
4.75
4.75
4.75

Q=i4.75 GPHN
INCHES

3.250
4.500
3.500
4.500
9.475
6.000
5.125
3.750
3.000
3.12¢
4.000
3.125

GRA#S

139.750
193.500
150.500
193.500
424.625
258.000
220.375
161. 250
129.000
134.375
172.000
134.375

#AS5 KATE GF CUT11ING REMUVEL (LE/siIN) VS BIT WO

hlvEy

6.1620
E.5319
6.6359
E. 5319
18.7229
11.3759
9.7169
7. 1099
5.6880
£.9250
7.58139
£.9250

8s



TABLE (4.10) CLEANING ACTION BY VAhIOUS KUZZLE COMBINATIONS

0BS

-
COOLCONEWLWN -

-
N

BITNUMBR

- anh b
Nt OO IJOOWNE WN -

Q

CoCoctocaSo S
L} L
(AR R RN, R T RV, R

MASS RATE OF CUTIING HLEMOVED (LB/MIN)

Q=8.50 Gpy
INCHES

3.750
5.250
3.625
5.375
10.000
6.750
5.500
4.000
3.125
3. 250
4.750
3.750

VS BIT NO
GRAYS D OT
16 1. 250 7.1099
225.750 9.9539
155.875 6.8729
231.125 10. 1909
430.000 18.9599
290.250 12.7979
236.500 10.4279
172.000 7.5839
134.375 5.9250
139.750 €.1620
204.250 9.0059
16 1. 250 7. 1099

6S



TABLE (4.11)CLEANI NG ACTION BY VAKIUUS NKNOZZLZ COJASINATICNS
MASS KATE GUF CUTILING REHOGVEL {L3/4IN) V5 3IT WO
P=12.0 GPH

UBS BITNUNBK 9 INCHES GLANS ADoT
1 1 12 4.00 ©172. 00 7.5839

2 2 12 5.75 247,25 16.9019

3 3 12 4.25 182.75 8.0579

4 4 14 b. 50 279.50 12.3239

5 7 2 6.00 258.00. 11.3759

b 8 12 4.50 193.50 8.5319

’ 7 S 12 3.25 139.75 6.1620
8 10 12 3.50 150.50 €.6359

9 1 12 5.45 225.75 9.9539
10 12 12 4.75 204.25 5.0059

09



TABLE (4.12) CLEANING ACTIUN EY VARLUUS NULLLZI CUJABINATIONS
#ASS RATE OF CUIIING REAUOVED (Lus/dIN) VS BI1 NO

uBsSs

-

CVOVONOCOUVEWN-

BI1INUMER

-

N=DOWVWONEWN-

o

16
1o
10
16
16
1o
L)
16
1o
16

c=16.0 GFH
LNCHES

4.750
b.000
5.000
7.000
6. 500
4.750
3.500
4.000
6.000
S5.04)b

GEAJAS

204.250
<58.000
215.00v
301.000
279.500
204.250
150.500
17£.900
258.000
241.875

dAouT

9.0059

11.3759.

5.4799
13.2719
12.3239

3.0059

6.6359

7.5839
11.3759
10.0649

19



CHAPTER V

STATISTICAL ANALYSIS
Discussion of Method Used:

Experimental data is usually plotted to see if there is any type of
relation that exists among the variables. This type of relation is commonly
referred to as the correlation of the data.26 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 Il can be written in the following manner:

B1 Bz B

TaA(T ) (T )L (B S mmmm e e e e (5-1)

in which 7, Tfl, sz, ‘o Tfk are dimensionless groups and A, B,, B B

1, 2, . . . k
are constants to be estimated. For simplification, equation (5-1) can be

transposed into the standard logarithms:27

Log™ = Log A + B, Logﬂ1+BzLog“2+...+BkLog "Tk----(5-2)
HY = LogTT,X1=Log “1’ X2=Log Wz...xk=Log L

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

Y = Bo + lel + BZX2 Foaeet Bka --------- (5-3)

62
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The values of Bo’ Bl’ Bz, s bk remain to be determined by the
method of least squares. The least square method assists in the predictién of
a response variable from a function of regressor variables and parameters and
adjusting these parameters until equation (5-3) is optimized. Adjusting the
parameters means minimizing the sum of the squares of the difference
28

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

The optimizing procedures is performed as follows:

n 2 n 2
55 = .Z Ei = .z (yi - bo - blxi - o o o bkxki) - -(5-4)
izl i=l
Where E is the error term, and bo’ b1 .- bk are the values for Bo,
B1 - - - and Bk that minimize the sum of squares.

The result of the regression program is then converted to the form of
equation (5-1) by taking the antilog of Bo. 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
(A). The main statistical parameters29 which are considered important in
terms of analyzing the regression results are: 1) R-Square, and 2) F-Value.

Discussion of these parameters will be included in Chapter VIII.



CHAPTER VI

THEORETICAL SCOURING MODEL
The removal of cuttings from the bottom of a well hole is similar to the
removal of sediment from streambeds. The movement of so;-.diment3 0 in alluvial
streams is such a complex problem that it may never be completely subject to
rational solution. It represents, in fact, the most extreme degree of unsteady,
nonuniform flow, since the streambed as well as the water'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.

The scburing criteria can be analyzed3 l

as follows: Consider a plain,
stétionary 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 at which particles in the
movable bed are unable to resist the hydrodynamic forces and, thus, begin to
be dislodged and eventually to start to move. This movement is not an

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

fact, at 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
fact that 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 critical 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:
L
F A
t = -'I .
an ¢ 7 FB (6.1)
n
Flow direction \ > T‘E‘D
—_— J
x-direction
V >
W
where Ft = paralle!l forces to the angle of repose
Fn = normal forces to the angle of repose
¢ = angle of repose

coefficient of friction

tan d,
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Ft and Fn are results of the hydrodynamic drag FD’ the lift, force FL’
the buoyant force FB’ and the submerged weight W. The condition of incipient

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

(6.1)

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

2
Fn =CpK, d® B
D Dl _—
2 (6.3)
3
Fg = %298 (6.4)
"B . oc k.2 Ps vbz (6.5)
L = YL ™M 3
Where the weight of the particle is expressed as
W= K, p gd S (68
Where:
Vb = fluid velocity at the bottom of fluid layer
CD, CL = drag and lift coefficient, respectively
d = particle diameter
Ky K, K3 = particle shape factors (equal | for sphere)
Pg = liquid density
Ps = particle density

g = acceleration of gravity
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Introducing Equations (6.3), (6.4), (6.5), and (6.6) into Equation (6.2) yields:

cp 12 o, V2 &
tan ¢ =
T3 T 3 2 2
Pe 84 -p g de - C dp Y
2
Cp 1/2 o, V2 ¢
tan¢= 3
T .3 2p.V
(o - gd’-c d*P1

Solving for critical V at the bottom, (vb)c , Yields:

2
Ps (Vb) cr 2

T
(F, - pf)—e- g d tan¢ Cp+Cp tand

(4]

- I
)2 :2 ( P Pf) gd tén )
Pt (CD+ CL tan ¢)

(v

R ‘ 6.7)

with (vb)cr as the critical bottom velocity at 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 at 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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————-)Vf >FD '
j —> Vs
v
W
X-direction
>
(6.8)

Mass x Acceleration = IF (assuming no lift or weight forces in the

x-direction.

T A d _ 2 7.2
(03 d)‘-a%s = Cpllzp (Ve-V) —4d
Let K, = 0 (T d)
1~ s <z
K,= 1/2p, 7 d
2" f_‘I:
dvs 2
Thus, Kl? = CD KZ (Vf-vs)
dv Cp K, dt
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Integrating the above equation:

\') t

'JNLJN

v =v.|1- 1 (6.9)

2
CD Kl Vft + 1

It appears from Equation (6.9) that high drag coefficients cause the
particle to approach the fluid velocity faster. Therefore, it can be
stated that once the cutting is swept off the bottom, it would seem that
high velocity is helpful in that it will accelerate the cutting and im-
prove bottomhole cleaning.

It has been established32’ 34, 35, 36.

that drag coefficient is
almost inversely proportional to Reynolds number for Reynolds number
below 1.0.

From the concepts outlined in this chapter, it appears that if the

fluid velocity near the bottom of the particle is near zero, the drag

force in this case is a function of Reynolds number which is defined as

0.V.d

( fuf ). Once the cutting is swept off the bottom, the drag force in
V.-V

this case is a function of Reynolds number which is defined as pf( s)d.

To clafify further, lift force and drag force are discussed below.

Lift Force: The particles on the bed are lifted when the upward hydrau-
lic force, the lift force, exceeds the submerged weight of the particle.
When the particles rest on the bed, the velocity at the bottom is zero;

while the‘:velocity at the top of the particle is greater than zero. As
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a result, there is a high pressure under the particle and low pressure at
the top (Bernouille Principle). This pressure difference creates an up-
ward force. As the particles travel upward, the velocity difference
between the top and bottom of the particles will reduce, thereby reducing
the 1lift. After the particles reach a certain height, the lift force
becomes smaller than the submerged weight and the particles begin to fall.
Drag Force: The drag force is the force component created by a moving
fluid on any object submerged in that fluid. The direction of the force

is the same as that of the free stream of fluid.



CHAPTER VII

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 Chapter. An attempt 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 rate of cuttings per mass flow rate of drilling fluid as shown in Figure
(7-1). Figure (7-1) shows that the mass flow rate 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 th‘e small sizes of
cuttings and the mass flow rate of cuttings per mass flow rate of drilling
fluid, did occur under the same turbulent jet flow condition, same annular -

velocity, same pump flow rate, and same borehole configuration,

36

Sutko”™ has shown that 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 fqr the range of the chip size tested.

The experimental data relating to Froude number is plotted versus mass

flow rate of cuttings removed per mass flow rate of drilling as shown in

71
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Figure (7-2), Figure (7-2) shows that reciprocal Froude's number, including the
gravity term, has no effect on the mass flow rate of cuttings removed per
mass flow rate of drilling fluid. The reciprocal! Froude's number (-5%—) when
multiplied and divided by pA, is a ratio of weight to dynamic (or inertial)
force. Therefore, the results would Indicate that the dynamic force is more
dominant than the welght., One could Infer from thls that the angle of

borehole inclination in deviated hole does not affect the mass rate of cutting

removed,

Cheatham and Yarbrough37 conducted an experimenta! investigation of
the jetting action of a single central jet in removing loose particles from the
bottom of a cylindrical hole., They have found that the ratio of inertial forces

) :
to gravitational forces given by a modified Froude number, (—9-9-——, iIs more:

gApD5

significant than the ratio of inertial to frictional forces given by Reynolds
number, (-—S—-%). The reason for the contradiction in Froude number effect is
that Cheatham and Yarbrough have included the density ratio term in their

modified Fro.:e number whereas, in this study, the modified Froude number

does not include the density term.

In other words, Cheatham and Yarbrough have investigated the effect

of the following term:

Which is equal to

ED Ps P o gD (Bl

Q? Py Q? o

(7.1)
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whereas, in this research, 8 g and ps have been investigated separately;
f

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

5
bottom of a cylindrical hole. In this research, it has been shown that ig——
' Q
had no effect on the mass rate of cutting removed. It will be shown shortly

herein that the term ¢

ps) does have a strong effect on the mass rate of
f
cuttings removed.

Figure (7-3) shows the dimensionless mass flow rate (mass flow rate 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 that for a large value of spacing per bit diameter, the mass rate
ratios (mass flow rate of cutting removed per mass flow rate of drilling ﬂuid)"
are extremely low and increase at an increasing rate. As the nozzles move
toward the bottom of the hole, éalbi) decreasing, the jet works its way through
less fluid to reach the bottom of the hole. Thus, the amount of mixing and
energy loss is minimized. This finding agrees with that of Van I..ingcen3 whose
laboratory drilling in impermeable Belgian limestone, showed a 20 percent
increase in penetration rate at reduced hydraulic horsepower and a 30 percent
increase for unchanged power resulted with nozzles close to bottom. The
finding also agrees with Feenstra's findings6 which resulted from his full scale
experiments on jets in impermeable rock drilling. Feenstra made the following

statement 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, that 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 at moderate
horsepower, higher fluid velocities in that bottom area which tends to ball-up.
For the above reasons, it was recommended that extended nozzles with
insert-type bits be utilized due to the fact that such bits provide more space,
available bétween bit matrix and formation bottom, than any other fhree-cone
bits,

These findings were also found to coincide with those of Mt:Lean8 who
conducted a "cross-flow and impact under jet bits" study in which he
concluded that the extended nozzles will diminish the impact area. From the
edge éf this smaller impact area to the edge of the non-e#tended nozzles
impact area the velocity of the cross-flow will be higher, Therefore, an
increase in the sweeping capé.city of the cuttings along the hole bottom will

38

result. Experiments by Pekarek et al.”" also confirmed and agreed with our

findings, They observed that 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 jet stream
decreased with distance to a value at which the jet stream ceases to remove

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

specific formation material
RPM QP

3

Figure (7-4) shows an increase in rotational Reynolds number, W),
yields an increase in mass flow rate ratios (mass flow rate of cuttings per
mass flow rate of drilling fluid), up to a rotary speed of 30 RPM where the
mass flow rate ratios tend to level off. This agrees in part with Maurer?

whose laboratory observations indicated that the drilling rate is directly
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proportional to the rotary speed. The experimental observations seem to
correlate with the study performed by Outmans3 % in which he observed that
the drilling rate to be increasing with the rotary speed, but the higher the
rotary speed, the smaller the incremental response. Gray et al.“0 indicated
that 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. VanLir\gen,3 43

Gatlin,‘*1 Moore,qz Cunningham, - and Bram:leym't have all

found that 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
rate ratios (mass flow rate of cuttings per mass flow rate of drilling fluid) as
shown in figure (7-5). Figure (7-5) shows that increasing the cutting density
increases the mass flow rate ratios. As the specific gravity of cuttings
increases from 2.59 to 7.76 to 10.53 (sand to steel to lead) per the same unit
of mass of drilling fluid, the mass flow rate 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 that doubling the cutting density resuits 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 rate of cutting removed as shown in Figure (7-7). Figure
(7-7) shows that as the product of Reynolds number and the ratio of pressure
drop through the nozzles and the bottom-hole pressure increases, the mass
flow rate of cutting removed increases for all the different bits used. The
increase in the mass flow rate of cutting removed is attributed to the higher
values of Reynolds number (higher jet 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 Institute“ showed, however, that
jet velocities of the order 40 ft/sec 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 I.eeuween6

who have shown, through their full scale experiments on jets
in impermeable rock drilling, that the penetration rate tends to increase
with nozzle velocity. They have stated 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 at several positions beneath a 4-3/4 inch tricone jet bit in a
laboratory mc:del8 showed that the maximum velocity in the cross-flow is
dicectly proportional to the square root of the product of the rate of flow
and the velocity of the jets through the nozzles. The data8 also showed that
maximizing the product of the rate of flow and the velocity of the jets

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

conventional jet bit. This action maximizes the drag on the cuttings which

protrude from the bottom.
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Since the drag forces are proportional to szA, therefore, maximizing
the product of Reynolds number and the pressure drop through the nozzles
which is proportional to p2V3A2, 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 Eeninkl‘6 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 jet 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 teeth tc.>'
penetrate relatively undamaged formations.

The dimensionless mass flow rate 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 that at higher values of (NR x -A]ig—-), the mass rate
ratios tend to stabilize or become constant. The mass rate of cuttings per -
mass rate of drilling fluid is proportional to particle velocity per fluid
velocity. Equation (6.9) shows that at high values 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 at 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 effect of Reynolds number on the
mass flow rate ratios and the mass flow rate of cutting removal. An increase
in Reynolds number tends to increase the sweeping particle action. As stated
in Chapter VI, Equation (6.9), once the cutting is swept off the bottom, it
would seem that high fluid velocity associated with high Reynolds number is
helpful in that It will accelerate the cutting and improve bottom-hole
cleaning.

The increase in the mass rate of cutting removal with Reynolds number
agrees in part with the microbit study conducted by Eckel.10 Eckel has shown
that the rate of penetration, other conditions being constant, can be
described as an exponential function involving flow rate and density, nozzle
diameter, and bit or bottom-hole viscosity.

Figures (7-11) and (7-12) show the effect of ratios of pressure drop
through the nozzies and bottom-hole pressure on the mass flow ratios and the
mass flow rate 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 that exists among these figures which is th.e fluid velocity.
The higher the fluid velocity through the bit the higher the pressure drop
through the bit nozzles.

6, 19, 36, 47, 48

Numerous authors have shown that the drilling rate is

dependent upon the hydraulic effect of the bit. The rotary bit hydraulic jet
system performs two functions at the !::it:19 (1) preventing bit-balling -~
keeping the bit clean so that it does not lock up when the area between the
teeth becomes clogged with cuttings and, (2) bottom-hole cleaning — removing

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

the teeth do not have to redrill the chip.
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Figures (7-13) and (7-14) show an increase in the mass rate of cutting
removal with the hydraulic horsepower and the hydraulic impact force. Bit
hydraulic horsepower and jet impact are related to the fluid velocity at the
nozzle. At the nozzle, the fluid flow is accelerated and a pressure drop
occurs. This energy conversion provides the hydraulic influence that cleans
the bit and the bottom of the hole. Generally, an increase in either bit
horsepower or impact will increase the drilling rate. The primary purpose of
either is to clean the bottom of the hole and to prevent regrinding of‘
cuttings.

The jet impact force is proportiona! to sz, therefore maximizing the
jet impact force will tend to maximize the drag forces exerted on the cuttipg
since drag forces are also proportional to sz. |

The hydraulic horsepower available at the bit is proportional to pVa;
hence, it appears that 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 rate is needed to clean the bit and that jet' velocity is
needed to free the drilled chip held by differential pressure"9 to the bottom
of the hole. This jet velocity has a greater effect on penetration rate than
the flow rate alone; however, for a given hole size, there is a limited range
of flow rates that can be used for hole cleaning. Therefore, jet velocity for a
given hole size is somewhat dependent upon the hydraulic horsepower at the
bottom of the hole. Early investigation5 0 has shown that penetration rate is
dependent upon the circulation rate and also upon the jet velocity. This
requirement gave rise to the maximum (Q\{ n) progrém commonly called "jet

impact" program, justified by its proponents who believe that cutting removal
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is dependent upon the blasting effect 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 that 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 rate ratio (mass flow
rate of cuttings removed per mass flow rate 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
different. The magnitude effects in terms of the correlation of these

parameters with the mass flow rate ratios set forth in Chapter VIII.
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CHAPTER VIII

REGRESSION ANALYSIS

Regression procedures were conducted on the experimental data to
obtain the nature of the relation between variables. With two variables that
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.
l.f 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
varjation 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
coefficient is deﬁned27 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 related that correlation often becomes a useful tool in interpreting
regression.

Private consultationsﬂ with professional stétisticians indicated that R2.

and F-values are good measures of the correlation significance.
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R2 - Square is a measure that indicates the portion of the (corrected)
total that is attributed to the fit rather than left to residual error. It is called
the coefficient of multiple determination. It is the square of the multiple
corr'elationz 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 total 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 variables. .

