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CONICAL BIT ROTATION AS A FUNCTION OF SELECTED CUTTING PARAMETERS

By Carl F. Wingquist, ! Bruce D. Hanson, 2 Wallace W. Roepke,? and Theodore A. Myren*

ABSTRACT

The Bureau of Mines is engaged in research to evaluate the effects of
cutter bit wear at coal mine faces. This paper addresses one element
of conical bit wear, bit rotation. A discussion on mounting configura-
tion and bit forces and their effects on rotation is presented. The
effects on rotation and bit forces of bit attack angle, cutting depth,
and skew are determined for two types of conical bits during linear
cutting of sandstone-inclusive rock. The results indicate that a 10°
negative skew angle and 35° attack angle produce the maximum rotation
of 17.5° for each foot of cutting. Data on bit rotation and bit forces
are presented in an appendix.

TPhysicist.

2Physical scientist.

3Supervisory physical scientist.

4Mining engineering technician.

Twin Cities Research Center, Bureau of Mines, Minneapolis, MN.



INTRODUCTION

study of conical bit
rotation is part of an extensive ongoing
Bureau research program on coal cutting
technology in which the coal cutting sys-—
tem is being fully evaluated to determine
those factors that affect the health and

This laboratory

safety of the miners. The primary con-
siderations are respirable dust generated
by cutting and methane ignition due to
frictional heating at the tool-mineral

interface. It has been shown (1-4)5 that
bit wear dincreases the 1likelihood of
methane ignition in gassy areas. It is
also known that worn bits require a
greater normal force (5) and thus tend to
cut shallower, for a given machine
thrust, than new bits. Since it has been
demonstrated (g) that deep cutting lowers
specific dust, it follows that bit wear
leads to higher dust production. Al-
though conical tools are intended to ro-
tate freely so they will wear symmet-
rically, they commonly do not rotate
effectively.

The primary purpose of this study was
to investigate the relationship between
conical bit rotation and bit attack an-
gle, skew angle, bit type, cutting depth,
and intercut spacing. Effective tool use

requires that rotation of the bit occurs,
particularly when cutting hard inclusive
material such as sandstone and shale.
Nonrotation results in rapid asymmetric
wear of the tool tip and consequently,
high normal force, shallow cutting, high
specific dust, and premature tool fail-
ure., The information generated by this
study should be of particular interest to
tool and machine designers and mine oper-
ators using continuous mining machines
since only by choosing tool mounting con-
figurations and operating practices that
enhance rotation can the full potential
of the tool and machine be realized.

The initial step in this study was to
identify those parameters felt to be rel-

evant to bit rotation and then create a
factorial experimental design or test
plan based on those parameters. Cutting

tests were then performed in which mea-
surements of bit rotation and bit force
were taken for each test condition. The
resulting data were analyzed to determine
the degree to which each parameter influ-
enced rotation and bit forces. Addi-
tional tests, based on a central compos-
ite design, were carried out to provide a
basis for predicting rotation.
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BIT FORCE AND BIT ANGLE NOMENCLATURE AND DEFINITIONS

During cutting tests, bit forces were
measured in three mutually perpendicular
directions defined in reference to a rec-—
tangular (X,Y,Z) coordinate system ori-
ented so that the XY plane is parallel to
the sample cutting face with the Y axis
parallel to the direction of cutting.
These forces, which are named 1lateral
force (Fyx), cutting force (Fy), and

5Underlined numbers 1in parentheses re-
fer to items in the list of references
preceding the appendixes.

are shown in figure 1
(1bf) in

normal force (F;),
and are reported in pound-force
this paper.

The attack and skew angles used to de-
scribe the mounting configuration of the
bit are shown in figure 1 and defined in
reference to the rectangular (X,Y,Z) co-
ordinate system. The attack angle (0)
ranges from 30° to 50° and is defined as
the angle between the longitudinal axis
of the bit and the projection of the
longitudinal axis into the XZ plane. The
skew angle (¢) ranges from -10° to +10°
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FIGURE 1. - Bit forces and attack and skew angles shown in reference to coordinate system.

and is defined as the angle between the
projection of the longitudinal axis of
the bit onto the XZ plane and the Z axis.
Stated another way, if the longitudinal
axis of the bit passes through the origin
and point P (X,Y,Z), then the attack an-
gle is given by

0 = L

(X2+Y2+22)'/2.

arc sin

CUTTING--INDUCED

Although an analysis of the mechanics
of bit rotation is beyond the scope of
this paper, it is obvious that if a bit
is to rotate, a moment, or torque, about
the longitudinal or rotational axis of
the bit must be applied. Referring to
figure 3, it can be seen that such a mo-
ment results when an wunbalanced or net
lateral force 1s present., To simplify

