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CHAPTER I
INTRODUCTION AND STATEMENT OF PROBLEM
The Cutting Function of F1e1d Machinery.

Cutting is the first step of many field operations.
Conventional forage harvesting involves cutting the plant
stalks; and many seed crops are.harvested by combines which
first cut off the entire stalk, or that portion of it to
which the séedS'are attached, then remove the seed in subse-
quent operations.

Forage crops may be chopped or cut with a flail-type
mower’but_usually are mowed with knives aftached to a recip-
rocating-sickle bar.  This same -method is generally used on
combines to cut seed bearing crops. In mowing forage crops,
high knife speed is required to attain adequaﬁé capacﬁtiés
in acres mowed per hour. S1ower knife speeds are feasible
in cutting seed crops.. On a combiﬁe, typical speed of the:
sick]e-drive_flywheel is from 400 to 450 rpm, resulting in.
800 ﬁo SOb_cutting strokes per minute. Practical sickle
driVe'speeQS'for tractor mowers without a reciprocating
counter balance range from 800 to 1000 rpm (1600 to 2000

cutting strokes per minute) (7).



Requirements and Design Goals for Cutting
Devices -Used on Forage Crops

To reduce irregular stubble length caused by excessive
stalk deflection before cutting and for minimum power re-
quirements, Kepner (2) recommends a mower cutting action of-
high velocity extending over a large part of the cutting
cycle. Further, he recommends that unbalanced forces be kept
to a minimum, that the included angle between the cutting
edges should be kept.small enough so that stalks will be cut:
before being expelled forward, and that desired cutting-
action and mechanical durability be maintained at forward
speeds up to 10 miles per hour.

Design Goals for Cutting Devices
Used on Seed Crops

The design objectives specified for forage cutting de-
vices also apply to the cutting mechanisms of combines. But
here a- further requirement is made in that the cutting of
seed bearing plants should be done with minimum disturbance
of the stalks to avoid shattering and losing a portion of:the
seed. A]éo the reel and other devices used to guide plants
into the cutter bar and move the cut-stalks from the sickle
onto the combine header pan.should. not unduly shake the
plants. In-a five year study of soybean harvesting prac-
tices, Lamp, Johnson, and Harkness (3) found that harvest
losses varied from 8.8 to 19.3 percent, with the average loss:
exceeding 10 percent. Over 80 percent of the harvesting

losses were gathering losses, almost all of which resulted



from knife and reel agitation of the plants. Even greater
gathering losses ocecurred in the first attempts to harvest
castor beans with a combine. About 50 percent of the seed
-shattered to the ground at normal combine forward speeds,
according to Arms (4). Many seed shattered when the reel en-
gaged the plant. Additional-seed weré!jarred loose from
the plant and fell to the ground whén the knife cut the
stalk. ' ‘ |

Inadequacies of Conventional Cutting Dev1¢es

and-Schemes to Correct Them

The speed of the cutting knives of a-céhventional
mower is 1limited by the high, unbalanced inertia forces in-
duced by the.massvof~the reciprocating sickle bar. These
unba]ahced forces vary as the square of»the speed of -the
driving crank and produce high, cyclic 1oéds oq the drive
members -and supporting frame. The loading must be kept
below levels that unduly shorten the useful 1ife of the
drive ‘and frame -parts, hence the 1imit on maximum operating
speed. .

A portion of the input energy is dissipatéd‘in work to
overcome the opposition to reciprocating motion 1mposed by
the inertia of-the unbalanced mass. Also friction forces,
which oppose the sliding action of the cutfer bar, waste
input energy and cause rapid wear.

Several design schemes to overcome the speéd Timitations
of -the conventional mower have-been-investijatedo, Elfes (5)

lists the different approaches as: (1) balancing out a major



portion of the inertia forces generated by the single recip-
rocating sickle bar through the addition of a practical
cbunterbalancing device or by the use of two oppositely
travelling reciprocating sickles, each balancing the inertia
force of the other; (2) replacing the reciprocating sickle
with an endless chain or band fitted with suitably spaced
knives; (3) using a high-speed, single-element, impact-
cutting blade rotating in a horizontal plane; (4) using a
reel type mower similar to the common lawn mower. Each-of.
these approaches proved to have Timitations. With double
reciprocating sickle mowers, suitable guards to protect the
knives without interfering with the cutting.action have been
a problem. High energy losses due to friction plague both
counterbalanced, single-sickle mowers ‘and the double=-sickle
mowers. The endless band type mower has proved subject to
plugging in cutting fine, tough grasses, possibly because of
the constant direction of motion. The single-element,
impact-type, rotary mower makes multiple cuts on each stalk
and thus requires more power than a device which cuts each
stalk only once. An excessively large diameter reel-type
mower. is required to cut tall grasses satisfactorily.

In regard to cutting with minimum disturbance of the
plant, one approach that met with some success was the sub-
stitution of a high speed circular saw for the reciprocating
sickle blades on a castorbean harvester (6). A saw, 12 in-
ches in diameter, was driven at 2500 rpm in a horizontal

plane. The saw cut the castor stalks easily, without



vibration; and with no shaking off of the seed capsules.
There was no positive means to move the plants, once cut-off,
back away from the saw, however. As-a result, plants accumu-
lated at the saw feed opening and obsfructed the propér flow
of plants to the saw.

| The power requirement for cutting with a single recip-,
rocating sickle bar was estimated by Kepner {5 to be 60
percent -of -the energy input to the mower. In eva]uating,a3
newly designed high speed mower, Elfes (5) determined that
cutting required an average of only: 33 percent of the input
energy. Peakvengrgy_requirément for cutting wasaohiy-12rper-
cent of the total peak.energy input. Chancellor (7) measured
the energy required to cut individiual stalks of forage and
from these determinations calculated the power requirement
for cutting a 7 foot swath of 2 feet tall.timothy hay, yield-
ing 2 tons of 20 percent moisture hay per acre. At a forward
speed of 7 miles per hour, the average cutting power was
computed to be 0022 horsepower. Assuming.an average total
input-power of 2.5 horsepower, the 0.22 horsepower for
cutting represents only 9 percent of the input power to the-
mower. Prince, Wheeler, and.Fisher (8) determined the cut-
ting energy for individual forage stalks and for mowing
masses of stalks with a reciprocating sickle.bar. They

found a wide difference.in the actual energy.required to mow
the masses of stalks and that theoretically required based

on values measured for cutting individual stalks. The in-

crease is attributed to bending of stalks to the ledger



plate, the cutting-of one stalk.against anothéer, and cutting
with the knife edge at other than-a 90 degree angle-to ‘the
stalk.

Harbage and Morr (9) in.developing'a high-capacity, ten.
foot mower, found that peak cutting-Toads on the mower drive-
pitman wére less than:the peak inertia loads when using a
sharp knife. With a dull knife, however, peak cutting loads
exceeded peak inertia loads by.a factor of-two when mowing
bluegrass. This finding"wouid.indiéate cutting energy. re-
quirements depend on degree.of knife sharpness;. hence,
previcusiy-listed estimates are with the assumption of a
sharp knife.

A further estimate.of cutting-energy requirements that.
corroborates the findings.of.Elfes and Chancellor is - that
made by Richey (10). ‘He:feportedftest results for cylinder
and flywheel type forage:.choppers.which indicate cutting.
energy makes up from 13.to0:32 percent of. the input energy.
The remainder of the input. energy was attributed to air and
bearing friction, kinetic energy imparted.to the-chopped
material, and %to the frictional resistance.encountered by
the chopped materia] in.passing through the housing. -

In view of ‘the findings.of various investigators, an
acceptable estimate-of the maximum required cutting energy
for a mower, assuming a-sharp blade, is about one third of_
the total input energy. Thus the mechanical efficiency of

a mower is less than 33 percent, rather low.



Proposed New Rotary Cutting Device

An investigation of a different type cutting device
appears warranted, especially for use in harvesting- seed
bearing crops. Such a device should be simple in design,
easy.to adjust and repair; and capable of cutting either
forage or seed bearing crops, the cutting-action should
impart little disturbance to shatter the seed from the
stalk. If the device could fulfill the»additionai-function‘
of moving the severed stalks away from the cuttfng zone,
still with minimum disturbance.of.the plants, it would be a-
significantvimprovement.-;one.simple*machine.component,
capable of cutting and.trajecting plant.stems.while impart-
ing minimum disturbance to the stems,.and operating at high
speeds with high mechanical.efficiency... .

The use of cutting elements arranged.spirally about a-
horizontal, rotating shaft.possib]y can.provide the object-
ives sought. Direction of-rotation would be:such that the
cutting edges move forward and up in-engaging the plants.
With proper balancing,.there would be no restriction on
speed. Since-speed would-be constant -and cutting continuous,
there would be ho power surges or cutting force -peaks, hence
1ittle vibration imparted to drive or frame members. Motion
would be imparted to the cut-off plant by energy transfer
during impact of the cutting elements with the plant. Ve-
locity components up, forward, and to one side wouid result.
Because of the forward motion of the mower relative to the-

plant, the plant would already have a rearward component of



velocity relative to the cutting elements.  Hence, the re-
sultant velocity of the cut-off-plant could be such as to

deliver it to a receiving platform behind the cutting member,.
‘Research Objectives

1. Design and fabricate a balanced, rotary cutting device
having blades approximately helical in~configuration,'
Provide a method of attaching blades to the rotor
structure that allows replacement of the blades.

2. Evaluate the proposed cutter experimentally, using a
typical edible seed crop (soybeans), to accomplish the
following purposes:

A. Test the hypothesis that such a device can
both cut and traject plant stems effectively
in one operation.

B. Determine the mechanism of cutting utilized
by the device with square edge. (dull) and.
with-sharp edge blades through high speed
motion.picture'photographyo':

C. Screen.the principal design.and operating
parameters.of the cutter that might possibly
affect the responses-of input energy per
stem cut, maximum torque developed per stem
cut, and resulting displacements of the
severed stem to determine those. factors that
do have a non-trivial effect and the de-

sirable levels of those factors. Perform



the screening-of-parametey tests: for both
square edge and:sharp edge‘rotor blades
using a statistically designed orthogonal.
main-effect experimental plan. -

Compare results for.the square edge.and
sharp edge blades to test the hypothesis
of no difference in.effectiveness of the
blade types. .If.one is more effective,
develop dimensiona]]y«correcf functional
relationships :between.the important re-
sponse variables.and.the pertinent:design,
operating, and plant.physical property
parameters for the cutter fitted with the-
more-effective.blade type +.within the
Timits provided;by the screening-of-parameter

data.collected.



CHAPTER II
REVIEW OF LITERATURE

Several aspects of cutting plant stalks have been in-
vestigated and reported in thelw‘li—terature° Topics 1né1uded
are the basic nature of cutting, differences in means of
cutting, and the effect of plant and knife variables on the

requirements for cutting.
Basic Nature of Cutting

Stroppel (11) examined several methods of cutting
solid, homogeneous materials ]iké metals. He proposed an
explanation of the cutting action and extended the theory
to include non-rigid, fibrous materials such asmp]ant
stalks. His definition of cutting as quoted by Feller (12)
is:

a mechanical separation process on a solid

body by the use of a cutting tool whose

wedge-formed cutting parts are under pressure

and overcome the cohesion of the material due

to the higher specific normal and thrust

forces along the cutting edge.

He classified cutting tools into: (1) those employing a
single element; (2) those employing two opposed elements;

and (3) those using multiple, miniature single elements

(saws). Either single element or two opposed element tools

10
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can produce a "knife cut" or a "shear cut", depending on the
design of the cutting blades.

Infknife cutting, the zone of failure precedes the
cutting edge through the body. Severance of the material
iS attributed to the concentrated force-along the knife
edge and not to the components of force perpendicular to
the wedge surfaces which intersect to form the edge.. In:
other words, knife cutting differs from splitting.  Motion-
of the knife can be normal to the cutting edge (a pressing
cut), in .the same direction as the edge (a slicing cut), or
both simultaneously. The effectiveness of-a slicing type
of cut with a smooth blade is related to thé microscopic.
notches along the edge resulting from grinding irregularities.
These minute notches are said to produce a fine sawing effect.

In "pure shear" cutting, forcés applied to the cutting
tool cause failure along a shear plane.. The tool edge does
not penetrate through the material being cut in the manner
of knife cutting.

Sawing combines the actions of knife:cutting and pure
shear cutting. The multiple teeth making up the cutting
edge penetrate the material from pressure:on the blade
normal to the direction of motion.  Then each tooth shears
and -removes a small particle of material as a result of
motion-along the blade edge. .

Knife cutting and pure shear cutting for single ele-
ment -and two opposed element tools are described schemati-

cally as shown in Figure 1.
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Figure 1.. Schematic Diagram of Knife Cutting and Pure
Shear Cutting '
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It is implied that for single element cutting, the support.
ofs or the inertia of, the body reacts to the cutting tool

pressure to permit cutting without accelerating the body.
Mode of Stem Failure - Two 6pposed Element Cutting

Since small plant stems are not rigidly supported and
are of re]ative]y low mass, it is common to cut them be-
tween two opposed edges forced together. The resulting cut-
ting action on the hetergeneous, fibrous plant stems differs -
from that of shearing homogeneous, crystalline substances
1ike metals, as Koniger (13) emphasizes. He states that
metais are cut between two opposing edges by inducing fail-
ure along a shear plane without appreciable penetration of
the cutting tool (the "pure shear" cut defined by Stroppel).
A more detailed description»of-this action is given by Svahn
and Lundstrom (14) whd state that a normal metal shearing
operation-is characterized by the following-sequence of
actions: (a) elastic deformation, (b) pTastic deforhation,
(c) cutting action, and. (d) shearing fracture. In contrast,
fibrous materials, according to Koniger, aré cut by the
knife acting as a wedge to cause separation of the cell
structure. The components of force perpendicular to the
wedge surfaces are depicted as being of prime importance in
causing the cutting action.. Thus he disagrees with Stroppel's
theory that fibrous materials are severed by concentrated

forces a]ong the knife edge and not by splitting. Figure 2
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illustrates his theory of cutting fibrous materials between

two opposed elements.

Along the Fiber. Transverse to the Fiber.

Figure 2. Theorized Cutting Action in Ma-
terial of Fibrous Nature:

Fisher, Kolega, and Wheeler (15) conducted tests in
which individual stems of-forage plants were cut between two
opposed elements and proposed an explanation of the mode of
failure based on the experimental evidence. Because of the
stem structure of common forage plants, "an outer annular
ring of-rather tough fiber with either a hollow center or
soft core," they theorized that the first action of opposed,
beveled knives acting on a stem would be:

...one.of compression in which the normal nearly

circular cross section is deformed into an.oval

shape. Bending of the outer fibers also occurs

along the longitudinal axis of the stem, making

this a three-dimensional bending problem...:

This concept is illustrated by Figure 3.
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Knives-

Figure 3. Three-dimensional Bending of -a
Single Stalk Between Two Knives

It was further theorized that after the compression:
phase, cutting of the outer fibers began "due to either the
shearing action of the knives, failure of-these fibers due
to excessive bending, or both." Because»of.extreme compres-
sion along the line-Tike cutting edge of the knives, it was
thought that some wedging action might occur. due to the
sharpness angle of the knife,.as hypothesized by Koniger.
This action might elongate the fibers along their longitu-
dinal axes, causing-them to fail in tension.. With further
compression of-the bunched fibers, it was thought the knife
force increased markedly to shear the uncut mass of-fibers
then suddenly drop off to zero.

An apparatus was -made in which the force on the moving
knife was incremented slowly by the addition of:hanging
weights. The distance between the-knife edges was contin-
uously measured. Thus a>]oad-def]ection curve for a single’

stem-of alfalfa was plotted. - Figure 4 illustrates the
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result. It shows the fai]uré»of'the stem did proceed in two
distihct;steps as hypothesized. A1so‘shown in Figure 4, for
comparison, i1s a load-deflection curve resulting from shear-
ing sheet iron between two édgeso The scale is reduced-so
that the shape may be more directly compared to the shape
of the stem load-deflection curve. The sheet iron curve was

plotted by Krabbe as discussed by Svahn-and Lundstrom (14).

. Shape of Load de-

o 8 - s flection curve for
4= shearing sheet iron-

- 6 |- Y, ‘between parallel
i / edges

[ogifa) .

o 4 — / _ Further compression

o / and shearing

b 2 / Initial Fiber Failure
it - Deformation

{ ! I | I L

0.12. 0.10 0.08 0.0% 004 0,02 000 ‘
Distance Between Knives (Deformation) - Inches

Figure 4. Comparison of Load Deformation Curves. for
P1ant,sta1ks and Sheet Iron.

By measuring the energy required to éut differeht»size
stems with sharp and dull knives, it was found that fhe
effect of dullness wasvmoreaprondunced for small stems.
Thus it w&s reasoned that the nature of-the cuiting action-
changed with increase in stem size. Since the beVel'ang]e;
of the knife cutting edge would produce more of a»wedgihg

effect on larger stems, it was hypothesized that dull blades



17

cause small stems to fail in shear, while with larger stems,
tensile failure of the fibers mightioqcur from the wedging
effect.

Chancellor (16) used 30-power laboratory binoculars to
observe slow cutting of single stalks of-forage plants. He
determined that initial.f]éttehing of the stem was accom-
panied by cracking along its ‘Tength produced by failure of
the transverse bonding of the fiber groups to each other.
This cracking allows flattening of the stem for an extensive
distance each side of ‘the area in direct contact-with the
cutting edges.. Thus initial longitudinal bending is less
pronounced than shown by Figure 3. The jnitial flattening
produced, ‘in effect, two;sheets of fibers, one above the»'
other between the cUtting edges. The top fiber sheet;(the[
one in contact.with moving cutting edge) failed first,'folé
lowed by increased forces previous to- failure of the?second,
sheet of fibers. This:is.the pattern of -failure predicted-
by Fisher, Kolega, -and:Wheeler.(15). Failure of the fiber
sheets was along a plane:inclined roughly 45 degrees to
the longitudinal axis of the stem.

Chancellor proposed that each of the two sheets of fi-

ber fails as a result of bending and transverse compressive-
stresses -imposed by the blade edge. He reasoned that these.
stresses combine. to produce a shear stress of greatest in-
tensity along a plane inclined approximately 45 degrees to
the longitudinal axis-of the stem. He concluded that fail-

ure took place on the plane of maximum shear stress, but he
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thought -that failure of the individual cells of the fibers
might be of a tensile nature.:

In consideration of the effects of plant physical: prop-
erties on cutting, McClelland and Spielrein (17) designed a.
static grass tester to determine the ultimate bending
strength of forage stems. They found a.linear relationship
between bending force causing:failure and the linear density
(weight per unit: length) for ryegrass, lucerne, oats, and
wheat: Their .conclusion-was that the stems, although of
biological character, "obeyed a readily éstablished']aw of
mechanical behavior." Different species of plants and
different‘varﬁetieS‘within.a species -exhibited different in-
herent mechanical characteristics. But it was stated that
once the mechanical constants of a-particular variety of
plant -were.determined, a prediction of -bending strength
could be made by measuring the linear density.

In a simi]ar_investigation,'Prince»(18) designed
special testing machines to determine the ultimate bending
and torsional strengths of~f’or_a,gevs'ta1ks° He also determin-
ed the relationship between stalk diameter and linear
density. His findings corroborate those of McClelland and
Sprilrein with respect to bending strength; that is, the
force required to cause failure of a stalk in bending varies
Tinearly with the weight per -unit length (linear density)
of the stalk. However, Prince found that moisture content
of -the stalk -affected the bending strength., Thus knowledge

of -‘the moisture content, Tinear density, species, and
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variety of a plant is required to predict the ultimate bend-
ing strength of the stalk.

The ultimate torsional strength of alfalfa stalks was
found to vary linearly with the weight per unit Tength of
the stalk. Also, as with ultimate bending strength, the
slope of the straight-line graph of the relationship was
steeper for stalks of lower moisture content.

To gain:further insight into the mode of failure of
forage stalks when subjected to the action of -two opposed
knife elements, a comparison:of.the ultimate tensile strength
and ultimate shear strength of the stalk is in order. One
of the equations-for u1tfmate'bend1ng strength determined by
Prince (18) applies to 38 day old alfalfa of 71% moisture
content (wet basis). One of-the equations.for ultimate
torsional strength applies-to 41 day old alfalfa of 68%
moisture content. - If these stalks are assumed equivalent
and a linear density of 0.05. grams per centimeter is se-
lected as typical, the computed ultimate bending force, by
Prince's equation, is:

F=-144.85 + 3572.83 (.05) =.63.79 gms,
This force acted at a distance of 5.8 centimeters from the
stalk support to produce a moment of (5.8) (63.79) = 369998,
gm-cm. when the stalk failed. The ultimate torque on the
same stem when torsional-failure occurs is:
T = 67.38 + 1085.83 (.05) =-121.67 gm-cm.
From Figure 4, it is apparent that for a plant stem cut-

between two opposed edges, the load-deflection curve for
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each of the -two sheets of fibers of the flattened stem is
similar in shape to the curve for sheet iron sheared between
two opposed edges. Therefore, assume for comparison purposes
that the heterogeneous stalks fail similarly to homogeneous
metal rods subjected to the same type of loading. Fictitious
maximum tensile and shear strengths, computed for the
equivalent metal rod,.should provide a reasonably accurate.
estimate of the actual ultimate tensile strength to shear

strength ratio. Then if

Sey = ultimate flexural stress,

Ssu = yitimate torsional:stress,

M = applied bending moment; T = applied torque,

c = distance from.neutral axis to'the.extreme fiber,

I = momeht of inertia’of.the cross section,

J = polar moment of inertia of the cross section,
v = radius of the rod,

> fy _ Mc/1

S¢y Ir/d

But v = ¢, and J = 21 for a circular cross section.

Rips

then "T- = 2M . 2(369.98) = 6.08
Te T IIT8T
7T

This estimate shows that forage stalks are about six times
stronger in tensile strength than in shear strength. If
this is so, then it is most.probable that failure of the.
stem occurs by shearing along the plane of maximum shear

stress. The maximum shear stress . results from the combined
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localized bending and transverse shear lcads imparted by the
two opposed edges acting on the stalk. With the assumed
loading, there seems to be 1ittle logic in supposing that
failure of the individual fibers is in tension. Nor does %t»
appear likely that tensile failure of stem fibers, resulting
from the wedging action of the knife, occurs when large
stems are cut with a dull knife (as opposed to pure shear.
cutting of smal]er.stems by the same‘knifé)o Rather the

dull knife can effect concentrated localized bending stress
on-the coarse fibers of.the large, stiff stems to increase
the combined shear stress on the. failure plane of the fibers.
Thus, less force is required than for failure by transverse
shear loading alone. The same dull edge is relatively wide-
with respect to the fibers of:-small stems; thus transverse
~shear loading, with 1ittle.localized bending, results and

requires higher forces to.produce: failure,
Mode of Stem Failure.-.Single Element (Impact) Cutting

Chancellor (16) studied impact cutting by photographing
the plant stem at the instant.of cut with a high speed
camera. He found that the stems deflected. little during im-
pact cutting and only in the vicinity of the knife. After
the cut, the severed stem.ﬁnderwent additional deflection
because -of energy, in excess of that required to sever the
stem, imparted by impulse during the cutting process. He
theorized that the mechanism of failure was basically the

same as that of a stem cut between two elements. In this.



22

case, the inertia of the plant'actS"as;thé‘Qecond.e1emente
The cutting force is reacted by the attempted instantaneous.
acceleration of the stem fibers. Because of the high ve-
locity of the blade, the:force acting on the stem is large
enough to cut indijvidual fibers before their movement rela-
tive to other fibers results in.compression of the stem into
two flat sheets.: Thus. impact cutting is characterized by
continuous severing of-the stem fibers rather than first
compressing-them into two flat sheets and then cutting the’
sheets individually as occurs when shearing between two
elements.

Johnston (19), in studying the behavior of crops during
mowing by the use of high speed motion:picture-photography,
observed the nature of the. impact force developed between a
single plant stem and-the advancing.knife. In this instance,
the knife velocity was considerably: below.that commonly used
for impact cutting. Still, the results are similar, and he
gives a clear explanation of -the action.... "

Impact is considered to last while the section of

straw at the point of -contact is being accelerated

‘to knife speed. The mass of the Tlength of straw

near the knife edge will be more important-over.

this-small interval of time because bending will

rapidly reduce the acceleration experienced by
higher or lower parts. As-the bending defliection
increases, the force.due to the rigidity of the

straw will become important...Thus the force be-

tween-the straw and the knife edge will, apart

from impact, depend on the deflection of the straw,

that is, on the distance the knife has moved.

His film showed that when the knife contacted a single:

straw, considerable bending occurred inh the portion of the

straw in front of the knife, while the top of the straw
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moved very little. A drawing (Figure 5) showing superimposed
frames of the high speed photographs is-used to illustrate

this action. -

3 2
mmxm/ Crop
A Ad vance Numbers
1 1,2,3,4
I ? Indicate
AN Consecutive
AN\ 4  Positions
REWAE o e : of
VNS ] 2 Stalk
n 7 514
VRN
B : 4 321 guard

<=0 Knife Advance

Figure 5. Reaction of a Single Stalk to
Knife Force-

He concluded that fthe straw resisted the knife motion
as a propped cantilever [beam], the inertia of the top of
the straw being in effect the prop." This conclusion is
corroborated by a high speed moving picture study conducted
by Feller (12) of the cutting action of a single element
impact blade. He found that with a cutting velocity of 25.8
feet per second, "When the knife hit the stalks they were
pushed about 1 inch before being cut while the top part.

did not move."
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The assumption-of the stalk reacting to the knife motion
1ike a propped cantilever beam appears to confirm Chancellor's
conclusion that impact cutting produces the same type of-stem
failure as cutting between two elements. Transverse shear
and bending»]oads combine-to produce a‘ stress exceeding the
shear strength of the stem fibers and cause separation along

the plane of maximum shear.-
Mode of Stem Failure - Sawing

One key difference:in cutting between two opposed ele-
ments-and by a single high speed blade is noted in consid-
ering a slicing or sawing cut. Motion of the stem along. the
knife edge, as it is penetrated and severed by the knife, is
a definfng characteristic of a"slicing cut. Johnston's high
speed motion picture films of-the cutting.action of two
opposed ‘knives (angle between cutting edge.and direction of.
motion approximately 60 degrees) showedwno_siip of the-
stalk along-the edge in transport to the.opposing ledger
plate or during cutting (19). Thus cutting between two ele-
ments is a pure pressing type of cut. In-contrast, Feller's.
film of single element cutting showed extensive slip or
sliding of -the stalk along the blade to give a combination
pressing-slicing type of cut (12).

To better explain-the kind of cutting action investi-
gated, Chancellor (16) defined a chopping (pure pressing)

cut as -one in which the normal force between the blade and
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the stalk assumes whatever. value-necessary to cause uniform
motion of the blade through the stalk with no motion along
the blade.

A pure slicing or sawing cut is.one in which the force
berpendicu]ar»to the blade edge remains constant, and the
stalk moves along the blade the required distance for
cutting.. |

Both Feller (12) and Chancellor (16) refer to V. P.

Goryachkins's equation for a slicing type of -cut as given by

Bosoi (20):
p3s =
where
| P = the normal pressure of the blade on the stalk
S = the distance the stalk moves along the blade before
being completely severed
K =-a constant

Goryachkin stated that a slicing type cut required less power
than a pure pressing type-of cut. Chancellor's experiments
refuted this claim. He‘foﬁnd the energy required for a pure:
slicing cut to be approximately twice that required for
chopping - with smooth, serrated, or saw tooth blades.

Smooth blades required the most energy, serrated next,

and the saw‘tooth~b1ade required the least of the three for
cuttinghV However, ‘an increase -in-the normal pressure on
smooth or serrated blades reduced the cutting energy re-
quirements to the point of approaching, but still not equal-

ing,. the énergy required for chopping.
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Feller (12), on the other. hand, found that a combined
pressing-slicing type of cut required less energy for single
element cutting than a pure pressing cut alone. He determin-
ed that a knife angle (angle between the blade edge and the"
direction of motion) of 60 degrees required minimum cutting
energy. By introducing Goryachkin's equation in the formula
for work done (energy expended),.i.e., work is proportional

to P xS =P x —5§ =-—£§ , he claimed to verify Goryachkin's
p= p

finding for knife angles up to 60 degrees, since P increases
with larger knife angles. Above this value, the relationship
does not hold,

The increased energy required for small knife angles
(producing pure slicing) is explained by .Feller as resulting
from the high friction force caused by the.blade wedging
into the stalk. Energy is dissipated by this. friction force -
acting over the distance.the:stalk slides along the blade
during cutting.

Chancellor (16) gave a somewhat different explanation
for increased energy required for slicing. .He theorized that
the individual fibers were—engaged by the.blade in small
groups and bent and stretched in the direction of motion in
a manner-simitar to a taut horizontal cord fixed at both
ends with a weight hung at the center. He suggested that a
smooth blade engaged the fiber bundles by friction; thus it
would catch and release the bundles several times before

causing failure. A serrated blade is more positive in
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engaging-the fibers and carrying them to"failure. A saw
blade is the most positive of all. .The tensile nature of the
failure plus multiple engagement and release of the fiber
bundles by smooth and serrated blades require more energy to
cause failure.-

After studying the nature-of sawing wood, Harris (21)
described the mode of failure of individual fibers as a
shearing action. But Whether5fa11ure.1s by shearing, by
tension and flexure, or by a combination of the three, the
distinguishing feature of sawing with a toothed blade is the
formation of-a kerf (notch) with accompanying sawdust. This .
results from successive teeth being "set" (deformed slightly)
to opposite-sides of the.blade. Thus cutting takes place in
two parallel planes, producing,.as Chancellor (16) points
out, "twice as many cuts.as necessary."”

To reduce the high energy required by cutting in two
parallel planes when sawing, Alex Lundberg.of:Sweden de-
signed a saw with modified teeth. The Lundberg saw teeth
have the high point in the center instead of on the outside
like conventional teeth, Figure 6. With this design, a
finer set is permissible, producing less of a kerf and a
smaller amount of saw dust. A coarser pitch (larger teeth.
and fewer of them) is feasible, and power requirements are
reportedly reduced (22).

An approach 'similar to that of Lundberg?s‘design might

well reduce the energy required for sawing small stems.
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Lundberg Saw Conventional Saw
Teeth Teeth

Figure 6. Comparison of Lundberg and
Conventional Saw Teeth

Motion of Severed Stems Resulting From Impact Cutting

A plant stem, being flexible, acquires some velocity
before being severed‘by a.single, high velocity blade. Thus
energy in~excess'of~thét;required for cutting.is -transferred
to the stem, as evidenced by its gain in.momentum.. This:
acquired kinetic energy. produces motion of the severed stem
after the knife-has_passedq;

An indication of-the extent of energy transfer to the
severed plant is shown by high gpeed motion pictures of
impact cutting taken by Feller (12), Alfalfa stalks, 18
inches tall and 1/8 inch in diameter at the base, were
thrown a distance of-15 feet when cut 3 inches above the
-base by a sharp knife traveling 31.8 feet per second with
the knife edge perpendicular to the direction of travel.

The film showed that after the stem was cut, the lower part
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of it moved faster than.the.upper part-such-that the stem
approached a-horizontal .position in: flight."

Considering the separated stem as-a rigid free body and
assuming that a constant force acts at the cut end for a
short time to give an.impulse equivalent to that causing the
gain in momentum during cutting leads. to anticipation of the:
plane motion shown by- the filmoy The horizontal force act-
ing at the cutting zone can.be.reptaced by an-equivalent.
horizontal forcé and a couple.acting.at the center of gravity
of the -stalk. ThisNforcexsystem:wouidfprodUCe-combined

translation. and rotation of the. stalk. Figure 7.°

‘Resulting Motion (Neglecting Weight)

Figufe 7. Force System on Single Stalk and
Resulting Motion
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The amount of energy. transferred.to the severed stem de-
pends on a number of variables. Feller (12) determined that
knife angle, knife-velocity, plant height, and plant species
influenced the energy transfer. Chancellor (16) investigated
the effects of-knife velocity, stem size, blade sharpness,
and distance between the cut.and.the point of stem support-
on the energy transfer. .He.clamped 8 1/2 inch Tong stems
of -timothy plants at one'end. and photographed the deflection
of the free end when cut by an.impact knife (blade edge
perpendicular to the direction of travel). By considering
the -clamped stem as a cantilever.beam, he calculated the
energy  transfer necessary. to.cause. the given deflection.
Results of-these two investigations are summarized in

table I.
Variables.Affecting Cutting

Variables -influencing the ability of.a.cutting mechanism
to sever plant stalks and. affecting the.force-level and
~energy input required.to accompliish this cutting may be
groupéd into three broad catagories: knife:design para=
meters, knife operating parameters, and.plant. characteristics.,

An important design . parameter is the.angle between -the
knife edge and the direction of motion of the knife (for im-
pact cutting) or between the two opposed cutting elements
(for -two element shearing). Both of these angles are de-
scribed as the knife angle. Other important design para-

meters inciude-the bevel angle of the knife edge and the



TABLE I

EFFECT OF VARIABLES ON ENERGY TRANSFERRED
TO SEVERED STEMS BY IMPACT CUTTING

VARTABLE

INVESTIGATOR

RESULTS

1. Knife Angle
Motion
6 = Knife
Angle

Cutting Edge Blade

Feller (12)

With a sharp knife, maximum energy transferred with @ = 90°.

Very small transfer with o = 30°.

2. Knife Velocity

Feller (12}

With a sharp knife, energy imparted was greater for higher
velocities when cutting 18 inch tall alfalfa plants {7/8 dia.
stems}. Velocity range: 9.52 to 27.3 ft. per sec. Knife angle:
60 to 90 degrees.

ocity had no effect when cutting 18 inch tall sudan grass

Vel
(1/4 dia.) under the same conditions.

Chancellor
(16)

Small increase of deflection with velocity in range of 136, 205,
& 237 ft. per sec. when cutting 8 1/2 inch long timothy stems 4
inches from support with a sharp knife & 90 degree knife angle.

3. Blade Sharpness
w >.0035"0Dull

.0035"
4 ooy

Chancellor

(186)

Greater energy transferred by dull knife (90 degree knife angle)
for small stems. Difference between dull and sharp blades less
pronounced for large stems.

4. Distance of Cut From
Point of Stem Support

Chancellor
(16)

Greater energy transfer with increased distance between cut and
point of stem support. {(Cuts 2, 4, & 6 inches from support;
8 1/2 inch long stems) )

5. Stem Size

- Diameter or
Weight Per
Uait Length

Chancellor
(18)

Greater energy transfer to heavier stems (.015 gms. per cm.
vs .035 gms. per cm.)

6. Plant Height

Cutting
“——— Plane

Feller (12)

Increased energy transfer with increased velocity for 18 inch
tall alfalfa plants; no increase of energy transfer with in-
creased velocity for 5 1/4 inch tall alfalfa plants. (Sharp
knife, 45 degree knife angle; cut 1/4 inch above base of plants.)

7. Plant Species

Feller {12)

Marked difference in amount of energy transferred to alfalfa
and sudan grass stems at higher velocities. Difference possibly
related to stiffness of the stems.

LE
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degree of sharpness of the edge.as defined by the thickness
at the point of the bevel. The clearance between two
opposed shéaring elements affects.cuttihgfforce-and energy
requiréments; Its:.effect depends.on.the degree of knife
sharpness, however, being more.pronounced with a dull knife-
than with a sharp one. .Still other .design parameters are
the type of -blade (smooth, serrated, or notched) and the
width of blade contact with.the:materidl to be cut. The
latter is determined by the knife section dimensions and

the spacing of the sections along.the cutter bar.

Knife velocity, in the.direction of motion of the blade-
edge, is an-operating parameter.of prime importance. Further,
the'relationship'of-themknife:vg]ocity to "the forward motion
of -.the knife-carriage determines the feed rate, or the for-
ward advance of the carriage:per.cutting stroke. The feed
rate in turn determines the -area of plant.stalks.cut per
stroke, the height of cut. above the base.of.the plant for a-.
given cutter bar height.adjustment, and. the:orientation.of
plant stalks relative to.the.knife edge when.cut. All
these variables have been.found. to affect cutting force and.
energy, as have the cutter bar height setting and the normal
force on the blade (in sawing).

Plant characteristics ‘which affect cutting force and
energy requirements are species and maturity of the plant,

stalk diameter,.plant height, and moisture content.



EFFECT OF

TABLE I1

KNIFE DESIGN PARAMETERS ON CUTTING FORCE & ENERGY
AS REPORTED IN THE LITERATURE

VARIABLE -

CUTTING ACTION

INVESTIGATOR

RESULTS

1. Knife Angle

Two Element Shearing

~-

Chancellor (16)

Less energy required for knife angles between 0 & 20
degrees. Force required decreases with increased knife
angles (angles tested: 0, 15, 30, & 45 degrees).

McClelland &
Spielrein (23)

For smooth, sharp, beveled knife and ledger plate blades
(19° bevel angle), minimum energy required for knife angle

between 17 & 25°. Angles tested: 0, 17, 25, & 35 degrees.

Single Element
Impact

Motion

e

—

Feller (12)

With a sharp knife (15° bevel angle), minimum energy re-
quired for knife angle of 60° when cutting plants 3 inches
above point of support; and = = 45° when cutting plants
1/4 inch above point of support. Angles tested: 7, 15,
30, 45, 60, 75, & 90 degrees.

With dull knife (15° bevel; 1/32 radius at point), best
performance with « = 90°.

2. Bevel Angle

Two Element Shearing

Chancellor (16)

Slight increase in energy & force required with increase
of g from 20° to 30°. Rapid increase forg above 30°.
(Range tested: 20° - 80°) i

Fisher-Schlemn
(Cited by
McClelland &
Spielrein (23)

Optimum energy & force requirements with minimum wear when
g = 24°. (Range tested: 14° - 30°)

McClelland &
Spielrein (23)

Compared angles of 19° & 90° (square). From 2.5 to 3.5
times more energy required for g = 90°.

€e



TABLE IT (Continued)

VARIABLE CUTTING ACTION INVESTIGATOR RESULTS
3. Knife Two Element Shearing | Chancellor (16) With edge width below .0035 inch, little effect on force
Sharpness or energy; above .0035 inch width, force & energy in-
crease with increased width of flat (8 = 25°).
Liljedahl et al. Sharp knife required less energy and was l1ittle affected
8 (24) by knife to ledger plate clearance or plant moisture con-
i tent. With g = 30°, I = sharp (no radius at point); II =
1 .003 inch radius; III = .006 inch R.; IV = .012 inch R.,
then at zero clearance, ratio of energy requirements was:
Width of T:71:111:1IV = 1:1.2:2.2:3.1. At .016 inch clearance,
Edge at T:IT:II1:1IV = 1:2.7:4.9:6.
Point of
Bevel Prince & Using a knife blade with g = 25° and a square ledger plate,.
e Wheeler (25) energy requirement doubled when a 1/32 inch radius was put
on edge of ledger plate.
Single Element Chancellor (16) increase of force and energy requirements for a dull knife
R Impact with response similar to cutting between two elements.
Feller (12) Energy requirements doubled by putting 1/32 inch radius on
edge of blade. ( = 15°).
4. Clearance Two Element Shearing | Chancellor (16) With sharp knife, clearance below .025 inch has little

Al

Clearance

effect.
above .025 inch.

Energy & force increase with increased clearance
Range tested: .005, .015, & .025 dinch.

iljedahl et al.
24)

Little effect with sharp knife. Rapid increase in energy
requirements with increase of clearance with dull knife.
Range tested: 0 to .016 inch in increments of .002 inch.

McClelland &
Spielrein (23)

Slight increase in energy requirements for .026 cm. clear-
ance over .005 cm. clearance with sharp, beveled blade.
Ratio of 1.2 to 1. For square blades, ratio was 2.2 to 1.

14



TABLE "Il (Continued)

VARIABLE

CUTTING ACTION

INVESTIGATOR

"RESULTS

5.

Type of Blade

Two Element Shearing

]

gl
Squam
Ledger Plate

Smooth Beveled
Knife

[

[—

Z‘Smooth

Beveled
Ledger
Plate

Underserrated
Beveled Knife

Chancellor (16)

Three combinations tested:
- I---underserrated, beveled blade with a square shear p]ate
II--smooth, beve]ed blade with a square shear plate
I11-smooth, beveled blade with a smooth, beveled shear
plate '
(Avg.)

Ratio of energy requirements: I:IL:IIT = 1.6:1.2:1.

Liljedahl et al.

(24)

Three combinations tested:
I---smooth; beveled blade/square shear plate
II--smooth, beveled blade/beveled shear plate
I[II-smooth, beveled blade/square shear plate including
relief angle

No advantage to III. Lowest energy required by II. With

dull blade, ratioc of energy required was I:II =:2:1.

McClelland &
Spielrein (23)

Three combinations tested: ' -
I---square, notched blade/square, notched shear plate
I1--square, smooth blade/square, notched shear plate
IIT-beveled smocth blade/square, notched shear plate

Ratio of energy required in cutting oats; I:II:III = 5:3:1.

Prince &
Wheeler (25)

Four combinations tested:
I---smooth, beveled blade/beveled shear plate
II--smooth, beveled blade/square shear plate
III-smooth, square blade/beveled shear plate
IV--smooth, square blade/square shear plate

Ratio of energy requirements .(.14" dia. alfalfa stems):
T:11:111:1V = 1:1.5:1.8:3.5 .

Pure Slicing
or Sawing

Chancellor (16)

‘Three types of saw blades tested:

I---smooth; II--serrated; III-saw toothed (32 teeth/inch)
Average energy requirement ratio:
T:II:1I1 = 2.8:1.1:1

g€



TABLE III

EFFECT OF KNIFE OPERATING PARAMETERS ON CUTTING FORCE & ENERGY
AS REPORTED IN THE LITERATURE

VARIABLE CUTTING ACTION INVESTIGATOR RESULTS
1. Knife Velocity { Two Element Shearing| Chancellor (16) Change of velocity in range of 5.75 to 17 ft. per sec. had
(in direction 1ittle effect on either force or energy requirements;
of motion of slight increase in energy, slight decrease in force with in-
blade edge) creasing velocity. “(Sharp knife)
McClelland & S1ight increase in energy requirements with increase in
Spielrein (23) velocity in range of 1.88 to 4.05 ft. per sec. (Sharp
, knife)
Single Element Chancellor (16) Change of velocity in range of 140 to 280 ft. per sec. had
Impact lTittle effect on energy requirement. Minimum velocity
) recommended: 150 ft/sec. (Sharp knife)
Feller (15) With sharp knife, velocity increase in range of 9.57 to
31.8 ft./sec. did not affect cutting energy. :
Min. vel. to cut 1/8 dia. alfalfa: 8.4 ft./sec. i
Min. vel. to cut 1/4 dia. sudan grass: 21.6 ft./sec.
2. Feed Rate Kepner {2) Feed rate recommended: 2/3 relative motion of two cutting

(forward travel

Two Element Shearing

of knife car-
riage per cut-
ting stroke)

F, feed rate, in.
V, forward velocity, in./min.

S, strokes/min.

h, throat depth of knife, 1in.

F=V/S=h/1
I=hS/V=h/F

/stroke

elements per stroke. For fixed ledger plate, & cutter bar
movement of 3 incher per stroke, F=2/3x3=2 in./stroke
For knife throat depth of 1 3/4 in., I=h/F=1.75/2 = .88

Lamp, Johnson,
& Harkness ( 3)

Minimum cutting index recommended: .45
F=h/1=1.75/.45=3.89 in./stroke

I, cutting index

Single Element
Impact

Chancellor (16)

. at a time

Feed rate recommended: that which allows cutting one stem

- 9¢€



TABLE III (Continued)

VARIABLE

CUTTING ACTION

INVESTIGATOR

RESULTS

3. Thickness of
Materjal Cut

per Knife
Stroke

Two Element Shearing

%&
d
Thickness of

Material Cut

= d
A

Same Number of Stems
But Increased Blade widthl

Chancellor (16)

For a given number of stems to be cut, force & energy
increase with the thickness.of material cut.

Liljedahl For a given number of stems to be cut, doubling the thick-
et al. (24) ness increased energy required by 25%. :
Prince & Increased energy fequired for increased thickness of cut.

Wheeler (25)

4. Orientation

of Stalk

Relative to

Knife When
Cut

Two Element Shearing

Prince &
Wheeler (25)

Energy required with plant oriented such that ex=oy= 90“-

is greater than that for another orientation. The part1cu1ar
best orientation depends on the plant species and the type

of knife & shear plate used. (i.e., for alfalfa, and knife

& ledger plate with 25° bevel angles, oy had no effect;

ez=75° required 14% less energy than ©z=90°)

5. Height of

Single Element

Chancellor (16)

Increased energy required with increased distance.of cut from

Cut Above Impact point of support (8 1/2 in. timothy stems cut 2, 4, & 6
Base of inches from support)
Plant :
e Feller (12)- With all other conditions constant, changing cutting height -
_ f from 3 to .25 inches above support decreased cutting energy
by 50%.
| .
6. Normal Force Pure Slicing Chancellor (16) Increased normal force decreased cutting energy proportion-
on Blade (Sawing) i ally, for smooth blade. Less effect on energy for serrated
N blade; only slight effect for saw-toothed blade.
"
/
%ﬁ?ﬁi‘NORNML
FORCE

LE



TABLE IV

EFFECT OF PLANT CHARACTERISTICS ON CUTTING FORCE & ENERGY
AS REPORTED IN THE LITERATURE

VARTABLE

CUTTING ACTION

INVESTIGATOR

RESULTS

Plant Species

Two Element
Shearigg

Single Element
Impact

McClelland &
Spielrein (17)

Ultimate bending strength varies with species, affecting both
force & energy required for cutting.

Prince (18)

Ultimate bending & ultimate torsional strengths vary with
species, affecting both force & energy required for cutting.

Pure Slicing
or Sawing

Chancellor (16)

Difference in ultimate tensile strength of stem fibers of
various species has some effect on cutting energy. There was
little effect on cutting force.

2. Maturity of Two Element Prince & Younger plants require less energy. (i.e. alfalfa at 55 days
Plants Shearing Wheeler (25) required twice the cutting energy as alfalfa at 28 days with
the same diameter stalk. Moisture content of the two samples
were within 10% of each other}
3. Moisture Two Element Chancellor (16) Higher energy requirements but lower forces at higher moisture
Content Shearing contents. Maximum force required at 35% moisture content
(wet basis}).
Litijedahl et al Maximum energy requirement at about 30% moisture content (wet
(24) basis). With a sharp blade, moisture content had little
effect on energy requirement; with a dull blade, effect more
pronounced.
Prince & Energy requirement increased by 40% as moisture content de-
Wheeler (25) creased from 74% to 48% (w.b.). Further drying to 20%
moisture had no effect on energy.
4, Diameter of Two Element McClelland & tinear relationship between bending force for failure and mass
Stalk Shearing Spielrein (77) per unit length of stalk. Thus force & energy to cause fail-
ure are proportional to stalk diameter
Prince (18) Ultimate bending & torsional strengths of plant stems are pro-
portional to linear density of stem. Linear density is pro-
portional to stem diameter. Thus force & energy requirements
for cutting increase with stem size.
Single Element Chancellor (16} Force & energy requirements increase as stem size increases.
Impact
5. Height of Single Element Chancellor (16) No effect on force or energy requirement for 8.5 inch tall
Plant Impact timothy stems extending 2.5, 4.5, & 6.5 inches above

cutting plane.

Feller (12)

Slight increase in energy requirement for taller plants
(i.e., .47 ft-1b per stalk for 1/4 dia. sudan grass stems
8 inches tall compared to .59 ft-1b per stalk for the same
diameter stem 18 inches tall. A1l other conditions
constant.)

8¢
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Results of previous investigations of the effect of the
different variables on cutting force and energy are listed
in Tables II through IV.

Previous Design of Rotary Cutters with Blades.
Approximately Helical in Configuration

The idea of a "rotary sickle" to replace the reciproca-
ting cutter bar of mowing machines was considered during the
period between 1885 and 1900. Beekman (26) (27) was granted
United States patents on.at least two devices using rotary
knives on a horizontal shaft. 1In. his patent claims, he-
refers to "a rotating cutter provided with a helical cut-
ting edge lying in the surface of a cone." His concept was
one -of hooked knives rotating on a horizontal shaft with
downward motion during the cutting cycle. The spiral outer
surface of the knives would feed the grass or grain later-
ally into the sharp inner hook surface of the adjacent knife
where cutting would take.place.

The use of -a helical shaped cutting.edge.was proposed
for lawn mower designs during the period-from 1940 to 1950.
The helical edge was approximated by elliptical shaped
disks equally spaced along a horizontal shaft and positioned
at an angle to the shaft center line such that the peripheral
surface of the disks was cyclindrical. Newton (28) received
a patent on such a dévige in 1942, Figure-8 (A) illustrates
his design.. Positioned beneath the rotor disk assembly
(shaded on the drawing) was a stationary cutter bar having

V-shaped -sections. The disks rotated downward on the
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cutting stroke to separate the grass, grain, or other mater-
ial into bunches and cut them by a shearing action between.
the fixed ledger blades and the rotating disk edges. Be-
cause of its inclined position onbthe shaft; each disk de-
flected the material to be cut first to one side then to the
other in one complete revolution.

Another design, patented by Brauer (29) in 1946, in-
corporates -a rotor with fixed ledger blades beneath it very
similar to the Newton design. The principal difference is
that half the disks are inclined on the rotor shaft in one
direction and half in the opposite direction as illustrated
by Figure 8 (B)o Direction of rotation is downward during
the cutting cycle.

Chambliss (30) proposed a mower design that eliminated
the stationary ledger bar beneath the rotor. Cutting was
to be accomplished by the scything action of the flat in-
clined disks of the rotor assembly a]one«,.ln.his'design,
granted a United States patent in 1958, he:proposed square
or rectangu]ar shaped disks with serrated:-edges. The dim-
ensions of the disks and the spacing of them along the
rotor axis was Ssuch that”the cutting swath of each disk
overiapped that of the adjacent one. Figure 8 (C) illustrates
the arrangement. Direction of rotation of the disk edges
was specified to be upward on the cutting stroke rather than
downward Tike that of previcus designs. By specifying that
cutting was to be effected by the rotor disk edges alone, it

was implied that the effective diameter of the disks and the
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rotational speed would be great enough to give peripheral ve-
locities in the range of 150 feet per second, that required
for single element impact cutting with square knife edges. -

Apparently without prior knowledge of the patented mower
designs using horizontal rotors with cutting edges apprpxi—
mately helical in configuration, Miller (31) conceived apd
built a stalk cutter based on these same principles in 15650
The rotor assembly of his design consists of elliptical
shaped disks arranged at an angle to the rotor shaft like
that of the Newton design. A key difference exists in the
configuration of the fixed ledger blades in Miller's design,
however. He used curved ledger blades to be concentric with
the peripheral-surface of the rotor disks for an arc of
arnroximately 90 degrees.

In evaluation tests .of the stalk cutter, Miller found
that the cutting action was effective. A moderate stand of .
alfaifa stems and weeds with stems up to.3/8 inch in diam-
eter were cut easily and without winding of stems about the
rotor or clogging of the feed openings. :Upward rotation of
the rotor disks during the cutting cycle.produced better re-
sults than downward rotation. With upward rotation, the
§evered stems fell to the rear of the cutter assembly.
Rotor speeds of 3380, 3600, 5650, and 6750 revolutions per
minute were tried with no excessive vibration noted. Feed-
ing the plant stalks into the cutter at a rapid-rate proved
to be a prob1emo And small stems had a tendency to bend

over-and slip between the rotor and ledger blade edges
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without being cut. Close clearance between the rotor cutter
edges and the concentric ledger blades was required for a
good shearing action. |

A graphical analysis of one cutting cycle of the cutter
designed by Miller should give some insight to the cutting
action of the helical cutters described thus far, since the-
rotors of the Newton, Brauer, and Chambliss machines are
very similar to Miller's design. Figure 9 presents the
analysis. Part (A) of the illustration shows a rotor disk
just after it has completed deflecting plants to the ledger
blade on the right side and is . about to begin sweeping the
next group of plants fed into the feed opening to the left-
side 1edgef blade. Note that the knife angle.at point 1 on
the disk is 16 degrees. Also note that the. upper portion of
the disk virtué]1y closes . off-the V-shaped. feed opening be-
tween the ledger blades to the right and left of the disk.
Section E - E through point 1 on the disk and in the plane
of rotation of the disk shows the effective bevel angle of
the disk cutting edge at point 1 to be 145 degrees.’

Portion (B) of the illustration shows the rotor disk
after it has rotated to the position where point 2 is at
bottom dead center. The V-shaped feed opening still is
largely blocked by the upper portion of the disk. The
knife angle has changed to 25 degrees, and the effective
bevel angle at point 2 is 119 degrees.

Portion (C) of the illustration depicts the disk after

it has further rotated-until point 3 is at bottom dead
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center. Here.its position is such that its face plane is
viewed as a.line and the knife angle is 30 degrees, the
nominal or design knife angle-of ‘the cutter. The effective
bevel angle at point 3 is 90 -degrees.

Further rotation of the disk brings point 4 to bottom
dead center, ‘the situation shown by portion (D) of the illus-
tration. - Here'the knife angle has decreased to 26 degrees,
and the effective bevel angle-at pointl4 is 61 degrees.