The resulting52 R? indicates how well the model fits the data. The data
will always dictate which is the best model, as the model cannot dictate tl;\e
data. Rz, though, is not artificially inflated by the increase in sample size.
Increasing sample size merely produces a more stable and closer estimate of

the population R2 value. This is one of the reasons that researchers have been

reporting Rz values along with their indices of statistical significance.

The coefficient of multiple determination can be calculated as follows:z9
I (Yi-Y)
RZ _ sum of squares due to regression = i=1 .
~ total sum of squares corrected for the mean n 5
T (Yi-Y)
i=1

Where:
A
Yi = is an estimated value of y for an observed value of yi
Y = overall mean
Yi = observed value
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When there is a perfect correlation betweer‘ the variables, there is no residual
between the variables: there is no residual deviation of Y from ? and R2 =
1.0. When there is no correlation and more of the sum of squares of deviation
is removed by a linear relationship and R? = 0.0, sometimes R2 is referred to
as the fraction of the sum of squares of deviation that is removed by the
correlation.

F-Value: F-test is conducted for significance of the model. F-value can be

calculated as follows:

n A _ 5
F = MS L, D
reg = 1=
52
n A 9
L (Yi -Yi)
i=1
n-x
Where: Msreg = mean square due to regression
52 = Mean square due to residual
n = number of observations

From F-tables, with probability levels of (! -*=) and (K,N-K-1) degree of
freedom, a critical F-value is obtained. The K and N imply the number of
variables and the number of observations. From the comparison between thé
calculated and the critical F-value, the following can be cieduced:

l. Y, F (calculated) > F (critical), then R? is significant at « level
running a risk of less than «percent being wrong.

2. I, F (calculated) > F (critical), then we reject the null hypothesis

that the parameter (slope) is equal to zero running a risk of less than =

percent of being wrong.



Null Hypothesis:

H°§Bl=0

H1 : B1 £ 0

This hypothesis relates to the significance of regression. Failing to reject H o}
b1 = 0, implies that there is no linear relationship between the depeﬁdent and
the independent variable. It may also imply that the independent variable is of
little value in explaining the variation in the dependent variable. Alternatively,
if Ho t By = o is rejected, this implies that X is of value in explaining the
variability in Y.

Remember, deciding that (slope) Bl = o is a very important conclusion
that is only aided by the F-test. The inability to show that the slope is not
statistically different from zero may not necessarily mean that Y and X are
unrelated. It may simply mean that our ability to detect this relationship has
been obscured by the variance of the measurement process or, that the range
of values of X is inappropriate. A great deal of non-statistical evidence and
knowledge of the subject matter in the field is required in order to make the
conclusion that ES1 = o. |

Results of the regression analysis conducted on the experimental data
are summarized as shown in Tables (8.1) and (8.2). Tables (8.!) and (8.2) show
that 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
flow rate of drilling fluid. Perfect Rz-values are obtained with chip size and
reciprocal Froude number experiments. Repeated observations are the reasons
for such high Rz-values.

In the chip size experiment, fheré 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 at each repeat point. If the slope, B1 = 0, then
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 that the chip
size and Froude number (regression coefficients equal zero) are not related to
the mass flow rate ratios.

Private consultations5 1

indicated that R2-value greater than 0.9 is
reasonable for physical data, where Rz-value lower than 0.3 is considered poor
correlation. The mass flow rate ratio was found to be strongly dependent upon
Reynolds number (regression coefficient equals - 0.9583), nozzle height abové
bottom of hole (regression coefficient equals (0.60067).The mass flow rate ratio
was also found from the regression analysis, to be weakly dependent upon
(nozzle pressure drop/bottom-hole pressure) ratio (regression coefficient equals
0.1708) and on the rotational number (regression coeifficient equals 0.03438).
Results of the correlation conducted on the derived dimensionless groups.
effecting the dimensionless mass flow rate ratio (mass flow rate 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's36

work, although Sutko did not show the
magnitude effect of chip size on the forces acting on a chip removal.
The relationship developed between the reciprocal Froude number and

the mass flow rate ratios is in disagreement with the work done by Cheatham

37

and Yarbrough.”" The reason for the difference is that they included the

density term in the Froude number whereas, in this study the density effect
was treated separately. The degree of association between the off-bottom

spacing per bit diameter and the mass flow rate ratios is supported by the



TABLE

8.1

MASS FLOW RATE RATIO CORRELATIONS

2 Std Error
a a, a3 R F-Value Residual
a
Y = a =y 2 -16
M d 0.13217 4.8x10 1.0 999999 .99 0.0
a
MC al( S )2
d, 6.6139 _9.614x10"16 1.0 0 0.0
5 @2
M -2, 4hs L -16
£ ( ) 0.15554 2.794x10 1.0 999999 .99 0.0
M 2
f Q
5 3
Mc ay dng -16
(QZ) 6.1619 -2.79x10 1.0 999999 .99 0.0
M L a :
= = (g 0.063215 -0.60067 0.9424 636.569  0.0628
' b
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TABLE 8.1 (continued)
MASS FLOW RATE RATIO CORRELATIONS
2 Std Error
a, a, R F-Value Residual
2,
M = a L 1.58165 -0.60067 0.9424 686.569  0.0628
c @)
b
a
M. _ a RMQp
T (——) 0.046815 0.03438 0.9386 275.038  0.012796
H 'y
a
M. = a REMQ p 3.42218 0.03438 0.9386 275.038  0.012796
c ()
H 'y
M p. 2
= = (2 0.699089 0.7777 0.9978 9932.967  0.00973
§ f
p 32
M. =2 (pc) 37.8977 0.7777 0.9978 9932.967  0.00973
f
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TABLE

8.2

MASS FLOW RATE RATIO CORRELATIONS

2 Std Error
a a a R F-Value Residual
1 2 3
a a
M. =a, (W) 2 AP 3
— —) 5820.576 -0.9583 0.1708 0.7818 173.76 0.068207
M
f BHP
a a
M. = a (W) 2 p 3
c ('Bl—ff 0.000109 1.02555 -0.3408 0.5899 69.749 0.066588
22
MC = al (MI)
M 61.55268 -0.55088 0.7352 272.04 0.0767
b
a2
Mc = al (NR) 0.95988 0.21924 0.2258 28.581 0.090995
a
IVI; (El-—lﬁ ) 0.123376 -0.19104 0.5476 118.622 0.09759
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TABLE

8.2 (continued)

MASS FLOW RATE RATIO CORRELATIONS

2 Std Error
a, a, R F-Value Residual
a
M - 2
¢ D) 11.0323 0.0465 0.0636 6.659  0.10024
a
M a, (3F) 2
l\—llg 0.212929 -0.27704 0.7352 272.041 0.07467
f
a
Mc al(JF) 9.03618 0.10962 0.2258 28.581 0.091148
2z
M al(HHP)
I\—AQ 0.0869 -0.163158 0.6749 203.408 0.082741
f
al .
Mc al(HHP) 12 .5747 0 .055979 0 .1558 18 .093 0 .095166
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6 McLean,8 Pekarek et al,38 and

work conducted by Van Lingen,3 Feenstra,
Sutko et al.a However, none of the above researchers have indicated the
degree of association between the nozzle extension and bottom-hole cleaning
on rate of penetration. The degree of association between the rotational
Reynolds number which includes the RPM term and mass flow rate ratios is
lower than the degree of association between the rotational speed and the rate

of penetration indicated by Wardroup and Cannon.5 3

Wardroup and Cannon
showed that the rate of penetration obtained in Carthage marble is related to

the weight on bit and the rotary speed by the following relationships:

R = awno*
where: R = rate 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 1bs) 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 rate ratio seems to

10_ Eckel has shown in a

correlate weil with the work conducted by Eckel
microbit study that rate 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 rate 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, Rz-value, was favorable when the correlation was conducted on
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dimensionless function (-%4—%), while it was less favorable when the correlations
were conducted on non-dimensionless function (Mc).

Figure (8-1) shows the experimentally determined ratio of cutting-mass
flow rate per mud-mass flow rate as a function of the semi-empirical equation
A (NR)a2(—ABHg—)a3, which represents the calculated mass flow rate ratio. A
best line was drawn through the experimenta. 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 rate ratio as
a function of the semi-empirical equation Al(NR)az, which represents the
calculated mass flow rate ratio. The standard error between the experimentai
and calculated values is 0.0767 which is associated with Rz-value of. 0.7352.

Figure (8-3) shows the experimentally determined mass flow rate ratio-as

P

a
a function of the semi-empirical equation A l(BIéIPn ) 2, which represents the

calculated mass flow rate ratio. The Standard error between the experimental

and calculated values is 0.09759 which is associated with Rz-value of 0.5476.
Figure (8-4) shows the experimentally determined mass flow rate ratio as a
function of the semi-empirical equation A 1(:!F)az, which represents the calcu-
lated mass flow rate ratio. The standard error between the experimenta! and

the calculated values is 0.07467 which is associated with Rz-value of 0.7352,
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Finally, Figure (8-5) shows the experimentally determined mass flow rate
ratio as a function of the semi-empirical equation AI(HHP)aZ, which represents
the calculated mass flow rate ratio. The standard error between the
experimental and the calculated values is 0.082741 which is associated with
R2.value of 0.6749.

Figures (8-1) through (8-5) show the significance of R2-value in terms of

2

the degree of association between the variables. The closer R“-value to unity

the better (closer) the association.
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CHAPTER IX

COMPARISON OF BIT NOZZLE CONFIGURATION

From the literature surveyed it is evident that nozzle geometry has an
effect on the penetration rates of tricone bits. The hydraulic conditions under
a typical tricone bit are quife complicated. Several bit configurations were
tested in the laboratory under similar conditions to understand the effect of
bit nozzle configurations on the mass flow rate of cutting removal.

Warren and Winters16 have stated that 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 wellbore 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 effect of adjacent jets.

Twelve different nozzle configurations (discussed in Chapter IV) were.
tested at four different flow rates (4.75, 8.5, 12, and 16 gallons per minute).

Laboratory results were plotted as mass flow rate 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 tested under the lower two flow rates only because of current

equipment limitations. 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 attributed to the higher hydraulic jet impact and
hydraulic horsepower associated with these two bits. The higher hydraulic jet
impact and hydraulic horsepower were due to higher nozzle velocities.
Accofding to Equation (6.9), the higher the fluid velocity, .the particle
approaches the fluid velocity faster. Figures (9-5) and (9-6) show the
improvement of mass flow rate of cutting removal (Ib/min) as a function of
the hydraulic jet impact force and hydraulic horsepower for bits one through
sixX.

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 directed 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's36 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 stated that 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 three (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 the second set of bit configurations (bit numbers 7
through 12) are plotted [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-hole cleaning over the standard
bit. On the contrary, they have generally shown a reduction in bottom-hole
cleaning, A possible explanation for the reduction in bottom-hole cleaning
associated with bits number nine and number ten is that 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 hydraulic jet 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 twenty-five percent in the
amount of cutting mass flow rate removed over bit number one (standard bit).

The hydraulic jet impact force is lower in bit number eleven. The

improvement in bottom-hole cleaning might possibly ‘be attributed to the
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better washing at the i)ottdm of the bit face and to the reduction in
bottom-hole pressure caused by the upward jet action. The upward jet action
creates 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
by Cholet et alzo. At least a fifteen percent increase in rate 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 bit. The improvemenf that appeared in spite of the lowered jet
forces associated with bit number twelve could be explained by the favorable
flow pattern and to the reduced fluid mixing that existed underneath the bif'
face.

These test results show that 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 parametric ar;alysis was conducted of all the
fluid dynamic parameters which affect bottom-hole cleaning. Several definite
conclusions may be made from the experimental study of the important

parameters that 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 (nozzle-pressure drop/bottom-hole pressure) ratio and rotational

Reynolds number.

2, No dependency was found with chip size per nozzle diameter and Froude

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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From the regression analysis conducted on the experimental results, it is
shown that the hydraulic impact force correlates better than the
hydraulic horsepower with the ratio of (cutting-mass flow rate/mud-mass

flow rate).

The regression analysis showed that the ratio of cutting-mass flow
rate/mud-mass flow rate, correlated better with Reynolds number than

jet impact or hydraulic horsepower.

This study showed that many variables contribute to bottom-hole
cleaning and that merely varying a single parameter such as hydraulic

horsepower or jet impact force will not optimize bottom-hole cleaning. '



CHAPTER XI

RECOMMENDATIONS FOR FUTURE RESEARCH

In order to gain future insight into the parameters that affect the

bottom hole cleaning, additional investigations are needed.

1.

Simulate formation pore pressure and investigate its variation effect on

bottom-hole cleaning.

2.

3.

4.
5.

6.

7'

Use a microbit to study the effect of bit face water courses.

Study the effect of temperature, other than room temperature, on

bottom-hole cleaning.

Investigation of jet angle effect on bottom-hole cleaning.

Use polymers to study the effect of drilling fluid viscosity on bottom-hole
cleaning.

More investigations are needed for bit number 5 (one corner nozzle
directed downward) and bit number !l (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.

Drill actual samples and investigate the effect of weight-on-bit on the

generation of cuttings and cutting removal.
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NOIE: S ,IUNS SEECIEI:d Aak:

S GkL
cai=y

A
So
UZTIUD EAGES1ZE=SyL LIncSili=o4 NCoATE KCAGHCZM;
DAla £S5 '
INPUT DN ¢ INCHES oHP DE;

BHE=EBHE+14.7;

GRAMS=INCHES*cl;

MDCI=GFAYS*20/453.3Y;

d4DUT=E,3U*Q;

KRATICE=MLCT/MMDOT;

PDROP= ((W**2%8.34) /(Tuau® . G58x iz x2y) ) ;
BRATICE=ELBOE,/cHP}

HHEP= (ECRCE®C) /1714,

TA={{3.1410%3) /4)}*DN**Z);

JE={0.000S18%Y, JUsy**;) /1a;

NE= (379084988, 048 (Q/3)/(V-8904%2d) ) ;
PRODCTI=MR*5ATi02;

CALDS ;

CONOULEWN -

- s b b g b o
e w20

NOTE: DATa SET wOak.MHS1 HAS 100 OBSExVATICNS ASD 18 vaadiadLaS. 1
44 0BS/Tak
40TE: THZ DATA STATEMENT USED V.16 SECONZS AdD 52K

117 PRUC PRINT DAILA=B8S1;

NOTE: THE PROCEDURE PRINT USED 0.50 SECCNDS ANWD 144F
AND PRINTE. PAGES 1 IC 8.

118 Dala #57;
119 SET MS1;

NOTE: DATA SET WOBK.457 dAS W0 CoSERVATICNS AND 16 VAZIASLES. 1
44 0BS/TaK
NOTE: THE uATA STATEMENT USEL Joud SaCuUiLS Awy Edke

120 PROC SCRI DATA=MS1;
121 3Y DN W3

NOTE: & CYLINUEES CYGAMICALLY ALLUCAIES G 3{SOA #QB EAuii CF 3 S
ORT #CEK uaTA SZIS

NOTE: DATA SET WOKK.MS1 dAS 100 GbSEHYAILCNS ANLD 16 TaaLa3iES. 1
44 OBS/THRK



3 A3 Loea US 5345 diesdl VS¢s4VS CG3
NOTE: Id4Z PRCCEDURE ECET USED ve<d S=2CUADS AM 152K
142 FRUC MEANS;
123 8 DN 3
124 VAR xATIOM RATICE Su PBODCI ALCT adr 5T
125 OJUTPUT CUT=S1ai5 MEAS=RATICAN bAllusd NEM 2&U
TM HHPM JFM;
126 SY#bOL1 I=JCIN V=STak (=3;
127 SYMBOLZ I=JOIN V=S UAARZ uv=3;
128 SIMBCL3 1=J01a V=TBIAussLE C=:;
149 SYMBOLN I=JOIN V=DIAMCND ¢=3;
130 SYMBOLS I=JGIN VsPLUS C=3;

137

3aJlX

JCid4 3aDC

NOTE: vafa SET WUBR.STATIS dAS 20 UESEEVATIUMS AND § VAR1AbLoS. 2

50 uBS/Tad
WOTE: 14E PRUCSDURE MEANS USEL vee7 S:iCuird Aud 120K
AdD PRINIEC PAGES 5 IC 14,

131 PROC GELICT DATIA=SLAIS;

132 PLOT BAL1CUM*hH2M=Cu/dake=1ed VALP=UIL VEUS=LZ HPLS=
70;

135 IITLE oH=1 .C=2 Ma3S &Alb XALICS V5 HYJRACLIC 40u4SE28
WER;

134 LAB:L HEEN=HYDRAULIC HURSZPUWZA;

135 LABEL RATIOMM=MASS BAlL nAIICS;

NOTE: THE PROCEDURE GPLCTI USED 0050 SaCTLLS AND 416k

136 PRUC GELCT DATA=SIATLS;

137 PLUT BATICHMH*ITM=Li/HabBF=35 YaZk=C.30 VPCE=22 #PuS=7C
;

138 TITLE .H=1 4C=2 MASS aalE RATIUS VS HIJRACLIC Id4PACT
FORCE;

139 LABEL JF¥=HYLDRAULIC IdPACI FUACZL;

140 LABEL HATIOMM=MASS &AIE xaTICS;

NCTE: THE PROCECURE GPLCI USZD Je40 SaCCHDS AlD old e

141 PROC GPLCY DAIA=STALS;

142 PLUT PLLTIM*HHEU=To/iikif=led VKEF=17.3 VPQE=2Z 3205=7C
'

143 TITLE JH=1 .C=2 Ma33 EKATZ CF CUIIIJds REMCIZID V3 d1d2A
ULIC HURSEPUWER;

144 LABEL BHEM=HYDRAULLLC HUBSE PCHZIEK;

145 LABEL MDOIN=MASS KAIE UF UITINS REJCVED;

NOTE: IHE PRCCLDUFE GPLCI USEL Ue.do SECGuIS AdD 62U4E.



138

> A3 LOg OS S5a8 ¥leed VS2/3VS LB 3alad
140 2hLC GELC1 LAIA=STATS
147 PLUT ELCTu*JEda=0M/duif=35 VBEF=17.S5 V2CS=2c H208=7C;
143 TITLE .E=1 .C=2 MASS bATE CF CUTiIlse HE#CVEL V3 a¥l3A
ULIC L3EACT EGRCE;
149 LABEL JFM=HYDaAULLIC IH2ACT FCuCL;
150 LADEL MLOIM=MASS AAIE ur LUIILNS BLJCVED,

NOTE: TH: PECCZDUBE GPLOT USzl Ued4d ScCONLS AND G2dle

151 PauC GELCT LATA=STalS; )
152 PLUI oAlIGMM*ERODCLA=0ON/HREF=4E000U0 VRLF=0.30 VPOSs2
< HPQS=70;

153 TITLE .E=1 «C=2 MA3S hKATE 4LATIGS VS Hu® [NEus3a2),

154 LABEL ERUDCTIN=HR* (4PD/oHP) ;

155 LABEL BATICMN=NASS nalz RATIUS;

NGIE: 1di PAUCEULUBE GPLCI USED V.30 SECUNLS AdD 624K

156 PRUC GELLT DAalA=5.iAaT»;

157 PLOT RATIONM*LEN=DN/aducF=100000 YaiF=0.3¢ V23035=22 HPEO
$=70;

158 ' TiILE .H=1 .C=2 MASS aAdTE &ATIC5S ¥5 BEXJCICS LUMEES;
159 LABEL NBA=SREYMOLLS SUMBER.