The skew angle is given by
p— Xll
¢ = arc tan 7

Skew is regarded as negative or positive
depending on whether the bit is inclined
away from or toward the uncut material

respectively, as shown in figure 2.
BIT ROTATION
of the concept, the lateral

to be applied at a
the bit. An

illustration
force, Fy, is assumed
single point on the tip of
unbalanced lateral force 1is generally a
result of “asymmetrical” employment of
the cutting tool such as nonzero bit skew
or interactive cutting (in which the
breakout zones of neighboring cuts over-
lap). The frictional force resulting
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FIGURE 2. - Top view of bit showing (4) nega-
tive skew and (B) positive skew.

from the bit sliding against the rock is
given by uFx, where p is the coefficient
of friction between rock and steel. This
force is directed opposite to the direc—
tion of cut. The component of this force
acting at right angles to the longitudi-
nal axis of the bit 1is given by uFy cos
©, when 0 is the angle of attack. The
torque (T) or moment about the axis of
rotation is thus given by T = RuFy cos 0.

The quantity R is the moment arm or the
perpendicular distance in inches from the
axis of rotation to the line of action of
the force uFy cos 0.

It follows from the above analysis that
the direction of rotation is dependent on
the direction of the net lateral force.
Thus, as shown 1in figure 34, a positive
lateral force (directed to the 1left)
produces a negative (counterclockwise)
rotation.

The above equation suggests that cut-
ting with high 1lateral force and low an-
gles of attack will insure rotation; how-
ever, the frictional binding that occurs
due to high moments at the rock-bit and
bit-holder interfaces resists rotation.
For rotation to occur, it is necessary
for the moment (T) to overcome frictional
binding, and it was the primary objective
of this study to identify which modes of

< h
<—— L ateral
force Fy

Previous cuts

B Direction
of cut

FIGURE 3. - Generation of rotational moment.
4, Top view of bit showing application of [at-
eral force; B, sideview of bit showing frictional
force and its component perpendicular to axis of
rotation: ¢, end view of bit showing moment about
rotational axis.

cutting favor the generation of a rota-
tional moment while maintaining reason-
able cutting and normal forces and mini-
mal binding.

It is anticipated that future work will
include an analysis of the mechanics of
bit rotation to establish the relation-
ships between rotational moment, binding
friction, and bit forces for wvarious bit
mounting configurations. Fast Fourier
transforms of the bit force data will be
studied to determine if any correla-
tion exists between the frequency and
amplitude of bit force fluctuation and
rotation.



EXPERIMENTAL DESIGN

The experimental test plan was divided
into two phases. First, a full factorial
experiment was run using bit type, attack
angle, skew angle, cut depth, and spacing
as the independent variables., Each of
the five variables was run at two levels
(table 1). The two bits wused are shown
in figure 4. For each test, the amount
of rotation per foot 'of cut and the
lateral, cutting, and normal forces were
measured. Standard analysis of variance
(ANOVA) techniques were used to determine

Bit A Bit B

FIGURE 4. - Bit types tested. Both bits are
approximately 5 in long.

the significance of the five independent
variables. The second phase of the test
plan was to develop a central composite
design, dropping any variables not show-
ing any significant effects. The central
composite design allows quantitative
analysis of the relationships between the
variables. A central composite design is

composed of a factorial portion and an
axial portion. Bit type did not affect
any of the four dependent variables and

was not included in the central composite
design. The arrangement of the remaining
four independent variables is shown in
table 2. A more detailed explanation of
both the factorial and the central com-
posite experiments is found in appendix
A.

TABLE 1. - Values of independent
variables for factorial experiment

Bit Attack Skew Cut Spacing,
type | angle, angle, depth, in
deg deg in
A 35 -10 0.25 0.50
B 45 +10 .50 1.00

TABLE 2. - Values of independent
variables for central composite

experiment
Attack Skew Cut Spacing,
angle, angle, deg depth, in in
deg
FACTORIAL PORTION!'
35 =3 0.25 0.50
45 +5 .50 1.00
AXTAL PORTION
40 0 0.375 0.75
30 0 .375 .75
50 0 .375 .75
40 -10 375 a0
40 +10 375 .75
40 0 .125 .75
40 0 625 .75
40 0 .375 <25
40 0 .375 1.25

'A11 16 possible combinations were run.



CUTTINZ SYSTEM

The modified Rockford model SA vertical
slotter that was used to perfcrm the cut--
ting tests is shown in figure 5, Cutting
speed is variable between 5 and 20 in/s
with a maximum force capability of 11.000
1bf., The lateral motion of the woiktable
is synchronized with the vertical move-

ment of the cutter ram so that cross-—
feed of a preset distance occurs between
cuts., The crossfeed increment (dis:-

tance between cuts) can be adjusted frcm
1/8 in to 2 in. The sample holder. into
which the three—axis force dynamometer is

was designed specifically
1-ft cube rock samples used
The worktable 1is infed
toward the cutter to obtain the desired
depth of cut. The cutter ram, after en—
gagement, cycles up and down vertically,
producing a linear cut in the sample with
each downscroke, wich the bit retracting
on the upstroke. A complete set of tool
hclders was designed and fabricated in-
house to provide the several attack and
skew angles required for the tests.

incorporated,
to hold the
for these tests.