It is seen that points 1.and 4 are shrouded by the
ledger blades. Therefore.all contact of the.disk edge with
plant stalks in moving them to the left ledger blade occurs
between points 1 and 4. Assuming two element shearing of"
the stalks between the disk edge and the concentric ledger
edge, the shearing occurs along that portion.of the disk edge
between points 3 and 4. .The effective bevel.angle of the
disk edge where actual cutting. takes place:is.then greater
than 61 degrees but less than:90 degrees...In.effect it is a-
"dull cutting edge. Since:.the.curved ledger.blades were made
by forming standard mower.ledger:blades,. the:-angle between
the ledger edge and the . direction of -motion:of-points on the
rotor - is approximately 8.degrees. The knife.angle for two
element shearing thus.varies from about 36 to 38 degrees.

The peripheral speeds of points along the disk edge
during the tests conducted by Miller were: at 3380 rpm,

29.5 ft. per sec.; at 3600 rpm, 31.4 ft.. per sec:; at 5650
rpm, 49.3 ft. per-sec.; and at 6750 rpm, 58.9 ft. per sec.

The maximum peripheral velocity tested was only about one
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third the recommended 150 ft. per sec. velocity for single
element impact cutting with a dull edge. As-a result, it is-
correct to assume that cutting-tookfpiace'by two element
shearing between the effectively "dull" rotor edge and the
ledger blade edge. The dull rotor edge explains the close
clearance between the rotor.and ledger blades found necessary
for cutting small stems. It is.a requirement predicted by
the work of other researchers on:the effects of knife design
parameters on- cutting.  See Table II.

Another charactefistic.ofAhe1ica1 cutters employing the
elliptical disk type rotor can be understood by referring to
Figure 10. End and top views of the rotor designed by
Miller are shown with the disk in.a position such that its
face plane is normal to,the1p]ane of. the. paper.. Consider
two equal and diametrically opposite particles of mass making
upvthe rotor disk, particles.P.and P' in.the.illustration.
When the rotor is stationary.(part (A) afgfigure;lo), the
moment about the rotor.center, 0, due to.the weight of
particle P is equal and opposite to that due to the weight»
of particle P'.  The same.is true for every two diametrically

opposite mass particles,.and the rotor is thus-statically

ba]anced.

When the rotor assembly rotates about its axis, however,
a different situation arises, as is shown by part (B) of
Figure 10. Since the particles P and P' have equal mass and
have equal angular velocity due to rotation of the disk, the

centrifugal force produced by each is equal. But since the



Particle P
of Mass M-

Particle P'
of Mass M

T0P VIEW - TOP _VIEW

R .
~///(/ﬁotation

END VIEW : v END_VIEW
My, =0 Statically o zvo =0 Eygarically
“iEM, = 0 Balanced gi, = cq)unbalance
(1) [0 JER .
ROTOR ASSY. AT REST ASSY. IN ROTATION
- {R) o (8)

Figure 10. Inherent Dynamic UnbaTance,of-E11iptica1;
' Disk Rotor " ' '

47



48

forces C and C' are not collinear, a.couple, ‘T=Cd, is pro-
duced. The total effect produced. by the mass of the entire
disk being non-symmetrically disposed along the shaft axis
is a larger couple which produces unequal bearing forces
and induces vibration of.the assembly.

7 From the preceding discussion, the characteristics of-
helical cutters utilizing.the.elliptical-disk type of rotor
construction can be summarized as:

1. The knife angle varies from point to point-along
the cutting edge, since.the disk edge only approximates a
true cylindrical helical Tine. -The nominal or. '"design"
knife angle can be defined. as the angle‘between the plane of
the rotor disk when it is viewed as a line and the plane of
rotation of the disk. Then.the.knife angle at:points along
the edge of the disk to. either side of the.point where the
disk plane appears as-a line will be progressively less
than the nominal knife angle. The knife.angle.at any point
remains unchanged as.the:point.rotates about the shaft axis,
however,

2. The effective.bevel angle of the.disk edge varies
from an obtuse to an acute.angle when'sections are taken in
the plane of rotation.but at different points along- the
shaft axis. In general, the bevel angle is well above the-
30 degree maximum angle recommended for sharp edge cutting
and thus presents an effectively "square” or dull cutting

edge to the plant stems.
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3. An inherent dynamic unbalance exists in the rotor
design.

4.  Plant stalks are-partia11y b1ocked from entering
the cutting zone of .the disk edge during the early part of
each cutting cycle. The upper part-of-the disk occupies
the available space.and prevents. the plants from entering-
the zone.. |

A mower- based on the Chambliss (30) patent was intro-
duced to the~agricu1fura1.equipment market during the year
1968 by the Spinslicer Company (32). The rdtor of this
machine is constructed with a ten inch diameter base cylinder
to which are welded protrusions. for attaching four longitu-
dinal rows of inclined and curved edge cutter.blades. The
four rows of blades are.equally spaced about.the periphery
of the base cylinder, and adjacent rows.of.blades are in-
clined in oppesite directions. Each blade:is. attached to its
supporting base-protrusion by three boltsi::The:blades and
mounting protru$1ons$are:positjbned obliquely.to the base
cylinder axis.:- In other words, there is.no.point about:
the periphery of the base cylinder when vieWed in the plane
of rotation, perpendicular to the cylinder. axis, at which a
blade surface appears as-a line.  This construction reduces
the effective bevel angle of the blades. This feature, along
with a chamfer on the trailing edge of each blade, provides |
for a "shérp edge™ type of cutting action. The radial dis-
tance from a point on the cutter edge to the rotor center

line is approximately seven inches. * Rotor speed is
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approximately 2000 rpm. Thus the peripheral velocity of
points a]oné the cutting edges is about 122 ft. per sec.,
almost high enough for single element impact cutting even
with a square edge or dull type of blade. Figure 11 illus-
trates the general construction features of the Spinslicer

machine rotor.

Figure 11. Rotor of Spinslicer Mowing Machine



CHAPTER III
DESIGN OF THE CUTTING DEVICE

When the cutting device for this study was designed,
during the months -of May through July, 1966, the previous
work on cylindrical helical cutters was unknown to the
author. As a consequence, the expedient design guides that
might have been drawn from the information presented in the

last section of»Chapter IT were not-available.
Approach

The general cutting principles developed by other re-
searchers as recorded in Tables I through IV of Chapter II
were -utilized in deciding overall design specifications.
For examp]é; from the tables the optimum knife angle for
two element shearing is within the range of 15 to 25 de-
grees. The optimum knife angle for single element impact.
;utting is within the range of 45 to 90 degrees, depending
on whether the blade is sharp or dull. Feller (12) report-.
ed an optimum angle of 60 degrees for a sharp blade.:

Since the mechanism of cutting with a cylindrical.helical
blade was not'known, it was desired to span.the range of 15
to 60 degree knife angles in the device to be designed and

tested. Another examp]e-pertaihs to the bevel.angle of a-
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sharp blade. From the tables, it should be less than 30 de-
grees, preferably around 25 degrees.

Being concerned with both effective cutting and the
trajection of the severed stems made design requirements
more strict than would be the case if cutting effectiveness
alone comprised the objective. The twofold purpose required
that compromises be made in desired specifications. Rota-
tional speed. and the size of the cutter diameter is a case,
in-point.. A large cutting edge diameter allows high periph-
eral velocities at lower rotational speed than a small diam-
eter cutter. But a large diameter cutter makes necessary a
larger energy transfer to the severed stem in order to tra-
ject the cut end high enough to clear the cutter. High
peripheral velocity to insure impact cutting is desired, but
rotational speed should not be so high as to require unreal-
istic feed rates (forward travel per cutter revolution) of a
harvesting machine that might utilize a helical cutter.

Thus a sacrifice in peripheral velocity to. keep a reasonable

size cutter diameter and feed‘rates was thought ne¢essaryb
Model Study

To gain a better understanding of design alternatives
available and thus to keep a rational footing in deciding on
the cutter specifications, a model cylindrical helical
cutter was built, Figure 12. A portion of-a three inch di-
ameter conveyor auger formed the rotors, Conventional-

square edge flighting comprised one rotor; a modified.
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Figure 12. Model Cylindrical Helical Cutter
Used to Study General Design
Requirements

flighting, the conventional square edge type with a ledge
welded to the outer periphery to provide a sharper edge,
comprised another. Square edge and beveled edge ledger
tubes were made. A plant holding block was designed and
located beneath the rotor-ledger tube assembly of the model.
The plant holding block had guide rails for lateral and
transverse positioning relative to the rotor axis.
Qualitative cutting tests using the model provided
valuable insights into desirable cutter specifications. It
was clear that the rotor having a sharp edge provided by the
ledge on its outer periphery cut more effectively than the

square edge rotor. Also tests emphasized the fact that all
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points along the rotor edge have. radial motion only; TaieraT
motion of plant stems derives from sliding of the stems along
the edge. . To prevent stems from being expelled forwardiout
of the cuiting zohe in two element shearing between the rotor-
and ledger tube edges,; it appeared a reverse slope ledger
blade angle (opposite to the slope of the rotor blade angle)
would be desirable. Further, it appeared that a cutting |
zone large enough to accept and allow severing plant stems
at least 1/2 inch in diameter should have'é minimum width of
1 1/2 inches. The importance of not blocking the cutting:
zone with the inactive blades if multiple blades were used

about the rotor periphery wés‘demqnstrated;

General Specifications and-Design -

Details of the Cutter:

Following the”modeT study, extensive graphic analysas
of possib]e.geohetric configurations for a:cylindrical hel-
ical cutter were made.. A cutter diameter.of:3. 1/2 1nche$
‘was-chosen-as;auworkable compromise to fulfill the ob-
jectives of a desirable peripheral speed. and -minimum space
requirements. At 3600 rpm the peripheral:velocity is 55
feet per second, which is about 1/3 the velocity required
“for single element impact cutting with a dull blade but
almost double the 32 feet per second velocity at which
Feller observed impact cutting with'a sharp blade: An
attempt: to approximate a 20 degree double helex for a

suitable cutter configuration failed to meet space
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requirements. A 26 degree nominal blade or knifé angle turn-
ed out to be the minimum obtainable within the space require-
ments-set.

The geometric configuration selected as best for fab-
rication and test is one that might be classified as a modi-
fied elliptical disk design, since only portions of complete
elliptical disks are used. Figure 13 illustrates the design.
Two identical sectors, which appear v-shaped in the top view
of Figure 13, are positioned diametrically opposite on the.
rotor shaft to provide a structure with inherent static and
dynamic balance. The two diametrically opposed v-shaped
sectors comprise one rotor-knife section. Each "leg" 6f the
v-shaped sectors consists of ‘a portion‘ofga flat elliptical
disk set-at an angle to the rotor shaft such that its
periphery lies in the surface of.a right circular cylinder-
with an axis identical to that of the rotor shaft. The.
disk edges, which lie in the cylindrical surface, then
approximate cylindrical helices with a helix:-angle:-equal to
the angle between the plane:of the disk.and:the plane-of
rotation. At the periphery of each dfsk,;on,its "outside"
face, a ledge is extended transverse to the:disk. face. The
outer edge of the ledge, which lies in the cylindrical sur-

face andfis-approximate]y”paralleljto the disk edge, also.

forms an approximation to a cylindrical helix. The ledge
has a bevel angle of 30 degrees, measured -parallel to the
rotor axis, at every point along its edge. This edge forms

one-of -the two cutting edges of each-v-shaped sector
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assembly. Thus the effective bevel angle of the cutting
edge, measured in the plane.of rotation; will be less than
30 degrees at every point. The periphery of the ledge
extends. the periphery.of the disk sector to form a wide
surface for attaching blades. This feature fulfills the
design-objective of detachable blades to allow trial of
both square edge and sharp edge blades - and to allow blade
replacement instead of sharpening on production rotor:
assemblies ‘of -this type.

Each v-shaped sector assembly is symmetric about the
plane of rotation through the center of the "vee." Thus:
the left side of the sector approximates -a right. hand
cylindrical helix and will deflect-plant stems to the left
while the right side of -the sector approximates a left
hand- cylindrical helix and will deflect plant stems to the
right. Each of the two identical sector assemblies dia-
metrically opposed on the rotor shaft will.deflect plant-
stems in the same manner. The alternate direction de-
flecting action characteristic of the complete elliptical
disk-or wobble plate design is not -present. However,
since plant stems are deflected toward a.ledger blade along
a lateral distance that is at most only.1 1/2 inches, and
since there is.no lateral motion of the rotor blade rela-
tive to the fixed ledger blade to cause jamming of plant
fibers in the clearance space between them in the first

place (this fis true of ‘the complete elliptical disk or
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wobble plate design also), there appears to be Tittle ad-
vantage in the two-way deflection action.

Since each sector assembly is symmetric about the plane
of rotation through its center, and the cutting edge action
of the sector on either side of the plane of symmetry 1is
judged to be identical except.for lateral deflection of the
plant stems in opposite directions, just the left half of
the rotor sector geometry was fabricated for test. A
cylindrical -plate was -included at the plane of symmetry to
improve the rigidity of the structure and to provide for
driiled holes to correct the unbalance due to construction-
al inaccuracies. To adequately span the desired range of.
knife angles, rotors with 26, 36, 46, and 56 degree knife
angles were constructed. To provide for quick interchange
of the four rotor assemblies, a mounting shaft with snug
fitting contacting surfaces at each end of the rotor
mounting section and with one attaching bolt at the outer
end was designed. Figure 14 shows these features.

The ledger tube configuration was arbitrarily de-
termined. The ledger blade angle is five degrees, with a
slope opposite to that of the rotor blade angle. It was
intended that the replaceable ledger blade be concentric
with the rotor peripheral surface. However constructional
inaccuracies made the surfaces eccentric. When the ledger

blade touched the rotor periphery in line-to-line contact
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at either end of its 90 degree arc of extent, the center of
the blade cleared the rotor surface.by approximately.0.010
inch. The ledger tube was designed such that it could be
rotated about the rotor axis and be clamped at different
positions to change the location of the start of the cut-
ting zone. - Start of the cutting zone is defined to be where
the ledger tube shielding of the rotor blade ends. The
ledger tube-rotor assembly arrangement, shown by a line
drawing in Figure 14, is further illustrated by Figures 15,
16, and 17. Figure 15 is a:photograph of the rotor mount-
ing shaft and ledger tube without-a rotor assembly in place.
Figure 16 presents the same view.but with the 36 degree
rotor assembly mounted on the shaft. Figure 17 depicts
the 36 degree rotor and the ledger assembly as viewed from
the rear. The two capscrews:clamping the ledger assembly
to the main-frame - through slottéd-holes: to allow changing
the angular orientation of the ledger tube. - are seen in
this view. The black tape covering parts.of the ledger
assembly was used-to reduce the fluorescent.light emitted
by these surfaces during ultraviolet light.photographic
studies of severed plant stem motion. In. these illustra-
tions, the 36 degree rotor is fitted with square edge (dull)
blades.

A detailed description of the test rotor-assembly
construction will -be given with reference to the 36 degreg
rotor. The photograph .comprising Figure 18 gives a per-

spective view of this rotor assembly. Figure 19 is a
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Figure 16. Top View of 36 Degree Rotor
Assembly Mounted in Ledger
Tube

Figure 17. Rear View of 36 Degree Rotor
Assembly Mounted in Ledger
Tube
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Figure 18. Perspective View of 36 Degree
Rotor Assembly

End Plate

Hole for Attaching
Hub to Drive Shaft

Detachable Blade
(Square Edge
Blade Shown)

Rotation

Sector Plate

Hub

Figure 19. Identification of Component Parts
of 36 Degree Rotor Assembly
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iine drawing of ~the perspective view with the component
parts of the assembly labeled. |

The hub is machined from 1" 0.D. x 7/32 wall cold
drawn seamless steel tubing (AISI C1015). Slots for ac-
curately positioning the sector plates at the correct knife
angle orientation were machined in the hub. The sector
plates, geometrically portions of an elliptical disk, were
machined from #7 Ga. (.1793" thick) cold rolled sheet
steel.. The sector segments are attached to the plates by
#3-56UNF stainless steel flat head machine screws. After
being tightened in place the heads and ends of the machine
screws were tack welded to prevent loosening. The sector
segments, which provide the bevel angle required for sharp
edge blade cutting, are fairly complex parts. The segments
were machined from 3 1/2" 0.D. x 5/16 wall cold drawn seam-
less steel tubing (AISI C1015). Figure 20 shows the
fabrication procedure and gives a clear picture of the con-
figuration of the segments. As noted in the'i11ustration,
the plane surface of the segment that abuts against the
elliptical shaped sector plate in assembly.is:bounded by
two elliptical curves and approximates a right helicoid.
The outer elliptical curve matches that of the sector
plate. The periphery of the segment 1s,a?portion of the.
3 1/2 inch diameter cylindrical surface-of.the tube from
which it is machined. The surface which provides the bevel:
angle for the cutter structure is seen to be a portion of

the surface of a truncated right circular cone with a 30
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degree angle between -its axis and elements. The base and
truncating plane of the cone are oblique to the cone axis
such that the conical surface of the segment approximates |,
an oblique he11cqid; After the segment was attached to
the plate for each sector, the sector assemblies were welded
to the rotor hub and end plate. The cylindrical peripheral
surfaces were then turned and ground in-a lathe td a di-
ameter of 3.440/3.436 inch. Holes for attaching tHe'blades
were located, drilled and tapped, and the blades were at-
tached to,comb1ete the rotor assemblies. The assemb]y'then
was balanced at 3600 rpm on a dynamic balancing machine.
Cross sections of the two types of ‘blades tested on

the rotors are shown by Figure 21.

Figure 21. Cross Sections of Square and Sharp Edge.
Blades Tested (Section Magnified 10X;
20 Degree Bevel Angle on Sharp Blade)
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In the photograph, the blade cross section-are magnified ten
times by an optical comparator, The square edge blade does
indeed present-a square edge, 90 degree angle, to the plant-
stems to be cut. It was fabricated from 1/32 inch thick
steel Milford precision flat stock which was in an annealed
state. The;shafp edge blade has a 20.degree bevel angle and
was fabricated from.0.028 jnch thick Milford 3808K1 band
knife stock (used on band saws).- The blade material had

to be stretched to seat property on the rotor sector sur-
faces, -and this operation required heating the band knife
stock. The temper of the metal in the cutting edge was not:
appreciably altered in the process, however, as it retained
its shape and sharpness and was not damaged by subsequent
cutting of -plant stems. Had the blades been fabricated
from a 3 1/2 inch tube of.blade stock,. the.cylindrical sur-
face requiréd-cou]d have been.obtained without stretching
the material. The blades were:attachedzto;thé rotor

sectors with #3-56UNF flat head stainless.steel machine
screws. The heads were recessed in countersunk holes in

the blade material. After attaching the.blades, the rotor
assembly was mounted in.a lathe and the cylindrical outer
surfaces of-the blades subjected to a light grind operation
to true'them. With the sharp blades, the space above the
attaching sckewvheads in the recessed blade holes was filled

with solder before the final grind operation.



The effective bevel angle of the blade rotor sector

aSsemb1y is.illustrated by Figure. 22 for the square edge
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~and-sharp edge blades attached to the 46 degree rotor. For
the sharp edge blade, the-transition between the blade bevel
angle and -the sector segment bevel angle is seen to be a
smooth one. The square edge blade presented a cutting edge
similar to the elliptical disk rotors discussed in the -
last-sectjon of Chapter -II. At the point along the blade
edge where the knife angle is equal to the nominal knife:
angle of the rotor sector, the effective bevel angle-of -the
blade can be calculated from the equation
B' = arctan (tan 8 sin a) (3-1)

where

B' is the effective:'bevel angle (in the plane

of rotation) |

B 1is the blade bevel-angle

o 1is the knife angle
Since the nominal knife angle is the maximum knife angle of
a rotor assembly, the above relation gives the maximum
effective bevel.angle of the rotor assembly. Table V
lists these max1mum effective bevel angles for the rotor
assemblies tested. The acute effective bevel angles give:
decisively sharp cutting edges for the rotor sectors.:

A comparison of the four test rotor assemblies fitted
with sharp blades is presented by Figure 23.

The variation in knife angle from the nominal value
with lateral distance-along the blade edge is charted: for

each rotor in Figure 24.
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TABLE V

MAXIMUM EFFECTIVE BEVEL ANGLES OF BLADES
FOR ROTOR ASSEMBLIES TESTED

ROTOR ASSEMBLY MAX EFFECTIVE BEVEL ANGLE OF BLADE

26 DEGREE 9° 4!
36 DEGREE v 5
46 DEGREE 14°40"

56 DEGREE 17°18"

Figure 23. Test Rotor Assemblies Fitted
with Sharp Blades (Left to
Right Arrangement: 26, 36,
46, and 56 Degree Rotors)
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CHAPTER IV
KINEMATIC AND CUTTING FORCE ANALYSIS
Kinematic Analysis

The trace on a vertical . plane of a point on the cutting
edge of the helical blade rotor is one of a family of curves
that may be described as inverted looped trochoids. The-
particular curve traced will depend on the angular velocity
of the rotor and the linear velocity of the center of-the
rotor relative to.the plants to be cut.- or ground. For a
rotor of diameter D, if:for example the linear velocity, V,
of the rotor center, “is:such that the center moves forward
(translates) a distance 3/2 D:for each revolution of the-
rotor,-a point on the roter periphery will.trace the curve
shown in Figure 25. The solid line represents a point on
the outer circumference of one of.the two;identical dia-
metrically opposed-sectors of the rotor. The phantom -Tine -
(solid line interrupted periodita11y with two short dashes)
represents-a point on the other sector exactly opposite the:
first point.

Assume a point along the edge of the rotor sector blade:
will cut into. a plant stem any time the point-is moving
forward (where forward is defined as the direction of the.

velocity, V, of the rotor center relative to the earth).
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Figure 25.

Geometry of Motion of Points on the Cutter Rotor Relative to
Uniformly Spaced Plants Along the Row
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With this assumption, the active cutting zones of two.
opposite points on the rotor periphery are as shown by the
heavy shading along the curves in-Figure 25. The cutting
zone of any point on a sector blade edge begins at bottom
dead center of the rotor since the shielding portion of the.
ledger tube ends there.

If the plants to be cut are uniformly spaced a dis-
tance R apart along the row, successive plants will engage
a point on the sector blade at different positions.along
its zone of action as shown by Figure 25.  For each plant
to be engaged at an identical position in the zone, the
plant spacing, R, would have to equal the rotor center ad-
vance per revolution, or some integral multiple thereof.:
The position in the cutting zone.of the first plant in a
series of equally spaced plants. is entirely random. It
might -be engaged by a point on. the sector just after bottom
dead center or just before exit . of.the point.from its active-
cutting zone.. Compare plant series 1 and:2.on. Figure 25.
Hence the extent of rotation of a point on: the blade past
bottom dead'cénter;when it first engages.the plant to be
cut is a random value. Evaluated over.a long.enough period
of cutting, this value should be a horma]]y»distributed
function, of which the arithmetic mean could be considered
the nominal value of the function,

Examination of the cutting zones of two opposite points.
on-the rotor diagramed in Figure 25 reveals that if a plant.

should be cut in the upper end of the cutting zone of one
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sector, the remaining stubble will be cut again by the
opposite sector. This possibility . of "double cutting" is
illustrated in further detail by Figure 26. As-shown by
Figure 26, ‘the zone of double cutting is greater in length
for lower values of advance of the rotor center per rev-
olution (feed rate). Thus the probability of double
cutting for a feed rate-of L = D/2 is about three times that -
for a feed rate of L = 2D.

However-another parameter affects the extent of the
zone of double cutting - as well as the extent of-the cut-
tine zone itself.  This:parameter is the angular position
of the stationary ledger tube. The normal position of the
tube may be considered that which exposes-a. point-on the
rotor blade for active cutting at bottom dead center of the
rotor, Figure'27a. Rotation of the ledger tube in a clock-
wise direction from the normal position -exposes the blade
to the plant before bottom dead center. is reached. This
lengthens the cutting zone-and increases.the.zone of double
cutting, Figure 27b. Counterclockwise rotation of the
Tedger tube prevents exposure of the blade.to.the plant-
until after bottom dead center is passed, which shortens
the cutting zone. The shorter cutting zone may completely
eliminate the double cutting zone and introduce a zone of
"drag cutting" in its place, Figure 27c. Plant stems in
the drag cutting zone will be untouched by the first rotor
sector, ‘then contacted by the edge of the ledger tube and
deflected or "dragged" forward slightly before the second
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sector blade engages and cuts them.. Thus the angular posi-

tion of -the rotor shield portion of the ledger tube relative.
to bottom dead center of the rotor. is a parameter which must
be considered in evaluating the cutting device - from either

an energy input or plant motion standpoint:
Cutting Force Analysis

The resultant force of-a rotor sector.blade on a.plant
stem when motion of the stem along the blade edge is im-
pending is diagrammed in Figure 28. The point-of-contact
of the blade edge with the -plant stem is point P. The
angular position of this point from bottom dead center of.
the rotor is denoted angle.p. This angle, the knife angle,
a, and the friction angle between the plant and the blade,
v, all affect the line of action.of the resultant force F.
Since the blade configuration is. an approximation to a
cylindrical helical edge, the knife angle, o, varies with
change in axial location of the cutting point along the
blade edge.. (For a true cylindrical. helical edge, the
knife angle would be constant with respect.to axial loca-
tion of the cutting point:) However, for-any.point on the-
blade, the knife.-angle, o, is -unchanged with rotation of
the point about the rotor center. And for a.given plant -
species and-blade material, the friction angle, v, would
be expected to remain constant. Thus change in angular
position of ‘the blade point about the rotor.center, angle o,

is the principal-cause of a constantly changing line of
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action of the resultant force. (The stiffness of the plant
stem in bending is assumed to be the same in any direction

transverse to the stem.)

DIRECTION OF ROTOR

BLADE NOT/ON

TANGEMT 70 LEOGER
BLADE ELDOGE

PLANT STEM
BEnG CIT

Figure 29. Two Element Cutting of a Plant Stem
Between the Ledger and Rotor Blades

The discussion so far assumes the rotor blade cuts
into a plant stem on contact to give single element impact
cutting. Should the force system not produce this type of
cut, and certainly it will not with a square edged or dull

blade at Tow velocities, then the plant stem will slide



80

along the blade edge into a position to be cut between the
ledger tube fixed blade and the moving rotor blade. Figure
29 illustrates the resulting two-element type of cut.

The force diagram of Figure 28 applies to either
single element impact cutting of. the plant stem or to de-
flection-of the stem along the blade. If the resultant
force, F, is resolved into components along the rotor axis,
F,s parallel to a vertical centerline of the rotor, F,; and.

y

perpendicular to a vertical centerline of .the rotor, Fos

the component forces are defined by

F, = F.cos (aty) (4-1)
Fx = Fsin (a+y) cos p (4-2)
F, = F sin (aty) sin o (4-3)

H

The axial or "side" component of force, Fy, depends only

on Fy; a, and v, while the vertical component and the
horizontal component in a vertical plane depend on F, a,

v, and p. The axial force.component, Fy,;is the one which
moves the plant stem along the rotor blade into contact with
the ledger tube blade for two-element cutting. between the
two blades. And it is.independent of angular.position of
the point on the blade about the rotor center. Therefore a
plant -stem will-be deflected toward the ledger blade by a
point on the rotor blade at all times during contact of the
blade and the stem. The ground area encompassing plants
whose stems will be deflected by each sector of the rotor

per revolution can be determined graphically by plotting the
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~forward motion of successive points along the rotor blade
edge. This is done in Figure 30,
To traject the severed stems onto a catching platform

of a harvesting machine, it would seem desirable to have
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Figure 30. Area of Plants Cut by Each Rotor Sector

Per Revolution (Diagram Shown Is for
Feed Rate L = 3/2 D)

minimum acceleration of the -stem in the direction of forward
travel of the machine. Further, upward acceleration of the
whole stem, or at least a pronounced upward rotation of the
cut end is desirable to allow the platform to "run under"

the severed stem before it falls downward due to the earth's
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gravity field. The cutting action to accoﬁp1ish‘theseupur-
poses should be one with a minimum F, force component. In
the equation for Fx’ the friction anQ]e.¢ is assumed cons-
tant. For a given resultant cutting force F, then, to ob-
tain a minimum F component, the knife angle a should be
small and the angle p should be large. This implies the

26 degree rotor with the ledger tube oriented counter-
clockwise from its normal position should give the best

stem trajection results.



CHAPTER V
DIMENSIONAL ANALYSIS

One of the objectives of this study is to relate the
response variables of interest to the independgnt, control-
lable parameters that have a non-trivial effect on them.

The response variables to be considered are the input energy
per‘st@m cut, maximum torque developed per stem cut, and the
disp?acement of the stem center of gravity and cut end in
thrée orthogonal directions after cutting. Dimensional
ana?ysis’affords a means of reducing the number of variables
to be considered in an experiment and of reporting results

in a general, dimensionally correct form,

Energy Input and Maximum Torque Responses

Corisider now the pertinent quahtities or fundamental
parameters involved in the energy input to cut and impart
motion to plant stems, using the helical cutter. Knife
ang]e,'whéther for single element or ;wo~e]ement cutting is
an important parameter. For the.approximate cylindrical
helical configuration of the cutting edge of the design pro-
posed, hoWever, the knife angle and the rate of change
of knife angle with axial distance depend on the angle be-

tween the-plane of the rotor sector plate and the rotor

83
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axis (ang]e o of Figure 31), the axial distance from the in-
tersgction of the plane and the axis to the point where con-
tact with the plant stem is made (distance 1° of Figure 31),
aﬁd the'rotor diameter (dimension D on Figure 31). Since
the rotbr is fixed axially with respect to the Tedger tube,
the axial distance from the intersection of the rotor plane
and axis (1') can be defined in terms of the axial distance
from a reference point (bottom corner) of the fixed 1edgér
blade to the point of contact. On Figure 31, 1'=1-g.

It will be assumed that the rotor shaft diameter (di-
mension d in Figure 31) will be kept small enough such as
not to 1nterfere.w1th plants entering the cutting zone of
the rotor blades. Thus it will not be a pertinent variable
in the cutting and trajectory analysis.

It is known that input energy and force required to
cut plant stems depend on the plant species, maturity,
mositure content, and stem diameter (16, 17, 18). But
this group of mixed parameters - some qualitative, some
quantative - should be replaced with pertinent, control-
lable, quantative ones if possible. For cutting and tra-
jecting plant stems, parameters giving some measure of the
shear strength and stiffness in bending of the stems seem
logical choices. Figure 32 shows typical load-deflection
curves resulting from transverse shear failure tests and
bending tests (one inch or greater deflection) of the
soybean plant material used in this study. The load -

deflection curves for both types of test are highly
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Figure 31. Geometric Parameters of Helical Cutter

non-linear and subject to wide variation from stem to stem.
Ultimate shear force and maximum bending force for a one
inch deflection mignt be adopted as the variables indica-
tive of shear strength and stiffness in bending of a given
plant stem at a given cutting height. However, it appears
less variétion in test values would result if some sort

/
of mean ultimate shear and mean bending load were used.



.Figure 32. Typical Load Deflection Curves for (a)
Transverse Shear Failure (b) Bending
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Thus the variables chosen are input energy (in - ]bf) per

unit stem average diameter to shear the stem at a given

heiéht, and input energy (in - ]bf) per unit deflection to

deflect the stem one inch at the given height.

In 1light of the above considerations, the pertinent

quantities relating to the response of energy input per stem

cut are judged to be as listed in Table VI.

reference to Figure 31.

TABLE VI

Symbols are in

FUNDAMENTAL QUANTITIES FOR ENERGY INPUT ANALYSIS

No.

Symbol

Description of Quantity, Units

Dimensions

Pertaining to Cutter Geometry

1
2

D

n

Diameter of rotor, in.

Number of cutting elements about
periphery of rotor

Angle between plane of rotor sector
plate and plane of rotation, rad.

Axial distance from ledger blade
bottom corner to point of contact
with plant stem, in.

Bevel angle of rotor blade ledge, rad.

Width of rotor blade ledge, in.

Thickness of point of bevel of rotor
blade (knife sharpneéss), in.

tedger edge ang1e, rad.

D et



TABLE VI (Continued)
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No. Symbol Description of Quantity, Units Dimensions
9 Y Bevel angle.of Tedger blade -

edge, rad.

10 b Overlap of rotor and ledger L
blade edges, in.

11 o Clearance between rotor and L
]edger blades, in.

12 P Angular displacement of stem -
contacting point on rotor, rad.

Pertaining to Operating Characteristics

13 W Rotor angular-velocity, rad./sec. 771

14 v Velocity of rotor center, in./sec. LT

15 e Height of cut above base of L
plant, in.

16 $ Angular position of bottom -
corner of ledger tube blade
relative to bottom center
of rotor, rad.

17 U Input energy to cuf and impart LF
motion to plant stem, 1n-]bf.

Pertaining to Plant

18 m Wet linear density of stalk in L~
viciqity of point of cut,
lbm/1n.

19 n Height of stalk center of
gravity above ground Tine, in. L

2Q Se Energy per unit average diameter LF/L=F
to shear stem at point of cut,
1n—1bf/in.

21 Be Energy per unit deflection to LF/L=F

deflect stem one inch at point
of cut, 1n-]bf/1n.
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TABLE VI (Continued)

No. Symbol Description of Quantity, Units Dimensiodns

22 v Friction angle between plant stem -
and blade edge, rad.
Qther
23 Ne Newton's second law coefficient, FM']L.']T2
1be/1b in/sec?
m
24 G Strength of earth's gravity i

field, 1bf/1bm

With 24 fundamental quantities and with a dimensional
matrix rank of 4, Buckingham's Pi Theorem defines 24-4=20
pi terms (33, 34, 35). By inspection these pi terms are
determined to be:

= U . . s .
H] = Gmh2 Energy input 1ndex, index of ratio

of total input energy to the poten-
tial energy of the stem in the
earth's gravity field due to a
measure of its wet mass and the
height of its center of gravity.
This potential energy is a function
of the size of the plant, therefore
I, may be thought of as an index of
total input energy per unit "size"

of plant.
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<<

D Feed rate 1ndex; 4ndex of ratio of

€

rotor center velocity relative to

plant to. the rotor peripheral velocity.

o Rotor speed index; index of ratio of

centrifugal force at rotor blade edge

to gravity force.

o Rotor angle index; rotor sector.plate

angle.

Lateral position index; index of ratio

Ul—l

of Tateral position of plant relative
to bottom corner of ledger tube to

rotor diameter.

§ Ledger orientation index; angular orien- -
tation of ledger tube relative to rotor

bottom dead center.

Cutting height index; index of ratio of

ST

cutting height to rotor diameter.

wn
(1))

Shear force to bending force index;

(==
]

index of ratio of mean shear force to

mean bending force for one inch deflec-

tion at point of cut.
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Plant center of gravity height index;

index of ratio of height of plant

center of grévity to rotor diameter,

Shear force~to gfavity force index;
index of ratio of mean shear force of
stem at point of cut to gravity force on
the stem. Since the gravity force is
a function of the wet mass per unit
]ength.ofAthe stem and the height of
its center of gravity, quantities
relating to size of the stem, Tyo May
be considered an index of the mean

shear fqrce per Qnit'"size" of stem,
Knife sharpness index.

Rotor ledge width index.

Blade overlap index.

Blade ¢]earance index.

Rotor cutting edge bevel angle.
Ledger edge angie,

Ladger blade edge bevel angle.

Numbek of cutting elements about

periphery.
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Friction angle between plant and knive

blade.

Angular displacement of the stem con-

tacting point on the rotor blade from

bottom dead center of the rotor.

The first pi term, HT’ is the response dimensionless

quantity, and it may be written as

through Tog-
But H]2 through
geometry of the

Hi?’ rptor
blade
blade

rotor

Thus

Iy = F(lp,05,
H]8 are to be held

cutter as follows:
iedge width index,
overlap index,
c]earanée index,

cutting edge bevel

ledger edge angle, =.¢ =

sectors.

Also, as previously discussed, Mg =

+sT20)

some function of T,

(5-1)

constant through fixed

= % = %;%Qi(avg.)='0.0015

angle,=8=30°r 0.524 rad.

52 or-0.087 rad.

- ledger blade edge bevel angle, =y= 30° or 0.524
"~ rad.

ndhber of cutting elements about periphery, =n= 2

¥, the friction angle

between the plant stem and the blade edge, will be assumed

constant for a given species of plant and for a given blade

material. And Tog = 0 angular displacement of the
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contact point on the rotor blade from bottom dead center
of the rotor will be assumed equal to a mean value. Then

Ty, may be written as-a new functjon of~n2 through Ty

Iy o= F'o(I,,0g, oo, n.”) (5-2)
or '
U 2. = F! (__\Ls szeD: Qs ]_s A e, S_é_: h_: Se ., E) (5'3)
Gmh wD G D D Be D Gmh D

The maximum torque developed in cutting a plant stem
is influenced by the same set of fundamental quantities -
variables and dimensional constants-- that relate to input
energy per stem cut. Therefore, let a new dimensionless
response variable (dependent pi term) including the maximum

torque developed-in cutting,.me, be defined:

I' = gop2> Maximum torque index; index of the ratio
or maximum torque developed in cutting
and trajecting a plant stem to potential-:
torque developable at a unit radius dueb
to the plant stem linear mass and height
of its cenfer.of mass in the eakth's

gravity field.

Then in a different functional relationship, the maximum
torque index, H]', can be related to the same set of
dimensionless quantities {(pi terms) as thé,input energy
index. Thus
| - R . -
m'o= LEC.ONS PR » Tqq) (5-4)

or
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Tmx, _ f( w”NeD, a, e, Se,
Gmh ‘ D Be:

3 L] E) (5'5)
D

_V, Se
wD Gmh

o|=

Motion of-Severed Plant Stalks .

w1thvreference to Figure 33, the severed plant is seen
to be an unconstrained rigid body in space with six degrees
of freedom; i.e., six independent spatial coordinates are
required to define the spatial motion of the body with re-
spect to chosen reference axes. Thus translation in the
Xs ¥, and z directions and rotations in the xy, xz, and yz
planes must:be considered. Rotation of the plant in the
xz plane is certain to occur, and possibly in the xy and-
yz planes also. These rotations will be checked by high
speed motion picture photography, particu]dr]y with refer-
ence td shock that could cause seed shattering. But
attempts to correlate resulting motion with independent
parameters will be restricted to the maximum horizontal

displacements of the plant center»of-g%avity ahd of its

iz PLANE

" oTATION

Figure 33. Left-handed Coordinate System Established to
Define Motion of Severed Plant Stems
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cut end in the x and y directions on a referénce grid
board and to the maximum upward vertical displacement of
the center of gravity and the cut end (in the positive z
direction).

The ]éft—handed coordinate system chosen to define the
stem motion is assumed fixed to the cutter. The Y-axis co-
incides with the centerline of the rotor shaft, and the X-
axis coincides with the centerline of the row of plants to
be cut.,

Since force and displacement are vector quantities
(haviﬁg both magnitude and direction), it is allowable and
convenient to resolve the quantities into their components
in the x, y, and z directions and to consider each motion
component, and the forcé system causing it, independently.

~ A preliminary high ;beed motion picture study of the
cutting action of the 26 degree rotor fitted with a square
edge or dull blade showed that the stem cut end left con-

tact with the cutting surface of the rotor immediately

after being severed. The kinetic energy imparted to the

stem to affect its path of trajection was transferred by
impact while the stem was being deflected to the fixed
ledger blade by the rotor and when being cut between the
ledger and rotor blades. No two stage - cut then traject -
force system exists. For this cutting mechanism, and if
air resistance (drag forces) are assumed of second order
significance or negligible, exactly the same set of funda-

mental quantities apply to the responses of stem
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displacement as to energy input and maximum torque devel-

oped.

It appears Togical to make the above assumptions for

‘this study and to assert that all the response pi terms to

be considered are different functions of. the same set of

independent pi terms.

1
I - .C.g.bg
T )
Ll
12y D
w2l
1 D
(3)
H-l D

Hence if

C. G. X-displacement index; index

of ratio of resultant displacement

of the severed stem center of grav-
ity in the X direction to the rotor

diameter.

end X-displacement index; index of

ratio of resultant displacement of
the severed stem cut end in the X

direction to the rotor diameter.

C. G. Y-displacement index, index of

ratio of resultant displacement of
the severed stem center of gravity
in the Y direction to the rotor

diameter.

end Y-displacement index; index of

ratio of resultant displacement of
the severed stem cut end in the Y

direction to the rotor diameter.
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~—p5 > C. G. Z-displacement index, index of

ratio of resultant positive displace-

ment of the severed stem center of

gravity in the Z direction to the

rotor diameter.

T end Z-displacement index, index of

ratio of resultant positive displace-

ment of the severed stem cut end in

the Z direction to rotor diameter.

F' (nz,n3,..
)
F! (nz,n3,.
]
F (nz,n3,,e,.

]
F (HZ,H3,.°

(4)

F! (nz,n3,a.

(5)

)
F (H29H3:=-

(6)

<sTqq)

,e,n]])

21y q)

n,n]])
e,n]])

-sTyq)

(5-6)

(5-8)

(5-9)

(5-10)

(5-11)
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Alternative Response Pi Terms Considered

There -is no unique set of pi terms relating the funda-
mental quantities pertaining to a given physical system.
Several solutions may satisfy Buckingham's Pi Theorem cor-
rectly, but the group of solution pi terms may not all be
equally useful (35). No "standard" dimensionless groups
seemed applicable to the analysis of the helical cutter.
The dimensjon]ess groups specified hopefully have a rational
and direct‘re1ationship to this particular problem, but
there is no guarantee that such is the case. The descrip-
tion of each pi term f0110w1ng its definition attempts to
convey the logic behind its Se1ection,}

To be easily understood, it is desirable that the
energy input 19955 and maximum torque index have nearly a
one to one correspondence with the dimensioned response
variables of.eneréy input per stem cut and maximum torque
developed per stem cut. That is, if-the energy input per
stem cut increases with increase of an independent variable
pi term, rotor speed index, for example, then the input
energy index should likewise increase - and in relatively
the same proportion. At the same time, it is desirable to
remove the effects of stem size from the response, that is,
put all energy input values on a "per unit stem size"

basis. The dimensionless groups of variables listed for
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the energy input and maximum torque indices at Teast tend
to accomplish these goals.

Another dimensionless group of variables was first
chosen as the energy input index. This group, NEWV%F‘ was
coﬁsidered an index of the ratio of total input energy per
stem cut to the kinetic energy of the plant relative to
the rotor center. Preliminary analysis of test results us-
ihq this response pi term revealed that it did not follow
the response pattern of the dimensioned variable energy
input per stem cut.. The velocity of the plant relative to
the rotor center distorted the response pattern. Thus this

pi term was discarded in favor of the one listed.



CHAPTER VI
EXPERIMENTAL  PLAN AND TEST PLANT MATERIAL

As indicated in Chapter V, at least-ten independent-
variables may influence each of the response pi terms to be
considered in an experimental analysis of the proposed
helical cutter. However, one of the independent variable
pi teris, Ty7 the knife sharpness index, will be fixed at
two diécrete values: that for a square edge or dull blade.

with £ = 2931 - g.85 x 1073

D 3.5
: : t _ .001 _ -
edge b]ade with D 3% " 0.28 x 10

; and that for a sharp, beveled
30 Consequently, the
structure of the required experimental plan must be that
of two series of tests, one series with use of the dull

- blade and another with use of the sharp blade, as diagram-
med in Table VII. As Table VII indicates, each of the two
series of tests required is a multifactor experiment with

eight response variables and nine independent variables or

factors.
Types of Multifactor Experimental Plans

Two basic types of experimental plans are used for
multifactor experiments, the classical plan and the factor-
ial plan (35). In the classical approach, all independent

variables except one are held constant while this one is

100
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TABLE VII
STRUCTURE OF.REQUIRED EXPERIMENTAL. PLAN

Dull Blade Series ' Sharp Blade Series

(1y,=p=8.85 x 107) {78 =0.28 % 1073)

R Proposed R Proposed
Response Functional Response Functional
Variable Relationship Variable Relationship

H"gﬂ | H_ls | | |

" R_fmZ’H3"”?H]0) g 'R=f(n2’n3’”"nﬂ&

AP EEP

]'[‘“ / ﬁ'u

' (6) T (e)

changed through its range of values and the effect on the
response variable noted. This procedure is repeated for -
each of the independent variables. In the factorial ap-.
roach, all the independent variables are changed for each
test run as specified by some predesigned statistical
scheme. For an.equal . number of trials, the-factoria] plan
gives results much greater in precision than the classical
plan; that is, the experimental error will be lower in the
factorial plan, since each effect is based on é]] trials in

ih.the,e&ﬁEriment whereasiéach?effectain-the classical
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plan is based on just the trials over. the range of one fac-
tor, assuming no replication of runs. However the factorial
plan is restricted to response functions that are sums of
functions of the independént variables -or ones that are
products of functions of the independent variables.

One form-of the classical plan recommended by Murphy
(33) for determining'prediction;équations in engineering

experimentsfis3termed the component equation method. With

its use; ‘the multifactor experiment is converted into a
series of single factor experiments in which all the inde-
pendent variables but one are held at some mid-range value.
The results from each series of experiments are used to
relate the response variable to one - independent variable by
a component eQuation. The component-equations then are com-
bined to determine the mu]tifactor'prediction eqqation.

This method is valid only when no interactions exist between.

the independent variables. That is, the resultant predic-
tion equation,must be either an additive or multiplicative
mathematical expression and not a mixed one. If an additive
expression relates the response variable. to.the.independent
variables, then it must have no terms involving products of
two or more: independent variables. If a multiplicative ex-
pression fits the results, it must have-no terms that has.
one independent variable as an exponent of another.

If interaction exists, the component equation method, being
simply a limited classical plan, offers the advantage of

ready transformation inte a more complete classical plan,
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simply by including additional experimental trials. To un-
ravel interaction re]étionships, each independent varﬁab]e
must be»Changed through its range in additional test sequen-
ces, with the other independent variables held at different
values fn each sequence.
Where no intefaction between independent variables is

a dustified assumption, the orthogonal main-effect experi-
mental plans designed by Addelman and Kempthorne (36) are
applicable and give more precise results with a fewer num-
ber of trials then the classical, component equation method.
The plans are based on asymmetrical, fractional, factorial:
xperiment designs and provide unbiased estimates of the
main effects of all fﬁqluded factors when no interactions
are present. I[f interactdons between factors are present,
estimates of the main effects will deviate from their true
values by other than experimental error. The effect of a
factor is measured by the change in response produced by
_a change in the level of the factor. When the levels of

a factor (independent.variabIe) are eqyally spaced over the

‘range of values to be tested, the nature of the polynomial
regression. function that best .describes the factor effect

on the response variable can be readily determined by

either regression or analysis of varianage techniques utiliz-
ing orthogonal polynomial coefficients (37). Thus poly-

nomial component equations are defined by this method.
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Choice of Experimental Plan

With high1y variable soybean stems comprising the ex-
perimental units for the proposed investigation, inprecise
results were anticipated, and a factorial type experimental.
plan was the ‘logical choice. Nine independent pi terms, P
through H10’ were to be screened to determine which ones had
non-trivial effects on each of the response variables. Of
these nine independent pi terms, however, the two relating
to plant physical properties_cou1d not-be accurately con-
trolled. To overcome'this-difficu1ty, a statistical
approach that disregards dimensions and sets response,varij
ables as equal to a function of dimensioned quantities was
adoptedu Plant stem nominal diameter at the base (ground)
line is controi]ab1e and was selected to rep]ace T10 =,%%F
as-one independent variable. Timg of treatment in a mois-
ture cohditionihg chamber is precisely controllable and was.
selected to replace Tg= %% as an independent variable. The
remaining seven independent pi terms can be controlled with-
in close limits.

To a11ow1conVersioh back to'a11'dimensionTéSS'factOrs
in determining prediction equations for selected response pi
terms, it was decidéd to "pair" the test plant stems; that
is, to select two nearly identical stems for each experi-
mental trial. Then for éa;h‘s;gm subjected to a cutting
téSt,‘a néarly 1dehtica1 S£em'wou1d-beisubjected to physical

tests to_determine»its stiffness in-bending and its.
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transverse shear strength at the height above ground that
the first stem was cut, The average diameter of the physi--
cal test stem would be determined near the test cross
section, and the modisture content and linear density of both
stems would be measured. These measurements would be made
on portions of the stem adjacent to the cut section.

Three levels of I3, feed rate index, and of I;, cutting
height index, were judged sufficient to allow detefmining
the effect on the response variables and to allow spanning
a realistic range of operating values. Four levels were
specified for each of the other facters. The levels for all
factors were to be equally spaced to allow determining the
type of polynomial response function that best fit the ef-
fect of each factor. These requirements call for a basic,47'
X 32 (seven factors with four levels; two factors with three
levels) orthogonal main-effect plan. Of the plans listed by
Addelman and Kempthorne (36), basic plan 13 with 32 trials
was- the one selected for use.

To provide a more accurate basis for computing experi-
mental error, two replications of each treatment combination-
werelspecified (three replications were specified at first,
but the sizeable-time period required for each experimental
run forced;a_reduction to two.) Thus éach of the th main

multifactor experiment series was enlarged to 64 trials.
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Randomization. Procedure:

The randomization procedure prescribed by Addelman and
Kempthorne was followed. This procedure is:
1. Choose the appropriate plan.

2. Randomly assign the factors to the columns
of -the chosen plan.:

3. Randomly assign the levels of each factor to
the numbers 0,1,2,3 representing the levels
of factors in the listed experimental plan.

4. RandomTy'assign the treatments to the -
experimental units.

In carrying out step 4, all the plant stem experi-
mental units:were necessarily pre-sized according to four
ifevels of nominal diameter -and according to four levels of
height of -center of gravity within each diameter classi-
fication. Also to faci]itatelexecution of -the experiment,
the order of treatment combinations was,arranged to allow
all trials-involving a given level of the factor "time of

treatment in moisture chamber" to be run consecutively.
Main Experimental Plans

Table:VIIT Tists the factors in each of thé main. test
series and the code assigned to each factor 1eve]_accord~
ing to the randomization procedure. Tables IX and X preg-
sent tﬁe experimental plans for the dull blade and sharp
blade test -series respectively. .As preyious]y hoted, the
dull b]ade £est series was begun with a plan that called
for three rep]icdtions of each-treatment combination. After

30 runs, this plan was revised to.the»two replication plan-



TABLE VIII

FACTOR LEVEL CODING AS DETERMINED BY RANDOMIZATION PROCEDURE

Dull Blade Series

Sharp Blade Series
Test Plan Code Test Plan Code
Column Assigned Column Assigned
Factor Factor Levels Randomly to Randomly to
Assigned Factor Assigned Factor
to Levels to Levels
Factor Factor
13/64 in. 3 0
Nominal 17/64 in. 3 0 4 2
Diameter 21/64 in, 2 1
25/64 in. 1 3
Time 2 hr. 2 ‘ 1
in 4 hr. 4 3 1 2
Chamber 6 hr. 0 0
8 hr. 1 3
322 (1800 rpm) 1 0
it
2 644 (2546 rpm) ; 2 3 3
Rotor Speed
Index 966 (3118 rpm) 0 2
1288 (3600 rpm) 3 1
g 0.08 (1.75 in/rev) 1 2
Feed Rate 0.14 (3.06 in/rev) 8 0 8 1
Index 0.20 (4.38 in/rev) 2 0
1 0.454 (26°) 2 1
4
-]
Rotor Angle 0.628 (36 ) 2 1 7 3
Index 0.802 (46°) 0 0
0.976 (56°) 3 2
0.107 (0.38 in) 0 2
Tg . -
Lateral Position 0.214 (0.75 1n) 6 ! 6 0
Index 0.321 (1.12 in) 2 1
0.428 (1.50 in) 3 3
Tg -0.0873 (-5°) 0 0
Ledger 0.0000 (0°) 1 3
Orientation 0.0873 (+5°) 2 1
Index 0.1746 (+10°) 3 2
1, 0.286 (1.00 in) 1 2
Cutting Height 0.500 (1.75 in) 9 0 9 0
Index 0.714 (2.50 in) 2 1
2.25 (7.88 in) 2 3
g
C.G. Height 2.75 (9.62 1in) 1 y 2 2
Index 3.25 (11.38 in) 3 0
3.75 (13.12 in) 0 1

107
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TABLE IX
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TABLE IX (Continued)
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TABLE X

MAIN EXPERIMENTAL PLAN
SHARP BLADE SERIES
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Plan Col. No. 1 2 3 4 5 6 7 8
Factor E:‘Z;b;;{ g Tz | Nom. Dia. g g gl omy n7'
Trial No. Coded Value of Factor Levels
1 0 3 1 0 1 3 1 2 0
2 0 0 0 0 0 0 0 0 0
3 0 2 2 3 1 2 2 2 2
4 0 3 3 1 2 3 3 1 1
5 0 1 3 3 0 1 3 0 2
0 1 1 2 3 1 1 1 1
7 0 0 2 1 3 0 2 1 1
8 0 2 0 2 2 2 0 1 1
9 0 3 3 1 2 3 3 1 1
10 0 2 2 3 1 2 2 2 2
n 0 0 2 1 3 0 2 1 1
12 0 1 3 3 0 1 3 0 2
13 0 0 0 0 0 0 0 0 0
14 0 2 0 2 2 2 0 1 1
15 0 1 1 2 3 1 1 1 1
16 0 3 ] 0 1 3 1 2 0
17 1 3 0 1 0 2 1 1 2
18 1 1 0 3 2 0 1 2 1
19 1 1 2 2 1 0 3 1 0
20 1 3 2 0 3 2 3 0 1
21 1 1 0 3 2 0 1 2 1
22 1 2 3 2 0 3 2 1 0
23 1 0 3 0 2 1 2 2 1
24 1 0 1 1 1 1 0 1 2
25 1 2 1 3 3 3 0 0 1
26 1 2 3 2 0 3 2 1 0
27 1 1 2 2 1 0 3 1 0
28 1 0 3 0 2 1 2 2 1
29 1 0 1 1 1 1 0 1 2
30 1 3 0 1 0 2 1 1 2
31 1 2 1 3 3 3 0 0 1
32 1 3 2 0 3 2 |3 0 1
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TABLE X (Continued)
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TABLE XI

EXPERIMENTAL PLAN FOR PRELIMINARY
CUTTING EFFECTIVENESS TESTS

DULL BLADE. SERIES

112

No- Conditions
Test Trials Rotor Rofor 'vFeed .?}gzg'gﬁggi
No in Angle Speed Rate Nom. | Time in
Test Dia. | Conditioning

(Degrees) (RPM) [(In/Rev) (In.) Chamber

(Hrs) =
CED-1 | 10 26 1800 | 1.75 17/64 0
CED-2 | 10 26 1800 | 5.25 17/64 0
CED-3 | 10 26 3600 | 1.75 17764 0
CED-4 | 10 26 3600 | 5.25 17/ 64 0
~ CED-5 I 70 56 1800 | 1.75 | 17/64 0
“cep-6 | 10 56 1800 | 5.25 | 17/64 0
CED-7 | 10 56 3600 | 1.75 21/64 0
CED-8 | 10 56 3600 | 5.25 21/64 0
CED-9 | 10 56 3600 | 5.25 21/64 8
CED-10 10» 56 3600 | 1.75 | 21/64 8
CED-11] 10 56 1800 | 5.25 21764 8
CED-12] 10 56 1800 | 1.75 21/64 8
CED-13]| 10 26 1800 | 1.75 17/64 8
CED-14| 10 26 1800 | 5.25 17/64 8
c5b-15 10 26 3600 5.25 17/64 8
CED-16| 10 26 3600 | 1.75 17/64 8

" Note: 1 Stem per Trial
Responses to be Observed: Type of Cut

Actual Cutting Height
X & Y Displacements of

Stem Cut End & C. G.