16V LABEL BATIOUM=MASS nldlk xAIIUS,

NOTE: THZ PRCCEDURE GFLCT USLD v.39 SECONDS AND dzida

161 PRUC GBLUT DATA=STATS;

162 2L0T MDOTY*NEJ=DN/daEF=100000 V32F=17.5 VEC3=2:z HECS=
70;

163 TIILE .H=1 «C=¢ MASS RAIE CF CUTZIING GEACYZD V3 BEYNC
LDS NUMBEh;

164 LABEL NRY=REINOLDS NUMpik,;

165 LABEL MLCTM=MASS adlE uf CUTTIIGG HZMCVED;

NOTE: Tdi PRUCEDURE GPLCT USED ved3 SZCUNLS AuD €24K.

166 PAUC GPLOT DAIA=SIAIS;

167 PLOT RATICHMKALIOPN=D3/H4EF=19 VELF=0.3C VPbS 22 HEQ
5=70;

168 ) TITWLE «b=1 .C=2 #ASS kATE BAIICS VS ZRESSUARL RBAZICS,
169 LABEL BATICHM=44SS aAIE kKAIIU3;

170 LABDEL BATIOPN=NRPD/BHP;

MOTE: THE PROCEDURE GPLCT USED 0.38 SECCNDS AND b24fa

m PRUC GELCT DATA=SIATS;
172 PLUT MLCTH*BATLIUEM=UN/HRLE=15 VREF=17.5 VEU3=22 iiP0OS=
70;
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$ a3 « C ¢ 05 545 8<edl ¥Sc/49S GCo SARLIR
173 TIVLE JH=1 oC=2 M&55 RALE UF CUTIIiue LZduVew V3 2BZ3S
URE aATI10S;
174 LABEL MLCTa=MASS bhATE Wi CUIILal ZZ4CVED;
175 LABEL RATIOPH=MPL/ong;

NOTE: THe PasOCEOUKE GPLCI USSD U.43 SECCHDS add oluék.

170 PROC GELCT L2%A=81aTS;

177 PLCT MLOTHM*PBCDCTIA=sa/HREE=26CJ000 VRIF=17.5 V203=22
HPOS=70;

178 TITLE .L=1 .C=2 HASS BALE uF CULLING AZ4CWid V3 aR*[d
PL/BLP)

179 LABEL KDCTY=MASS RATE: G¥ CUTTING REAQVED;

180 LABEL PhOUCTIHM=N&* (NPD/BHE);

NOTa: THE 2HUCEDURE GPLCI USED 0.40 SECCNUS auD 624k,
181 ERGC ERINT DATA=EST;

NUTE: 1dE PHUCLDURE ERINT USED V.49 SECUMLS adl 424K
AND PRINIED EAGES 14 TIu 21.

182 JATA 4ET7;
183 SEL ME1;

NUTE: LaIA SET WCHER.MS7 HAS 100 GUBSEBVAIIUSS aND 16 VARIALLLES. 1
44 UBS/TEK
NOTE: THE DATA STATEMENT USED V.07 SECONDS AUD 424K.

184 PRCC SCHT DATA=MST;
185 3Y ¢ LE;

NUTE: DATA S5ET wOHK.HS1 dAS WU Ud3ERVAIIGNS AHD 16 vaalaBics. 1
44 0BS/Tax
NOTE: THE PBUCEZDULE SCAT USED J. 14 SECOUDS Aso 424K,

186 . PROC MEANS; ’ ot

187 bY gy DE;

183 YAZ RATICYE MLCT LCd;

189 OQUTPUT CUT=FLCa JEAN=RATICHM MLCTY DNH;
190 SYMBCL1 I=JGlu V=51AK C=3;

191 SYMBOLZ I=JOIN V=SCUAKE C=3;

192 SYWBCLI 1=JC1ia V=THIANGLE (=3;

193 SYMEQLY I=JCIN V=DIAMCHD <=3;

BOTE: DATA SuT WORKLELOW HAS 2v ObSEEVATICNS AND 5 V2elaalis. 43
3 UBS/TIRK
NOTE: THE PROCEDURE MEANS USED U.21 SECCHIS AdD 342k
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Sa 8 LeéG 0S SAS Hce2s VS2/78VS JCu SALZIR

AND PRINIEL EAGES 22 iuL Z4.

194 PRUC GPLOT DATA=ELGa;

195 PLOT BATIOAMSDIN=L/BaEF=04250 VREF=0.30 VECS=<2 HEC3=
70;

190 TITLE «H=1 .C=2 MASS «AIE BAIICS VS MC2Z1: LIAMETZS
197 LABEL BATIONMM=u45S RAalE xATICS;

198 LABEL CMM=DIAMEIER CP IHREE EwUAL WC2ILZS;

SCTE: TH: PRCCEDURE GPLCI USED 0.35 SECCNDS AUD 624F.

199 2hOC CGFLC1 DATA=ELud;

200 PLUT MCCTM*DNNSy/hEEE=U.2S VEEE=17.5 V2uE=2l H2035=7C;
201 TITLE <H=1 .C=2 MASS EAIE CF CUIZLINg REMCVED V35 dCZ3IL
2 DIAMETEk ;

202 LABEL MDOIM=MASS bhAIE UF CUITINU EENCVED;

203 LABLL CMM=DIAMETEE UF THR&E E.Jdi JOLILES,

NOTE: 1dE PROCEDURE GELCT USED v.4U S3COduS Aliu 624K
204 PROC PRINT DATA=MST7;

NOTE: Tidt PROCEDUBE PRINTI USED 0.49 SECGNLS ald 424¢
AND PRINTEL EAGES <5 10 32.

205 DATA ¥S2;

200 SET ¥&7;

207 FROLCTI=ERCDCT;

208 RATION=LOG10 (kATICY) ;
209 BATICE=LCG10 (hATICS) ;
210 Nk=LCG10 (&) ;

NOTE: DATIA SET WORKeUS2 HAS 100 CBSZAVATICNS aul 18 VA3IABLiS. 1
44 0BS/TRK
NOTE: THZ DATA STATEJZNT USED Oeud SECUILS dud 42UK.

211 PECGC BERINT DALA=NS2;

NOTE: THE PROCEDURE PRINT USED Qe.d4c SECCHDS AND U424
AND PRBINTEL PAGES 43 1TC 38.

212 PRUC BREG LATa=M32;
213 MODEL BATIOM=ME HATIOP/ALL CCLLIy 2ARTIAL;
214 OUTPUT CUI=C P=PKED;

HOTE: LaTA SET WORK.C HAS 16U UBSERVAILICNS aND 17 VAEIAE.33. 136
08S/1k&
NOTE: THE ?ROCEDUBRE REG USED Ja74 SECCNDS AND 424K
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SA S LCgG US 545 d8le4db Vsazdvs ¢

O
i
L.
B
L]
[
o»w

AMu PRIMDIEL FAGES 39 TG 51,

215 PEOC GPLOT DATA=C;

216 PLOT RATICH*BRED,V205=22 ©zGS=174;

217 5Y4bOL1 I=3L V=ST4& C=3;

218 LABEL RATION=L0G MASS KATZ SATICS;

219 LABEL EBREL=LCG (A1{hR)**aZ2 [uATI0P)**AJ);

220 TITLE k=1 C=2 EXPubiMENIAL 4455 BaLE BAILSS 73 CaLC
ULATZD;

NOTE: THe PROUCZDUBE GPLCI USED O.43 SECOMLS adl 620k

221 DATA FS3;

éz2 NELGE MS2 C;

223 4LDal=10%225EL;

224 CXPEM 1=1C**RATION;

225 PRUDCL=ERCDCT;

220 LABEL EXPhMTI=MASS BRATIE BAIICS;

NCTE: DATA SET WORK.NS3 HAS TUU OpSE2BVATLCNS AND 13 VAAZABLES. 1
22 OBS/THK
NOQTE: THE DATA STAIEMENT USED V.11 SECOALS AlC 432K

227 PRCC EBINT DATA=ESI;

NOTE: THE PRUCEDUBE ERINT USEL UeS54 SECUHLS v 424K
ANC PrINIEL EAGES 52 TUL 59.

228 Pa0C GPLOT DATA=MS53;

229 PLOT EXPRMT*YODEL/VPOS=¢2 dP0S5=70 dhEF=0.23 VkiF=0.3;
230 StasCL1 I=RL (=J;

2N LABEL EXPKAT=MASE KATIE BALICS;

232 LAEEL MCDEL=A1[Nb)**A2* (RATI0PR)**Ad;

233 T1TLS .b=1 <C=2 EXPEWIMENTAL XASS aalZ EA1I0S V3 CALC
ULATED;

NOTE: THE PHGCEDUBE GPLCT USEL Q.43 SECUNLS AdD 0lb k.

234 DATA M4S55;

235 SET #S1;

235 PRULCT =BECDCT;

37 RA4TIV8=LOG10 (RATIULY) ;
238 RATIGVE=LCG10{EALICR) ;
239 3R=LC310 (NE) ;

NOTE: DATA SET WOBK.¥SS5 HAS 10U OQBSEAVAIICHS AND 16 VA3ldBudSe 1
44 0BS5/Iak
NOGTE: THE DA1A SITATEHENT USEL Qu.uy SECUJDS Aud 424K.



343 LCG US D43 0cecE V32/aVE dud 3adIR

240 PROC -PRINT DALA=H55;
NOTE: THE PbOUCEDURE PEINT USED Q.43 SECCNDS ASND 4cul
Asu PRINTEL PAGES 6v 1IC bbd.
241 PhUC BEG L[ATA=MSS;
242 MCDEL EBATIOM=NB/ 2Li CULLIN PALLlAL;
243 QUTPUT GUTI=D P=PEED;
NOTE: DAIA SZT $OhkK.D HAS 1C0 OBSZBVAIICNS AHD 17 VRIIAELZS. 136
CBS/Th&
NOTE: TdAE PRCCEDUHE KEG USED Q.61 SECCHNIDS AND 424K
AND PRINTEL EFAGES eo IUL 77.
244 PRUC GPLUT DATA=L;
245 PLOT MATICM*EREDVPUS=42 HzCS=70;
246 SYndul?l I=BL V=3STAE C=3;
1y LABEL BATIOM=LUG MASS kA1Z HAIICS;
248 LABEL ELEC= LCG(21(NR)**aZ);
249 TIILE .H=1 .C=2 EAPERBINENIAL ¥ASS BAIE EBA1ICsS Vs CalC
ULATED;
NOTE: THE PRGCEDUBE GPLCT USEL Q.42 SICONLS AWD o0loR.
250 DATA B56;
251 4ERGE MES D3
252 MUDEL=10#3PREL;
é53 EXPhH T=10%*=2AT10H;
254 PhCRCI=ERCOCT;
255 LABEL EZPBMT=MASSE KAIE aaIiCS;
NCTE: UATa SET WOHERN4S6 HAS 100 UBSERVAIICNS AND 19 VaxlsaBLES. 1
22 GBS/TEK
NOTE: THE DAiA STAZEMENT USED Ja1< SZICOMDS AND 432K
250 PRCC’ EEINT DAIA=MSOH;
NOTE: THEi PRCCEDUBE ERINI USEL Q.55 SECONUS AND 424K
AND PRINT2L FAGES 78 Tu 85.
257 PRUC GFLOT DATA=HSu;
258 PLOT EXPEMT®MODEL,VP05=22 HEkCS=70 HBEF=0.24 Vdif=0.3;
253 SY88CL1 I=RL (=43
ol LASEL EXPRMTI=4ASE 3ATE RAILGS,
261 LABEL BCLEL=A31[NE)**ac;
204 TITLE «H=1 «C=2 EXPEHIMENTAL 8aS35 HAIE EA130S5 VS CALC

ULATED;

142



5 A5 LuG US 545 dledn VE2/4V¥5 dlo 35a21R

NOTE: TH: PRCUEDUEE GPLCI USEU V.43 SECCHCS AMND 026F.

263 DATA ¥S7;

204 SET 481,

265 BaTIC¥=L0G10 {hALIuit) 3
2b0 RA110P=L0OG10 (kKATICPR) ;

NOTE: DATA SET WOEK.MS7 #A4S5 100 OBSZRVAIICHS ANC 1€ VAGIAELES.
44 OB3S/Tak
NOTE: TuE DALA STATEMENT USEL U.U8 S:ECudid AdD 4Z4K.

267 PROUC BRINT DATA=HMST;

NOTE: THE PRUCEDUKE PRINI USLu 0.u3 SECONDS AND diub
AND PREINIEL PAGES to 1C 91

208 PELC BEG LATA=M3T7;
269 MCOEL RALIOM=BATICGE/ALL CULLIN 2ARIIAL;
270 OUTPUT UVUT=E 2=PBED;

143

1

HOTE: bala SET wURK.E HAS 1CU UoSEEVATIICHS ANO 17 VIiEIAulls. 1338

CBS/TEK
NOTE: THE PROCEDURE EKEG USED Vebo SECCHDS AND 424K
AND PRINLEL FAGES 92 TU 1.

27 PROC GPLOI DATA=E;

272 PLOT RATICH*ERED,VPOS=22 HiGS5=T79;

273 SYMBEGCL1 I=BL V=5T1as C=3;

274 LabEL RaTIICH=LOG 4SS xalZ HAIICS;

275 LABEL EREL=LCu(A1(REATIUP)*%i.);

il TITLE .H=1 .C=2 Es2ERIMELIAL MASS 5aXE BA1103 ¥S CALC
ULATED;

¥OTE: THE PEUCEDUBE G2LCI USED V.43 SECUULS AdD 6l6F.

277 DATA 4583

278 d4ERGE 457 2;

279 4CDEL=10%3PREL;
280 EXPrd1=1C**RATICH;

NOTE: LATA S&T WORk.4S8 HAS 100 CBSEEVAIICNS AND 19 VaalansiS.
22 QBS/TEK

NOTE: THZ DATA STATEMENT USEL J.11 SECCESS AND 43zK.

281 PRUC EFINT CATA=rS8;

NC1E: DH#E PRUCLDURE ERINT USEL J.55 SICONLS Add 324K

1
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S A LCG JS SAS 82.2& ¥S2/4¥5 (C3 SaLiR

AwD FolNTEL EFAGES 104 16 111,

282 PRCC GELGT Dala=M3d;

283 PLOUT EXFadT®NUDEL,/VPUSSZe UFCS=70 H2El=0.23 ViiIF=0.3,;
284 5Y3BUL1 I=RL V=3Taa C=3;

<85 LABEL EXPaMI=dASS RATE kAIICS;

280 LABEL MCDEL=21{a2lIuP)**A;;

287 IIILE «H=1 .C=2 EXPERIMENIAL Ba53 S4IE EAlIus VS CaLc
ULATED;

NOTE: iHk PRUCEDUFRE GELCT USEL Q.43 SECUMSS Alic v20k.

283 DALA X59;

289 SET 4§13

290 RA1ICE=LCG10 (FATIuY) ;
291 JF=L0G 10 (JF) ;

NOTE: DATA SET wQaK.¥SY HaS 1J0 CuSEZVATIICNS 85 16 WYAIIAZLES. 1
44 CBS/TEK
NUTE: TH: DATA STATZMENT USED J.U8 SECCHNDS A4D 42487.

292 PECC EBINT DATA=MSv;

NCTE: THE PRUCLDUKEZ ERINT USES Qeud2 SECCauS Aud 420%
AND PRINTED EAGES 112 TG 117.

293 P&UC REG CATA=MSS;
294 MODEL RATION=JF/ALiL CULLIN Pasnilai;
295 QUTPUT LUT=F E=PBEL;

NOTE: DATA SET #CHK.F HA3 10U UBSEBVATIVUWS add 17 VASINbLSS. 136
OBS/TnkK
NOTE: THE PRGCEDUEE BEG USEL u.57 SECOUIS Alis 424K

AND PRINIED PAGES 118 TI¢ 129.

296 ERLC GELCT DATA=E;

297 PLCT BATICHM*ERZD/V20S=22 HRUS=70,

298 SYMBOL1 I=BL V=S1A& C=3;

299 LABEL FATICH=L0G #ASS nali RAIIOS,

300 LABEL BRELD=LCu(a1(JF) *=32) ;

301 TIILE ob=1 oC32 EaPERIMENTAL 4aS35 XAT3S 241105 Vs CALC
ULATED;

NOTE: THL PROCEDORE GPLCT USED Qawl SECOMDS AlD 6206Ka

302 DAaTA M21C;
303 MERKGE 2SY F;
04 40DEL =1C%*PRiD;



145

S AS LC e J3 543 dleib YS2/4N3 Jud SAUIR
305 EXPR#4T=10%*RA1I0Y;
dGIE: DATA SET WCEK.NS10 HAS 100 UessEVATIICNS AND 19 VARIAELES.
122 OES/1RK
NOTE: THZ DaXA STATEMENT USED 0.11 SZCCHuS AlD 432K.
306 PRCC EFIN1 CAIA=MS10;

MCTE: THEZ PROCEDUEE ERINT USEL U.54 SECONLS Awd 424K
ANC PBINTEL EAGES 130 Tu 137.

307 PROC GPLUT DATA=ES1U;

308 PLOT EXPEMT®MUDEL,VPOS=«2 HPCS=TV dkEF=0.24 VHEZE=0.3;
309 SIKBCL1 I=RL V=STab C=4;

310 LABEL EXPEIT=8A5f BATE kKAIICS;

31 LABEL MCLEL=31{JF)**%A2;

312 T1ILE .H=1 .C=2 EXPERiLdLyiAL SASS 8AIZ BA1Iu3 V& CALC
ULATED;

NOTE: THE PBUCEDUEE GPLCT USED G.43 SECUNIS AND 626F

313 DATA ¥S511;

314 SZT 4%1;

315 RATICN=LCG10 (AT IuY) ;
316 dHP=LCG10 {HHP) ;

NOTE: DATA SET WOEK.¥S11 d4S 10U OnSERVAIILYNS AND 16 VAaiaE
144 OEBS/TkKK
NOTE: THL DAIA STIATEMENT USED 0.U9 SZCUMUS 44D 4l4K.

‘- .
o
(2]

317 PRCC EFEINT DATA=HS11;

NOLE: THE PRUCEDUBE ERINL USEL V.42 SECULDE add U424K
AJND PRINTEL EAGES 138 TU 143.