MEASUKEMENT SYSTEM

A schematic representation of the mea-
surement system is shown in figure 6.
Bit rotation was measured with a multi-

turn, low—-torque rotary potentiometer,
mechanically connected by a flexible
coupling, to a 1/4-in shaft extending

from the rear of the bit as shown in fig-
ure 7. Potentiometer excitation was sup-
plied by a dual-voltage (%18 V dc) power

P 2

e AR

—

supply to provide zero output when the
potentiometer was at the center of its
mechanical range of rotation. Signal
polarity then indicated whether net rota-—
tion was clockwise or counterclockwise.
Because of the relatively high impe-
dance of the rotary potentiometer (10,000
ohms), a noninverting voltage follower

operational—-amplifier circuit was used as
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- Schematic diagram of measurement system.,

FIGURE 7. - Bit, holder, and rotary potentiometer.



a buffer between the potentiometer and
the multichannel magnetic tape recorder
used to record rotation and bit force
signals. A digital voltmeter was used to
monitor the rotation signal while the
test was in progress.

Bit forces were measured in three mutu-
ally perpendicular directions. The sam-
ple holder was coupled to the worktable
of the cutter machine through four three-
axis piezoelectric 1load cells. The four
outputs for each axis were connected in

parallel to the input of a charge ampli-
fier. A multichannel FM magnetic tape
recorder was used to record the analog
signals from the rotation and force mea-
surement systems. Periodically, as the
testing progressed, the tape was played
into a four-channel strip chart recorder
to produce a hard copy of the data for
visual inspection and analysis. Addi-
tional processing and analysis were ac-
complished by the cutting laboratory com-—
puter system.

SAMPLE MATERIAL

The rock samples used for these cut-
ting tests were cut from the Berea Sand-
stone Formation near Cleveland, OH. This
rock is abrasive (78 pct quartz) with a
compressive strength of 4,200 psi and is

EXPERIMENTAL

A tool holder and new bit are in-
stalled using the attack angle, skew an-
gle, and bit type required for the par-
ticular test. The rock sample is placed
in the sample holder and oriented so that
the bedding planes of the rock are paral-
lel to the direction of cutting but per-
pendicular to the Z axis (normal force
direction). After the sample is securely
clamped in place, a series of shallow in-
teractive conditioning cuts are made on
the smooth saw—-cut surface. This trues
up the cutting surface of the sample
so 1t 1is parallel with the direction of
crossfeed and also provides a rougher
(more natural) test surface. The table
is infed to produce the desired cut depth
and moved laterally so that the first cut
will occur at the extreme edge of the
sample. The cross—feed increment control
is then adjusted for the desired spacing
between cuts, and the bit is rotated in
its holder until a =zero output is ob-
tained from the multiturn rotary potenti-
ometer. A voice announcement of the test

inclusive rock encountered in
coal cutting; such rock is the primary
agent of bit wear rather than the coal,
which causes minimal wear.

typical of

PROCEDURE

number and test conditions is placed on
one channel of the tape recorder at play-—-
back speed (3-3/4 in/s). After the re-
corder is brought up to data recording
speed (15 in/s), the cutter ram is en-
gaged and a series of equally spaced ver-
tical cuts are made as the sample is

automatically cross-fed in step with
the cutter ram. After each test is com—
pleted, samples of the data on the tape

are viewed on a storage oscilloscope to
verify that no malfunctions occurred. A
test is defined as the series of cuts re-—
sulting from one pass across the face of
the sample. Although the wear resulting
from one test 1is slight, a new bit is
used for each test. The number of cuts
in the test depends on the spacing re-
quired between cuts. The cutting speed
on all tests was limited to 12 in/s since

faster speeds would not allow suffi-
cient time for sample crossfeed. Figure
8 shows a test sample following a test.

The test results are given 1in tables A-1

and A-2 (appendix A).

DISCUSSION OF RESULTS

FACTORIAL EXPERIMENT

Bit type was the only independent vari-
able that did not show any significant
effect on any of the dependent variables.