EXPERIMENTAL PLAN FOR HIGH SPEED MOTION PICTURE STUDY

TABLE

XII

DULL BLADE SERIES

113

Test No. Conditions
kot Description of Plant Stems
Photographing
Rotor Rotor Feed Time in

Cutting Stem Angle Speed Rate g?: Crop Cong;:;gz:ng
Action Trajectory (Degrees) (RPM) | (In./Rev) | (In) Year (Hrs.)

PD-1 PD-12 26 1800 1.76 17/64| 1965 2

PD-2 PD-11 26 3600 V.75 17/64] 1965 2

PD-3 PD-10 26 3600 5.25 17/64]| 1965 2

PD-4 PD-7 56 1800 1.75 17/64] 1965 2

PD-5 PD-8 56 3600 1.75 17/64| 1965 2

PD-6 PD-9 56 3600 5.25 17/64| 1965 2

TABLE XIII

EXPERIMENTAL PLAN FOR HIGH
SHARP BLADE SERIES

SPEED MOTION PICTURE STUDY

Test No. Conditions
For Description of Plant Stems
Photographing
Rotor Rotor Feed Time in
Nom Conditioning
Cutting Stem Angle Speed Rate Dia Year Chatibup
Action | Trajectory (Degrees) (RPM) | (In./Rev) | (In) Crop (Hrs.)
PS-1 PS-11 26 1800 1.75 17/64| 1965 2
ps-2 PS-10 26 1800 1.75 17/64| 1968 2
PS-3 PS-9 26 3600 5.25 17/64| 1968 2
PS-4 PS-8 56 3600 5.25 17/64| 1968 2
PS-5 PS-12 56 1800 175 17/64| 1968 2
PS-6 PS-7 46 3600 3.06 21/64| 1968 2
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shown. For those treatment combinations where three repli-
cations were run, one of the three was eliminated by proced-
ures explained in Chapter IX before the results were

analyzed.
Auxiliary Experiment Plans

A pre11min§ry series of tests was planned to check the
suitability of the range of levels chosen for some of the
independent variables and to give an indication of cutting
effectiveness of rotors equipped with square edge blades.
Table XI diagrams the experimental plan for this test
series.

Cutting effectiveness tests were also run in connection
with the high speed motion picture studies to determine the
mechanism of cutting with dull and sharp blades. Tables XII

and XIII indicate the experimental plans for these tests.
Plant Material Used In Tests

The stems of soybean (Glacine Max) plants of the Hill

variety comprised the experimental units for all the cutter
evaluation tests. Approximately 4000 plants were gathered,
part of them on September 25 and the remainder on October 1,
1965, at the Perkins Experiment Station of Oklahoma State
University. The planting date was May 25, 1965, and the
»seed]ings-emerged May 27. Thus the plants were gathered 120
and 127 days after emergence. Yield of the crop was 26.2

bushels per acre. The plants were pulled from the ground -
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roots and all -and tied into bundles of from about 30 to 80
plants each. These bundles were hung from racks - tops down
- in an indoor storage area until used for test.

To determine the size range of the plant stems, a random
sample was taken from the lot and analyzed. The roots were
cut off at the ground line. Then the average diameter of
the stem at the ground line waé measured with calipers and
recorded. Figure 34 presents the histogram of the results.
The average diameter of the lot is seen to be about 1/4
inch, with the range extending from 5/64 to 29/64 inch.

The four levels of nominal diameter at the base of the
stems ‘to be used for the cutting tests were chosen as 13/64,
17/64, 21/64, and 25/64 inch rgspective]y. The plants were
measured for nominal diameterwby a gage made for this pur-
pose as illustrated by Figure 35.

The height of the center of gravity above the base of d
plant was determined by balancing the stem on a horizontal
pin and marking it. Figure 36 shows the fixture used for
this purpose.- Since the location of the center of gravity
changed with change of mosture content of the plant stem,
this quantity was not determined until just previous to run-
ning a test.: Howeverla pre]imihary investigation of vari-
ation of height of center of gravity within the diameter
classifications was made to learn what a representative
range of values for this factor would be. Distance from the
base énd of the stems to the center of gravity varied from

10 to 19 inches, the average being about 15 inches. A
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Figure 35. Gage and Method Used for Deter-
mining Stem Nominal Diameter

Figure 36. Fixture and Method Used for
Locating Center of Gravity
of Plant Stem
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distance of 1'1/2 inch was allowed for securing the bottom
end of a stem in a;holding clamp for cutting tests.. If the
base (ground) 1ine is then assumed to be the top of-fhe
clamp or-1 1/2 inch above the stem end, the distance from
the base line to the center of gravity varied from 8 1/2 to
17 1/2 inches. This distance is "h" in the pi term % = 39°
The four levels first selected for Iy wére 2.75, 3.25, 3.75
and 4.25.

Of coursevthe position of the center of gravity of the
stems shifted toward the base when seed shattered from the
pods, most of which were located on the upper portions of
the plants. As the plants dried during the long indoor
storage period, a large pdrtion,of the seed pods opened and
let the seeds fall out. After this change, a new range of.
values had to be chosen for My . The new levels were 2.25,
2.75, 3.25, and 3,75,

The change in the center of gravity due to seed loss
was undesirable for two reasons: (1) the new center.of
gravity location nearer the base end of a stem was not typi-
cal of stems with a full complement of seed; (2) the loss of
the seed previous to the cutting tests prevented full evalu-
ation of the seed shattering effect of the different cutting
treatment combinations.. Although undesirable, this change
caused stem trajectory results fo be on the conversative
side, for a stem with all its seed pods ihtact would. have

more of its mass concentrated near the top. This would tend

to decrease the extent.of motion of -the top in the direction
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of the cutter bar forward travel and increase the relative
motion between the top and the machine catching platform.

The 2.1/2 to 3 year storage period was not anticipated
when the plants Were gathered. The time required to design
and fabricate the cutter and test stand and to procure the
necessary instrumentation to run the tests turned out to be
much greater than expected. Except for the loss of seed,
the stems did not deteriorate in storage, however. There
was no visible evidence of decay whatsoever.

To check further against change in physical character-
istics of the stems, a number of plants for the 1968 crop of
Hill variety soybeans grown at the Perkins Experiment Sta-
tion were gathered for comparison with the 1965 crop stems.
Planted May 12, 1968, the seedlings emerged seven days later
on May 19. The stems were gathered October 21, 1968, 155
days after emergence. Yield of the plot was 25.6 bushels
per-acre. Physical tests were run to determine shear
strength and stiffness in bending of these stalks, which ap-
peared less sound than those gathered in 1965. Figure 37
gives a qualitative.comparison of results of tests on the
1965 and 1968 crop stems.

Another comparison of stalks from the two crbp years
was provided by using groups of stems from both in the
high speed motion picture test series for the rotors fitted
with sharp blades. This test series-also gave limited data
on seed shattering effects, since the 1968 crop plants had

numerous well filled seed pods intact.
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Figure 37. Comparison of Physical Properties of Stems from
1965 and 1968 Crops
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After 2 1/2 to 3 years in storage, the plant stems
dried to a very ]ow moisture level - about 7 to 9 percent
(dry basis). It was thus necessary to reconstitute the
stems and moisture in some way to learn how physical prop-
erties:indeenpedﬁEy;moisture content affected the cutting._
and trajectory responses.

A small environment controi chamber equipped with an
air conditioner and water spray inlet and with a drain out-
let in the bottom was used for this pUrpose, A serieé of
tests was runkwith the chamber to determine a way to in-
crease ﬁoisture content of the plants in a predictable man-
ner. The treatment found best was that of spraying a mist
of preheated water (180°F) above the plant stems suspended
tops down in a holding rack. The moisture content in-
creased roughly in proportion to the period of time the
stems were so treated. The nozzle used was a Delavan WDA
1.00 90°A hoﬂ]ow cone type. The air conditioner fan only -
no refrigeratioh'of air wasvinvo]ved - was used to circu-
late air in:tﬁe chamber and thus prevent the interior walls
froﬁ being ;aturaied with water to cause structural damage.
Figpre.38 islan éxterior viéw of the conditioning chamber.
In thelforegrdund}is-the water heater with thermostat set
f0r§]80°F water temperaturée Water from the heater flows
ﬁo %he nozzle insi&e the cHamber through the hose ]eadjng
to ihe chamber top. The air condiﬁionér unit is seen
mouﬁted in onhe sﬁdg ofvthe'chambero Figure 39 shows plant

stems being treated inside the chamber.



Figure 38. Conditioning Chamber and Auxiliary
Equipment for Changing Moisture
Content of Plant Stems

Figure 39. Interior View or Conditioning Chamber
Showing Stems Subjected to Mist of
Hot Water from Overhead Nozzle.
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The desirable response of stem moisture content.as a
lTinear function of time of conditioning in the chamber was-
only partially realized, as Figure 40 (a) illustrates. The.
graphs -show that the response varied with stem nominal
diameter. Averaged over stem diameter, however, the
response has a more desirable form. Figure 40(b). With a
correlation coefficient . of only .90 and a standard deviation
of 16.27% moisture content, the results are a far cry from
the optimum, but were considered the best obtainable with
the equipment available. Thus, time of treating stems 1in
the chamber was adopted as one of ‘the controllable indepen-
dent variables in place of the more pertinent variable
“moisture content," which in turn would be in place of the
most pertinent variable: a dimensionless combination of

stém physical properties affected by moisture content.
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CHAPTER VII

APPARATUS FOR THE EXPERIMENT:

The equipment needed to carry out a planned experiment
is that necessary to measure the response terms, or those
variables from which the response terms can be calculated,
and that necessary to adjust_fhe independent factors to
the desired levels and to accurately keep them at those
levels.

The response variables of interest in this study are
input energy per\stem cut, the maximum torque developed per
stem cut, and the resultant displacement along three ortho-
gonal reference axes of the center of gravity and cut end of
the severed stem. A self contained torque.transducer mount-
ed in the rotor drive system would give.a.continuous readout
of instantaneous torque developed. This.response variable
in conjunction with a readout of instantaneous angular dis-
placement of the rotor shaft provides 1nf0rﬁation for a-
torque - displacement plot from which both input energy per
stem cut ana maximum torque developed per stem cut can be
obtained. Therefore a torque pickup and a rotor shaft
angular displacement sensor were selected as two of the
over-all specifications for the apparatus. The severed

stem displacements with respect to the reference axes chosen
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and illustrated in Chapter V pose additional measurement
problems. The x and y displacements - in a horizontal

plane - are easy enough to determine by use of.a simple
horizontal grid board. But the positive vertical displace-
ment (z displacement) must be obtafned-whi]e the trajected
stem-is in flight. For a permanent record of this response,
photographic techniques prove the most direct measuring
method, and their use was specified as another over-all
requirement of the apparatus.

0f the ten independent factors to be screened in this
investigation, three relate to the cutter design. These are
rotor angle index, knife sharpness index, and ledger orien-
tation index. As discussed in Chapter III, four rotor
assemblies were built-to.provide.the four. desired levels of
rotor angle index. The two desired levels.of knife sharp-
ness index were provided by the detachable.blade feature of
the rotors. The four desired levels of.ledger tube orienta-
tion were provided by the method of attaching the ledger
tube assembly to the main frame.

An additional three independent factors of. the ten to
be screened pertain to plant stem physical properties and
were discussed in-Chapter VI. These are nominal diaméter
of the stem, time of treatment in the moisture conditioning
chamber, and height of the stem center of gravity. However,
additional auxiliary equipment to measure and plot the load
deflection data for shear failure and cantilever bending

tests of the stems, and to determine the stem linear density,
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moisture content, and average diameter:at the cut section
had to Be‘designed and built as a part of the over-all
apparatus requirements.

The four remaining independent factors of the ten to be
investigated may be considered operating parameters. The
four- are roﬁor”speed index, feed rate index, lateral position
index, and cutting height index. Attaining and controlling
the desired rotor speeds must be included in the require-
ments of the rotor drive system. Feed rate, lateral
position of the plant stem relative to the ledger blade when
contacted by the rotof blade, and cutting height pertain to
another system, that of the mobile machine relative to the
fixed plant row - in terms of prototype harvesting equipment.
Considering the response variables again, the resultant dis-
placements of the severéd stem.are to be measured in rela-

tion to a set of reference axes-fixed.to the.mobile harvest-

1‘ng}mach1'ne° Since relative motion between: the plant row

and- the mobile machine is involved, for test purposes, this
system can be designed in either of two ways: (1) keep the
plant stems stationary and move the cutter assembly along

a simulated row of plants or (2) keep the cutter assembly
stationary and move the_rowfof plants relative to ito Con-
sidering the equipment components available for use in this
study, it was decided that better control over the independ-

ent factors could be maintained by keeping the cutter assem-

bly stationary.
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With the over-all specifications.of the test apparatus
determined, component parts were designed and fabricated or
procured, and the components were assembled into the final
test unit. Description of the resulting make-up of the
apparatus falls logica11y under four headings: (1) The
Rotor Drive System and Instrumentation.for Determining Input
Energy, (2) Plant Stem Carriage, Track, and Drive System,
(3).Instrumentation to Determine Stem Displacement, and
(4) Apparatus for Plant Physical Property Tests. For the
high speed motion picture studies, additional equipment was
required and will be described under the heading of Auxiliary

Equipment for High Speed Motion Picture Studies.

Rotor Drive System and Instrumentation

for Determining Input Energy

The rotor drive system was designed. to.use the speed
control components and the torque pickup.unit.available 1in
the Agricultural Engineering Department equipment inventory.
A Master Electric Div. type DM 1/2 HP shunt wound direct
current electric motor comprised the power source. A
Minarik Electric Co. Model SH56EFB speed control unit suppli-
ed direct current to the armature and field windings of
the motor. The controller unit has full wave silicon recti-
fiers for AC to DC conversion and has provision for motor
speed adjustment by means of a variable autotransformer that
supplies voltage to the armature rectifiers. A hfgh degree

of speed regulation is provided by a transistorized feedback
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control circuit. A BLH Electronics Type A=05 torque pickup
having a capacity of-500-1‘n.—1bf was the ‘torque sensor used.

Slip ring noise can cause errors if-a torque pickup
is used to measure torques below: ten percent of its capacity
(38). It was estimated that. torque:requirements to sever
soybean plant stems withAthe.helicalbéutterfwoqu be about
10 to 50 inch-pounds, depending on the diameter of the stem.
Thus in order-to use the A-05 torque pickup according to
recommended practice, it.was.necessary to "multiply" the
cutting torque before. applying.it.to. the sensor unit. To
make this provision, a-countershaft mounting arrangement for
the sensor was designed in.which the:cutting torque was
stepped-up by a factor of four before application to the:
torque pickup shaft.

The layout of the rotor drive system is shown by Figure
41. The full-load torque of the 1/2 HP electric motor
was not sufficient to meet the estimated cutting torque
requirements of the rotor assembly. Consequently, it was
necessary to incorporate a flywheel in the drive system.
And to protect the torque pickup against possible overloads,
Aé_shear bolt arrangement was included in the flywheel to
torque unit drive line. The design provided for the bolt
to fail at 550j1'n-1bf torque. Ca]cu]ations for the fly-
wheel and shear bolt designs are recorded in Appendix A.

The torque pickup was mounted in the countershaft
assembly as-a floating shaft sensor with flexible couplings

at each end, and it was carefully aligned such that total
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runout of the torque unit shaft - measured with a dial in-
dicator on the coupling periphery - was below 0.002 inch.
Worthington, 3/8 1nchrp1tch, positive drive belts were used
to transmit power from the motor to the countershaft and
from the countershaft to the rotor drive shaft.
Instrumentation to measure the energy input per stem
cut centered about a Sanborn Model 321 Carrier - Amplifier -
Recorder.. The tprquevpickup served as one full (four arm)
resistance bridge transducer to one channel of the recorder.
The second channel was used in a half (two arm) resistance
bridge circuit to record rotor shaft angular position. The
sensor in this circuit was a Tann Controls Co. Model MA 60
Proximit single pole, normally open, permanent magnet, prox-
imity switch. Response time of the switch from open to
close or close to open condition is less than.one milli-
second. A toothed wheel was used to activitate the switch
at each one half revolution of the rotor.shaft. As shown
by Figure 41, a friction.clamp held the.toothed wheel in
position on the countershaft assembly. Thus it.could be
set to "trip" the switch.at.any position:of-the rotor
shaft. The marker circuit of the recorder.was used in
conjunction with a second Tann Model MA 60:Proximit switch
‘to monitor the velocity of the stem holding. carriage as it
passed below the cutter. .Three lugs, spaced 18 inches
‘apart and extending to the right of fhe carriage, "tripped"

this switch.
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The response of the recorder galvanometer writing arms
was too slow to give accurage indication of instantaneous
torque during the short cutting periods at high rotor
speeds - 1800 to 3600 rpm. To overcome this difficulty, the
monitor output signals from the.two channels of the recorder
were fed to the two channels of a TektroniX*Inc, Type 502 A
Dual Beam Oscilloscope. The single sweep feature of this
osci]loscope'was used to give.one:display of cutting torque
and rotor shaft displacement during cutting. A DC'signal,
taken as an AC signal.through.an inductive.coupling with the
carriage velocity monitoring cfrcuit, then.rectified by a
diode bridge, triggered the singlte: sweep.of.the dual beams
of the oscilloscope. Thus the oscilloscope.was triggered
when the proximity éwitchitripping-]ug at:the front of the
carriage passed under the rotor and cutting.was imminent.

A Hewlitt-Packard Model.197 A Oscilloscope.Camera with a
Polaroid Land Camera back was used to record the traces of-
a single sweep:of-the oscilloscope dual beams..

Figure 42 presents-a schematic diagram of the instrumen-
tation system. Figure 43 is a photograph of the rotor drive
system showing the torque, shaft angular displacement, and
the carriage velocity transducers. Figure 44 shows the
rotor drive speed controller (in foreground), the carrier-
amplifier-recorder, and the dual-beam oscilloscope with the
camera attached.’

The no load torque signal from the torque pickup showed

cyclic variation of the same frequency as the countershaft
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Figure 42. Schematic Diagram of Instrumentation for
Monitoring Instantaneous Terque, Rotor Shaft
Displacement, and Garriage Velocity

rotational speed. The magnitude of this cyclic variation.
went.as high as 2 in-lbf peak to peak at somé rotational
speeds. Extensive experimentation was carried out in an
attempt to "smooth out” these -effects. - First the rotational
torque of-each-of the six bearings-(other than the motor
bearings) in the drive assembly was checked and those in-
dicating the highest .torque were replaced: Then recordings

of the cyclic effect were made-over a speed range from 500



Figure 43. Rotor Drive System and Associated
Instrumentation

Figure 44. Rotor Drive Speed Controller (In
Foreground),Carrier-Amplifier-
Recorder, and Dual Beam Os-
cilloscope and Camera
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to 3600 rpm. The cyclic variations were attributed to tor-
sional vibration of the rotational system and thus would be
related to the natural frequencies of the system. It ap-
peared that the variation was greatest when the cutter rota-
tional speeds were 900, 2700, and 3600 rpm. To lessen the
variation, the first roter speed range selected for test,
900 through 3600 rpm, was revised to a new range of from

1800 to 3600 rpm.

Plant Stem Carriage, Track,

and Drive System

To accurately control the velocity of: plant stems as
they were moved through the cutting zone (simulating the
forward velocity of a harvesting machine moving through the
field), it was decided to isolate accelerating loads from
the carriage drive system and to use flywheel effects to
smooth out any speed variations due to cutting loads trans-
mitted by the plant stems before they were completely sev-
ered. Thus the carriage‘driVe system was designed in three
parts: acceleration section, constant velocity section,
and deceleration or braking section. In the acceleration
section, Hunter Spring "Neg'ator” constant force springs
were used to provide the carriage accelerating energy.

Two sets of -springs were used, and the spring attaching arm
of the accelerating dolly was designed to allow coupling
to either set individually or to both sets simultaneously.

Constant forces of approximately 48, 80, and 128 pounds
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thus were available to act on the dolly and carriage. With
an accelerating distance of up to 39 inches, in 1ncrements 
of approximate1y'1/4 inch, ‘the carriage could be brought to
any desired velocity up to 20 mph. A winch, release handle,
and-ratchet lock were used to "'IoadvIl the dolly~-carriage
system. Kinetic energy of the dolly was absorbed by having
it impact against‘tﬁick rubber bumpers faced with metal
plates. Arriving at a suitable bumper design required much
trial and effort.

Figure 45(a) shows the carriage, dolly, release lever
arrangement when the system is ready to be "loaded" by the
winch. Figure 45(b) shows the system with both sets of
springs attached to the dolly arm and extended to a "loaded"
position. Figure 46(a) is an action shot of the carriage
and plant stems being accelerated by the 80 cound spring set.
Figure 46(b) illustrates the dolly in "home position" after:
the carriage has traveled on d6Wn the track.

The constant velocity portion’of the carriage drive
system had as its chief component a 236 pitch length of
Rex €-2059, 1 1/4 inch, double pitqh, hollow pin, carrier
roller conveyor chain. Extended over two 20 tooth 7.991
inch pitch diameter sprockets spaced 135 inches apart, the
chain rollers were supported on a frame member. Hardwood
biock guides ‘were added on each side of the-chain - for
both its top and bottom lengths - to restrain its side move-

ment and confine each roller to a straight line path.
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(a) (b)

Figure 45. Carriage-Dolly-Release Lever System (a) Ready
To Be Loaded by Winch (b) In Loaded Position

(a) (b)

Figure 46. (a) Carriage-Dolly System Undergoing Accelera-
tion by Action of 80-Pound Spring Set; (b)
Dolly in Home Position
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Two spring loaded pawls, one at each end of the -car-
riage, engaged the chain-r011ers to drive the carriage at
chain velocity. The pawls were desﬁgned to overkide the
chain rollers if the carriage were traveling at a higher
velocity than the chain.-

Energy input to the chain drive was provided by a 1/2
HP. AC electric motor through a Graham Variable Speed-Trans-
mission.- Output-from the Graham unit was infinitely vari-
able from 0 to 230 rpm. A radius arm arrangement (;o allow
raising and lowering the track without disturbing.the drive)
of 84 pitches of No. 40 (1/2 inch pitch) roller chain con-
nected the Graham variable speed output-to the carriage
drive chain input. A speed step-up ratio of 4.286 was em-.
ployed. The carriage drive input-shaft was equipped with
two 8 1/2 1nchvdiamefervby 1 inch thick steel flywheels
symmetrically placed on either side of the main drive
sprocket. |

The deceleration section of the carriage drive system
consisted of a braking frame which latched to the front of -
the carriage when impacted by it and which was free to move
rearward with the carriage except for the opposing force of.
two 16.5 pound constant-force springs. Figure 47 presents
a rear view of the test stand which shows in the foreground
the braking frame assembly and the constant fbrce springs
which provide the braking force. Figure 48 shows the

carriage latched to the braking frame after deceleration.



Figure 47. Rear View of Test Stand Showing
Braking Frame Assembly

Figure 48. C(Carriage Latched to Braking
. Frame After Deceleration
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The carriage proper consisted of a structure, six feet
in length, made principally of 3/4 inch square steel tubing.
Attaching holes were provided for locating stem clamping
blocks at 1. 1/2 inch intervals along its length. Four 1 1/4
inch diameter cam follower rollers were the wheels of the
carriage. Two additional cam follower rollers of the same
size but mounted vertically constrained the carriage later-
a]]y:ﬁn the gquiding track. Three proximity switch tripping
lugs extended from the right side of-the carriage. These
were mounted 1.5 ft. apart. Figure 49 shows the carriage
construction. Figure 50 is a cross section‘of»thé carriége
and its guiding track} This illustration also shows the
method empTOyed to clamp plant stems in the carriage blocks.

To prbvidé adjustment to the desired levels of cutting
height indéx_and lateral position index, the entire carriage
track assembly was made adjustable vertically and laterally
with respect to the cutter rotor. The track was designed in
three sections: front (accelerating section), center (con-
stant velocity section), and rear (decelerating section).
The center section was the main section, and lateral and
vertical adjustment were -built into it.  Each end section
had auxiliary supports with vertical adjustment only. For,
lateral adjustment, the vertical supports were slid across
the floor. The center track section was-.attached -to the
main frame by a track support beam assembly. The beam
assembly moved up and down on two circular columns of the

main frame by means of linear bearings. A screw and
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~adjusting‘hénd1e,_centéred Between the two support co]umﬁs
raised and lowered the beam. The beam‘assemb1y had three-
equéi]y spaced pins, each two inches in diameter, on which
sleeves of -the center track section mounted. A screw

and handle assembly through the center pin provided lateral
adjustment of the track section on the pins. - Set screws
were used to clamp the two end sleeves on the pins at de-
sired lateral locations. Figure 51, an overall view of the

center track section, shows the construction.

Instrumentation to Determine

Stem Displacement

With respect to the reference axes chosen (Figure 33,

Chaptér V), the X and Y displacements of the ceﬁter of-

gravity and the cut end of a severed stem were read from a.a
grid board. A horizontal plane through the rotor shaft-
center line contained the top surface of the grid board.

It was approximately 3 ft. wide by 4 ft. long and was made
from a perforated, wood composition panel 1/4 inch thick.
The perforations were one inch on center. These holes were
used as guides in scribing the grid lines on the board, the
grid lines being 1/2 inch apart in.both the X and Y direct-
ions. The grid board was attached to the main frame of the
test stand through slotted hb]es. This attaching method
provided for adjusting the same base or "zero" reference
line to the simulated plant row center when the lateral

position of the row with respect to the ledger blade was
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changed as called for by the experimental plan. At the high-
er rotor speeds and feed rates, the severed stems were often
trajected past the original grid board. Consequently, a
sheet metal table "extension":was constructed to increase.
the area of the board. Figure- 52 illustrates the original-
grid-board and the extension-to it, also the vertical .grid
board used.

The-vertica} grid‘board, with a height of 24 inches and
a width of 6 inches, had graduations 2 inches apart.: The
grid lines were scribed and-filled in with:.white ink mixed
with a fluorescent powder.. A Graflex Inc. Graphic View II
camera with a Polaroid Land Model 500 4 x 5 inch film holder
back was. positioned to the front of the vertical grid board
as shown by Figure 53. The camera had a 135 mm-f/1.4 lens
whicthas fitted with a -Kodak 2B filter.. This filter would

pass only flueresced ultraviolet Tight; reflected u1tra-

violet 1ight was blocked. A Black Light Eastman Corp.

Model B-100 Spectroline long wave ultraviolet lamp with a
spot bulb and filter was used-to incite fluorescence of the.
2 inch spaced grids of the vertical grid board and of the
center~of'grav1ty and- Tower ends of the plant stems, these
areas of the stem having been coated previous to each test
with a slurry made from fluofeScent powder and-water. The
tests were run in a darkened room, and a time exposure of-
the stem trajectory made dn the film due to the fluorescence:
of - the slurry coated areas when'activated by the ultraviolet

1ight beam. The lamp used a high pressure mercury vapor



Figure 51. Overall View of Test Stand Show-
ing Construction of Center
Track Section

Figure 52. Front View of Rotor Drive System
and Horizontal and Vertical
Grid Boards for Determining
Stem Displacements
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bulb rated at 100 watts and operated on 115 volt, 60 cycle,

AC power. Figure 54 is a photograph of the equipment setup.
Apparatus for Plant Physical Property Tests:

A stem testing machine utilizing the cross feeds and
precise way alignment of a 16 -inch engine lathe was built
to determine the shear failure and cantilever bending load-
deflection curves of-the plant stems. The frame of ‘the
testing machine was made of.-aluminum to avoid marring the
lathe .ways on which it was aligned and clamped. The load
wa§ applied to the stems by means of a ram attached to the
compound rest cross slide of the lathe. Since the velocity
of the cross slide was constant regardless of the applied
1oad; def]éction measurement was determined by the cross
slide and recorder chart velocities. Suggs and Splinter
(39) measured deflection for load-deflection tests of to-
bacco plant stems in a similar manner. An axial load cell
was fabricated by machining a steel strap to a thin cross.
section and attaching two etched-foil, paper backed BLH
corp. strain gages. An identical part with two of the same
strain.gages attached served as a dummy gage assembly for:
temherature compensation. The four gages were wired in a-
4 leg resistance bridge circuit such that bending loads
on the load cell had cancelling effects, and only axial
loads were measured. This transducer circuit coupled to
a Sanborn Model 321 Carrier-Amplifier-Recorder produced the

load-deflection curves of interest.
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Figure 55 is a photograph of the testing machine, recorder,
and an oscilloscope with camera that provided for greater
resolution of the curves for smaller stems. It was found
that the oscilloscope. and camera were not needed for the
tests-of-this study, however. Figure 56 provides a sche-
matic diagram of-the testing machine..

The lathe had 3 spindle speeds and 48 lead screw feeds
such that 144 cross slide constant velocities were available
to drive the testing machine ram.. A computer program was
written to calculate and print out each of these available
velocities.

A wide range of loading rates have been employed by
other-investigators studying physical properties of plant.
stems.  McClelland and Spielrein (17) used a rate of 9.45
inches per-minute in applying bending loads to stems of al-
falfa, ryegrass; wheat, and oat plants. Prince (18) employ--
ed a Toading rate of.1.5 inches per -minute in bending al-
falfa, timothy, and oat stems.. Suggs and Splinter (39)
loaded tobacco stems in bending at a rate of 0.2 inches per
minute. Halyk and Hurlbut (40)'used a loading rate of.1
inch per-minute in bending and shear tests of-alfalfa stalks.
This -rate-was adopted for the tests "because it approximated
the ASTM standard breaking time for textile yarns."

The cross slide-velocity that came closest to a one
inch per minute 1oad1ng rate, that of 0.9694 inches per
minute, was selected for.use in the shear failure tests.

For the cantilever -bending tests, a-cross slide velocity of



Figure 54. Photograph of Equipment Used to Record Stem
Vertical Displacement

Figure 55. Stem Testing Machine and Load-De-
flection Curyve Recording
Instruments
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Figure 56. Schematic Drawing-of Stem-Testing Machine:

7.4419 inches -per minute was selected because its use, along
with the use of a 5 millimeter per second recorder chart
speed, gave a.convenient chart deflection scale: 1/4 inch
deflection per centimetén graduation on the chart.

To determine linear density and moisture content of-
the stems ‘tested, it was necessary to accurately cut-a

specified length from the stem for weighing, drying, ‘and

reweighing. This was accomplished by using-a 60 tooth saw, -

1 1/2 inches -in diameter-and 0.023 inch thick, manufactured

by~therthicago.Whee] Co. and driving it-at-10,000 rpm by a
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1/4 HP Dumore Inc. universal electric motor. The saw and
its drive assembly were included in-a test fixture which:
also had a stem holding clamp and locating collars to allow
sawing exactly one inch lengths from a plant stem. This
fixture was patterned after one designed by Bartoek and
Prince (41)! Figure 57 shows the stem specimen sawing
apparatus.

The one inch stem specimen were weighed on a Mettler
Model H6 -Analytical Balance and were dried in a controlled
temperature oven manufactured by Precision Scientific Co.

- The method used to determine:the average diameter of a
stem cross section was-to cut out-a disk of the stem about
1/8 inch thick near the section of interest using the stem
specimén sawing apparatus previously described. The bark
was -sanded from the disk and the pith removed from the cen-
tgr‘of the disk.  The disk shaped cross section then was
placed in the viewing field of a Wilder Optical Co. Model
AF(Micro Projector. The image projected on the viewing
screen was magnified by ten. Kodak Kodabromide F5 photo-
graphic;papér was exposed to the image (in a darkened
room) for three seconds. .The exposed photographic paper
was placed in a 1ight.tight box and taken to a film pro-
cessor for developing. Figure 58 shows three stem cross
sections with~16entifying.symbp1s in the viewing field of

the micro projector.



Figure 57. Saw and Fixture for Cutting One
Inch Lengths from Test Stems

Figure 58. Stem Cross Sections on Micro Pro-
jector Ready for Images To Be
Recorded on Photosensitive
Paper
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Auxiliary Equipment for High Speed

Motion Picture Studies.

A Fastax camera, Category I - WF 3 model, manufactured
by Revere-Wollensak Division of the 3M Company, comprised
the chief item of equipment. for the high speed motion pic-
ture fi]mihg; This camera used 100 foot rolls of 16-mm
film. A superior-Electric Co. Powerstat variable trans-
former, model 1168, pfovided‘the 1nput-vo1tage;to drive the
camera. Maximum output of the transformer was 140 volts
AC, which gave a maximum mean picture frequency:

(”Méan picture frequency refers to the picture fre-

quency at the midpoint of-the usable film strip, or

about-60 feet from the beginning of -the film." (42))
of about 4800 frameS»per second.. The camera was equipped
with two neon lamps for placing timing and event marks on
the outboard and inboard sides respectively of the film. A
model 3106A Wollensak Pulse Generator was used with the out-
board neon lamp to place a timing mark on the film each
.m111isecond.‘ Every tenth pulse from this unit had a duration
of 100 microseconds compared to 30 microsecond duration for
the other pulses. This feature resulted in-every tenth tim-
1ing mark on the film being wider in extent and assisted
greatly during micromotion analysis of the film. A circuit
including the rotor shaft position indicating proximity
switch and toothed'“tripbing“;whee1 wasvdesigned»to supp1y
the inboard neon lamp with a signal for each half revolu-

tion of the rotor shaft: These resulting marks on the film,
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in-conjunction with the timing marks, were.used to-check
“rotational speed of the cutter.

A switching circuit»waé devised to automatically turn
on the camera.at the proper time so that it was up to speed
by the time cutting of the plant stems began. A maintained
contact; single pole, double throw, snap action:switch with
a roller leaf actuator was- operated by a cam fixed to the:
carriage-to close the -contacts of a switching relay. The
heavy .duty contacts of the relay closed the circuit on the
secondary or output side of -the variable transformer to pro-
vide operating voltage to the camera. The snap action
switch operated by the carriage was clamped to the track and
thus could be positionéd at different distances from the
cutter rotor. With this arrangement, the start-up time for.
the camera could be held to desired values regardless of the
carriage-velocity - which changed with changes in rotor
speed and feed rate indices.

Two different lens assemblies were used in the Fastax
camera for the motion picture studies. To photograph the
cutting action, a 152 mm f/2.7 lens was the objective lens;
to photograph the severed stem trajectory, a 35 mm f/2.0.
lTens was the-objective lens..

The minimum subject to camera focal plane distance for
the 155'mm 1ens-1s about 72 inches. To obtain this distance
in filming the rotor cutting action, and still retain the
object-framing desired, a camera tripod mounting stand was.
built, For filming the severed stem tkajectory, a. back-
ground screen, constructed of tar paper (15 1b. weight

black fe]t'baper) was used as recommended by Hyzer (43).
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A flat mirror, set at a 45 degree angle with the plant row
center line was included in the field of view of the camera
lTens when filming the stem trajectories. This provided a

view of the motion of the stems transverse to the row center

Tine which otherwise would not have.appeared, since the lens
axis was perpendicular to the row center line. The mirror
was not mounted in line with the camera lens axis, however;
so that the view was not a true one - distances appeared
foreshortened.

Two Wollensak WF 323 high intensity incadescent lamps,
made especially for high speed motion picture filming, pro-
vided the principle lighting source for taking the motion
pictures. Additional No. 2 Superflood EBV incadescent
lamps were used to increase the available 1light; but fheir
effect was minimal, especially in. the trajectory filming
sequences, where there was a severe need for additional
illumination..

Figure 59 shows a schematic diagram of the equipment
setup for the high speed movie filming. Figure 60 is a
photograph of the setup for filming the cutting action;
Figure 61 is a view. from the camera position of therakrange-

ment for filming the stem trajectories.
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Figure 60. Camera Location and Equipment
Arrangement for Taking the
Cutting Action Films

Figure 61. Equipment Arrangement for Stem
Trajectory Filming as Seen
from Camera Location



CHAPTER VIII
EXPERIMENTAL PROCEDURE

For this - investigation, experimental procedures relate to
calibration of the equipment, to data taking, and to reduc-

tion of the raw data to a form suitable for analysis.
Ca]ibrationAof Equipment

Speed of the cutter rotor and of the carriage propelling
chain.drive sprocket were adjusted to desired.levels by use
of a General Radio Co. type.1531-A "Strobotac" electronic
stroboscope. - Before each check.of épeed adjustment, the
stroboscope was calibrated to line frequency.at the high and
low dial-settings recommended.by thé:manufatturer. :The;ac-
curacy of fhe instrument. is.supposed to.be.+1% of the dial
reading after calibration.. Consequent]y,.the.rotor;and
carriage velocities are believed to have been maintained at-
least within +2% of nominal values.

The velocity of the carriage resulting. from accelera-
tion by thé-consfaht force spring assembly was synchronized
to the velocity of the carriage propelling chain by a pre-
liminary series of-trials. A computer program was-written
to ca]cu]afe’the.theoretical;ve]ocity-of the carriage at the-

end of the acceleration action by the 48, 80, and 128 1bf
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spring combinations for one inch. increments of spring de-
flection up to 42 inches total deflection. The work-energy
method of analysis was used in making the calculations. By
accurately weighing component parts of the carriage and.
typical plant.stems, the mass of the carriage with stems in
place was estimated to be 25“1bsm,; This value was used in
the calculations. The print out of the computations pro-
vided initial settings fo}.tria1. The carriage velocity
monitoring instrumentation, described in Chapter VII, was
used to check the carriage velocity just before it engaged
the propelling chain for the constant velocity portion of.
its travel. Adjustments were made in the spring deflection
distance until the velocity of.the carriage at the end of
its accelerating period just matched the propelling chain
velocity specified in the experimental plan.. The required
spring deflection distances were.marked along the-top
surface of -the side guide.angle of the track assembly to
complete the calibration. An index mark on the carriage
was brought in alignment with the correct calibration mark
for a given carriage velocity by means of the loading
winch.. When released at-this position, the accelerating
dolly attached to the constant force springs acted on the
carriage to bring it-up to the chain velocity. Engagement
of the carriage pawls with the propelling chain rollers was
a very smooth action, as a result.

For a given velocity, the lowest spring force (and,

conversely, the longest deflection-distance) that could:
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accelerate.the carriage up to speed.-within the total accel-
erating distance provided was selected for use. This kept
the magnitude of the acceleration at a -minimum to avoid in-
ducing motion of the plant stems mounted in the carriage:
blocks. The highest carriage velocity used in the tests,
26.25 ft. per sec. for a feed rate of 5.25 inches per
revolution at 3600 rpm rotor;spéed,“was attained in an
accelerating distance of just under 3 1/2 ft. by use of

the 128 pound spring combination. The resulting acceleration

2'onr*-justlove\r‘ 3

magnitude was approximately 100 ft./sec.
g's. This acceleration induced no vibratory motion of the-
plant stems, judging from the high speed motibn-picture(
films showing the stems.as they approached the cutting

zone. -

A summary of the various.rotor.and carriage velocities.
used in-the experiment and.of.the spring size-deflection:
combinations required to.accelerate the carriage to pro-
pelling chain velocity are-recorded in tabular from in
Appendix B.

To calibrate-the recorder and oscilloscope response de-
flections to torque pickup.output, a staticfor;"dead weight"
calibration procedure was adopted. A balanced, symmetric
lever was constructed to attach to the rotor drive shaft.

The lever was designed with a support beam for mounting
standard slotted kilogram weights, like those used in soils
testing laboratories, at a-distance of 2.835 inches from the:

shaft center. See Figure 62. - A one kilogram weight mounted
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on the support- beam, such that its center of mass was 2.835
inches from the rotor shaft_center, would apply a torque of
6.25 1’n-1bf to the rotor'shéft, and a torque of 25-1'n-1bf
to the countershaft containing the torque pickup. The mass
of each kilogram calibration weight used was checked on an
éna]ytica] balance. Where necessary, corrections were made
by the addition of sma]l\standard metric weight clips to the
symmetric lever arm when using the weight disk of incorrect
mass.

Two and four kilogram weight .combinations, giving tor-
ques of 50 and- 100 1’n—1bf on the torque pickup shaft, were-
used in the calibration procédure which was as follows:

1. Warm up and balance the recorder and oscilloscope.

2. Clamp the flywheel of the rotor drive-system so
that the symmetrical lever with the kilogram
weights attached is horiZonta]]y level.

3. Set the gain on the recorder and the oscilloscope-
such that a torque of 50 in-1b, (2 kilograms on |
lever inducing a torque of,12.5'in—1bf,on,the
rotor shaft) applied to the torque,pickup gives
full scale deflection (25mm on recorder; 50mm on
oscilloscope) at the X1 position of the recorder
attenuator.

4. Check the gain adjustment of step 3 by loading the
torque pickup with a torque of-100 1'n—1bf (4 kilo-
grams on lever to induce-a torque of 25 1#-1bf,on

the rotor shaft). Exactly full scale deflection-
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of the recorder writing arm should result with the
recorder attenuator set at the X2 position.

The plant stem physical property testing machine was
calibrated in a similar way using static loads. Weights
were constructed to give-loads of precisely 1, 5, and
25 1be on the load cell of the machine. The recorder gain
was.set such that at the X1 attenuator-position, a 1 1b.
load gave a writing arm deflection of 2 millimeters.:

Figure:63 shows the. equipment arrangement for cali-
brating the carrier-amplifier-recorder and the oscilloscope.
used to record the cutting torque. The flywheel stop is
attached. The symmetric.lever arm.is attached to the rotor
shaft, and one of ‘a pair of ki]dgram weights to be used is
mounted on the support beam of the symmetric lever. Figure
64 shows the equipment arrangement for calibrating the stem
testing machine. In the photograph the force applied to
the load-cell by the hahging.weight is one pound. |

Figures 65 and 66 present typiqa] recorder oscillograph
chart ¢a11bration records. The initial calibration of the
recorder and oscilloscope used for cutting torque measure-
ments was rechecked midway through the experimental test
series and-after tests were completed. No change was ob-
served. The calibration of the stem testing machine instru-
mentation was rechecked several times during the course of

running tests and found to be accurate.



Figure 63. Torque Pickup Calibration
Equipment

Figure 64. Stem Testing Machine Calibration
Equipment
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Figure 65. Oscillograph Record of Torque Pickup
Calibration

Figure 66. Oscillograph
Record of
Stem Testing
Machine
Calibration
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Data Taking Procedure

The method of obtaining data for an experimental anal-
ysis of the helical cutter may be explained by-considering
the step by step procedure followed in conducting one trial
of the main experimental plan. The plant stems were sorted
according to nominal diameter and roughly according to height
of the center of gravity within the diameter classifications
as previously explained (Chapter VI). The stems within a
classification were paired and randomly assigned to experi-
mental trials. The trial numbers then were marked on the
stems. After this pre]iminary assignment of experimental
material, the procedure was to:

1. Check the moisture chamber nozzle to be certain

a uniform mist of 180°F water was being sprayed
and adjust if necessary. Place four numbered
pairs of plant stems (and enough additional stems
for a rerun of each size classification if re-
guired) in the holding racks under the nozzle.
Leave for the time period specified by the experi-
mental plan.  (Note that enough plants for four
trials were usually conditioned at the same time).

2. Install rotor assembly with the rotor angle index

called for by the experimental plan. Adjust the
ledger orientation to the level specified by the-
plan. Measure and record the clearance between
the rotor and ledger blades at each end and at

the center of the ledger blade. Color the edge
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and top of one rotor blade with-a red grease.

pencil; color the opposite blade with a green grease.
pencil such that the sector doing the cutting could
be identified by the color transferred to the

severed stem.at the cut section.

. Adjust the carriage track vertical height-and

lateral position to obtain the cutting height;and
1ater3positionrindi;es>ca11ed for by the experi-
mental plan.

Adjust the friction. clamp of the toothed wheel
that trips the rotor shaft ahgu]ar.displacement
monitoring proximity switch so that.the switch
trips Jjust as the rotor blade leaves the ledger
tube protective shroud -at the lateral:position:
where the plant stem would be engaged. This
caused a blip in the.shaft displacement trace on.
the recorder chart and oscilloscope screen at the
earliest t{me cutting cou]d commence.. .

Adjust the lateral position of the. horizontal grid-
board until the base line coincided with the plant
row center line..

Install correct stem holding blocks for the size
stem to be tested on the stem physical property.
tesfing machine.

After the allotted time in the moisture chamber,
remove the stems and let them drain thirty minutes

at -ambient humidity and temperature. After thirty
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minutes, place all but.the pair 'of stems to be-
tested in a walk-in cooler with inside temperature
controlled to 40°F. +10°F.

Start the Graham variable speed drive and adjust.
its speed to provide the carriage propelling chain
velocity called for by the experimental plan.
Check the velocity by measuring the rotational
speed of the chain drive.sprocket with the
stroboscope.

Start the rotor.drive motor and set the speed

controller dial to the predetermined value that

~gave the required rotor. speed. Let the fluctua-

tions due to the feedback control circuit over-
shooting smooth out then make. final.adjustment of
the speed controller, checking rotor speed with
the stroboscope.

Mark the required.center of gravity.height location
on-the stem to be cut. Check the location of the
actual center of gravity on the_.horizontal pin
fixture and.adjust.it to the required.position by
breaking off small bits of-the top.of the plant.
Clamp the stem.in.the.plant holding-block of the
carriage with its base end-flush with the bottom of
the Tower wooden holding block. Coat stem center
of -gravity and about 3 to 4 inches of the lower

portion of the stem with a fluorescent slurry.
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12.

13.

14

15.

16.

17.
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Count the number of intact seed pods on the stem
and - record. |

Check operational readiness of recorder and-oscil-
loscope. Set adjustments on oscilloscope camera.
Set triggering switch on-oscilloscope.

Turn on-ultraviolet lamp and adjust the beam to the
expected position of the severed stem trajectory.
Extend carriage accelerating spring assembly to the
required distance by the-winch and Tock in place.
Load polaroid film holder of graphic view camera
used to record vertical displacement of the severed
stem. Check camera adjustments and set shutter

for operation.

Have one-man operate the oscilloscope camera and
recorder chart drive.. Have a second man operate
the camera photographing the stem trajectory. Have
a third man release the carriage when all is ready
and the room lights are turned off.by a remote
switch. Run test:through synchronized efforts of
these men.

Develop polaroid film of oscilloscope trace during
cutting. Develop polaroid film of stem trajectory.
Coat prints.and store.

Note horizontal coordinates of the severed stem
center of gravity and cut end on the grid board

and record.
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19.

20.

21.

22,
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Examine severed stem cut end and the cut end of the
stubble for indications ofithe type of cut'and re-
cord-observations. From measurements on stubble
and on the severed stem relative to the center of
gravity, determine the actual height of cut above
the base (base being the top of the carriége upper
stem holding wooden block) and record.

Check severed stem on.horizontal pin fixture to
determine shift of center of gravity resulting from
the Tower end of the stem being cut off and record
the shift. Note the number of seed pods intact

and record.

Adjust the position-of stem clamping block of the
stem physica] property testing machine to load the.
test . stem in cantilever bending at the same height
above the base-as . its "twin" stem was cut. Run the
cantilever bending test and obtain a load-deflection
curve on the recorder chart.

Adjust the stem testing machine for a transverse:
shear test at the same cross section where the can-
tilever bending load was applied.  Run the shear
failure test.

Cut one inch lengths from both the cut stem and the
physical property test stem at a point adjacent to
the cut section and shear failure section, re-

spectively. Identify these one inch stem lengths,
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weigh them on-a'Mett]ermana]ytic‘ba]ance, and place

them in an oven to dry 24 hours-at 180°F.

23. At a point on the physical property test stem adja-

ceht to the shear failure section but on the side
opposite that from which the one inch Tength was
cut, saw out a 1/8 inch thick disk, identify it,
and place it in a container to later record an
enlarged image of its cross section on photosens-
tive paper for average diameter analysis.

24. Remove one inch stem test lengths from oven after
24 -hours, reweigh them and record data for moisture
content and linear density determination.

For each experimental trial, the same-24 steps was re-
peated, except.that for some of the tests; the stems had
been stored-in the walk-in.cooler after a "batch". treatment
in the moisture chamber, as noted in step 1.

Procedure for the cutting effectiveness tests with the
square edge blade was ‘basically the same as for. the main
experimental series. Photographs of the stem trajectory
were.-not taken, and photographs of the torque-angular shaft
"displacement traces during cutting were taken for only two
or three runs, randomly.selected from the ten runs in each
test series. :

For the high speed motion picture sequences, position-
ing of the motion picture camera and camera operating and
light adjustments, camera switching set up, film loading,

etc. took the place of operating the still camera to.
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record stem trajectory in the main test series. Degree of-
illumination of -the subject was measured with a Wollensak
WF-327 exposure meter and camera lens diaphram opening set
to suit the light available at the operating speed de-
sired. Also nine'plants were cut in each run. These were.
mounted in the carriage clamping blocks and numbered with a
marking pen according to order of cut:. Otherwise the pro-
cedure again was basically the same as with the main ex-
perimental test series.

To record the test data in an orderly form, three data
sheets were designed and used: .one for the cutting effect-
iveness tests, one for the main test sequence, and one for
the physical property tests. Typical completed data sheets

are shown in Appendix B.
Data.Reduction

To reduce the raw data.of the main test series to a
form suitable for further.analysis, graphical.procedures
were followed. On:the polaroid print of:the:torque-angular
displacement traces, the line of no-load.torque. was estab-
lished. The net positive area under the torque trace re-
sulting from cutting a stem was then determined. A Kueffel
and Esser Co. -No. 4236 compensating polar planimeter was
used to calculate the area under the curve. From five to
ten determinations of the area were obtained by one operator
and the results averaged for the final area figure. A

second operator then made five additional determinations and
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~averaged them to check the results.of.the first operator.

If a discrepancy in the results appearéd, the area determin-
ation was: redone. Next the vertical and horizontal scales
of the photographic trace were established. The Hewlett
Packard -Model 197 oscilloscope camera. had a‘'specified ob-
ject-to-image ratio adjustment range.of 1:1 to 1:0.7.
Through careful adjustment before the test sequence was:-
commenced, it was thought that the ratio was set-at -1:1.:
However, repeated measurements revealed that the distance
between consecutive centimeters graduation-lines of the-
photograph was actually 1.04 centimeters. Thus a

correction factor was introduced to compensate for the
difference.- The horizontal scale on-the photograph. (angular
displacement scale) was determined by measuring. the dis-.
tance between the trace blips for either four or eight
complete revolutions. of -the rotor shaft.. This amounted to-
either one or two complete revolutions of.the.toothed

wheel that actuated:the proximity switch.to:produce the
trace blips. Thus the same. tooth actuated:both.blips
between which the distance measurement extended, and-there-
fore the effect of any machining inaccuracies.in the toothed
wheel ‘was eliminated. It -was thought unacceptable to use
the oscilloscope-nominal sweep rate setting to determine the

horizontal scale; for such a procedure resulted -in the cal-

culated rotor speed being higher than what actually was run.