318 PaOC kEG LATA=M311;
319 MODEL KATICM=HHP,ALL COLLLY EAKIIAL;
320 CUTPUT CUI=G k¥=PBEs;

NCTE: DAIA SBI WCEK.G HAS 100 OBSERVAIIuUS AND 17 VARIADLZIS. 136
0BS/ThK
HOTE: THz PRUCLUUBE EEG USEL V.ol SECUHLS Aso 824K

AND PRINTEL PAGES 144 Tu 155.

a2 PROC GELICI DATA=G;
322 FLCT BATICH*ERED/VEUS=22 HRUS=T0;
323 SYMBOL1 I=kL V=STa& C=s;

324 LAEEL BFATICH=LGG Nas35 oATE 241105,
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5 A LCG US SA5 dect ¥32/4VS GuB 3Saulk
325 LABEL PRED=LCG10 (a1 [HHP)*%As);
326 TITLE «H=1 .C=2 EAPEalncdlal MASS &AIE KAIIUS VS CALC

ULATED;

NOTE: THE PROCEDUBE GPLCI USEL U.41 SECCHDS AND bebEa

327 UATA BS1Z2;

328 MERGE ¥511 G;

329 MODEL=1C%*PRED;
330 EXPANTI=10%*EAT10H;

NCTE: DAIA SET #CHKe KS1Z HAS Tuu UESEGVATIONG aad 1S VALIADLES.
122 OBS/1IBK
NOTE: THE JATA STALEMENT USED Je11 SECUNHLS aAlD 432Ka

331 PRV C ERINT DAlA=ES1Z;

NOTE: TuE PHOCEDURE PRINT USED 0.55 SECCMLS AND U4z4F
AND PRINTEL PAGES 150 1L 103,

332 PROC GELCTI DATA=NME1.;

333 PLLT EXEEMI*MCDEL,V2U3=22 HPUS=70 diEF=04.:4 VREF=0.3;
334 SYMEOL1 I=RL V=STAR C=J;

335 LABEL EXPFMT=8ASS RATE hAIIOS;

336 LABEL HUDEL=AT(HHP)**A2;

337 TIILE .H=1 oC=2 EXPEBIMENTAL ahSS 5412 2AI108 VS CALC
ULATED;

NOTE: THE PROCEDURE GPLCT USED Q.43 SECCHUS aND 626K.

338 DATA MS15;

339 SET ¥S1;

340 4DUT=LUG1C (MDGT) ;

3u1 BATICE=LCG1Q (FATIVE) ;
342 WR=LCG 10 (ME) ;

NOTE: DATA SET WCRK.MS15 HAS 10U CHSESVATICNS AD 16 VALIABLES.
144 0BS/1RK
NOTE: THE DATA STATEMENT USED v.U9 SECULISS AdD 42iKe

343 PROC HEU CATA=d4515;
344 A0DEL M4DOTI=NR,ALL CCLL1Y rARIIAL;
345 OUTRUT CUT=T E=PBEL;

NOTE: DAid 3SiT WCEK.T HAS 100 UBSERVAIICHUS Aud 17 ViiIasllS. 134
085/1BK
NOTE: THZ PRCCELURL BEG JSEL V.61 SECUuaS Ak 4ol

AND PHINTEL EAGES lod IL 175.
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S A S LOG US Sa3 Beadd V3l/74V5 oCu oaklX
4o vATA 2S¢
347 SET MS1;
343 4DOT=10G1C(M¥DCI) ;
349 KATICE=LCG10 {8ATIGR) ;

NOTE: DAia SET WCBK. X516 HAS TuU UBSERVATIVNEG awd 1€ VAziaBLES.
144 OBS/TIRK
NOTE: THE DATA STATEMENT USED VeU9 SECOULS Aud 424Ka

359 PROC REG LATA=NS 1o}
351 MULDEL MDOT=RAIIOE,aLL CCLLIN EABIIAL;
352 QUTPU1 CUTI=X Lk=Pbis;

NUTB: Daia SEYL ACBKeX HAS 100 UBSERVATIOHS add 17 VASZIA3LisS. 136
OBS/TaK
NOTE: IHE PRCCLOUBE EEG USLEL vedl SECUNLS AdD 424K

Adl PRINTEL PAGES 176 1U 1b7a

353 DATA e3517;

354 SET MS1;

355 #DOT=LUG1C(MDCT) ;
356 JE=LCG10 (JE) ;

NOTE: DATA SET WCEK.MS17 HAS 100 UESEBVAIIONS Ado 1€ VAalaoLES.
144 OBS/THK
NUTE: THE DATA STATEMEMNT US:ri Uev9 SECUULS AND 42UKa

357 2kOC &EG LATA=4S17;
358 YODEL #DOT=JF,ALL CCLLIN PABIIAL;
359 QUTIPUT CUI=Y P=Psil;

NOTE: DAlA SET wUFK.Y HAS 10u UBSEBRVATIGCNS avd 17 VA3IADLISe 136
0BS/T&K
NOTE: THE PBCCZCOUEE KEG USEL Jen1 SECUNDS AND 424%

AND PRINTEL FAGES 188 Iu 194.

360 DATA us18;

361 SET MS1;

362 ADOI=L0G 1C(4DOT) ;
363 HHP=L(G1P{HHE);

NOTE: DATA SET WCEK.¥S18 HAS 10U OESZEVATIICWS ANU 1€ VARLABLZS.
144 OBS/TEK
NOTE: THE DATA STATEMENT USEL V.U S1CObuS AND 424Ka

364 PROC REG TATA=HS18;
305 S0DEL MDUl=Hesali CCLLIN =AKIIAL;
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S4 3 LCu US SAS 84.2B VSa/u4Vs <C3 sauik
Joo UUTPUT CU1=% e=PBEL;
NOTE: DAlA 3ET WCHK.Z HAS 10U UBSERVAIIUAS ANO 17 VARIidwaSe. 136
0BS/TkK
NuTE: THE PRUCEDUBE BEG USEL Ja. 61 SECUNLS AJD 424K
ANU PRINTEL PAGES 200 ¢ <11.

307 DATA k£13;

368 SET ¥S1;

369 ADUT=L0G1C{MDOT) ;
370 RAIIVE=LCG10 (aATIC2);
371 NR=LOG1C (8K} ;

NOTE: DATA SET wORK.8513 HAS 100 UBSLBVATLCHS 24D 16 Vauslidiwise
144 UBS/THK
NOTE: THFE DATA STATEMENT USED v.uU9 SZCGHLS aND 424K.

372 PBUC BEG LATA=MS1s;
373 HODLL HLCI=NE RATIUP/ALL ClwLib PARIIAL;
374 OUTPUT CUI=S P=PELD;

NOTE: DATA SET #4ORK.S HAS 1CC UBSEAVATICLS Add 17 VAEIAciE3. 136
CBS/TEK
NOTE: THE PROCEDURE REG USED G.7o SECCNDS AND 424K
AND PRIMIEL PAGES 212 1u 224
NOTE: S$SAS USED bzéK MENChY.

NCTE: SaS5 INSTITUTE INC.
Sas CIRCLE
PC BOUK 800
CARY, N.C. 27S11=8L00



4435 BATE OF CUTIING BodGVED Vo NC24uZ oIAY¥EIEZ

MODEL CRUSSERCDUCIS 4'X X'Y 1'%

XX IMIEBCEP ba RATIu?
INTERCEP 100 47845426 -ZledEzz
Nk UTELE246 i294.829 =104, 8065
BATIQE ~24.3822 ~104. €65 37e21E3€
RATIuUN -Btl.21E8 =415.342 15.04753

SEQUENTIAL 2AKAMEYLER ESTIMAIERS
INTERCE? ~-.d0l18E

NE 1.7892<5 -. 5540588

BATICE 370467 -.558263 (.170810

X'X INVEZRSE, B, SSE

INVERSE INTERCEE . §:1 aallup
INTERCEP 44,7€218 =Y. 17522 3472808
NR -9.17522 1.88121 =C.710375
RAIIQE 3.472505 -0 710375 C.3uQzzdeE
RATION 3. 764566 ~Le958203 0. 1708162

149

RATICYH

~¢6.21E8
-4 15. 342
1304763
To.42112

8ATICH

Je 764586
-0.958263
C.17381€2
Ve 4548053



JASS BATE CF CUTIING aEUCVED

DEP VARiAaBLE:

SOUBCE DF
MGDEL 2
. ERitOH 97
C TCTAL 9y
ROUT MSE
DEr MEAN
CaVe
VARIABLE OF
INTERCE? 1
NR 1
RATIGE 1
VABRIAELE OF

INTERCEP 1
N&
RATIOP 1

-

VARLAELE DF
INTERCEP
133
RATIOP

i )

Cuvhb

INTE&CER
NR
BATICP

kA IICA

SUd4 Ck
Sy UARES

1.629480
CodcuBCS
2.0B4285

CoCEEYTY
~-0.802188
~7.54151

EARANETES
ESTINATE

3. 764966
-C.c58264
0. 1708 16

TIPE I

ss
74.336€31

1.532292
C.0S71€c

TCLERANCE

0. 106507
€.1C65C7

dezal
S UAKE

UeB81474C
C.CU4bBB714

#=SYUALE
ADJ o=3.

STAaDAZL
EBAVE

Ve 458123
J0ev93917
VaU37518

1ik2 II Ss
Ve316073
o U4bB12E
0.v97188

& VALUZ

173.7¢6

V.78
Ge?773

T FCE HO:
2ARAMZTEX=0

d.c18
=10.203

44553

STANDABDIZED
ESTIXAIZ

0.000000
-1, 482854
Jebb 1665

COVAEIANCE OF ESTINAIES

INTEFCEP

G.2098771
-C.04302
0.01628159

uid

“Veul4302
0.008820Gu53

-J.

00333074

150

vo MCZZ.E LZAdzlza

EBCEDE
¢.0601

2rud > |1}

0.CCCT
J.0001
C.CCOY

aATIC?

de 01623139
=-3.00333374
Ced014076€8



COBBE

INTER
NR
BATIC
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MASS BaTE CF CUTIING S:40VEL VS 5C22L2 LIAMEIES

CEP

2

CORBELATIUN OF ZSTIIMATZS

INTESLEP
1.00d0 -3
~Je 5599 1e
0.9472 -(e

CCLLINEARITY JIAGNCSTICS

NUMBER

1
2
3

Wl

§9459
QU QY
§452

raALIGP

C.9472
=0.9452
1.UCC3

VARIANCE PRUPURTIICUSE

CONDITION
INOEZR

SIGENVALUE

2.232
0e767496
«00U113602

14C.18¢4

PCETICN
IsTEaCEP

Tadul
1.708

0.u00G0
Vv.00GCO
Ga9999

ERELICT

3TL EBR

LOW 5955

ECRIIQN
NB

0.00040

G.000¢C
0.3399

UPPERISA

s]-13 4CTUAL

VALJE PRELICT

BEAN YEAS

-. 823159
~.823159
-.823159
-.823159
-.823159
-.663459
-. 6470064
-.680452
-. 063459
- 663459
-.573282
-. 573282
-. 573282
-. 573282
-« 573282
-« 587070
-.501311
-.587070Q
-.001311
-. 5616034
-. 663459
- 598221
-. 680452
- 603459

~.722488
-.722488
-.722488
~.722488
-. 722488
-.695448
~-. 595448
~.£55U48
-.EG544E
-. 695448
-~ .673276§
-.073279
-.£73279
-.673279
- 873279
-.b54864
- E54€0d
~.654864
~-. EELHERY
-.6548b4
-.£38117
~.638117
-.t3EN1T
-.638117

JeUlba19 =.758472

(- 016019
0. U 16619
0.Cloo19
Us 01019
U.013135
0013135
CaG13135
0.013135
0.013135
C.012326
va0 12326
Le0123.40
ve0 12428
Ge0 12320
tie G 1335487
C. 013407
Ue 013387
0.013387
0.uv 133487
0. 015349
Ve0 15449
0«0 15349
Ja U 15349

-e75547¢
~e758472
-=753472
~e755472
-.721516
-.72151¢
-.721516
-«7215186
~.72151¢
-e037744
-e097744
~eb57Tu44
-~ 657744
~e597744
-.661433
-.081433
~.681433
-.081433
-« 681433
-.068581
-, 08685€1
~.b006£581
~«6EESET

-.889S4E
~.039505
-.6855G¢
-.063950S
~.68950%
~.609379
-.£69378
~.6€937¢
-.009375
-.66537¢
-.648814
-.048E14
~.b48814
-.G48E14
-.0443814
-.628Z¢64
-.028254
-.€28284
-.628294
~.€26254
-.507653
-.607653
-.007633
-.€07€53

2C51Lud
E2liCE

0.0364
€.C973
0.3937

LCRZE95A
ER&uaCl

-.£62330
~.362330
~.£6233€
~.86233%
-.£6233¢
-.333323
~a8d332E
-w£33d2¢8
-.333823
-.£3382¢
~.311367
~«£11367
-.311367
-.811387
-.811367
~+793336§
-.7933133
-.753339
=.793339
-e753336
~.777392
-«777352
-.777352
~.777392



QBS

25
26
27
28
29
30
31
32
33
34
35
36
37
33
39
40
41
42
43
44
4s
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
6%
65
66
67
Y

%aASS BATE CF CUTIING diduVel V3 budewz LIAdEIER

alIUal

-. 063456
-. 988735
-« 368735
- 969429
~e 509449
-« 988735
~. £83999
-d99793
-« £99763
-. 854036
-. 868758
-.718373
-.718373
~-.718373
-«718373
-.718373
-.79%078
-.812643
- 799678
-.312643
-. 812643
-« 854030
- 88399y
~.863759
-.8540306
-« 8540306

-leUU4

-1.004
-.5689558
-+ 989558

=1.v04
-e 949441
-« €75770
-. 962406
-e 949441
=.949441
-.81810¢
-.318162
-.818162
~ed18102
-.818102
~.930851
~.524b17
-.912718

FREDICT
VALUE

-.638117
-.881038
-~ +EET1C3E
~.881038
-.E81C38
-.881038
-.ES2E56
-.852856
-+ £ES52E56
-. 852850
-.E52E56
-.829515
-.E25515
-.829515
-.£28515
-.829515
-.£11100
-.811100
-.£11100
- 811100
-.£111C0
-« 794757
~«794757
=.754757
-« 794757
- 794757
- «$75587
-+979587
-.575587
- 979587
-.$79587
- 548248
- .S“GZWB
-.548248
-.54€248
-. 548248
-.$25356
~. 925350
-.52535C
-.925350
-.52535¢
~.904628
-.504¢€28
-=9045628

STC Bii Lun38954 USP£sS5F LCaiadia

PREDICT

Ve C15349
0.0 15088
U.G13C80
ve U 13006
0.013¢86
Ve 013086
C.0C8402
0. 608462
C.0CEub2
Ue0GCoub2
LeUCbube
Ve UG70068
G- 07008
Ve U07Vby
CeUC700b
Ve U (C70068
Ve UCE0uW D
U.0U80640L
LeUCEBUO
0.u08040
(e GCERYUU
V.011350
C.U11350
Ue 011350
€. 011350
Ve 0 11050
G.U12882
UaU1288¢
C.C1288«
0.0 12882
C.012882
0.008940
o UCB94Y
Ve UC8Y40
C.GCa940
V. UCB940
C.C(7814
0.007813
G.GC7813
V. 007813
LelC7813
U009 15y
Ja. 009150
J. 009150

gIab

-.0068531
-.50701¢
-.907v10
- 567010
-.90701¢
-.907010
-.869650
-.5636S0
-.809650
-. 805650
-.80%050
-.843543
-.843543
“. 843543
-.843543
- 843543
-.828247
-e828447
~.8438247
~.828247
-.823247
-.817283
-«817483
~.817283
-.817283
-.B17283

-ledud

-1.00%

-1.0G5

-1.0035

~1.003
- 965551
~.965951
-. 565951
~-.5905951
-.9e59¢1
-.94G857
- 94CEET
-.940857
-« JUCEET
~e94€857
-.92278¢
~.922788
-.922788

4EAN

~.007033
~«ESECHE
-+355066
-.E£535Cc6¢€
-+855060
--855(06¢
-+330002
-.836G€2
~a336062
-ed3olcz
-.336062
-.E15u87
~.315437
-.815487
~=515487
-.£15487
-e793952
~e793552
~.793952
~+793%52
-«793952
-e772231
~.772231
~e 172231
~a772231
-.772231
-.354020
-.554CsC
-.354029
~«J54G2C
-.354020
-.930850¢
~+930305
~.5305¢¢
-.930505
-.53083¢
-« 309843
~.509¢€43
~.903843
~«509€42
-«9509843
-.8E84cE
~«380463
-.8E€YsE

EEELICT

-.777392
=-1.315
-1.019
-1.018
-1.019
~1.016

~+989793

-$85753

-.389793

-.585753

-.989793

~.56614¢

-<360 149

~.S66140

~«9606 140

-e560144d

-+94380G30

-«S544d0EC

-+343080

-.S4308Q

~.3486430

-.532314

-.932514

-«532514

~e332514

~-.532514
-1.118
~-1.118
-1.114
-1.118
-1.118
-1.083
-1.085
-1.J83
-1.085
-1.088
-1.062
=-1.062
-1.062
-1e062
~1.062
-ladid
-1.042
~1edU42
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0BS

09
70
71
72
73
74
75
76
77
78
79
8v
81
82
83
84
35
86
87
8d
89
90
91
92
93
94
95
96
37
98
99
109

0Bs

1
2
3
4
S
b
7

¥a33 RAIE CF CUTILJG a2duVEL V3 WULILE ZIadilai

ACTUAL

e 924617
«912718
«57577C
«975770
+902406
«3b2400
«97577u
=1.Y38
~1.0¢0
=1.050
=-1a0s0
=1.026
532609
982609
$E26C9
9v24uo
993074
9240617
Sé4617
924617
524617
524617
'10015
~1.004
-1.018
-.993074
~1s004
-1.3d59
-1.05¢
-1.050
-1.080
~1.u30

UPPERY9SH
PREDICT

-.582640
-e 532640
-.58264C
~e 332040
-.582040
~-.557007
-« 5570867

PREDICT
VALUE

-.5C4¢e28
-.504628
-.EE75C3
-.887503
- .EE7503
-.887503
~.EETE03
=1.u62
-1.062
=-1.062
=1.062
=1.062
-1.C29
-1.029
-%.02§
=1.029
=1.026
=1.004
-1.C04
=1.004
-1.C04
=1.004
-.SE3596
-.583596
- .SE83590
~+583336
-+ SE359%
~-.966501
- .SEbECT
-. 966501
- «$665G1
=+ 566501

KRESIDUAL

-.10C671
=~ WUo71
~«10CE71
-« 100671
-.100671
0.031586
0.048380

STL &R LUWEZ39Eh UPPERGS3Z LCeiniSi

PREVICT
0.UC9150

CeJ11593
Ueu 11593
6611593
Ve 011593
CaU11593
V.0 14555
U.014555
Ue U 145855
Ue 014555
Ue U 14555
Us 011427
Ve 0 11427
0oV 11447
Ue 011427
Le 011447
Ve 10612
Caulluil
V.0 10612
leU1ib12
eV B 12
C.011642
Va011622
Cetil1022
Va0 11622
Ced 11622
Jel 130353
LoV 13053
Ue0 13653
C.013653
Veu 13653

STD ZER
RES1DUAL

C.066u427
Ve Jbb427
Le 000427
V.060427
Ua0tou2?
C.C87203
Ve UB7203

YEAL

Y258

-.9£2788 =.336409
Uel9150 =.922788 -.EEEL6S
~e910512 =.564433
=+910512 -.E04US3
=e910512 -.384453
-9 10812 - EE4US3
-.910512 -.364453