The other four affected at least two of
four dependent variables measured. Ta-
bles 3-6 show the ANOVA results for rota-
tion, cutting force, normal force, and
lateral force. The two factors affecting



FIGURE 8. - Test sample after test.

rotation were
gle. As can be seen
35° attack angle and a -10° skew angle
produced an average rotation of 8.4°,
compared with an average of 2.1° for a
45° attack angle and a +10° skew angle.
Examination of the data in tables A-1 and
A-?2 confirms that the direction of rota-
tion 1is determined by the direction of
the lateral force. Both cutting force
and normal force were affected by attack

attack angle and skew an-
in table 7, using a

and increasing
how these forces

with increasing cut depth
spacing. Table 7 shows

were affected by attack angle and skew
angle. The force values at the 35° at-
tack angle and -10° skew angle combina-
tion (maximum rotation) are slightly
lower than those at the 45° attack angle
and +10° skew angle combination (minimum
rotation). Lateral force was affected by
attack angle, skew angle, cut depth, and
spacing. Lateral force increased with

angle, skew angle, cut depth, and spac-— increasing cut depth and decreased with
ing. As expected, both forces increased increasing spacing.
TABLE 3. — ANOVA results for rotation
Sum of Degrees of Mean F-value
squares freedom square
Bit typ€eeseecss 18.907 1 18.907 0.02
Attack angle... 144.554 1 144,554 | '8.14
Skew angle..... 352,669 1 352.669 | 119.85
Cut depthecesss .637 1 .637 04
Spacingeesscees 1.817 il 1.817 L0
EX O eimacwssnon | lgl22Defl22 69 17.764 NAp

NAp Not applicable.

1Significant at the 99-pct level of confidence.
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TABLE 4. — ANOVA results for cutting force

Sum of squares | Degrees of freedom | Mean square | F-value
Bit typCecccocossssossssss 52.0 1 52.0 0.005
Attack angle..ssosscsceces 1,185,036.0 1 1,185,036.0 | '107.6
Skew anglessesssesssssssis 882,428.0 1 882,428.0 | 180.1
Cut depthecececccscssccses 2,166,604,0 1 2,166,604.0 | 1196.6
BPACIDE s« e wnswwnwnnmswns 173,400.0 1 173,400.0 | '15.7
BETO e 5500 .o 6o e o @466 @0 bw o 760,228.0 69 11,017.8 NAp
NAp Not applicable.
'Significant at the 99-pct level of confidence.
TABLE 5. — ANOVA results for normal force
Sum of Degrees of Mean F-value
squares freedom square
Bit typeesecsssecsces 1,952.0 1 1,952.0 0.1
Attack anglesseoos | 2,072,992.0 1 2,072,992.0| '155.8
Skew angleseeseses| 1,395,632.0 1 1,395,632.0| '104.9
Cut depth.sseeessss | 2,247,568.0 1 2,247,568.0| '168.9
Spacingeseesecesces 134,024.0 1 134,024.0 110.1
ErTOYeecosoososcsse 918,120.0 69 13,306.1 NAp
NAp Not applicable.
'significant at the 95-pct level of confidence.
TABLE 6. — ANOVA results for lateral force
Sum of Degrees of Mean F-value
squares freedom square
Bit typ€ecessscsss 14,876.0 1 14,876.0 2.0
Attack angle...... 28,394.0 1 28,394.0 3.8
Skew angle.sssssces 829,746.0 1 829,746.0 | 2112.1
Cut depthesseeesss| 1,406,261.0 1 1,406,261.0 | 2190.1
Spacingeeseesesoons 206,370.0 1 206,370.0 227.9
Errorecessccscecsse 510,439.0 69 7,397.7 NAp
NAp Not applicable.
'significant at the 95-pct level of confidence.
2gignificant at the 99-pct level of confidence.

TABLE 7. — Factorial experiment results
Attack angle
35° 45°
Skew anglesesssesossssscecess | —10°| +10° | -10° | +10°
Rotation'issvssnsswunencloges | 8 | 5.9 | 7.2 | 2.l
Force, 1bf:
Cutting,sesesessecsssnances | 588 368 782 618
Normaleessooscscocccsnnanas | 672 | 392 927 725
Lateral.scecoesoccessesssse | 363 152 | 372 211
'Per 12-in cut (absolute value).,
NOTE.--The values presented are averaged over all

levels of spacing and cut depth.



CENTRAL COMPOSITE EXPERIMENT

The central composite design allows a
determination of the functional relation-
ship between the variables of interest.
The form of that relationship is

4
Y = A, + ) (AX; + A X9)
i=1
3 4
) Aj XX
i=1 j=i+1
where Y = dependent variable (i.e.,
rotation),
X; = independent variables (i.e.,
attack angle),
and Aj, Ajj, and A = coefficients,

Computational procedures required the
coding of the independent variables. The
Xi's in the above equation are the coded
values, Table 8 gives the relationship
betwen the X;'s and the four independent
variables. A sample calculation wusing
the model is given in appendix B.