The sweep rate accuracy of the oscilloscope is specified as
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+3%. This wide accuracy tolerance band could account for.
the discrepancy.

Once the -net area under-the torque curve and the.hori—
zontal and vertical scales were determined, calculation of
cutting torque per stem cut was a straight forward'operationf
Results were recorded on the data sheets. See the sample
data sheet -in - Appendix B. - A similar procedure was followed
in analyzing data from the stem physical property tests - to
determine bending and shear energy input.

To ascertain the positive veetica] displacement of the
center of gravity and cut end of the trajected stem, measure-
ments were made on the polaroid:print of the trajectory.
Since the graduation lines of-the horizontal.and vertical
grid boards are clearly visible in.the photographs, the
sca1e~of¢measurement.was.feadi]y found; If.the.trajectory-
went outside the limits of-the photograph,.an estimate of
the vertical displacements was made based on that portion
of the trajectory shown on the photograph..: .

When the Tower end of.the plant-was:cut-off in severing
the stem from the stubble, the center of:gravity of the sev-
ered stem shifted toward.the top of the stem. from the posi-
tion previously marked:. .The change varied from one fo four
inches, averaging about 2 5/16 inch. The data for center of-
gravity displacements refer to the marked center of gravity
of the stem, determined before it was clamped in the carriage.

holding block.
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The high speed motion picture films were analyzed ac-
cording to thé procedure outlined. by Hyzer (44). First the
’films_were repeatedly.viewed with use of a 16mm-motion pic-
ture projector. . Then a frame by frame study of the films.
was made on a microfilm reader. ‘Typicalﬂcutting sequences
were noted, and the film strip -was marked at the beginning
of these.' The film was stretched out on a long tab]e top,
and-the'distance to successive timing marks from the zero
or reference frame timing mark was measured and recorded.
These timing mark-distance data pairs were analyzed through
use of a least squares polynomial curve fitting computer
program. A second degree polynomial gave the response of
elapsed time as a function of frame number.with a correla-
tion coefficient, r, of 0.99999+ for.every film sequence
analyzed.

A Vanguard Motion. Analyzer was used to.measure in
successive frames the«coordinateSTOf'points;on.a‘p]ant stem
relative to a fixed reference.point in the.field of view
recorded on the film. These. measurements.provided data- for
a-plot of displacement of. the point on a plant stem under-
going ﬁutting as a function of elapsed time or film frame
number. Using the elapsed time versus frame number rela-
tionship previously determined, data for plots of velocity
and acceleration of the point during cutting versus elapsed
time were calculated. Digital computer programs were

written to carry out the calculations.
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If a-“micromotionf.ana]ysis like the one roughly out-
lined above is to provide accurate infermation, a point of
high contrast must be selected to be followed in a frame by
frame -determination of displacement.  Unfortunately, no
such points of high contrast existed on the plant stems. As
a consequence, the plots of displacement and, especially, of
velocity and acceleration of-a point on the stem undergoing

cutting or trajection turned out to be erratic.



CHAPTER IX
PRESENTATION AND ANALYSIS OF DATA
Cutting Effectiveness Tests

As outlined in the experimental plan (Chapter VI), the
CED, PD, and PS test series were to provide data- for cutting

effectiveness analysis.
Classification of Severing Actions

Data collected in the three test series are tabulated
in Appendix C-1I. hy close observation of the severed ends
of the stems and-of-the stubble from which the stems were
separated, six types of cutting action were detected. The
most desirable severing action was-a clean, angled cut.
When the stem was completely severed but by a torn, ragged
cut, the action was judged effective but less desirable.
Another type of cut that effectively severed the stem at the
point of blade contact produced ends that resembled those
of a twig that is cut part way through with a pocket knife
then broken at this weakened section by bending. This
action was defined as a partial cut and break at the knife
contact point. Figures 67 and 68 show typical cut ends of
stems severed in the main, screening of parameter, test

series. The cuts shown in Figure 67 were made with square

177
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26° ROTOR
-5°LEDGER

Figure 67. Typical Cut Ends of Stems Sever-
ed in the Dull Blade Test
Series

Figure 68. Typical Cut Ends of Stems Severed
in the Sharp Blade Test Series
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edge-b1ades on-the rotor. Note the torn, ragged cuts pro-
duced by the 56 degree rotor. Sharp blades made .the cuts
pictured in Figure 68.

Noneffective severing actions included those that re-
sulted in the.stem breaking at the base rather than at the
blade contact point..vfhere were a few instance in which the
stem slipped under the rotor without being cut. This action
resulted when the stem partially broke at the base when con-
tacted by the rofor~b1ade, then deflected backward and down
to pass under the rotor without being severed.

Figure.69 summarizes the severing actions noted to have.
acted on the stems of the CED, PD;, and PS test series re-
corded in Appendix C-I. Conside}ation of these results
brings the following observations:

1. The 26 degree rotor was more effective than the

56 degree rotor in cutting plant stems with use
of a square edge blade.

2. Moisture content of the stems had a decided effect:
on the type of severing action obtained when using
square -edge blades.

3. Rotor speed and feed rate appear to have had some
effect on the cutting action of the square edge
blades.

4.,  Overall, the sharp blade was more effective than
the square edge b1ade;1n producing desirable

cutting actions, and there was less difference in
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NONEFFECTIVE EFFECTIVE
SEVERING SEVERING
ACTION ACTION

CED 1 26°, 1800 R, 176 /R, O MR, ll_ll,m GO % EFFECTIVE

CED 2 26" , 1800 RPM , 5.25 IN/ReEY, O HR. 0%

CED B 26°, 3600 RPM, |.15 IN/REY, O HR.

CED 4 26'., 5600 RPM 4 B.25 IN/REV4 0 HR.

CED § 56°, 1800 RPMy 118 WN/REV, OHR — [[|II]]]

CED & 56° ., 1800 RAM , 526 IN/REV, O HR —— i

CED 1 56* o, 3600 RPM, |75 IN/REV, OHR ——

CED &  B6°., 3600 RPM, B.25 IN/REY, OHR

cED 9 56" , 3600 RPM, 826 /RS, 8 W

CED W0 56° . 3600 RPM 5 1,16 JWW] 8 HR

CED I} 5G° . 1800 RPM, 525 IW/REV)85HR

CED 12 55" 4 1800 RPM; 1,76 IN/REV,BEHR ]

CED 18 26° , 1800 RPM, |78 IN/RBV, AHR HE)

CED W 2G%, 1800 RPM , 5.25 IN/REV, 9HR :

CER 5 26", 85600 RPM, 5.25 IN/REV, GHR

Cep 16 26°, 3¢00 RPM, 115 IN/ReV, 9 HR

PD 1§12 26° 1800 RPW, 115 IN/REV, 2HR
PO 2 41l . 26°, BGDO RPM, 115 IN/REV, ZHR

PD 2410 26°, 3600 RPM, 5,25 IN/REV, ZHR i

PD 447 5G°, 1800 RPM, 115 IN/REY, ZHR i

PD 5648 §6°, 3G0o RPM, (A6 VRSV, ZRR , I &
PO GYO 56°, 3600 RPM, 525 W/REV,ZHR W 255

PS L4LL  26° 180CORPM, 116 IN/REV, 2 HR -
PS 2§10 26°, 1800 RPM, 115 W/Rev ,082 HR
PS 3¢9 2¢°, 3600 RPM, 526 INRev,0421R
P8 4§88 5", 3600 RPM, 5.25 W/REV ,ZHE
Ps 5812 56°, 1800 RPM, 1,15 |W/RevV, ZHR
PS G§ 7 4&° 3600 RPM, 3.06 I/ RV, ZHR

ORI O P P SR TN e N T SR Y L I Y W 0 T |

-100 ~50 -6 0 1020 0 100
PERCENT
LEGEND
B c e ot E====] emTiAL CuT ¢ BREAK AT BaSE
VI T8RN, RAGGED CUT (D ereak At sase
EXTEEEC00R] PARTIAL CUT 8 BREAK AT KNIFE CONTACT POINT [[] suipPeo unper BLADE

Figure 69. Summary of Cutting Effectiveness Test Results



181

the action of the 26 and 56 degree rotors when

sharp blades were used.
Variation in- Actual Cutting Height.

Since stubble length is bne criteria used in judging
cutting devices, note-the variation in actual cutting height
obtained for the nominal height-setting of 1 -3/4 inches used
for most.of the -trials -in-the CED, PD, and PS test series.
The mean cutting height, standard error of the mean, maximum
and minimum values, and the ranée is recorded for each test
series in- the- tab1es of Appendix C-1I.

The - cutt1ng height data from the CED test series 1s
biased by the large number of stems‘wh1ch broke at the base.
When- a stem‘broké at the basé on. contact with the rotor
blade, the cutting height-was taken as the point the blade
contacted the stem. Had the stem beéen deflected to the fix-
ed ledger bTade»and cut, however,‘the cutting height might-
we11~have;been_different from the initial point of -rotor
b]adehconfact.; Comparison-of-actual cutting height mean
values therefbre‘Wi]] bé_1imited to résﬁ1t5>f0r the PD and PS
test«series: Figure 70 illustrates the manner in which the

cutting height was de¥$ﬁed and measured.
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Severed Stem

]_
—Cutting Height

)

Base or Ground Line SN A

4

Figure 70. Cutting Height Definition

Consideration of the cutting height data for the PD
and PS test series-leads to these inferences: |

1. With a nominal cutting height setting of 1-3/4
inches and with use of square edge blades, mean cutting
height for the 26 degree rotor varied form 2.50 to 2.75
inches.. Standard error of the mean varied from 0.05 to 0.71
inches. Meanjcutting height for -the 56 degree rotor under
the same«conditions varied from 2.65 to-3.00 inches with a
standard error-of the mean of from 0.07 to 0.21 inches.
Thus- the mean cutting height is significantly lower for the
26 degree rotor with the use of square edge blades.

2.‘ wheﬁ;igggg_b1ades were used with.a nominal cutting
height of 1-3/4 inches, mean cutting height for the 26 de-
gree rotor varied from 2.16 to 2.40 inches. Standard error.
of the mean varied from 0.05 to 0.12 inches. For the 56

degree rotor, the mean cutting height varied from 2.18 to
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to 2.25 inches, with a standard error of the mean of 0.07 to
0.12 inches. Thus no significant difference in mean cutting
height was indicated for the two rotors when sharp blades
were used.

3. For both the 26 degree and 56 degree rotors, mean.
cutting height was significantly lower with-use of sharp

blades.

Trajection of Severed Stems -

Figure 71 summarizes the range of center of gravity:
and cut end displacements for the stems severed in.the CED
test series.

A desirable displacement pattern . is one with positive
X displacement l1imits, a mean c¢.g. X displacement of large
magnitude, a mean c.g. Y displacement of low magnitude, and
with an area.enclosed by the range of.c.g. X displacements
and-c.g. Y displacements of low magnitude.. Positive X dis-.
pTacement values indicate travel of the severed stem onto
the catching platform of a harvesting machine.  Negative X
displacement-values indicate the stem being trajected in the-
direction of machine travel at a ve]bcity exceeding that of
the machine. Thus the stem would not-fall .on the catching
platform.: Minimum Y displacement values lessen the possi-
bility of plants cut by adjacent sections-of-the cutter
rotor colliding and;beEoming.entangled while in the trajec-
tion path. A small area enclosed by the range of X and Y

displacements Tﬁdiqates a predictable path of trajectory,
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one without-excessive variations.. _

From examination:of -the displacement patterns of Figure
71, in light-of -the above*criteria, it may be conéTuded
that: |

1. In general, the 26 degree . rotor trajects theisev-“
ered stems in a more desirable manner than the,56-deg;ée;
rotor with the use of square edge blades - especially when-
stems are in the "as dried" condition.

2. Any stem-that breaks at the base before being
completely severed by the rotor blade:plays havoc with the
displacement pattern. The stem may be thrown a great dis-
tance in the positive X direction, the negative X direction,
or straight up. The dashed linegs for trial CED-14 repre-
sent the extension of the displacement range resulting from
one-stem breaking at the base.

3. High rotor speeds and feed rates insure positive X
displacements of-the severed:stems but-also increase-the
variability of.the displacement pattern. The maximum feed
rate of 5:25.inches per-revolution at-the 3600 rpm rotor
speed-resulted-in displacements far exceeding the range of
the grid board made to measure them.

Figure 72 .shows the displacement patterns.of -the PD and
PS test series. The superiority of the sharp blade patterns.

over the dull blade-ones;is-¢1ear1y evident.
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Conclusions Regarding Independent

Variable Ranges

The cutting effectiveness tests indieated that two
changes would be necessary in the proposed Timits for the
lTevels of the independent variables considered.

Excessive breaking of stems at the base before being
cut resulted when severing stems in the "as dried" condition
(0 hours in the conditioning chamber) with the square edge
blades. Moisture content of the as dried-stems ranged from =
7 to 12 percent, dry basis. This is below the range expec-
ted for stems to he harvested in the field. Accordingly,
the lower limit of the "time in chamber" independent vari-
able was increased from O hours to 2 Hours° The 2 hour
treatment provided a stem moisture content in the neighbor-
hood of 20 to 25 percent (dry basis).

The upper limit of the feed rate index was decreased

2 (5.25 inches per revolution), to 20 x 1Of2,

from 24 x 107
(4.38 inches per revolution). This change was made to bring
the X displacement values within convenient range of the

measuring grid board.
High Speed Motion Picture Studies

The films of the cutting action and stem trajectory
show clearly the cutting mechanism and motion characteris-
tics resulting with the dull and sharp rotor blades. Ex-
amples of the detailed graphic information provided by a

sequence of frames from the high speed films are shown by
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Figures 73 and 74. Composite overlay drawings of such se-
quence of film frames provide a basis for analyzing the cut-

tind action and resulting stem trajectory.

Cutting MeChanism - Square Edge

B1ades, Low Speed Level

The films of trials PD-1 and PD-4 reveal the cutting
action of square edge blades at the Tow level of rotor speed
(1800 rpm). For these trials, nominal cutting height was
1 3/4 inches, and the lateral position of the row center
line relative to the ledger blade bottom corner was 1 1/8
inches.

Figure 75 shows typical cutting actions of trial PD-1,
which involved the 26 degree rotor. Five stems were cut in
this trial. The oscillograph cutting torque trace for the
five stems is shown at left center of the jllustration. The
more accurate oscilloscope trace of instantaneous cutting
torque for stems 1 and 2 is at right center of the figure.
The cutting action for stems 1,3, and 4 was the same. Stems
2 qnd 5 were cut alike but in a different manner from the
others.

Part 1-A of the illustration presents a detailed analy-
sis of the way in which stem 1 was cut.‘ The square blade
edge of one sector of the 26 degree rotor contacted the stem
at frame 0. Frame 5 shows the stem position 2.79 millisec-
onds later. As can be seen, the stem has slid along the

rotor blade edge while being deflected sharply toward the
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Figure 73.

Cutting of Stem by 26 Degree Rotor with Square Edge Blade, 3600 RPM.
Numerals Are Frame Numbers (MPF: 4800 Frames/Sec.) Trial PD 3,
Stem No. 3
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Figure 74,

;

Trajection of Stem by 26 Degree Rotor with Sharp Blade, 1800 RPM. Numerals
Are Frame Numbers (MPF: 1800 Frames/Sec.) Trial PS 10, Stem No. 1
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Cutting Mechanism With Square Edge Blades on the 26 Degree Rotor at 1800 RPM
and With a Feed Rate of 1 3/4 in./rev. (Stems 1 and 2, Trial PD 1)
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ledger blade. The stem is stressed in bending; the lower
position of it undergoing severe deflection while the entire
upper portion of it is accelerated to the left to relieve
the bending load. In frame 15, 8.36 msec. after the stem
was contacted by the blade, it is being severed by two ele-
ment shearing between’the rotor and ledger blades. The led-
ger blade has penetrated nearly through the stem. Framé 23,
taken 12.82 msec. after the stem was contacted, shows the.
clean cut completed and the severed stem translating in the
X and Y directions. Notice the pronounced Y component of
translation. Also note that there was no contact of the

- severed stem with the rotor sector once the severing action
was completed. Any impulse that affected the stem trajec-
tory was imparted previous td and during the cutting.

The oscilloscope trace of instantaneous torque applied to
the rotor shaft during the cutting of-stem 1 indicates a
peak cutting torque of 23.]bf-in, -Energy input to sever the
stem was calculated to be 23.3 1n-]bf.

One of the effects of the low feed rate (1 3/4 in. per
rev.) used in trial PD-1 is shown by part 1-B of Figure 75.
Frame 33, taken 18.39 msec. after the stem was first con-
tacted, shows:that the rotor sector opposite to the one
which cut the stem has engaged the stubble and is cutting it
in two element shearing in conjunction with the ledger blade.
Frame 38, exposed 21.17 gpsec. after frame 0, shows the com-
pleted second cut of the stubble. This action very closely

resembles that predicted for low feed rates by the kinematic
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analysis of Chapter IV. See Figure 26 in Chapter IV. The
instantaneous torque trace reveals that a peak torque of
about 18 ]bf-in, was developed in second cutting of the
stubble; energy input was calculated to be 14.6 ino-lbf,
mofe thanvha]f that required to sever the stem. Total en-
ergy expenditure for stem 1 was therefore 37.9 inaulbfo
Whereas stem 1 was contacted by a point on the rotor
blade in the‘]ower part of its cutting zone, stem 2 was con-
tacted by a ﬁoint about to leave its cutting zone (Refer to
Figure 25, Chapter 1V, for a graphic illustration of the
cutting zone). The result is an impulsive deflection of the
stem as shown by 2-A of Figure /5. The upper pbrtion of the
stem is moved in a clockwise direction; the lower part, in
the immediate vicinity of the point of blade contact, is
moved to a lesser extent in a counterclockwise direction.
In 2-B of Figure 75, it is seen that stem 2 is severed by
the rotor sector opposite to the one that first engaged it.
Frame 46, taken 17.92 msec. after reference frame 0, shows
the beginning of the cutting action. Frame 56, exposed
21.84 msec. after reference frame 0, depicts the stem about
severed between the ledger and rotor blades. The cut was
through a:naode of the stem and required a peak applied tor-
que of 42 1bc-in., almost double that required for stem 1.
The cutting action was not complete, however. A small tag
of fibers still connects with the stubble in frame 86, ex-

posed 33.64 msec. after frame 0, as shown by 2-C of Figure

75. This view emphasizes that critical clearance adjustment i
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must be maintained between rotor and ledger blades for clean
cutting with a square edge rotor blade. As was the case
with stem 1, the stubble of stem 2 is second cut, in this
instance by the rotdr sector that first contacted it. This
action is shown in 2-D, frame 101, exposed 39.57 msec. after
reference frame 0.

Thebinitia] deflection of the stem by the rotor con-.
sumed very Tlittle energy as the small instantaneous torque
trace area confirms. Input energy to initially deflect,
then cut the stem through a node was 57.9 1n,-]bf. This
value does not include the energy expended in second cut-
ting the stubble.

Films of trial PD-4 show the stem severing action of
the 56 degree rotor fitted with square edge blades and under
the same conditions defined for the 26 degree rotor shown in
Figure 75. The severing action was similar to that just

described for stems 1 and 2 for trial PD-1. The 56 -degree

P

rotor had a strong tendency to deflect the stems violently
in the négativevx direction one, two, or three times before
finally bringing them against the ledger blade to be cut.
The two element shearing action took place on the upper por-
tion of the ledger blade edge; and in several 1ns£ances, the
rotor blade appeared to finally pull the last connecting
stem fibers in two through tensile stress. The first stem
of trial PD-4 partially broke at the base when contacted by
the 56 degree rotor blade, then bent rearward, and passed

under the rotor shaft without being cut. The remaining five
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stems of the trial were completely severed, but with peak
torque levels of from 35 to 65 ]bf-inav Three of the five
cuts required peak torque inputs in.excess of 42.5 ]bf-in.
This is not surprising, since the large X and Z force com-
ponents evidenced by the cutting action of the 56 degree
rotor are predictable by equations (4-2) and (4-3) of Chap-
ter IV for large values of knife angle, a.

Point A on stem 1 of trial PD 1, shown in 1-A of Fig-
ure 75, was subjected to a micromotion analysis using a Van-
guard Motion Analyzer. The displacement of the point in the
X and Y-directions relative to its initial position in frame
0 are plotted in Figure 76. The instantaneous X and Y
velocities of point A, calculated from the displacement and
elapsed time-frame data for the film sequence is also plot- ..
ted. Instantaneous acceleration of the point in the two or-
thogonal directi@ns was calculated, in addition, but was not
plotted because 6f the somewhat erratic nature of the data-
explained in Chapter VIII. The Y veTocity component of
point A was known to be zero before the stem was contacted

by the rotor blade. Therefore the kinematic relation:

] / 2 . -
Yy = 7(Ay)avgo t (9-1)
where
Y = displacement in Y direction
(Ay)avg.= average acceleration from rest in the

Y direction

elapsed time for disp]acement’from
rest

ct
(]

can be used to calculate the average acceleration in the Y
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direction of point A in the interval of time from when the
stem‘was first contacted by the blade until when cutting be-
gan., This calculation is shown on Figure 76. The average Y
acceleration of a poiht on the stem in the immediate vicin=
ity of the blade contact gives an indication of the inertia.
force acting on the stem.

The typical trajection pattern for a stem severed under
the condifions defined for stem 1 of trial PD-1 is shown by
Figure 77(a). The path of motion shown is that for stem 3
of trial PD-12, which was run with exactly the same specifi-
cations as trial PD-1. Observe that the stem has a pronoun-
ced Y direction displacement, and note in pa%ticu]ar the
rotation or spin about the Z axis. By following the top
seed pod from frame to frame in the film sequence, it is
seen that the Z rotation is approximately one revolution per
128 msec. Spinning of the severed stem about its vertical,
or Z, axis indicates that it was stressed in torsion when . .
being deflected and cut.

If point A of stem 1, shown in 1-A of Figure 75, is
followed from frame to frame during the deflection and cut-
ting sequence, it can be seen to undergo a clockwise or pos-
itive Z rotation previous to the stem being severed. Ac-
cordingly, it appears the stem is subjected to a complex
stress condition at the time it is severed. Bending, trans-
verse shear, torsion, and tensile loads all are simultan-
jously applied. Transverse shear is the governing load

causing stem failure, however, for not until it is applied
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through the combined action of the rotor and ledger blades
does stem failure (cutting) occur..

The inertia force due to the mass of the upper portion
of the stem acts in a direction opposite to the direction of
acceleration of the center of mass of this portion of the
stem and thus opposite to the direction of the resultant
force applied to the stem by the rotor blade edge at the
point of contact (force F in Figure 28, Chapter IV). 1If the
resultant force F and the inertial force do not lie in the
same vertical plane, a couple is produced to act on the stem
resulting in a torsional load about the Z axis. Rotation of
fhe severed stem about its Z axis is thought to be a result
of this applied couple.

Figure 78 shows clearly the Z rotation of stem 3, trial

PD-1, immediately after it is severed.

Cutting Mechanism - Square Edge Blades,

High Speed Level

The cutting action of square edge blades at the high
level of rotor speed (3600 rpm) and feed rate (5 1/4 in. per
rev.) is shown by the films of trials PD-3 and PD-6. Cut-
ting height setting was 1 3/4 inches; lateral position set-
ting was 1 1/8 inches.

Figure 79 shows the cutting action typical of trial PD-
3, run with the 26 degree rotor. The composite overlay
drawings comprising Figure 79 were made from some of the

individual film frames shown in Figure 73. O0Of the nine
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stems cut in the trial, stems 1, 4, 5, 6, 7 and 9 were sev-

ered in a manner identical to that for stem 3. Stems 2 and

8 were deflected to the ledger blade first by one sector to

be partially cut; the opposite sector of the rotor then com-
pleted the severing action.

The traces of instantaneous torque show that for the
nine stems cut in the trial, stems 3 and 7 required the
highest peak cutting torque, about 22 ]bf-in, Stems 4 and
6 required 8.5 ]bfLin; stem 5 required 13 ]bfein. Comparing
these peak torque values with those of trial PD-1 leads to
the observation that lower peak torque values are required
for cutting at the high level of rotor speed.

What are the reasons for this phenomena? ‘Analysis of
frames showing the progressive cutting of-stem 3 reveals an
action very similar to that which severed stem 1 of trial
PD-1. There is one important difference, however. The top
portion of the stem does not translate in the Y direction as
much, so that there is greater bending of the stem about the
point of blade contact. Consequently, flexural stresses in
the stem must be at a much higher level than those developed
in stem 1 of trial PD-1. Although two-element shearing
still is the governing cause of cutting the stem, the re-
quired shear forces evidently are lower due to the increase
in bending stress imposed on the stem. Possibly torsional
stresses are higher also, since they too are related to the
inertia force imposed by the mass of the upper portion of

the stem.
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The results of a micromotion analysis of point B on
stem 3, trial PD-3, are plotted in Figure 76. Average ac-
celération of this point in the Y direction previous to cut-
ting of the stem is calculated to be approximately 291 g's,
a value more than double the 117 g average Y acceleration
calculated for point A of stem 1, trial PD-1. This differ-
ence explains the increased inertia force and the resulting
lower peak torque levels required to cut stems at the high
level of rotor speed.

| With use of the high level of feed rate, second cut-
ting-of the stubble was less frequent. Note that the stub-
ble of stem 3, trial PD-3, broke at the base about the time
the stem was cut (frame 20).

The input energy for stems of trial PD-3 is difficult
to discern. Because of torsional oscillation of the rotor-
counter shaft-positive drive belt system, area under the
torque trace of a particular stem is confounded with the
area under the torque trace of the previously cut stem. Thé
double peaks of the cutting tordue traces of stems 4 and 6
are thought to be a result of this confounding. The area
under the trace for stem 5 is the "cleanest" that appears
on the oscilloscope record. Input energy to cut stem 5 was
calculated to be 32.7 in—]bf,

Figure 77(b) presents the trajection of stem 9 of
trial PD-10. Conditions for this trial were the same as
for trial PD-3, and the pattern of motion shown is typical.

Again note the pronounced spin of the stem about its
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vertical (Z) axis as it also revolves (but more slowly)
about the Y axis and translates in the X, Y, and Z direc-
tions. Because of the increased inertia force involved in
cutting stems of this trial, the Y translation is less than
for the stems of trial PD-12.

Cutting action of the 56 degree rotor at the high
level of rotor speed and feed rate and with square edge
blades was nearly the same as that described for the low
speed and feed rate levels. However, bending of the stem
in the negative X direction on contact with the blade was
much more severe due to the greater inertia forces induced
by the high speed. Four of the nine stems comprising trial
PD-6 were broken at the base by the impulse imparted by
blade contact before cutting was completed. Three other
stems had the last 1/4 of the connecting fibers to the
stubble torn or pulled in two by the 56 degree blade
action. Peak cutting torque ranged from 15 to 65 ]bf-ino,
but five of the stems were cut (or broken at the base) at
peak torque levels of from 25 to 30 ]bf—ine

The high level of rotor speed was combined with the
low lTevel of feed rate in trials PD-2 and PD-5 for the 26
degree and 56 degree rotors respectively. The cutting
mechanism was the same as for trials PD-3 and PD-6.

Second cutting of the stubble was more common, however.
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Cutting Mechanism: Sharp Blades,

de Speed Level

bTriaT PS-1 for the 26 degree rotor was identical to
trial PD-1 except that sharp blades were used. Figure 80
illustrates the cutting of two stems of trial PS-1. 1In 5-A
of Figpre 80, at frame 0 the rotor blade has not yet con-
tacted stem 5. At frame 20, 4.19 msec. later, the blade
has engaged the stem, deflecting it to the left, but at the
same time the sharp blade edge has started to slice into
the stem. Fifteen frames (3.09 msec.) later, the stem al-
ready is completely severed, through single element cutting.
The cut end of the stem slides along the bevel surface of
the rotor ledge until it is discharged to the left as shown
by frame 65. In 5-B of Figure 80, second cutting of the
stubble is illustrated. The torque trace indicates consid-
erable torque developed and eéergy expended by the second
cut.

Stem 6 of trial PS-1 is contacted by a rotor blade.
near the end of its cutting zoﬁe, as was stem 2 of trial
PD-1.. Instead of merely deflecting the stem as was the
case in trial PD-1, however, the sharp blade slices a plug
out of the stem. This action is shown by 6-A of Figure 30,
The opposite sector of the rotor then completely severs the
- §tem by singlé element cutting ds shown in 6-B. The tor-

"que trace indicates that a higher peak torque and a greater
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Feed Rate of 1 3/4 in./rev. (Stems 5 and 6,
Trial PS-1)
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expenditure of energy resulted from cutting the plug from
the stem than from severing it at the weakened section.

Data from a micromotion analysis of point C on stem 5
of trial PS-1 is plotted in Figure 81. Average Y accelera-
tion to the start of cut was calculated to be 552 g's. The
initial translation of point A on stem 1 of trial PD-1 re-
sulted in accelerations near this magnitude, but the result-
ing inertia force was not sufficient for the square edge
blade to begin cutting the stem. This level of inertia
force, in conjuction with the stress concentration at the
edge of the sharp blade, did cause cutting of the stem.

Figure 82 illustrates the two typical stem motions re-
sulting from cutting under the conditions of trial PS-1.
Part (a) shows the tkajectiory of stem 1 df trial PS-11,
where the stem was severed cleanly by one sector of the
rotor. Part (b) shows the motion of stem 1 of trial P$-10,
where one sector cut out a plug half way through the stem
without severing it. The opposite sector then completed the
cut. This situation was illustrated by 6-A and 6-B of Fig-
ure 80. In both cases, spin of the severed stem about its
L axis 1is present.

With sharp blades, the 56 degree rotor cut as cleanly
as the 26 degree one. The cutting sequences filmed in trial
PD-5 show that as a result of severe bending about the Y
axis (stem deflected sharply in the negative X direction at
the point of blade contact), the last few fibers appear to

break in two ahead of the blade edge rather than being cut.
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Trajection of the severed stems was more like that illustra-

ted by Figure 82(a). In some instances, the cut end of the
stem rotated forward to lead the stem top portion in X
translation. This type of trajectory offers evidence that,
in this case, the rotor sector does impart additional energy

to the stem cut end after the cut is completed.

Cutting Mechanism: Sharp Blades,

High Speed Level

~Figure 83 illustrates the mechanism of cutting with the
26 degvee rotor fitted with sharp blades and rotating at
3600 rpm. The.single elemént, impact type of cut shown for
stem 3.1in Figure 83 is typical of the manner in which the
nine stems. of trial PS=3 were cut. However stem 5 was de-
flected. to the ledger blade before cutting was completed.
It can . be seen that the seed pod attached to stem 3, shown
in the illustration, is not.unduly shaken by the cutting.
Point D, at the position of attaéhment of the seed pod, was
subjected to a micromotion analysis, the results of which
are shown by Figure 84. Since the X translation of point D
exceeded its Y tnans]ation before cutting began, the average
X-acceleration was calculated ;o give an indication of the
enertia forces involved. With the average X acceleration in-
excess of 1000 g's, the inertia force reached a high magni-
tude and provided for the almost instantaneous severing of
the stem by the sharp blade, once it contacted it. As in-

dicated by the torque traces, the peak cutting torque



Figure 83.

Mechanism of Severing Stems with Sharp Blades on the 26 Degree Rotor
at 3600 RPM and with a Feed Rate of 5 1/4 in./rev. (Stem 3,
Trial PS-3)
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required was low, just 14 ]bf-inf for stem 3. Energy input
for stem 3 was calculated to be 39.9 1n,-1bf; for stem 2 it
was b1.1 1nof]bf,
Figure 85 shows the cutting action of the 56 degree
rotor fitted with sharp blades and under the same conditions
as those described for trial PS-3. The film sequence is of
trial PS-4, stem 6. Five of the nine stems of the trial
were cut in the manner shown. The other four broke at the
base before cutting was complete. The cut illustrated by
Figure 85 took place in less than one millesecond, immedi=
ately after the b]éde contacted the stem. The cut end of
the stem was then given an added impulse of energy as it
slid along the rotor sector ledge to be discharged to the
left. Plots of displacement and velocity of point E on stem
.6 are given in Figure 84, The average X acceleration of
point E before cutting began was calculated to be about 1273
g's$; therefore the inertia force‘acting on-the stem had a
decisive affect on the manner of cut. The peak torque
Tevels for those stems which did not break at the base was
about 22.5 ]bf—ino consistently. The peak cutting force
therefore was greater than that of the 26 degree rotor under

the same conditions but less than that of the 56 degree

rotor operated at 1800 rpm. Input energy varied from 48 to
59 1n,-]bf_per stem cut.

The pattern of trajection of the severed stems of
trials PS-3 and PS-4 are shown in Figure 86. In (a) the

motion of stem 9 of trial PS-9, run under the same
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conditions as trial PS-3, is shown. In (b) the motion of
stem 1 of trial PS-8, run under the same conditions as trial
PS-4, is depicted. The added energy imparted to the severed
end of the stem by the 56 degree rotor is seen to "kick" the
lower end ahead of the top of the plant in the XZ plane.

The characteristic spin of the stem about its vertical Z
axis is present in both cases.

Figure 87 illustrates the severing of stem 8 of trial
PS-6. For this trial, nominal cutting height was 1 inch,
lateral position was 3/8 inch, and the stem diameter was
21/64 inch. The 46 degree rotor fitted with sharp blades
did the cutting. Feed rate was 3 1/16 in./rev. With a dif-
ferent rotor, stem size, feed rate, lateral position, and
cutting height, the cutting mechanism was still the same as

for trials PS-3 and PS-4: single element impact cutting.

Further Analysis of Severed

Stem Trajectory

A better understanding of the characteristic X trans-
lation of the severed stem might result from consideration
of the motion of only one or two points along the stem
length. The ultravieclet photographic techniques used to
record the Z displacement of the cut stems in the trials of
the main experiments afford a way of doing this. The trace
of the center of gravity of the stem of trial 28, dull blade
test serijes, presents a clear picture of the c.g. X dis-

placement. This stem underwent almost pure planar motion
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Figure 87. Cutting Mechanism for 46 Degree Rotor with Sharp
Blades, Rotating at 3600 rpm with a Feed Rate
cf 3 1/16 in./rev. {(Stem 8, Trial PS-6)
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after being cut. There was iittle or no Y translation or
}otation about the X axis, as the final stem position on the
horizontal grid board shows. See Figure 88. Since the
ultraviolet 1light pulsed each 1/60 second, that is the time
interval between successive trace marks in the photograph.
The grid Tines of the horizontal grid board are distinc-
tively visible in the photograph and give an accurate linear
scale for distance measurement. The drawing made by an
overlay of the photograph is shown at the center of Figure
88. Calculated X velocity of the stem before being contac-
ted by the rotor blade is 10.85 ft./sec.. Theoretical
carriage velocity for this trial was 10.83 ft./sec.. Hence
the graphic procedure gives accurate results. During cut-
ting, the stem c.g. is decelerated to an X velocity of 6.65
ft./sec.. As it begins its descent under the influence of
gravity, the stem c.g. still has an X velocity of 6.65 ft./
sec.. Although this analysis is not conclusive, it does in-
dicate that compared to gravity forces, the drag force on
the severed stem has a lesser, second order effect on the
motion. Therefore it appears justified not to have in-
c]uded drag force in the dimensional analysis of the system

(Chapter V).
Check on Rotor Speed

A check on the accuracy with which rotor speed was
maintained in the filming sequences was made through analy-

sis of some of the timing and event mark data placed on the
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film with the equipment described in Chapter VII. Results
are presented in Table XIV.
TABLE XIV
COMPARISON OF THEORETICAL AND
CALCULATED ROTOR SPEEDS
Trial No. Theo.
and Rotor Calculated
Stem Cutting Speed Rotor Speed Percent
Shown on I = From Deviation
Film 2 S Timing Mark from
Sequence — o Data Theo.
PS-10 #1 X 1729 Based on 8 rev. 3.9
PS-11 #1 X 1719 Based on 8 rev. 4.5
PD-12 #3 X 1702 Based on 4 rev. 5.4
PD-3 #3 X 3586 Based on 4 rev. 0.4
PS-7 #2 X 3447 Based on 4 rev. 4.4
PS-8 #1 X 3508 Based on 4 rev. 2.6
PS-9 #9 X 3481 Based on 4 rev. 3.3
PD-10 #9 X 3403 Based on 4 rev. 5.5

The variation was greater than expected, but it must be

remembered that the rotor necessarily slows down momentarily

when a stem is cut due to extraction of energy from the

rotary system.

Since the checks extended over at most eight

revolutions of the rotor, the effects of the momentary

speed decreases are included in the periods analyzed.
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Main, Screening of Parameter, Tests

The reduced data for the main, screening of parameter
experiment series are tabulated in Appendix C. The dull
blade series main test data comprises Appendix C-II; the
sharp blade series main test data comprises Appendix C-III.
As was indicated in Chapter VI, the dull blade test series
was begun with three replications of each treatment combin-
ation, but was revised to a two replication plan after 30
trials. Where three replications were run, one had to be
eliminated before ana1ysis on a two replication basis could
proceed. The criteria for discarding one of the three
trials was as follows:

1. If one trial involved a noneffective cutting action
(breaking of the stem at the base before it was completely
severed, for example) while effective cuts were made in the
other two trials, the trial with the noneffective cut was
discarded.

2. If all three trials resulted in effective cuts, or
if there were two noneffective cuts, then the trial having
the greatest deviation in moisture content or stem dry lin-
@ar density was eliminated.

For statistical anaiysis of the data, two dimensioned
response variables were added to the g@ight dimensionless
response pi terms previously defined through dimensional
analysis. The new response variables were enargy input per
stem cut (1n.~1bf) and maximum torque developed per stem cut
(Tbe-in.). |
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Analysis of Variance

An analysis of variance was performed on the reduced
data for each of the ten response terms in both the dull
biade and the sharp blade test series. This was done on an
IBM 360 digital computer. The fortran program for the com-
puter was written to also calculiate a table of treatment
means for each response variable. Results of this analysis
are listed in Appendix D-I for the dull blade series and in
Appendix D-II for the sharp blade series.

Results of the analysis of variance are summarized in
Table XV. The test of significance of an independent
variable is based on the F-ratio calculated from its effect
on the response term. Two confidence levels will be con-
sidered in judging the significance of independent factors.
At the 85 percent confidence level, any independent factor
that has the slightest non-trivial effect on a response
variable will be assessed significant. At the 95 percent
confidence level, there is only one chance in twenty that
an independent variable will be judged significant when in
fact it is not; therefore this level provides a more crit-
ical basis for judgement.

Table XVI 1ists the factors calculated to have a sig-
nificant effect on the response terms at each of the two

confidence levels. The 85 percent confidence level is the

i

o .15 level; similarly, the 95 percent confidence is the

i

.05 Tevel.

G



TABLE XV
SUMMARY OF RESULTS OF ANALYSIS OF VARIANCE

INDEPENDENT CONTROLLED YARIABLES
TIME Ty T3 Ty 5 g &y Ty
RESPONSE " DIA IN ROTOR SPEED FEED RATE ROTOR ANGLE LATERAL POSITION| LEDGER ORIENTATION | CUTTING HEIGHT | PLANT C.G. HEIGHT
w . CHAMBER INDEX INDEX INDEX INDEX INDEX INDEX INDEX
VARIABLE E CALC CALC CALC CALC CALC CALC CALC CALC CALC
F o« F L% F @ F Q@ F «L F L0 F * F aL F @
ENERGY D| 73.311] <.0005 2.176 <.15 1.689 | <.25 3.846 | £.05 1.151 § <.35 4.304 <.05 0.279 <.85 1.359 | <.30 1.122 <.35
PERIg'IFg;r'I cutT S| 82.550 | <.0005 19.580 <.0005 1.275 | <.30 0.273 | <.85 11.890 | <.0005 | 4.035 <.05 2.210 <N 2.864 | <.10 5.759 <. 005
MAX. TORQUE D) 55.697 | <.0005 0.389 <.85 9.142 | <.0005 0.927 | <.40 4.450 | .05 2.860 <.10 1.567 <.25 0.914 | <.40 2.680 <.10
STEM CUT S| 45.344 | <.0005 7.584 <.005 11.142 | < 0005 0.065 | <.98 9.918 | <.0005 | 1.845 .25 3.387 <.05 1.575 | <.25 2.382 <.10
ENERGY INPUT D 5.484 | <.005 1.343 <.30 2.169 | <.12 5.601 | <.01 0.748 | <.55 4.541 .01 0.125 <.96 0.431 | <.70 16.635 <.0005
INDEX s 9.946 | <.0005 10.576 <.0005 2.979 | <.05 2,166 | <.15 2.407 | <.10 4.158 .| <.02 0.725 <.55 3.111 | <07 14.980 <.0005
MAX. TORQUE D 2.130 § <.72 2.065 <15 3.424 | <.05 1.656 | £.25 1.450 | <.25 1.188 <.35 0.519 <.65 0.368 | <.80 9.259 <.0005
INOEX s 5.344 | <.005 3.903 <.05 8.636 | <.0005 1.101 | <.35 2.858 | <.06 2.118 <.12 2.314 <.10 4.223 | <.05 16.648 <.0005
C.G. D 1.227 | <.30 0.448 <.70 5.620 | <.005 8.454 | £.005 1.404 | <.30 0.911 <.45 0.525 <.70 0.575 | <.70 0.739 <.55
‘xﬁéﬁi s 1.230 { <.30 1.143 <.35 9.782 | <.0005 11.599 | £.0005 5.831 | <.005 0.436 <.75 1.099 | <.35 0.031 | <.99 1.576 <.25
ENOD 0 1.144 | <.35 0.329 <.80 4,294 | <.05 8.442 | .005 1.766 | .25 0.576 <.65 0.657 <.60 0.381 | <.85 0.508 <.65
XI;IJ[IIS)P( s 1.091 | <.35 1.392 <.30 8.823 | <.0005 7.802 | £.005 5.315 | £.005 0.131 <.96 1.122 5.35 0.148 | <.96 0.526 <.65
c.G. D 0.747 | <.55 0.630 <.60 0.601 | <.60 2.975 | £.10 5.408 | <.005 4.946 .01 1.134 <.35 7.838 | <.005 3.344 .05
YIR[IJE; S 0.240 | <.90 1.237 <.30 4.300 | <.05 0.116 | .90 1.410 | <. 26 2.358 .10 0.418 <.75 0.502 | <.70 0.968 <.45
END 0 0.774 | <.55 1.032 <.35 0.679 | <.60 1.513 { .25 4,285 | £.05 3.581 <.05 0.816 <.50 6.486 | <.005 4.569 =.01
Yxﬁégi s 0.286 | <.90 1.108 <.35 3.610 | <.05 0.032 | <.99 1.777 | =.20 1.078 <.35 0.269 <.90 1.467 | <.25 0.709 <.55
C.G. D 1.994 | <.20 1.589 <.30 4.857 | <.01 1.239 }<.30 2.228 1'<.12 3.046 .05 1.480 .25 1.950 | <.25 1.322 <.30
ZIEIIJSE; S 2.146 | <12 2.392 =.10 2.643 | <.10 0.629 | <.60 3.567 | £.05 1.599 <.25 2.280 .10 2.209 | <.11 2.391 .10
END D 1.688 | <.25 1.369 <30 4.284 | <.05 2,082 { .15 2.278 | .10 2.951 £.05 1.058 <.30 1.641 | <.25 1.505 z.25
Zlﬁégi S 2.348 | .10 2.678 <.10 2.713 | <.10 0.969 | <.40 4.229 | .05 1.559 .25 2.827 .10 2.751 | 2.10 3.547 <.05
s = Lowest & Level at Which HO: {No Diff. in Response Means for Various Levels of a Factor} can be Rejected
Fos0(3,32) = 806 Foys(s,32y = 1% Floggs,32) ™ 2-27  Fogg(3,32) = 2-90  F gg(3,32) = 447 Fog95¢3,32) = 5-09 F.9995(3,32) = 7-79
Foso(z,32) = 798 Flys(a,ap) = 1-45  Flgg(e,az) = 248 Fogs(p ag) = 3-30  Fogprp 35y = 5:35  F gg5(p,30) = 6.29 Fovss(e,32) = 77

@ {s the Probability of Rejecting Ho when it is True, of Declaring a Significant Difference in the Factor Level Response Means when in Fact no Real Difference Exists

{Type I Error)

€d¢



INDEPENDENT VARIABLES HAVING

TABLE XVI

VARIABLES AT THE o = .15 and o = .05 LEVELS

SIGNIFICANT EFFECT ON THE RESPONSE

E INDEPENDENT VARIABLES
W HAVING
RESPONSE 2 ~
VARIABLE Z SIGNIFICANT EFFECT
« = .15 LEVEL a = .05 LEVEL
ENERGY D Dia., Time in Chamber, N, 0 Dia., M4, 1
INPUT 35 3 5
PER STEM CUT } S Dia., Time in Chamber, Ty, g, Mg, 0y, Ng Dia., Time in Chamber, H4, HS’ H9
MAX.PEgRQUE D# Dia., 1'[2, My, Tg, Mg bia., foy Ty
.STEM CuT S ¥ Dia., Time in Chamber, n,, n4, Tg, Og Dia., Time in Chamber, Ty, fgs n6
ENERGY INPUT { D | Dia., My, H3, Mg, Mg Dia., My, Tg, Mg
INDEX S4Dia., Time in Chamber, Iy, g, Ty, HS, 1, Hg Dia., Time in Chamber, n,, HS’ H9
b : : -
MAX. TORQUE D! Pia., Time in Chamber, nz, H9 n2, Ty
INDEX Si# Dia., Time in Chamber, Ty, Mgy Mg, Mg, Ty Mg Dia., Time in Chamber, Tos Ty, I
C.G. Din,, 1 T,, 1
X DISP. L2 3 2> "3
INDEX Sf HZ’ n3, n, My, Mg, H4
END I o, I
X DISP. 3 2> T3
INDEX Mg, T, Loy Ngs Ty
C.G Has fgs , g My, Mg, N5, 1
v B1%p - S A 4> 15> A7, Ng
IND HS HZ
END L O Hpy Bpgy Ip, 1
Y DISP 5 7 9 4 5 7 9
INDEX Iy
C.G. Dim,, f,, N,, I
7 b1sp L2 4 : 5 : 2> 5
INDEX S'§D1a., T1me in Chamber, n2, My, Mg, Tz, Ng Ty
END Dim,, Ney, Iy, I P |
7 brsp , 2> 3 74 5 2> s
INDEX Sé Dia., Time in Chamber, nz, n4, ns, n7, n9 | ﬂ4, ng

vee



Graphs of Treatment Means and

Discussion of Results

To answer the question of what type of effect - Tinear,
quadratic, cubic - that each significant factor (at the 85
percent confidence level) has on the response variables, the
treatment means are graphed in Figures 89 through 96. Anal-
ysis of variance data were utilized to draw the correct type
of curve representing the response. With reference to Fig-
ures 89 through 96, and to Tables XV and XVI, consider now
each response variable in turn.

Energy input per stem cut depended primarily on the
plant stem nominal diameter, or on those stem physical prop-
erties having a one to one correspondence with the nominal
diameter, for both the dull and sharp blades. The relation-
ship was linear for the sharp blades and linear tending to-
ward quadratic at the larger diameters fdr the dull blade,
as Figure 89 shows.

For the sharp blade, the next most significant factor
affecting energy input was time in the conditioning chamber,
which is a measure of moisture content of the stem. For
the dull blade, time in chamber was barely significant
at the 85 percent confidence level. The effect was cubic
for both the sharp and dull blades. Mean input energy for
cutting was greatest for stems treated six hours in the

chamber. This treatment time corresponds to mean moisture




@, <.0005, Shorp 8

: Duli Blades ¢
150 - @, <.0005, Sharp Blade
" C 6. <.15, Dull Blade
1251 —
= 100 =
- z C
! o o
= 15 ~
a 50k -
= C :
5 asf :
5 F 3
=
w 1 1 1} [} F Il i Il i
i3/64 17/64 21/64 25/64 2 4 6 8
Nomingi Dic. {in) Tims In Chamber {hrs.)
] 125 @,.< .05, Sharp &
L @, <.05, Dull Btade a, <.0008, Sherp Blade Dull Blodes
= o0k o~ T
g F e s 77
L : i;/ﬂf/"’—j
ol 7 .
S L. | P R S | R [T N
‘w8 14 20 454 628 802 976 107 214 321 428
. LT5 3.06 4.38 26° 36° 46° 56° 0.38" 0.75" 12" 150"
Feed Rats Index x 102 Rofor Angle Index ¥ 10 Lateral Position index x i0
{Dimensionless ) {Dimensionless) { Dimensioniess)
=
5 oes
< @, <.15, Shorp Blade @< .10, Shorp Blade @, <.005, Sharp Blode
= !QO
o
& : P
= K—»/Ab\ \ /
& .
@ °
& L; t ! | 1 i ! i ok 1 i i
-8.73 000 873 {746 2.86 5.%9. 7.111_ 2.25 2.72“ 3.2;;“ 3.7?_
-§0 @0 o 400 « 3 L 5 3 Bl
5% ‘ o 2y 1T 93 i ng
Ledger Anguler Orientation Cutting Height C. G. Height Index
Cinden x 10 tndes u 10 {Dimensionless)
{Dimensionless) {Dimensioniess}

Figure 89. Energy Input Per Stem Cut Versus Indepen-

dent Variable Parameters (Solid Line =

Sharp Blade; Dashed Line

Dull Blade)



227

contents of 35 percent (D.B.) for the dull blade series of
tests and 43 percent (D.Bo)‘for,the sharp-blade series of
tests.

After diameter, the lateral position index had the
greatest effect on .energy input for the dull blade test.
series, and had a significant effect for the sharp blade
series, too, but not-so much as the rotor angle index. The
rotor angle index did not have appreciable effect with use
of the dull:blade. With both the dull and-sharp blades, the
effect of Tateral position was quadratic. There was a
noticeable increase ‘in energy input between the first and
second levels of lateral position index, but the increase
"tapered off" among the second, third and fourth levels.
This effect may be attributed to the added energy required
to bend the stem to the ledger blade with increasing dis-
tance for the dull blade. For the sharp blade, it may be
attributed to increased energy imparted to the severed end
of the stem while it is in contact with the rotor sector.
after cutting. This added energy affects the stem
trajectory.

The rotor angle index had a cubic effect with-use of
sharp blades. The 46 degree rotor required the least mean
energy input per-stem cut; the 36 degree rotor required the
most, On-examining the trials involving the 36 degree. rotor,
it was noted that -there were many instances where one sector
sliced a plug from the stem without severing it completely;

the opposite sector then completed the cut. This "double



contact" type of cutting expends considerable amounts of
energy, as was shown-in the previous section-describing the
cutting mechanism involved. Although rotor angle index did
not have a significant effect with use of the dull blade,
examination of the table of mean values reveals that the 26
degree rotor required the least mean energy input, followed
in order by the 36, 46, and 56 degree rotors. This was the
expected result since two element cutting was involved.

The feed rate index is the final independent variable
considered which had a significant effect-on energy input
per -stem cut for the dull blade series. Surprisingly, the
feed rate index did not-have a significant effect in the
sharp blade tests. For the dull blade, the effect was quad-
ratic; the energy input dropped rapidly between the first
and second levels; it was about the same for the second and
third levels.

The plant stem center of gravity height index was high-
ly significant for the sharp blade test series. It had pyri-
marily a linear effect but tended toward a cubic effect, with
energy input. per stem cut increasing with increasing height
of center of-gravity of the p"I_ant°

The ledger orientation index and the cutting height.
1ndex were of about the same order of importance in affecting
the input energy. The ledger orientation had a cubic effect,

with the +10 degree setting giving best mean results,
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followed by the 0 degree setting. Effect of the cutting
height was linear, energy input decreasing with increasing
cutting height.

The rotor speed index did not have a significant
effect on energy input per stem cut. for either the dull or
sharp blade test series.

Figure 90 illustrates the influence on maximum torque
developed per stem cut for each of the independent variables
which affected it at the 85 percent confidence level. As
was the case with the response of energy input, nominal
diameter of the stems had the greatest effect on maximum
torque developed for both the dull and sharp blade test
series. Again-the effect was linear for the sharp blade
and linear tending toward quadratic for the dull blade.

Following nominal diameter, the rotor speed index was
the next most- important independent variable affecting cut-
ting torque.. Its effect was quadratic for both the dull and
sharp blades.  With increasing rotor speed, the maximum
cutting torque dropped rapidly at the Tow level of the speed
range. Then it leveled off and began to increase slightly
at the upper end of the range. Minimum values of peak
cutting torque occurred for rotor speeds between 3100 and
3600 rpm for both the dull and sharp blade rotors.

Next to rotor speed index in importance was the rotor
angle index - for both dull and sharp blades. For dull
blades the effect was linear, peak torque levels increasing

with increase of the rotor angle. With sharp blades, the
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effect was cubic. The 46 degree rotor developed the Tleast
mean peak torque, followed by the 26 degree rotor. The 36
degree rotor produced the maximum mean peak torque value.