- 1.451
=-1.3091
-1.091
=-1.991
= 14991
-1.052
-1.052
=1.052
-1.032
=-1.052

-1.033
-1.933
=1.033
-1.033
-leuis
-1.006
~laClt
-1.006
-1.C0¢
=1.ud6

=1.825 =.SE€318S
-1.025 -.583199
~1.045 -, 583168
-1.025 -.533139

~1.025 -,

€E3 1SS

=1.007 -.360530
=1.007 =.56C53C
=1.007 -.360530
=1.007 -.56C53¢C
=1.007 -.900530
=<99355d4 =.9334Cu
~.993598 -.939404
=+933566 =.333404
-.§33598 =.939404
“e 993594 ~.339404

STUCEZJT
HESIDUAL

~1.510
-1.51¢
-1.516
-1.51¢
-1.51¢

0.476

Ce720 |

— e e T ——

-2=-1-0

*Rx)
(11 ]
L2271
(22
any

“

EBELLCT

=1.942
-1.342
-1.025
~149235
=1.045
-1.025
=14925
-1.2C1
~l.a01
=1.44G1
-1.201
=1.201

=1. 107

=1a1c7
-1 187
=117
=1. 167
-le 142
-1. 142
-1.142
-l 142
-la142
-1.121
-1a121
-1. 121
=1.121
-1.121
-1.108
-1. 105
-1.198%
-1. 105
-1.105

—— oo -
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obs

8
9
10
11
12
13
14
15
1o
17
18
19
20
21
22
23
24
25
26
27
28
49
30
31
32
33
34
35
38
37
38
39
»y
41
42
43
4e
45
40
47
48
49
50
51

dASS RATE CF CUTIING nEdGVEL V3 JdUéiai CIddEid2

UE2ERYSR
2aEDICT wESIDUAL

=«557007 0.L14¢50
=e557Vu7 V.031989
=«5570067 Q0.03168¢%
-+535192 V.099997
~+535192 0.055597
=. 535192 0.099997
~.835152 (.(5¢997
~e 535192 V.(69999%7
-.516388 0.067793
~.516388 0.053553
~.516388 0.C67753
-.510488 0.053553
-+ 516388 V.C€38E30
-« 4983841 -.025342
~. 458841 - ,CEC104
- 493541 -.042375
—. 458841 ~.C025342
-. 498841 -,025342
~. 742676 ~-.107696
-. 742076 -.107696
~o 742670 - .0£8391
-. 742076 - .CEE391
-. 742676 =.107696
=« 715919 ~.C31143
=« 715919 -.046¢37
=.715919 =.0u46937
~.715919 -.C0118¢
-« 715919 ~.015903
=.089289U 0.111142
=.09289%0 V111142
~.£92890 0.111142
“e 092850 J. 111142
-.092850 0.113142
=.074119 V011421
-.674119 =.C015u4
~e074119 Y.011421
-. 674119 =.LC15us
“. 674119 =-.001544
-« 657000 - .C59279
=« 6570U0 -.u89242
~.85700C =-.C74002
- 657000 =-.059279
=.0570u0 =-.(59279
~.341300 =-.0242M

STLU Zak
BESIDUAL

C.ub720U3
V. 0672u3
L. 067203
Ue0€7330
0.0673%0
0.067356
Ve 087350
0.0687356
0.067153
U.067153
U 007153
Oev67153
Ce 067153
Ve V66732
CeUE0732
Ve VB0732
Colbb732
Q00732
00067212
0067212
Oeub7212
L.067212
Veu67212
Ve 067549
CaG6754Y
v 067949
0.C67349
Ve UET94Y
0.C6E1G8
0. 0686108
UeUOEIQB
Jeu6810U8
LeQBEICS
Ve 067927
0067527
Ve0B7927
Ce 0687927
Ue 067927
Ce.067527
Ve 0€7527
0e0€7527
VaUET527
Ce067527
Ue 067252

STUCENI
BESIZUAL

Je223
Ja47¢
0476
1.43%
1435
1.488
1435
1.483
1.010
Je787
1.010
ve737
Je578
-le 360
"00901
-0.635
-0.330
~-0.380
-1.602
~ls08G2
~-1.31¢5
-1.315
-1.602
~0.458
-0.691
-0.651
-J.017
=G0a234
1.83¢2
le832
1e032
1.632
1.632
0. 168
-0.023
V. 16E€
“0,023
-0.023
-0.378
~1.322
~1.09¢
-0.37¢€
-.878
~Je384

—— i e T e Bt o B o e e O o B s S - S o S o Y= e S o T e S e = e T e S o S e = e

=¢=1=g 1

i
i
l
1+
j*e
jos
i*
T
L)

¢
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4ASS RATE CGF CUTTIGG HENGVEL VS wléews LIALEIEL

91 =, 845750 ~.C31157 0.067481 =0.46s
92 -. 845750 ~.0i0202 V. vE7431 “Ue259
93 -, E45750 -.031167 0.GC67u481 =0.462
94 =.84575Q0 =.009478 U.L6Tu81 =0 140
95 -. 845750 -.C20202 0.0&7481 =0.299

UPPERY5R STD EB SIULENI
OBS PakDICT RESIDUAL hES1DUAL RESIJUAL -i=1=-0 1 2

5¢ =.841300 ~.C24211 (. U6725¢ ~0e363 ) | i
53 -.8413u0 =.009971 v.V067252 =-0. 1458 | ] i
54 ~.8813C0 -.CC9571 0.06745¢2 -0.148 | ] i
S5 =.84130VU =.024211 0.067252 -0.36v | 1 )
56 ~.E11192 -.CG1152 V.0€67848 -0.018 | i i
57 ~.611192 -.047521 0.067888 -0e40% | I i
58 =-.6811192 =.C14157 0.G67888 ~-0.209 | | [}
59 -.811192 -.001192 U.u6788¢8 -0.018 | i i
60 -.€11192 -.C011S2 0.yt7888 -0.918 | i i
61 =4788565 0. 107139 v.UEBULT 1.57¢€ | jEer 1
62 =-.7885b5 0.107189 (.068GC27 1.376 | jeea |
0 =.788565 U.107189 U.UGbBUZT 1.57¢ | (R dd 4
o4 =.788565 (.1C718S C.U6b6ULT 1576 | B L) i
65 -.788565 V.107189 0.068027 <576 | ELL] |
66 -.707517 =.032223 (. 067800 “0.475 | | i
67 =.707517 =.U19989 v. 067800 -Ua25E | } )
68 -+.767517 -=.CCBCSC 0.067860 -0.119 | i i
69 =.767517 -.019939 Q.u678tU ~0.295 | § ]
70 -+767517 -.CC8C9GC 0.Ub78b0 -0.119 | i }
71 -.749666 =.088267 v.067480 =-1.308 | % i
72 -~ 7496606 =.CE8267 Q.Co7486 -1.308 | LL 3 i
73 =.749666 =.074903 0.0674806 ~1.110 | %) 4
74 =~.749066 =.C74S03 U.067486 -1.110 | (L )
75 =~.749bo0 =.088267 U.uE7486 -1.3C8 | x| 4
76 =2522760 0.CZ4C43 U.CELS09 Qe.459 | | i
77 =.922760 0.035625 0.UEBIUS Q.532 | i* 1
78 =.522760 0.C12144 G.0€0909 0.182 | i [}
79 =.922700 0.035625 U.UEBIUY 0.532 | |* i
80 ~.922700 0.035625 0.(66909 0.532 | | ® }
81 ~.691144 0.046317 V067514 VeBEE | 1* |
82 -.891144 0.C4B317 U.067514 0.586 | |® i
83 =.891144 0.066317 V.087514 0.08b | | * ]
84 -.89114u4 U.066521 0.067514 0.98% | i* 4
85 =. 891144 U.C3ISES2 0.0E7514 0.531 | 1* i
B6 =.860735 U.079643 U.ubT0647 1.177 | ** J
87 -.8b0735 C.(79¢€43 0.067047 1.177 |} | % 1
88 -.366735 0.079643 U.0€e7647 1177 | | i
89 -.E66735 G.C79¢€43 0.067647 1177 | j*e i
90 ~.860735 U.079643 L.Q67047 1« 177 | j*» )

| |

i i

I {

! I}

| )
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4485 wATE GF CUTLING BEMGVED VS aCL4LE LiI2XEIZn

UZEER954 STL Edi STULENT
085 2hEJDICT wEISILUAL BESILUAL RESLZUNL -:-1-C 1 2

90 =.527923 -.063054% v. 067093 ~1.238 | " i
97 =-.827943 -.CE3CS4 0.0€7099 ~1.238 | ** | i
98 =-.8279L3 -.0B3054 v.0t7u99 =1.238 | **| }
99 -.827923 -.CE3L54 C.0&€7C99  =1.236 | LA |
100 -.827923 =-.083054 0.067099 -1.438 | = l

CLUK'S

0BS D
1 Ua 4B
2 V.048
3 U048
4 Yeuul
5 Ca.0u8
[} V.003
7 0.007
8 [TPVIVR
9 0.003
10 Ve 0C3
1 0.025
12 Ve025
13 0.028
14 0.025
15 0.025
1o 0.014
17 V. 008
18 0.014
19 0.008
20 0.uu4
21 0.003
22 VeV 14
23 0.007
24 VIV VKK
25 0.003
26 0.032
27 V.03
28 Vev22
29 0.022
30 0e032
31 Ueuv
32 0.002
33 0.00U2
34 V00
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8A55 RAULL CF CUTIIWG IEA0VEL VS ulldwi LIAJEIZS

COOK'S
Q8s o
35 Uav00
36 0.010
37 0.010
38 0.010
39 0.010
4 0.010
41 0.940
42 0. 000
43 V=000
44 €.000
45 Y. Ju0
46 Ve W07
47 V.0106
48 0.011
49 Ja U7
50 0.007
51 0eul2
S¢ 0.002
33 0.00U
54 G. 3006
55 0.002
56 0400
57 Ve 001
58 0.000
59 0. 000
60 U.000¢
61 0.011
62 0.011
83 0.0 11
o4 0.011
65 0.011
66 0.001
67 0.001
68 U.0u0
‘89 Je 001
70 0.0u0
71 0.017
72 0.017
73 U012
74 le012
75 0.017
70 Veu02
77 0.004

78 0.001
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MASS BATE LF CUTIING REMUVED VS NCZiuZ LIAMEIZS

CCGK!'S

0BS D
79 [ I
80 0. 904
81 0.u04
82 VAV IV
83 0.004
84 Ve 009
85 0,003
86 0.011
87 ve. 01
83 ¢.Vu11
89 0.011
90 0.u011
91 0.00¢
92 Ved01
93 0.002
94 e 0u0
95 0.u01
96 0.021
97 0.021
98 0.021
99 Va021

100 V.021

SU8 OF KESIDUALS 1.136356E-12
SUM OF SQUAREDL BESILCUALS 0. 4548US3
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EXPEEILENTIL ¥as5S LAl: dailluS Vo CALLULATELD
DEP VARIABLS: RA1ICH
Sud Cr MEAN
SOUBRCE oF SCUARES Swdali E VaLUZ BRCBEDF
MODEL 1 «£32262 14532492 iT2e041 J.0001
EBBOR 94 0.551993 0.Uu303Z8d:
C TOTAL 99 Ze0EU2ES
RCCT MSE 0.075051 R-5wUadt Ue7352
DEP MEAN ~-C.EE21E8 ALJ E-5g 0.7325
C.V. -8. 70466
PARKAMETES STaNLA&L i Ful #C:
VARLAELE DF ESTINAIE EBkKQO3 FPARAYEZIES=0 24CE > [T
INTERCEP 1 1. 769247 Ce10093V 11.118 J.03J1
NR 1 -Ue 554088 VeV 33554 -18.454 C.CCC1
STANLASDILED
VABIAELE DF TIPE I &S 11PE il SS§ ISIINAIE
INTERCEP 1 T4.3306E31 Veb50465 0.300000
NB 1 1.532292 1le 532292 -0 857417
VARIABLE ODF TCLEBANCE
INTERCEP 1 -
NRB 1 1.0C00CC
COVABLANCE UF ESTINMATES
CuvB INLERCER ¥
IJIERCEP Jeu25385042 =Jeu(3404i3S
NR =0.605«0U35 Je00112385235



EXPERIMENT AL MASS BalE nATICS VG CALCUZATIEL

DEP VAXIABLE: BATIICH
Sud CE MEAl
SOURCE DF SQUARES SyUAAE F VAlDz
MGDEL 1 1. 141354 1. 141354 118. €22
ERRuR 98 CeS42932 C(olu9621781
C TCTAL 99 2.0842E5
HQOUI MSE C.Csecs u=SLUALE 0.5476
DEP MEAMN -0. 862148 AGd &-Sy 0.54330
CaVe ~11.37€S
EABANETEa STANDASRL < FCE 8Os
VARIAELE DF ESTINATE ERRACS £4RAJEIER=C
INTERCEP 1 ~0.508764 Va.010701 -84.525
BATIOP 1 -C.1€1C39 Jeu17540 ~10. 2391
STANDASDIZED
VARIAELE OF TYEE I 58 11¢E 1I S8 ESTIMAIE
INTERCEP 1 74. 336831 69.39432¢ J.CCGOL0
BATIOQP i 1141354 1. 141354 =-0.7400C0
VARIABLE DF 1CLEnANC
INTEERCLEP 1 .
RATIOQE 1 1.000000
COVARIAME UF ESIIJSAIES
covy INTEaCEE BATICE
INTERCEE 0.C00114508 «00U075015
KATIGE 0UU07501578 C.CJUZQTEE

160

ESCEDF
C.C001

2R08 > |11}

g.0CC1
U.0001

35
ee



ELPEaINENTAL NASS

DE¢ VAERLABLL: RATICH

su¥ OF JEAN
SCURCZE oF SCQUAEES SyUaRE F VALUZ
MODEL 1 »532262 1.544292 272.041
B&RCOR 938 0.551993 UJ.uu50325Ec
C TOTAL 99 ¢.0EU42ES
BCLT MSE 0.075051 s=SuUAsE 0a7352
DEP MEAN -C.Eb21€8 ADJ B~-35, 0.7325
CaoVe -8+ 70460
PARAMETEE STl aAwcall T Fuk #0:
VARIABLE DF ESTINATE cBuCE ZARAMETE&=0
INTERCEP 1 -C.€71764 0.U1377¢0 -48.784%
JF 1 ~0.277044 V16757 -16.454
STANUARDIZED
VARIAELE ODF TYPE I S8 TieE 11 S8 ESTIIEAIZ
INTERCEP 1 T4.336831 13.404725 0.u00030
JF 1 1.532292 1.532292 ~J.857417
VARIAELE DPF TCLEFANCE
INTBRCEP 1 .
JF 1 1.0€00C0C
COVABIANCE OF ESTIAATES
Covp i0TEBCEP JF
INTERCEP U.ulu 1896198 -G.00C163¢:¢
JF -0.Cuu193920 0.00028213:38

BALE ATIuS V3 CA.LCUla

TEZ

161

PRCB>F
0.0001



EER

€ES

EXQERIMENT AL NMaSS RAIE aaTIud VS LALCULAZIL
DE2 VARIAE:LE: EATICHM
SuM CcF MEaN
SQURCE oF SCUARES SWlans E VALUZ
MODEL 1 T.4Co6(C 1.4000C0 203.4C8
EEBOR 98 0.677685 L.JUU691515E
C TOTIAL 99 Z.CEU2ES
RCUT #SE 0.083157 s~SyUani Je €749
DEP d4EAN -0.E€21¢€8 ADy E—-Sy 0.0715
CaV. ~9.64493
PARAMETED STANLARL 1 Evd EQ:
VARIAELE DF ESTINATE EBRCE FAKLAMEIER=Q
INTERCEP 1 -1.0¢60872 Ve 16224 ~65.369
HHP 1 -0.163158 et 1174490 ~14.2€2
STANLARDIZED
VARIABLE DF TIPE I S8 TYEE 11 SS ESTIEATE
INTERCEP 1 T4.330831 294507005 V000000
HHP 1 1« 4066C0 1.40€660C ~0.82149E
VARIAELE OF TCLEFANCE
INTERCEP 1 -
HRP 1 1.6CQ0GC
COVARIANCE OF ESTIMATES
cQvs INTEACER
INTERCEP UJevluZndzzus 0.00u1Es2
4HP 0.GCU1593506E5 0.00013033726

2RCE>F
0.0001

s8Ce > [T

0.0001
€.CC01

162



EXPERIMENDT AL NASS aall

MEAN
SuUAKE

0.235896
C.uu83934Q5

E~SQUARE
ADJ R-S,

STANLCA&L
ERRCE

C.196450
0.U410CS

TYPE II SS

«C00ubE7S 1064
v.239896

RalluS VS CALCULATED

F VaLUE

284581

1 EuBR HQ:
FARAMETER=0

-0.031

S.346
STANDARLIZED
ESTIRALZ

V. 300000
Je. 435178

COVABIAMCE CF ESTINAIZS

DEP VARIAELZ: MDCT
Si8 oF
SCUBRCE DF SQUAEES
MODEL 1 C.2398¢¢
EBROA 938 0.8225¢%4
C TOTAL 99 1.0€2458
BCOT MSZ 0.091616
DEP MEAM 1.031331
C.Ve 8.883211
PARAMETEER
VARIABLE OF ESTIMAIE
IMISRCER 1 -0.3177€0
i 1 0.21924u
VABIAELZ DOF TYEE I sS
INTERCEP 1 106364
NRB 1 0.239890
VARIAELE OF TCLEEANCE
INTERCEP 1 .
NR 1 1.0C€0CCC
CovB
INTELCEP
¥R

IalibCil

Je.u3g592€1
=0.G0804741

-0a00&CHT4T
Ja00168172

230B>F

0.0001,

163



EXPEXLEEM 2L MASS halE KATICS V35 LALCULATED

KEAM
SuUAKE
U.Ub7003
0.0 10181

R=-SyUARE
ADJ h=Sg

S5TAaLARL
EBRGS

C.010991
018017

ItPE 1I ss

91.35u300
0.067603

£ VaLCQ

6«39

0.C63€
0.0541

T Fuk &Gs
EAGAMETIEER=0

94.862

2.5¢1
STANUARLCIZED
ESTIEAIE

V. 000000

0.252250C

COVARIANCE OF ESTIIMATES

DEP VARIABLE: 4DCI
S0 CE
SOURCE DF S\UARES
MODEL 1 C.C€76C3
EBHOR 98 Ve 994840
C TOTAL 99 1. 0€248¢
BRCOT #sSz 0. 100755
DEP MEAN 1.031331
C.V. 9.769374
PAKAMETER
VABIAELE DF ESTINAIE
INTERCEP 1 1.04266€
RATIQE 1 0046494
VARIAELE DF TYILE I &8
INTERCEP 1 10c.364
8ATIOF 1 0.067603
VARIAELE OF TCLEEANCE
INTERCEP 1 .
RATIOP 1 1.0€0CC0
Cove
INTERCEP
kATIOP

INLERCEP

0.0001208125

«00C0791u45¢88

JATI1C?