Results for the central composite de-
sign are given in tables 9-12. With the
exception of 1lateral force, the model
presented above gave a reasonable fit to

11

TABLE 8. — Coding values for X;'s

Attack Skew Cut Spacing,
X angle, angle, depth, in
deg deg in
-2 30 -10 0.125 0.25
-1 35 -5 +«25 .50
0 40 0 «375 .75
1 45 5 .50 1.00
2 50 10 .625 1.25

the data. The coefficients for rotation,
cutting force, and normal force are given
in table 13.

As previously stated, the central com-
posite model <can be wused to analyze the
relationships between the independent
variables. Table 14 shows an example of
this type of analysis. 1In the example,
attack angle and cut depth are held con-
stant at 35° and 0.5 in, respectively.
As shown 1in the table, with the skew
angle at -10°, dincreasing the spacing
causes an increase in rotation. However,
with the skew angle at +10° increasing
spacing results 1in a decrease in rota-
tion, This brief analysis illustrates
the complex nature of the interactions
between the variables.

It should be noted that the model is
not valid outside the limits of the fac-
torial portion of the experiment (table
2) s

TABLE 9. — ANOVA for rotation — central composite design

Sum of Degrees Mean
squares of square | F-value
freedom

lst-order termSeeeeceeses | 125.30 4 31.33 120.06
2d-order termS..ssesseess | 129.20 10 12.92 28,27
gk 6f E1B. vemnnnwamnnns | Flowdl 10 7.62 34.88
Blocksssssssvusssnwmenuns | 307l 2 25.36 | '16.24
Frroreceesssevevisosessois 4.68 3 1.56 NAp

NAp Not applicable.

]Significant at the 95-pct level of confidence.
2Significant at the 90-pct level of confidence.
3Not significant at the 90-pct level of confidence.
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TABLE 10. — ANOVA for cutting force — central composite design

Sum of squares | Degrees of | Mean square | F-value
freedonm
lot—Grder termBisssnsssonsssssssannas| I91,857.0 4 147,964.3 | 147.14
2d-order termSeeeseececsssssasescesss| 161,835.2 10 16,183.5 25. 185
T, mol L% s o it 04000 o i 0 0 s 8 6 67,432.8 10 6,743.3 32.15
Blockasscssssssisassamascsannsnsvusy 545.0 2 2725 2,09
D o o ol 9,417.0 3 3,139.0 NAp
NAp Not applicable.
1Significant at the 95-pct level of confidence.
’Significant at the 90- pct level of confidence.
SNot significant at the 75-pct level of confidence.
TABLE 11. - ANOVA for normal force - central
composite design
Sum of Degrees Mean
squares of square F-value
freedom
lst—order terms.... | 611,186.4 4 152,796.6 | '40.76
2d-order terms..... | 247,837.6 10 24,783.8 | 26.61
Lack of fiteeeossss | 114,929,8 10 11,493.0 33.07
BloCKS.esossnsssons 216.8 2 108. 4 4.03
Errorsseeaes ssvoses 11,245.5 3 3,748.5 NAp
NAp Not applicable.
]Significant at the 95-pct level of confidence.
2significant at the 90-pct level of confidence.
3Not significant at the 90-pct level of confidence.
4Not significant at the 75-pct level of confidence.
TABLE 12. - ANOVA for lateral force - central
composite design
Sum of Degrees Mean
squares of square F-value
freedom
lst—-order termS.... | 695,153.4 4 173,788.4 | 12.04
2d-order termS..... | 369,304.9 10 36,930.5 1,43
Lack of fiteseeeeeo | 130,523.7 10 13,052.4 1,15
BlockSusesssnsennes | L14;625:8 2 753129 g
FXIrOTesseovovswswovs | 255,36545 3 85,188.5 NAp

NAp Not applicable.
"Not significant at the 75-pct level of confidence.
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TABLE 13, - Coefficients from central composite design analysis

Coeff! | Rotation Cutting Normal Coeff! | Rotation Cutting Normal

force force force force
Ay 1.9167 429.3333 397.1667 Agy 0.2229 -6.2292 -10.3438
Ay -1.3833 90.4167 118.1250 Ao 1.3750 36,6250 39.1875
Ay -1.7250 -28.4167 -37.8750 Az -.0625 -38.5000 -39.6875
Ay .0333 124.5000 100.3750 Ay -.6500 7.0000 2.9375
Ay 5750 13.3333 -1,7083 Ay 29625 -13.7500 -24,3125
Ay 2604 40,0208 54,2813 Ayy -1.7500 55.0000 64.0625
Aysp .6229 1.5208 6.4063 Az, -1,0125 -29.8750 -41.8125
Az .1729 -4,4792 -7.3438

"In the subscripts to the coefficients. 1 = attack angle, 2 = skew angle, 3

= depth, and 4 = spacing.