Time in chamber had a highly significant effect for the
sharp blade series and no effect (at the 85 percent confi-
dence level) for the dull blade series. The effect was
quadratic for the sharp blade series. Stems freated four
hours required slightly greater torque levels for cutting
than those treated two hours. The required cutting torque
level decreased with increasing time in chamber for the six
and eight. hour treatment times.

Ledger orientation significantly affected peak torques
developed in the sharp blade test series.only. bThe effect
was cubic with the 0 degree setting developing the Tleast
mean peak torque.

The lateral position index had a significant effect on
peak torque for the dull blade test series only. The
effeét was linear (with a slight cubic tendency). Peak
torque per stem cut. became greater with increase in lateral
position.

In both the dull and sharp blade series, maximum tor-
que developed was dependent on the plant center of gravity
index. The effect was linear with quadratic tendencies for
both series. With increasing values of the C.G. height

index, the maximum torque per stem cut mean values increased.
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The feed rate index had no effect on the maximum torque
per stem cut at the 85 percent confidence level for either
the dull or sharp blade serijes.

As stated in Chapter V, it was hoped that the dimension-
less response varﬁab]es, energy input - -index and maximum
torque index, would be related to the independent variables
~in nearly the same manner as the dimensioned response vari-
ables, energy input per stem cut and maximum torque per stem
cut. The principal exception desired was that the effects
of diameter and moisture content would be removed by the
denominator terms of the dimensionless variables. Examina-
tion of Figures 91 and 92, which show how the energy input
index and maximum torque index relate to the independent
variables, will confirm that the goals sought were only
partly realized. The effects of diameter and time in
chamber are still present - although less significant.

The other relationships are fairly parallel for the dimen-
sioned and dimensionless response variables in most but not
all cases. For .instance, in the case of energy input per
stem cut, the effects of the plant C.G. height index are
magnified and give a curve of reverse‘s1ope for the dimen-
sionless response term. And rotor speed index comes into
significance whereas it was not for the dimensioned response
term. In the case of maximum torque per stem cut, the C.G.
height index again gives a magnified curve of reverse slope,
and cutting height index becomes a significant variable for

the sharp blade series.
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Relationships of the severed stem displacement indices
to the significant independent variables are shown by Figures
93, 94, and 95. Rotor speed index and feed rate index affect
the X displacement both for the dull and -sharp blade test
series. Increasing va1ue$ of these indices give increasing
X displacement - in an almost linear manner. The rotor
angle index affects X displacement for the sharp blade series
only. The effect is cubic, and it is tHe 46 degree rotor
‘that gives the best response.

The Y displacement indices are affected by a number of
independent variables with use of dull blades. Only the ro-
tor speed and Tateral position indices are significant with
use of sharp blades. The rotor speed index invokes a cubic
response, with minimum Y displacements at a rotor speed of
3118 rpm. The Y displacement of the stem cut end increases
linearly with increase of the Tateral position index.

The Z displacement indices are affected by a number of-
independent variables with use of sharp blades. With dull
blades, the rotor speed, feed rate, rotor angle, and lateral
position indices are significant.

In Chapter IV, from consideration of the kinematic and
force analysis, a prediction of maximum X displacement for
the stem C.G. and maximum Z displacement for the severed end
of the stem was made for the 26 degree rotor with a +10 de-
gree ledger orientation. This prediction is partly verified
and partly revoked by test results. With dull blades, the

26 degree rotor did give the greatest mean X displacement
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of the stem C.G., but the 56 degree rotor produced a mean
displacement almost as great, the response over the rotor
angle index range being quadratic. This result 1nd1¢ates
that even with two element cutting, the 56 degree rotor im-
parts energy to the stem after it is severed. The ledger
orientation index did not significantly affect the end Z
displacement index for the dull blade tests. With sharp
blades, the lTedger orientation index did significantly affect
the end X displacement, and the +10 degree level did produce

the greatest response.

Comparison of Responses for

Dull and Sharp Blades

A review of the response curves shows a consistent
difference in the curves representing the dull and sharp
blade test data. A comparison in the overall means for
the two blade types, for each response variable considered
in the tests, is presented in Table XVII.

A Tisting of criteria for evaluating parameter combina-
tions for a rotary sickle type of helical cutter considered
in this investigation was begun in the first section of the
chapter. With inclusion of input energy and maximum torque,
the criteria can be extended such that evaluation of the
parameter combinations is based on-the determination of mean:

1. Energy input per stem cut; minimum value best.

2. Peak torque per stem cut; minimum value best.

3. Stem C.G. X displacement; maximum value best.



TABLE XVIL

99 PER CENT CONFIDENCE LIMITS FOR DIFFERENCE
IN OVERALL RESPONSE MEANS BETWEEN
DULL AND SHARP BLADE TEST SERIES
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99 PER CENT CONFIDENCE

STD
LIMITS FOR
RESPONSE 21 DVERALL | ERROR
VARIABLE || MEAN | OF DIFFERENCE IN MEANS COMMENT
A MEAN Lower Upper
ENERGY D{ 92.5147 | 3.2543
THPUT 11.63 32.14
FER STEW C¥T IS | 70.6307 | 2.2797
HAX. TORQUE I D | 29.6547 { 1.1159
PER 3.67 10,99
STEM CUT S} 22.3266 0.8749
EHERGY INPUT § D ; 82.7694 1 3.6831
INDEX - 15.32 38.07
x 10-1 S | 56.0741 1 2.4235
MAX. TORQUE [ D | 26.7171{ 1.4613
INDEX 4.17 12.85
x 10~} S | 18.2055 | 0.8297
c.G. D 5.5452 | 0,8269
L DISP. 0.27 5.73
INBEX S 8.5482 { 0.6605
END. 0 4.8606 | 0.8820 Since interval contains zero, ho
X ISP, -0.06 5.98 significant difference in means at 99%
INDEX S 7.8196 | 0.7704 . confidence level
C.G. ¥ 2.5858 | 0.4133 ’
Y OISP. -0.73 2.31 Same as for £nd X Disp. Index
INDEX S 1.7946 | 0.4072
END D 2.3379 1 0.4663
Y DISP. -0.80 - 2.66 Same as for End X Disp. Index
INDEX S 1.4054 | 0.4665
C.G. [} 3.9741 ] 0.6667
7 DISP. -1,80 2.74 Same as for End X Disp. Index
INDEX S 3.5571 [ 0.6040 '
END D 5.1259 ] 0.6638
Z DISP. -2.03 2.58 Same as for End X Disp., Index
INDEX S 4.8545 ] 0.5960
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4. Stem C.G. Y displacement; minimum value best.

5. Stem cut end Z displacement; maxfmum value best.

6. Actual cutting height; minimum value best.

The cutting effectiveness tests showed the sharp blade
superior on the basis of mean actual cutting height. The
data in Table XVII show the sharp blade superior on the basis
of .energy input, peak torque, and X displacement of the stem
C.G. - at the 99 percent confidence level. For the other
displacements there was no difference in results with the

two blade types.

For the range of values of the independent variables
comprising the main experiment test ‘series, optimum values
can be defined for those parameters which allow selective
control. These values, presented in Table XVIII, are based
on the response data -previously analyzed in this chapter.
Parameters like stem diameter, moisture content, stem C.G.
height index, and lateral position index, which would be
random variables in relation to a field going cutting device,

are not considered in the list.
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TABLE XVIII

OPTIMUM VALUES OF SELECTED INDEPENDENT
PARAMETERS BASED ON MAIN
EXPERIMENT DATA

Value
Parameter Dull Blade Sharp Blade
Rot@r Speed 3118 or 3600 rpm L 3118 rpm
Feed Rate 4.38 in./rev. not critical but 4.38
~ in./rev. best
- Rotor Angle 26° 46°
.Ledger ,
‘Orientation -5% or 0° 0°
Cutting not critical but not critical but 2 1/2"

Height 2 1/2" best best
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Stem Physical Property Tests:

The reduced data from the stem physical property tests
are tabulated 1n»Append1x‘E. In the tables, the data are
classified first into four levels of nominal diameter. With-
in. each nominal diameter section, the listings are further
classified according to cutting height and are ranked in
order of moisture content within each cutting height group.
Since 30 trials of the dull blade test series were run on a
three replication plan, there are nine more test results in
this group of data thanvih the sharp blade results. Overall,
137 trials are included in the tabulated data.

It was anticipated that Ig» Se/Be, could be related to
stem moisture content by a polynominal prediction equation
for each cutting height range within each diameter classi-
fication. A family of curves would result such that by
knowing stem nominal diameter, the hefght of cut, and the
stem moisture content, a fairly exact value of g could be
determined. An attempt was made to analyze the data in such
a manner. Trials with wide variation in stem avekage dia-
meter, dry linear density, or actual cutting height were
treated as outliers, as stated in the footnote to Appendix
E, and were not included in the curve fitting analyses.

Still the results were disappointing. Figures 96 and 97 show
that the curves obtained could not be classified as a family.
The summary of results of the regfession analyses, listed in

TablTe XIX, shows that correlation coefficients for most of

the curves were low. Thus the equations would give imprecise
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results if used for prediction. In some instances, polynom-
inals of higher degree than the second degree ones listed
gave better correlation; but the improvement was considered
artificial, since no dramatic differences pointing to a

true relationship were obtained.

The poor results experienced with the stem physical
property analyses may be attributed to several causes:

1. Inability to accurately control moisture content

of the stems.

2. High inherent variability of physical properties

of seemingly identical stems.

3. Strong influence of cutting height differences

on physical property variation.

4. Strong influence of stem average diameter differ-

ences on physical property variation.

More precise results might have resulted if a realis-
tic average cutting height had been used for-all the physical
property tests, and a greater number of replications of each
treatment had been run. Better control over the moisture
content and the general similarities of stems used as the
experimental units for the replications of a given trial are
additiona1 prequisite conditions for more precise test

results.
Prediction Equations

Attempts to precisely determine the stem physical prop-

erty pi terms were not successful; and since analysis of
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variance results indicate these terms are highly significant
in determining energy input and maximum torque index respon-
ses, accurate prediction equations for these responses cannot
be determined from the data of this experiment. However, an
attempt was made to determine the general form of the pre-
diction equation for the energy input index, using average
values of-n8 and Tyo-

With the highly variable stem test material, and the
random posifion of a given stem in the cutting zone when
first contacted by a rotor blade, it was doubted that dis-
placement indices could be accurately related to independent
pi terms either. Average values calculated from more than
Just two replications of each treatment combination would
be needed for precise results. But in this case also, the
general form of the equation relating the stem C.G. X dis-
placement index to the significant variables affecting it
was sought through multivariable regression techniques.

Since the sharp blades gave results superior to dull
blades, the analysis was restricted to the sharp blade test
data. Table XX 1ists the varjation of stem mean moisture
content with the levels of time in conditioning chamber for
different parts of the experiment. The information in this
table is plotted in Figure 98. It is seen that roughly
linear relationships existed between mean moisture content
and time in chamber for the stems cut in the main test
series, but that the group of stems subjected to physical

property tests in the sharp blade series gave a roughly



TABLE XX

MEAN VALUES OF MOISTURE CONTENT VERSUS TIME IN CHAMBER

FOR YARIQUS PARTS OF THE EXPERIMENT
TIME PER CENT MOISTURE (DRY BASIS) MEAN VALUES
CHimBER DULL BLADE SERIES | DULL BLADE SERIES | SHARP BLADE SERIES | SHARP BLADE SERIES
(HRS) CUT STEMS PHYSICAL PROPERTY CUT STEMS PHYSICAL PROPERTY
J TEST STEMS TEST STEMS
2 23.6 27.9 C O 24.4 26.1
4 36.8 35.9 , 37.9 39.6
6 35.2 38.9 43.4 46.3
8 55.9 52.0 61.2 46.2
TABLE XXI TABLE XXITI

MEAN VALUES OF mg AND myg FOR
LEVELS OF NOMINAL DIAMETER
SHARP BLADE SERIES

NOMINAL | . _ Se | Se
DIAMETER || "8 © Be | M0 7 Gmn

13/64 38.7 5790
17/64 25.9 7006
21/64 21.8 7932
25/64 19.9 9064

MEAN VALUES OF MOISTURE CONTENT
ng, 1/ng, AND Tjg FOR LEVELS
OF TIME IN CHAMBER
SHARP BLADE SERIES

TIME - -|| PERCENT
N MOTSTURE g = 3% | /g = 2 g - %%F
CHAMBER | (DRY BASIS)
(HRS)
2 26.1 27.7 3.6 x 107¢ 8174
4 39.6 26.0 3.8 x 1072|7932
6 . 46.3 25.1 4.0 x 1072 ] 6788
8 | 46.2 27.2 3.7 x 1072 ] 7097

672
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linear response only over the first three levels. Moisture
content values for six and eight hour treatment times were
the same. Tables XXI and XXII list the mean values of g
and Tygs the physical property pi terms, for the different
levels of nominal diameter and time in chamber. If the

mean values of either g or Iy, are to be substituted for the
levels of nominal diameter and time in chamber in a regres-
sion analysis, then a linear relationship existing between
the pi terms and the diameter and time in chamber must be
found. From the information in Tables XXI and XXII, it

was Jjudged that nominal diameter varied approximately linear-
ly with the mean values of Tig- For the first three levels
of time in chamber, mean values of the reciprocal of g
varied approximately linearly with time in chamber. Figure
98 shows graphs of -these relationships, and also shows the
assumed value of ]/I[8 for the eight hour time in chamber
level.

For the multivariate regression analysis, all factors
having a significant effect at the 90 percent confidence
level were included. Thus from Table XV, for the energy
input index, factors to be included are nominal diameter
(substitute H]O); time in chamber (substitute ]/HS) Ty, My,
s, and Ty For the stem C.G. X displacement index, factors
to be included are Ty, Ig, and Ty -

Using the additive model defined by the AQV data for
1,, energy input index, resulted in a multiple correlation

coefficient, r, of only 0.439. Thirty-two input data points
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were used - after averaging the two replications of each

treatment combination to é1iminate variation between repli-
cations. A multiplicative model for P resulted in a value
for r of 0.798, a significant improvement over the additive

model. The resulting prediction equation is:

1

ox 1071 = (4.6 10°%) (n,.)! 86

)-2.46

10 (1/1g

(HZ).O76 (1 ).24 (m )-.105 (1 )-1,56

4 7

The additive model for the stem C.G. X displacement
index, H]“(]); resulted in a prediction equation with a
value for r of 0.774. The equation is:

T (1) = -16.56 + 64H3 + O,O'ln2 + 14.8H4

-4.97n43 (9-3)



CHAPTER X
SUMMARY AND CONCLUSIONS
Summary

The objectives of this study were to: (1) design a
balanced, rotary sickle with detachable blades approximately
helical in configuration; (2) test the device to determine
if it could effectively cut and traject stems of a typical
seed-bearing crop in one operation; (3) determine the mech-
anism of cutting inyo1ved with such a device when equipped
with square edge (dull) and sharp blades through high speed
motion picture photography; (4) identify and screen the
pertinent design, operating, and plant physical property
parameters that might affect the responses of energy input
per stem cut, peak torque developed per stem cut, and re-
sulting displacement of the trajected stem to determine
which parameters do have a non-trivial effect; (5) determine
the form of dimensionally correct prediction equations rela-
ting the response terms with significant independent
parameters.

A careful review of the literature was made to learn
the nature and significance of design, operating, and plant
physical property parameters affecting conventional cutting

devices. The results are summarized in Tables I through IV.
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The rotor segment bevel angle specification and the range
of knife angles to include in this investigation were
determined from these data.

To develop design ideas, a model auger knife was con-
structed. Through qualatative cutting effectiveness tests
with two rotor and ledger tube designs for the model, it
was decided the prototype cutter should have a ledge on the
leading surface of the rotor disk to provide the effective
acute bevel angle of sharp blades.

The rotary sickle was designed utilizing a rotor and
concentric Tedger tube with the blades of each approximately
helical 1in configqration. Rotor diameter was 3 1/2 inches.
Details of the design are described and illustrated in
Chapter III. Previous helical cutters are described in
Chapter II.

Through kinematic, force, and dimensional analysis, ten
parameters that might have an effect on energy input, peak
torque, or.stem displacement responses for thé rotary sickle
were identified. These are listed in Chapter V.

An experimental plan to test the significance of the
independent parameters on the response terms was adopted,
and a special test stand and instrumentation were designed
and built or procured to run the experiment.

Initial cutting tests identified effective and non
effective types of severing actions. A clean, angled cut
typifies effective severing; the stem breaking at the base

before being completely severed typifies non effective
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severing. It was determined that stubble length was sig-
nificantly lower with use of sharp blades.

High speed motion picture films were taken which give
a clear description of the cutting mechanism involved with
square edge (dull) and sharp blades on the rotor.

With square edge blades, the stem slides along the
rotor blade edge without damage as it is deflected toward
the ledger to be severed in two element shear between the
rotor and ledger blades. Once severed the -stem loses con-
tact with the rotor sector. The stem trajectory 1is char-
acterized by a noticeable spin of the stem about its
vertical axis.

With sharp blades, when the stem is contacted by the
blade edge and deflection toward the ledger is started, the
sharp edge immediately slices into the stem cross section
and single element, impact cutting results. The severed:
end of the stem then slides along the beveled rotor sector
ledge until discharged to the side. Additional energy to
affect the stem trajectory is imparted during this phase.
The stem trajectory is characterized by the same spin. about
the vertical axis as when cut by the square edge blade.
Through micromotion analysis, points on the stem near the
point of blade econtact were determined to be subjected to
accelerations in excess of.IObO g's at the 360b_rpm rotor
speed. |

For both blade types, deformations of the stem during

cutting indicate that bending, torsional, and tensile
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stresses, as well as transverse shear, act on the stem to
cause failure.

The main, screening of parameter, test series proves
statistically that the sharp blade is superior to the dull
with respect to minimum input energy, minimum peak torque |
developed, and maximum stem C.G. X displacement responses.
The most significant parameters affecting energy input were
stem physical properties relating to nominal diameter and
moisture content for both the dull and sharp blades. Rotor
angle was highly significant with use of sharp blades. in
addition to the stem physical properties, rotor speed had a
highly significant effect on peak torque developed. Rotor
speed, feed rate, and rotor angle had significant effect on
severed stem displacements. Table XV summarizes the factor
effects. ‘

Attempts to characterize significant stem physical
properties by one dimensionless term were not successful.
Lack of control over moisture content, failure to consider
just one mean cutting height, and insufficient replication
of tests were contributing causes. The special testing
machine built to determine the stem physical properties gave
accurate results.

Prediction equations relating the energy input index
and stem C.G. X displacement index to significant independent
pi terms had low correlation coefficients (.798 and .774

respectively). A multiplicative model gave best results for
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the energy input index; an additive, polynomial type model

was used for the displacement index.
Conclusions

1. The rotary, he]iéa] sickle designed in this study
can effectively cut and traject plant stems in one opera-
tion. The Timiting factor in trajecting severed stems onto
the catching platform of a field going machine using the
rotary sickle might be insufficient forward velocity, since
the Towest level of forward velocity considered in this
study was 2.98 mph (with 1800 rpm rotor speed).

2. The governing mechanism of cutting for the rotary
sickle fitted with square edge blades is two element shear-
ing between the rotor and ledger blades.

3. The governing mechanism of cutting for the rotary
sickle fitted with sharp blades is single element impact
cutting. The stem rarely is deflected to the ledger blade
before it is severed.

4, A suitable structural model for -a stem undergoing
cutting by the rotary sickle, with either dull or sharp
blades, is that of a propped cantilever beam with an eccen-
tric, inclined, concentrated Toad applied at the point of
blade contact. The inertia of the top portion of the stem
acts as the prop. The characteristic spin about its
vertical axis of a stem trajected by action of the rotary

sickle results from the load being eccentrically applied.

7
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5. The important design parameters considered in this
study were knife sharpness index {(sharp blade is superior)
and rotor angle index (26 degree angle best for dull
blades; 46 degree angle best for sharp blades). Ledger
orientation index was not significant at -a confidence level
greater than 90 percent, except for the response of
maximum torque per stem cut for the sharp blade where the
confidence level was 95 percent. Lateral position index
might be considered a design parameter in.that a wider
feed opening than the one used in this study (1.5 inches)
would increase:energy input requirements.

6. The important operating parameters considered were
rotor speed index (highly significant on peak torque and stem
displacement responses), feed rate index (highly significant
on energy input for dull blade rotor and on stem displace-
ments), and cutting height index (highly significant on peak
torque and energy input indices for sharp blade rotors).

7. A1l three stem physical property parameters,
nominal diameter, time in chamber, and C.G. height index
had highly significant effects on one or more response
variables..

8. For design of a field-going rotary sfck]e, sharp
blades, a 46 degree knife angle, zero degree ledger tube
orientation, 3118 rpm rotor speed, and a feed rate of 4.38
in./rev. should be specified, in accordance with the best
results obtained in this experiment. Judging from the

response curves, however, probably a range of values,
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extending +5 percent of the nominal values cited, would be

entirely satisfactory.
Suggestions for Further Study

1. Evaluate a prototype rotary sickle in field condi-
tions with special consideration to effect of the inter-
action of masses of plants on trajection pattern and to
seed shattering effects.

2. Initiate a study of ledger tube design features to
determine optimum values of ledger blade knife angle and
extent of arc length.

3. Adopt principles used in Tow acceleration cam de-
velopment to perfecting a guard design for the ledger tube.
Plants impacting against the guard surface before being
guided into the cutting zone suffered seed shattering
effects (the cutting of stem 1 of trial PS-4 exhibited this
action very clearly on the high speed films).

4, Plan and execute controlled experiments to accurate-
1y determine Tg as a function of moisture content for soy-
beam stems. If a dimensionless term such as Tg can ade-
quately characterize stem physical properties for cutting
energy, torque, and displacement relationships, it should
prove useful in comparing cutting energy required for

different crops.
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CALCULATIONS FOR FLYWHEEL AND
SHEAR BOLT DESIGN

264



265

N9IS30 1708 ¥VIHS
ONY T133HMATS ¥04 SNOILYINITYD

Y XION3ddY



B-1I

B-11"

B-III

B-1V
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APPENDIX B
SUMMARY OF ROTOR AND CARRIAGE VELOCITIES USED IN THE
EXPERIMENT
SAMPLE DATA SHEET FOR CUTTING EFFECTIVENESS TESTS

SAMPLE DATA SHEET FOR SCREENING OF PARAMETER (MAIN
EXPERIMENT) TEST SERIES

SAMPLE DATA SHEET FOR STEM PHYSICAL PROPERTY TESTS

SAMPLE DATA SHEET FOR DETERMINING AVERAGE DIAMETER
OF STEM CROSS SECTION
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Explanation of Table in Appendix B-I

In the column headed "Corresponding Blade Edge Ve-
locity (.01528 N Ft/Sec)," N represents the rotor speed in
rpm.

Information in the upper left hand cell of the "Re-
quired Carriage Velocity for Specifieé Feed Rates" table is
typical and will be explained in detail. The first line is
the required carriage velocity in ft/sec. The second line
lists this same velocity in mph. The third 1ine gives the
theoretical distance on the recorder chart (100 mm/sec chart
speed) between blips representing a 3 ft. travel of the
carriage. The fourth line lists the theoretical rotational
speed of the carriage drive chain sprocket (7.991 P.D.) to
provide the correct carriage velocity. In the divided sub-
cell, the number combination on the 1éft indicates the spring
set (48 1b) and its deflection (12 inches) to accelerate the
carriage to the required velocity. The number on the right
(3.7) is the approximate dial setting for the Graham vari-

able speed drive to give the correct chain velocity.



APPENDIX B-I

SUMMARY OF ROTOR AND CARRIAGE VELOCITIES
USED IN THE EXPERIMENT

‘Corresponding

Required Carriage Velocity For Specified Feed Rates

) i
Rotor 2 - '
Blade Edge 3 ig=8 x 167% | mpele1a 2 1078 | my=le20 x 1072 ny=Y-24 x 1072
Speed 2Neg °"p 1IN °"7 b %5 “"3p
: w =2t e = = = S = =5 =
(RPM) Velocity D L-2 REV L g L 7 L 2
(.01528 N Ft/Sec) 1.75 IN/REV 3.0625 IN/REV 4.375 IN/REV 5.25 IN/REV
1800 4.38 Ft/Sec 8.26 Ft/Sec 10.94 Ft/Sec 13.12 Ft/Sec
60 Cutting Cycles/Sec 27.504 Ft/Sec 7 2.98 MPH 5.22 MPH 7.46 MPH 8.95 MPH
8 Lobe Cam 4.805 x 10 68.6 mm/3Ft 39.18 mm 27.43 mm 22.9 mm
1.67 mm/Cutting Cy. 306.048 In/Sec 125.48 RPM 219.58 RPM 313.69 RPM 376.43 RPM
16.7 Milliseconds/Cut (7.991 P.D.
Sprocket)
48-12 | 3.7 48-201] 6.7 48-30410 80-22 | 12.6
2546 6.19 Ft/Sec 10.83 Ft/Sec 15.47 Ft/Sec 18.52 Ft/Sec
84.87 Cutting Cy/Sec 38.903 Ft/Sec 7 4,22 MPH 7.38 HWPH 10.55 MPH {1 12.63 MPH
8 Lobe Cam 9.610 x 10 48.5 mm 27.70 mm 19.39 mm 16.2 mm
1.18 mm/Cutting Cy- 466.836 In/Sec 177.48 RPM 310.59 RPM 443.70 RPM 531.24 RPM
11.8 Milliseconds/Cut -
48-16 5.4 48-30| 9.9 80-29}14.5 128-28118.10
3118 7.58 Ft/Sec i3.26 Ft/Sec 18.95 Ft/Sec 22.73 Ft/Sec
103.93 Cutting Cy/Sec 47.643 Ft/Sec 7 5.17 MPH 9.04 MPH 12.92 MPH 15.61 MPH
8 Lobe Cam 14.415 x 10 39.6 mm 22.62 mm 15.83 mm 13.2 mm
0.964 mm/Cutting Cy. 571.716 In/Sec 217.35 RPM 380.36 RPM 543.38 RPM 652.06 RPM
9.64 Milliseconds/Cut
48-20 6.7 80-24 {12 128-321{18.5 128-36 | 22
3600 8.75 Ft/Sec 15.31 Ft/Sec 21.88 Ft/Sec 26.25 Ft/Sec
1120 Cutting Cy/Sec 55.008 Ft/Sec 7 5.97 MPH 10.44 MPH 14.97 MPH 17.90 MPH
8 Lobe Cam 19.220 x 10 34.3 mm 19.59 mm 13.71 mm 11.43 mm
0.833 mm/Cutting Cy. 660.096 In/Sec 250.95 RPM 439.16 RPM 627.38 RPM 752.85 RPM
8.33 Milliseconds/Cut
48-24 8.0 80-28114.5 128-36}21.5 128-41 | 26.1

[\



APPENDIX B-II
SAMPLE DATA SHEET FOR CUTTING EFFECTIVENESS TESTS

692



APPENDIX B-III

SAMPLE DATA SHEET FOR SCREENING OF PARAMETER
(MAIN EXPERIMENT) TEST SERIES

0L2



APPENDIX B-IV
SAMPLE DATA SHEET FOR STEM PHYSICAL PROPERTY TESTS




APPENDIX B-V

SAMPLE DATA SHEET FOR DETERMINING AVERAGE DIAMETER
OF STEM CROSS SECTION

BD 28,9300
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APPENDIX C
C-I CUTTING EFFECTIVENESS TEST DATA
C-I1 DULL BLADE SERIES MAIN TEST DATA
C-IIT SHARP BLADE SERIES MAIN TEST DATA
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Explanation of Tables
C-1I

The column headings under the description of cutting
action -section of the tables are to interpreted as follows:
Effective
CC - clean cut
TRC - torn, ragged cut
PCBKC - partial-cut and break at knife contact point

Noneffective

PCBB - partial cut and break at base .
BB - break at base
SUB - slipped under blade without -being cut

C-II and C-III

The comment code letters have the following meaning: -

A One sector hit and deflected stem without
completely cutting it; opposite sector
then severed stem,

B - Torn, ragged cut.

C - Stem was cut 1/2 to 7/8 through then broke
at base,

D - One sector cut 1/2 to 7/8 through stem then
opposite sector completed cut.

E- - Second cut of stubble,
F - Clean cut,

G - Cut through node of stem,
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H - Stem partially cut, then partially broke
at base and was deflected under rotor without
being cut.
I - One sector cut stem 1/2 to 7/8 through then
opposite sector hit and broke stem at-base.
Coded values of independent variable pi terms are ex-

plained as follows. It should be noted that these coded num-

bers are not the same as those listed in the experimental

plan.
I, 0 = 322 (1800 rpm)
1 = 644 (2546 rpm)
2 = 966 (3118 rpm)
3 = 1288 (3600 rpm)
my: 0= 8x 1005 (1.75 in/rev.)
: 1= 14 x 10_5 (3.06 in/rev.)
2 =20 x 10 (4.38 in/rev.)
M, 0= 4.54 x 107, (26°)
1= 6.28 x 100, (36°)
2 = 8.02.x 107, (46°)
3=09.76 x 1071 (56°)
mg : 0= 1.07 x 107, (0.38 in.)
1= 2.14 x 1077 (0.75 in.)
2 = 3.21 x 10_1 (1.12 in.)
3 =4.28 x 107" (1.50 in.)
- -2 o
Mg : 0= -8.73 x 1005 (-5°)
1= 0.00 x 1005 ( 0°)
2 = 8.73 x 1005 ( 5°)
3= 17.46 x 107 (10°)
m, : 0=2.86 x 1001 (1.00 in.)
1=5.00 x 107, (1.75 in.)
2 = 7.14 x 1071 (2.50 in.)
Tg ¢ 0 =2.25 ( 7.88 in.)
1=2.75 ( 9.62 in.)
2 = 3.25 (11.38 in.)
3= 3.75 (13.12 in.)



APPENDIX C-I

CUTTING EFFECTIVENESS TEST DATA

Conditions

Description of Severing Action

Test Sggﬁs Rotor Angle, Rotor Speed, Effective Noneffective Response No. Mean Ei:gr Ma x Min Range
No in Feed Rate, Nom. Dia., Variable Items {In) of Value Value (In)
Test Time in Chamber, C.G. CC { TRC. | PCBKC| PCBB | BB | SUB Analyzed Mean (In) (In) )
Height, Crop Year (In)
CED 1 10 26°, 1800 RPM, 1.75 In/Rev, 6 2 2 Cutting Height 9 2.75 0.07 3.12  2.38 0.74
17/64 In., 0 Hrs., 12 1/4 C. G. X-Disp 6 6.0 3.8 21.0 -3.0 24.0
to 13 1/8 In., 1965 C. G. Y-Disp. 6 19.2 5.7 39.0 0.5 38.5
Cut End X-Disp 6 2.6 4.8 20.0 -11.0 31.0
Cut End Y-Disp 6 17.9 5.0 38.5 5.0 33.0
CED 2 10 26°, 1800 RPM, 5.25 In/Rev, 6 1 3 Cutting Height 10 2.52 0.12 3.25 2.00 1.25
17/64 In., 0 Hrs., 12 3/8 C. G. X-Disp 5 8.6 4.0 23.2 1.0 22.2
“to”13 1/8 In., 1965 C. G. Y-Disp 5 10.9 6.2 25.0 -8.0 33.0
Cut End X-Disp 4 3.5 4.8 16.5 -5.0 21.5
Cut End Y-Disp 4 0.2 7.7 20.5 -16.0 36.5
CED 3 10 26°, 3600 RPM, 1.75 In/Rev,|i 10 Cutting Height 10 2.50 0.10 3.00 1.88 1.12
17/64 In., O Hrs., 12 to C. 6. X-Disp 9 16.9 3.0 32.0 7.9 24.1
13 1/8 In., 1965 C. G. Y-Disp 9 14.5 2.4 27.0 6.5 20.5
Cut End X-Bisp 9 16.1 3.7 38.0 3.0 35.0
Cut End Y-Disp 9 13.1 3.8 35.0 3.0 32.0
CED 4 10 26°, 3600 RPM, 5.25 In/Rev, 7 1 2 Cutting Height 7 2.54 0.14 3.00 2.00 1.00
17/64 In., 0 Hrs., 10 1/8 C. G. X-Disp 7 70.9 15.2 120.0 4.0 116.0
to 11 1/2 In., 1965 C. &. Y-Disp 7 17.4 10.7 60.0 -24.0 84.0
Cut End X-Disp 1 -4.0
Cut End Y-Disp 1 14.0
CED 5 10 56°, 1800 RPM, 1.75 In/Rev, 1 9 Cutting Height 10 .2.69 0.07 3.00 2.50 0.50
17/64 In., 0 Hrs., 14 172 C. 6. X-Disp 10 -31.8 12.3 42.0 -96.0 138.0
to 15 In., 1965 C. &. Y-Disp 10 15.6 7.2 60.0 -18.0 78.0
Cut End X-Disp 0
Cut End Y-Disp 0

9/42



_ APPENDIX C-I (Continued]

Conditions

Description of Severing Action

Test Sﬁgﬁs Rotor Angle, Rotor Speed, Effective Noneffective Response No. Mean Eﬁﬁgr Max Min Range
No in Feed Rate, Nom. Dia., — s - - Variable Items - -(In) of Value Value (In)
Test Time in Chamber, C.G. CC {-TRC | PCBKC.} PCBB | BB | SUB Analyzed Mean {In) (In)
Height, Crop Year . (In)

CED 6 10 56°, 1800 RPM, 5.25 In/Rev, 2 8 Cutting Height 10 2.96 0.1 3.50 2.50 1.00
17/64 In., 0 Hrs., 12 7/8 €. G. X-Disp 10 23.2 10.3 69.0 -24.0 93.0

to 16 3/8 In., 1965 C. G. Y-Disp 10 3.6 4.8 18.0 -~24.0 42.0

Cut End X-Disp 2 58.2 19.8 78.0 38.5 39.5

Cut End Y-Disp 2 4.8 8.2 13.0 -3.5 16.5

CED 7 10 56°, 3600 RPM, .1.75 In/Rev, 4 6 Cutting Height 9 '2.65 0.11 3.25 2.00 1.25
21/64 In., O Hrs., 12 3/4 C. G. X-Disp 6 -8.6 15.7 28.2 -72.0 100.2

to 13°1/8 In., 1965 C. G. Y-Disp 6 8.7 8.0 36.0° -12.0 48.0

Cut End X-Disp 2 15.0 6.0 21.0 9.0 12.0

Cut End Y-Disp 2 25.5 3.5 29.0 22.0 7.0

" CED 8 10" 56°, 3600 RPM, 5.25 In/Rev, 7 1. 2 Ciutting Height 9 2.58 0.06 2.88 2.38. 0.50
21/64 In., 0 Hrs., 12 5/8 C. G. X-Disp 8 51.8 16.6 129.0 -25.0 154.0

to 13 In., 1965 C. G. Y-Disp 8 13.4 9.6 50.0 -26.5 76.5

' Cut End X-Disp 8- 53.5 15.4 118.0 -16.5 134.5

Cut End Y-Disp 8 ~15.0 9.9 56.0 -28.0 84.0

CED 9 1D " 56°, 3600 RPM, 5.25 In/Rev,| 1 3 5 1 fiCutting Height 8 2.27 0.16 3.25 1.88° 1.37
21764 In., 8 Hr., 10 1/8 C. G. X-Disp 6 97.0 19.0 156.0 43.0 113.0

to 1D 3/8 In., 1965 C. G. Y-Disp 6 33.5 18.6 108.0 -6.5 114.5%

Cut End X-Disp 4 87.5 26.4 150.0 37.0 113.0

Cut End Y-Disp 4 4.5 3.0 10.0 -4.0 14.0
CED 10 10 56°, 3600 RPM, 1.75 In/Rev, 4 6 Cutting Height 10 2.78 0.08 3.25 2.50 .0.75
21/64 In., 8 Hr., 10 1/8 C. G. X-Disp 10 -1.8 10.0 46.0 -42.0 88.0

to 10 3/8 In., 1965 C. G. Y-Disp 10 28.0 8.9 60.0 -36.0 96.0

Cut End X-Disp 6 17.3 7.9 50.0 -2.5 52.5

Cut End Y-Disp 6 26.5 7.2 55.0 5.5 49.5

L12



APPENDIX C-I (Continued)

Conditions

Description of Severing Action

Test Sﬁgﬁs Rotor Angle, Rotor Speed, Effective Noneffective Response No. Mean Ei:gr Ma x Min Range
No in Feed Rate, Nom. Dia., Variable Items (In) of value Value (In)
Test Time in Chamber, C.G. CC { TRC ] PCBKC | PCBB | BB | SUB Analyzed Mean {In) (In)
Height, Crop Year (In)
CED 11 10 56°, 1800 RPM, 5.25 In/Rev, 3 3 4 Cutting Height 10 2.78 0.05 3.00 2.50 0.50
21/64 In., 8.5 Hr., 12 7/8 C. G. X-Disp 10 38.7 6.0 64.0 14.0 50.0
to 13 1/8 In., 1965 C. G. Y-Disp 10 25.0 5.1 59.0 4.0 55.0
Cut End X-Disp 10 41.2 6.0 69.0 12.0 57.0
Cut End Y-Disp 10 28.2 6.6 69.5 0.2 69.3
CED 12 10  56°, 1800 RPM, 1.75 In/Rev, 5 1 1 2 1 {Cutting Height 10 2.68 0.11 3.00 2.00 1.00
21/64 In., 8.5 Hr., 12 7/8 C. G. XmDisp 9 -12.4 13.3 56.0 -72.0 128.0
to 14 5/8 In., 1965 C. G. Y-Disp 9 32.2 3.3 48.0 18.0 30.0
: Cut End X-Disp 0
Cut End Y-Disp 0
CED 13 10 26°, 1800 RPM, 1.75 In/Rev,}i10 Cutting Height 10 2.52 0.06 2.88 2.25 0.63
17/64 In., 9 Hr., 12 7/8 C. G. X-Disp 10 5.0 1.1 10.0 -1.5 11.5
to 14 3/4 In., 1965 C. G. Y-Disp 10 15.4 3.6 39.0 2.0 37.0
Cut End X-Disp 10 5.5 2.0 13.5 -8.0° 21.5%
Cut End Y-Disp 10 11.4 5.4 47.5 -2.5 50.0
CED 14 10 26°, 1800 RPM, 5.25 In/Rev,j 9 1 ICutting Height 10 2.41 0.06 2.75 2.12 0.63
17/64 In., 9 Hr., 12 to 17 C. G. X-Disp 10 45.6 12.2 144.0 14.0 130.0
In., 1965 C. 6. Y-Disp 10 16.0 7.3 72.0 -13.0 85.0
Cut End X-Disp 9 31.6 8.0 69.0 2.0 67.0
Cut End Y-Disp 9 10.0 3.6 22.0 -4.5 26.5
CED 15 10 26°, 3600 RPM, 5.25 In/Rev,, 9 1 Cutting Height 10 2.59 g0.08 3.00 2.25 0.75
17/64 In., 9 Hr., 10 1/8 C. G. X-Disp 10 52.3 7.7 84.0 18.2 65.8
to 12 7/8 In., 1965 C. 6. Y-Disp 10 -2.3 6.6 25.5 -48.0 73.5
Cut End X-Disp 4 51.2 16.2 81.0 12.5 68.5
Cut End Y-Disp 4 11.1 8.5 30.5 -9.0 39.5

812



APPENDIX C-I (Continued)

\ Conditions Description of Severing Action
Test Stgr;ls Rotor Angle, Rotor Speed, Effective Noneffective Response No. Mean Ers':gr Max Min Range
No in Feed Rate, Nom. Dia., - Variable Items (In) of Value Value (In)
Test Time in Chamber, C.G. CC{ TRC | PCBKC | PCBB | BB | SUB Analyzed Mean {In) {In)
Height, Crop Year (In) )
CED 16 10 26°. 3600 RPM, 1.75 In/Rev,{{10 Cutting Height 10 2.42 0.08 2.88 2.19 0.69
17/64 In., 9 Hr,, 9 7/8 C. G. X-Disp 10 .7 4.5 23.6 -30.0 53.6
to 13 1/4 In., 1965 C. G. Y-Disp 10 13.0 3.9 40.0 0.0 40.0
Cut End X-Disp 7 4 3.5 29.1 2.0 27.1
Cut End Y-Disp 7 5.9 2.4 19.0 -0.5 19.5
PD 1 5 26°, 1800 RPM, 1.75 In/Rev,i 4 1 Cutting Height 5 2.81 0.08 3.12 2.69 0.43
17/64 In., 2 Hr., 13 1/2 C. G. X-Disp 5 6.0 2.4 14.5 0.5 14.0
to 15 1/4 In., 1965 C. G. Y-Disp 5 16.6 . 8.9 49.5 -4.0 53.5
) Cut End X-Disp 5 4.2 5.5 19.0 -9.5 28.5
Cut End Y-Disp 5 12.5 7.2 39.0 1.5 37.5
PD 2 9 26°, 3600 RPM, 1.75 In/Rev,|| 9 Cutting Height 9 2.65 0.08 3.72 2.38 0.74
17/64 In., 2 Hr., 12 1/4 C. G. X-Disp 9 19.1 1.9 27.5 12.8 14,7
to 16 In., 1965 C. & Y-Disp 9 12.7 2.7 28.2 3.2 25.0
‘fiCut End X-Disp 9 11.9 3.6 35.0 2.5 32.5
Cut End Y-Disp 9 10.3 2.5 27.8 2.0 25.8
PD 3 9 26°, 3600 RPM, 5.25 In/Rev,|| 8 1 Cutting Height 9 2.45 0.08 2.88 2.12 0.76
17/64 In., 2 Hr., 13 1/2 C. G. X-Disp 9 87.4 6.4 107.0 46.0 61.0
to 14 7/8 In., 1965 C. G. Y-Disp 9 13.3 2.9 29.0 -2.5 31.5
Cut End X-Disp 9 84.1 7.7 110.0 33.0 77.0
Cut End Y<Disp ] 11.6 3.3 30.0 -3.0 33.0
PD 4 6 56°, 1800 RPM, 1.75 In/Rev, 5 1 {Cutting Height 6 2.62  0.21 3.12 1.62 1.50
17/64 In., 2 Hr., 13 1/2 C. G. X-Disp 5 6.2 7.8 24.5 -22.0 46.5
to 14 1/2 In., 1965 C. G. Y-Disp 5 15.0 2.5 25.0 11.0 14.0
Cut End X-Disp 5 7.2 5.1 1%3.0 -12.0 31.0
Cut End Y-Disp 5 “17.0 3.1 22.2 6.0 16.2
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APPENDIX C-1 (Continued)

Conditions

Devscri'p'tidn of Severing Action

Test Sggms Rotor Angle, Rotor Speed, Effective Noneffective ' Response No. Mean Ei:gr Ma x Min Range
No in Feed Rate, Nom. Dia., e 3 Variable Items (In) of Value Value (In)
Test Time in Chamber, C. G. ¢C.{ TRC | PCBKC| PCBB | BB | SUB Analyzed Mean (In) (In)

Height, Crop Year : (In)
PD 5 9 56°, 3600 RPM, 1.75 In/Rev, 7 1 1 Cutting Height 9 3.01 0.14 3.50 2.12 1.38
17/64 In., 2 Hrs., 12 1/4 C. G. X=-D‘ilsp 9 24.5 6.6 56.0 2.0 54.0
to 13 1/4 In., 1965 C. G. Y-Disp 9 25.6 5.3 '55.0 3.8 51.2
Cut End X-Disp 9 23.2 7.4 59.0 2.0 57.0
Cut End Y-Disp 9 22.9 5.1 46.5 2.5 44.0
PD 6 18 56°, 3600 RPM, 5.25 In/Rev,}{ 2 9 1 6 Cutting Height 14 2.82 0.11 3.38 2.12 1.26
17/64 In., 2 Hr., 11 1/2 C. G. X-Disp 18 117.0 11.7 185.5 34.5 151.0
to 13 Ia., 1965 C. G. Y-Disp 18 1A 4.7 55.0 -22.5 77.5
Cut End X-Disp 18 116.6 12.3 190.5 22.0 168.5
Cut End Y-Disp 18 11.2 4.3 46.0 -24.0 70:0
PD 7 9 56°, 1800 RPM, 1.75 In/Rev,ij 1 6 1 1 Cutting Height 9 2.71 0.07 3.00 2.50 0.50
17/64 In., 2 Hr., 10 1/2 C. G. X-Disp 9 -31.2 14.4 8.2 -94.0 102.2
to 13 5/8 In., 1965 C. G. Y-Disp 9 34.8 8.3 71.8 7.8 64.0
Cut End X-Disp 9 -25.4 14.5 19.5 -88.0 107.5
Cut End Y-Disp 9 33.4 7.4 63.0 5.5 57.5
PD-8 9 56°, 3600 RPM, 1.75 In/Rev,| 2 3 4 Cutting Height 9 2.94 0.1 3.25 . 2.19 1.06
17/64 In., 2 Hr., 11 1/2 C. G. X-Disp 9 8.0 9.9 58.0 -37.5 95.5
to 13 5/8 In., 1965 C. G. Y-Disp 9 26.8 6.9 77.5 9.0 68.5
Cut End X-Disp 9 6.1 10.9 59.0 -41.2 100.2
3 4 1 1 Cut End Y-Disp 9 26.1 7.0 77.5 5.5 72.0

- . — R - - — - 3 4 ] .I )

PD S 9 56°, 3600 RPM, 5.25 In/Rev,§ 3 4 1 1 Cutting Height .9 2.92 0.13 3.25 2.12 1.13
17/64 In., 2 Hr., 12 1/4 C. G. X-Disp 9 77.9 13.0 135.8 29.0 106.8
to 13 1/2 In., 1965 C. G. Y-Disp 9 19.1 4.3 38.0 -5.2 43.2
’ Cut End X-Disp 9 79.4 12.7 135.9 21.0 114.9
Cut End Y-Disp 9 21.0 5.0 41.5 ~7.5 49.0

08¢



APPENDIX C-I (Continued)

R Conditions Description of Severing Actioé
Test Stzms Rotor Angle, Rotor -Speed, Effective Noneffective Response No. Mean Ei:gr Max Min Range
No -in Feed- Rate, Nom. Dia., : e . - Yariable Items .. (In) of Value Value (In)
Test Time- ¥n Chamber, C. G. ‘#CC [ TRC | PCBKC { PCBB | BB | SuUB { - Analyzed Mean (In) (In)
-~ . Height, Crop Year : | (In) :

PD 10 9 26°, 3600 RPM, 5.25 In/Rev,f 7 1 1 Cutting Height 9 2.62 0.11 3.12 " 2.12 1.00
17/64 In., 2 Hr., 10 3/8 IC. G. X-Disp 9 69.8 10.9  1171.0 19.8 91.2

to 11 3/8 In.,; 1965 C. G. Y-Disp 9 11.3 7.7 47.5 -19.0. 66:5

’ Cut End X-Disp 9 69.5 12.7 117.0 13.2 103.8

Cut End Y-Disp 9 10.8 8.7 49.0 -24.0 73.0
PD 11 9 '26°, 3600 RPM, 1.75 In/Rev,| 9 Cutting Height' 9 2.74 0.10 3.38 2.38 1.00
17/64 In., 2 Hr., 9 5/8 C. G. X-Disp 9 16.3 2.7 31.0 6.8 24.2

to 12 5/8 In., 1965 C. G. Y-Disp 9. 14.1 3.9 42.0 3.5 38.5

Cut End X-Disp 8 12.3 3.4 25.2 0.2 25.0

Cut End Y-Disp 8. 6.9 1.6 13.5 0.2 13.3
PD 12 18 26°, 1800 RPM, 1.75 In/Rev,j14 ] 4 fiCutting Height 18 2.63 0.05 2.88 2.25 0.63
' 17/64 In., 2 Hr., 9 5/8 C. G. X-Disp 18 -1.4 3.5 '14.0 -32.5 46.5

to 13 7/8 In., 1965 C. G. Y-Disp 18 23.2 2.7 51.2 5.5 45,7

Cut End X-Disp 18 2.0 3.9 19.1 -31.0 - 50.1

Cut End Y-Disp 18 22.4 3.3 48.5 2.0 46.5
PS 1 9 26°, 1800 RPM,-1.75 In/Rev,| 9 Cutting Height 9. 2.40 0.12 2.88 1.88 1.00
17/64 In., 2 Hr., 14 1/2 C. G. X-Disp 9 10.3 2.5 29.0 3.2 25.8

to 17 5/8 In., 1965 C. G. Y-Disp 9 6.1 1.5 15.5 0.2 15.3

Cut End X-Disp 9 2.4 3.8 29.5 -6.5 36.0

Cut End Y-Disp ) 2.9 0.6 6.8 1.5 5.3

PS 2 9 26°, 1800 RPM, 1.75 In/Rev,| 7 1 1 Cutting Height 9 2.44 0.08 -~ 3.00 2.25 0.75
17/64 in., 0 Hr., 14 1/8 C. G. X-Disp 8 13.8 3.1 29.1 6.0 23.1

to 17 1/4 In., 1968 C. G. Y-Disp 8 7.4 1.8 16.2 0.0 16.2

Cut End X-Disp 8 2.6 3.2 17.8 -6.5 24.3

Cut End Y-Disp 8 5.2 3.2 20.0 -9.1 29.1
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APPENDIX C-1 (Continued)

Conditions

.Description of Severing Action

Test. Stggs Rotor Angle, Rotor Speed, Effective Noneffective Response No. Mean E::gr Ma x Min Range
No in Feed Rate, Nom. Dia., Variable Items {In) of Value Value (In?
Test Time in Chamber, C. G. CC | TRC | PCBKC | PCBB | BB | SUB Analyzed Mean {In) {(In) ..
Height, Crop Year {In)
PS 3 9 26°, 3600 RPM, 5.25 In/Rev,|l 5 3 1 Cutting Height 9 2.28 0.07 2.62 2.00 0.62
17/64 In., 0 Hr., 15 3/4 C. G. X-Disp 9 61.9 6.8 105.0 37.0 68.0
to 18 3/4 In., 1968 C. G. Y-Disp 9 5.8 2.9 17.0 -5.5 22.5
Cut End X-Disp 9 66.5 8.3 117.0 35.0 82.0
Cut End Y-Disp 9 6.4 2.8 15.0 -12.0 27.0
PS 4 9 56°, 3600 RPM, 5.25 In/Rev,|| 1 3 4 1 Cutting Height 9 2.17 0.12 2.88 1.75 1.13
17/64 In., 2 Hr., 14 5/8 C. 6. X-Disp g 110.6 9.8 141.0 53.0 88.0
to 19 3/4 In., 1968 C. G. Y-Disp 8 19.9 4.2 35.5 4.0 31.5
Cut End X-Disp 8 113.3 - 10.5 144.0 56.0 88.0
Cut °End  Y-Disp 8 18.9 6.9 42.5 -5.5 48.0
PS § -9 56°, 1800 RPM, 1.75 In/Rev,| 8 1 Cutting Height 9 2.39 0.07 2.50 1.88 0.62
17/64 In., 2 Hr., 15 3/8 C. G. X-Disp 9 21.6 5.7 65.8 11.2 54.6
to 20 In., 1968 C. G. Y-Disp 9 11.2 4.6 34.5 -1.8 36.3
Cut End X-Disp 9 12.9 8.4 77.8 -2.2 80.0
Cut End Y-Disp "9 16.2 5.2 46.0 3.5 42.5
PS & 9 46°, 3600 RPM, 3.06 In/Rev,| 9 Cutting Height 9 1.38 0.08 1.75 1.00 0.75
21/64 In., 2 Hr., 15 1/4 C. G, X-Disp 9 50.2 5.7 95.D 39.0 56.0
to 17 7/8 In., 1968 C. G. Y-Disp 9 1.6 1.8 9.0 -6.0 15.0
Cut End X~Disp 9 48.7 8.1 106.0 28.8 77.2
Cut End Y-Disp 9 0.6 2.5 9.5 +~14.5 24.0
PS 7 9 46°, 3600 RPM, 3.06 In/Rev,| 6 1 1 1 Cutting Height 9 1.53 0.186 2.00 1.25 0.75
21/64 In., 2 Hr., 13 3/4 C. G. X-Disp 9 37.9 4.1 58.0 16.2 41.8
to 21 1/2 In., 1968 C. G. Y-0isp 9 1.8 2.0 16.0 -4.0 20.0
Cut End X-Disp 9 36.8 5.6 69.5 20.5 49.0
Cut End Y-Disp 9 4.5 3.9 24.0 -15.0 39.0
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APPENDIX C-1 (Continued)

Conditions

Description of Severing Action

Test Szgms Rotor Ang1e; Rotor Speed, Effective Noneffective Response. No. Mean vEEEgr Ma x Min‘ Range
No in Feed Rate, Nom. .Dia., - Variable Itens (In) of Value Value (Ing
Test Time in Chamber, C. G. CC | TRC | PCBKC| PCBB | BB | SUB Analyzed Mean {In) {In)

Height, Crop Year (In)