.C0GC75145¢8
C.0003246645

RRCEDF

0.0113

FHQE > T}

v. 0001
.0113

l64
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EXrERIRENTAL MASS RAIE oAIICS VS CALCULAILEL

DEP VABIABLE: MDCIT

SOURCE DF

MCDEL 2

EBRROR 97

C ICTAL 99
BOUT dSE
DEP MEAN
CaVa

VARIAELE OF

INTERCER 1
NB 1
RATIOEF 1
VARIAELE OF

INTERCEP 1
NB
RATIOP 1

-

VARIAELE DF

INTERCEP 1
¥R
HATIOP 1

-

COvVB

INTERCEP
NB
BATICP

S0 Ct 4EAY
SQUARES SyUARE F VALUE
0.626686 0a 413343 65.749
Ca435764 CoUUU4I AT
1.062450
C.C67C25 R=-SQUARE 0.5899
1.031331 ALJ k=S¢ d.5814
Ca4CE9Zy
EAFAMETER STANDARL I FCE H0:
ESTIMATE ERBUSE PABAJEIEE=V
-3.959242 o 448431 -2.829
1.0255E50 aU91930 11.156
=0.340770 UeU38725 -9.279
STANLARDIZED
TYPE I S& 1YPE 1I S& ESTIkATE
106.364 Ved 50197 0.000300
0.239896 v.555083 20222771
Ca3E67¢C U.38679¢C -1.344320
TCLEEANCE
Ve 106507
C.1065¢C7
COVARIANC: OF ESTIMAZES
IMEECER N8
0.2010901 -0.041218¢
~-C.Cu12189 0.008451168
0.01559992 -3.,0031913

FaCE>E
C.C001

2a0B > |1}

UeCC01
0.0601
GeGlC1T

RAIICP
Ca1355692
-0.0331913

€.001348733
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EXPERIMENTAL MASS AATE RATIVUS VS CALCULATED

DEP VARIABLE: 4DCT
suy or MEAN
SOURCE DF SQUARES SQUARE P VALOE PROB>P
MODEL 1 0.23989 $.239896 28.581 0.0001
EBRROR 98 0.822554 0.008393409
C TOTAL 99 1.062450
ROOT MSB 0.0916 10 R-SQU ARE 0.2258
DEP MEAN 1.03133 ADJ R-SQ 0.2179
C.V. 8.883231
PABAMETER STANDARD T FOR HO:
VABIABLE DF ESTIMATE ERROR PARAMETER=0 PROB > |T|
INTERCEP 1 0.955985 0.016810 56.871 J.0001
JF 1 0. 1096 20 0.020504 S5.346 0.0001
STANDARDIZED
VABIABLE DF TIPE I S5 TYPE II SS ESTINAZE
INTERCEP 1 106.364 27.147298 0.000000
Jr 1 0.239896 0.239896 0.475179
VARIABLE DF TCLERANCE
INTERCEP 1 .
JF 1 1.000000
COVARIANCE OF ESTINMATES
covs INTERCEP JF
INTERCEP 0.0002825621 -0.00028858
JP -0.00028898 0.0004204 301



EXPERIMENTAL MASS SATE RATIIOS VS CALCULATED

167

DEP VARIABLE: MDOT
sSus OP MEAY
SOURCE DF SQUARES SQUARS F valuz PROB>P
8ODEL 1 0.165578 0. 165578 18.093 0.0001
ERROR 98 0.896872 0.009151751 .
C TOTAL 99 1.062450
ROOT MSE 0.095665 R=~SQUARE 0.1558
DEP MEAN 1.031331 ADJ BR-SQ 0.1472
C.V. 9.275853
PARAMETER STANDARD T FOR HO:
VARIABLE DOF ESTINATE ERROR PARAMETER=0 PROB > |T|
INTBRCEP 1 1. 099499 0.018664 58.909 0.0001
HHP 1 0.055979 0.013161 4.254 0.0001
STANDARDIZED
VABIABLE DF TIPE I SsS TYIPE II SsS ESTIMATE
INTERCEP 1 106. 364 31.759392 0.000000
BHEP 1 0.165578 0.165578 0.394773
VARIABLE DF TOLERANCE
INTERCEP 1 .
HHP 1 1.000000
COVARIANCE OF ESTIMATES
covs INTERCEP gHP
INTERCEP 0.0003483548 0.0002109135
:¢:9:4 0.0002109135 0.0001732012
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NOTZ: SAS OPTIONS SPECIFIEL ARE:
SQkT=4

UPLION PAGESIZE=S0 LINESIZEZ=64 NODATE JOBUMBER;
DATA ¥51;
INPUT MESH S DHE INCHES ¢ 3HP;
SSPMD=5/LCMNE;
LABEL SSPND=CJTITING SIZE FZR NOZZLE DIAMEIER;
GRAMS=iNCHEES*00;
MDOT=GRAMS*20/453.59;
MMDOT=8. 34%Q;
RATION=NDOT/MMDOT;
0 CARDS;

S OBNOCUE WN -

NOTE: UATA SEZT WOBK. ¥S1 HAS 20 OBSEEVATIUNS AsD 11 VARIA3LSES. 20
7 0BS/TRK
NOTE: THZ DATA STATENENT USZD 0.U9Y SECOHDS AdD 92K

31 PROC PRINT DAXA=NS1;

NOIE: THE PROCEDURE PRINT USED 0.15 SECONDS AND 136K
AND PBINTEL PAGE 1.

32 DATA 4s82;

33 SET MS1;

34 RATION=LOG10 (RATION);
35 SSPND=LCG10(SSPNE) 5

NOTE: DATA SET WORK.MS2 HAS 20 OBSEBVATIGNS AND 11 VARIABLZS. 20
7 OBS/TEK
NCTE: THE DATA STATEMENT USEv J.U7 SECONDS ASD BUK.

36 PROC PBINT DATA =M32;

NOTB: THE PROCEDURE PRINT USED 0.15 SECONDS AND 136K
AND PRINTEL PAGE 2.

37 PROC BEG LCATA=4S¢Z;
38 MODEL KATION=SSPND,ALL CCLLIN PARTIALS
39 OUTPUT CUT=C P=PRED;

NOTE: DATA SET WORK.C HAS 20 O3SERVATIOHS AND 12 VARIABLZS. 130
OBS/TRK
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§as LOoG US 5AS d2.23 V3274Vs JCB 3a2IK

NUTE: THE PRUCEDURE BEG USZL vedZ 35:Cuids Aud 178K
AND PRINTED PAGES 3 TC 8.

40 DATA #53;

41 HERGE M4S2 C;

42 MODEL=10#*PRED;

43 EXPRMT=10 **RATICN; __

uy SSPND=10%3SSPND; % -

45 LABEL EXPBHT=MASS RATE RATIUS;

NOTE: DATA SET WURK. ¥S3 HAS 20 OBSEBVATIUNS 44D 14 VARIA3LZIS. 16
4 OBS/TRK
NOTE: THE DATA STATEMENT USED V.Uy SECUNDS AND 120K.

46 PEOC PRINT DATA=MS3;

NOTE: THE PEOCEDURE 2RINT USED 0.16 SECONDS AND 144K
AND PRINTEL PAGE S

47 PRCC ELCT DATA=NSJI;
438 PLOT EXPRMT*SSENC='A' MOLZL*SSPND='R'/QVERLAY;

NYOTE: THE PRUCEDURE PLOT USED J. 15 SZCONDS AuD 136K
AND PRINTED PAGE 10.

49 PROC GELGT;

50 PLOT EXPRMT*SSPND MODEL*SS2ND/OVEIRLAY HAXIS=0 10 0.9
BY 0.05 VALIS=0 10 Q.28 3%

51 V.02 VEEP=0a.28 HBEF=0.9 VPUS=22 HPUS=70;

52 SYMBEOL1 V=STAR C=3;

53 SYMBOL2 1=SPLINE V=NUNE C=3 L=2;

54 TITLE .H=1 .C=2 HASS RATE RAIIOS VS CHIP SIZEZ 2Zx NOZ

ZLE DIAMETER;
NUTE: THE PROCEDURE GPLCT USED 0.54 SECOHDS A4D S12Ke

55 PROC PBLOT DATA=C;
56 PLOT RATIOM®SSPNL='a' PRED®SSPMD='z'/CVEELlaY;

NGTE: THE PROCEDURE PLOT USED U.lb SECONDS AND 340Z
AND PRINTEL PAGE 11

57 DATA AS4;

58 SET MS1;

59 MDOT=LCG10 (MLOT) ;
60 SSPND=LOG 10 (SSPND) ;

NOTE: DATA SET WORK.NS4 HAS 20 OBSEEVATIONS AND 11 VARIABLES. 20
7 0B3/TEK



NOTIE:

61
62

NOTE:

NUIE:

S AS L¢G CS 5a5 d2.:z% V52/:68V3 JuB
THE DATA STATEMENT USED V.07 SECONDS AdD 292K.

PROC EEG CATA=4S4;
YODEL MDOT=SSPND/ALL CULLIN PARTIAL;

THE PROCEDUKE HEG USED V.29 SECUNDS AND 512K
AND PRINTED PAGES 12 10 1lo.

SAS INSTITUTE INC.
SAS CIRCLE

PO BOX 8000

CARY, ¥eCo 27511-8000
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Sa3

MEAN
SQUARZ

0.0001
1.85037E~-16

d=SgUALE
ADJ BR-3.

STAN DAkD
ERRCR

6.J72562~09
1.41530E-038

TY2E II S5

3.875739
2. 13489E~-31

VARIABLE

LAGEL

INTERCERT

T vaiuz

999999.999

1.0000
1.0000

T FOR HO:
PAGAYZTER=0

-99999.999
0.000

STANDARDIZLD

ESTINATE

0. 000000
0.000000

171

PRCB>F

0.0001

2R08 > 7|

0.0001
1.0000

CUTTING SIZ2 PER YOZZLE JIAMEIZR

COVARIANCE OF ESTIMATES

DLP VARIABLE: RALICH
Sun OF
SUUHRCE DF SCUARES
MODEL 1 0.600C1
ER3OR 18 3.33067E-15
C TOTAL 19 0.G0C1
ROUT ¥SE 1.3602BE-08
DEP MEAN -C.878860
C.Ve - 0000015478
PARAMETER
VARIABLE DF ESTIMA1IE
INTERCEP 1 ~0.878860
SSPND 1 4.80736E~10
VARIABLE DF TYPE I SS
INTERCEP 1 15.447881
SSPND 1 2.46519E~-31
VARIABLE DF TOLEBRANCE
IMERCEP 1 .
SSPND 1 1.000000
CovB
INTEECEP
SSPND

INTERCEE

3.68760£E=17
7. 43861E~17

S3ENC

7.438612-17
2.00306E~1€
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MASS EATE RATIOS VS CHIP SLZE PEE NOZZLE JIAREIZR

DEP VARIABLE:

SOURCE oF

MODEL 1

EBROR 18

C TOTAL 19
KOOT MSE
DEP HEAN
c.v‘

VARIABLE DF

INTERCEP 1
SSPND ]

VARIABLE DF

INTERCEP 1
SSPND 1

udoz?

SuM CF
SwUARES

0.0001
0
0.0001

0.820458
v

PARAMETER
ESTIMATE

0.820453
-9.£1471E- 11

TYPE I Ss

13.463019
8.38165E~- 31

dZAN
Syuasz P VALUE
0.v001 0.000
v
R=-SQUARZ 1.0000
ADJ R-SQ 1.0000
STANDAAD T FOR HO:
EGROR Q2ARAMZTER=0
0 .
0 -
STANDABRDIZID
TIPE II S3 ESTIMATE
3.377755 0.000000
€.53958E-131 -0.000000
VAE JABLE
LABEL
INTERCEPT
CUITING

CCVARLANCE QF ESTIMAIES

VARIABLE DF TCLEBANCE
INTEKCEP 1 -
SSPND 1 1.000000
cova
INTERCEP

SSPAND

INTERCEP

0
¢

PROE>P
0.0000

PEUB > |T}

1.0000
1.0000

SIZZ PER NOZZLE CIAMETER

SSPND
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OPTION FAGESIZE=5u LiNtSIiZ=64 NUDATL NONUA3ER,;
DATIA u&1;

INPUT ANGLE G INCHES CE % BHP;

Gk A4S=INCHES®43;

MOCT=GhAMS*20/453.59;

MMDOT=E.34%Q;

RATIOM=HDCT/MHDOT;

REGOUDE=DE*#*5*G/(**2;

CARDS;

WVENoT UE W -

NOTE: wATA SET WOEK. MST HAS 15 UBSEZRVATIONS 4¥0 11 VARIABLES. 20
7 OBs/TRK
NOTE: THE DATA STATEMENT USED 0.11 SECONDS AND 92K.

25 PROC PHINT DATA=NS1;

NOTE: THE PaOCEDURE PRINT USED 0.14 SECCNDS AND 136K
AND PRINTEL PAGE 1.

26 DATA MSZ;

27 SET HS1;

28 EATICH=LOG 10 (kA TLOY) ;

29 IF HFECUDE ¥E 0 THEN BFBGUJE=LGG10 (RFROULDE);

NOTE: DATA SET WOEK.MS2 HAS 15 OBSEBVAIIONS AND 11 VARIABLES. 20
7 0BS/ThkK
NOTE: THE DATA STATEMENT USED V.08 SECONLS AND BUK.

30 PROC PRINT DATA =uS¢;

NOTE: THE PROCEDURE PRINT USED U.1o SECCNDS AND 136R
AND PRINTEL PAGE 2.

31 PRGC EEG LCATA=NS2;
32 MODEL hATION=aFKROUDE/ALL COLLIN PARIIAL;
33 CUTPUT QUT=C 2=PhEL;

NCTE: DATA SET WGRK.C HAS 15 UBStaVATLUYS AND 12 VARIABLZS. 190
OES/TrK
NGTE: THE 2HOCEDUKE KEG USEL 0.29 SECONDS AND 176K



S
AsD

34
35
36
37
38
39
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A S LoUG 0S5 545 82.:¢8 VS52/4VS JOB SADIK
2&INTED PAGES 3 IC 3.

DATA ¥53;

8zRGE MS2 C;

4ODEL<=10%#PRED;

EXPRNT=10 9% AT IGH;

IF RFROUDE NE O THEN 3FRCUDE=10#*RPROUDE;
LABEL EXPEMT=4ASS BATE RATIOS;

NOTE: DATA SET WOEK.4S3 HAS 15 QBSZRVATIONS AND 14 VARIABLZS. 16

4 0BS/TRK
NOTE: THE

40

NCIE: I[HE
AND

41
42

NGIE: THE
AND

43
44
0.0025 BY
45
70;
46
47
48
MUMBER;

NOTE: THE

49
50

NUTE: THE
AND

51
52
53
54

DATA STATEMENT USED 0.10 SECONDS AND 120K.
BRCC ERINT DATA=MS3;

PRUCEDUBE PRINT USED V.17 SECONDS AHD 144K
PRINTED EAGE Y

PHOC PLOT DATA=MS3;
PLOT CXPRMT*RFaOUDE='A' MCDEL*RFROUDE='P'/CVEBLAI;

PROCEDURE PFLOT USED Q.16 SECONDS AND 136K
PEINTED PAGE We.

PHOC GPLOT;

PLUT EXPRMT*RFEOUDE MUDEL*BPEOUDE/OVERLAY HAXIS=0 TO
U.0005 VAXIS=

0.0 TO 0.3 3Y 0.C5 VREF=0.3 #3EP=0.0025 VECS=22 HPCS=

SYMBOL1 V=STAR C=3;
SYMBOL2 I=SPLINE V=4UNE C=3 L=Z;
TITLE .Hd=1 .C=2 MASS RATE 2ATIO0S VS R2CIEGCCAL FRCUDE

PROCEDURE GPLOI USED U.55 SECOUDS A¥D 512K.

PROC PLOT DATA=C;
PLCT RATION*BFEUUDE='A* PE3D*EFROUDE='?2'/QVERLAL;

PROCEDUEE PLOT USED 0. 16 SECONDS AND 340K
PRINTED PAGE 11.

DATA MS4;

SET #51;

MDOT=LOG1C (MDUT) ;

IF EPECUDE NE 0 THEN BFROUDE=LOG10 (RFR0UDE);

NOTE: DATA SET WO&K.MS4 da5 15 UBSEBVAIIOJS AgD 11 VARIABLIS. 20

7 0BS/TiK
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SAS LOG 0S SAS BZ2.25 VS2/4VS JCB SaALIK
NUIE: THE DATA STATEMENT USED 0.07 SECONDS AND 292K.

55 PROC BEG DATA=MS4;
56 MODEL MDOT=RFKOUDE,/ALL CCLLLN PARTIAL;
57 CUTPUI OUT=D 2=PEED;

HOTE: DATA SZT WURK.D HAS 15 UBSZRVATIONS AND 12 VARIABLEZS. 190
OES/TRK
NCTE: THE PHOCEDURE KREG USEl Ue. 31 SECUNDS AND 380K

AND PRINTED PAGES 12 10 17.

NCTE: SAS INSTITUTE INC.
SA5 CIRCLE
PO BOX 8000
CAEY, NeCe 27511-E000



DEP VAkLABLZ:

SCURCE DF
¥ODEL 1
EKBOK 13
C TOTAL 14
RCOT d4SE
DEP MEAN
CoVe
VAZZABLE DF

INTERCZP 1
BFROUDE 1

VARIALLE

INTERCEP 1
RFROUDE 1

VARIABLE

INTERCEP 1
RERGUDE 1

RATICH

SuM OF
SQUARES

0.C00C1
2. 88658E-15
¢.00C1
1. 49012E-08

-C.808141
-.00000 18439

PARAMETER
ESIIMAIE

-G. 808141
20 T9427E-16

TIPE I S5

9.7963 80
2.02146E~30

TCLEBANCE

1.0000€0

SAS

MEAN
SQUaRZE

- 0.0001

2. 22U45E- 16

R=SyU ARE
ADJ k-SQ

STANDARU
EBRCR

6.03905E-09
2.95501E-09

IYPE II SS

3.270318
1. 9854 5E~30

£ VALUZ

999999.999

1.0000
1.0009

T FUR HO:
PARAMETER=0

-99999.399
0.000
STANDARDIZZD
ESTINATE

0.000000
0.000000

COVARIANCE OF SSTIMATES

covs

IUTERCEP
RFROUDE

INTERCEE

o UIWIVE-17
1.6Un07E~17

176

2208>F

0.0001

2808 > |T|

J.0001
1.0€00

BFROUDSZ,

1.606072=17
8.73209E-13
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8A535 RATE RATIOS V5 RECIPREUCAL FRQUUE wUUZER
D&P VARIABLE: MDCI
SU¥ CF MEAS

SCGURCE DF SQUARES SQUAKE F VALUZ 2ROB>F
MODEL 1 0.00C1 0.0601 999999.999 0.0001
E&ROG 13 1.11022E-15 8.54018E-17
C TOTAL 14 C.C001

ROUT MSE 9.24131E-09 R-SQUARE 1.0000

DEP MEAY 0.7€5718 ADJ E-Sy¢ 1.0000

CeVe 0.0000011702

PARAMETER STASDARCD T FOR HO:
VARIABLE DF ESTINAIE ERRCR PABANETER=0 PEOB > |7}
INTERCEP 1 C.789718 4.12977E-09 99999.999 0.0001
RFBOUDE 1 -2,79427E-16 1.33202E=039 =-0.000 1.0C00
STANDARDIZZED

VARIABLE DF TIPE I SS TYPE II SS ESTIHAIE
INTERCEP 1 9.354826 Je 122912 0.300000
RFROUDE 1 2.02146B-30 1.98545z-30 -0.000000
VARIABELE DF TCLEBANCE
INTERCEP 1 .
RFROUDE 1 1.0600€0

covb INTERCEP RFROUDE
INTERCEP 1. 70550E=17 6. 17719E=1€
BFEOUDE be17719E-18 3.35850E~18

COVARIANCE OF ESTIIMAIES
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NOTE: SAS OPTIONS SPECIFIZD AHE:
SuaT=4

OPTLON PAGESIZE=50 LINESIZE=64 NUDATZ HONUABER;
DATA MS1;
I4POT EEM INCHES Q;
G5 AMS=INCHES#4 3;
4D CT=GEAMS*20/453.59;
¥ DOT=8.6*Q;
BATION=MDCT/ #4DOT;
ENE= ( (RPM*Q*8.6) /(U.5%1.C)) ;
LABEL ENR=ROTATICNAL KEYNGLDS SU43ER;
0 CARDS;

S OONOVE WN =

SOTE: DAaTa SZI WORK.MS1 dAS 20 OBSEEVATIONS AND 8 VARIABLZS. 230
0BS/TEK
NOTIE: THE DALA STATEMENT USED V.uY SECLNDS AuD 92K.