TABLE 14, - Predicted values for rotation

Rotation, deg/ft of cut

Skew angle..eese -10° +10°

0.5 in spacing.. 4.9 4,1

1.0 in spacing.. 8.8 1.0

SUMMARY
The results of this work show that ro-— with a 0.25-in cut depth and 1.00-1in

tation of conical bits 1s chiefly af-  spacing when the attack angle and skew
fected by the attack angle and the skew angle are set at their most efficient
angle of the bit. A 35° attack angle levels. The direction of rotation de-
produced more rotation than a 45° attack pends on the sign or direction of the net

factorial and the cen-
Similarly, a
rota-

angle in both the
tral composite experiments.
negative skew angle produced more

lateral force. The cutting and normal
forces for the maximum rotation condi-
tions are 301 and 294 1b, respectively.
is obtained

tion than a positive skew angle. The Maximum rotation at reason-
central composite experiment also indi- able levels of cutting and normal force.
cated that maximum rotation 1s obtained
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APPENDIX A

For the factorial segment of the exper-

iment, a full 2° factorial design with
block confounding was used. Block con-
founding was necessary because all 32

combinations could not be run on a single

sandstone block. The factorial was di-
vided into four blocks wusing the bit
x attack angle x skew angle, the bit
x spacing x depth, and the attack angle
x skew angle x spacing x depth inter-
actions as confounded effects. Both
the order of the eight tests on each

block and the order of each block were

randomized.

composite design also had
to be run in different blocks. The fac-
torial portion was run on two blocks us-
ing the attack angle x skew angle x spac-—
ing x depth interaction as the confounded
effect. The axial portion was run on a
third block. Two center points were run
on each of the three blocks,

The data for both the full factorial
and the central composite designs are
shown in tables A-1 and A-2.

The central



TABLE A~1., =~ Test results for factorial experiment

ATTACK SKEW cuT SPACING, BLOCK ROTATION, AVERAOGE FORCE,LE RMS FORCE,LE PEAK, FOFCE.LE -
BNGLE, ANGLE, DEFTH, IN NO, DEG LATERAL CUTTING NORMAL LATERAL CUTTING NORMAL LATERaL  CUTTING NORMREL
DEG DEG I S
BIT TYPE &
35 ~-10 .25 .50 1 13.% -343 574 678 399 532 754 -%13 14210 1645
2.9 -172 336 73 228 452 476 Ak 103z 1221
4.0 ~284 487 604 336 551 €60 -211 1224 1372
1,00 3 17.4 -195 492 Sg8 266 RN 728 ~3Z0 1749 135%
22 .¢ -160 390 403 229 473 S8 ~673 1a29d tdil
t2.5 -1990 375 452 286 463 555 =361 12672 1476
0.50 0.50 3 3.5 -688 00 1069 732 959 1116 ~14 08 1z40 t9a4
2.5 -528 811 743 536 394 813 -125t ERTEY Peae
4,3 ~446 612 769 438 &93 829 =14610 15732 1622
1.060 1 1,2 ~-658 284 1151 712 1084 1225 -1406 5 2377
3.0 -308 601 545 377 715 641 ~329 1323
4,5 ~441 685 348 504 vB3 S06 ~1237 13864
+10 .25 0.3¢0 2 -5.5 96 162 252 151 243 316 433 -2
~-4.8 102 233 236 L] 303 293 536 373
~4 .1 36 243 230 180 323 3532 3932 1115
1.00 4 3.6 ~-53 380 444 146 5385 574 -313 1573
2.8 -7 274 247 125 374 352 -31 12046
3.2 ~46 209 242 151 311 340 -15%9 iZns
§.50 .50 4 -19.5 305 440 537 391 540 597 332 LN 1357
-6.3 2739 4193 338 363 521 419 1020 1555 1144
-10.5 2353 332 414 335 452 506 1044 1416 1
1.60 2 -8.3 163 394 943 2638 583 £33 LS 1288 i
-4.0 251 592 498 355 795 630 1032 =473
~5.7 190 912 808 499 1123 949 &7 1 2001
45 ~10 0.28 0.5¢0 2 2.¢ ~-164 457 700 296 367 787 ~587 13%4
4.1 ~15¢ 447 531 206 538 636 -=73 1426 2
16.5 ~374 8295 340 4032 889 958 -3 12054 1567
1.00 4 7.8 -183 62 R 2890 2739 1009 -885%9 1977 204z
6.3 -168 442 477 224 517 552 -633 12932
0.0 ~161 416 535 220 433 £26 -704& 1671
0.50 0.50 4 12.0 -601 1019 1243 639 1085 1297 -1322 2135
13.4 ~-189 301 321 215 331 351 ~518 725
9.0 -449 672 823 491 768 &84 ~14095 1770
1.040 2 8.6 ~-428 872 f18s 468 1000 1278 -108%2 2687
i0.8 -402 1119 1183 S92 1271 1299 -1447 2743
i5.0 -784 1350 1410 544 1478 1921 -1659 2371
+10 0.25 0.50 f =-1.1 157 383 4398 234 486 614 Sis i
-1.2 24 229 247 176 306 345 756 12
0.0 151 317 362 235 402 454 724 1372
1.00 3 2.4 -1 269 1075 240 1otz 1204 ~362 2043
1.0 19 507 581 159 504 685 1 a3
~2.1 -34 416 534 214 Sis 621 ~37& 1554
0.5¢ 0.350 3 -4.93 5586 336 1114 652 10490 1216 1514 2423
~3.2 4290 723 735 579 241 895 1503 £330
-3.9 305 592 685 424 723 7 1123 $365
1.00 i -4,3 253 1232 1531 585 1425 1688 f032 3438
-1.6 184 726 755 290 842 882 375 217
0,0 118 728 324 336 305 1109 vVa 2325