PS 8 9 56°, 3600 RPM, 5.25 In/Rev, 5 3 1 Cutting Height 9 2.22 0.11 2.62 1.75 0.87
17/64 In., 2 Hr., 18 3/4 C. G. X-Disp 9 117.7 4.3 127.5 90.0 37.5

to 22 5/8 In., 1968 C. G. Y-Disp 9 9.9 2.9 23.0 -3.5 26.5

Cut End X-Disp 9 127.3 6.7 142.5 80.5 62.0

Cut End Y-Disp 9 7.9 5.9 32.0 -14.0 46.0
PS 9 9 26°, 3600 RPM, 5.25 In/Rev, 7 2 Cutting Height 9 2.04 0.05 2.25 1.75 0.50
17/64 In., 2 Hr., 15 5/8 C. G. X-Disp 9 79.6 7.6 127.5 47.0 80.5

to 22 3/8 In., 1968 €. G. Y-Disp 9 1.0 2.5 14.0 -9.0 23.0

T Cut End X-Disp 9 85.1 9.2 140.0 39.0 101.0

Cut End Y-Disp 9 0.4 3.0 13.2 -16.0 29.2

PS 10 9 26°, 1800 RPM, 1.75 In/Rev, 8 1 Cutting Height 9 2.35 0.11 2.75 1.88 . 0.87
17/64 In., 2 Hr., 18 1/4 C. G. X-Disp 9 22.6 3.9 37.5 0.0 _37.5

to 21 1/2 In., 1968 C. G. Y-Disp 8 6.6 3.5 23.0 -7.0 30.0

Cut End XFDisp 9 17.1 5.5 48.0 -5.0 53.0

Cut End Y-Disp 9 9.2 4.7 32.8 -15.0 47.8

PS 11 9 26°, 1800 RPM, 1.75 In/Rev, 8 1 fiCutting Height 9 2.22 0.10 2.88 1.88 1.00
17/64 In., 2 Hr., 15 1/4 C. G. X-Disp 9 3.9 3.0 9.8 -18.0 27.8

to 17 3/8 In., 1865 €. G. Y-Disp 9 10.6 © 3.7 38.0 2.0 36.¢

Cut End X-Disp 9 -1.4 2.4 16.8 -8.0 24.8

Cut End Y-Disp 9 9.5 5.5 47.0 -3.2 50.2

PS-12 9 56°, 1800 RPM, 1.75 In/Rev, 4 3 2 Cutting Height 9 2.1 0.07 2.50 1.75 0.75
17/64 In., 2 Hr., 15 3/8 C. G. X-Disp 9 23.5 9.6 69.2 -24.0 93.2

to 20 1/8 In., 1968 C. G. Y-Disp 9 15.2 4.1 37.0 -10.0 47.0

Cut End X-Disp 9 1.8 10.0 57.0 -41.0 98.0

Cut End Y-Disp 9 17.0 4.4 31.2 -l12.0 43.2
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APPENDIX C-II

DULL BLADE SERIES MAIN TEST DATA"

Per Cent

- !
Ene}gy Max Retative : ggfug} Moisture Wet - Dry ‘P1ag§a5ize i L .
Run Comment Input Torque Contact Positive Cut Dry Linear Linear X | Coded Values of Independent
No. Code In-Lbe  Lbe~In Velocity X Disp Y Disp 2 Disp Above Base Basis Density Density Ht. from : variable Pi Terms
Ft/Sec In - In In In % ém/In - Gm/In End to C.G. :
C.G. End <C.G. . End ; C.G. End . In ¢ M, M3 My Mg Mg 0y Mg

0N A,B 114.7265 20.0 45.09 7.4 1.2 10.0 3.2° 1.5 2.0 2.38 35.286 0.3025- 0.2236 17/64 x 12 7/8 1.0 1 3 3 ‘ ] 2
b ¢ 84.2263 .36.0  45.09 0.0 6.0 40.0  48.0 | 85.0° 85.0° 2.00  .46.814 0.4356 0.2967 17/64 x 12 7/8 fv 0 01 3 3 o0 2
D16 0 132.8119  37.5 45.09  22.5 21.2. 17.9 °  27.2 | 3.0 . 3;0 2.00 36.800 .0.3472 © 0.2500 17/64 x 12 7/8 ;'1 ¢ 1 3 3 0. 2
022 C,E 136.6230 33.8 70.32 0.0 7.0 21.0 ‘ 15.0 36.0b 40,0b 3.38 35.106 © 0.5248 -0.391 21/64 x 11-1/8 §v3 1 3 2 3 2 1
D6 B 130.5778 33.0 70.32 58.0 57.0 .30.5 24.2 14.6 25.0 3.25 26.580 - 0.4271 . 0.33}4 21/64.x 11_1/8' ; 3 1 3 2 3 2 1
017 c 143.9259 . 33.0 70.32 38.5 31.0 -5.0 -14.0 60.0b 64.0b 3.75 23.857 0.5202 0.4200 21/64 x 11-1/8 | 3 1 37 2 3 2 1
D3 " C,E 148.7039° 56.0 38.44 4.0 6.0 24.0 15.0 84.-0b .84.0b 4.00 30.769 .. 0.6592 0;4888 25/64 x 14 5/8 % 0 2 3 5 1 1 3
D10 D,E 251.0605 95.0 38.44 0.0 6.0 16.0 20.0 : 84.0b 84.0b 2.88 19.496 '_ 0.5694 -0.4765 25/64 x. 14 5/8 0 2 3 3 1 1 3
p22? C,E 112.0864 42.0 38.44 -22.0 -24.0 32.0 36.0 E 0.0 4.0 (2'75 35.741 0.5655 0.4166 25/64 x 14 5/8 c 2 3 3 1 1 3
D4 F,E 197.5170 37.0 63.76 13.8 4.5 2.4 4.5 6.0 8.0 1.88 40;432 0.5644 0.4019 25/64 x 12 7/8 3 ] 0 0 2 0 2
09 8,E 136.8343 - 28.0 ) 63.76 37.2 44.2 7.8 14.2 22.0 26.0 ,1.88_ -35.193 0.5305 0.3924 25/64 x 12 7/8 3 0 o 0 2 0 2
p2¢® 6,F,E 193.9485 40.0 63.76 -18.0 -9.2 -3.5 -2.0 3.0 3.0 1.38 21.895 0.6920 0.5677 25/64 %12 7/8 3 0 0 .0 2 0 2
D52 A 45.9439 23.0 31.88 -14.2 ° "-9.0 0.0 0.0 0.0 3;0 2.75 34.255 0.;884 0.2893»' 21/64 x - 9. 3/8 _}'0 0 0 10 2 0
b19 FLE 112.7423 30.0 31.88 ~4.0 0.0 8.0 7.0 3.0 8.0 3.38> 21;658 0.4005 0.3292 21/64 x 9 3/8 i 0 0 0 _1 0 2 0
D21 F,E 147.5617 40.0 31.88 4.0 =2.0 .0 " 4.0 O.B 2;0 2,88 42.483 _ 0.5668 0.3978 21/64-x 9 3/8 g 0 0 0 1 0 2 0
07 F,E 27.4857 13.8 60.90  60.0 53.0 50.0 42.0 6.0~ 19.0 2.25 37.145 0.2854 0.2081 17/64 x 14 5/8 2 1 2 .0 0 1 3
D12 F 40.0832 15.0 60.90 29.5 18.5 7;2 8.5 0.8 2.5 . 1.88 33.102 0.3320 0.2496 17/64 * 14 5/8 2 1 2 ] ] 1 3
D152 0,8 56.8672 16.8 60.90 40.5 30.0 4.0 4.5 0.8 12.°0 S2.12 79.230 0.2891 0.1613 17/64 'x 14 5/8 2 _1 2 b 0 1 3
ps? 8 30.2430 15.3 54.37 . 27.8 25.8 5.5 1& 2 ].0' 7.0 -3.38 73.182 0.]905 0.1100 13/64 x 11 1/8 1 2 2 1. 2 2 1
D14 B 38.8437 15.0 54,37 55.0 49.2 7.0 3.8 4.12.Qi 19.0 ) 5.12 . .35.836 0.1827 0.1345 >13/64 x 11 1/8 1 2 2 ‘1 T2 2 1

F 25.9189 6.5 54.37 31.0 1.5 -5.5 3.0 8.5 2. . 36.654  0.1454 0.1064 13/64 x 11 1/8 i 2 2 1‘ 2 2 1

D24
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APPENDIX C-II (Continued)

Theo Actual Per Cent Plant Size
Energy Max Relative Ht. of Moisture Wet Dry Dia Time
Run Comment Input Torque Contact Positive Cut Dry Linear Linear X in Coded Values of Independent
No. Code In—Lbf Lbf-ln Velocity X Disp Y Disp Z Disp Above Base Basis Density Density Ht. from Chamber Variable Pi Terms
fFt/Sec In In In In % Gm/In Gm/In End to C.G. Hrs. .
C.6. End  C.G. End  C.G. End In T, Hy My Mg Mg Ty g
013 - F 23.6612 6.5 55.22 7.2 1.0 4.2 4.0 0.0 1.0 3.00 53.353 0.1509 0.0984 13/64 x 9 3/8 6 2 0 1 2 1 2 4]
018 F,E 25.6417 10.0 55.22 -2.0 2.0 4.0 5.2 0.0 3.0b 3.12 54.376 0.1164 0.0754 13/64 x 9 3/8 6 2 0 1 2 1 2 0
p232 B 33.08648 13.5 55.22 33.2 29.1 15.4 16.5 11.5 11.5 3.62 68.054 0.1978 0.1177 13/64 x 9 3/8 6 2 0 1 2 1 2 0
025 F,E 103.2932 23.0 63.76 43.0 39.0 0.0 -6.0 7.2 7.8 2.38 14.001 0.4128 0.3621 21764 x 11 1/8 2 3 0 1 0 1 1 1
041 - A,B,E 101.0221 32.0 63.76 -26.0 -24.0 -7.0 -3.0 12.5 i3.0 2.38 36.396 0.4467 0.3275 21/64 x 11 1/8 2 3 0 1 0 1 1 1
20ab b b b b b b b

D26 H 74.8408 40.0 35.76 -6.0 -10.0 30.0 25.0 20.0 24.0 2.00 36.953 0.6356 0.4641 21/64 x 9-3/8 2 4] 1 2 3 2 0 0
D35 A,B 116.1902 52.0 35.76 -12.0 -12.0 51.0 56.0 72.0b 72.0b 2.50 24.867 0.3756 0.3008 21/64 x 9 3/8 2 0 1 2 3 2 0 0
e U 71.3918 24.0 55.22 5.0 -3.4 11.0 5.2 0.5 3.8 3.38 17.032 0.2824 0.2413 17/64 x 14 5/8 2 2 0 0 2 2 2 3
D33 FE 80.5710 16.0 55.22 13.4 9.5 3.5 -5.6 3.8 6.2 3.38 13.804 0.2333 0.2050 17/64 x 14 5/8 2 2 0 0 2 2 2 3
028 F 51.1101 19.5 49.73 50.0 42.0 0.0 0.5 2.5 8.0 3.38 12.838 7-0.3041 0.2695 17/64 x 12 7/8 2 1 1 3 1 1 2 2
039 B 56.6373 26.5 49.73 28.5 22.0 -6.5 -10.2 5.2 11.8 3.38 23.558 0.3000 0.2428 17/64 x 12 7/8 2 1 1 3 1 1 2 2
0292 FiE 32.7744 10.0 45.09 4.0 -2.5 8.2 8.5 0.0 2.0 2.88 35.211% 0.1344 0.0994 13/64 x 11 1/8 2 1 0 0 3 0 1 1
D31 F 28.3187 8.5 45.09 1.0 -5.0 7.5 4.2 3.2 11.8 2.62 31.260 0.1625 0.1238 13/64 x 11 1/8 2 1 4] 0 3 0 1 1
034 F,E 32.4832 7.5 45.09 4.0 10.0 33.0 38.0 10.0 10.5 2.75 22.248 0.1577 0.1290 13/64 x 11 1/8 2 1 0 0 3 0 1 1
D30 1 172.3517 25.0 76.88 12.2 2.5 8.5 5.0 14.0 24.0 4,00 24.231 0.5097 0.4098 25/64 x 12 7/8 2 3 2 2 .2 0 2 2
037 F 185.5896 50.0 76.88 44.0 35.0 -8.0 -8.0 0.5 6.5 2.50 23.265 0.4726 0.3834 25764 x 12 7/8 2 3 2 2 2 4] 2 2
032 F 10.4027 5.5 66.59 70.0 63.0 -5.0 -7.0 3.6 9.5 1.75 30.346 0.1353 0.1036 13/64 x 9 3/8 2 2 2 3 0 3 0 0
D40 B 20.2652 5.0 66.59 35.0 33.0 -3.5 4.0 0.0 6.3 1.50 31.521 0.1815 0.1380 13/64 x 9 3/8 2 2 2 3 0 3 0 0
D36 F,E 137.9290 63.0 31.88 4.9 0.0 8.8 0.0 1.8 -2.0 3.25 16.725 0.3657 0.3133 25/64 x 14 5/8 2 0 o 1 1 3 2 3
D38 FL,E 153.4641 65.0 31.88 1.5 -2.0 . -2.5 -10.0 48.0b 60.0b 3.12 18.472 0.5195 0.4385 25/64 x 14 5/8 2 0 0 1 1 3 2 3
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APPENDIX C-II {Continued)

Theo - Actaul Per Cent ‘ Plant Size
Energy Ma x Relative Ht. of Moisture Wet Dry Dia - Time .
Run Comment Input TJorgue Contact Positive Cut Dry Linear Linear X in Coded Values of Independent
No. Code In-Lbf Lbf—In Velocity X Disp Y Disp Z Disp Above Base -Basis Density Density Ht. from Chamber Variable Pi Terms
: Ft/Sec in In In In % Gm/In Gm/In End to C.G. Hrs.
C.G. End C.G. End C.G. End . In m, N3 N, Ng nG n, n9
D42 A,B,E 136.5732 40.0 55.22 12.¢ 3.8 6.0 6.2 1.3 3.1 2.88 51.369 0.3925 0.2593 21/64 x 12 -3/8 4 - 2 0 3 1 2 1 2
D54 A,F 143.2482 42.5 55.22 4.0 -3.8 7.5 3.0 3.0 4.8 2.12 " 38.017 0.4763 0.3451 21/64 x 12 3/8 4 2 Q 3 1 2 1 2
D43 F 44.7390 10.0 70.32 64.0 77.0 -15.0 -20.0 2.0 15.0 1.50 45.822 0.1623 0.1113 13/64 x 14 5/8 4 3 1 1 1 0 0 3
D47 0,F 40.9945 9.0 70.32 25.6 14.0 0.5 1.0 0.0 - 5.3 1.38 59.263 0.1470 0.0923 13/64 x 14 5/8 4 3 L 1 0 0 3
D44 B,E 36.5810 27.5 38.44 12.0 6.0 -15.0 -156.5 0.8 2.0b 3.62 16.316 0.2103 0.1808 17/64 x 11 1/8 4 0 2 1 0 2 2 1
D49 8,E 22.9047 16.0 38.44 -5.0 -11.0 -24.0 -25.0 4.0 6.0b 3.50 29.077 0.2042 0.1582 17/64 x 11 1/8 4 0 2 1 0 2 .2 1
D45 A,# 128.2234 33.0 60.90 5.0 0.0 6.0 2.0 0.5 l.Sb 3.25 22.416 . 0.4407 0.3600 25/64 x 11 1/8 4 2 1 0 3 3 2 1
D52 F 144.8227 46.0 60.90 46.0 49.0 9.0 3.0 15.0 20.0 3.25 29.002 0.4359 0.3379 25/64 x 11 1/8 4 2 1 0 3 3 2 1
D46 ALF 123.5707 36.0 63.76 5.0 0.5 13.0 12.0 - 6.0 8.0 3.38 30.913 0.2507 0,1915 17/64 x. 9 3/8 4 . 3 0 2 3 1 2 0
050 A,F,E 66.0371 10.0 63.76 2.0 7.0 41.0 41.5 36.0b 44.0b 3.50 22.080 0.1913. 0.1567 17/64 x . 9.3/8 4 3 0 2 3 1 2 0
D48 F 53.0624 35.0 54.37 53.5 65.0 -11.0 -11.2 5.5 14.4 1.38 » " 24.658 0.4565 0.3662 21/64 x 14 5/8 4 1 2 0 2 1 0 3
053 c 89.5371  45.0 54.37  44.0 .55.0° -10.0 -14.0° 8a.0® 82.0° o 1.25 57.220 . 0.5770 0.3670 21/64 x 14 5/8 4 12 0 .2 1 o 3
D51 B,E 23.7852 15.3 31.88 28.0 35.0 40.5 35.0 10.0 14.0b -2.88 29.181 0.1421 0.1100 13764 x 12 7/8 4 .0 0 2 2 3 -1 2
D56 B,.E 51.3270 23.8 31.88 -56.0 -49.0 24.0 19.0 72.0b 72.0b 2.88 30.229 0.1874 0.1439 13/64 x 12 7/8 4 0 0 2 2. 3 1 2
D55 D,B 161.4170 65.0 45.09 -13.0 -9.2 1.0 2.0 0.0 2.0b 3.75 87.735 . 0.6567 0.3498 25/64 x 9 3/8 4 1 0 3 [V 2 0
D57. B,E 85.1834 40.0 45.09 20.0 16.0 32.0 35.0 48.0b ‘48.0b 3.12 T14.746 0.3774 0.3289 25/64 x 9 3/8& 4 R | 0 3 QV 0 2 0
D58 B,E 166.6724 46.0 55,22 8.5 0.5 4.2 1.8 0.0 4.9 1.38 .595.503 0.6782 0.3469 25/64 x 11 1/8 8 2 0 2 1 1 0 1
D61 0,8 243.7522 58.0 55.22 7.5 0.5 7.5 2.2 0.7 1.4b 1.00 61.432 0.8945 0.5541 25/64 x 11.1/8 8 2 0 2 1 3 0 1
N
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APPENDIX C-II (Continued)

Theo Actual Per Cent Plant Size

Energy Max Relative Ht. of Moisture Wet Dry Dia Time
Run Comment Input Torque Contact . Positive Cut Dry Linear Linear X in .Coded Values of Independent
No. Code In-Lbe Lbf—in- Velocity X Disp Y Disp Z Disp Above Base Basis Density Density Ht. from Chamber Variable Pi Terms -~ -
Ft/Sec In In In In % Gm/In Gm/In End to C€.G. Hrs. o

C.G. End C.G. End C.G. End . In R, 0y N, IOg H6 oy ‘Hg-
D59 D 144.8118 47.0 49.73 -9.0 -5.5 28.0 31.5 13.D ]S‘Ub 2.25 23.464 0.6935 0.5617 25/64 x 9 3/8 8 1 1001 2 2 1 0
D63 F,E 149.9224 39.0 49.73 2.2 -3.2 3.1 " 3.5 0.D 3.1 2.38 34.800 0.3552 0.2635 25764 x 9 3/8 8 1 H 1 2 2 1 0
D60 F 71.3675 20.0 66.59 23;2 15.0 4.0 4.2 1.0 12.8 2.88 736.991 0.3570 0.2606 21/64 x 12 7/8 ‘ 8 2 2 1 3 0 2 2
065 D,F 93.4446 22.0 66.59 40.4 46.2 1.8 -3.5 1.0 8.0 3.712 51.550 D.5765 0.3804 21/64 x 12 7/8 8 2 2 .1 3 4] 2 2
062 F,E 77.8762 29.0 45.09 6.0 -4.0 1.0 2.0 0.0 T.Bb 3.25 . 35.325 0.4D76 0.3012 21/64 x 14 5/8 8 1 0 2 0 3 2 3
D73 D 94.3336 32.0 45.09 4.5 -5.5 3.0 -0.5 0.2 3.1 2.75 - 33.521 0.3792 0:2840 21/64 x 14 5/8 8 1 0 2 0 3 2 3
D64 F.E 21.588¢ 11.0 35.76 15.4 14.8 10.8 17.2 4.8 5.6 3.25 32.841 0.1889 0.1422 13/64 x 12 7/8 8 0 1 0 0 1 2 2
D70 F,E 26.9742 11.0 35.76 39.0 44.0 -11.0 -12.0 0.0 2.0 3.25 87.782 0.2930 0.1603 13/64 x 12 7/8 8 0 1 0 0 1 2 2
D66 D,B 53.2524 11.5 63.76 24.5 16.2 5.0 8.8 2.8 - 4.0b 4.12 121.416 0.2564 0.1158 13/64 x 14 5/8 8 3 0 3 3 2 2 3
D72 G,B 47.9752 27.0 63.76 73.0 64.0 16.0 15.D ]B.Gb 26_8b 3.62 37.305 0.1855 - 0.1351 13/64 x 14 5/8 .8 3>. 0 3 3 2 2 3
Dé&7 F 20.8225 4.0 76.88 20.0b 23.0b 28.0b 33.0b 1.0 310.5 2.00 73.460 0.4085 0.2355 17/64 x 9 3/8 8 3 2 0 1 3 1 4]
Deg F 88.0503 22.0 76.88 115.0 120.0 33.5 36.5 22.0b 29,0b 2.12 25.199 0.3294 0.263}- 17/64 x 9'3/8 8 3 2 0 1 3 1 0
D68 D,B 108.3107 43.0 37.88 1.2 -5.2 14.5 19.0 5.5 7.0b 2.00 23.826 0.2822 0.2279 17)64 x 11 1/8 8 . 0 0 3 2 0 0 1
D71 D.B 66.4240 27.5 31.88 -3.0 -10.0 16:0 19.0 26 0b 33.0P 1.88 125.669 0.4466 0.1979 17/64 x 11 1/8 8 0 0 3 2 0 0 1

250t Used in Analysis of Results
Estimated Value; Exact Value Unobtainable Because the Vertical Trace Extended Qut
of the Camera Field or Stem Fell Qutside Limits of Horizontal Grid Board
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APPENDIX C-1I11
SHARP BLADE SERITES MAIN TEST DATA

Theo . . Actual Per Cent Plant Size

Energy Ma x Relative : Ht. of Moisture Het Dry Dia Time
Run Comment Input Torgque - Contact Positive Cut Ory Linear Linear X in Coded Values of Independent
No. Code In-Lbe Lbe-In Velocity X Disp Y Disp Z Disp Above Base Basis Density Density Ht. from Chamber Variable Pi Terms
. ) Ft/Sec n - In LIn In 4 Gm/1n Gm/In End to C.G. Hrs.

’ C.G. End C.G. End C.G. End In M, Ry Ry Ng R Ty Mg
$1 F.E 39.2512 ‘8.2 63.76  42.0 36.0 -6.0 -5.0 60.0% 60.0% 2.00 23.149 0.2080 0.1689  13/64.x 9 3/8 6 3 0 0 3 2 1 0
s16 F,E 36.7778  10.0 63.76 22.6 26.5 18.5 - 14.2 1.5 4,0° 2.12 45.884  0.1790  0.1227 13/64 x 9 3/8 6 3 0 0 3 2.1 o0
s2 F,E 29.3736 9.6 38.44 80.5% 71.5% .42.0% 45.0® 28.5% 33.0® . 2.38 41.529  0.2757 0.1948 13/64 x 12 7/8 6 02 2 1 0 1 2
S13  D,F,E 36.3593  18.5 38.44 0.0 2.0 6.0 10.0 2.5 14.0 2.62 . -42.747  0.2234 0.1565 . 13/64 x 12 7/8 6 0 2 2-1 0 1 2
53 D,F 181.5397  40.0 55.22 9.0 14.0 -17.0 -11.0  30.0° 35.0° 1.38 21.950 ° 0.6978 0.5722 25/64 x 11 1/8 6 2 0 3 0 2 0 N
510 D,F 132.3438  32.0 55.22 6.5 12.5  -9.0 -15.0 ~20.0% 26.0° 1.25 28.526 0.5276 0.4105 25/64 x 11 1/8 6 2 0 -3 0 2 0 1.
S4 D,F,E  171.3408 40.0 49.73  -2.0 ~6.2 5.8 2.5 3.08 4.0% 2.50 22.896 0.4144  0.2900 21/64 x 9.3/8 6 11 1 3 3 2 0
59 D,F 73.3141 17.5 49.73  10.8 6.2 5.2 3.2 0.8 2.0 3.00 62.626 0.4186 0.2574 21/64 x 9 3/8 6 11 1 3 3 2.0
s5 D,F,E  208.4096 41.0 54.37 23.6 15.0 0.0 -7.8 0.8 5.0 . 1.75 24.179 0.6132 0.4938 25/64 x 14 5/8 6 12 1 2 0o 0 3
s12 0,F 191.1932  52.0 54.37  27.5 22.8 13.2 2.2 0.5 5.5 1.00 27.671 ' 0.5449 0.4268 25/64 x 14 5/8 s T2 1 2z 0 o0 3
S6 F,E 84.2589 18.0- 70.32 41.0 45.5 -20.0 -29.0 8.0 16.0 3.12 43.973 0.3500 0.2431 17/64 x 14 5/8 - 6 301 0.2 1.2 3
515 F,E 84.3317  22.0 70.32  44.5 42.0 - 20.0 30.0 1.5 7.0 2.88 £ 38.774 0.3783  0.2726 17/64 x 14 5/8 6 3y o0 2 1 2 3
57 F,E 98.5266 18.5 60.90 65.0 68.0. -11.5 -3.5 7.2 22.5 3.12 76.666- 0.5300 0.3000 21/64 x 12 7/8 6 P T T D 4
SN FiE 97.9084 23.0 . 60.90 16.2 8.2 -3.0 ~5.8 2.5 6.5 2.88 79.206 0.7093 . 0.3958 21764 x 12 7/8 6 2 1 3 1 1 2z 2
58 F 37.8796  20.5 35.76 8.5 1.5 4.8 5.5 0.2 4.2 - 2.75 37.133  0.3885 0.2833 - 17/64 x 11 1/8 6 o 1 2 0 3 -2 .1

0.4163  0.2636 17/64 x 11.1/8 6 o001 2 0 3 2 1

S14 F,E 30.1024 12.5 35.76 43.2 49.5 10.2 12.8 5.0 20,0a 2.75 57.928
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APPENDIX C-III (Continued)

Theo Actual Per Cent Plant Size
Energy Ma x Relative Ht. of Moisture Wet Dry Dia Time
Run Comment Input Torque Contact - Positive Cut Dry Linear Linear X in Coded Values of Independent
No. Code In—Lbf Lbe-In  Velocity X Disp Y Disp Z Disp Above Base Basis Density Density Ht. from Chamber Variable Pi Terms
Ft/Sec In In in In % Gm/In 6m/In - End to C.G. Hrs.
C.G. End C.G. End C.G. End in Ty N3 [y Wy Ry Ty g

$17 0,F,E 59.8528 39.0 35.76 4.5 1.5 6.0 6.0 7.2 11.5 1.12 14.595 0.3855 D.3364 21/64 x 9 3/8 2 0 1 0 0 0 0 0
S3D D,F 45.744] 20.5 35.76 -7.0 -3.5 5.0 2.0 4.0 4.0 1.12 15.069 0.2978 0.2588 231/64 x 9 3/8 2 0 1 0 0 0 0 0
518 D,F 127.8411 48.0 31.88 6.0 5.0 2.0 11.0 : 8.0° 10.0° 2.75 21.935 0.4675 0.3834 25/64 x 14 5/8 2 0 0 0 1 3 2 3
521 D,F 105.6543 37.0 31.88 11.0 7.0 13.0 3.5 0.8 3.0 2.62 16.658 0.4895 0.4196 25/64 x 14 5/8 2 0 0 0 1 3 2 3
s1% F.E 87.3689 18.0 60.90 22.2 11.58 -3.0 -5.2 0.0 4.5 2.12 25.772 0.3255 0.2588 17/64 x 14 5/8 2 E 2 1 1 1 2 1 3
527 F,E 81.5906 20.0 60D.90 28.5 18.2 2.0 -1.8 0.5 3.0 2.12 23.263 0.3354 0.2721 17/64 x 14 5/8 2 E 2 1 1 1 2 1 3
520 F 18.4836 5.0 66.59 47.0 43.0 -1.0 3.0 10.5 12.0° 2.62 55.446 0.2226 0.1432 13/64 x 9 3/8 2 D2 2 1 0 1 2 0
532 F 11.6404 2.2 66.59 18.0 13.5 ~3.5 -5.5 2.5 8.0 2.75 19.047 0.2000 0.1680 13/64 x 9 3/8 2 : 2 2 1 0 1 2 0
522 0,F 76.6087 25:0 49.73 10.0 3.5 4.2 2.5 1.0 3.0 2.88 17.705 0.2360 0.2005 17/64 x 11 1/8 2 L1 1 3 3 0 1 1
526 F 76.1970 42.0 49.73 6.0 7.0 38.0 46.0 34.0°2 36.02 1.88 35.316 0.3866 0.2857 17/64 x 11 1/8 2 1 1 3 3 0 1 1
523 D 30.4788 12.0 45.09 30.0 38.2 10.0 11.5 14.02 21.5% 3.00 23.102 0.2595 0.2108 13/64 x 12 7/8 2 1 0 3 2 3 2 2
s28  D,B 20.4291  11.5  45.09 22.0  13.5 8.5 6.8 8s5.0c® 85.0% 2.62 25.763  0.1977 0.1572 13/64 x 12 7/8 2 fvooo3 2 3 2 2
524 D,F 134.5311 22.0 70.32 81.0° 90.0% 41.0% 36.0% 85.0° 85.0°% 1.12 37.461 0.4418 0.3214 21/64 x 12 7/8 2 v 3 1 2 2 z 0 2
529 b,F 101.6329 19.5 70.32 56.5  66.2 10.2 9.0 60.0° 70.0% 1.12 25.741 0.3688 0.2933 21/64 x 12 7/8 2 3 1 2 2 2 0 2
525 F 120.4105 23.0 76.88 89.8 95.8 28.0 27.0 17.5 24.5 2.88 17.093 0.5117 0.4370 25/64 x 11 1/8 2 .3 2 2 3 1 2 1
$31 F,E 84.4056 13.0 76.88 72.5 66.0 5.0 4.0 9.0 19.0 2.88 17.060 0.3863 0.3300 25/64 x 11 1/8 2 ;3 2 2 3 1. 2 1
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APPENDIX C-III (Continued)

Input . Theo . Attoa Per Cent Plant Size
Run Comment Energy Max Relative : Ht. of Moisture Wet Dry Dia Time '
No Code In-Lb Torque Contact ~ Positive Cut Dry Linear Linear X in Coded Values of Independent
: f Lbf-In Velocity X Disp Y Disp s 2z Disp Above Base Basis Density Density Ht. from Chamber Variable Pi Terms
Ft/Sec in in in . In % Gm/In Gm/In End to C.G. Hrs.
C.G. End C.G. End C.G. En In - T, Wy M, Mg Eg Ry T

5§33 F 59.2026 28.0 54.37 25.8 30.5 -4.5 -9.0 7.0 17.0 3.00 27.800 0.4450 0.3482 21/64 x 11 1/8 8 1 2% 1 z 2 1
$37 F 59.6284 25.0 54.37 24,2 18.8 1.0 - -3.5 2.5 6.5 2.75 95.618 0.6340 0.3241 21/64 x 11 1/5 8 1 2 0 1 2 z 1
534 F.E 81.6778 18.5 49,73 23.0 14.0 0.0 -0.2 1.8 4.9 - 2.38 25.846 0.5132: 0.4078 25/64 x 12 7/8 8 1 1 e} 0 1 1 2
S42 D,F 74,9611 28.0 49.73 18.0 8.5 9.5 10.8 = 2.5 3.0 1.88 33.325 0.5413 0.4080 25/64 x 12 7/8 8 1 o a 1 1 2
$35 FyE 19.8706 6.8 70.32 46.0 39.0 7.0 2.0 , 2.2 9.5 1.75 83.906 0.2514 0.1367 13/64 x 11 1/8 8 © 3 1 1 1 3 0 1
543 b,F 21.5005 1t.0 70.32 32.8 37.8 0.0 -6.5 | 1.0 4.0 1.25 49.095 0.2636 ° 0.1768 13/64 x 11 1/8 8 3 1 1 ] 3 0 1
$36 F,E 56.3396 10.0 63.76 10.2 1.8 4.8 3.2 1.5 1.8 2.62 114.057 0.4431 0.2070 17/64 x 12 7/8 8 3 0 1 0 0 2 2
S4¢ FoE 32.7956 5.0 63.76 -5.7 -14.5 -2.5 -5.5 7.8 8.0 2.88 97.529 0.3358 0.1700 17/64 x 12 7/8 8 3 0 1 0 0 2 2
s38 F 52.0565 11.0 55.22 34.5 25.2 10.5 6.8 11.5 11.5 3.00 42.593 0.4640 0.3254 21/64 x 14 5/8 8 2 1] 2 3 0 2 3
s44 F,E 63..3900 17.5 55.22 1.5 . 2.5 2.2 6.0 0.0 3.5 3.12 93.562 0.5743 0.2967 21/64 x 14 5/8 8 2 0 2 3 0 2 3
$39 F,E 26.5992 7.0 35.786 25.5 14.2 19.2 17.2 10.0 10.0 1.62 82.673 0.2815 0.1541 13/64 x 14 5/8 8 . 0 1 3 3 1 0 3
547 F,E 9.6089 4.5 35.76 35.5 27.2 . 6.5 -2.5 27.58 34,0% 1.25 47 .966 0.1746 0.1180 13/64 x 14 5/8 8 0 1 3 3 1 0 3
S40 F,E 36.5134 23.0 38.44 17.8  14.0 10.2 14.0 0.8 2.5 2.50 34.913 0.3103 0.2300 17/64 x 9 3/8 8 0 2 3 2 2 2 0
S45 D,F 33.1225 12.5 38.44 8.2 3.0 7.2 6.0 2.5 3.0 2.50 75.925 0.3800 0.2160 i7/64 x 9 3/8 8 [t} 2 3 2 2 2 0
S41 F,E 66.4084 29.5 60.90 44.0 50.0 -6.0 ~-4.0 4.8 7.4 2.12 27.835 0.5557  0.8347 25/64 x 9 3/8 8 z 1 2 2 3 1 0
S48 F,E 60.6832 15.0 60.90 41.0 35.0 -4.0 -3.0 3.8 8.0 ©1.88 47.043 0.6042 g.é109 25/84 x5 3/8 .8 2 1 2 2 3 1 0
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APPENDIX C-III (Continued)

Theo ' Actual  Per Cent Plant Size
Energy Max Relative Ht. of . Moisture Wet Dry Dia Time
Run Comment Input Torque Contact Positive " Cut Dry Linear Linear X . in Coded Vaiues of Independent
No. Code In-Lbe Lbe-In Velocity X Disp | Y Disp Z Disp Above Base Basis Density Density Ht. from Chamber Variable Pi Terms
Ft/Sec In in In In % Gm/In Gm/In End to C.G. Hrs.
C.G. End C.G. End C.G. End In Wy Ry Ny Ng dg Ry Ry

S49 0,F,E 85.5026 17.5 70.32 88.8 87.8 11.8 6.0 11.02 11.02 2.88 30.564 0.5045 0.3864 25/64 x 9 3/8 4 3 1 3 1 G 2 i
S64 F,E 98.3871 28.0 70.32 38.0 41.8 -1.8 -5.5 1.5 4.0 2.88 21.230 0.5676 0.4682 25/64 x 9 3/8 4 3 1 3 1 0o 2 0
S50 F,E 11.0382 5.5 49.73 88.5 98.5 20.0 20.5 30.2% 39.02 2.88 34.123 0.1867 0.1392 13/64 x 14 5/8 4 1 1 2 0 2 2 3
$57 F,E 10.0497 2.5 49.73 23.2 15.2 0.8 -5.8 4.0 6.8 2.62 31.009 0.1973 0.1506 13/64 x 14 5/8 4 1 1 2 0 2 2 3
$51 F 35.9569  18.8 66.59 75.8 69.5 19.2 11.5 42.0%  6a.0% 1.12 64.044 0.3796 0.2314 17/64 x 12 7/8 4 j 2 2 0 3 3 o 2
$55 F 22.2335 10.0 66.59 56.0 50.0 -2.5 -10.0 3.0 17.52 1.38 36.754 0.3758 0.2748 17/64 x 12 7/8 4 2 2 0 3 3 ¢ 2
552 FLE 39,0457 14.0 45.09 6.8 1.0 3.0 2.5 - 0.0 1.0 2.25 6G.320 0.2998 0.1870 17/64 x 9 3/8 4 1 0 2 1 1 0o 0
S59 F,E 30.4788 10.8 45.09 j2.5 6.5 4.5 6.5 2.0 2.0 1.38 37.574 0.2768 0.2012 17/64 x 9 3/8 4 10 2 1 1 0 [}
$53 F,E 21.5335 12.0 60.90 23.5 22.5 -4.8 -11.0 0.5 7.0 3.12 45.148 0.1900 0.1309 13/64 x 11 1/8 4 2 1 0 2 i} 2 1
S60 F,€ 23.0493 10.5 . 60.90 17.0 12.8 4.0 -0.8 0.2 1.52 2.62 45.769 0.2395 0.1643 13/64 x 11 1/8 4 2 1 0 2 0 2 1
s54 0,F,E 142.6021 47.0 31.88 -10.8 -4.5 21.0 17.0 0.0 7.02 2.00 " 20.424 0.3862 0.3207 21/64 x 11 1/8 4 ¢ 0 1 2 1 1 1
$56 F,E 81.453%9  35.0 31.88 0.0 -0.5 19.8 26.5 9.5 12.0 2.50 37.655 0.4465 0.3224 21/64 x T1 1/8 4 ¢ 0 1 2 1 1 1
$58 F,6 100.7290  35.5 76.88 42.0 31.0 2.5 6.0 77.0%8 8502 1.75 15.436 0.5353 0.4638 21/64 x 14 5/8 4 3 2 3 ¢ 3 1 3
562 F,G 86.6744  40.0 76.88 87.5 98.0 -9.0 -3.5 12,52 21.5% 1.88 20.509 0.4924  0.4086 21/64 x 14 5/8 4 .3 2 3 0 3 1 3
561 F,E 124.3547 85.5 35.76 13.8 6.8 14.8 9.5 3.2 3.8 2.62 54.560 0.7354 0.4785 25/64 x 12 7/8 4 0 1 1 3 2 2 2
563 D,F, 137.1385 63.0 35.76 14.8 6.8 13.0 9.5 | 2.0 4.0 2.75 51.314 0.7192 0.4753 25/64 x 12 7/8 4 0 1 103 2 2 2

2Estimated Value; Exact Value Unobtainable Because the Vertical Trace Extended Out of
the Camera Field or Stem Fell Outside Limits of Horizontal Grid Board
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APPENDIX D

ANALYSIS OF VARIANCE AND TABLE OF MEAN VALUES FOR
DULL BLADE TEST SERIES :

ANALYSIS OF VARIANCE AND TABLE OF MEAN VALUES FOR
SHARP BLADE TEST SERIES
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{EAN VALUES FOR DULL BLADE TEST SERIES
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OF VARIANCE

DULL BLADE SERIES

ANALYS IS OF VARIANCE DULL BLADE SERIES
FQOR TABLE OF MEAN VALUES
ENERGY INPUT DATA FOR
ENERGY INPUT DATA
SOURCE OF VARIATION DEGREES OF SUM OF MEAN F RAT IO
FREEDIM SQUARES SQUARE FAZTIR VALUE OF MEAN STD ERROR OF MEAN
D R L LR R R R R R R L L R Iy R R L R R L L L TR TR R PR PR R
CORRECTED TOTAL 63 209464.56250 OVERALL MEAN 92.5147 3.2543
DTAMETER
DIAMETER 3 149065.37500 49688.45703 73.3107 0 LEVEL 32.2607 6.5085
Lt INEAR EFFECT 1 147015.37500 147015.37500 216.9074 1 LEVEL 69. 1824 6. 5085
QUADRATIC EFFECT 1 1680.10205 1680.10205 2.4188 2 LOVEL 105.5998 6. 5085
CUBIC EFFECT L 369.90088 3£9.90088 0.5458 3 LEVEL 163.0160 6.5085
TI4E IN CHAMBER
TIMz 1N THAM3ER 3 44244101506 l474.70117 2.1758 0 LEVELY 87.2413 6. 5085
LINEAR EFFECT L 1068. 14600 1068.14600 1.5759 1 LeEvEL . 34.5004 6.5045
QUADRATIC EFFECT 1 495.411724 49%.41724 0. 7309 2 LEVEL . 106.0935 6.5085
CUsif EFFECT 1 2860.54004 2860.54004 4.2205 3 LEVEL 32.2236 6.5085
) RITOR SPEED INDEX
RUTOR SPEED TNDEX 3 3434.63647 1144.87806 l. 6892 0 LEVEL 93.7742 6.5085
LINEAR EFZECT 1 976.98364 973.38364 1.4444 1 LEVEL 833.5240 6.5085
QUADRATIC EFFECT 1 2412.52856 2412.5285¢6 3.5595 2 L EVEL 89,2254 6.5085
CU3IC EFFECT 1 43.12381 43.12381 0.0636 3 LRVEL 103.5346 645085
. FEED RATE INDEX
FEED RATL INDEX 2 5213,08984 2606454517 3.8457 0 1 +VEL 101. 5346 4.06022
1 LEVEL 83.9330 6.5085
ROTIR ANGLE INJEX 3 2340.42334 730.14111 L.1510 72 LFVEL " B3.0566 6.5085
LINFAR EFFECT 1 2182.16504 2182.16504 3.2196 ROTOR ANGLE INDEX
JUADRATIC EFFECT 1 76.78965 76.98965 0.1136 0 LEveL A6.2813 : 6.5085
CJBIC EFFECTY 1 81.26859 81.26359 0.1169 1 LEVEL 87,2947 6.5085
2 LTVEL 95.5411 6. 5085
LATERAL PUOSITION INDEX 3 B750.67578 2715.89233 4.3036 3 LEVEL 10549417 6.5085
LINCAR EFFECT 1 5299. 39844 5299.39844 7.9183 LATERAL PISITION INJEX
QUADRATIC EFFECT 1 1795.19995 1795.1999% 2. 6486 D LEVEL 72,7351 6.5085
JU3ID EFFZLT 1 1656.07715 1656.07715 2.4434 LLEvEL 160.5662 6.50485
2 LEVEL 95.0557 6. 5085
LEDGER NRIENTATIUN INDEX 3 567.05811 149.01942 0.278% 3 LEvel 131.7018 6.5085
LINFAR EFFECT 1 24.08737 24.058737 0.0355 LED GRIENTATEON WDz X
QUADRAY IC EFFECT 1 299.55542 299. 55542 Ge4420 N LEVEL 88.6560 6., 5085
CuslC EFFECT 1 243.41531 243 .41531 0.3561 IoeeviL I7.0203 6.5085
2 LEVEL 92.3360 6. 5045
CUTTING HEIGHT INDEX 2 1842.068213 921« 34106 1.3594 3 LEVEL 92.0465 . 6.5085
CUTTING HzI54T INDEX
CeGoe HEIGHT INDJEX 3 2280.56030 760.135677 l.1216 J LEVEL 101.0300 6.5085
LINTAR EFFECT 1 l47.46387 147. 46337 0.2176 1 LFYEL 33.1869 6.5085
CUADRATIC CFFECT 1 1955,63599 1955.63599 Z2.8854 2 LFwvel 87,9209 4.6022
CUSTC CFFECT 1 177. 46051 177.45051 0.2613 CaGe RIIGRT INDEX
2 LEVIEL 85.5951 6.5085
REMATNDER 5 9857.06250 Lo42.64375 2.4239 1 Level 95. 1290 6.5085
2 LevEL 100.955¢4 6.5085

EXPERIMENT AL ERROR 32 21688.94141 677. 77930 3 LEviL 33,2787 6.5085



APPENDIX D-I (Continued)

DULL BLADE SERIES

ANALYSIS OF VARIANCE ’ DULL BLADE SERIES
FOR TABLE OF MEAN VALUES
MAX TORQUE DATA : FOR
: MAX TORQUE DATA
SOURCE OF VARIATION DEGREES OF SUM DF MEAN F RATIO .
FREEDOM SQUARES SQUARE . FACTOR VALUE OF MEAN STD ERRJIR DOF MEAN
P R T R R L R e R R LR L L IR T 20000000200 a242000000000840000000rssccIsssasesscesratssteneno -
CORRELCTED TOTAL 63 21442.33594 : OVERALL MEAN 29.6547 1.1159
DIAMETER
DYAMETER 3 13316.914GC6 4438.96875 55.6972 0 LEVEL 11. 4437 2.2318
LINEAR EFFECT 1 13221.36719 13221.367T19 165.8927 I LEVEL 22,3937 2.2318
QUADRATIC EFFECT 1 90.96390 90.96390 lel4lé 2 LEVEL 34,5312 2.2318
CUBIC EFFECT 1 4.58403 4.58403 0.0575 '3 LEVEL 5042500 2.2318
: ) TIME IN CHAMBER
TIME IN CHAMBER 3 93.04047 31.01349 0.3891 O LEVEL 28.9063 2.2318
LINEAR =FFECT 1 7.90653 7.90653 0.0992 . 1 LEVEL 31.1937 2.2318
QUADRAT IC EFFECT 1 83.03764 83.03764 1.0419 ’ . . 2 LEVEL 30.3937 2.2318
CUBIC EFFECT 1 2.09628 2.09628 0. 0263 3 LEVEL 28.1250 2.2318
ROTOR SPEED INDEX
ROTOR SPEED INDEX 3 2185.80273 728.60083 9.1420 0 LEVEL 39.1312 2.2318
LINEAR EFFECT 1 1898.81323 1898.81323 23.8250 1 LEVEL 29.8125 . 2. 2318
QUADRATIC EFFECT 1 286.03247 286.03247 3.5889 2 LEVEL 25.2687 2.2318
CJBIC EFFECT 1 0.95703 0.95703 0.0120 3 LEVEL 24. 4063 2.2318
. FEED RATE INDEX
FEED RATE INDEX 2 147.79796 73.89897 0.9272 0 LEVEL 31.0812 1.5782
- 1 LEVEL 27. 4875 2.2318
ROTOR ANGLE INDEX 3 1063.86914 354.62305 4e 4496 2 LEVEL 28.9688 2.2318
LINEAR EFFECT 1 948.40869 948.40869 11.9000 ROTOR ANGLE INDEX
QUADRATIC EFFECT 1 T2.46265 72.46265 0.9092 0 LEVEL 25.1875 2.2318
CUBIC EFFECT 1 42.99777 42.99777 G.5395 1 LEVEL 27.9688 T 2.2318
: 2 LEVEL 29.2125 2.2318
LATERAL POSITION INDEX 3 683. 80908 227.93640 2.8600 3 LEVEL 36.2500 2.2318
LINEAR EFFECT ’ 1 516.89014 516.89014 6. 4856 LATERAL POSITION INDEX
QUADRATIC EFFECT 1 39.53265 39.53265 0.4960 0 LEVEL 24. 4250 2.2318
CUBIC EFFECT 1 127.38628 127. 38628 1.5984 1 LEVEL 31.0625 2.2318
2 LEVEL 29.8187 2.2318
LEDGER -ORIENTATION INDEX 3. 374.65283 124.88431 1.5670 . 3 LEVEL © 33,3125 2.2318
L INEAR EFFECT 1 11.21253 11.21253 0e 1407 * LEDGER ORTENTATION INDEX
QUADRATIC EFFECT 1 185.98140 185.98140 2.3336 0 LEVEL 26. 6437 2.2318
CJBIC EFFECT 1 177. 45903 177.45903 2.2266 . 1 LEVEL 33.4062 2.2318
' 2 LEVEL 29.3125 2.2318
CTUTTING HEISHT INDEX 2 145.75046 72.87523 0.9144 3 LEVEL | 29. 2562 2.2318
CUTTING HEIGHT [NDEX
C.G. HEIGHT INDEX 3 640.81543 213.60515 2.6802 0 LEVEL 31.4062 2.2318
LINEAR EFFECT 1 276.58179 276.58179 3.4704 1 LEVEL 30.9000 2.2318
QUADRATIC EFFECT 1 250. 82640 250.82640 3.1472 2 LEVEL 2B.1562 1.5782
CUBIC EFFECT 1 113.40703 113.40703 1. 4230 C.G. HEIGHT INDEX
0 LEVEL 28.2500 2.2318
REMAINDER 6 239.53937 39.92322 0.5009 1 LeVEL 28.5312 2.2318
2 LEVEL 26.8187 2.2318
EXPERIMENTAL ERROR 32 - 2550434497 79.69827 3 LEVEL 35,0187 2.2318
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APPENDIX D-1

DJLL. BLADE SERIES
ANALYSIS OF VARIANCE
gR
ENERGY INPUT {NDEX DATA

F RATIN

(Continued)

DULL. BLADE SERIES
TABLE OF MEAN VALUES
F3OR
ENERGY INPUT INDEX DATA

PR R R R R A L LR R L LR TR R P P R R R R R S LR L R R P E LT R X TR R I IR

SDURCE OF VARIATION DEGREES OF SUM OF MEAN
FREEDTM SQUARES SUUARE
CORRECTED TOTAL 63 129578.75000
DTAMETER 3 14283.,21094 4761.07031
LINEAR EFFECT 1 11916430469 11916.30469
QUAORATIC EFFECT 1 108.51241 108.51241
CJBIC EFFECT 1 2258.39478 2258.39478
TIME IN CHAMBER 3 3496.8205% 1165.60669
L INEAR 'EFFECT 1 0.92500 0.92500
QUADRATIC EFFECT 1 3234.63184 3234.63184
CuBIiC EFFECT 1 261.726361 261.26367
ROTOR SPEED INDEX 3 5649.300738 1883.10034
LEINEAR EFFECT 1 1836.34375 1836.34375
QUADRAT IC EFFECT 1 2057.06128 2057. 06128
CysIC EFFECT 1 1755.89600 1755.89600
FEEO RATE INDEX 2 9724. 17344 4862.38672
ROT3R AVGLE'IY\&DEX 3 1948.51099 649.50366
LINEAR FFFECT 1 152.98819 152.98819
GUADRATIC EFFECT 1 1681.53320 1681.53320
CUBIC EFFECT 1 113.98944 113.98944
LATERAL POSITIGN INDEX 3 11827.12500 3342.37524
L INEAR EFFECT L 11078:97650 11078.97656
QUADRATIC EFFECT 1 593.62720 593.62720
CuBIC EFFECT 1 154.52193 154.52193
LEDGER QRIENTATION INDEX 3 326.25830 108.75282
LINEAR EFFECT 1 60.73C54% 503.73064
QUADRAT IC EFFECT 1 231.15129 231.15129
CuBIC EFFECT 1 34.37653 34.37653
CUTT ING HEIGHT INDEX 2 T47.61719 373. 80859
C.G. HEISHT INDEX 3 43324.83594 14441.60937
LINFAR EFFECT 1 41831.96094 41831. 96094
QUADRATIC EFFECT 1 1126.83332 1120.63032
CUBIC EFFECTY 1 366. 044068 366.04468
REMATNDER 5 10469.42578 1744.90479
EXPERIMENT AL ERROR v 32 27730.91016 863, 15332

5.4841
13. 7260
0.1250
2.6014

1.3426
0.0011
3, 7259
0.3009

2.1691
2.1152
2.3695
2.0226

5.6008

0.7481
0.1762
1.3369
0.1313

4.5411
12.7615
0. 6838
0.1780

0.1253
0.07C0
0.26063
G.0396

0.4306
16.6349
48.1850

1.2980

D.4216

2.0099

FACTOR VALUE OF MEAN STD ERRQR OF MEAN
DVERALL MEAN 82.7694 3.6831
DIAMETER

0 LEVEL 60,5237 7.30661

1 LEVEL 85. 9390 T.3661

2 LEVEL 82.2041 7.3661

3 LEVEL 102.4309 T.3661
TIME IN CHAMBER

0 LEVEL 74.917% 7.3661

1 LEVEL 92. 6431 T.3661

2 LEVEL 87T.1142 T.3661

3 LEVEL T6.4025 7.3561
RITOR SPEED INDEX

0 LEVEL 78.9097 T.3661

1 LEVEL 8l.7319 T.35651

2 LEVEL T2.4682 7. 3661

3 LEVEL 91.9578 T.3661
FEED RATE INDEX

0 LEVEL 93.2133 5.2086

1 LEVEL 81.5857 T.3661

2 LEVEL 63.0654 7.3661
RUTGR ANGLE TNDEX

0 LEVEL 76.1661 T.3661

1 LEVEL 85.4133 T.3661

2 LEVEL 90.3772 T.3661

3 LEVEL 79.1211 T.3561
LATERAL POSIT ION INDEX

0 LEVEL 61.37569 T.3661

1 LEVEL 82,0156 7.3661

2 LEVEL 89.6143 T.3661

3 LEVEL 98.07086 7.3661
LEDGFR QORIENTATIUN INDEX

0 LEVEL 82.5035 T.3661

1 LEVEL 84,1222 T.3661

2 LEVEL 85.2175 T. 3661
3 LoVEL 75.2343 T.3661
CUTTING HEIGHT INDEX
0 LFVEL 78.2513 T.3661
1 LEVEL 80.6691 7.3661
2 LEVEL 86.0785 5.2086
CeGoe HEIGHT INDEX
D LEVIL 122.3355 T.3661
L LEVEL 86.7983 7. 3661
2 LEVEL 70.3485 7.3661
3 LEvEL 51. 5954 7.3661
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APPENDIX D-I (Continued)