N PROC PRINT DATA=MS51;

NOTE: THE PROCEDURE PRINT USED 0.16 SECONDS as#D 1328R
AND PRINTED PAGE 1.

32 DATA MS2;

33 SET #S1;

34 KATION=LOG10 (RATION) ;

35 IF RNE NE U TAENM aHB=LUGI0(RNE);

NOTE: DATA SET WOBK.MS2 dAS 20 OBSEEVATIONS AND 8 VARIABLES. 230
0BS/TEK
NOTE: THZ DAIA STATEMENT USED U.07 SECONLS AND B84K.

36 PROC PRINT DALA =M52;

NOTE: THE PROCEDURE PRINT USED V.15 SECONDS AND 132R%
AND PRINTED EAGE 2.

37 PRUC KEG CATA=HSZ;
38 - MODEL KATION=RNE,ALL COLLIN PARTIAL;
39 VUTPUT GUT=C 2=PEKED;

NOTE: DATA SET WORK.C HAS 20 0BSZAaVATIUNS AND 9 VARIABLZS. 250 0
BS/TRK



SAS Lo 05 S5AS 8<4.28 VS2,4Vs JC3 SALIR

NOTE: THE PBUCEDURE K2G USEL V.35 SECONDS AND 176K
AND PRINTELC PAGES 3 TO 3.

40 DATA . MS3;

41 MERGE M52 C;

42 d00EL=10%*PRED;

43 EXPEMT=10%3%RATION;

44 IF RNR NE O THEN RNR=10*#RNR;
45 LABEL EXPEMT=4ASS RATE BATIOS;

NUTE: UATA SET WORK.8S3 HAS 20 OESEEVATIONS AND 11 VARIABLES. 20
7 OBS/TRK
NOTE: THE DATA STATEMENT USED 0.09Y SECONDS AdD 120K.

46 BRCC EBINT DATA=MS3;

NUTE: THZ PRUCEDURE PRINT USED 0.17 SZCOLDS AND 136K
AND PRINTEC PAGE 9.

47 PKUC PLUT DATA=MS3;

48 PLOT EXPRMT*ENR='A' MUDEL*RNB='P’/GVERLAY;

49 TITLE <H=1 .C=2 MASS KATE RATIUS VS RGTATIONAL 2ZYNOL
DS NUMBER;

50 FOUTNUTE .H=1 .F=UUPLEX .C=2 -=-==—=REGRESSIC;

NOTE: THE PRUCEDURE PLOT USED Q.18 SECONJS AND 135K
AND PRINTED PAGE 10.

51 PRCC GELOT;
52 PLCT EXPEMT*ENE NODEL*RNB/UVERLAY HAXIS=C I0 6339 BY
1500 VAXIS=.04 TO

0.085 BY 0.01 ViEEF=U.u8 BBEF=6000 V2u5=2Z HPUS=80 VPO
§=42 HPOS=70;
54 SYHBOL1 Vv=STak C=3;
55 SYMBOL2 I=SPLINE V=NONE C=3 L=2;

NCTE: THE PRICEDUBE GPLOT USED O.o5 SZCONDS AND S512K.

56 PRLC FLCT DATA=C; -
57 PLUT FATION*BNBR='A' PLED®BNR='P'/OVERLAY;

NOTE: THE PROCEDUKE PLOT USED 0. 17 SECUNDS AND 344K
AND PRINTED PAGE 11.

58 DATA MS4;
59 SET MS51;
X" 4DOT=LOG10(MDOT) 3

61 IF BRN¥E NE 0 THEN RNR=LOUG10(BNR):

179
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S A3 LoegG US Sa5 d2.ZE V52/4VS JObB SADIX

NOTE: DAaTIA SET WCKK.MS4 HAS 20 OoSERVATIONS AND 8 VARIABLES. 230
0BS/TiK
SOTE: THZ DATA STATEMENT JSED V.07 SECONUS AND 296K.

62 PkOC REG CATA=HS4;
63 MODEL MDOT=ENR s,ALL COLLIN PARTIAL;
64 UUTPUT CUT=0 P=PaED;

NCTE: DATA SET WORK.D HAS 20 GBSEKVATIONS AND 9 VARIABLES. 250 0
BS/Th&
HGTE: THE PROGCEDURE BEG USED 0.35 SECONDS AND 384K

AND PRINTED PAGES 12 T0 17.

JOIE: SAS INSTITUIE INC.
SAS CIKCLE
PO BOX 8000
CARY, N.C. 27511-E000



SAS
DEP VARIABLZ: RATICM
sSyga CF MEAN
SOURCE DF SQUARES SyUARE F VALUE PRCE>F
MODEL 1 0. 047566 0.047566 275.038 0.0001
EEROR 18 0.003112979 0.0001729433
C TOTAL 19 0.050679
8UOT d4SE 0.013151 R-SQUARE 0.93886
DEP MEAN =1.233075 ADJ k-SQ 0.9352
C.Ve -1.06€5
PARAMETER STANDARD T FOR H0:
VARLABLE DP eSTLMATE EARUE PARAMETER=0 PROB > |T|
INTERCEP 1 =1.329614 0.006521714 ~203.3875 0.0001
ENR 1 0.0343E0 (.002073053 16.584 0.90001
SIANDARDIZED
VARIABLE DF TYPE I S5 TYPE II Ss ESTIAATE
INTERCEP 1 30. 409464 7. 188384 0.000000
RNR 1 0.047560 U.047566 0.968301
VAR IABLE
VARIABLE OF TCLEEANCE LAEEL
INTERECEP 1 . INTESRCEPRT
ENR 1 1.000000 HOTATIONAL REYNOLDS HUMEER
CCVABRIANCE OF ZSTIMATES
cove INTERCEE E3):3
INTERCEP 00004253275 ~.0000120€75
R¥K -.0000120675 +00000429755

181



DEP VARIADBLE: MDCT

SuM OF 4EAN
SQUACE DF SQUARES SQUARE F VALIZE
MODEL 1 0.047500 0.047568 275.038
E RROR 18 0.003112979 0.0001729433
C TOTAL 19 6.050679
ROOT MS2 0.013151 =5yl ARZ 0.9386
DEP 4EAN 0.630843 ADJ k=-Sy 0.9352
CoVe 2.084630
PARAMETER STANDARD I FOR HO:
VARIABLE DF ESTINAIE 2EROR Z2ARAM3TER=V
INTEKCLP 1 0.534303 0.006521714 81.927
i NR 1 0.034380 0.002073053 16.534
STANDARDIZED
VARIASLE DF TYPE I S5 TIPE II SS ESTINATZ
INTERCEP 1 7.959250 1.160796 0.100000
BANR 1 0.047566 V.0475608 0.968801
VARIABLE
VARIABLE DF TOLEEANCE LASEL
INTERCEP 1 . INTERCEPI
2NR 1 1.00000u ROTALIONAL RBIYNGLDS NUYBER

COVARIANCE OF ESTIMATES
CUVB INTERCEP EXB

INTERCEE «00004253275 -.0000120675
EdR -.00uUU120075 «00000429755

4ASS RATE BATICS VS BOTALICNAL JEYNOLDS SUMEZR

2a0B>7
0.0001

2808 > 7]

0.0001
0.0001
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OPTION PAGESIZE=S0 LINESILZ=64 NUDATE NOWUABZL;
DATIA 451,
INPUT L DE INCHES @ BHR;
SPbBD=L,/DB;
LABEL SPBL=SFACING PER BIT LCIAMETER;
GRAMS=INCHES*6(;
MDUT=GEAMS*20/453.59;
4MDOT=8.34*Q;
BATION=MDCI/MHLUT;
0 CARDS;

S WOV EWN =

NOTE: DATA SET WORK.MS1 dAS 44 OBSEBVATIONS AND 10 VAEIABLES.
6 UBS/TRK
MOTE: THE DATA STATEMENT USED 0.09 SECONDS AND 927.

55 PRCC EEINT DATA=MS1;

NOTE: THE PROCEDUKE PRINT USED 0.18 SECOUDS AND 136K
AND PRINTED PAGE 1.

56 DATA 4S2;

57 SET NS1;

58 BATIOE=L0G10 (RAT I0N) ;
59 S2BD=LOG10(SPBD) ;

NOTE: DATA SZT WORK.MS2 HAS 44 OBSERVATIIONS AND 10 VAGIABLES.
6 OBS/TRK
NOTE: THE DATA STATEMENT USED 0.08 SECONDS AND 84K.

60 PROC PEINT DATA =4S52;

NOTE: THE PRUCEDUEE PRINT USED 0. 18 SECONDS AsD 136K
AND PRINTED PAGE 2.

61 PROC REG DATA=8S2;
02 40DEL EATICMsSPbL/ALL COLLIN PARTIAL;
63 QUTPUT OUT=C ¢=PRED;

22

22

NOTE: DATA SET WORK.C HAS 44 OBSERVAIIONS AND 11 VAEIABLES. 207

0BS/TAK

183



SAS LLCG 05 543 ¥l ZE VSZ/8VS JCB SADIK

NOTE: THE PROCEDURE BEEG USED V.41 SECCNDS AND 176K
AND PRIMNIEL PAGES 3 TC 10.

184

64 DATA MS3;
65 MERGE 452 C;
66 MUDEL=10%*PRED;
67 EXPRNT=10%*RATION;
68 ' SPBD=10%*SEBD;
69 LABEL EXPEMT=MASS RATE KAILOS;
NOTE: DATA SET WORK.MS3 HAS 44 OBSERVATIONS AsD 13 VARIABLIS. 17
6 0BS/TRK
NOTE: THE DATA STATEMENT USED 0.10 SECONDS AND 120K.
70 PROC EEINT DATA=MS3;
NOTE: THE PROCEDUEE PBINI USED 0.23 SECONDS AND 144K
AND PRINTEL PAGES 11 Tu 13.
71 PEOC PLOT DATA=MS3;
72 PLOT EXPRMT*SPBD='A' MODEL*SPBD='P'/OVERLAY;
NOTE: THE PROCEJDURE PLOT USEL 0.18 SECOHDS AND 136K
AND PRINTED FAGE 14.
73 PROC GPLOT;
74 PLOT EXPRMT*SPBD MODEL*SPBD/OVEERLAY VREF=0.20 HdaEfF=2.
4 VPOS=22 HPOS=70;
75 SYMBOL1 V=STAR C=3;
76 SYMBOL2 I=SPLIYE V=NQNE C=3 L=2;
77 TITLE .H=1 .C=2 MASS RATE EATICS VS SPACING PER BIT D
IAMETEER;
NOTE: THE PROCEDUBE GPLCT USED Q.57 SaCOHDS AND 512K.
78 PRGC PLOT DATA=C;
79 PLOT KATION*SPBD='A* PRED®SPBD='P'/QVERLAY;
NOTE: THE PRUCEDUKE PLOT USED 0.16 SECUNDS Adp 344K
AND PRINTEL PAGE 15.
80 DATA MS4;
81 SET MS1;
82 40 CT=LCG10 (MDOT) ;
83 SPBD=LOG10 (SPBD) ;
NOTE: DATA SET WORK.MS4 HAS 44 OUSERVATIONS AND 10 VARLABLES. 22

6 OBS/TRK
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SAS LCG Qs Sas 82.:2E VS2/4V3 JOB SAJIK
NOTE: THE DATA STATEMENT USED 0.U7 SECOMNDS AND 296K.

84 PRUC BEG LATA=MS4;
85 MODEL MDCT=SPBD/ ALL COLLIN PARTIAL;
86 QUTPUT UUT=D ¢=PRED;

NOTE: DATA SET WOEK.D HAS 44 OBSZAVATIONS AND 11 VAEIABLES. 207
0BS/TEK
NOTE: THE PROCEDUKE KREG USED 0.44 SECONDS AND 384K

AdD PRINTED PAGES 16 TO 23.

NOIE: SAS INSTITUTE INC.
SAS CIRCLE
PO BOX 8000
CARY, N.C. 27511-8000



186

SAS
DEP VARIAbLE: RATION
SU¥ CF 4 EAN
SOURCE DF SQUARES SQUAR3S F VALUE BROEDF
MODEL 1 2716332 2.716332 6864569 9.0001
ERROR 42 C.1€6168 0.0039503¢€
C TOTAL 43 2.882500
ROOT MSE 0.062900 B=-SyUARZ 0.9424
DEP HEAN =1.074945 ADJ B-Sy 0.9410
C.V. -5.85145
PARAMETER STANDARD T FOR HO:
VARIABLE DF ESTIMATE ERBOR PARAMETE&=0 PROB > [T}
INTERCEP 1 ~1.19917 0.v10602 -113.111 J.0001
SPBD 1 -6.600670 0e022924 ~-2b.202 0.0001
STANDARDIZZD
VARIABLE DF TYPE I SS TYPE II SS ESTIMATE
INTERCEP 1 50.8u42258 50.618579 0. 000000
SPBD 1 2.716332 2.716332 -0.970749
VAR 1ABLE
VARIABLE DF TCLEEANCE LAEEL
INTERCEP 1 . INTERCEPT
SPBD 1 1.000060 SPACING PEk BIT DIAMETEE
CCVALIANCE OF ESTINATES
Cove INTERCEP SPED
INTERCEP V.000112397 0.0001086¢&ES
SPBD 0.0001080885 0.0005255188



Mass RAIE HATIUS V3 SPACING PER BIT DIAJETIIR

DEP VARLABLE: MDCT
SUM OF MEAN
SOURCE DF SQUARES SQUARE F VALUZ
MODEL 1 2.71€332 2.716332 686.569
EBEKOR 42 0.166168 0.003950386
C TOTAL 43 2.882500
kOOT MSE 0.062900 2=SQU ARE 0.9424
DEP MEAN 0.323343 ADJ R=Sy 0.9410
C.V. 19.45298
PARAMETEK STANDARD T FOR HO:
VARIABLE DF ESTIMAIS ERHOR PARAJETER=0
INTERCEP 1 0.1991 10 0.010602 18.781
SPBD 1 ~-0.600670 V.022924 -26.202
STANDARDIZED
VARIABLZ DF TYPE I S5 TYIPE il S3 SSTIMNATE
INTERCEP 1 4.600223 1395519 0.003000
SPBD 1 2.716332 2.716332 ~-0.370749
VARIABLE
VARIABLE DF TCLERANCE LABEL
IMTERCEP 1 - INTERCEPT
SPBD 1 1.000000 SPACING PER BIT DIAMETES
COVARIANCE OF ESTIMATES
covB INTERCEP SEED
IMTERCEF 0.000112397 0.00010868385
SPBD 0V.u001086885 0.00052551E¢

PROB>F
0.0001

2ROB > T}

0.0001
0.0601

187
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1 OPTION PAGESIZE=50 LIMESIZZ=64 NUDATE WOHIMBER;
2 DATA M51;

3 ISPUT INCHES CUTLNSTY y;

4 IF CUIDNSTY=2.59818 THEN GRAMS=INCHES*60;

5 IF CUTCNSTY=7.763 THEd GRA4S=INCHZ5* 174, 125;

6 IF CUIDNSTY=10.539 THEM GEAMS=INCHES*275.4;

7 LABEL VCLEATIu=VCLUME RATIOS;

8 LABEL KATIOD=CUITiN¢ DENSITY PER FLUID DEANSITY;
9 4DCT=GEANS %20/ 453.59;

10 MMDOT=08.34%Q;

1 RATION=MDLT/MMDOT;

12 RATIOD=COIDNSTY/8.34;

13 LABEL EATICC=CUITING DENSITY PER FLUIJ DENSITY;
14 LABEL RATIONM=MASS RATE RAIIOS;

15 CUTTVCL= (INCHES*3. 1416/4) #1,75%22;

16 FLUIDVOL=0.325%231;

17 VOLRATIO=CUTIVOL/FLUIDVOL;

14 CARDS;

NOTE: DATA SET WOBK.MS1 HAS 24 OBSERVATICUNS AND 11 VARIABLES. 20
7 O0BS/TRK
NOTE: THE DATA STATEMENT USED J.11 SECONDS AND 92K.

43 PROC PRINT DATA=MS1;

NOTE: THE PROCEDURE PRINT USED 0.17 SSCONDS AND 136K
AND PRINTEL PAGES 1 T0 2.

44 PECC GELGT;

45 PLOT VOLBATIO*BATIOD/HAXIS=0.25 T0 1.35 EY 0.55 VAXIS
=0.11 TO 0.19 BY 0.01

46 VEEF=0.19 HREF=1.35 VPUS=22 HPUS=70;

47 SYMBOLJ3 I=RQ V=STAR C=3;

48 TITLE .H=1 .C=2 VOLUME RATIOS VS DENSIIY R2ATIO3;

NOTE: THE PROCEDURE GPLOT USED 0.43 SBCONDS AND 418K.

49 DATA Ms2;
50 SET M51;
51 RATION=LOG10 (RATION) ;
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SaAaSs LCSG US SaS d<.2B V52/4VS 4C3 34318
52 RATICL=LCG10(R4TIOC) ;
NOTE: DATA 3ET WGRK. M52 dAS o4 OBSESVAIILSS 230 11 VlaIapils. 20
7 0BS/TEK
¥OTE: THE DATA SIA1EMENT USED v.07 SZCONDS AND 296K.
53 PROC EBEINT DATA =#52;

NOTE: THE PROCEDUSE PRINT USED 0.16 S.COaDS AbD 348K
AND PRINTED PAGES 3 TC 4.