Gl



TABLE A-1. - Test results for factorial experiment—-Continued

ATTACK SKEW cuT SPACING, BLOCK ROTATION, AYERAGE FORCE,LB RHMS FORCE,LPB FEARK FORCE,LE
ANGLE, ANGLE, DEPTH, IN NO, DEG LATERAL CUTTINAG NORMAL LATERAL CUTTING NORMAL LATERAL CUTTING MOFHMAL
DEG DEG 1K
BIT TYPE B
35 -10 0.25 0.50 4 3.6 =330 514 633 363 D63 637 -350 1235 1443
16 .3 -227 428 442 283 423 516 -73z 1103 12135
17.3 ~227 355 447 269 414 516 =711 11356 1228
1.00 2. 13.8 -191 Z22 452 236 338 532 -6Z% 1ae4 1253
i0.8 -125 37S 377 200 443 449 -721 1233 1134
19.2 -201 436 568 292 603 682 =21? 1662 1512
0.50 0.50 2 1.3 -437 459 732 473 534 7381 -934 1305 1472
S.0 =490 730 754 557 az7 242 -1277 1275 17323
. 0.0 -822 1106 1292 860 1166 1343 -1554 2123 22795
1.00 4 2.2 -568° 890 1028 650 1027 1118 =1333 2375 23I%6
8.3 -288 552 S14 357 662 613 -10432 1229 1512
S.5 -381 629 663 461 775 °51 -1164 2178 17320
+10 0.25 0.50 3 -4.7 165 310 360 240 33z 437 732 1156 1123
-3.9 7’8 207 212 165 233 305 465 EE b
-2.3 73 179 221 151 252 282 427 ansS R6d
1.00 1 7.0 -117 267 261 181 385 494 -558 1217 1526
-2.2 42 218 198 127 290 273 454 923 251
2.6 -17 219 258 153 316 329 -269 1206 10032
0.50 0.50 1 -5.6 469 581 659 565 579 728 1360 1614 1623
-7.6 284 412 351 366 524 443 1015 1521 1214
-6.5 330 444 519 425 554 596 1145 1611 1413
£.00 3 -4.0 54 558 634 362 726 734 358 2122 1207
-4.7 143 432 345 261 615 475 775 2423 151
-6.4 43 403 453 262 504 565 261 SUEE ¥4
45 -10 0.25 0.50 3 3.3 -407 883 1115 456 949 1176 -991 {7a2 200
7.3 -276 590 656 324 657 729 ~744 1331 523
2.9 -216 427 579 267 500 6321 -652 1253 13566
1.00 1 1.2 -184 747 964 272 838 1051 -802 1346 2045
1.9 -229 590 659 239 653 730 -777 15632 1533
2.3 -156 676 879 263 762 956 -8B854 1210 13261
0.50 0.50 1 6.0 -697 1123 1456 736 1183 1511 -1475 2128 2331
3.1 -409 775 834 455 851 307 ~294 1775 1732
8.5 -585 963 1182 634 1032 1238 ~1z00 2113 z120
1,00 3 18.1 -718 1337 15446 vr2 1427 1645 1401 22410 28386
7.6 -493 1026 1023 568 1157 1127 -1304 2379 2302
8.2 -508 894 10332 565 2423 1166 -1145 518 146
+10 0.25 3.50 4 0.0 174 575 776 254 652 850 a3z 1519 1210
0.0 115 353 413 195 420 512 7EY 2ot 1508
= ) 1350 216 425 247 408 520 793 1139 1422
1.00 2 0.0 S3 484 634 163 521 729 392 1521 15086
1.0 -25 524 543 215 €45 664 -57E R=a 1712
3.7 =191 725 387 324 829 982 -351 1932 1289
0.50 0.50 2 -2.4 203 403 694 305 433 765 1022 13g4 12?27
-7.6 385 645 572 486 781 677 1195 2211 1675
-3.1 671 941 983 737 1031 1056 1343 24106 203z
1.00 4 -2.2 425 1098 1210 5560 1242 1308 1519 3003 4932
-1.4 215 573 514 323 e 621 1063 2409 1667
2.1 180 542 694 338 728 £32 25% 2363 zer2