DULL BLADE SERTES
ANALYSIS OF VARIANZE DULL BLADE SERIES
TABLE OF MEAN VALUES

FOR

MAX TORQUE ENDEX DATA

MAX TORQUE INDEX DATA

SOURCE OF VARIAT [ON . DEGREES OF SUM. DF MEAN F RATLO

FREEDOM SQUARES S QUARE : FACTOR VALUE OF MEAN  STO ERRJR OF MEAN
P escesrssecssseccecsnsesecscsestesssscesscssssartescassasanneen
CORRELTED TOTAL 63 . 13200.23437 : DVERALL MEAN 26. 7171 1.4613

DIAME TER
DI-AMETER ; 3 873.48633 291.16211 2.1305 0 LEVEL 21. 3519 2.9226
LINEAR EFSECT 1 734.21704 734.21704 5.3724 1 LEVEL 27.3345 2.9226
QUADRAT I[C EFFECT 1 1.75286 1. 75286 10,0128 2 LEVEL 2644307 2.9226
CUBIC EFFECT 1 137.51646 137.51646 1.0062 3 LEVEL 31.7514 2.9226
) TIME IN CHAMBER
TIME IN CHAMBER 3 846479492 282.26489 2.0654 0 LEVEL . 25.1293 2.9226
LINEAR EFFECT 1 108.83723 108.83723 0.796% 1 LEVEL . 32.9746 2.9226
QUABRATIC EFFECT 1 301.07397 301.07397 2.2030 L 2 LEVEL T 24.7975 2.9226
CUBIC EFFECT 1 . 436.88354 436,88354 3.1968 3 LEVEL 23.9670 2.9226
. ’ ’ : ROTOR SPEED INDEX
ROTOR SPEED INDEX "3 1403.75073 467:91675 3.4239 . 0 LEVEL 34,0459 2.9226
LINEAR EFFECT i ©1065.55322 1065.55322 7. 7969 1 LEVEL . 27.3391 2.9226
QUADRATIC EFFECT 1 304.22534 304.22534 2.2261 2 LEVEL 21,7346 2.9226
CYBIC EFFECT 1 33,97205 33, 97205 0.2486 " 3 LEVEL. 23. 7488 2.9226
FEED RATE INDEX .
FEED RATE INDEX 2 452.73120 226.36562 1.6564% 0 LEVEL 28.8814 2.0666
: ’ 1 LEVEL © 2647390 2.9226
ROTOR ANGLE INDEX 3 594 .35449 198.11821 1. 4497 2 LEVEL 22.3666 2.9226
LINEAR EFFECT 1 431.09595 431.09595 3.1544 ROTOR ANSLE. INDEX .
QUADRAT IC EFFECT 1 146495004 146. 95004 1.0753 0 LEVEL 21.4940 2. 9226
CUBTC EFFECT 1 16.30856 16.30856 0.1193 1 LEVEL 27.7490 2.9226
2 LEVEL 28.7158 2.9226
LATERAL POSITION INDEX 3 486.99731 162.33249 1.1878 3 LEVEL 28.9096 2.9226
LINEAR EFFECT 1 453.46973 453.46973 3.3181 ’ LATERAL POSITION INDEX
QUADRATIC EFFECT 1 0.00386 0.00386 0.0000 0 LEVEL 23.4773 2.9226
CUBIC EFFECT 1 33.52388 33.52348 0.2453 1 LEVEL 24.5479 2.9226
’ 2 LEVEL 28.8708 2.9226
LEDGER DRIENTATION INDEX: 3 212.94887 -70.98296 0.5194 3 LEVEL 29.9725 2.9226
L INEAR EFFECT I 2.31002 2.31002 ©  0.0169 LEDGER ORIENTATION LNDEX
QUADPATIC EFFECT 1 121.12218 121.12218 0.8863 0 LEVEL 25.6154 2.9226
CUBIC EFFECT 1 89.51666 89. 51666 0. 6550 1 LEVEL 2644211 2.9226
2 LEVEL ' 29.7645 2.9226
SUTTING HEIGHT INDEX 2 100.67737 50.33868 0.3683 3 LEVEL 25.0674 2.9226
CUTTING HEIGHT INDEX B
C.56. HEIGHT [NDEX 3 3796.16602 1265.38867 9.2591 0 LEVEL 25.4264 2.9226
LINEAR EFFECT 1 3478.79712 3478,79712  25.4552 1 LEVEL 25.4999 2.9226
QUADRAT IC EFFECT 1 310.77393 310. 77393 2.2740 2 LEVEL 27.9711 2.0666
CUBIC EFFECT 1 6.59508 6.59508 0.0483 C.Ge HEIGHT INDEX
’ 0 LEVEL 38.6686 2.9226
REMAINDER . 6 59.09325 9. 84888 0.0721 1 LEVEL 28.2413 2.9226
2 LEVEL 20.7857 2.9226
EXPERIMENTAL ERROR 32 4373.23437 136.66362 . 3 LEVEL 19.1728 2.9226
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APPENDIX D-I (Continued)

DULL BLADE SERIES

ANALYSIS OF VARIANCE DULL BLADE SERIES
FOR ) TABLE OF MEAN VALUES
C.Ge X DISP INDEX DATA FOR
C.G. X DISP INDEX DATA
SOURCE OF VARIATION DEGREES OF . SUM OF MEAN F RATIO
FREEDIM SQUARES SQUARE FACTOR VALUE OF MEAN STD ERROR OF MEAN
D L L R T R R R e LR LR T PR R L R L L R L R R R T R P R  EE L R T T
CORRECTED TOTAL 63 3783.67407 OVERALL MEAN 5.5452 0.8269
DIAMETER
DIAMETER 3 161.11523 53.70508 1.2273 0 LEVEL T.4777 1.6538
LINEAR EFFECT 1 159.30190 159.30190 3. 6404 1 LEVEL 6.4907 l1.6538
QUADRATIC EFFECT 1 1.56518 1.56518 0.0358 2 LEVEL . 4.9125 1. 6538
CuBIC EFFECT 1 0.24817 0.24817 0.0057 3 LEVEL 3.3000 1.6538
T IME IN CHAMBER
TIME IN CHAMBER 3 58.76909 19.58969 0.4477 0 LEVEL 4.7946 1.6538
L INEAR EFFECT 1 44.72826 - 44,72826 1.0221 1 LEVEL 4.4125 1.6538
QUADRATIC EFFECT 1 2.00728 2.00728 0. 0459 2 LEVEL 6.3237 1. 6538
CysiC EFFECT 1 12.03354 12.03354 0.2750 3 LEVEL 6.6500 1.6538
. RITOR SPEED INDEX
ROTOR SPEED INDEX 3 737.78735 245.92912 5.6201 0 LEVEL 0.3571 1. 6538
LINEAR EFFECT 1 691.63062 691.63262 15.8054 1 LEVEL 5.4925 1.6538
QUADRAT IC EFFECT 1 13.40867 13.40867 0.3064 2 LEVEL 6. 5134 1.6538
CUBIC EFFECT 1 32.74788 32.74788 0.7484 3 LEVEL 9.8179 l.6538
FEEJ RATE INDEX
FEED RATE INDEX 2 739.88428 369.94214 8. 4540 0 LEVEL 2.2244 1.1694
’ 1 LEVEL 7.8339 1.6538
ROT3R ANGLE INDEX 3 184.27249 61.42416 1.4037 2 LEVEL 9.8982 1.6538
LINEAR EFFECT 1 0.02317 0.02317 0. 0005 ROTOR ANGLE INDEX
QUADRATIC EFFECT 1 184.05766 184.05766 4.2061 O LEVEL 7.2911 1.6538
CJBIC EFFECT 1 0.19166 0.19166 0.0044 1 LEVEL 3.7845 1.6538
2 LEVEL 3.9143 1. 6538
LATERAL POSITION INDEX 3 119.57979 39.85992 0.9109 3 LEVEL 7.1911 1.6538
L INEAR EFFECT 1 63.39597 63.39597 l.4487 LATERAL POSITION INJEX
QUADRATIC EFFECT 1 6.49704 6.49704 0. 1485 0 LEVEL 6.1679 1.6538
CUBIC EFFECT 1 49.68677 43.68677 1.1355 1 LEVEL 7.4911 1.6538
2 LEVEL 4.2366 1.6538
LEDGER ORIENTATION INDEX 3 68.93594 22.97864 0. 5251 3 LEVEL 4.2854 1.6538
LINEAR EFFELCT 1 20.42941 20.42941 0.4669 LEDGER OJRIENTATION INDEX
QUADRATIC EFFECT 1 38.01163 38. 01163 0. 8687 0 LEVEL 5.3768 1. 6538
CUudIC EFFECT 1 10.49490 10.49490 0.2398 1 LEVEL 5.0652 1.6538
2 LEVEL 4. 4839 1.6538
CUTTING HEIGHT INDEX 2 50.29494 25. 14746 0.5747 3" LEVEL 7.2550 1.6538
CUTTING HEIGHT INDEX
C.G. HEIGHT IN3EX 3 97.05435 32.35144 0.7393 0 LEVEL 6.5925 1.6538
L INEAR EFFECT 1 94. 83945 94. 83945 2.1673 1 LEVEL 4.1375 1.6538
QUADRATIC EFFECT 1 1.80039 1.80039 0.0411 2 LEVEL 5.7254 1.1694
CuBIC EFFECT 1 0.41451 0.41451 0.0095 C.G. HEIGHT INDEX
0 LEVEL 4.0437 1.6538
REMAINDER 5 165.68520 27.61420 0.6310 1 LEVEL 4. 9411 1.6538
2 LEVEL 5.8139 1.6538
EXPERIMENT AL ERROR 32 1400.29517 43,175922 3 LEVEL 7.3821 1.6538
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APPENDIX D-I (Continued)

‘DULL BLADE SERIES

ANALYSIS OF VARIANCE OJULL BLADE SERIES
FOR TABLE OF MEAN VALUES
END X DISP INDEX DATA FOR
) END X DISP INDEX DATA
SOURCE OF VARIATION DEGREES JF Su® DF N MEAN F RATIC
FREEDOM SQUARES SQUARE FACTOR VALUE JF MEAN STD ERROR OF MEAN
D R R R R R R L R L L R N T T T P R R R LR L Y
CORRECTED TOTAL 63 4063.71631 CVERALL MEAN 4. 8606 0.8820
OI AMETER
DIAMETER 3 170.87759 56.95920 l.1441 0 LEVEL 7.1321 1.7640
LINEAR EFFLCT 1 166.94705 166.94705 3.3534 1 LEVEL 5.2566 1. 7640
QUADRATIC EFFECT 1 0.00239 0.00239 0.0000 2 LEVEL . 4.4768 1.7640
CuUBIC EFFECT 1 3.92814 3.92814 0. 0789 3 LEVEL 2.5768 1.7640
TIME IN CHAMBER
TIME IN CHAMZER 3 49.12830 16.37610 0.3289 0 LEVEL 3.5645 1.7640
LINEAR EFFECT 1 41.08G00 41.08000 0.8252 1 LEVEL 4. 5589 - 1. 7640
QUADRATIC CFFECT 1 5.88582 588582 0.1182 2 LEVEL 5. 7687 1. 7640
CUBIC EFFECT 1 2.16247 2.16247 0. 0434 3 LEVEL 5.5500 1.7640
. RITDOR SPEED INDEX
ROTOR SPEED INDEX 3 641.37134 213.79047 422943 O LEVEL 0.1893 1.7640
LINEAR EFFECT 1 581.09570 581. 09570 11.6722 ’ 1 LEVEL 4.9902 1.7640
QUADRATIC EFFECT 1 2.6T7206 2.67206 0.0537 2 LEVEL 5.1390 le 7640
CuBIC EFFECT 1 57. 60344 57.60344 1.1571 3 LEVEL 9.1232 1.7640
. FEED RATE INDEX
FEED RATE INODEX 2 840.58936 420429468 B.4423 O LEVEL ' 1.3667 1.2473
1 LEVEL 5.9929 1.7640
ROTOR ANGLE 1INDEX 3 263.69678 B7. 893894 1l.7656 2 LEVEL 9. 7161 1.7640
LINEAR EFFECT 1 25447507 25.47507 0.5117 ROTOR ANGLE IMODEX
QUADRATIC EFFECT 1 238.11795 238.11795 4.7830 0 LEVEL 7.6539 1.7640
CUBIC EFFECT 1 0.10378 0.10378 0.0021 1 LEVEL 3.1598 1. 7640
2 LEVEL 2.7036 1.7640
L ATERAL POSITION INDEX 3 86.00409 28.66803 0.5758 3 LEVEL 5. 9250 1. 7640
LINEAR EFFFCT 1 32.79176 32.79176 0.6587 LATERAL POSITION INDEX
GUADRATIC EFFECT 1 1114367 11.14367 0.2238 0 LEVEL 5.0411 1.7640
CJBIC EFFECT L 42.06863 42.06863 0.8450 1 LevEL 6. 6857 1.76490
’ 2 LEVEL 3.8700 1.7640
. £DGER ORIENTATION LNDEX 3 98.16756 32.72252 0.6573 3 LLVEL 349455 1.7640
LINEAR EFFECT 1 15.800C07 15. 80007 0.3174 LEDGER URIENTATION INDEX
QUADRATIC EFFECT 1 36.31352 36431352 D.7294 O LEVEL 4.5579 1.7640
CUBIL EFFELT 1 46.05236 46.05396 0.3251 1t EVEL 5.0232 1.7640
2 LEVEL 3.1914 1. 7640
CUTTING HEIGHT INDEX 2 37.93965 18.96982 0.3810 3-LEvelL £.6598 1.7640
CUTTING HEIGHT INDEX
C.Gs HEIGHT INDEX 3 75.82069 2521356 C. 5977 0 LEVFL 6.1062 1.7640
LINEAR EFFECT 1 63.42140 63.42140 1.2739 1 LEVEL 3.9964 1.7640
QUADRATIC EFFECT 1 12.01860 12.01860 0.2414 2 LEVEL 4.6698 1.2473
CUBIC EFFECT 1 0.38068 0.38068 0. 0676 C.G. HEIGHT INDEX
0 LEVEL 3.9929 1.7640
REVMAINDER 6 207.01726 34.50287 ‘0.6930 L LEVFL 3.8785 1.7640
2 LEVEL 443759 1.7640
EXPERIMENTAL ERROR T32 1593.10352 49.78448 3 LEVEL 60 5950 1. 7640

86¢



APPENDIX D-I (Continued)

DULL BLADE SERIES

ANALYSIS OF VAR IANCE DULL BLABE SERIES
FOR : TABLE OF MEAN VALUES
Ce6e Y DISP INDEX DATA FOR
C.G. ¥ DISP INDEX DATA
SOURCE OF VARIATION DEGREES UF SUM OF . MEAN - F RATI3
FREEDUM SQUARES SQUARE FACTOR VALUE OF MEAN STD ERRUR OF MEAN
CORRECTED TITAL 63 1240. 85937 OVERALL MEAN 2.5858 0.4133
. DIAMETER
DIAME TER 3 24.48351 8.16117 0.7466 - 0 LEVEL 2.1348 © 0.8265
LINEAR EFFECT 1 0. 00370 0.00370 0.0003 1 LEVEL 3.5741 0.8265
GUADRATIC EFFECT L 2.54516 2.54516 0.2328 2 LEVEL 1.9964 0. 8265
CUBIC EFFECT 1 21.93465 21.93465 2.0067 3 LEVEL 2.6380 0.8265
- TIMF IN CHAMBER
TIME IN CHAMBER 3 22.29950 T.43317 0. 6800 0 LEVEL 2.1571 0.8265
LINEAR EFFECT 1 11.38331 11.88331 1.0872 : 1 LEVEL 1.8839 0:8265
OJADRAT IC EFFECT 1 0. 05950 0. 05950 0.005%4 i 2 LEVEL 3.3437 0.8265
CUBIC EHFECT 1 10.35669 10.35669 0.9475 3 LIVEL 2.9536 0.8265
) ; RITOR SPEED INDEX
2QTOR SPEED INDEX 3 19.71193 6. 57064 0.6011 0 LEVEL 3. 4482 0.8265
LINEAR EFFECT 1 4.04422 %.04422 0.3700 1 LEVEL 2.0982 0.8265
QUANRATIC EFFECT 1 15.21836 15.21836 1.3923 2 LFVEL 2.0982 i 0.8265
CUBIC EFFECT 1 0.44936 0.44936 0. 0411 3 LEVEL 2.6987 0. 8265
FEED RATE INDEX .
FEED RATE [NDEX 2 65. 02998 32.51498 2.9747 0 LEVFL 3.0605 0.5844
1 LEVEL 3.3687 0.8265
ROTUR ANGLE INDEX 3 177.33066 59.11021 5.4078 2 LEVEL 9.8536 0.8265
LINEAR EFFECT 1 25.60422 25.60422 2.3424 RITIR ANGLE INDEX
CUADRATIC EFFECT 1 0.58250 0.58250 0.0533 0 LEVEL . 2.3291 0.8265
TUBIC EFFECT I 151.14394 151.14394  13.8277 1 LEVEL 2.3366 0.8265
2 LEVEL 5.0259 0.8265
LATERAL POUSITTON INDEX 3 162.19574 54.06525 4.9463 3 LEVEL 2.6518 0.8265
LINFAR EFFECT 1 151.21463 151.21463  13.8341 LATERAL PISITION INDEX
QJADRAT IC EFFECT 1 10.45367 10. 45367 0. 9564 0 LEVFL ~ 0.8871 0.8265
CuBIC EFFECT 1 0.52743 0.52743 0.0483 1 LEVEL l.6161 0.8265
2 LEVEL 2.7473 0. 8265
LEDGER ORIENTAT IIN INDEX 3 37.18565 12. 39522 1.1340 3 LEVEL 5.0929 0.8265
LINEAR EFFECT 1 6460675 5460675 0.6044 LEDSFR ORIENTATLION INDEX
CUADRATIC EFFECT 1 24. 73596 24.73996 2.2634 0 LEVFL . 2.9116 0. 8265
CUBIC EFFECT 1 5.83894 5.83894 0. 5342 1 LEVEL 1.4152 0.8265
2 LEVEL 2.5130 0.8265
CUTTING HEIGHT INDEX 2 171.33702 85.66850 7.8375 .3 LEVEL 3.5036 0.8265
CUTTENG HEIGHT INDEX
C.G. HEIGHT I[NJEX 3 109.66359 36.55452 3.3443 i 0 LOVEL 2.0934 0.8265
L INEAR EFFECT 1 53.62109 53.62109 4.9056 1 LIVFL 5.3812 0. 8265
QUADPATIC EFFECT 1 39.76653 39.76653 3. 6381 2 LEVEL 1.4344 0.5844
CUBIZ EFFECT 1 16.27594 16.27594 1.4890 CeGe MEIGHT INDEX
0 LEVEL 4.8277 0.8265
REMAINDER 6 101.84462 16.97409 1.5529 1 LEVEL 1.5306 0.8265
2 LEVEL 2.0648 0.8265
EXPERTMENTAL £2RIR 32 349.77710 10.93054 3 LEVEL 1.9205 0.8265
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APPENDIX D-I (Continued)

DJLL BLADE SERIES

ANALYSIS OF VARIANCE . DULL BLADE SERIES
FOR - . ) : TABLE OF MEAN VALUES
END Y DISP INDEX DATA : FOR
) : END ¥ DISP INDEX DATA
SOURCE OF VARIATION DEGREES 3F SUM .OF MEAN F RATIO
FREEDOM SQUARES SQUARE : FACTOR VALUE OF MEAN - STD ERROR OF MEAN

P A

CORRECTED TOTAL 63 .1408.57153 DVERALL MEAN ’ 2.3379 . 0.4663

. - DIAMETER .

DIAMETER 3 32.32208 10. 77403 0.7741 : 0. LEVEL 2.1732 0.9327
LINEAR EFFECT 1 1.69362 1.69362 0.1217 . 1 LEVEL 3.4086 0.9327
QUADRATIC EFFECT 1 0.36344 0436344 0.0261 i 2 LEVEL 1.4179 - 0.9327
CUBIC EFFECT 1 30.26501 30.26501 2.1746 3 LEVEL ’ 2.3518 ' 0.9327

. o T IME IN CHAMBER - .

TIME IV CHAMBER 3 43.09578 14436526 1.0322 : 0 LEVEL . 1.7523 0.9327
LINEAR EFFECT 1 29.41351 29.41351 2.1134 1 LEVEL : 1.3125 . 0.9327
QUADRATIC EFFECT 1 0.99857 0.99857 o.0717 . . 2 LEVEL 3.1134 0.9327
CJBIC EFFECT 1 12. 68369 12.68369 0.9114 . 3 LEVEL 3.1732 ' 0.9327

: : . L ROTOR SPEED INDEX :

ROTOR SPEED TNDEX 3 28.35445 . 9.45148 0.6791 0 LEVEL 3.0929 0.9327
LINEAR -ESFECT 1 . 2.58789 2.58789 0.1859 - .1 LEVEL 2.1518 0.9327
QUADRATIC EFFECT 1 22.26491 22.26491 1. 5998 2 LEVEL. 1.3443 . 0.9327
CUBIC EFFEZT 1 3.50165 3.50165 0.2516 3 LEVEL 2.7625 0.9327

FEED RATE INDEX o
FEED RATE INDEX 2 42.11037 21.05518° 1.5129 . 0 LEVEL 2.7967 0. 6595
1 LEVEL . 2.8250 0.9327

ROTOR ANGLE INDEX 3 178.91402 59.63800 4.2851 2 LEVEL 0.9330 0.9327
LINEAR EFFECT . 1 24 .16229 24.16229 1. 7361 - -ROTOR ANGLE INDEX
QUADRATIC EFFECT 1 0.11222 0.11222 0.0081 0 LEVEL . 2..2505 ) 0.9327
CUBIC EFFECT 1 154.63948 154. 63948  11.1112 1 LEVEL ~0.0643 0.9327

. 2 LEVEL 4.6562 0.9327

LATERAL POSITION INDEX 3 149.50461 49.83487 3,.5808 3 LEVEL 2.5089 0.9327
LINEAR EFFECT 1 124.60031 124. 60031 8.9528 LATERAL POSITION INDEX
QUADRATIC EFFECT 1 24.79327 24.79327 1.7815 0 LEVEL : 1.0696 0.9327
CUBIC EFFECT 1 011100 0.11100 0.0080 1 LEVEL 1.1473 - 0.9327

2 LEVEL 2.2836 0.9327

LEDGER ORIENTATION INDEX 3 34..04762 11.34921 0.8155 3 LEVEL 4.8509 0.9327
L INEAR EFFECT 1 0.47785 | 0.47785 0.0343 LFDGER URIENTATION INDEX'

QUADRATIC EFFECT 1 20.38522 20.38522 1. 4647 0 LEVEL 2.9893 109327

CUBIC EFFECT 1 13.18456 13.18456 0.9473 1 LEVEL 1.1259 0.9327

: : 2 LEVEL . 2.4211 0.9327

CUTTING HELIGHT INDEX 2 180.54230 90.27115 6. 4862 ) . 3 LEVEL 2.8152 0.9327
- . CUTTING HEIGHT INDEX

C.G. HEIGHT- INDEX 3 190. 75925 63,58641 4.5688 0 LEVEL 2.2312 © o 0.9327
LINEAR EFFECT 1 109.16461 109.16461 7. 8437 1 LEVEL C 5.1143 0.9327
QUADRATIC EFFECT 1 39.18759 39.18759 2.8157 2 LEVEL 1.0029 0. 6595
CUBIC EFFECT 1 42.40703 42, 40703 3.0470 C.Ge HEIGHT INDEX ,

: . ) : 0 LEVEL 5.2366 0.9327

REMA INJER ’ 6 83.56381 13.92730 1.0007 : 1 LEVEL 1.0473 0.9327

. 2 LEVEL 2.0634 - 049327

EXPERIMENT AL ERROR 32 445.35718 13.91742 . 3 LEVEL 1. 0041 0.9327
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APPENDIX D-I (Continued)

DULL BLADE SERIES ’ ’
ANALYSIS OF VARIANCE DULL BLADE SERIES

FOR TABLE OF MEAN VALUES
Ce.G. Z DISP INDEX DATA | . FOR .
C.Ge. Z DISP INDEX DATA
SJURCE OF VARIATION DEGREES OF SUM OF MEAN F RATI]
FREEDOM SQUARES SQUARE . FACTOR VALJE OF MEAN STD ERRIR OF MEAN
R R L L R A L L L L R P Y PR P D D PP T T T T TR esecsccecescesstsssresnnssssssrecccncssnsanasssnesensrsernoe
N
CORRECTED TOTAL 63 2672.93213 . OVERALL MEAN 3.9741 0.6667
DIAMETER
DIAMETER 3 170.15695 56.71898 1.9941 0 LEVEL 2.5357 1.3333
L INEAR EFFECT 1 142.76877 142.76877 5.0194 i 1 LEVEL 242241 1.3333
QUADRATIC EFFECT 1 6.03755 6.03755 0.2123 H 2 LEVEL - 5.1098 1.3333
CUBIC EFFECTY - 1 21.35063 . 21.35063 0.7506 ! 3 LEVEL 6.0268 1.3333
) . i TIME IN CHAMBER :
TIME IN CHAMBER 3 135.57706 45.19235 l.5889 : 0 LEVEL . 3. 6580 1.3333
LINEAR EFFECT 1 24.86449 24 .86449 0.8742 | 1 LEVEL S5.1446 1.3333
QJADRAT IC EFFECT 1 105.28226 105.28226 3.7015 : T2 LEVEL 5.3687 1.3333
CUBIC EFFECT 1 5.43031 5.43031 0. 1909 : 3 tEVEL 1. 7250 1.3333
: ROTDR SPEED INDEX :
ROTOR SPEED INDEX 3 414.43750 138.14587 4.8569 i 0 LEVEL 7.7982 1.3333
LINEAR EFFECT 1 158.52470 158.52470 S5.5734 H 1 LEVEL 3.4125 1.3333
QUADRATIC EFFECT 1 239.91797 239.91797 8.4350 i 2 LEVEL 0.6636 1.3333
CUBIC EFFECT 1 15299494 15.99494 0.5623 3 LEVEL 4.0223 1.3333
- i FEED RATE INDEX
FEED RATE INDEX 2 70. 47409 35.23705 1.2389 H 0 LEVEL 3.1558 0.9428
o . 1 LEVEL 3. 8634 1.3333
ROTOR ANGLE INDEX 3 190.15997 63.38666 2.2285 . 2 LEVEL 5.7214 1.3333
L INEAR EFFECTY 1 120.85634 120.85634 4.2490 ROTOR ANGLE [INDEX
QUADRAT IC EFFECT 1 47.11841 47.11841 1.6566 . 0 LEVEL 3.2518 1. 3333
CUBIC EFFECT 1 22.18520 22.18520 0.7800 . 1 LEVEL l1.7116 1.3333
. 2 LEVEL 4. 5205 1.3333 -
LATERAL POSITION INDEX 3 259.90186 86.63402 3.0459 3 LEVEL 6.4125 1.3333
LINEAR- EFFECT 1 221.20750 221.20750 7.7771 LATERAL POSITION INDEX
QUADRATIC EFFECT 1 4.41000 4.41000 0.1550 0 LEVEL 2. 0696 1.3333
CUBIC EFFECT 1 34.28458 34.28458 1. 2054 1 LEVEL 1.3982 1.3333
2 LEVEL 5.5250 1.3333
LEDGER JRIENTATION INDEX 3 12€.31700 42.10567 1.4803 3 LEVEL 6.4036 1.3333
LINEAR EFFECT 1 15.27502 15.27502 0.5370 LEDGER ORIENTATION .INDEX
QUADRATIC EFFECT 1 25.10725 25.10725 0.8827 0 LEVEL 2.1741 1.3333
CUBIC EFEECT 1 85.93472 © B85.93472 3.0213 1 LEVEL 5.9366 1.3333
2 LEVEL 3.2643 1.3333
CUTTING HEIGHT INDEX 2 110.94138 55.47069 1.9502 3 LEVEL 4.5214 1.3333
’ CUTTING HEIGHT INDEX
C.5. HELGHT INDEX 3 112.79741 37.59914 1. 3219 0 LEVEL 4. 4964 143333
LINEAR EFFECT 1 26.51575 26451575 0.9322 1 LEVEL 5. 8929 1.3333
QUADRAT IC EFFECT 1 76. 25031 76.25031 2.6808 2 LEVEL 2.7536 0.9428
CUBIC EFFECT 1 10.03135 10.03135 0.3527 C.Ge. HEIGHT INDEX .
0 LEVEL 4.0250 1.3333
REMA INDER 6 171.98344 28. 66389 1.0078 1 LEVEL 3.1259 1.3333
2 LEVEL 2.6393 1.3333

EXPERIMENTAL ERROR 32 910.18506 28.44328 e 3 LEVEL 6.1062 1.3333
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APPENDIX D-I (Continued)

DULL SLADE SERIES

ANALYSIS OF VARIANCE . DULL BLADE SERIES
FOR TABLE OF MEAN VALUES
END Z DISP INDEX DATA FOR
. - END Z DISP INDEX DATA

SOURCE OF VARIATION DEGREES OF SUM OF MEAN F RATIQ- .

FREEDDY SQUARES SQUARE FACTOR VALUE OF MEAN  STD ERROR OF MEAN
.I..l.Il...lli..-l...-...‘........II.I....I....C...QI.’-I.QQ.-.-I.‘....‘.Q. IR R A R L R N N R Y N R Y R R Y R R R R R NN RN Y TRy
CORRECTED TOTAL 63 2591.92065 OVERALL MEAN . 5.1259 0.6638

DIAMETER :

DIAMETER 3 142. 82634 47.60878 1.6883 . 0 LEVEL , 3.8268 1.3276
L INEAR EFFECT 1 118.06328 118.06328  4.1868 1 LEVEL 3.4955 1.3276
QUADRATIC EFFECT "1 4.77735 477735  0.1694 2 LEVEL 6.2098 1.3276
CJBIC EFFECT 1 19.98570 19.98570  0.7087 3 LEVEL 6.9714 143276

TIME IN CHAMBER

TIME IN CHAMBER 3 115.83371 38.61124 - 1.3693. 9 LEVEL T 4.9482 1.3276
L INEAR EFFECT 1 24. 89636 24.89636  0.8829 1 LEVEL 6.1446 1.3276
QUADRATIC EFFECT 1 84.90306 84.90306 - 3.0109 2 LEVEL 6.4107 1.3276
CUBIC EFFECT 1 6.03430 6.03430  0.2140 : 3 LEVEL 3.0000 1.3276

: ROTOR SPEED INDEX

ROTOR SPEED INDEX 3 362.40259 120.80090 - 4.2839 ’ 0 LEVEL 8.5266 1.3276
LINEAR EFFECT . 1 98.21944 98.21944  3.4831 1 LEVEL 4.3929 1.3276
" QUADRAT 1 EFFECT 1 247.72511 247.72511 8.7850 2 LEVEL : 1. 9241 1.3276
CUBIC EFFECT 1 16.45816 16.45816  0.5837 - | 3 LEVEL | 5.6580 1.3276

] ‘ FFED RATE LNDEX .
FEED RATE INDEX 2 117.41472 58.70735  2.0819 0 LEVEL 3.9812 0. 9387
1 LEVEL 5.2464 1.3276

ROTOR ANGLE [NDEX 3 192.69711 64.23236 2.2779 2 LEVEL . 7.2946 1.3276
LINEAR EFFECT 1 124.96428 124.96428  4.4316 ROTOR ANGLE INDEX - : :
QUADRATIC EFFECT 1 41.74081 41.74081 1.4802 0 LEVEL 4.36437 1.3276
CUBIC EFFECT 1 25.99199 25.99199  0.9217 1 LEVEL 2. 8384 1.3276

‘ 2 LEVEL 5.7982 1.3276

LATERAL POSITION INDEX 3 249.61195 83.20398 2.9506 . 3 LEVEL 7.5232 1.3276
L INEAR EFFECT 1 227. 42694 227.4269% 8.0652 LATERAL ‘POSITION INDEX v
QUADRATIC EFFECT 1 0.12001 0.12001 0.0043 0 LEVEL 2.9027 1.3276
CUBIC EFFECT 1 22.06500 22.06500  0.7825 : 1 LEVEL 3.4518 1.3276

v . 2 LEVEL , 6. 7134 1.3276

LEDGER ORIENTATION INDEX 3 89.51033 29.83678 1.0581 3 LEVEL 7.4357 1.3276

- LINEAR EFFECT 1 8.29288 8.29288 0.2941 LEDGER ORIENTATION INDEX
QUADRAT I[C EFFECT 1 6.25000 6.25000  0.2216 0 LEVEL 3.8464 1.3276
CUBIC EFFECT 1 74.96744 74.96T44  2.6586 1 LEVEL 647295 1.3276

2 LEVEL 4. 1473 1.3276

CUTTING HEIGHT INDFX 2 92.56169 46.28084 1.6412 ’ 3 LEVEL 5.7604 1.3276

: CUTTING HEIGHT INDEX

C.G. MEIGHT INDEX 3 127.33548 42.44516 1.5052 0 LEVEL 5.6393 1.3276
LINEAR EFFECT 1 34.47186 34.47186 1.2225 1 LEVEL 6.8580 1.3276
QUAURATIC EFFECT 1 82.48531 82.48531 2.9252 2 LEVEL _ 4.0031 0.9387
CUBIC EFFECT 1 10.37829 10.37829 0.3680 ‘ €.G. HEIGHT INDEX

. 0: LEVEL 5.0964 1.3276

REMAINDER 6 199.37091 33.22849 1.1784 1 LEVEL 4.2027 1.3276 -

2 LEVEL 3.7786 1.3276
EXPERIMENT AL ERROR 32 902.35571 28. 19861 v 3 LEVEL 7.4259 1.3276
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APPENDIX D-II
ANALYSIS OF VARIANCE AND TABLE OF MEAN VALUES FOR SHARP BLADE TEST SERIES

SHARP BLADE SERIKES

ANALYSIS OF VARIANCE SHARP BLADE SERIES
FOR . . : TABLE OF MEAN VALUES
ENERGY INPUT DATA - - : FOR :
. : ENERGY INPUT DATA
SOURCE OF VARIATION DEGREES OF SuM OF MEAN F RATIO
) _ FREEDOM - SQUARES SQUARE ] FACTOR VALUE OF MEAN  STD ERRJR OF MEAN
Y St
CORRECTED TOTAL 63 141719.25000 DVERALL MEAN 70.6307 2.2797
: DIAMETER :

DIAMETER 3 82373.50000  27457.85156 82,5500 . ‘ 0 LEVEL 22.8777 4. 5595
LINEAR EFFECT 1 82187.93750 B82187.93750 247.0919 . 1 LEVEL 52.8015 4.5595
QUADRAT IC EFFECT 1 10.93674 10. 93674 0.0329 2 LEVEL 89.2867 4.5595
CUBIC EFFECT 1 174.67625 174.67625 0.5252 3 LEVEL 117.5569 445595

TIME IN CHAMBER

TIME IN CHAMBER 3 19537.65234 6512.55078 19.5795 0 LEVEL 73.9293 445595
LINEAR EFFECT 1 2014.27930 2014.27930 6.0558 : 1 LEVEL 65.6392 4.5595
QUADRATIC EFFECT 1 6518.76172 6518.76172 19.5982 2 LEVEL 95.8069 4.5595
CUBIC EFFECT 1. 11004.60937  11004.60937 . 33,0845 ' 3 LEVEL . 47.1474 4.5595

ROTOR SPEED INDEX

ROTOR SPEED INDEX 3 1272.33154 424.11035 1.2751 0 LEVEL 66.5125 4.5595
LINEAR EFFECT 1 138.14844 138. 14844 0.4153 1 LEVEL 75.8783 4.5595
QUADRATIC EFFECT 1 4.60499 4.60499 0.0138 2 LEVEL 65.9195 4.5595
CUBLC EFFECT 1 1129.57812 1129.57812 3.3960 3 LEVEL 74,2124 4.5595

) FEED RATE INDEX
FEED RATE INDEX 2 1B1.36656 90.68327 0.2726 ; 0 LEVEL 73.2799 4.5595
. ' 1 LEVEL 69.1735 3.2240

ROTOR ANGLE INDEX 3 11B64.72266 3954.90747  11.8901 2 LEVEL . 70.8960 4.5595
LINEAR EFFECT 1 57.87772 57.87772 "0.1740 ' ROTDR ANGLE INDEX
QUADRATLC EFFECT 1 716.35181 716.35181 2.1537 0 LEVEL 60.1222 4.5595
CUBIC EFFECT 1 11090.49219  11090.49219  33.3427 ) 1 LEVEL 91,2123 4.5595

) 2 LEVEL 56, 7403 4.5595

LATERAL POSITIDN INDEX 3 4026.01855 1342.00610 4.0346 3 LEVEL . 74.4481 4.5595
LINEAR EFFECT 1 1880.67871 1880.67871 5.6541 LATERAL POSITION INDEX
QUADRATIC EFFECT 1 1 1202.13867 1202.13867 3.6141 0 LEVEL 60. 7407 4.5595
CUBIC EFFECT 1 943.20093 943.20093 2.8357 © 1 LEVEL 67,3899 . 44,5595

. 2 LEVEL 82.5395 4.5595

LEDGER ORIENTATIZN INDEX 3 2204.7629 734.92090 2.2095 3 LEVEL 71.8527 4.5595
LINFAR EFFECT 1 207.04065 207.04065 0.6225 LEDGER ORLENT AT ION INDEX )

QUADRATIC EFFECT 1 532.38623 532.38623 1.6006 0 LEVEL 72. 2995 4.5595

CUBIC EFFECT 1 1465. 33569 1465.33569 4.4054 1 LEVEL 657.8996 4.5595.

. 2 LEVEL 79.1302 445595

ZUTTING HEIGHT INDEX 2 . 1905.56128 952.78052 2.8645 3 LEVEL 63.1935 4.5595
: : . CUTTING HEIGHT INDEX

C.G. HETGHT INDEX 3 5747.05859 1915.68652 5. 7594 0 LEVEL 78.76838 445595
LINEAR EFFECT 1 4644 .48437 4644 .48437  13.9633 1 LEVEL 72.4198 4.5595
QJADRATIC EFFECT 1 32.61124 32.61124 0.0980 2 LEVEL 65.6595 3.2240
CuBIC EFFECT 1 1069.96411 1069.96411 3.2168 CeGs HEIGHT INDEX

: ’ 0 LEVEL 56.6591 4.5595

REMAINDER 6 1962.35352 327.05884 0.9833 1 LEVEL . 73.0205 4.5595

. 2 LEVEL 69. 6686 : 4.5595
EXPERIMENTAL ERRCR 32 10643.86719 332.62085 3 LEVEL 83.1746 4.5595
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APPENDIX D-II (Continued)

SHARP BLADE SERIES

ANALYS IS OF VARIANCE SHARP BLADE SERIES
FOR TABLE OF MEAN VALUES
MAX TORQUE DATA FOR
. MAX TORQUE DATA
SOURCE OF VARIATION DEGREES DOf © SUM OF MEAN F RATIO
FREEDOM SQUARES SQUARE FAZTOR VALUE OF MEAN STD ERROR OF MEAN
80 04 e eI 0st000riarreerNesenc it aecsencsssrssersiaveidssesncsrratocstndntnsnsnse DR R R e R Ry L E X Y
CORRECTED TOTAL 63 15290.88281 OVERALL MEAN 22.3266 0.8749
DIAMETER

DIAMETER 3 6663.61328 2221.20508 45.3436 0 LEVEL 8.5500 1.7498
LTNEAR EFFECT 1 6656.68750 6650.68750 135.8893 1 LEVEL 17.6312 1.7498
QUADRATIC EFFECT 1 2.76391 2.76391 0.0564 ' 2 LEVEL 27.4375 1.7498
CJBIC EFFECT 1 4.16328 4.16328 0.0850 3 LEVEL 35.6875 1.7498

TIME IN CHAMBER

TIME IN CHAMBER 3 1114.50171 371.50049 7.5838 0 LEVEL 22.3562 1. 7498
L INEAR EFFECT 1 424.35059 424435059 B.6627 1 LEVEL 27.2250 1.7498
QUADRATIC EFFECT 1 681.86255 681.86255 13.9195 2 LEVEL 23. 9562 1.7498
CuBIC EFFECT 1 8.28828 8.28828 0.1692 . 3 LEVEL 15.7687 1.7498

ROTOR SPEED INDEX

ROTOR SPEED INDEX 3 1637.43408 545.81128 11. 1422 0 LEVEL .30.1937 l. 7498
LINEAR EFFECT 1 1407.42236 1407.42236 28.7310 1 LEVEL 23.3312 1.7498
QUADRAT IC EFFECT 1 211.33890 211. 33890 4.3143 2 LEVEL 17.6875 1.7498
CuBIC EFFECT 1 18.67274 18.67278 0.3812 3 LEVEL 18.0937 1.7498

: FEED RATE INDEX
FEED RATE INDEX 4 6.40797 3.20398 0. 0654 0 LEVEL 21.8125 1.7498
1 LEVEL 22.5875 1.2373

ROTOR ANGLE INDEX 3 1457.48779 485.82910 9.9177 2 LEVEL 22.3187 1.7498
LINEAR EFFECT 1 79.10252 79.10252 1.6148 ROTOR ANGLE INDEX
QUADRATIC EFFECT 1 T.63141 7.6314l 0.1558 0 LEVEL 22.0937 1.7498
CUBIC EFFECT 1 1370. 75391 1370.75391 7.9825 1 LEVEL 28.6875 1.7498

2 LEVEL 15.2750 l. 7498

LATERAL POSITION INDEX 3 271.12671 90.37556 1.8449 3 LEVEL 23.2500 1.7498
L INEAR EFFECT 1 256. 86523 256.86523 5.2436 LATFRAL PISITION INDEX
QUADRATIC EFFECT 1 017141 0.19141 0. 0039 0 LEVEL 19.7937 1.7498
CU3IT EFFECT 1 14.07003 14.07003 0.2872 1 LEVEL 20.8562 1.7498

2 LEVEL- 23.9062 1.7498

LFDGER ORIENTATION INDEX 3 497.73169 165.91057 3.3869 3 LEVEL 24,7500 1.7498
LINEAR EFFECT 1 65.43152 65.43152 1.3357 LEJDGER ORFENTATION INDEX .

OUADRATIC EFFECTY 1. 6.56641 6.56641 0.1340 0 LEVEL 22.4437 1. 7498
CUBIC EFFECT 3 425.73304 425.73364 8.6909 1 LCVEL 18.0937 1.7498
2 LEVEL 25.9187 1.7498

CUTT ING HEIGHT INDEX 2 154.27921 77.13960 1.5747 3 LEVEL 22.8500 1.7498

' CUTTING HELIGHT INOEX .

CeGo HEIGHT INDEX 3 350.07422 116.69141 2.3821 3 LEVEL 21.8062 : 1. 7498
LINEAR CFHECT 1 156.09453 196. 09453 4.0031 1 LEVEL 24.9875 1.7498
QUADRATIC FEFFECT 1 111.56641 111.56641 2.2715 2 LEVEL 21.2562 1.2373
CuBIC EFFECT 1 42. 41327 42.41327 0.8658 - CaGa HFIGHT INDEX

0 LEVEL 18.2937 1.7498

REMAINDER 5 1570.67041 261.77832 5.3439 1 LEVEL 23.9562 1.7498

2 LEVEL 23.3375 1.7498
EXPERIMENT AL ERROR 32 1567.55493 48. 98608 3 LEVEL 23.7187 1.7498
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APPENDIX D-II (Continued)

SHARP BLADE SERIES

ANALYSIS OF VAREANCE SHARP BLADE SERIES
FOR TABLE OF MEAN VALUES
ENERGY INPUT INDEX DATA FOR
ENERGY INPUT INDEX DATA
SOURCF OF VARIATION OEGREES OF SUM OF © MEARN F RATIO
FREEDUM SQUARES SQUARE FACTOR VALUE OF MEAN STD ERRIR OF MEAN
D R R R R X R T R R L L L L R R T T R O S A R R L R R R e B R R R R RN R
CORRECTED TOTAL 63 © T2149.87500 OVERALL MEAN 56.0741 2.4235
DIAME TER
OIAMETER 3 11215.41016 3738.47070 9.9456 0 LEVEL 37.5647 408470
LINEAR EFFECT 1 9521.60547 9521.60547 25.3307 1 LEVEL 49.5950 4.8470
QUADRAT IC EFFECT 1 890.25293 890.25293 2.368% 2 LEVEL 70.0125 4.8670
CUBIC EFFECT 1 803.55396 803.55396 2. 1377 3 LEVEL 6741243 4, 8470
TIME IN CHAMBER
TIME IN .CHAMBER 3 11926.65625 3975.55200 10.5763 0 LEVEL 63,8163 4.8470
LINEAR EFFECT 1 2947.81812 2947.81812 7.8422 1 LEVEL 51.3092 4e 8470
QUADRATIC EFFECT 1 2261. 77417 2261.77417 6.0171 2 LEVEL 72.7205 4.8470
CUBIC EFFECT 1 6717.06250 6717.06250 17.8697 3 LEVFL 36. 4424 4. 8470
RUOTOR SPEED INDEX
ROTGR SPEED INDEX 3 3358.83716 1119.61230 2.9786 O LEVEL 52.31256 4.8470
LINEAR EFFELT 1 145.21C33 145.21033 0.3863 1 LEVEL 6534 3597 ’ 4. 8470
QUADRATIC EFFECT 1 119.589839 119.89839 0.3190 2 LEVEL 45.0513 4.8470
CYRIC EFFECT 1 3093.72852 3093,72852 8.2304 3 LEVEL 62.5730 4. 8470
FEED RATE INDEX
FEED RATE INDEX 2 1628.18408 814.09204 2.1658 0 LEVEL 51.8535 4.8470
1 LEVEL 57.2359 3.4273
ROTOR ANGLE TNOEX 3 2T14.12817 904.70923 2.4068 2 LEVEL 47.9710 4.8470
LINEAR EFFECT 1 16.09509 16.09509 0.0428 KJTOR ANGLE INDEX
QUADRATIC EFFECT 1 45.72935 45. 72935 C.1217 0 LEVEL 53.0226 . 4.8470
CUBIC EFFECT 1 2652.30371 2652.30371 - 7.0560 1 LEVEL 65.7805 448470
2 LEVEL 48,0562 4.8670
LATERAL POSIT ION INDEX 3 4688.89062 1562. 906411 4.1580 3 LEVEL 57.4350 4. 8470
LINFAR EFFECT 1 4657 .68359 45657.68359 12.3910 LATERAL POSITION INDEX
QUADRATLIC EFFECT 1 13.77764 13.77764 0.0367 0 LEVFL 45,3260 4. 8470
CUBIC EFFECT 1 17.43079 17.43079 G Q4G4 1 LEVEL 51,0943 4.8470
2 LEVEL 60.1254 4.8470
LEDGER OJRIENTATIJIN INDEX 3 817.10278 272.36743 0.7246 3 LEVEL 67.7501 . 4. 8470
LINEAR EFFECT 1 166. 50314 166. 50314 0.4430 LFDIGER ORIENT AT IOGN INDEX
QUADRATIC EFFECT 1 97.74205 37.74205 0.2600 0 LEVEL 58.3167 4.8470
CUBIC EFFECT 1 552. 385742 552.85742 1.4708 1 LEVEL 54.0880 448470
2 LEVEL 50.5318 . 4.8470
CUTTING HEIGHT INDEX 2 233B.86940 1169.44458 3.1111 3 LEVEL 51. 3599 4. 8470
CUTTING HEIGHT [NDEX
C.G. HEIGHT INDEX 3 16892.84756 5630.94922 14,6803 0 LEVEL 56.7783 4.8470
LINEAR EFFFCT 1 15569.12891 15509.12891 41.4192 1 LEVEL 65. 6886 4.8470
QUADRAT1IC EFFECT 1. 644459448 644.59448 1.7148 2 LEVEL 50.9144 3.4273
CUBIC EFFECT 1 679.1232%9 673.12329 l. 8067 CeGe HEIGHT INDEX
9 LEVEL 78,7165 4. 8470
REMAINDER [ 4540.39844 756. 73340 2.0132 1 LEVEL 54,2461 4.8470
2 LEVEL 41..5549 4.8470
EXPERTMENTAL ERRAR 32 12028.52344 375.89136 3 LEVEL 39.7759 448470
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APPENDIX D-II (Continued)

SHARP BLADE SERIES

ANALYSIS OF VARIANCE SHARP BLADE SERIES
FOR : TABLE OF MEAN VALUES
MAX TIRQUE INDEX DATA : FOR
: : MAX TORQUE INDEX DATA
SOURCE JF VARIATION DEGREES OF SUM OF MEAN F RATIQ
FREEDIY SQUARES SQUARE ) FAZ TOR VALUE OF MEAN  STD ERROR OF MEAN
e ctsasesecsrotetectcatratetetasosessats et s tsenanonssasosnnosarassnnens desareacssccsectsascsesscassncesrocnesesetirotsrscssotreatnrte
CORRECTED TOTAL 63 7708.23437 ' DVERALL MEAN 18.2055 0.8297
i DIAMETER
DIAMETER 3 706.25879 235.419606 5.3436 0 LEVEL 13.2040 1.6594
LINEAR EFFECT 1 407.41650 407.41650 9.2475 . 1 LEVEL 17. 9434 . 1.6594
QUADRATIC EFFECT 1 253.82611 253.82611 5.7613 : 2 LEVFL 22.4505 1. 6594
CUBIC EFFECT 1 45.01622 45.01622 1.0218 3 LEVEL 19,2240 . 1.65%4
TIME IN CHAMBER
TIME IN CHAMBER 3 515.89819 171.96608 3.9033 0 LEVEL 20.7023 1.6594
L INEAR EFFECT 1 415.00684 415.00684 9.4198 1 LEVEL 19.8081 1.6594
QUADRAT IC EFFECT 1 84.27240 B4.27240 1.9128 2 LEVEL 18.8978 1. 6594
CUBIC EFFECT 1 16.61897 16 .61897 0.3772 3 LEVEL 13.4135 1.6594
RITOR SPEED INDEX
ROTOR SPEED INDEX 3 1141.39307 380.46436 8.6358 ) 0 LEVEL 23.9431 1.6594
LINEAR EFFECT 1 923.99072 923.99372  20.9727 ! 1 LEVEL 20.4789 1.6594
GUADRATIC EFFECT 1 99.49507 99. 49507 2.2583 ' 2 LEVEL 13.4384 1.6594
CUBIC EFFECT 1 117.90726 117.90726 2.6763 3 LEVEL 14.9616 1.6594
: FEED RATE INDEX
FEED RATE INDEX 2 97.01956 48. 50978 1.1011 : O LEVEL. 18.6277 1. 6594
1 LEVEL 19,3501 1.1734
RITOR ANGLE TNDEX 3 377.75952 125.91989 2.8581 2 LEVEL 1640939 1.6594
LINEAR EFFECT 1 43,38652 43. 38652 0.9848 ROTOR ANGLE INDEX
QUADRATIC EFFECT 1 134.23958 134.23958 3.0470 0 LEVEL 19.9676 1.6594
CUBIC EFFECT 1 200.13354 200.13354 4.5426 1 LEVEL 19.4979 1.6594
2 LEVEL 14.0165 1.6594
LATERAL POSITION INDEX 3 279.99463 93.33160 2.1184 3 LEVEL 19.3399 1.6594
L INEAR EFFECT 1 245.85417 245.85417 5.5804 LATERAL PISITION INDEX
QUADRATIC EFFECT 1 0.46725 0.46725 0.0106 0 LEVEL 15.8149 1.6594
CusiC EFFECT 1 33.67342 33.67342 0.7643 1 LEVEL 16.4412 1.6594
2 LEVEL 2041406 1. 6594
LEDGER ORTENTATIGN INDEX 3 305.81250 101.93753 2,3138 3 LEVEL 20.4252 1.6594
LINEAR EFFECT I 26.82413 26.82413 0.6089 LEDGER ORIENTATION INDEX
QUADRAT IC EFFECT 1 101. 32231 101.32231 2.2998 0 LEVEL 21.0774 1.6594
CUBIC EFFECT 1 177.66617 177.66617 4.0327 1 LEVEL 15.0014 1.6594
2 LEVEL 18.8931 1.6594
CUTT ING HEIGHT INDEX 2 372.13867 186. 06937 4.2234 3 LEVEL 17.8500 1.6594
) i CUTTING HEIGHT TNDEX
C.6. HEIGHT INDEX 3 2200.41919 733.47290 16.6484 0 LEVEL 18.4032 1. 6594
LINEAR EFFECT 1 2085.71704 2085. 71704  47.3416 1 LEVEL 22.0729 1.6594
OQUADRATIC EFFECT 1 4.22519 4.22519 0.0959% 2 LEVEL 16,1729 1.1734
CUBIC EFFEC 1 110.47675 110.47675 2.5076 C.6. HEIGHT INDEX
0 LEVEL 25.5339 1.6594
REMAINDER < 301.72705 50.28764 l.1l414 1 LEVEL 22.2643 1.6594
2 LEVEL 13.6328 1.6594
EXPERIMENT AL ERROR 32 1409.81567 44.05673 4 LEVEL 11.3910 1.6594
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APPENDIX D-II (Continued)