54 PROC REG DATA=a52;
55 MODEL BATION=RATICU/ALL CCLLIN PAARTIAL;
56 OUTPUT QUI=C ¢=PEZD;

NOTE: DATA SET WORK.C HAS 24 OBSEZhAVATIONS AND 12 VARIABLZIS. 190
QBS/TRK
BUTE: THE PROCEDURE EEG USEL 0.35 SECONDS add 384K

AND PRINTED PAGES 5 T0 11.

57 PECC EBINT DATA=24S2;

NOIE: THE PROCEDUEE PBINT USEC 0.17 SECONDS AND 343X
AND PRINTED PAGES 12 T0 13.

58 DATA #53;

59 4ERGE 8S2 C;

60 MODEL=10%*PKED;

61 EXPRMT=10**RATIION;

62 RATIOD=10**RA{I0L;

63 LABEL EXPRMT=4ASS BATE BRATIOS;

NOIE: DATA SET WOBK.MS3 HAS 24 OBSERVATIONS AND 14 VARIABLES. 16
4 OBS/TRK

NOTE: THE DATA STATEMENT USED 0.09 SZCONDS AND 324K.

64 PROQC EBINT DATA=MS3;

NOTE: THE PROCEDURE PBINT USED 0.17 SECUNDS aND 352%
AND PRINTED PAGES 14 TO 15.

65 PROC PLOT DATA=MS3;
bo PLOT EXPBMT*RATIOD='A' MODEZL*RATIOD=*P'/CVERLAY;

¥0TZ: THE PROCEDURE PLCT USED 0.1t SECONDS AND 344K
AND PRINTED PAGE 16.

67 PROC GPLOT;
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SAS 1 Cg C5 5AS B¥2.2E V¥32/49¥S JOB SADIK
68 PLUT EXERMT*RAIIUD MOOEL*RATIOD/CVERLAY HaXIS=0.25 TO
1.35 BY 0.55
69 VaXIS=0.25 TO 0.85 8Y 0.10 VREF=0.85 HREr=1.35 VPOS=2
2 HPOS=70;
70 SY4BOL1 V=SIAR C=J;
EAl SYMBOLZ I=SPLINE V=3OWE C=3 L=2;
72 TITLE .A=1 .C=2 MASS RATE BATIOS VS DENSIIY RATIOS;

NOTE: THE PROCEDURE GELCT USEL 0.37 SECONDS AND 512K.

73 PROC ELOT DATA=C;
74 PLOT BRATIOM®*BATIOD='A*' PRED*RAIIOD='P'/QVEELAY;

NOTE: THE PRICEDURE PLOT USED 0.13 SECONDS AND 344K
AND PRINTEL PAGE 17.

75 DATA M¥S4;

76 SET 4513

77 $DCT=LCG10 (MDOT) ;

78 RATIOC=LOG10 (RATIOD) ;

NOTE: DATA SET WORK.MS4 HAS 24 OBSEHVATIONS AND 11 VAEIABLES. 20
7 0BS/TRK
NOTEB: THE DATA STATIEMENT USED 0.07 SECONDS AND 296K.

79 PEOC BEG CATA=4S4;
80 MODEL MDOT=RATIQL/ALL COLLIN PARTIAL;
81 QUTPUT OUT=D °2=PRED;

NOTE: DATA SET WORK.D HAS 24 OUBSERVAIIONS AND 12 VAEIABLZS. 190
QBS/TRK
NOTE: THE PROCEDURE KREG USED 0.29 SECONDS AND 384K

AND PRINTED PAGES 18 TU 24.

NOTE: SAS INSTITUTE INC.
SA4S CIRCLZ
PO BOX 80V0
CARY, ¥o.C. 27511-8000
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VCLUME EATICS VS DENSITY &ATIOS

DEP VARIABLE: HATICM MASS RATE RATIOS

sux oF MEAN
SOURCE DF SQUARES SQUAIE F VALUZ PROB>P
¥ODEL 1 0.989544 0.989544 9932.967 0.0001
ERROK 22 0.002191683 .00009962218
C TOTAL 23 €.991736
RUOT MSE 0.009981091 B=-SQU ARE 0.93978
DEP MEAN ~0.268504 ADJ B-SQ 0.9977
C.Ve . -3.7173
PAEABETER STASDARD T FOR HO:
VARIABLE DF ESTIMATE ERROR PARAMETEE=0 PROB > |T}
INTERCEP 1 -0. 155467 0.002331798 -66.672 0.0001
RATIOD 1 0777777  0.007803969 99.664 0.0001
STANDARDIZZD
VARIABLE DF TIPE I SS 1Y¥PE II SS ESIIMATE
INTERCEP 1 1.730261 0.442842 0.900000
RATIOD 1 0. 989544 0.9895u4 0. 398894
VAEIABLE
VARIABLE DF TOLEERANCs LABEL
INTERCEP 1 . INIERCEPI
RATIUD 1 1000000 CUTTING CENSITY PER FLUID DENSITY

COVARIANCE OP ESTIMATES
covs INTEKCEP * BATICD

INTERCEE 00000543728 »00000885 103
RATIOD . 00000885108 00006090154



MASS BATE BATIOS VS LENSITY RATIOS
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DEP VAEIABLE: MDCT
sus OF MEAN
SQURCE bz SQUARES SQUARZS F VALDE PROB>P
MUDEL 1 0.9895u4 0.989544 9932.967 0.0001
ERRUR 22 0,002191688 00009962218
C TOTAL 23 €.991736
BOUT MSE 0.009981091 R=SQU ARE 0.9978
DEP HEAXN 1. 465576 ADJ R-SY 0.9977
C.V. 0.6810355
PAKAMETER STANDARY T FOR HO:
VARIABLE DF ESTIMATE SBBCR DPARAMETER=) PRCGS > |T|
INTE&CEP 1 1.578613 C.002331793 676,994 0.0001
BATIOD 1 0.777777 0.907803963 99.664 0.0C01
STANDARDIZZED
VARIAELE DF IYPE I SS TYPE II SS ESTIMATE
INTERCEP 1 £1.549897 45.658901 0.000000
RATIOD 1 0. 989544 0.989544 0.998894
VARIABLE
VARIAELE DF TOLEEANCE LABEL
INTERCEP 1 . INTERCEPT
RATIOD 1 1.000000 CUTTING CENSITY PER FLUID DESSIIY
COVAKIANCE OF ESTIMATES
covs INTERCEP BATICD
INTERCEE 00000543728 .00000885 108
RATIOD «0V000885108 - 00006090154



NOTE: SAS OPTIONS SPECIFLED ARE:
SORT=4

OPTION PAGESIZE=50 LINESIZZ=064 WUJATE NOUWUaBER;

DATA ELCE1;

I3PUT BITNUMEE Q LNCHES;

GRAMS=INCHES*43;

MDCT=GEANS5*20/453.59;

TITLEY «H=1 CLEANING ACTIICN BY VARIOUS NCZ2ZLZ CCHMBINA
IVNS;

TITLER2 H=1 .C=2 MASS EATE OF CUITING RZSECVED (LB/MIN

¥S BIT NO;
TITLES3 H=1 ..=2 Q=4.75 GP4;
CAEDS;

Vo™~ A3 O UNE W =

MOTE: DATA SET WGEK.FLOW1 HAS 12 GBSERVATIONS ANU 5 VARIABLES. 4
33 0BS/TEK
NOTE: THE DATA STATEMENT USED 0.09 SECONDS AND 84K.

22 PRUC PRINT DATAsELUW1;

NOTE: THE PRUCEDURE PEINT USED 0. 14 SECONDS AND 132K
AND PRINTELD PAGE 1.

23 PROC GCHAET LCATA=ELUE1;
24 VOAE BITNUUBE/TYPE= HdLiaN SUAVAR=MDOT GROUP=BIT4UMBR;
25 LABEL MDOT=4A5S EAIE UF CUITING RENOVED;

NOTE:; THE PRUCEDURE GCHART USED 0.66 SECONDS AND 408R.
NOTE: SA3 USED 408K MEMCRY.

NOTE: SAS INSIITUIE INC.
SAS CIRCLE
PO BOX 8000
CARY, NoC. 27511-8009
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1
2
3
4
5
6
TIONS;
7

OPTION PAGESIZE=S50 LINESIZZ=64 NODATE NONURBER;

DATA PLOW2;

INPUT BITNUMBR Q INCHES;

GRANS=INCHES*43;

¥DOT=GBANS*20/453.59;

TITLE1 .H=1 CLEANISG ACTION BY VARIOUS NCZZLE COMBINA

TITLE2 .H=1 (=2 BASS RATE OF CUTTING RBNQVED (LB/MIN

8 TITLE3 .H=1 .C32 9=8.50 GPM;
9 CARDS;
NOTE: DATA SET WORK.PLOW2 HAS 12 OBSERVATIONS AND S5 VARIABLES. 4
33 0BS/TRK
NOTE: THE DATA STATEMENT USED 0.08 SECONDS AND 8u4K.
22 PROC PRINT DATA=FELOWZ2;
NOTE: THE PROICEDURE PRINT USED 0. 14 SECONDS AND 132K
AND PRINTED PAGE 1. ’
23 PROC GCHART DATA=FLOW2;
24 VBAR BITNUMBR/TYPE= MEAN SUMVAR=MDOT GROUP=BITNUMBR;
25 LABEL 4DOT=MASS BATE OF CUTTING REMOVED;
NOTE: THE PROCEDURE GCHART USED 0.67 SECONDS aAND 408K.
¥OTB: SAS USED 408K BEMCRY.
NOTE: SAS INSTITOTE INC.

SAS CIRCLE
PO BOZL 8000
CARY, N.C. 27511-8000
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NOTE: SAS OPTIONS SPECIFIED ARE:
SURT=4

OPTION PAGESIZE=50 LINESIZE=64 NODATE NOUU@BER;

DATA FLUW3;

INPUL BITNUMER Q INCHES;

GRAMS=INCHES#*43;

3DCT=GEANS*20/453.59;

TITLE1 .B=1 CLZANING ACTION BY VARIOUS HCZZLZ COMBINA
IONS;

TITLEZ .H=1 .C=2 4ASS RATE OF CUTIING REECVZD (L3/MIN

VS BIT KO;
TITLE3 .H=1 .C=2 Q=12.0 GPY;
CARDS;

WE~ N3 oOWnE W=

NUTE: DATLA SET WCRK.PLOW3 MAS 10 OBSERVATIONS AND 5 VARIABLES. 4
33 0BS/TEKK
NOTE: THE DATA STATEMENT USED V.09 SECONDS AND 84K.

20 PEQC ERINT DATA=ELOW3;

NOTE: THE PROCEDUSRE PBRINT USED 0. 13 SZCONDS AND 132K
AdD PRINTEL PAGE 1.

21 PROC GCEART DATA=FLOW3;
22 VBAR BITNUMBR/TYPE= MEAN SUMVAR=MDCT GRCUEF=2ITNUMER;
23 LABEL MDCT=MASS BATE UF (UITING BEMOVED;

NOTE: THE PROCEDURE GCHART US2D Q.68 SEZCUNDS AND 40EK.
NOTE: SAS USED 4O0BK MENORY.

NUTE: SAS INSTITUTE INC.
SAS CIBCLE
20 BuX 8000
CARY, ¥.C. 27511-E000
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NOTE: SAS OPTIONS SEECIFIED AR&:
SOkI=4

GPTION PAGESIZE=50 LINESIZZ=064 NOOATE NOXI@3EE;

DATIA FLCWG;

ISNPUT BITNUMBR Q INCHES;

GRAMSSINCHES *43;

dDOT=GEAMS*20/453.59;

IITLEY .H=1 CLEANING ACTICN BY VARXOUS ¥CZIZLZ COMSINA
J0NS;

TITLE2 +H=1 .C=2 4ASS KHAIE 0P CUTITING REMOVED (LB/MIN
Vs BIT ¥O;

TITLE3 .H=1 .C=2 Q=16.0 GPM;

CAEDS;

R OV EWN -

BOTE: DATA SET WORK.FLOW+ HAS 10 OBSERVATIONS AND 5 VARIA3LES. 4
33 0BS/TERK
MOIE: THE LATA STATEMENT USED 0.U8 SECONDS AND 84K.

20 PEOC PRINT DATA=ELOWU4;

NOTE: THE PROCEDURE PEINT USED 0.14 SSCONDS AND 132K
AND PRINTEL PAGE 1.

21 PROC GCHARBRT CATA=FLOW4;
22 VbAR BITNUMBE/TYPE= MEAY SUNVAR=MDOT GRCUP=BITINUMER;
23 LABEL 2DOI=MASS BRAIE OF CUIIING RENOVED;

NOTE: THE PROCEDURE GCHART USED 0.b67 SECONDS AND 408E.
NOTE: SAS USED 408K MEMCRY.

NUTE: SAS INSTITUTE INC.
545 CIRCLE
PO BOX 8000
CARY, NeCe 27511-8000
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NOTE: SAS uPTIONS SPECIFiED ARE:
SORT=4

OPTiON PAGESIZE=5U LINESIZE=64 NUDATE sOJJaBEx;
DATA 4S51;

INBUT C BLITNG PDEROP? HJP JE INCHES;
GRAMS=INCHES*u3;

4D UT=GEANS*20/453.59;

48DOT=8.34%Q;

RATIOM=SMDCT/NMDUT;

CARDS;

XNOVEWN =

NOTE: DATA SET WORK.4S1 HAS 24 OBSERVATIONS AND 10 VARIASLES. 22
6 0BS/TRK
NOTE: THE DATA STATEMENT USED U.10 SECONDS AND 92K.

33 . PRCC FBINT DATA=MS1;

NOTE: THE PROCEDUBE EBINI USED Q.18 SZCONDS AND 136K
AND PRINTED PAGES 1 TC 2.

34 DATA M57;
3s SZT 4s1;

NUTE: DATA SuT WCER.¥S7 HAS 24 UBSEEVATIONS AND 10 VARIABLES. 22
6 0BS/TRK
NOTE: THE DATA STATEMENT USED 0.07 SECONDS AND 84K.

36 PRCC SCRT DATA=MS1;

37 BY BITANC C;

38 SYMBOL1 I=JOIN VaSIAR C=3;

39 SYMBOL2 I=JOIN V=SJUARE C=3;

40 SYMBOL3 I=JOIN VsSTRIANGLE C=3;

41 SY¥BOL4 I=JOIN V=DIAMUGAND C=3;

42 SYMBOLS I=JOIN V=PLUS C=3;

43 SYMBOL6 I=JOIN V=HASH C=3;

54 LAGEL BATION=HMASS RATE KAIIOS;

45 LABEL HHP=HYDhAULIC HURS EPOWER;

46 LABEL JP=HYDRAULIC JET IMFACT FORCZ;
47 LABEL BITNO=EIT MNUMBEE;

48 LASEL ¥DOT=MASS BEATE OF COTTING RENOVED;

NCOTE: 4 CYLINDERS DYNAMICALLY ALLOCATED ON SYSDA POR EACH QF 3 §
ORT WORK DATA SETS



SAS LGCG 0S SAS 82.2E V32/4Y5 JOB SADIX

NOIE: DATA SET WOBK.MST HAS 24 OBSEKVATIOJS AND 10 VARIASLES. 22
6 OBS/TRK
NOTE: THE PROCEDUBE SORT USED V.33 SECONDS AND 152K.

49 PROC GELOT DATA=MS57;
50 PLOT MDUT*HHP=EITINO/HREF=1.3 VREF=16 VP0OS322 HPOS=70;
51 TITLE1 .H=1 .C=2 MASS RAIE OF CUITING REECVED VS HYDR

AULIC HURSEPUWER;
MOTE: THE PROCEDURE GELCT USED 0.56 SECONDS AND H416K.

52 PROC GPLOT DATA=HMS7;
53 PLOT 4DCT*»JF=sIINO/HREE=T7C VREF=16 VP0S=22 HP0OS=70;
54 TITLE1 .HB=1 .C=2 MASS 3ALE OF CUTTING RZNCOVED VS HIDR

AULIC IMPACT FORCE;
NOTE: THE PRICEDUKE GPLOT USED 0.47 SECONDS AND 624 .

55 PRUC GELOTI DATA=NST;

56 PLUT BSATICN*HHP=ELTNO/HREF=0.6 VREP=0.25 VP0S5=22 HPOS
3703

57 ) TITLE1 .H=1 .C=2 4ASS RATE EATIOS VS HIDRAULIC HORSEZP
0WER;

NOTE: THE PROCEDUSE GELOT USED 0.43 SZCONDS AND 624 E.

58 PROC GELOT DATA=NS7;

59 PLUT RATIOM*JF=BIINO/HREF=70 VREP=0.25 V20S=222 HP0S=7

o-

66 TITLET .H=1 .C=2 MAS3 RATE RATIOS VS HYDRAULIC I4PACT
FORCE;

NCTE: THZ PROCEDUEE GPLOT USED 0.43 SEZCONDS AND 624 E.
NCTE: SAS USED 624K MEMCRY.

NOTE: SAS INSTITUTE INC.
545 CIRCLE
PO BOX 8000
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Definition of Terms

) = Chip size in inches

N = Number of nozzles

DN = Nozzle diameter in inches

DNE = Effective nozzle diameter

Inches = Inches of sand removed

Q = Flow rate, gallons per minute

BHP = Bottom-hole pressure, psig

SSPND = Chip size per nozzle diameter

MDOT = Mass flow rate of cuttings, lb/min (1)

MMDOT = Mass flow rate of drilling fluid, 1b/min (M¢)

G = Gravity of acceleration, ft/sec?

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, dimensionless
oBS = Observation

CUTDNSTY = Cutting density, gm/cc

DE = DNE

HHP = Hydraulic horsepower
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PDROP = Pressure drop through the bit
TA = Total nozzle area, in2
p = Fluid density, 1b/gal

CALCULATION TECHNIQUE

DNE = ﬂw

32

GRAMS = Inches of sand removed x conversion factor (Exl;\ich—)
_ Grams x 60 sec x Ib - .

MDOT = F5ec “min 533.55 grams = [b/min
_ gal b, _ .

MMDOT = Q (mm ) x (gal) = 1lb/min

RATIOM = MDOT/MMDOT

SPBD = L/DB

SSPND = S/DN

VOLRATIO = Cutting volume/fluid volume

. L N .
Cutting Volume = Inches x 7 X inside diameter of annulus squared

Fluid Volume = Q (_g.a_l_ ) X run-time ( 3 sec ) X ( 6 min ) ( 23! in3 )

min 0 sec ~ gal
RATIOD = Cutting density/fluid density
Q2

PDROP = ———-"—-2 .

7430 x 0.95° x DE
RATIOP = PDROP/BHP
PRODCT = NR X RATIOP
HHP - PDROP X Q

1714



TA = (9-) X 3 X DN? 202
2
_ 0.000518 X 0 X Q
JF = TA
NR = 379.0849 X P X (-—%-) /.8904 X DN

Hydraulic jet impact force in bit configuration study

JF = 0.000518 x P x q2 (through a single nozzle)/nozzle area

Nozzle Area ='4l DN2

Total Jet Impact = JF x number of nozzles pointing downward