91



TABLE A-2. - Test results for central composite design

ATTACK SKEUW cuT SPACING, BLOCK ROTATION, AYERALGE FORCE,LB RMS FORCE,LB FEAK FORCE.LS
ANGLE, ANGLE, DEPTH, IN NO . DEG LATERAL CUTTING NORMAL LATERAL CUTTIHNG NORMAL LATERAL CUTTING HOEMAaL
DEG DEG IHN
35 -5 .25 0.50 1 6.0 -140 262 268 189 315 333 -574 308 332
1.00 2 16.6 -127 301 294 208 371 417 -732 1071 1331
0.50 0.50 6.2 -373 543 598 418 719 667 -340 1564 1373
1.00 1 11.6 ~269 596 550 336 672 630 -934 1=as 422
+5 0.25 0.50 2 -3 56 139 121 10S 185 169 354 - 5832
1.00 1 2.1 =5 221 191 102 291 257 -25% 1002 291
0.50 0.50 ~P5'e 336 503 446 3389 576 508 393 1372 1117
1.00 2 -.8 221 453 367 2390 563 457 540 1833 1352
45 ) 0.25 0.50 2.5 -189 480 514 245 549 626 -724 1382 544
1.00 1 4.6 -152 351 351 188 400 4105 -433 in9n 1029
0.50 0.50 1.7 -303 726 789 340 731 840 -742 1726 16326
1.00 2 3.1 -261 503 454 303 538 522 -725 1821 1137
+5 0.25 0.50 1 -.9 116 312 322 174 364 396 55¢ 354 1123
1.00 2 2 91 634 716 161 725 803 608 12132 1855
0.50 0.50 -3.0 323 524 496 367 576 559 77z 1343 1261
1.00 1 -.5 278 685 616 357 805 712 04 2101 1651
30 0 0,38 0.75 3 .4 155 323 255 220 417 335 213 1218 totz
590 1.3 214 862 961 336 960 1077 377 225z 2311
40 -10 3.5 -240 510 508 292 572 564 -705 1226 1204
+10 1.1 168 367 325 258 473 452 s7 a3l 1474
0 0.13 -.6 -23 152 144 68 123 189 -1083 502 £24
0.63 .4 =373 677 579 427 761 623 262 1945 1297
0.38 0.25 0.0 241 365 356 279 406 398 653 575 554
1.25 ~-1.4 142 450 343 239 585 462 793 133232 1457
0.75 1 1.2 -224 4?7 442 271 S42 496 -640 1376 1115
-3.8 215 413 377 271 487 453 771 12432 1142
2 -2.8 170 365 338 226 424 415 634 12572 1165
1.3 ~-227 438 409 276 504 465 -701 1406 1193
3 .9 -236 490 466 273 545 510 -607 1462 jusa
-1.5 165 393 351 222 470 428 616 1325 122

LT
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APPENDIX B

The procedure to follow in using the following example: Given attack angle
empirical model on page 11 to predict = 30°, skew angle = -5°, depth = 0.5 in,
rotation, normal force, or cutting force and spacing = 0.75 in, find rotation.
for a given attack angle, skew angle, cut First the condensed form of the equation
depth, and spacing is illustrated by the

4 3 4
Y = Ao + Z (AIXI + A |X|2) +‘ z Z AIJXIXJ
i=1 i=1 j=i+l
should be expanded to the form:
Y = A, + A4Xy + Ay |X12 + ArXy, + A22X22 + A3zX3 +A33X32 +A Xy +A44X42

+ A12X1Xo + A13X1X3 + A1aX1Xs + Ap3XpX3 + AppXpXy + A3pX3Xy

where the subscripted A's are the coeffi~ angle of 30°, a skew angle of -5°, a cut-
cients from table 13 and X;, X7, X3, and ting depth of 0.5 in, and a spacing of
X4 are the independent variables attack 0.75 in, the values of X;, X;, X3, and X4
angle, skew angle, depth, and spacing are -2, -1, 1, and O respectively. Sub-

respectively. stitution of the coded values for the in-
Next, wusing table 8, determine the dependent variables and the coefficients
coded values corresponding to each inde- from the rotation column of table 13 into

pendent variable X;. Thus for an attack the expanded form of the equation yields
Y = 1.92 + (-1.38)(-2) + (0.26)(+2)2 + (-1.72)(-1) + (0.62)(-'1)2 + (0.03)(1)
+ (0.17)(1)2 + (0.58)(0) + (0.22)(0)2 + (1.38)(-2)(-1) + (-0.06)(-2)(1)
+ (-0.65)(-2)(0) + (0.96)(-1)(1) + (-1.75)(-1)(0) + (-1.01)(1)(0)

or Y = 10.18 deg/ft.
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