SHARP BLADE SERIES

ANALYSIS DF VARIANCE . SHARP BLADE SERIES
FOR TABLE OF MEAN VALUES
C.Ge X DISP INDEX DATA FOR
! C.G. X DISP INDEX DATA
SOURCE OF VARJATION DEGREES OF SuM OF MEAN F RATIO X
FREEDOM SQUARES SQUARE" FACTOR VALUE OF MEAN STD ERR3IR OF MEAN
R R R R R R R R R R J R R R R R R R T R S S R R PR T Y )
CORRECTED TOTAL 63 3439,25854 ’ OVERALL MEAN 8.5482 0.6605
OIAMETER
OIAMETER 3 103.06693 34,35564 1.2304 0 LEVEL 10,0732 1.3211
LINEAR EFFECT 1 0.75494 2.75494 0.0270 ] LEVEL 6.8518 l.3211
QUADRAT IC EFFECT 1 9le 61224 91.61224 3.2805 2 LEVEL 7.8518 1.3211
CUBIC EFFECT 1 10.69975 10.69975" 0.3832 3 LEVEL 9.4161 1.3211
TIME IN CHAMBER
TIME IN CHAMBER 3 95. 82376 31.94125 1.1439 0 LEVEL 8. 8329 1.3211
LINEAR EFFECT 1 51.88800 51.68800 1.8582 1 LEVEL 10.3107 l.3211
QUADRATIC EFFECT 1 24422046 24.22046 0.8674 2 LEVEL 8.0161 1.3211
CUBIC EFFECT 1 19.71530 19.71530 0.7061 3 LEVEL 6.9732 1.3211
ROTUR SPEED INDEX
ROTOR SPEED INDEX 3 819.46558 273.15503 9.7824 0 LEVEL 4.6696 1.3211
LINEAR EFFECT 1 776.25781 776.25781 27.7997 1 LEVEL 6. 2482 1.3211
QUADRATIC EFFECT 1 42.99611 42 .99611 1.5398 2 LEVEL . 9.2083 1.3211
CJBIC EFFECT 1 0.21159 0.21159 0.0076 3 LEVEL 14. 0661 l.3211
FEED RATE INDEX
FEED RATE INDEX 2 647.78564 323.83282 11.5994 0 LEVEL 3.6839 1.3211
' 1 LEVEL 8. 9491 0.9341
ROTOR ANGLE INDEX 3 488.43701 162.81233 5. 8307 2 LEVEL 12.6107 1.3211
LINEAR EFFECT 1 114.31029 114.31029 4.0937 ROTOR ANGLE INDEX
QUADRATIC EFFECT 1 2.35842 2.35842 0. 0845 9 LEVEL T7.6411 1.3211
CUBIC EFFECT L 371.76831 371.76831 13.3139 1 LEVEL 4.90893 1.3211
2 LEVEL 12.5714 1.3211
LAY ERAL POSITION INDEX 3 36.47928 12.15976 0.4355 3 LEVEL 9.0714 1.3211
LINEAR EFFECT 1 18.04999 18.04999 0.6464 LATERAL PUSITION INDEX
QUADRATIC EFFECT 1 2.86576 . 2.86576 0.1026 0 LEVEL 7. 40356 1.3211
€J8IC EFFECT 1 15.56352 15. 56352 0.5574 1 LEVEL 9.1839 1.3211
2 LEVFL 843357 1.3211
LEDGER JRIENTATION INJEX 3 92.03581 30.67860 1.0987 3 LFVEL 9.2696 1. 3211
LINEAR EFFECT 1 71.82050 71. 82050 2.5721 LEDGER QORIENTATION INDEX
QUADRATIC EFFECT 1 5.12699 5412699 0.1836 0 LEVEL 6.6268 l.3211
CUSIC EFFECT 1 15.68833 15.08833 0.5404 1 LEVEL 9.008% 1.3211
2 LEVEL 8.6536 1.3211
SUTTING HEIGHT INDEX 2 1.73755 0.86878 0.0311 3 LEVEL 9. 3036 | 1.3211
. CUTTING HEIGHT [INDEX
C.G. HEIGHT INDEX 3 131.99275 43.99757 1.5757 0 LEVEL 8. 7946 1.3211
LINEAR EFFECT 1 104.42450 104 .42450 3.7397 1 LEVEL 8.3304 1.3211
QUADRATIC EFFECT 1 0.72250 0. 72250 0.0259 2 LEVEL 8.5339 0.9341
CUBIC EFFECT 1 256.,84575 26484575 0.9614 CeGa HEIGHT [NDEX
0 1 CVEL 7.0179 1.3211
REMAINDER 6 128.89023 21. 48170 0.7693 1 LEVEL 7.2143 1.3211
2 tEVEL 10. 0946 1.3211
EXPERIMENTAL ERROR 32 893.54346 27.92323 3 LEVEL 9.8661 . 1l.3211
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APPENDIX D-II (Continued)

SHARP BLADE SERIES

ANALYS IS OF VARIANCE . - SHARP BLADE SERIES
i ! TABLE OF MEAN VALUES
END X DISP ENDEX DATA . FOR
END X DISP INDEX DATA
SOURCE DF VARIATION DEGREES OF SUM OF MEAN F RATID
FREEDOM SQUARES SQUARE FACTOR VALUE OF MEAN STD ERROR OF MEAN
..0.'0.‘.O'l..'..'0.'II.........0....‘..'.-I...’OI.I'.I.l...'-"....".’... IR RN R R Y R R N R R R R R I R R R R I E AR R A R A N R R S AL
CORRECTED TOTAL 63 4089.66504 OVERALL MEAN T.8196 0.7704
DIAMET ER '

DIAMETER 3 124.30469 41.43489 1.0908 0 LEVEL 9.1321 1.5408
LINEAR EFFECT 1 1.03188 L.03188 0.0272 1. LEVEL ’ 5.5357 1.5408
QUADRATIC EFFECT 1 78.95592 78.95592 2.0786 2 LEVEL - T.8821 1.5408
CUBIC EFFECT 1 44.31689 44.31689 1.1667 3 LEVEL 8.7286 1.5408

TIME IN CHAMBER

TIME IN CHAMBER 3 158.67122 52.89040 - 1e3924 0 LEVEL 8.6857 1. 5408
L INEAR EFFECT 1 113.28799 113.28799 - 2.9825 : 1 LEVEL 9.7000 : 1.5408
QUADRATIC EFFECT 1 34.64163 34.64163 0.9120 ° 2 LEVEL 7. 4107 1.5408
CU3IC EFFECT 1 10.74159 ¢« 10.74159 ‘0.2828 3 LEVEL 5.4821 1.5408

A . ROTOR SPEED TNDEX

ROTOR SPEED INDEX 3 1005.42358 335.14111 8.8232 ' 0 LEVEL 3.7768 l. 5408
LINEAR EFFECT 1 " 921.88794 921.88794 24.2703 ‘1 LEVEL . 5.2321 - 1.5408

. QUADRATIC EFFECT 1 81.51509 81.51509 2.1460 2 LEVEL 8. 1500 1.5408
CUBIC EFFECT 1 2.02066 T 2402066 0.0532 3 LEVEL 14.1196 1.5408

FEED RATE INDEX i )

FEED RATE INDEX 2 592. 74609 296.37305 T7.8025 k 0 LEVEL ’ 3.0393 1.5408

1 LEVEL - 8.3661 1.0895

ROTOR ANGLE INDEX 3 605.61914 201.87309 5.3147 2 LEVEL 11.5071 ’ 1.5408
LINEAR EFFECT 1 138.03758 138.03758 3.6341 ROTOR ANGLE INDEX
QUADRATIC EFFECT 1 0.03719 © D.03719 0.0010 0 LEVEL 7.0821 1.5408
CuBIC EFFECT 1 46T.54443 46T7.54443 12.3089 1 LEVEL 3.5125 1.5408

2 LEVEL 12.0786 1. 5408

LATERAL PQOSITION INDEX 3 14.92357 4.97452 0.1310 . 3 LEVEL 8.6054 1.5408
LINEAR EFFECT 1 4.88637 " 4.88637 0.1286 : LATERAL POSITION INJEX
QUADRATIC EFFECT 1 10.01270 10.01270 0. 2636 : 0 LEVEL 7.0446 1.5408
CUBIC EFFECT 1 0.02450 0.02450 ¢.0006 1 LEVEL 8.1179 1.5408

. . 2 LEVEL 8.3125 1. 5408

LEDGER ORIENTATION INDEX 3 127.89928 42.63309 1.1224 : 3 LEVEL 7.8036 1.5408
LINEAR EFFECT 1 113.15204 113.15204 2.9789 i LEOGER JRIENTATION INDJEX
QUADRATIC EFFECT 1 8.61842 8. 61842 0.2269 : 0 LEVEL . 5.5304 1.5408
CUBIC EFFECT 1 6.12883 6.12883 0.1614 : 1 LEVEL 8.0071 . 1.5408

. o LEVEL 8.3661 1.5408

CUTTING HEIGHT INDEX 2 11.27224 5. 63612 Ce 1484 3 LEVEL 9.3750 1.5408

’ CUTTING HEIGHT INDEX

C.G. HEIGHT INDEX 3 59.95764 19.98587 0.5262 0 LEVEL 8.4589 1. 5408
LEINEAR EFFECT 5 47.69637 47.69637 1.2557 L LEVEL T.2804 1.5408
QUADRATIC EFFECT 1 4.87148 : 4.87148 0.1283 . 2 LEVEL 7. 7696 1.0895
CUBIC EFFECT 1 T.38981 - T7.38981 0.1945 C.G. HEIGHT INDEX

’ 0 LEVEL 6.5375 1.5408

REMATNDER 6 173.35162 28.89194 0.7606 1 LEVEL T7.2536 © 1.5408

i 2 LEVEL 8.9375 1.5408
EXPERIMENT AL ERRDR 32 . 1215.49536 37.98422 3 LEVEL 8.5500 1.5408
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APPENDIX D-II (Continued)

SHARP BLADE SERIES

ANALYSIS OF VARTANCE SHARP BLADE SERIES

FOR TABLE OF MEAN VALUES
CeG. Y DISP INDEX DATA FOR
C.G. Y DISP INDEX DATA
SOURCE OF VARIATION DEGREES OF SUM OF MEAN F RATIO
FREEDOM S QUARES SQUARE FACTOR VALUE OF MEAN  STD ERRJR OJF MEAN
D R I R R R N R A A L LR R R P P R T T R R Y P PR Y R R R R
CORRECTED TOTAL 63 737.37915 OVERALL MEAN 1.7946 0.4072
DIAMETER
DIAMETER 3 7.65275 2.55092 0. 2404 0 LEVEL 2.2714 0.8144
LINEAR EFFECT 1 6.69490 6.69490 0.6309 1 LEVEL 1.7875 0.8144
QUADRATIC EFFECT 1 0. 00862 0.00862 0.0008 2 LEVEL 1.8250 0.8144
CUBIC EFFECT 1 0.94923 0.94923 0.0895 3 LEVEL 1.2946 0.8144
) TIME IN CHAMBER
TIME IN CHAMBER 3 39.38622 13.12874 1.2373 0 LEVEL 2.9536 0. 8144
LINEAR EFFECT 1 34.92346 34.92346 3.2913 1 LEVEL 2.0768 0. 8144
QUADRATIC EFFECT 1 3.31760 3.31760 0.3127 2 LEVEL 1.0571 0.8144
CUBIC EFFECT 1 1.14515 1.14515 0.1079 3 LEVEL 1.0911 0.8144
ROTOR SPEED INDEX
RITOR SPEED INDEX 3 136.88336 45.62778 4.3001 0 LEVEL 3.5839 0.8144
LINEAR EFFECT 1 45.04286 45.04286 4.2450 1 LEVEL 2.1286 0.8144
QUADRATIC EFFECT 1 60.84000 60.84000 5.7337 2 LEVEL ~0.4893 0.8144
CUBIC EFFECT 1 31. 00049 31.00049 2.9216 3 LEVEL 1. 9554 0.8144
: FEEO RATE INDEX
FEED RATE INDEX 2 2.45069 1.22534 0.1155 0 LEVEL 1.4875 0.8144
1 LEVEL 1. 8295 0.5758
ROTOR ANGLE INDEX 3 44.87857 14.95952 1. 4098 2 LEVEL 2.0321 0.8144
LINE&R EFFECT 1 2.59200 2.59200 0.2443 ROTOR ANGLE INDEX
GUADRATIC EFFECT 1 27.78795 27.78795 2.6188 5 LEVEL 1.0786 0. 8144
CUBIC EFFECT 1 14.49861 14.49861 1.3664 1 LEVEL 1.7250 0.8144
) 2 LEVEL 3.1821 0.8144
LATERAL POSTTION INDEX 3 75.07376 25. 02458 2.3584 3 LEVEL 1.1929 0.814%
LINEAR EFFECT 1 74.88449 74.88449 7.0573 LATERAL POSITION INDEX
QUADRATIC EFFECT 1 0.02469 0.02469 0.0023 D LEVEL 0.3857 0. 8144
CUBIC EFFECT 1 0.16458 G. 16458 0.0155 1 LEVEL 1.2232 0.8144%
2 LEVEL 2.3268 0.8144
LEDGER ORIENTATION INDEX 3 13.28949 4.42983 0.4175 3 LEVEL 3.2429 0.8l44
LINEAR EFFECT 1 11.68265 11. 68265 1.1010 LEDGER ORIENT ATION INDEX .
QUADRATIC EFFECT 1 0.09434 0.09434 0.0089 0 LEVEL 2.4750 0.8144
CUBIC -EFFECT 1 1.51250 1.51250 0.1425 1 LEVEL 1.7411 0.8144
2 LEVEL 1.7714 0.8144
ZUTTING HEIGHT INDEX 2 10.66816 5.33408 0.5027 3 LEVEL 1.1911 0.8144
CUTTING HE IGHT INDEX
C.G. HEIGHT INDEX 3 30.79877 10.26626 0.9675 0 LEVEL 1.8982 0.8144
LINEAR EFFECT 1 4.10159 %.10159 0.3865 1 LEVEL 2.4196 0.8144
QUADRATIC EFFECT 1 22.35937 22.35937 2.1072 2 LEVEL 1.4304 0.5758
CUBIC EFFECT 1 4.33780 4.33780 0.4088 C.G. HEISHT INDEX
0 LEVEL 0.9804 0. 8144
2 EMA INDER 6 36. 74982 6.12497 0.5772 1 LEVEL 1.9232 0.8144
2 LEVEL 2.8482 0.8144
EXPERIMENTAL ERROR 32 339.54761 10.61087 3 LEVEL 1.4268 0.8144
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APPENDIX D-II (Continued)

SHARP BLADE SERIES

ANALYSIS OF VARIANCE SHARP BLADE SERIES
FOR ‘TABLE OF MEAN VALUES
END Y DISP INDEX DATA FOR
END Y DISP INDEX DATA
SOURCE OF VARIATION DEGREES OF SUM OF MEAN F RATIO .
FREED3M SQUARES SQUARE FACTOR VALUE OF MEAN STD ERROR OF MEAN
P R N R R R R R R R R R R e L R T X T R 00000200000 er00000000arenetecnsesinecceEstatesRsenssescORPrse
CORRECTED TOTAL 63 B894.56445 JVERALL MEAN 1.4054 0.4665
DIAMETER

DIAMETER 3 11.94561 3.98187 0.2859 0 LEVEL 1.6625 0.9329
LINEAR EFFECT 1 6.66188 6. 66188 0.4784 : 1 LEVEL 1. 5893 0.9329
QUADRATIC EFFECT 1 3.80250 3.80250 0.2731 : 2 LEVEL 1.7089 . 0.9329
CUBIC EFFECT 1 1.48123 1.48123 0.1064 3 LEVEL 0.6607 0.9329

T IME IN CHAMBER

TIME IN THAMBER 3 46.26642 15.42214 1.1075 0 LEVEL 2.7821 0.9329
L INEAR EFFECT 1 41.34865 41.34865 2.9692 1 LEVEL 1. 4089 0.9329
QUADRATIC EFFECT 1 4.65326 4465326 0. 3341 2 LEVEL 0.8625 0.9329
CUBIC EFFECT 1 0.26450 0.26450 . 0.0190 3 LEVEL 0.5679 0.9329

ROTOR SPEED 1INDEX

ROTOR SPEEO INDEX 3 150.82744 50.27580 3.6103 0 LEVEL 3.4464 0.9329
LINEAR EFFECT 1 - 56.30408 56.30408 4.0432 1 LEVEL 1.5839 0.9329
QUADRAT IC EFFECT 1 71.04080 71. 04080 5.1014 2 LEVEL -0.8804 0.9329
CuBIC EFFECT 1 23.48253 23.48253 1.6863 3 LEVEL le4714 0.9329

FEED RATE INDEX
FEED RATE INDEX 2 0.89327 0. 44663 0.0321 . 0 LEVEL 1.4107 0. 9329
1 LEVEL 1.3071 0.6597

ROTOR ANGLE INDEX 3 74.22070 24.74023 1.7766 2 LEVEL 1. 5964 0.9329
LINEAR EFFECT 1 19.80049 19.80049 1.4219 ROTOR ANGLE INDEX
QUADRATIC EFFECT 1 23.38412 23.38412 1.6792 0 LEVEL 0.3661 0.9329
CJBIC EFFECT 1 31.03607 31.03607 2.2287 1 LEVEL 0.8268 0.9329

. 2?2 LEVEL 3.1929 0.9329

LATFRAL POSIYION INDEX 3 45.03030 15.01010 1.0779 3 LEVEL 1.2357 0.9329
L INEAR EFFECT 1 43.93494 43.93494 3.1550 L AT ERAL PUSIT ION INDEX
QUADRAYIC EFFECT 1 0.35148 0.35148 0.0252 0 LEVEL D.4161 0.9329
CUBIC EFFELY 1 0.74388 0.74388 0.0534 1 LEVEL 0.8161 0.9329

2 LEVEL 1.8464 0.9329

LEDGER URIENTATION INDEX 3 11.22194 3.74065 0. 2686 3 LEVEL 2.5429 0.9329
LINEAR EFFECT 1 10.51250 13.51250 0.7549 LEDGER ORIENTATJON INDEX )
QJADRAT IC. EFFECT 1 0.04592 0. 04592 0.0033 0 LEVEL 1.8768 0.9329
CU3IC EFFECT 1 0.66352 0.66352 0.0476 I LEVEL l. 7500 0.9329

. 2 LEVEL 1.1143 0.9329

CUTT ING HEIGHY INDEX 2 40.85265 20.42632 1.4668 3 LEVEL 0.8804 0.9329

CUTTING HEIGHT INDEX .

CeGe HEIGHT INJEX 3 29.60458 9.86820 0.7086 0 LEVEL 0.7518 0.9329
L INFAR EFFECT 1 1.08111 1.09t11 0. 0784 1 LEVEL 2.7732 0.9329
QUADRATIC EFFECT 1 22.83473 22.83473 1.6398 2 LEVEL 1.0482 0.6597
CuBIC EFFECT i 5. 67873 2.67873 0.4078 C.G. HEIGHT INDEX

0 Lt EVEL 0. 7661 0.9329

REMAINDER 5 38.07887 6.34648 0.4557 1 LFEVEL 1l.5446 0.9329

2 LEVEL 2.4607 0.9329
EXPERIMENT AL ERROR 32 445.62280 13.92571 3 LEVEL 0. 8500 0.9329
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APPENDIX D-II (Continued)

SHARP BLADE SERIES

ANALYSIS OF VARIANCE SHARP BLADE SERIES
, FOR TABLE OF MEAN VALUES
CeGo Z DISP INDEX DATA FOR
. CeGe Z DISP INDEX DATA
SOURCE OF VARIATION DEGREES OF SUM OF MEAN F RATID
FREEDOM SQUARES SQUARE © FACTOR | VALUE OF MEAN STD ERROR QOF MEAN
D R R R R T R R R R R R R I D R L L R R R R I I I
CORRECTED TOTAL 63 2137.53784 OVERALL MEAN 3.5571 0.6040
DIAMETER
"DIAMETER 3 150.26234 50.08745 2.1456 0 LEVEL 5.0018 1. 2079
L INEAR EFFECT 1 24.32587 24432587 1.0420 1 LEVEL 1.9607 1.2079
QUADRATIC EFFECT 1 0.00617 0.00617 0.0003 2 LEVEL 5.1732 1.2079
CUBIC EFFECT 1 125.93028 125.93028 53944 3 LEVEL 2.0929 1.2079
TIME TN THAMBER
TIME IN CHAMBER 3 167.49101 55.83034 2.3916 0 LEVEL 6.0536 1.2079
LINEAR EFFECT 1 156.00101 156.00101 6.6825 . 1 LEVEL 3.5464 1.2079
QUADRAT IC EFFECT 1 3.943006 3.94306 0.1689 2 LEVEL 3.0714 1.2079
CuBIC EFFECT 1 7.54694 7.54694 0.3233 3 LEVEL 1.5571 1. 2079
ROTOR SPEED INDEX
ROTOR SPEED INDEX 3 185.11806 61. 70601 2.6433 0 LEVEL 1.9946 1.2079
LINEAR EFFECT 1 119 .98000 119.98000 5.1395 1 LEVEL 3.3768 1.2079
QUADRATIC EFFECT 1 25.21474 25.21474 1.0801 2 LEVEL 2.4821 1.2D79
CUBIC EFFECT 1 39.92329 39.92329 1.7102 3 LEVEL 643750 1.2079
FEED RATE INDEX
FEEN RATE INDEX 2 29.36435 14.68218 0.6289 - 0 LEVEL 4.4929 1.2079
1 LEVEL 2.9116 O« 8541
ROTOR ANGLE INDEX 3 249.76315 83.25438 3.5663 2 LEVEL 3.9125 1.2079
t INEAR EFFECT i 153.69551 153.69551 6.5838 R3TOR ANGLE INDEX
QUADRATIC EFFECT 1 40.05081 40.05081 1.7156 2 LEVEL 2.6875 1. 2079
CUBIC EFFECT 1 56.01682 56.01682 2.3996 1 LEVEL . 0.8179 1.2079
2 LEVEL | 4. 7143 1.2079
LATERAL PGSITION INDEX 3 111.9682¢6 37.32275 1.5988 3 LEVEL 6.0089 1.2079
LINEAR EFFECT 1 13.21473 13.21473 0.5661 LATERAL POSITION INDEX
QJADRATIC EFFECT 1 10. 01270 10.01270 0.4289 0 LEVEL 3.8696 1.2079
CUsIC EFFECT 1 88.74081 88.74081 3. 8014 I LEVEL 1.3786 1.2079
2 LEVEL 4. 9446 1.2079
LEDGER DRIENTATION INDEX 3 159.71397 53.23799 2.2805 3 LEVEL 4.0357 1.2079
LINEAR EFFECT 1 107.44923 107.44923 4. 6028 LEDGER URIENTATION INDEX
QUADRATIC EFFECT 1 2.65224 2.65224 0.1136 0 LEVEL 2.0089 1.2079
CuBiC EFFECT 1 49.61249 49.61249 2.1252 1 LEVEL 2.0000 1.2079
. 2 LEVEL 5.5214 1.2079
CUTTING HEIGHT INDEX 2 103.14252 51.57126 2.2091 3 LEVEL 4.0982 1. 2079
CUTTING HEIGHT INDEX
C.Ge HEIGHT INDEX 3 167.46173 55.82057 2.3912 0 LEVEL 5.2714 1.2079
L INEAR EFFECT 1 49.29799 49.29799 2.1118 1 LEVEL 4.2839 1. 2079
CUADRATIC EFFECT 1 41.05147 41.05147 1.7585 2 LEVEL 23366 0.8541
CUBIC EFFECT 1 77.11224 T7.11224 3.3032 C.G. HEIGHMT INDEX
0 LEVEL 2.0696 1.2079
REMATNDER 6 66.22719 11.03737 0.4728 - 1 LEVEL 2.4929 1.2079
2 LEVEL 6.2232 1. 2079
EXPER IMENTAL ERRIR 32 747.02515 23.34453 3 LEVEL ' 3.4429 1.2079
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APPENDIX D-II (Continued)

SHARP BLADE SERIES

ANALYSTS OF VART ANCE SHARP BLADE SERIES
FOR TABLE OF MEAN VALUES

END Z DISP INDEX DATA DR

END 2 DISP INDEX DATA

SDURCE OF VARIATION DEGREES JF SUM OF MEAN F RATIO .

FREEDOM SQUARES SWUARE ; FACTOR VALUE IJF MEAN STD ERROR OF MEAN i
Hreecessescsoerarectceescsesoseancesessetesnstacastoractsssansavonsrsons P
CORRECTED TOTAL 63 2319.05908 ' DVERALL MEAN 4. 8545 0.5960

! DI AMETER
DIAMET ER 3 160. 12096 53.37364 2.3480 ‘ 0 LEVEL 642554 1.1919
LINEAR EFFECT 1 31.71600 31.71600 1.3952 1 LEVEL 3.4554 1.1919
QUADRATIC EFFECT 1 1.90046 1.90046 0.0836 2 LEVEL 6.5982 1.1919
CUBIC EFFECT 1 126. 50449 126. 50449 5.5651 3 LEVEL 3.1089 1.1919
. TIME IN CHAMBER
TIME IN CHAMBER 3 182.65800 60.88600 2.6785 0 LEVEL 7.1607 1.1919
LINFAR EFFECT 1 172.20064 172.20064 7.5753 1 LEVEL 5.1268 1.1919
QUADRATIC EFFECT 1 0.33474 0.33474 0.0147 2 LEVEL 4.7268 . 1.1919
CUBIC EFFECT 1 10.12261 10.12261 0.4453 3 LEVEL 2.4036 1.1919
ROTGR SPEED INDEX
ROTOR SPEED INDEX 3 184.99208 61.66402 2.7127 0 LEVEL 3.1429 1.1919
L INEAR EFFECT 1 147.19186 147.19186 6.4152 1 LEVEL 4.3250 1.1919
QUADRATIC EFFECT 1 19.99367 19.99367 0.8795 2 LEVEL 4.2661 1. 1919
CUBIZ EFFELT 1 17.80653 17.80653 0,7833 = 3 LEVEL 7.6839 1.191%
FEED RATE INDEX
FEED RATE INDEX 2 44.06737 22.03368 0.9693 0 LEVEL 5.2018 1.1919
) 1 LEVEL 4.0812 0.8428
ROTOR ANGLE INDEX 3 288441504 96413841 4.2293 2 LEVEL 6. 0536 1.1919
LINEAR EFFECT 1 148.35681 148.35681 6.5264 ROTGR ANGLE INDEX
QUADRATIC EFFECT 1 50. 71474 50.71474 2.231D 0 LEVEL 4.2304 1.1919
CusIC EFFECT 1 89.34367 89.34367 3.9304 1 LEVEL 1.6982 1.1919%
2 LEVEL 6.2304 1.1919
LATERAL POSITIIN INDEX 3 106.30434 35.43477 1.5588 3 LEVEL 7.2589 1.1919
LINEAR EFFECT 1 12,25731 12.25731 0.5392 LATERAL POSIT ION INDEX :
QUADRATIC EFFECT 1 12.15020 12.15020 0.5345 0 LEVEL 5.2089 1.1919
CUBIC EFFECT 1 81.89682 81.89682 3.6028 ) 1 LEVEL 2.7054 1.1919
2 LEVEL 6.1321 1.1919%
LEDGER ORIENTATION INDEX 3 192.38841 64.12947 2.8211 3 LEVEL 5.3714 1.1919
LINEAR EFFECT 1 162. 69437 162.6%9437 7.1571 LEDGFR ORIENTATION INDEX
QUADRATIC EFFECT 1 1.44000 1.44000 0.0633 0 LEVEL 2.8625 1.1919
CUBIC EFFECT 1 28.25403 28.25403  1.2429 1 LEVEL 3.4000 1.1919
2 LEVEL 6.6089 1. 1919
CUTTING HEIGHT TNDEX 2 125.05206 62.52603 2.7506 3 LEVEL 645464 1.1919
CUTTING HEIGHT INDEX
C.G. HEIGHT INDEX 3 241. 90126 80.63374 3.5472 0 LEVEL 6.8571 1.1919
LINEAR EFFECT 1 83.46530 83.46530 3.6718 1 LEVEL 5.4696 1.1919
QUADRATIC EFFECT 1 90.24998 90.24998 3.9702 2 LEVEL 3.5455 0.8428
CYBIC EFFECT L 68.18596 68.18596 2.999%6 C.G. HMEIGHT INDEX
0 t EVEL 2.5964 1.1919
2EMATNIER 6 65.74382 10.95730 0.4820 1 LEVEL 4.1464 1. 1919
2 LCVEL 7.9375 1.1919
EXPERTMENTAL ERROR 32 T727.41528 22.73172 3 LEVEL 4. 7375 1.1919
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APPENDIX E

STEM PHYSICAL PROPERTY TEST DATA

SE BE -
Average Linear Linear X Shear Deflection

Nominal Size Dia Density Density Cutting’ Percent Energy Energy ) 2
Run of Plant at Cut at Cut at Cut Height Moisture per for Y Y=A+B X+ (X
No. (In} {In) Wet Basis Dry Basis {In) Dry Basis Unit Dia 1 In Defl SE/BE SE/GXMXH Curve No

(6m/1n) (Gm/1In) ' (In-Lb/In)  (IniLb/In)

543 13/64 x 311 1/8 0.19175 0.22430 b.13510 1.25000 66.025 43.068 0.87100 49.447 7827 .461 SP-1
547 13/64 x 14 5/8 0.19750 0.24320 0.14040 1.25000 73.219 49.132 2.08072 23.613 6264.652 Sp-1
D47 13/64 x 14 5/8 0.16225 0.26840 0.14790 1.37500 81.473 30.221 1.66135 18.191 3491.614 SP-1
040  13/64 x 9 378 0.16775 0.16580. 0.13840 1.50000 12.797 28.307 2.16137 13.097 8259.145 SP-1
043 13/64 x 14 5/8 0.16750 0.10720 0.08350 1.50000 28.383 59.781 0.91939 65.022 17292.660 SP-1
539 13/64 x 14 5/8 0.15725 0.23100 0.140060 1.62500 65.000 24.618 0.74126 33.17¢ 3304.673 SP-1
032 13/64 x 9 3/8 0.16925 0.20000 0..119170 1.75000 67.926 24.092 0.95165 25.316 582}‘238 Sp-1
535 13/64 x 11 1/8 0.16625 0.25230 0.12830 1.75000 96.648 32.288 1.12907 28.597 5216.988 Sp-1
S2 13/64 x 12 7/8 0.18625 0.23050 0.17000 2-.37500 35.590 46.003 1.00004 46.001 7030.063 SP-2
S16 13/64 x 9 3/8 0.20625 0.21250 0.1167G 2.12500 82.090 27.027 1.01617 264557 6152.691 SP-2
S1 13/64 x 9 3/8 0.18350 0.33550 0.18210 2.90000 84.240 32.066 2.08072 15.411 ,4623‘496 SpP-2
$32 13/64 x 9 3/8 0.16550 0.15560 0.13000 2.75000 19.692 31.811 0.62906 50.569 9889.789 Sp-2
520 13/64 x 9 3/8 _0 15625 0.i4330 0.11730 2.62500 22.165 31.382 0.43550 72.059 10593.800 SP-2
029 13/64 x 11 1/8 0.16250 0.14370 0.11620 2.87500 23.666 33.351 0.66131 50.432 94671.168 SP-2
sg0? 13/64 x 11.]/8 0.26350% 0.18860 0.14720 2.62500 28.125? 20.372 0.98391 20.705° 4403.281 SpP-2
051 13/64 x 12 7/8 b.]6975 0.17540 0.13580" 2.87500 29.160 27.974 0.80648 34.686 5617.809 Sp-2
D34 13/64 x 11 1/8 0.319000 0.15270 0.11570 2.75000 31.979 30.426 0.69357 43.868 8122.523 Sp-2
528 - ]3/54 x 12 7/8 0.17375 0.20310 0.15280 2.62500 32.918 32.083 0.70970 45.206 5564.258 Sp-2
D31 13764 x 11 1/8 0.14300 0.16680 0.12410 2.62500 34.407 27.071 0.30646 88.333 6615.988 Sp-2
513 13/64 x 12 7/8 0.18675 0.21670 0.15530 2.62500 39.540 38.417 1.08068 35.549 4497.953 Sp-2
D242 13/64 x 11 1/8 0‘]3875a 0.13710 0.09650 2.87500 22.072° 28.272 0.30646 92.252° 8406.375 Sp-2
S50 .13/64 x 14 5/8 0.16350 0.16670 0.11720 2.87500 42.235 29.043 0.77422 37.513 5402.617 sp-2
§57 13/64 x 14 5/8 0.16775 0.20700 0.13720 2.62500 50.874 42.153 0.75809 55.605 6314.770 Sp-2
D56 13/64-x 12 7/8 0.16750 0.27170 0.16180 2.87500 67.923 31.431 0.93552 33.598 4074.875 $p-2
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APPENDIX E (Continued)

. X Averjage Linear Line@r . X ; Shigr Def'lggt‘ion
run CorBlamt atter  artw’ ST Relear® heTStare | Fperev R v R WINS G
No. (rnm) (In) Wet Basis Dry Basis  {In} Dry Basis { Unit Dia 1 In Defl SE/BE SE/GxMxH Curve No
(Gm/In) (Gm/In}) !(Ln-tb/Ln}  (In-Lb/In) . :

D14 13/64 x 11 1/8 0.16725 0.16100 0.12180 3.12500 . 32.183 20.985 0.62906 33.360 5313.523 5p-3
D18  13/64 x 9 3/8 0.18525 0.15000 0.11310  3.12500 32.625 25.633 0.51615  49.663 8266.711 Sp-3
$53% 13/64 x 11 1/8  0.27650% 0.21050 0.14270 3.12500 47.512% 21.094 0.69357 30.413% 4085.046 " sp-3
D64 13/64 x 12 7/8 0.15225 0.18420 0.11860  3.25000 55.311 26.104 0.50808 51.377 4991.855 SP-3
D70 13/64 x 12 7/8 0.18775  0.20520 0.127130  3.25000 69.167 38.763 0.40324 96.128 6653.961 sp-3
$23  13/64 x 12 7/8 0.17950  0.29620 0.17190  3.00000 72.309 39.106 0.79035 49.480 4650.586 SP-3
D13 13/64 x 9 3/8 0.15400 0.18780 0.10800 3.00000 73.888 21.785 0.48389 45.022 5611.660 SP-3
08 13/64 x 11 1/8  0.15800  0.12430 0.09030 3.37500  37.652 49.001 0.77422 63.291 16070.470 SP-3
D23 13/64 x 9 3/8 . 0.15825  0.18250 0.11450  3.62500  59.388 33.268 0.54841 60.663 8818.363 SP-3
D72 13/64 x 14 5/8 0.17525 0.22070 0.13490  3.62500 63.602 29.452 0.41937 70.229 4138.180 SP-3
066% 13/64 x 14 5/8 0.15925  0.27950 0.14720 4.12500% 89.8772 38.893 0.32259  120.565° 4315.090 SP-3
S55  17/64 x 12 7/8  0.24025 0.30110 0.23090 1.37500 - 30.402 47.264 3.83885 12.312 - 5529.258 SP-4
Ss1  17/64 x 12 7/8- 0.20950  0.36470 0.25660 1.12500 42.127 55.680 4.43565 12.553 5377.828 SP-4
S59  17/64 x 9 3/8 0.17250 0.41580 0.22240  1.37500 86.960 73.607 3.82272 19.255 8562.590 SP-4
$26  17/64 x 11 1/8 ~ 0.21825  0.31380 0.23350  1.87500 21.675 53.921 3.37109 15.995 7004.762 sp-4
D12 17/64 x 14 5/8 0.21275  0.34210 0.27080 1.87500  26.329 64.048 2.79043 22.953 5805.652 sp-4
D71 17/64 x 11 1/8  0.18800 0.27270 0.19590  1.87500 39.203 43.927 2.19363 20.025 6566.633 SP-4
$27 17/64 x 14 5/8 0.21775  0.27450 0.23350 2.12500 17.558 61.156 3.33883 " 18.316 6908.582 SP-5
S19  17/64 x 14 5/8  0.23725  0.36100 0.29850 2.12500 20.538 £6.137 2.67752 24.70 5681.066 SP-5
D68 17/64 x 11 1/8  0.22200  0.30330 0.24170 2.00000 25.486 68.587 1.93556 35.435 9218.543 SP-5
D16 17/64 x 12 7/8 0.21100 0.28670 0.21570 2.00000 32.916 51.859 2.59687 19.970 6371.535 . sp-s
07 17/64 x 14 5/8 0.20825 0.27960 0.20000 2.25000  39.800 47.587 1.70974 27.833 . 5277.750 SP-5
$52  17/64 x 9 3/8 0.20150 0.31710 0.20630  2.25000 5§3.709  71.723 2.03233 35.291 10941.600 SP-5
D15 17/64 x 14 5/8  0.20000 0.28970 0.18500 2.12500 56.594 ! 48.002 1.59683 30.061 5138.121 SP-5
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APPENDIX E (Continued)

E SE BE
Average Linear Linear X | Shear Deflection
Nominal Size Dia Density Density Cutting Percent : Energy Energy
Run of Plant at Cut  at Cut at Cut.  Height Moisture per for -y Y=a+BX+CX2
No. (in) (In) Wet Basis Dry Basis {In) Dry Basis . Unit Bia 1 In Def} SE/BE SE/GXMxH Curve No
{Gm/In) {(Gm/1In) (In-Lb/1In} {(In-Lb/In)

D69 17/64 x 9 3/8 0.21900 0.38200 0.23840 2.12500 60.234 62.692 2.77430 22.597 7939.051 SP-5
D11 17/64 x 12 7/8 0.19800 0.38400 0.23350 2.00000 64.453 62.563 2.30654 27.124 5738.961 SP-5
D67 17/64 x 9 3/8 0.22275 0.36100 0.20040 2.00000 80.139 36.611 1.69361 21.617 4905.988 SP-5
S22 17764 x 11 1/8 0.24500 0.23130 0.18400 2.87500 25.706 51.822 2.06459 25.100 9133.363 SP-6
S45 17/64 x 9 3/8 0.21675 0.33580 0.24730 2.50000 35.786 54.7?0 1.95168 28.063 7890.098 SP-6
536 17/64 x 12 7/8 0.23200 0.31180 0.22920 2.62500 7 36.038 57.844 2.14524 26.964 6534.730 SP-6
S8 “17/64 x 11 1/8 0.23200 0.37540 0.26230 2.75000 43.120 62.294 2.30654 27.0077 6764.590 SP-6
515 17/64 x 14 5/8 0.20750 0.25780 0.17870 2.87500 44.264 41.789 1.46780 28.471 5026.641 SP-6
sS40 17/64 x 9 3/8 0.19800 0.28350 0.13100 2.50000 48.428 43.794 1.88717 23.206 7472.836 SP-6
S46 . 17/64 x 12 7/8 0.20800 0.39340 0.23500 2.87500 67 .404 72.459 1.53231 47.287 6487.891 SP-6
S14 17/64 x 11 1/8 0.20100 0.38920 0.22590 2.75000 72.288 52.385 1.67748 31.228 5486.898 SP-6
01 17/64 x 12 7/8 0.21300 0.41140 0.23100 2.50000 78.095 41.680 1.19359 34.919 3568.643 SP-6
S6 17/64 x 14 5/8 0.21500 0.38530 0.30250 3.12500 27.370 90.746 2.35493 38.535 7303.383 Not Plotted
p28 17/64 x 12 7/8 0.22750 0.29540 0.26050 3.37500 13.397 78.500 1.74200 45.063 9360.578 Sp-7
B33 17/64 x 14 5/8 0.20670 0.23350 0.20170 3.37500 15.765 38.455 1.69361 22.706 5106.969 Sp-7
027 17/64 x 14 5/8 0.21600 0.28800 0.24450 3.37500 17.7%1 71.209 2.03233 35.038 7667.254 Sp-7
039 17/64 x 12 7/8 0.21950 0.32690 0.27100 3.37500 20.627 130..272 1.72587 75.482 14037.140 Sp-7
D44 17/64 x 11 1/8 0.19950 0.24580 0.19%410 3.62500 26.635 45.017 0.67744 66.452 7466.035 SP-7
D50 17/64 x .9 3/8 0.18875 0.18040 0.13800 3.50000 30.724 36.643 0.75808 48.336 9825.977 SP-7
D46 17/64 x 9 3/8 0.19250 0.27000 0.20510 3.37500 31.643 42.901 1.19359 35.942 7686.344 Sp-7
049 17/64 x 11 1/8 0 0.23370 0.16880 3.50000 38.447 54.505 0.96778 56.320 9507.598 Sp-7

.18750
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APPENDIX E (Continued)

[ SE ‘BE
Average Linear Linear X } Shear Deflection
Run b Plamt s at tut st Bur.  eeloul’  Kelent Melspare | rersy. . Eperay Y. YerbBxsCa2
No. (in) (1n}) Wet Basis Dry Basis =~ .(In) ‘Dry Basis - Ungie: Dia 1 InODef'l SE/BE SE/GXMXH Curve No
: - {6m/1In) (6m/In) - (In-Lb/In} (In-Lb/In) )
$30  21/64 x '9°3/8 - 0.24950 0.36870. _ 0.31930. 1.12500 15.471 77.784 14.32311 '5.431 - 10205.600 SP=8
S17  21/64 x 9 3/8 0.26325 0.52840 . 0.44120 1.12500 19.760- 137.247 13.61341 10.082 12564.960 sP-g
D48  21/64 x 14 5/8 . 0.25625 0.45630  0.36570 1.37500 - 24.774 " 79.764 7.80674 10.217 5420.641 sp-8
529 21/64 x 12 7/8 - 0.28325 -0.53530  0.42000°  1.12500 - 27.452 11¢.792 12.50046 8.863  7290.457 sp-8
D53 21/64 x 14 5/8  0.23025 6.42100 10.32360 1.25000 30.098 86.977 7.90352 .. 11.005  6406.484 sp-8
$24. 21/64 x 12 7/8  0.27900 0.56610  0.33300 1.12500 - 70.000 } 91,020 8.83904 10.297 5663.516 sp-8
62 21764 x 14.5/8  0.23075  0.38650  0.32920  1.87500 17.405 { 97.526 5.22600 18.662 © 7824.652  Not Plotted
S58  21/64 x 14 5/8 0.27250  0.40330  0.33440. .1.75000 . 20.604 | '90.918 . 4.96793 18.301 6990.629  Not Plotted
025 21/64 x 11 1/8  0.25850. '0.36690  0.31870 2.37560 15,123 °  111.815 5.03244 22.219°  12423.540 SP-9
D26 21/64 x 9°3/8 0.25800 0.52450  0.43920 2.00000 19.421 © -708.03} 5.74215. 18.814  9963.754 SP-9
D54 21/64 x 12 5/8  0.22550 0.37600 0.29960 2.12500  25.500 67.752 4.24209 15,971 6347.105 SP-9
S54  21/64'x 11 178  0.19175  0.43250 ° 0.34050 2.00000° - 27.019 124.898 5.32278 23.465 = 11772.320 SP-9
D41 21/64 x 11 1/8  0.24275  0.52450 _0;38990 2.37500  34.521  133.529 5.06470 26.365 10378.160 sp-9
p73% 21/64 x 14 5/8 0.21375 0.29870  0.24050% - 2.75000  24.199% i 54.331 1.82265 29,8097  5640.414 SP-9
D21 - 21/64 x 9 3/8 . 0.22500 0.37270 - 0.29890. 2.87500  24.690 'i 69.737 1.58070 44.118 9051.613 5P-9
s4-  21/64 x 9.3/8 0.24125 0.50830  0.39750 2.50000 27.870 i 92.425 5.03244 18.366  8796.109 sp-9
S56 21764 x 11 1/8  0.20250 0.43980 . 0,33§50° 2.50000 29.926 130,503 3.98402 32.757 12096.370 5P-9
D42 21/64 x 12°3/8 0.25275 © 0.44870 0.33430° 2.87500  34.220° 93.938 2.83881 33,091 7672.398 $p-9
D5 21/54 x.93/8 0.23900 0.38840 - 0.28930 - 2.75000 - 34.255 90.272 1:69361 53.301 11243.290 SP-9
D60 .- 21764 x 12 7/8 0.25500 0.52630  0.37640 2.87500  39.824 93.919 3.04850 30.808 - - 6285.832 Sp-0
D352 21/66 x 9 3/8 " 0.28325 0.6387D 0.45310% 2.50000 40.962% 147.965 4.70985 31.416% . 11206.850 ° sp-9
S11 21/6% x 12 7/8  0.23600 0.60720  0.42500 2.87500. 42.870 76.110 3.32270 22.906  4415.234 sP-9
'$37 31/64 x 11 /8 0.26525 0.59850.  0.39600 2.75000 - 51:136 96.516 3.09689 31.166 - 6573.969 sp-9
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APPENDIX E (Continued)

SE - BE
. . Average Linear ‘Linear X Shear Deflection

Nominal Size Oia Density Density Cutting  Percent Energy Energy 2
Run of Plant at Cut at Cut at Cut Height  Moisture per for Y Y=A+BX+CX
No. (In) (In} et Basis . Dry Basis {In) Dry Basis Unit Dia 1 In Oefl SE/BE SE/GXMxH Curve No

(6m/In) {(6m/In) (In-Lb/In)  (In-Lb/In)

062 21/64 x 14 5/8 0.23300 -0.40760 0.33290 3.25000 22.439 84.179 2.01620 41.751 6404.176 SP-10
538 21/64 -x 14 5/8 0.26175 0.42850 0.34230 3.00000 25.182 82.820 2.85494 29.009 5993.516 SP-10
D6 21/64 x 11 1/8 0.24375 0.35880 0.28090 3.25000 27.732 67.337 2.56461 26.256 7650.605 SP-10
S9 21/64 x 9 3/8 0.22675 0.37000 0.28520 3.00000 29.730 60.094 3.04850 19.713 7856.863 Not Plotted
S44 21/64 x 14 5/8 0.24925 0.42530 0.32320 3.]é500 31.590 76.206 2.79043 27.310 5556.316 SP-10
$33  21/64 x 11 1/8 0.28100 0.43680 0.32170 3.00000 35.'778 88.168 2.70978 32.537 8228.449 sP-10
D65 21/64 x 12 7/8 0.24075 0.58880 0.29300 3.12500 100.955 62.602 2.82268 22.178 3745.133 SP-10
s? 21/64 x 12 7/8 0.24750 - 0.59530 0.28810 3.12500 106.630 - 85.920 2.12917 40.355 5083.988 sp-10
D19 21/64 x 9 3/8 0.26250 6.31550 0.25970 3.37500 21.488 58.988 1.83878 32.080 9044.551 Not Plotted
017 21/€4 x 11 1/8 0.26475 0.50960 0.40280 3.75000 26.514 95.139 1.50006 63.424 7610.621 Not Plotted
02 21/64 x 11 1/8 0.27200. 0.52480 0.39110 3.37500 35.106 85.772 3.01624 28.437 6662.563 Not Plotted
si2 25/64 x 14 5/8 0.26700 0.59350 0.49060 1.00000 20.970 149.238 11.76818 12.682 7797.496 SP-11
$3 25/64 x 11 1/8 0.32650 0.65300 0.53780 1.37500 21.420 178.320 14.03278 12.707 11132.130 SP-11
D20 25/64 x 12 7/8 0.28250 0.64820 0.50830 1.37500 27.523 286.485 10.61330 26.993 15568.150 SP-11
0612 25/64 x 11 1/8 0.32350 0.88270 0.66890% 1.00000 31.962% 181.888 18.38777 9.892° 8400.074 sSp-11
s10® 25/64 x 11 1/8  0.28975  0.55000 0.39500% 1.25000  39.240% 135.027 12.48433 10.816% 10008.030 SP-11
D58  25/64 x 11 1/8 0.30800 0:90060 0.50000 1.37500 80.120 106.581 8.71000 12.237 4824.363 SP-11
S5 25/64 x 14 5/8 0.28300 0.65800 0.52140  1.75000 © 24.090 140.801 9.29067 15.155 6635.516 SP-11
S42 25/64 x 12 7/8 0.31125 0.57290 0.45950 1.87500 24.678 181.087 10.29070 17.597 11134.040 SP-11
S48  25/64 x 9 3/8 0.31525 0.68340 0.51750 1.87500 32.057 138.840 9.38744 14.790 9827.887 SP-11
D4 25/64 x 12 7/8  0.26875 0.64000 0.45540 1.87500 40.535 88.345 5.79054 15.257 4862.367 SP-11
D92  25/64 x 12 7/8 0..30150 0.62100 0.36970% 1.87500 67.974% 127.368 7.88739 16.148° 7224.578 SP-11
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APPENDIX E (Continued)

Average Linear Linear X Shzgr Def]zgtion
Nominal Size Dia Density Density Cutting Percent Energy Energy
Run of Plant at Cut at Cut at Cut Height Moisture per for Y C Y=A+BX+CX2
No. © (In) (In) Het Basis Dry Basis  (In) Dry Basis  Unit Dfa 1 In Defl SE/BE SE/GXMXH . Curve No
(6m/In} (Gm/In) (In-Lb/In)  (In-Lb/In) :

063 25/64.x 9 3/8 0.30975 0.42700 0.34770 2.37500 22.807 72.652 3.85498 18.846 8230.793 Not Plotted
534 25/64 x 12 7/8 0.29800 0.47960 0.38980 2.37500 23.037 103.922 7.16156 14.511 7632.629 Not Plotted
D593 25/64 x 9 3/8 0.27525 0.5193D 0.413170 2.25000 26.135 127.513 5.7744) 22.083 11878.390 Not Plotted
$41 25/64 x 9 3/8 0.24625 0.44290 0.34730 2.12500 27.526 69.588 4.66146 14;928 7600.648 Not Plotted
s21 25/64 x 14 5/§ 0129200 0.53350 0.49120 2.62500 8.611 125.855 6.64541 18.939 7315.305 SP-12
5318 25/64 x 11.1/8 0.26125 0.36220 0.32390% 2.87500 11.824% 71.915 6.38733 11.259% 8093.984 SP-12
s25% 25/64 x 11 1/8 0.28150 0.72430 0.62140% 2.87500 16.5592 172.355 5.59698 30.794% 9700.555 SP-12
S64 25/64 x 9 3/8 0.31800 0.68030 0.58280 2.87500 16.729 176.594 8.96807 19.691 12557.280 SP-12
S63 25/64 x 12 7/8 0.28950 ‘0.69200 0.56430 2.75000 22.499 214.661 5.87118 36.562 10926.730 SP-12
D37 25/64 x 12 7/8 0.29950 0.53800 0.43500 2.50000 23.678 155.792 6.01635 25.895 10200.170 SP-12
bto 25/64 x 14 5/8 0.29025 0.72400 0.58180 2.87500 24.441 . 280.969 5.04857 55.653 12034.160 SP-12
5612 25/64 x 12 7/8 0.20000a_ 0.58160 0.44660 2.62500 30.2282 142.457 6.96800 20.444° 8627.859 SpP-12
B2z 25/64 x 14 5/8 0.26625 . 0.60000 0.44300 2.75000 35.440 199.286 4.77437 41.741 10299.640 - SP-12
5492 25/64 x 9 3/8 0.28350 0.65920 0.35130% 2.87500 87.645°2 75.010 3.35496 22.358°2 5504.543 Sp-12
D36 25/64 x 14 5/8 0.27275 0.54230 0.46170 3.25000 17.457 269.476 5.20987 51.724 15409.030 SP-13
038 25/64 x 14 5/8 0.33125 0.52640 0.44420 3.12500 18.505 150.832 4.01628 37.555 8885.328 SP-13
D52 25/64 x 11 1/8 0.29825 0.64190 0.49560 3.25000 29.519 135.678 5.58085 24.311 8616.559 SP-13
D57 25/64 * 9 3/8 0.23000 0.45280 0.34770 3.12500 30.227 90.415 3.93563 22.973 9659.480 SP-13
Das 25/64 x 11 1/8 0.24475 0.48470 0.35330 3.25000 37.192 80.137 2.41944 - 33.122 6739.902 SP-13
si8 25/64 x 14 5/8 0.27975 0.45460 0.39670 3.62500 14.595 154.245 3.37109 45.755 10521.470 SP-13
D55 25/64 x 9 3/8 0.23325 0.43630 0.33800 3.75000 29.083 92.940 2.50009 37.175 10304.730 SP-13

03 25/64 x 14 5/8 0.30150 0.63920 0.48880 4.00000 30.769 162.976 3.19367 51.031 7906.469 SP-13

0.75850 0.49140 4.00000 54.354 169.271 2

D30 25/64 x 12 7/8 0.28175 . 14524 78.905 7860.875 SP-13

3Denotes values considered outliers because of wide variation of average diameter, dry linear density, or
cutting height. In each instance a superscript marks the run number, the X and Y values and the particular
parameter considered to widely vary, i.e., diameter, dry 1linear density, or cutting height.
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